mergers among the detected CBCs can be identified (e.g. by using GW-based information
on masses, eccentricities and spins, see section 4.1.3).

4.2.2.3 Nuclear star clusters. A somewhat separate class of cluster environments are
nuclear star clusters. These are the densest stellar systems in the Universe, and as such
were proposed as promising sites for efficient dynamical CBC formation [1482]. They are
found in the centres of different types of galaxies, are more common in massive star-forming
objects, and can make up ~ (0.1 — 1)% of the stellar mass of the galaxy [1461]. They are
thought to form from a combination of in-situ star formation [1461, 1640] and migration
of globular clusters that spiral to the galactic center due to dynamical friction. These two
scenarios imply different cosmic star formation histories for nuclear clusters, which could
range from following the total fspr(Z,t) in the second case, to resembling the globular cluster
formation history in the first case. They would lead to different properties of the stellar and
compact object populations in the cluster [1482]. Recent observational studies support an
intermediate scenario, in which globular cluster accretion dominates the mass build-up of
the nuclear cluster in dwarf galaxies, while in situ star formation dominates the formation
of the most massive nuclear clusters in massive galaxies [1640, 1641]. It is currently unclear
whether the history of nuclear cluster formation can lead to a distinguishable imprint on
CBC Rmerger €volution [338].

4.2.2.4 AGN disks. The absolute contribution to Ryerger from the AGN channel is par-
ticularly uncertain and depends strongly on factors such as the number density of galaxies
hosting an AGN, the lifetime and the characteristics of the AGN disk [1482, 1505, 1541, 1642].
Current population predictions for the AGN channel focus mostly on the local Universe, and
the discussion of trends in the high redshift regime that will be probed by ET is lacking.
Nonetheless, because of the short BBH merger delay times expected from this channel, the
resulting Ruerger (2) is expected to be proportional to the number density of AGNs with the
appropriate properties. The dominant AGN property influencing the BH merger rate appears
to be the mass accretion rate onto the central supermassive BH [1506], also powering the
AGN luminosity. However, the exact dependence is different for several processes that can
drive BBH mergers in AGN disks [1505]. If the dominant processes are strongly enhanced at
high accretion rates, then the BBH merger rate will scale with the abundance of the most
luminous AGNs. Conversely, if such a dependence is weak, then low luminosity AGNs will
contribute a substantial fraction of the total BBH merger rate, and the rate will scale better
with the total AGN number density. Since the number density of faint AGNs appears to peak
at lower redshifts than that of bright ones [1643], in the latter case the AGN-driven BBH
merger rate would peak at lower redshifts. This has been found by Yang et al. [1506], who use
the AGN luminosity function [1643] to derive AGN-driven BBH merger rate at z < 2. Their
Ruerger(2) shows a milder evolution with a peak at lower redshifts (z < 1) than expected
from other BBH merger formation channels and when compared to the peak of the cosmic
SFH and of the cosmic luminosity density of AGNs [1644]. However, there are considerable
uncertainties in the number density and luminosity distribution of (particularly faint) AGNs
as a function of redshift [1644] which need to be explored further in future studies. Such
a distinct Rmerger(2) evolution would help to identify the CBC subpopulation formed in
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AGN disks. Next-generation detectors will allow to select such subpopulations, even for
subdominant channels, by dramatically increasing the number of detections and the accuracy
of their estimated astrophysical parameters. Information from the spatial correlation between
observed GW events and AGN already constrains this formation channel at low redshifts
and high AGN luminosities [1645-1647]. Future GW data could help to constrain it in the
faint and high redshift regimes, where the approach based on the AGN luminosity function
described above is challenged by the incompleteness of galaxy catalogs.

4.2.3 Part (ii): intrinsic properties of the CBC populations set by binary
compact object formation efficiencies and delay times

The binary compact object formation efficiency and delay time distributions play a key role
in setting the properties and rates of CBC populations across cosmic time. Binary compact
objects are a rare outcome of massive star evolution — to form a binary compact object that
can merge in a Hubble time the progenitor system typically has to survive many phases of
massive star evolution and/or dynamical interactions. The physics underlying these processes
impact the fraction of progenitor stars that can form binary compact objects: the so-called
formation efficiency. This can be written down as a ‘Drake equation’: a multiplication of
factors that a population of stars needs to satisfy to form a CBC. For the formation of
binary compact objects through the isolated massive binary star channel, the key factors
can be written as something like:

Tform = finit X fsurvive SNe X fmass transfers X fmergen (42)

where each factor f is a factor selecting only a subset of a given initial population of stars
that has the properties to become a CBC source, as we will describe in more detail for
the channels below.

The delay time distribution (DTD) spans a broad range of values (from many Myr to Gyr)
and as a result, for binary compact objects formed at a given redshift in our Universe, can
significantly impact at which redshift these sources can contribute to the merger population
and thus what sources GW detections probe as they reveal the CBC populations across cosmic
time [1604]. This is because the orbital angular momentum loss by GW radiation is typically
very small. For a binary consisting of two compact objects with masses M7, M, eccentricity
e, and semi-major axis a the change in separation due to GW radiation is given by [1364]

da 64G3 My Ms(My + Mo) 1 73, 37,

— =— — — 4.3

dt 55 a3 (1—e2)7/2 < HETR T > ’ (43)
which, for a circular orbit and a system with masses M = M; = M,, simplifies to

tinsp ~ 0.1 Gyr (a/Re)*(M/Mg)~3. This means that the delay times depend strongly on the
separation, as t oc a?. If the distribution of orbital separations at the moment of binary
compact object formation is given by some power law distribution dn/da < a=7, we can use
this to derive that the DTD is approximately described as:

dn dn @

an. o an Va3 x t—(+3)/4 4.4
at Sdadar <4 (4:4)
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If we take that, based on observational evidence, binaries are born with a separation distribu-
tion described by v ~ 1 [1424, 1648-1650], the equation reduces to dn/dt o< t~1, which is a
commonly used distribution and also found by observations (e.g., [1651-1654]).

The formation efficiency and DTD are still uncertain and can vary for different formation
channels based on different underlying physical processes leading to binary compact object
formation. The details of these ingredients play a major role in shaping the CBC properties
as a function of redshift. Observations with Einstein Telescope of the CBC merger rate
as a function of redshift will probe the formation efficiency and DTD in enough detail to
enable inferring the underlying physics [10, 12, 15, 107, 1655, 1656]. We discuss this in
more detail below.

4.2.3.1 Isolated massive stars (the field). In eq. (4.2), the key factors for determining
the formation efficiency of CBCs in the field and their DTDs are the initial conditions, and
those relating to mass transfer episodes, stellar winds, and supernovae — fundamental phases
in the lives of massive stars that are poorly understood and can be uniquely probed with
the Einstein Telescope. The key factors entering the CBC efficiency depend on the specific
formation channel within the field (only stable mass transfer, classic common-envelope, CHE,
triples, see the overview in section 4.1). Here below, we list some of the most important
among such factors.

First, the initial conditions of the stars need to be sufficient for binary compact object
formation, (finit). The system needs to have stars that are massive enough to form NSs or
BHs, the system typically needs to be born with a small enough separation to initiate a mass
transfer phase during its lifetime (as mass transfer interactions are expected to be required to
bring the binary compact object to a tight enough orbit to merge within a Hubble time) but
not too small for it to undergo a stellar merger at ZAMS, and the system needs to be born
as a binary or a triple star system (typically described by the “multiplicity factor”). The
initial conditions and binary fractions of massive stars are uncertain and can be informed
by observations [1424, 1657-1664]. Second, the binary (or hierarchical) system typically
disrupts during the supernova by the significant natal kicks of hundreds of km/s that the
system can receive when the NS (or BH) forms (e.g., [1665, 1666]). This likely disrupts
the majority of the systems during the supernovae (especially the first supernova when the
system typically has a wide orbit), though uncertainties remain [1378, 1667, 1668]. This
probability is expressed by the factor fsurvive sNe- Third, the system is typically thought
to undergo several mass transfer phases, either stable or an unstable common-envelope
phase. The stability of mass transfer and the mass and angular momentum loss during
these phases might well be one of the most uncertain aspects of massive star evolution.
What stars and what fraction of stars can successfully eject the envelope and form a tight
system is uncertain and adds an important factor in the formation efficiency equation
Smass transfer [1371, 1374, 1375, 1378, 1391, 1577, 1603, 1669]. Last, even once the binary
compact object has formed it needs to have a tight enough orbit to merge within the age of
the Universe so that it can merge and be observable today, likely removing another half of
the systems described by the factor fmerge [1364]. Other field-based channels, including CHE,
triples and hierarchical systems have similar ingredients impacting the DTD and formation
efficiency, but often include extra Drake factors, corresponding to questions such as: What
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is the metallicity at which CHE formation channel operates [1401, 1402, 1404]? How do
interactions with a triple or hierarchical companion contribute to binary compact object
formation efficiency and DTD [1440-1443, 1670]7 How do Population III stars form, evolve,
and produce CBCs [1034, 1415, 1671-1675]? These factors combined with the DTD decide
the merger rate of CBCs. Observing the CBC merger rate across redshift with the Einstein
Telescope will be crucial to infer the formation efficiency and DTD and study the underlying
physical processes in massive star evolution [1617, 1619, 1676].

4.2.3.2 Cluster formation (dynamical). The formation efficiency and DTD distributions
for binary compact objects formed in dense star clusters is still under debate and depends on
the dynamical formation channel at play and the expected binary compact object properties,
as described in detail in section 4.1. Important open questions that ET will probe by inferring
the CBC merger rate include the following. First, what are the CBC host cluster properties?
The formation rate and history of globular cluster populations across cosmic time is still
under debate as well as the (initial) mass distribution of globular clusters, which is important
as the formation efficiency and DTD are found to be significantly impacted by the cluster
mass [1528, 1539, 1540, 1546, 1547, 1624, 1633-1636, 1677, 1678]. What fraction of binary
compact objects can be retained in the cluster and undergo multiple interactions thought
to be required to harden the binary enough to form a CBC [1679, 1680]7 What fraction of
merger products receives low enough recoil kicks such that it can be retained in the cluster
center and form hierarchical mergers [1437, 1551, 1681, 1682]? How does the presence of a
supermassive black hole impact the formation and merger rate of CBCs [1540, 1683, 1684]?
What is the role of accretion disks around supermassive black holes and potential migration
traps in forming CBC sources across cosmic time [1504, 1531, 1642, 1685-1688]7 Einstein
Telescope is poised to detect the CBC merger rate with sub-percent precision; this, together
with measuring the properties of CBC across cosmic time, is expected to unveil the formation
channels and uniquely inform the key ingredients contributing to the CBC rate: the star
formation histories, formation efficiencies, and DTDs [10, 12, 15, 107, 1551, 1639, 1655, 1656].

4.2.4 Future outlook

o CBC merger rate is expected to evolve as a function of redshift. Its evolution is not
expected to follow directly the cosmic SFH. The simple link to cosmic SFH is modified
by the delay time distribution (relevant for all types of mergers), further affected by the
metallicity dependence of the CBC formation efficiency (BH-NS and BBH mergers),
and possibly by contributions from multiple formation channels (expected primarily for
BBH mergers) whose relative importance may vary with redshift. Rperger(2) encodes a
wealth of astrophysical information, especially at high redshifts that will be accessible
to ET, where much of the uncertainty in current models lies.

o There is a large parameter space to explore with ET, and a challenge for the astrophysical
interpretation. There are substantial uncertainties due to factors related to both the
formation environment (metallicity dependent cosmic star formation history, cluster
formation history and initial properties) and intrinsic properties of the CBC merger
population (delay time distribution and formation efficiency for different formation
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channels). All of these factors affect the predicted evolution of the CBC merger rate
with redshift. However, many of them are degenerate in Ryerger- Future constraints
on the joint redshift dependence of all CBC and on the high redshift evolution of
BBH merger rate will be key to break such degeneracies in the interpretation. These
constraints will be most informative if subpopulations of mergers formed in specific
channels/environments can be identified, and if improving electromagnetic constraints
are used to place bounds on the population models. From this perspective, the greatest
promise of ET lies in the use of future GW constraints to complement the electromagnetic
studies.

It is unclear whether the redshift-dependent merger rate of the entire BBH population
will show multiple features (peaks) or not. The former case can be expected if different
formation channels dominate or give similar contributions to the merger rate at different
redshifts. The latter case could occur if one of the formation channels dominates the
BBH formation, or if multiple channels lead to similar merger rate evolution over cosmic
history. Both scenarios seem possible within the uncertainties of current models and
ET will provide constraints to distinguish between them. More detailed astrophysical
inference requires: (a) on the theoretical side, reliable models for Ryerger,BBH(2) from
various formation channels/environments, or the ability to confidently identify the
corresponding subpopulations in the data based on other properties, and (b) on the
empirical side, accurate Rperger,3BH(2) measurements up to high redshifts and the
ability to accurately infer the redshift of sources and associated features in population
properties [1180, 1602, 1676]. For the latter, a network of next-generation GW detectors
is advantageous. In general, a network of GW detectors leads to better redshift
measurements for individual sources and thus to tighter constraints on the evolution
of CBC population properties compared to a single detector (which requires longer
observing times to reduce statistical uncertainties). The fraction of GW detections
at z > 1 with accurate luminosity distance measurements increases by almost an
order of magnitude for a network of 3 next-generation detectors compared to a single
ET [107, 1167].

Full population inference for CBC catalogs observable by a detector with ET capabilities
is needed. As discussed in this section, some of the poorly-constrained astrophysical
assumptions lead to divergent predictions of the evolution of the BBH merger rate
only at high redshift z > 3. These are of particular interest in the context of next-
generation detectors, which are going to provide unique constraints on the rate in
this regime. To better quantify which astrophysical assumptions we can expect to
constrain with ET, it is important to quantify (i) what is the minimum factor to which
we can constrain the CBC merger rate, especially at high redshifts and (ii) what is the
minimum amplitude/width of a feature in the BBH merger rate that can be confidently
recovered from the population analysis of ET-like data (as a function of redshift).

The scalability of currently employed population inference schemes to the numbers of
detections and accuracy on the reconstruction of the single events’ parameters achievable
at ET is limited by the high computational cost. Work in this direction is ongoing (see
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also the discussion in section 10.2.4), extending methodologies to more flexible models,
improving their efficiency, as well as exploring new tools, such as machine learning
techniques.

o ET is essential to make significant progress in observing the CBC merger rate. In the
coming years updating current ground-based detectors (O4 and O5) will likely bring
the number of BBH mergers to around ~ 500 with detections out to z ~ 1 [392], but
this is not enough to reveal important parts of the CBC merger rate such as the peak
of the merger rate (expected around z ~ 2), multiple features or peaks in the merger
rate especially expected at z 2> 2 as different formation channels might be dominating
the rate at different redshifts. ET will detect stellar-mass black hole mergers out
to (and beyond) redshifts z 2 10, and BNS and BHNS beyond z 2 2, which will
drastically change the field by increasing our understanding of the redshift behavior of
CBGs [10, 15, 107, 1655, 1656].

4.3 Mass function of BHs and its evolution with redshift
4.3.1 The scientific potential of the mass function

GW astronomy is well-suited to measure the masses of binary components. From the physics
encoded in the observed gravitational waveform, we can infer the source properties [1689, 1690].
The inspiral portion of a binary coalescence is determined, to leading order in the post-
Newtonian expansion, by the chirp mass of the binary, with the mass ratio contributing
at the next order [1691-1694]. The transition to merger and the subsequent ringdown are
principally determined by the binary’s total mass [1695-1697]. The sensitivity of next-
generation detectors means that for the closest (and hence highest SNR) sources, these mass
measurements will have unprecedented precision [16, 1167, 1586, 1698, 1699].

The masses of BHs are a key tracer of their evolutionary history. Considering a star
in isolation, its remnant mass is primarily set by its initial mass [1592]. Given the initial
mass function of stars, we therefore expect more low-mass BHs [1664, 1700]. However, the
mapping between initial and final mass is not monotonic: different evolutionary histories can
lead to different amounts of mass loss, e.g., through stellar winds and supernova explosions.
The amount of mass loss also varies with metallicity [1701-1703]. Stellar winds are stronger
for higher metallicity stars, meaning that lower mass remnants are typically formed.

With GWs, we observe BHs in merging binaries. Therefore, we must consider the processes
that form binaries, and drive them to be close enough to merge. As discussed in section 4.1.1.1,
periods of mass transfer between binary stars will alter the orbital configuration and remnant
masses. Dynamical exchanges may preferentially select the most massive objects in a cluster
to form a merging binary [1481, 1502, 1704]. Accretion for binaries embedded within active
galactic nucleus disks will grow BHs [1505, 1705]. This wealth of diverse astrophysical
processes leaves imprints on the masses of observed BHs —both on the individual component
masses and their mass ratio— and through reconstructing the mass distribution we may
uncover the underlying physics that shaped these binaries.

The component masses are one piece of information about the origins of BHs. Further
information is encoded in other measurements. The overall merger rate (section 4.2), the spins
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(section 4.5), the distribution in redshift, and the orbital eccentricity all contain information
about the origins of binaries. Crucially, looking at the correlations between parameters
(such as whether spin alignment is correlated to mass ratio) can reveal information that is
overlooked when considering each parameter in isolation [1706-1708]. Only by combining
all this information can we untangle the complicated physics of how BHs form (section 4.1),
distinguishing primordial from stellar BHs (section 4.6), and BHs that formed from Population
IIT or from later stars (section 4.7).

Understanding the distribution of masses also has implications beyond understanding
the sources themselves. As we discussed in section 3.3, GW observations can be used
to measure the expansion of the Universe [9, 1157, 1709]. While the GW measurement
provides the distance [1138, 1142], the redshift has to be obtained through other means. If
no electromagnetic counterpart is detected (which is expected to be the case for the majority
of GW sources) we can link the GW source to its host galaxy (and thus merger redshift)
through a statistical association with galaxy catalogs, as has been done in recent years for
both simulated data [1142, 1145, 1147, 1160, 1183-1185] and actual data [9, 1143, 1186—
1189, 1191-1195]; see section 3.3.1.2 for extended discussion. Alternatively, features in the
mass distribution, such as mass gaps or peaks, can be used to determine the redshift [1151—
1156, see again section 3.3.1.2; however, this requires that we understand how these features
of the mass distribution evolve with redshift [1200, 1710]. In either case, calculation of the
distance is influenced by mass measurement: a signal can potentially be from a louder source
(higher mass) at greater distance or a quieter source (lower mass) at small distance. Therefore,
when performing an inference to measure cosmological parameters, we must simultaneously
infer the underlying astrophysical source population [9, 1158, 1161].

Next-generation ground-based GW observatories such as ET are well-designed to uncover
the details of the mass distribution of BHs. Their sensitivity means that we can detect a large
number of BH binaries, and make detections out to large distances [16, 1167, 1181, 1699].
This sensitivity compared to current-generation GW detectors is illustrated in figure 63,
which shows the time necessary to obtain a significant number of detections to constrain
the merger rate as a function of redshift and primary mass. This is computed based on
the POWER LAW+PEAK parametric model determined from GWTC-3 [7], although the
upper limit on BH masses of the model has been increased to mpyax = 250M to highlight

32 The total merger rate has been taken

the expected sensitivity of ET at high masses.
to follow the cosmic star formation history as given by [1587], with the rate at z = 0.2
fixed to the value inferred from GWTC-3 [7]. The precision of population measurements
typically scales with the square root of the number of detections [1711, 1712], so the increased
sample size will enable a revolutionary advancement compared to existing GW observatories.
The long-distance reach enables reconstruction of the mass distribution over cosmic time
— although figure 63 was constructed assuming it is redshift independent, we expect this
distribution to change with time due to the evolution of the source population, e.g., through

changes in the metallicity distribution [1198, 1375, 1416], in the balance of star formation in

32The median value derived for mmax from GWTC-3 is poorly constrained, with large support up to
Mmax = 100M which is the edge of the uniform prior used [7].
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Figure 63. Time to detect 100 merging binary BHs in bins of size Az = 0.2 in redshift and
Alogm; = 0.1 in primary mass, indicative of the number of measurements required to provide a
constraint on the rate with an error of 10% in each bin. The distribution of masses is taken to be
the POWER LAW+PEAK parametric model derived from GWTC-3 [7] using the median values for
all parameters (which include a localized Gaussian peak at 34Mg), and increasing the upper cut
on BH mass t0 mmax = 250Mg. This figure assumes the sensitivity curves adopted in [16] for a 2L
configuration with 15km arm-length.

the field compared to clusters [1570, 1656], and due to the prevalence of primordial compared
to stellar-origin BHs [1182, 1713].

The combination of the large number of detections with the increased detection horizon
means that with these observations we can precisely reconstruct not only the overall mass
distribution, but the distribution as a function of redshift, and explore correlations at different
points in the Universe’s history [1714]. As summarised in table 5, this is precisely the
information needed to unravel the intricate mysteries of how (the progenitors of) BHs form
and evolve. Throughout the rest of this section, we link the scientific outcomes listed in
table 5 to the science enabled by ET.

4.3.2 Reconstructing the mass distribution

To uncover the astrophysics of the population of GW sources, we must perform a sequence of
analyses. First, signals must be identified in the data stream, and their source properties
inferred [6, 1715]. The sensitivity of next-generation detectors like ET means that we can
detect sources at large distances, and that the closest sources (as currently detected by
the LVK [6]) will be measured with high SNR, meaning that the source properties will be
precisely measured [16, 1167, 1586, 1691, 1698, 1699]. To map from the observed sample to
the underlying astrophysical population, we must correct for selection effects [1213]. Some
signals are easier to detect than others, hence the observed distribution is biased compared
to the true source distribution. This is the case for current GW observations [6]. However,
the sensitivity of next-generation detectors means that there will be a range of masses and
redshifts where the probability of detection is effectively equal to 1; hence all these sources
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High High Large
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between binary parameters < 4 4
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Evolution of mass distribution
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Tracing stellar evolution with
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Inferring the remnant masses
of stars between 10-100M
< < <
Inferring the remnant masses
of stars with >100 M
f °© < < <
Measurement of mass gaps  «f « « <

Table 5. The interdependence of observational capabilities of next-generation GW detectors and
how they may uniquely answer key scientific questions about the masses of BHs. Shades of green
indicate how relevant an observational capability is for the envisioned science goal, while check marks
designate essential capabilities.

will be detected, and the observed population is a complete, unbiased census of all the
merging compact-object binaries. To consider the full ranges of masses and redshifts, selection
effects will still need to be accounted for. Finally, we can combine the inferred properties
of the observed sources with the calculated selection effects to constrain the astrophysical
population: this requires an assumption about the underlying distribution.

There are multiple approaches to modeling the underlying distribution when performing
a population inference. Broadly, these may be categorised into three approaches:

o Using predictions driven by population models. We can use predictions from theoretical
models of different formation channels to match observations [1716-1718]. The observed
population is a mix of different channels, and so it is necessary to consider a combination
of channels in this inference (omitting channels leads to biased results [1570]). The
observations can be used to infer the branching ratio between different channels, and
any uncertain model inputs (section 4.1). Hence, this approach provides the most
direct probe of the underlying physics. However, this approach also requires accurate
model predictions [1719], and the calculation of (potentially computationally expensive)
models across a range of input parameters.

o Using parametric models. We can alternatively use a flexible parametric model, such
as a power-law, to fit the population [1720-1722]. This does not rely upon theoretical
predictions for the inference, making it easier to identify unexpected features in the
data. However, it is still necessary to define a model, and if the model is not a good fit
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to the underlying data, the inferred fit will not be a good representation of the truth.
The parameters of the model need not have direct physical meanings, making their
interpretation more difficult than if using theoretical predictions. However, the model
features, such as the position of a peak in the mass distribution, may drive development
of theoretical models to explain them.

o Using non-parametric models. All models require parameters to define them, but some
approaches allow the number of parameters to be adapted during the fitting (potentially
growing to an infinite number). These are referred to as non-parametric models.
Examples include using a Dirichlet process Gaussian mixture model [1221, 1222] or an
autoregressive process [1723]. The flexibility means that they can recover unexpected
features in the observations. The result of the inference is a reconstruction of the
underlying population, but this does not directly encode information about the source
physics.

In each case, the expected measurement precision on the population properties scales with
the square root of the number of detections. The high detection rate of next-generation
detectors will mark a significant advancement in our understanding of these populations.

In practice, we expect a combination of different approaches to be used to understand
results. This may be illustrated in considering the evolution of LVK results. The first inference
of the astrophysical population used a simple power-law for the masses — given the small
number of detections at the time, that was the most complicated model that was considered
justified [1690]. As the population has grown, more complicated parametric models have
been introduced, adding peaks and dips to the model [1724-1727]. Flexible features have
been added to the parametric models (such as using a variable number of Gaussian kernels to
reconstruct the mass distribution [1728], using a binned distribution [1729-1731], or adding
a spline to model additional features in the mass distribution [1732]), starting to bridge
the gap to non-parametric models [7]. These allow for checks of whether the parametric
models are capturing all of the features in the astrophysical population. With the current
population of order ~ 100 observations, it is still difficult to understand if a lack of detections
is the sign of a physical dip in the population, or the result of a Poisson fluctuation [1733].
Despite the relatively small sample size, non-parametric approaches have also been applied,
showing that some features found by the parametric models are robust (such as a peak at low
masses) [1221, 1723, 1734-1736]. Direct comparison with population-synthesis predictions
have also been made [1704, 1737-1739], demonstrating that there is probably a mix of different
formation channels [1570, 1740, 1741]. As the number of detections has grown, we have gone
from identifying general trends, to starting to identify features and pointing out limitations
in our current theoretical models.

Over the coming years, we expect the current generation of GW detectors will yield
hundreds of new detections [392]. Our understanding of the astrophysics of these sources will
therefore advance greatly. This knowledge, however, will be eclipsed by that resulting from
next-generation detectors, as demonstrated in figure 63. Detectors like ET will detect large
numbers of sources (~ 10° yr~=!), allowing us to perform the same types of analyses as we
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do currently for individual redshift bins — we will not only be able to map out the mass
spectrum in high detail, but also see how it varies across cosmic time [1714].

4.3.3 BH mass spectrum and outstanding questions

The BH mass spectrum holds crucial information about the evolution and final fate of stars.
Here, we address BHs of stellar origin only (primordial BHs are discussed in section 4.6) and
the richness of the physics that could be inferred from the mass distribution. The masses of
such BHs depend on the final moments of the life of their stellar progenitors and whether
they explode in a supernova, collapse directly into a BH, or experience partial explosion
and fallback of mass onto the forming compact remnant, possibly giving rise to a BH. The
question of the explodability of stars relates to the supernova mechanism (e.g., electron-
capture supernovae, core-collapse supernovae and pulsational pair-instability supernovae)
and the final structure of stars, which is set by their evolutionary history. This evolution
depends strongly on the metallicity of the stars and the formation channel of the binaries
(i.e., their interactions with their environment or stellar companion). For example, for single
stars, there is a critical metallicity beyond which stars lose so much mass by stellar winds
that virtually no star can form a BH anymore; see [1742] for a recent review of many of
such aspects related to the formation of BHs in stars.

As shown in figure 63, ET will reconstruct the BH mass spectrum at various redshifts,
and hence at different average metallicities. Therefore, it will be possible to directly probe
theoretical models and a wide range of basic physics, as highlighted in table 5. In the following,
we describe possible features in the BH mass spectrum that will be observable with ET, and
explain the essential physics that governs them. In essence, ET can help solve the complex
question “Which stars form BHs?”. This question encompasses aspects ranging from stellar
explodability to the physics of pair-instability pulsations, but also concerns the formation
channels (i.e., stellar collisions and hierarchical mergers). We start the discussion with the
explodability of stars (section 4.3.3.1) and then dive into various features of the BH mass
spectrum. We consider the transition from the neutron star to the BH mass spectrum and
the possibility of the neutron star-BH mass gap (section 4.3.3.2); we explain theoretical ideas
and observations of global peaks in the BH mass spectrum (section 4.3.3.3), and we finally
move to the upper mass region of the BH mass spectrum, where is expected an upper mass
gap with a pile-up due to pulsational pair-instability supernovae (section 4.3.3.4).

4.3.3.1 Supernova or direct collapse. Stars with low iron-core masses and those un-
dergoing electron-capture supernovae are thought to leave behind neutron star remnants,
discussed in section 4.4.1. We now focus on iron-core collapse situations within the frame-
work of neutrino-driven supernovae (pulsational pair-instability supernovae are discussed in
section 4.3.3.4). The pre-supernova stellar structure is often summarized by the so-called
compactness parameter {3 = (M/Mg)/(R(M)/1000km), which is the dimensionless mass-
to-radius ratio at a given mass coordinate M, usually taken to be 2.5 Mg to measure the
compactness just outside the iron core [1743]. High values of compactness (2.5 2 0.45) signal
BH formation, while neutron star formation may occur for lower values. Over the last decade,
various groups reported a qualitatively similar landscape of compactness showing clear peaks
and troughs as a function of the core mass of stars. The peaks could indicate islands of BH
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formation, but given the uncertainties in the supernova explosion mechanism and core-collapse
dynamics, it remains an open question which pre-supernova stellar structures lead to BH
formation. If there was a direct link between high compactness and BH formation, an almost
universal picture would emerge with probable BH formation at carbon-oxygen core masses of
7-8 Mo and > 13 My: a qualitatively similar landscape is found for different stellar-evolution
codes [1592, 1744-1748], largely independent of evolutionary histories of stars (i.e., single stars,
binary-stripped stars, accretors of binary mass transfer and even stellar mergers) [1747, 1749],
metallicities [1750-1752], and uncertain physics such as convective boundary mixing [1753].
Since pre-supernova red supergiants follow a tight carbon-oxygen core mass-to-luminosity
relation, the high compactness at carbon-oxygen core masses of 7-8 M, predicts a luminosity
range of red supergiants that shall collapse into BHs and not explode in a supernova. The
best candidate red supergiant to have collapsed into a BH, N6946-BH [1754, 1755], had an
inferred luminosity in general agreement with this prediction [1749, 1753].

On top of the general compactness landscape, there is considerable variability, and
the connection of the pre-supernova stellar structure to BH formation is still uncertain.
While three-dimensional simulations of iron core collapse supernovae seem to converge on
the explosion mechanism [1756, 1757], the exact outcome remains uncertain because it
is computationally challenging to reach a conclusive statement regarding compact-object
formation and possible fallback of envelope material onto the proto-neutron star. Starting
from one realisation of one-dimensional simulations of core collapse, a complex picture emerges
that reproduces the general picture described above, but additionally shows sub-structure in
the form of smaller islands of BH formation [1758, 1759]. Another set of such computations
gives opposite results in terms of explodability and hence compact remnant masses [1760].
With ET, there will finally be a direct observation of the BH mass spectrum that will allow
us to put constraints on the question of BH formation in stars and the explosion mechanism
of core-collapse supernovae (section 4.3.3.2, section 4.3.3.3 and section 4.3.3.4).

4.3.3.2 The neutron star-BH mass gap. More than two decades ago, studies on the mass
distribution of BHs based on X-ray binary observations suggested an absence of BHs in the
(3—5) Mg, range [1761-1764]. This idea of a gap between the most massive neutron stars and
the least massive BHs, also known as the neutron star-BH mass gap (or sometimes, the “lower-
mass gap”), hinges on the mass measurement in one of the X-ray binaries (GRO J0422 +32),
and has been a topic of active debate ever since it was first suggested, due to expected
observational and evolutionary selection biases [1765-1768]. Nonetheless, multiple theoretical
models have been proposed to explain this gap as the result of a discontinuous remnant-mass
distribution, driven by either the supernova engine [1769, 1770] or the progenitors’ density
profile, which determines if a supernova fails [1771, 1772].

The first catalogs of GW observations showed tentative support for a relative dearth of
merging BBHs with component masses between 2.5-5Mg [1727, 1773, 1774]. Studies have
linked this dearth of low-mass BHs observed with GWs to the underlying supernova engine
(e.g., [1477, 1775]). However, the population of GW sources is a heavily biased population in
terms of detected events and should receive equal, if not more scrutiny over its evolutionary
selection effects as X-ray bright sources. Binary evolution alone can also produce a dearth of
low-mass BHs without invoking a discontinuous remnant-mass distribution [1380].
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Moreover, at the time of writing, there has been at least one confident detection
of a GW source with a primary component falling into this neutron star-BH mass gap
(GW230529_181500) [1475], while there have been two detections with tentative secondary
component masses detected in this mass range (GW190814, GW200210_092254) [7].

How sparsely populated is this mass range? Is this the result of the remnant mass
function or of evolutionary selection effects? Is this dearth related to the metallicity and/or
redshift of star formation? ET will be perfectly positioned to answer these questions, since
the improvement of ET over current LVK detections will be most significant in the relevant
mass regime of this purported mass gap (figure 63).

4.3.3.3 Global peaks of the BH mass spectrum. There are several lines of evidence that
point towards an abundance of ~ 9 My BHs. First, there seems to be a peak at about this
mass in BH mass distribution of X-ray binaries [1765]; second, a similar peak is found in BBHs
observed with GWs [7], and third, BHs found in field binaries often have a similar mass (e.g.,
Gaia BH1 and BH2 [1776-1778]). The current GW data further reveals a significant peak in
the primary BH mass distribution at ~ 35 M and a tentative peak at ~ 16 Mg [7, 1779].
While the significance of these features still needs to be assessed [1724, 1733, 1736], we discuss
the possible origins of these and other features, and what information they may hold for our
understanding of BH formation in light of the capabilities of ET.

The isolated binary evolution channel for BBH mergers makes the prediction of peaks
in the BH mass spectrum at ~ 9 Mg and ~ 16 Mg [1380, 1752], and the ~ 9 My peak
is even predicted to exist because of two different mechanisms. Both mechanisms probe
different physics, and revealing such features in observed populations of BHs would allow
us to directly constrain this physics.

First, the stable mass transfer channel has been proposed to naturally lead to a dearth
of low-mass compact objects [1380]. The stability of mass transfer depends on the mass ratio
of the systems involved in the mass transfer. This places strong constraints on the progenitor
population masses that can lead to merging BBH systems. This should lead to a minimum
primary compact-object mass that can follow from the stable mass transfer channel. If this
is the case, then the global peak at 9M,, and a decrease towards lower masses could be
the transition from the stable mass transfer channel as the dominant formation channel,
to the common-envelope channel (cf. [1385, 1387-1389, 1780]). This is in line with recent
work that suggest that the dominant formation channel for binary neutron star mergers is
the common-envelope channel, while BBH formation has been suggested to be dominated
by the stable mass transfer channel [1574, 1781]

Second, both BHs in BBH mergers from isolated binary evolution are from progenitor
stars that have been stripped of their hydrogen-rich envelopes. Envelope removal is known to
affect the core structures at the pre-supernova stage: almost independently of metallicity,
binary-stripped stars with carbon-oxygen core masses of ~ 7-8 M, achieve stellar structures at
core collapse that are difficult to explode within the framework of neutrino-driven supernovae,
and may thus give rise to direct collapse BHs. Since binary-stripped stars at a large range of
metallicities follow a carbon-oxygen core mass-final stellar mass relation, they are predicted
to form BHs of similar mass around ~ 9 M, and largely independent of metallicity [1752]. A
similar reasoning holds for higher carbon-oxygen core masses of 2 13 M, and binary-stripped
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stars with such cores are found to exhibit core structures that appear likely to directly collapse
into BHs [1750-1752]. Indeed, one-dimensional, core-collapse simulations show that these
stars likely produce BHs of ~ 9 Mg and 2 12 Mg [1782]. The models clearly predict the
existence of such BH masses largely independent of metallicity and this can be directly probed
by ET. The physics governing these BH masses is a combination of stellar, nuclear and SN
physics [1752]. On the stellar physics side, one can, e.g., test binary evolutionary channels
leading to the formation of BBH mergers and convective boundary mixing during core helium
burning. In terms of nuclear physics, the characteristic carbon-oxygen core masses are set by
the complex interplay between nuclear burning processes during the late stages of massive star
evolution and thermal neutrino losses, and particularly the generally important '2C(a;, v)'60
reaction [1783]. Regarding supernovae, a broad range of physics is relevant to establish the
connection of pre-supernovae core structures that appear difficult to explode and the actual
explodability of stars. Another important question is how much of the final stellar mass may
form the resulting BH and how much is still ejected in the collapse of the star.

From data of the third GW Transient Catalog [7], a clear peak at ~ 35M¢ has been
inferred. Notably, also the third BH discovered by Gaia, Gaia BH3, with a mass of about
33 M, falls into this peak [1784]. As of today, there is no consensus on the origin of this feature.
Among other scenarios, mergers in globular clusters [1785] and repeated mergers of initially
lower-mass BHs from other peaks in the BH mass spectrum have been suggested [1779],
as well as a pile-up of BHs from pulsational pair-instability supernovae [1724, 1786, 1787]
(see also section 4.3.3.4 for more details).

Peaks in the BH mass spectrum should persist across a wide range of metallicities
and redshifts. These features are expected to evolve with redshift due to a combination
of cosmological redshift, and the redshift-dependence of their formation channels. As long
as these two effects can be disentangled, the redshift evolution of features in the mass
distribution can serve as “spectral sirens”, see the discussion in section 3.3.1.2. This offers an
independent measurement of the Hubble constant, and will help resolve the Hubble constant
tension [591, 1788], as well as the possibility of constraining or revealing deviations from
the standard cosmological model, see section 3.3.2.

4.3.3.4 Upper mass gap and (pulsational) pair-instability supernovae. Stellar theory
predicts a gap in the BH mass function between approximately 45-80M and 120-160Mg,
known as the pair-instability supernova mass gap [1592, 1750, 1789, 1790]. The progenitor
stars of these BHs reach temperatures and densities in their centers that allow for electron-
pair production, triggering a premature collapse of the carbon-oxygen core that results
in an explosion that completely disintegrates the star [1791, 1792]. For helium cores of
MHe 2

~

130M, photo-disintegration prevents the disruption of the star and we expect BHs to
form again, see e.g. [1789]. Pair-instability theory thus predicts a mass gap in the distribution
of BH masses. The expected location of this gap is robust against most uncertainties in
stellar evolution, but is only sensitive to the 2C(a,v)'60 reaction rate [1793-1795]. This has
renewed interest in constraining this rate [1796-1798], and it has conversely been suggested
that an observed mass gap in GW sources can be used to assess its value [1783, 1799].
ET is particularly promising in this regard because its lower frequency range will increase
our sensitivity from ~ 100Mg to up to ~ 500M, allowing us to observe both the lower, and
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the upper edge of the PISN mass gap. Initial GW detections supported a dearth of BHs
with masses above 45M¢, [1721, 1725], but more recent observations have shown that this
proposed gap is not empty [7]. Since pair-instability theory predicts that isolated binaries
cannot form BHs in this mass range, other formation channels have been suggested to explain
the low but non-zero rate of mergers in the gap, including hierarchical mergers of BHs.
Confirming the location of the PISN mass gap is thus linked to fundamental questions,
such as “What is the most massive BH we can form from stars?” (also closely related to
IMBH formation, see section 4.8), “Which merging BBHs are formed from isolated binaries
vs. dynamical environments?”.

Have we detected the lower edge of the PISN gap? Just below the lower edge of the PISN
mass gap, stars exhibit pulsations that are not strong enough to completely disrupt the star,
but instead map a range of core masses to similar BH masses. We thus expect a pile-up
of BH masses just below the lower bound of the PISN mass gap [1800]. Over the past six
years, the feature observed in the primary BH-mass distribution at 35M has consistently
been attributed to this pile-up resulting from pulsational-PISN [1415, 1724, 1786, 1787, 1801].
However, recent studies seem to pile on evidence that the location of this feature is in tension
with the expected location of PISN [1797, 1802, 1803], and whether the lower edge of the
PISN mass gap has been observed remains an open question [1804, 1805].

Addressing this requires detecting both edges of the PISN mass gap. The lower frequency
range of ET provides a unique chance to measure the full range of the PISN gap, thereby
enabling us to answer this question and distinguish between different BH formation channels.

4.4 Constraining the mass function of neutron stars
4.4.1 Observations of radio pulsars and accreting NSs

Neutron star (NS) properties [1806] are determined by a complex interplay between stellar
evolution, supernova physics, binary interactions (mass transfer), plasma physics, and ultra-
dense matter behavior. Therefore, powerful insights into these processes can be obtained
from macroscopic observables such as NS masses, radii, moments of inertia, spins, and
magnetic fields. NS masses in particular have been proven to be an exceptionally informative
probe of NS physics.

Because BNS mergers are intrinsically much fainter than BBHs, second-generation
detectors do not provide a detailed view of the NS mass spectrum. Instead, currently the only
detailed insights are provided by binary radio pulsars within our Galaxy, which provide the
most precise mass measurements [1807]. Most of these are derived from long-term monitoring
of pulse arrival times, which are modulated by binary motion, thereby giving access to
the orbital dynamics. In tight binaries and/or favorably oriented systems, constraints on
leading-order post-Keplerian (pK) parameters such as the Shapiro delay, orbital precession,
and orbital decay often become possible [1808]. Component masses can be measured in
systems for which at least two pK parameters can be determined [1809]. For systems in which
the pulsar companion is optically bright, spectroscopy and photometry can also be used to
constrain the mass ratio and the companion mass [1810-1812]. Despite significant progress in
recent years, acquiring precise pulsar mass measurements still presents a formidable challenge.
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Mass distribution of neutron stars in binary pulsar systems
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Figure 64. NS mass measurements in binary pulsar systems, sorted by increasing mass. Names
followed by (C) indicate companions to radio pulsars that are consistent with being NSs. The
names in blue show systems in which the companion could also be a massive WD. The error
bars indicate the 68% confidence intervals. The histogram on the right is based on the median
of the mass PDFs. Figure reproduced with permission from V.V. Krishnan and P. Freire, from
https://www3.mpifr-bonn.mpg.de/staff/pfreire/NS_masses.html (up-to-date versions).

Although more than 600 binary radio pulsars are now known, only 56 masses in 46 binaries
have been constrained with a precision better than 15% (see figure 64). Most of these objects
are millisecond pulsars (MSPs) with low-mass companions, with only 22 being double NSs
(DNSs). It is therefore unclear whether the general conclusions drawn from these systems
are directly applicable to merging DNS binaries.

Determination of NS masses in X-ray binaries is also possible due to the eclipsing and
accreting, or even pulsating, nature of such binaries where a NS orbits a visible companion
star. In such double-lined spectroscopic binaries, for which the orbital inclination angle
can be determined, one can determine the mass of the NS [1813]. Unlike the situation for
binary radio pulsars, the empirically determined masses of NSs in X-ray systems are typically
subject to uncertainties of order ~ 10%, or more [1814, 1815]. For this reason, individual
NSs in X-ray binaries can rarely be used to constrain NS structure and formation theories.
The mass distribution of NSs in X-ray binaries appears to roughly follow the spectrum of
NS masses obtained from radio pulsar binaries.

4.4.2 Overall shape of empirical NS mass distribution

As a first guess, the masses of NSs are expected to spread between the Chandrasekhar
limit and the Tolman-Oppenheimer-Volkoff limit. In principle, from an EOS point of view,
the NS mass distribution could be wider: for instance, if part of the iron core is somehow
ejected during the supernova (SN), or if very fast differential rotation prevents a massive
(e.g. post-merger) NS from collapsing [1816].

The empirical NS mass distribution for pulsars in our Galaxy is overall consistent with this
picture. The lightest known in a DNS system, J0453+41559, has a mass of m = 1.174(4) Mg,
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while the most massive known NS is PSR J0740+6620 with a mass of m = 2.08(7) Mg [1817,
1818], although there are candidates such as PSR J0952—0607, that may have even higher NS
masses [1811, 1819]. More recently, a binary NS was discovered [1820] with a total mass of
3.887(4) M in NGC 1851. The compact companion has a mass between 2.09 and 2.71 M
(95% confidence), but it is not yet clear whether it is a massive NS or a low mass BH.

The observed masses are not uniformly distributed between the two extremes, but rather
seem to cluster around a small number of characteristic values. Approximately one third of
objects appear to have masses greater than 1.6 Mg, (figure 64). Several studies suggest that
the mass spectrum is multimodal, with at least two groups clustered around ~ 1.4 My and
~ 1.8 M [1815, 1821, 1822]. There is also marginal evidence for a high-mass cutoff around
2.1Mg, that could signify the dividing line between NSs and BHs [1821-1823]. However,
the presence of such a cutoff appears to be sensitive to modeling choices and requires more
measurements to be constrained with confidence.

Differences between the mass spectra of different NS populations also appear to be
present. For example, DNS systems seem to cluster with symmetric NS masses around
(1.35 — 1.40) M, thus generally having smaller masses than MSPs in binaries that host the
most massive NSs. However, recent discoveries of asymmetric DNS systems challenge this
picture. Progress on this front requires robust quantitative and qualitative comparisons with
the DNS merger population, which will become possible in ET era.

4.4.3 Theoretical expectations

Several theoretical studies suggest that the complexity of the NS mass spectrum can be largely
explained by the nonlinear nature of late stellar evolution and an element of stochasticity in SN
dynamics [1824]. For instance, subtle differences in the way late shell burning phases proceed
may give rise to large explodability fluctuations between stars that had very similar properties
at the beginning of their evolution [1751, 1782, 1825, 1826]. In turn, these fluctuations seem
to significantly influence not only the nature of the final remnant (NS or BH), but also the
amount of matter ejected and falling back during the SN.

Additional complexity may be introduced by more elusive core-collapse events such as
electron-capture supernovae and accretion-induced collapse. For example, for stars which
evolve to develop low-mass metal cores, the exact boundary in outcome between an iron core-
collapse SN and an electron-capture SN depends on the location of ignition of the off-center
neon and oxygen burning and the propagation of the neon-oxygen flame [1827]. The location
and narrow range (~ 0.2—0.6 Mg) of initial ZAMS masses that produce electron capture SNe,
and thus the total number of low-mass NSs produced, are a function of metallicity [1828, 1829].
However, it should be noted that the lowest mass NSs (< 1.25 M) are not expected from
electron-capture SNe but from low-mass iron core-collapse SNe [1830]. The reasons for this is
that the cores of stars with ZAMS masses > 12 My during and beyond carbon burning are
not degenerate, and therefore their collapse is not directly related to the Chandrasekhar mass,
as is the case for electron-capture collapse. As a consequence of this, NSs with the very lowest
masses are expected to be below even the Chandrasekhar limit. In electron-capture SNe, the
core will collapse rapidly and thus produce a NS accompanied by a dim SN explosion. The
related NS formation channel of an accretion-induced collapse (AIC) of a massive WD may
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also leave behind a NS. Because of the promptness of these core collapses, caused by the steep
density gradient at the edge of the core in the progenitor stars, there is therefore little time
for asymmetries to develop and it is therefore believed that both electron-capture SNe and
AIC events produce small NS kicks and NS masses very close to the Chandrasekhar limit.

Mass transfer from the binary companion after the NS formation may also affect the
mass spectrum towards higher masses. Interestingly enough, the mass difference between
non-recycled and recycled NSs need not be dominated by accretion of matter after the
formation of the NS. As argued by [1376], the first-born NSs in NS+NS systems probably only
accrete < 0.02 M), based on an analysis of the various accretion phases and observational
data of both mass and spin periods. While there is no doubt that NSs in low-mass X-ray
binary (LMXB) systems (producing MSPs with He WD companions or H-rich “spiders”)
are able to accrete significantly more material than the first-born NSs in DNS systems,
because the timescale of evolution in the former systems is much longer, there are still
many examples of fully recycled MSPs which have small masses of (1.2 — 1.4) M. Since the
original birth masses of these NSs could not be much smaller than 1.2 My, these systems
show clear evidence of very inefficient accretion. (For a reference, it only takes ~ 0.1 Mg
of accreted material to spin up a NS to a rotation period of 2 ms [1831].) Therefore, the
general differences in masses between non-recycled and recycled NSs is likely caused by a
difference in the birth masses of NSs born first or second in a binary system. Thus, these
mass differences are likely to be the result of the progenitor star evolution. At the upper
end of the mass scale, it is possible that heavy accreting NSs may reach a critical mass and
collapse to produce low-mass BHs [1832], even with masses below this critical threshold due
to loss of gravitational binding energy when the BH is formed.

4.4.4 Anticipated impact from ET data

A high-resolution NS mass spectrum (and ultimately its dependence on redshift) is a key ET
objective. ET BNS detection rate is expected to be up to two orders of magnitude higher
compared to second-generation detectors [16]. For a BNS population following the Galactic
DNS mass distribution, this could translate to several thousands of events per year, detected
up to redshifts z ~ 5. A considerable fraction of these events (few hundred per year) will
be recorded with sufficient precision during both the inspiral and post-merger phases to
accurately separate the component masses. Hence, these data will provide a completely new
probe of the NS mass distribution and its evolution with redshift. In turn, this will allow
for the first time a direct link to physical processes before and after the NS formation. For
example, the different nature of core collapse SNe (iron core collapse vs. electron capture) is
guaranteed to produce a distinct signature in a high-resolution NS mass spectrum obtained
at different metallicities [1833].

Synergies with existing (e.g. the Five-hundred-metre Aperture Spherical radio; FAST)
or upcoming (e.g. the Square Kilometre Array; SKA) facilities that will provide an order
of magnitude more mass measurements for galactic binary pulsar systems [1834], will also
help resolve degeneracies between the effects of the EoS, core-collapse physics, and binary
evolution [1821]. Likewise, nearby golden events that will be observable for several days to
weeks will also allow for joint EM monitoring and follow-up. Such events will further help to
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identify non-equilibrium effects (see section 7 for details) during the inspiral and use them to
obtain more accurate estimates of NS macroscopic properties. It is important to note that the
LF instrument will be critical for achieving the sensitivity required to meet these objectives.

4.5 Spins of stellar-origin BHs and NSs
4.5.1 BH spins — theoretical expectations

The origin of spin in astrophysical BHs remains an active research topic. However, from
first principles, BH spin is related to four factors [1835]: (i) the angular momentum content
of the BH’s immediate progenitor star, (i) the angular momentum of material accreted
onto the BH after it formation, (%) an instability during the core collapse that transfers
significant amount of angular momentum to the core of the collapsing star, while a small
amount of material carrying the opposite angular momentum is ejected from the system, and
(iv) the conversion of orbital angular momentum into spin angular momentum in a binary
BH (BBH) system. In the next paragraphs we examine each of these four aspects in the
process of forming coalescing BBHs and NSBHs.

In the last several years, it has been argued that a BH formed from a single star or
the first-born®? BH in an isolated BH binary systems is likely to have very slow spin as
long as there is efficient angular momentum transport within the star [1414, 1836]. As the
BH progenitor star is expanding in its post-main-sequence evolution, angular momentum
is transported to its outer layers, depleting the core from angular momentum. The outer
layers of the BH progenitor star are subsequently removed via stellar winds and binary
interactions, typically leaving behind a slowly spinning stripped star which eventualy forms a
slow-spinning BH. For single stars, the exact BH spin depends on the initial rotation of the
star and the details of the assumed angular momentum transport mechanism, but in any case
it is expected to be < 0.1 [1414, 1415, 1837]. However, when member of a binary system,
the progenitor star of the first-born BH may maintain a slightly higher angular momentum
content, due to tidal interactions during it evolution, resulting in BH spins up to 0.2 [1838].
One caveat to the argument above is the possibility for chemically homogeneous evolution
(CHE) [1365]. The rapid rotation of a massive star, which can be either its initial rotation or
induced by a binary interaction, can induce strong internal mixing, maintaining a uniform
chemical composition throughout the star. CHE stars do not expand to become supergiants,
and thus can avoid angular momentum losses, especially at very low metallicity where stellar
winds are significantly reduced, and can form BHs with higher spins. It is believed that
CHE occurs for low-metallicity, fast rotating, massive stars, but the exact conditions that
lead to CHE remain uncertain (e.g., [1404, 1839-1841])

In all formation channels emerging from the evolution of isolated binaries, the progenitor
of the second-born BH is a stripped He star. The spin of the second-born BH is determined
by the net effect of the stellar wind and the tidal interaction of the BH-He-star binary system.
Because of the efficiency of the angular momentum transport, as explained above, the He-star

330ne should note that the terms “first-born” and “second-born” here refer to the order in evolution of
the BBH progenitor system that the two BHs were formed, and should not be used interchangeably with the
terms “primary” and “secondary”, often used in observational GW astronomy, referring to the more and the
less massive BH, respectively, at the time of merger.
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emerges from the second mass-transfer event with a negligible spin. If the orbital separation
is small enough, and stellar winds do not widen the system significantly, the He-star, however,
can be spun up by tides. These conditions are typically met at low metallicities for BBHs
formed through the common-envelope formation channel. In contrast, in the case of stable
mass-transfer, the orbits shrink less efficiently leading to less tidally spun-up second-born
BHs (e.g. [1414, 1415, 1419-1421, 1837, 1842]).

Accretion of material onto a BH can alter its spin. While it is relatively easy to spin
up a non-degenerate star (only ~ 1% of the star’s initial mass needs to be accreted in order
to significantly alter its spin [1843]), a BH mass must be roughly doubled due to accretion
to produce a rapidly spinning object. A more accurate calculation (e.g., [1836, 1844-1846])
shows that 20% of the BH’s mass must be added to bring the spin of a non-spinning BH
to 0.5, and the initial BH mass must be more than doubled to bring the spin to 0.99. The
mass doubling timescale for a BH accreting at the Eddington limit is of order 100 million
years — far longer than the < 10° year lifetime of high-mass X-ray binaries composed of
a BH and its mass-shedding companion.

Stable Roche-lobe overflow accretion onto a BH can result in mass-transfer rates that can
exceed the Eddington rate by many orders of magnitude. In the context of binary evolution
and binary population synthesis modeling, a common assumption is to limit the accretion onto
the BH to the Eddington, or a few times the Eddington, rate. However, hypercritical accretion
has been claimed as a way to allow for a significant amount of matter to be accreted at
super-Eddington rates [1847], and radiation GR-MHD simulations of super-critical accretion
disk (e.g., [1848]) partially support this argument. Binary population synthesis models that
consider super-Eddington accretion show that BHs can indeed increase significantly their
masses during a stable mass-transfer episode (e.g., [1390]).

The question of angular momentum gained during such a super-Eddington mass-transfer
episode is a more delicate one. The common assumption that the accreted material carries
the angular momentum of the ISCO may not be valid at highly super-Eddington rates.
Radiation GR-MHD simulation of super-Eddington accretion disk around BHs show that, if
significant structured magnetic fields are present in those disks, then the disks may enter
in a magnetically arrested disk state, where the specific angular momentum of the material
accreted by the BH is much less than that of the ISCO [1849]. Furthermore, magnetically
arrested disks can lunch relativistic jets, which extract rotational energy from the BH [1850].
In that case accretion can lead to spin down of the BH instead of spin up. In the absence of
significant structured magnetic fields, the assumption that the accreted material carries the
specific angular momentum of the ISCO is closer to what numerical simulations predict [1851].

It is plausible that core collapse itself is a process that spins up a BH. If during a
supernova explosion the ejecta somehow were to carry away a significant amount of angular
momentum, while the collapsing part of the star acquired the conjugate angular momentum,
then a spinning BH could be formed. However, black holes more massive than > 15M
are likely to form through complete fallback [1769]. In this context, it has being suggested
that black holes could spin up if part of the ejecta were torqued by the binary companion
before faling back, effectively converting part of the orbital angular momentum to BH spin.
For this process to be efficient, however, a fine-tuning of the ejecta velocity distribution is
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required, making it unlikely to lead to significant spin-up in most cases [1852, 1853]. Finally,
the standing accretion shock instability during core collapse and gravity waves during the late
evolutionary stages of massive stars have been suggested as potential mechanisms that can
stochastically transfer angular momentum to the stellar core right before or during its collapse,
potentially explaining the spin distribution of young NSs. However, it is not expected that
either of these two mechanisms can significantly affect the spin of a BH [1854, 1855].

While all the above processes were discussed in the context of the evolution of isolated
binaries, they are also relevant for most other formation channels, e.g. dynamical formation in
triple and higher multiplicity systems (e.g., [1432, 1433]), globular clusters (e.g., [1856, 1857]),
nuclear clusters (e.g., [1540]), young star cluster (e.g., [1559]) or AGN disks (e.g., [1505]). In
such environments, dynamics and stellar/binary evolution act together to form coalescing
double compact objects. Dynamical encounters are expected to lead to a perfectly isotropic
orientation of BH spins in the densest environments, where each binary system experiences
multiple close gravitational interactions and exchanges [1858]. Only in open clusters and
low-mass young clusters, spin orientation can retain some memory of the initial alignment
with the orbital angular momentum of the binary system [1859].

In the densest stellar systems, globular and nuclear clusters, the merger product of a
coalescing BBH can be retained. This second generation BH retains part of the orbital
angular momentum of the progenitor BBH, such that even if the two progenitor BHs where
non-rotating, the resulting BH would have a spin of ~ 0.7 [1860]. Although a kick is imparted
onto the BH merger product, second generation BHs can sometimes be retained in the
clusters and be involved in the formation of a new BBH. Merging BBH that contain at
least one second generation BH, although account only for a small fraction of the total
BBH population, can leave a distinct imprint in the BH spin distribution inferred from
BBH mergers (e.g., [1481, 1543]).

4.5.2 BH spins — empirical evidence from X-ray binaries and GWs

The first efforts to constrain the spins of stellar-mass BHs were done using electromagnetic
observations of BH X-ray binaries, and specifically by studying either the spectrum of the
emitted X-ray radiation or the X-ray timing variability of the systems. There are three widely
used methods for estimating the spins of stellar-mass BHs observed in X-ray binaries [1861]:
(i) fitting the thermal continuum spectrum of the accretion disk, (%) modeling the reflection
spectrum of the disk and specifically the distortion of the Fe K line due to GR effects, and
(7ii) modeling high-frequency (~ 100 — 450 Hz) quasi-periodic oscillations (HFQPOs). While
for the former two methods there are well-understood physical models underpinning them,
there is no established model for the origin of HFQPOs. Over the last decade, the results
from disk continuum fitting and the reflection line fitting methods have broadly converged.
The picture that emerges is that BHs in low-mass X-ray binaries have spins that cover the
entire range, from 0 to 1, while BHs in high-mass X-ray binaries tend to be fast, almost
maximally, spinning (figure 65).

Gravitational-wave observations have provided insights into the spins of black holes. Spins
leave an imprint of the gravitational waveform, enabling measurement of spin magnitudes
(between 0 and 1) and orientations (typically defined relative to the orbital angular momen-
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Figure 65. Cumulative distributions of BH measured from BBHs (yellow), low-mass X-ray binaries
(blue) and high-mass X-ray binaries (magenta). The distribution of prior CDFs is shown by the
unfilled black bands [1866]. The choice of priors is discussed in [1726]. Reproduced from [1866]. The
Author(s). CC BY 4.0.

tum) [1689, 1690]. These imprints are more subtle that the effects of the masses, making
them more difficult to precisely measure [1693, 1862-1864]. The low-frequency sensitivity of
ET may be especially important for measuring spin precession, that takes place when the
spins are misaligned with the orbital angular momentum [1865].

In contrast to X-ray observations, the majority of the detected gravitational-wave sources
are consistent with having zero spin [6]. The more massive component of the source GW190814
has the most precise spin-magnitude measurement, y < 0.08 [1867, 1868]. Several sources,
such as for GW151216 [1868, 1869], have been observed to have non-zero spin [6]. Considering
the observed population, half of spin magnitudes are below x = 0.25 [7]. The statistical
analysis by ref. [1866] shows that the spins of BBHs from gravitational waves and those of
BHs in X-ray binaries cannot be drawn from the same underlying distribution (figure 65).

Spins are often discussed using effective spin parameters: the effective spin parameter
Xeff = (M1x1 + max2)/(m1 + mg) is a mass-weighted combination of the spins aligned with
the orbital angular momentum [1870, 1871], and the effective precession spin x;, characterises
a mass-weighted in-plane that contributes to spin precession [1872]. To date, most detected
sources are consistent with yeg = 0 [6], which could indicate either spin magnitudes are close
to zero, spins are anti-aligned with each other, or spins are primarily in the orbital plane.
The systems with non-zero xeg currently all have y.g > 0 indicating a preference for spins
aligned, rather than antialigned, with the orbital angular momentum [6, 7]. GW190814’s
source has the best measured value of x,, with x, < 0.07 consistent with having a low-spin
primary component. Identifying an individual source showing spin precession has been more
difficult: GW200129_ 065458 is potentially the best candidate [6, 1873, 1874], but this result
is sensitive to the noise subtraction procedure used [1875, 1876] and it has been suggested
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Figure 66. Distribution of spin periods of 485 radio MSPs with P < 10 ms. Despite intense searches,
no sub-ms MSP has been discovered thus far. ET may reveal such a sub-ms MSP in a GW merger —
see text. Reproduced with permission from [1813].

that the signs of precession could be a misdiagnosis of the influence of orbital eccentricity
on the signal [1877]. Considering the entire population, however, there is evidence that
some sources have non-zero xp [7, 1726]. Therefore, black hole spins can be misaligned with
their orbital angular momentum.

4.5.3 NS spin periods — theoretical expectations and limitations

NS spin periods measured so far span over 7 orders of magnitude [1813]: from ~1.4 ms for the
radio millisecond pulsar J1748—2446ad [1878] to more than 5 hr for the symbiotic X-ray binary
4U 1954431 [1879]. The possible existence of sub-ms pulsars (P < 1 ms) is a long standing
and intriguing question. The distribution of MSP spins is shown in figure 66. The discovery of
a sub-ms MSP is very important for constraining the equation-of-state of NSs [1880]. Given
the physical mass shedding frequency limit of about 1500 Hz (P ~ 0.67 ms), it is perhaps
puzzling why no sub-ms pulsars have been found so far in light of the intense efforts to detect
these objects in both radio and X-rays. Nowadays, there seems to be no instrumental or
computational selection effects that would prohibit such a discovery. From a theoretical point
of view, it is an open question whether the lack of detected sub-ms pulsars might be due to
magnetospheric conditions [1813] or GW radiation during the accretion phase that halts the
spin period above a certain level [1881-1884]. A GW discovery of an accreting sub-ms pulsar
would thus be a major discovery. The emitted GW signal would have a frequency above
2000 Hz, and although this is not optimal for ET where the sensitivity peaks at 200-300 Hz,
any GW strain above 10724 Hz~'/? @ 2000 Hz is potentially detectable.
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4.5.4 Spins of double NS systems: evidence from Galactic sources and
expectations for mergers

Radio pulsar data on recycled and young pulsars in Galactic field NS+NS systems reveal
that the spin values of the second-born (i.e. non-recycled) pulsars are equivalent to those
of single young pulsars (~ 0.1 — 3 s) and that the recycling process of the first-born NS
is rather inefficient: the most rapidly spinning NS measured in a Galactic NS+NS system
has a spin period of P ~ 21 ms. This is expected [1813] because NS+NS systems descend
from high-mass X-ray binaries (HMXBs), which means that the relatively short lifetime of
the massive (ultra-stripped) progenitor of the second-born NS prevented sufficient supply of
material to spin up the first-born accreting NS [1885]. However, the situation is different for
NS+NS produced in dense stellar environments, like globular clusters [1886], because binary
exchange encounters may pair up an MSP (formed in a low-mass X-ray binary systems)
with another NS — a process which is evident from exactly such MSP+NS pairs detected
in globular clusters [1887]. Thus we do expect ET to eventually detect mergers of NS+NS
systems in which one NS component (or even both) may be an MSP, although their rate will
likely only be a small fraction of the total detected NS+NS merger rate [1466, 1888].

A natural question is what the spin rate will then be at the moment of the merger
since NS+NS system may have long delay times of several Gyr, during which magnetodipole
radiation and magnetospheric plasma currents give rise to loss of rotational energy. It turns
out that many MSPs will lose only a small amount of rotational energy [1831] because
their surface B-fields are very low (107 — 108 G) as evident from their P values down to
~ 10721, Thus we do expect ET to detect some NS+NS mergers with NS component spin
periods of order ms, although the rate is likely low and the resulting post-merger GW signal
from such NS+NS mergers with one high-spin component is slightly weaker than for slower
spinning NSs [1888].

4.5.5 BH/NS spin-axis direction and core collapse

Whereas the spin magnitudes of BHs and NSs are expected to be determined by progenitor
star evolution and binary interactions (mass accretion and tides) after their formation, the
directions of BH and NS spins are of uttermost importance for probing core collapse and
understanding SN explosion physics. Measurements of individual spin components will still
remain challenging with ET. However, the distribution of measured effective spins (X, i.e.
spins projected along the orbital angular momentum vector during in-spiral) can teach us not
only about the formation channel of GW mergers [1579, 1858, 1889, 1890] but also about SN
explosion physics. Evidence has recently been suggested for spin-axis tossing (flipping the
rotation axis in a random direction) at birth based on empirical data from LVK observing
runs O1-03 [1891] and theoretical investigations of this phenomenon (at least for NSs and
low-mass BHs) has been put forward [1892]. A large increase in GW merger data from
ET will significantly boost the empirical statistics to firmly infer both progenitor formation
channels and the question of tossing the spin axis at birth.
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4.5.6 BH/NS spins in light of ET

ET offers a significant increase in detector sensitivity compared to LVK. This improvement
enhances the possibility of detecting continuous GW signals at high frequencies from Galactic
spinning NS with sufficiently large ellipticities [1893—1896], see section 8.3.2 for extended
discussion. Detection of continuous GWs from a spinning NS would be a major breakthrough
and open up a new path to study the structure and evolution of NSs. If GWs from a spinning
NS are detected in a tight binary, from which LISA will be able to detect the orbital motion
in low-frequency GWs, i.e. a dual-line GW source [1897, 1898], the prospects for investigating
the interior of these NSs are even brighter.

4.6 Primordial versus stellar-origin BHs

As we already discussed in section 3.2.5, primordial black holes (PBHs) are a putative
population of BHs that could have formed in the early Universe, much before the formation
of structures and stars. The simplest formation scenario assumes the collapse of extreme inho-
mogeneities during the radiation-dominated era [984-987] (although various alternative mech-
anisms were suggested, e.g. based on early matter dominated eras [1899, 1900], cosmological
phase transitions [1032, 1034, 1036, 1901, 1902], the collapse of domain walls [976, 1046, 1903]
and others [1904-1908]). While remaining one of the most studied candidates to explain
the dark matter, even a subdominant population of PBHs could serve as the seed of
supermassive black holes at high redshift [1909-1912], explain small scale structure fea-
tures [517, 1913, 1914], and lead to boosted signatures of other dark matter candidates
(such as WIMPs) [525-527, 1915].

The characteristic natal mass of these objects is linked by model-dependent factors to the
mass within the Hubble sphere my at formation. For example, if the formation takes place
in a radiation dominated Universe, it was shown to follow a critical scaling as a function of
the collapsing overdensity above the threshold. For typical perturbations, mppy/my takes
values of order unity, although different hierarchies can be attained. Overall, PBHs can
generically be formed in a range of masses which spans several orders of magnitude [1916—
1919], from the ultra-light masses mpgy < 107 M, that are unstable through Hawking
evaporation, up to supermassive scales. There are many constraints on the PBH abundance
feer = Qpeur/QpMm (see [535] for a comprehensive review). In this landscape, ground-based
detectors will be able to provide strong bounds in the mass range that goes from planet size
masses, mppy ~ O(107%) My, up to intermediate masses mppy ~ O(10*) Mg, by searching
for the GW signatures of PBH mergers, exceeding in most of this mass range the existing
bounds derived from microlensing surveys and various phenomena related to particle emission
from accreting PBHs. The complementary constraints that will be set by searching for GWs
associated with the formation mechanisms are discussed in section 3.2.5.

While current LVK observations are still compatible with a fraction of the events to have
primordial origin [1738] (see also refs. [999, 1920] for the most recent analyses, and [980, 1921]
for reviews on PBH mergers as GW sources), it is exciting that next-generation GW detectors,
such as ET, would greatly enhance our capabilities to search for GW signatures of PBHs [1922—
1924], leading to unprecedented tight bounds on their abundance, as low as fppy < 1071
in some extreme scenarios [1925].
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PBHs form in the early Universe. Their distribution is random unless specific correlations
are induced in the primordial perturbations [1926-1932], and they can pair to form binaries
through different processes [1933]:

i) via gravitational decoupling from the Hubble expansion, which typically happens before
the matter-radiation equality [1934, 1935]. Such binaries are initially highly eccentric,
with a semi-major axis distribution allowing for a large fraction to merge in the late-time
Universe;

i1) through gravitational capture within present-day small scale structures and galax-
ies [1348, 1351];

i17) through three-body interactions in Poisson-induced PBH small scale structures [1678,
1936]. It is also possible that GW bursts are produced via PBH hyperbolic encoun-
ters [1937], although with an expected subdominant rate within most of the ground-based
observable band [1938].

Out of those channels, it was shown that the dominant contribution comes from binaries
formed in the early Universe [1936, 1939-1941].34

It is important to stress that understanding clustering properties, and in particular
clustering evolution at low redshift, is crucial in this context, as non-trivial PBH correlation
beyond what is induced by Poisson initial conditions can enhance binary formation in both
the early- and late-time Universe, while at the same time inducing stronger suppression
factors due to disruption of binaries through more frequent binary-PBH interactions. More
broadly, a precise description of the clustering evolution of PBHs after their formation is
challenging, especially at low redshift. Numerical simulations of PBH cosmologies were able
to describe only high redshift (z 2 100) [1942] or individual clusters of PBHs [1943-1945],
while the impact of clustering on the merger rate was investigated with advanced analytical
studies [1936, 1941]. The detection of PBH mergers would provide valuable insights and
allow to narrow down theoretical uncertainties. Furthermore, due to the range of scales
involved with the formation of PBHs of masses that can be probed by ET, synergies with
other observables are possible. On the one hand, scenarios induced by large stellar-mass PBH
clustering require non-trivial correlations at the scales probed by CMB distortions [1946]
with future experiments (e.g. PIXIE and Voyage 50 [1947]), while the enhanced density
perturbations required to form PBHs would fall in the range probed by PTA experiments.

Searching for evidence on the existence of PBH binaries is very challenging due to
large uncertainties on their properties, such as their mass distribution, which is inherently
model-dependent and linked to the early Universe initial conditions. An additional challenge
is posed by the expected astrophysical BBHs that act as foreground, and trying to distinguish
the two contributions is mostly limited by existing theoretical uncertainties and degeneracies
between the astrophysical and primordial channels. However, it is important to stress here
that some distinctive features exist, and in the following, we will present what are considered
the smoking-gun signatures of PBH binaries.

34This conclusion was also tested with dedicated N-body simulations for relatively narrow mass func-
tions [1940] (up to 2 orders of magnitude in width). Whether disruption of binaries is more or less efficient for
broader mass distributions is still subject to debate (see also [517]).
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Figure 67. A flowchart to test the primordial nature of a binary. Green and red refer to the condition
in the box being met or violated, respectively. Adapted from ref. [1948]. The asterisks indicate that the
condition is evaluated in the scenario where PBHs are formed in a radiation-dominated Universe, and
a model-dependent alternative is possible. Reprinted figure with permission from [1948], Copyright
(2022) by the American Physical Society.

Ntot NSS Nz> 10 Nz>30 NLMG NUMG
1920000 || 708487 | 1400384 | 795904 || 300220 7774
13347 1650 336 17 2638 235

Table 6. The total number of PBH (N*°t), subsolar events (IN5), high redshift (z > 10 and 2 > 30)
events, and “mass gap” events (LMG and UMG for the lower and upper mass gap, respectively), for
the intrinsic numbers of PBH mergers per year predicted by maximizing current LVK bounds [1713]
(second row) and for the events per year detected with ET at SNR > 12 (third row).

In figure 67 we summarize the main properties of PBH binaries formed in the radiation-
dominated early Universe. As we will see, detecting high redshift mergers and/or subsolar
binaries would allow for a confident discovery of a PBH population. In most scenarios,
one also expects specific mass-spin correlations that could be searched for in the GW data.
In this endeavor, ET will be a game-changer compared to current GW detectors [1948].
These smoking guns could be exploited on an event-by-event basis or through population
studies. We will discuss both approaches below. In section 4.10.3 we will discuss the potential
contribution from PBH mergers to the stochastic GW background.

Current LVK observations set the most stringent bound on the merger rate of primordial
binaries. However, next-generation detectors would boost our capabilities to constrain this
scenario. In table 6 we report the intrinsic and detectable number of mergers in the interesting
mass and redshift range (assuming the PBH abundance saturates current PBH upper bounds,
see ref. [1948] for more details).
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Figure 68. Redshift posteriors for sources with (Miotal, 2,q) = (40Mg, 30,1) at £ = 0°,30°,60° and
90°, obtained with a waveform with (blue) and without (red) higher-order modes and for a detector
network composed of two CE and one ET (see ref. [1179] for more details on the assumed detector
network). The solid horizontal lines show the 95% credible intervals, whereas the dashed lines mark
the injected value z = 30. The top axis shows the optimal SNR of the two waveforms. Reprinted
figure with permission from [1179], Copyright (2023) by the American Physical Society.

4.6.1 Constraints on high-redshift merger rate evolution

The unique feature of the PBH merger rate density is that it is monotonically increasing
with redshift as Rppy(2) oc t73437(2) [1939, 1943, 1949], extending up to early epochs at
z 2 O(10%). Interestingly, this property is dictated by how pairs of PBHs decouple from
the Hubble flow before the matter-radiation equality. Therefore, it is a robust feature of
the PBH channel.?®

As high-redshift mergers are difficult to produce by astrophysical channels, one can set a
conservative threshold above which no astrophysical mergers are expected to exist within
standard cosmologies [1951]. One can adopt the conservative redshift threshold z 2 30 to
be a smoking gun for primordial binaries [1178, 1179, 1182, 1923, 1951-1953].

The superior sensitivity and wider bandwidth of ET at low frequencies are crucial to
detect putative mergers at z = 30, and up to hundreds of them per year are expected
when the PBH abundance saturates current bounds [16, 1923]. However, an important
aspect is the measurement uncertainty on the source redshift z associated with a putative
detection. In simple terms, this is because an individual detection that is compatible with
z ~ 10 within uncertainties could be confused with black holes originating from Pop III
stars, see section 4.7.1 [1178-1181, 1948]. Figure 68 shows the posterior of the redshift in
various cases [1178, 1179] for an example network composed of ET4+2CE. Note that analogous
conclusions are reached with similar detector configurations. For a correct recovery of the true
redshift, it is important to include higher-order modes in the waveform [1178, 1179], which
alleviate the distance-inclination degeneracy and allow for a sufficiently accurate measurement

35In the case of initially strongly clustered PBHs, the merger rate evolution with cosmic time is only slightly
modified to Rppn ~ ¢t~ *(2) [1925, 1940, 1950].
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Figure 69. Left panel: reconstructed merger rate at z > 10 assuming ET+CE and two populations
of events: astrophysical (Pop III) and primordial. We consider the most conservative scenario in
which both populations have the same mass function, we neglect PBH accretion, and we adopt an
optimistic Pop IIT merger rate [1954]. Right panel: a null observation for a primordial population with
ET+CE can be translated into an upper bound on the PBH abundance. Reproduced from [1182].
The Author(s). CC BY 4.0.

of z. Still, uncertainties could remain as large as Az/z ~ 30% for a source at z = 30,
depending on the source properties, and would quickly degrade at larger distances.

Further information can be gathered by reconstructing the merger rate as a function
of redshift for a population of events. Figure 69 (left panel) shows the posterior predictive
distributions at z > 10 reconstructed from a hierarchical Bayesian inference of 4 months of
synthetic data, assuming two populations of mergers: a representative astrophysical merger
channel from Pop III stars and a primordial one with abundance saturating current upper
bounds and a mass function centered around M. ~ 30Mg. In the right panel, we report
the corresponding upper bound that will be set on fpgy from a non-detection of PBHs
in 1 year of data taking.

4.6.2 Subsolar PBH binary searches

The detection of a subsolar object in a compact binary merger is regarded as one of the
smoking gun signatures of a population of PBHs.?¢ Current bounds from LVK observations
are already forcing the PBH abundance to be smaller than unity in the subsolar mass
range [1966-1968]. Also, microlensing constraints are setting comparable bounds in the
nearly-stellar mass range [1969-1973]. Even complying with current bounds, however, the
number of potential subsolar mergers in 1 yr of observation of ET could be large, as indicated
in table 6, given the much higher sensitivity of the future detector. In case one candidate
detection is found, it would be crucial to:

36 Alternative new physics scenarios could also lead to the formation of subsolar BHs. For example, dissipative
dark matter models allow for the generation of dark black holes, with similar properties compared to the
formation from Population-11I stars with, however, potentially different masses [1955, 1956]. Additionally,
nearly solar-mass BHs can form out of NS transmutation in certain scenarios [1957-1964]. If one observed
both the NS and the transmuted BH populations, one could infer implosion timescale, and eventually the
properties of the dark matter particle that induced the transmutation, such as mass and interaction cross
section [1965].
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Figure 70. Posterior distribution of the masses (m, mso) and the tidal deformability A parameter for
LVK 05 (left) and ET+2CE (right) (see ref. [496] for more details on the assumed detector network).
The red lines represent the injected values of a typical subsolar event. In ET+2CE case, the upper
bounds on A would exclude neutron stars or more exotic alternatives [280]. Reproduced from [496].
CC BY 4.0.

i) check that the supersolar regime is excluded within uncertainties;

ii) exclude possible confusion with other subsolar objects, such as light NSs or more exotic
compact objects.

PBH binaries could be distinguished from stellar binaries based on the measurability of tidal
effects (i.e. tidal Love number as well as tidal disruption of the compact objects) [496, 1974].
At variance with PBHs, the GW signal from stellar binaries is affected by tidal effects (see
also sections 2 and 7), which dramatically grow for moderately compact stars, as those
expected in the subsolar range. The prospects of measuring tidal effects in subsolar binaries
are good already with the LVK network, but only the next generation of GW detectors
such as ET will allow to claim a putative subsolar detection at (> 5¢) level [496]. This is
shown in figure 70, summarizing the results of a model-agnostic Bayesian analysis [496] of a
simulated GW event from a PBH binary with masses m; = 0.62 Mg and may = 0.27 My, at
z = 0.02, and in table 7. This example is motivated by the low significance trigger found
by LVK [1967], see also [1975].

In particular, table 7 shows two types of analyses, assuming the event was either a
BNS (including tidal deformability in the waveform and tidal disruption frequency fiax
beyond which the signal shuts off, parametrized by the effective tidal deformability A and
A ¢ = fmax/ fisco, respectively, where fisco is the frequency corresponding to the innermost-
stable circular orbit) or a BBH (assuming an injection with zero tidal effects but including
A in the recovery). While the errors on the masses are sufficiently small to be confidently
ascribed to the subsolar range already for LVK O4, in the BNS case the errors on the tidal
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Network \ LVK O3 \ LVK O4 \ LVK O5 \ ET+2CE
BNS (A =1.5-10°,6A = 4.9-10* \; = 0.075)

SNR 7.90 12.8 22.4 398
Amy/my | 0.47 0.22 0.082 0.0017
Amay/my | 0.39 0.19 0.070 0.0015
AA/A 0.86 0.66 0.55 0.047
ANs/As 0.38 0.24 0.13 0.015
BPBH (A =0A=0,)\; =1)

SNR 8.38 13.4 23.9 403
Amy/my | 0.20 0.13 0.044 | 6.6-1073
Ama/may 0.17 0.11 0.037 | 5.6-107°
AA 9.1-10° | 5.8-10° | 3.0-10° | 7.5-10?

Table 7. Fisher parameter estimation uncertainties with current and future GW experiments. We
inject a system with m; = 0.62Mg and ms = 0.27Mg, assuming the binary was either a BNS (top
rows) or a BPBH (bottom rows). Adapted from ref. [496]. Reproduced from [496]. CC BY 4.0.

deformability are relatively large, so that A = 0 cannot be excluded with a high confidence
level. Only next-generation detectors such as ET will allow to exclude A = 0 at least at
30 level (at > 50 level, in fact). Nonetheless, the cut-off frequency for tidal disruption
(parametrized by A ¢) would be constrained away from unity at 4o level already by O4, which
would still support the interpretation of the observed signal as coming from a BNS. Likewise,
if the subsolar event is a binary PBH, model-agnostic measurements of A with ET+2CE (or
similarly with ET alone) will exclude the NS hypothesis and also certain classes of exotic
compact objects, such as compact boson stars [496].

Even lighter binaries could be searched for using ad-hoc techniques [1976]. As light
PBH binaries would only appear in ET frequency band during the inspiral phase, the signal
evolution is very slow, and appears as a nearly monochromatic signal. While the current LVK
sensitivity is still not sufficient to derive constraints which are competitive with microlensing
upper bounds on fpgy [1973] for mppy < 1072Mg, [1976], ET will drastically improve the
sensitivity leading to much tighter bounds [1977, 1978], tightening the ones currently derived
from microlensing surveys.

4.6.3 Spins of primordial black holes

A broad class of models predicts the Kerr dimensionless spin parameter at PBH formation
to be very small, of the order a < 1072 [1979]. This includes the most studied formation
mechanism where the collapse of extreme inhomogeneities takes place during the radiation-
dominated Universe. However, alternative formation scenarios [1908], such as collapse during
an early matter-dominated phase, or through the subhorizon assembly of massive objects, can
lead to larger natal spins [1980]. This model dependence is inevitably linked to the primordial
scenario due to the currently poor knowledge of the initial phases of cosmological evolution.
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After formation, PBHs may spin up due to the accretion of baryonic matter throughout the
cosmological evolution, in a process that is expected to quench at the onset of the reionization
era, due to both enhanced PBH peculiar velocities within structures as well as gas heating
up [1981, 1982]. The dominant contribution to the PBH merger rate comes from binaries
formed in the early Universe, through decoupling from the Hubble expansion, and thus no
spin alignment is expected at binary formation. Spin induced by accretion, which is only
expected to be efficient for masses larger than O(10)Mg), leads to a correlation between large
total binary masses and large spins which can be used to distinguish this scenario from others.

4.6.4 Tests based on mass and spin distributions

PBHs can be formed in a wide range of masses and, at odds with the astrophysical scenarios,
there are no forbidden mass gaps where they cannot form. In particular, as the formation
mechanisms rely on the collapse of large density perturbations in the early Universe, they are
not affected, for example, by the physics dictating pair-instability supernova [1791, 1792, 1800].
While large uncertainties on the exact location of the astrophysical mass gaps remain (see
section 4.3.3.2 and 4.3.3.4), the presence of events in such regions would potentially require
different astrophysical mechanisms (e.g. astrophysical hierarchical mergers) or point towards
the primordial nature of the binary.

Let us focus first on the so-called lower mass gap, the putative gap in the distribution
of masses separating astrophysical NS and BH binaries in the range ~ [3,5]My. If PBH
binaries were contaminating the NS range, the mass distribution would also contaminate the
lower mass gap, due to the difficulty of generating a sharply peaked PBH mass distribution
in the early Universe. In figure 71 (left panel) we show an example of this, following ref. [999].
The green band indicates the mass distribution assuming the primordial scenario to be
responsible for the light events in the GWTC-3 catalog [6], to be compared with the NS
predictions in purple. It shows the larger width necessarily induced by the QCD effects and
critical collapse [1920, 1983-1985], which would then correspondingly predict events both
in the adjacent subsolar and lower mass gap range. Similar considerations apply to the
upper mass gap, in the range approximately between 50 — 130 My where, as discussed in
section 4.3.3.4, a dearth of BHs is theoretically expected due to the pair-instability supernova
mechanism [1791, 1792, 1800]. As contamination of the gap by astrophysical binaries is
possible (see section 4.1 for more details), it is important to devise robust tests for the
primordial nature of the binary [1984, 1987].

One possibility to distinguish between these two populations is based on searching for
features in the mass distribution, or searching for correlations between masses and spins.
In a general sense, remnants of second-generation BHs, which are the product of a prior
merger, are identified by a final spin of around x; ~ 0.68 [1988], assuming that the spin
of first-generation BHs is negligible or isotropic distribution of BH spin directions [1550)].
Additionally, it is expected that the mass ratio will be less than unity. Conversely, the
relationship between masses and spins in the PBH scenario exhibits a different pattern. By
concentrating on the formation in a Universe dominated by radiation (which is generally
applicable even in extended scenarios [1989]), the main predictions of the primordial scenario
for the distribution of the effective spin parameter xeg are as follows [1948] (see also figure 71):
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Figure 71. Left panel: posterior predictive distribution for events within the NS range based on the
LVK GWTC-3 catalog [999]. Right panel: distribution of y.g expected for PBH binaries as a function
of the total mass M depending on the accretion efficiency (see [1981, 1986] for more details). We
stress that this prediction applies to PBHs born in a radiation-dominated Universe or to alternative
formation scenarios for which the natal spin is negligible, and therefore represents a weaker test of the
primordial nature of the binary. Reprinted figure with permission from [999], Copyright (2022) by the
American Physical Society.

i) Binaries possess negligible x.g at low masses within the observable range of ground-based

detectors;

ii) At larger masses, one expects a correlation between large binary total masses and wide
distributions of y.g induced by accretion effects;

iii) The distribution of xg is only dependent on the total mass of the binary, with negligible
dependence on the mass ratio (see also figure 71). Therefore, for fixed primary mass mq,
the e distribution widens for larger ¢. In other words, there is a positive correlation
between larger spin magnitude and mass ratios close to unity. This trend with ¢ is
opposite to the one expected for dynamically formed astrophysical BBH, where more
massive, higher-generation mergers tend to have smaller mass ratios, i.e. negative
correlation between large spin magnitude and q.

While current GWTC-3 observations allow for a positive correlation between binary mass
and width of the x.g distribution [1990], poorly measured spins and the low statistics do not
allow to confirm this trend and to distinguish between the PBH and dynamical astrophysical
channels. ET is expected to gather a much larger number of detections with more precise
spin measurements, potentially reaching sub-percent precision on individual spin magnitudes
for a large fraction of detections (see e.g. [16, 1713]), and allowing for tests of the presence

of mass-spin correlation consistent with the PBH scenario.

4.7 Revealing Population III stars with the first BHs
4.7.1 The nature of Pop III stars

The formation of the first (Pop III) stars marks a primary transition phase of cosmic evolution.
Their light ends the so-called ‘dark ages’, and they play a key role in cosmic metal enrichment
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and reionization, thereby shaping the Universe at large and the present-day galaxy population.
The field of Pop III star formation and how Pop III stars impact cosmic evolution has been
rapidly growing in the past 25 years, and it is therefore a relatively young field of research.
As a consequence, there is still considerable debate about the physical processes that govern
stellar birth at high redshift, and the overall properties of the first stars. Here we provide a
very brief summary of the latest findings and highlight if and how ET observations of the
GW emission from their BH remnants may help us improve our understanding of the first
stars. For the interested readers, we suggest some of the latest excellent reviews which have
appeared on this subject [1176, 1177, 1991-1993].

4.7.1.1 Cosmological context of Pop III star formation. Initially, primordial star
formation was proposed to be very simple, governed by well defined initial conditions provided
by Gaussian fluctuations of the cosmic density field. In this context, the formation of the
first stars occurs in regions where the cosmic fluid fulfils two conditions. First, it needs to
decouple from the global expansion and begin to contract due to the self-gravity of dark
matter, in a so-called dark matter halo. Second, the gas within the dark matter halo needs to
be able to cool and go into runaway collapse to eventually reach stellar densities. For a gas of
primordial composition, the only available coolant are atomic and molecular hydrogen. The
combination of ACDM and primordial gas cooling leads to an initial collapse phase driven
by Hz cooling in dark matter (DM) mini-halos with masses Mj, ~ 10% — 108 Mg, which form
at the intersect of cosmic web filaments, at 20 < z < 30 [1994-1996].

At these high redshifts, electromagnetic observations of individual Pop III forming
regions are very challenging even for the James Webb Space Telescope (JWST) [1997-2000].
However, Pop III stars forming in pockets of metal-free gas at z < 10 have been predicted by
simulations [2001, 2002] and may have already been tentatively detected by JWST [2003, 2004].
In addition, their cumulative emission leaves an important signature on the 21cm signal from
cosmic dawn and the epoch of reionization [2005], which will provide important constraints
on the onset and efficiency of Pop III star formation [2006-2010].

We shall also note that other important physical processes affect the onset of Pop III
star formation and the minimum dark matter halo mass where this can occur. One example
is the existence of streaming velocities, a relative motion between dark matter and baryons
which stems from second-order cosmic perturbation theory and decreases linearly as the
Universe expands [2011]. Simulations that include streaming velocities suggest that their
presence delays the onset of cooling, and leads to a larger critical mass for collapse to set
in [1177]. Another important aspect that may affect the minimum halo mass to host star
formation is the nature of dark matter (DM). Warm DM or fuzzy DM models suppress
structure formation on small scales that depends sensitively on the mass of DM particles,
which therefore affects the predicted minimum scale for structure formation and the onset
of Pop III star formation [2012-2016]. This may result in a delay of Pop III star formation
into more massive (atomic-cooling) halos (M}, > 107 My,), where the primordial gas can cool
by the collisionally excited Lyman-« line.

Finally, once the first Pop III stars form, there are other additional effects which control
Pop III star formation, such as the presence of radiation fields in the LW UV band, which
photo-dissociate Ho, and hence suppress cooling, or in the X-ray band, which instead promote
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Figure 72. Redshift evolution of the critical halo mass threshold above which Pop III star formation
can happen (left axis) and the BH mass range in BBH mergers detectable by ET (right axis). We
show My, iy for efficient Ho- and H-cooling from [1995] with the thin solid and dash-dot-dotted curves.
We plot My, crit, regulated by Lyman-Werner (LW) radiation and baryon-DM streaming motion in four
cases based on [2017] (see also [1996]), adopting different models for the LW background intensity
Jo1 (in the unit of 1072 erg s7! cm ™2 Sr_l) and streaming velocities vp. (in the unit of the cosmic
root-mean-squared velocity). The thin dashed, dotted, and long-dashed curves show the results for
vpe = 0, 1, and 2, respectively, under the model of Jo; from [2018, 2019], while Jo; is boosted by a
factor 10 under vy, = 0 for the dash-dotted curve. We also show the halo masses corresponding to 3-
and 4-o density peaks for the standard ACDM model and a fuzzy DM (FDM) model given a boson
particle mass of mac? =5 x 10721 eV with the thick solid and dotted curves. For the right axis, the
inner, intermediate, and outer shaded regions show the BH mass ranges in which more than 90%,
50%, and 10% of equal-mass BBH mergers can be detected at SNR > 9 by ET.

Hs formation by increasing the free electron fraction and hence favor Hs cooling. These
additional physical processes however, depend on the properties of the radiation sources,
hence on their mass spectrum and multiplicity, which we will discuss below.

In figure 72 we illustrate how some of the above effects may be constrained by ET by
detecting the high-z BBH mergers formed as remnants of Pop III stars. The left axis shows the
redshift evolution of the halo mass threshold, Mj, ¢;it above which Pop III star formation can
happen. In particular, we report My, ¢t for efficient Ho- and H-cooling from [1995], and My, crit
regulated by LW radiation and baryon-DM streaming motion in four cases based on [2017].
We also show the halo masses corresponding to 3- and 4-0 density peaks for the standard
ACDM model and a fuzzy DM model with a boson particle mass of mac? =5 x 1072 eV.
The onset of Pop III star formation can be identified by the intersects of these halo masses
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with My erit, which span a broad range of redshifts (2 ~ 12 — 30). To appreciate these results
in the context of GW observations, we show the BH mass ranges in which more than 90%,
50%, and 10% of equal-mass BBH mergers can be detected at SNR > 9 by ET with the
right axis of figure 72. It is clear that ET has the potential to probe the formation history
of Pop III stars up to z ~ 30 via mergers of Pop III BH remnants (at least in the mass
range of ~ 20 — 40 My) (see e.g. [1674] for detailed discussions on the relation between the
detection rate of Pop IIT BBH mergers by ET and the Pop III star formation history), which
will provide interesting constraints on the factors that regulate the onset of Pop III star
formation, such as the nature of DM, baryon-DM streaming motion, and UV radiation fields.

4.7.1.2 Initial mass function of Pop III stars. Starting from a pristine dark-matter
mini-halo, the sequence of events which characterize the initial collapse phase is dictated
by the physics of Ho. The formation of the dense cores, which are hotter and more massive
(typically a few 1000 Mg) then those in present-day conditions, corresponds to the point
where Hy cooling becomes inefficient.?” From this point on, the cloud continues to collapse
without further fragmentation until it becomes optically thick and forms the central protostar.
Early simulations were stopped at this point, when the object was surrounded by only a small
disk-like structure which was more strongly supported by pressure than by rotation [2020—
2029]. The authors of these studies argued that all the inflowing mass would end up in
one single high-mass star.

In addition, due to the larger gas temperatures in the star-forming cores, the accretion
rates onto Pop III protostars is expected to be several orders of magnitude higher than for
present-day star formation and at these high rates the evolution was predicted to continue
up to the arrival of the growing protostar onto the Zero-Age-Main-Sequence, where its mass
was expected to be already of Myzams ~ 100 Mg [2030].

Because the luminosity increases rapidly with protostellar mass, radiative feedback is
expected to regulate the mass accretion and ultimately shut off the accretion flow, setting
the final mass to a few tens of Mg [2030, 2031], although this value is likely to depend
on environmental conditions, with values ranging from just under ten to more than one
thousand solar masses [2032, 2033]. It is important to stress that these results where based
on 2D radiation-hydrodynamic simulations that only follow the evolution of the central
collapsing core. Hence, by construction, they describe a mass spectrum of solitary Pop
IIT stars, one for each halo.

In the last two decades, the simple scenario of solitary formation of one massive Pop II1
star per minihalo has significantly evolved into a more complex picture that primordial star-
forming gas is highly susceptible to fragmentation and Pop III stars typically form with broad
mass distributions in (small) clusters where binary and multiple systems are common. In
figure 73 we show some illustrative examples of the Pop III stellar initial mass function (IMF)
predicted by numerical studies with and without the inclusion of radiative feedback [1177].
Despite the large variation in range (due to numerical limitations in resolution and time
coverage), the predicted distributions are rather flat (in log space) compared to the highly

37TThis occurs when the gas temperature is ~ 200K and the gas density is ~ 10*cm ™, and the Hs levels
are no longer populated according to non-local thermodynamic equilibrium (NLTE). As a result, the cooling
becomes less efficient [1992].
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Figure 73. Illustrative examples of the Pop III stellar IMF predicted by three high-resolution models
without stellar feedback [2034-2036] and three simulations with radiative feedback included [2032,
2033, 2037]. This figure is adapted from figure 6 in [1177]. Reproduced from [1177]. CC BY 4.0.

bottom-heavy present-day IMF, and can extend up to ~ 1000 M. Pop III stars may therefore
leave behind black holes with a variety of masses, ranging from remnants of core-collapse
SN explosions, to black holes formed by failed explosions, up to black holes with masses
above the PISN mass gap, reaching the mass range expected for intermediate-mass black
holes (IMBHs, see section 4.3.1 and 4.8). In this new picture, fragmentation has significant
implications not only for the resulting Pop III stellar mass spectrum but also for the formation
of binary/multiple systems of stars and BHs, as we discuss below.

4.7.1.3 Pop III star clusters and binaries. In the standard pathway of Pop III star
formation, a star-forming disk forms at the center following the monolithic collapse of pristine
gas by runaway molecular cooling in a minihalo (M, ~ 10° — 10% M). The disk fragments
to produce multiple protostars, which eventually become a small cluster of a few to few tens
stars and a total mass of ~ 10 — 1000 My when the disk is evaporated by stellar feedback.
The initial configurations of Pop III star clusters and statistics of binary/multiple systems
are shaped by poorly understood processes of protostar formation and evolution [1954, 2038].
Suffering from uncertainties due to limited resolution and imperfect modeling of stellar
feedback, some simulations predict that Pop III binary stars typically have large separations
a~ (2 x10% —4 x 10*) AU due to outward migrations of nearly equal-mass protostars by
rapid accretion of gas with high angular momentum [2039-2042], while others favor the
formation of closer binaries (a < 10° AU down to the resolution limit of a few AU) with
inward migrations by, e.g., dynamical friction in dense gas structures [2043, 2044].

The situation becomes even more complex in non-standard pathways where Pop III star
formation is delayed to occur in more massive (atomic-cooling) halos (M, > 107 M) by,
e.g., baryon-DM streaming motion and LW radiation (see figure 72 and section 3.3 in [1177]).
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The rapid gas inflows (M ~ 0.1 — 10> Mg yr=!) in such massive halos are expected to
produce massive (> 10% M), dense star clusters, where competitive accretion and runaway

stellar collisions lead to the formation of a small number of very/super massive stars with
Mzams 2

~

300 My up to a few 10° Mg [2045-2053], which are promising progenitors of
IMBHSs (see section 4.8). However, the abundance and properties of such massive Pop III
clusters (e.g., mass, size, virial factor, internal structure, and IMF of stars) are also uncertain
in current theoretical models.

In summary, our knowledge of Pop III star clusters and binaries is still incomplete due to
computational limitations of simulations (e.g., resolution, time coverage, volume, treatment
of feedback) and the lack of direct observations (which will remain challenging in the near
future). Nevertheless, as discussed below, the properties of Pop III star clusters and binaries,
as well as Pop III stellar evolution, are encoded in the properties of compact object mergers
from Pop III stars. Therefore, GW observations by ET will bring us new insights into the
physics of Pop III star formation/evolution.

4.7.2 The evolution of Pop III stars and binary black holes

Compared with metal-enriched Population I/II (Pop I/II) stars, Pop III stars are more
compact and experience negligible mass loss from radiation-driven winds because radiation
escapes from them more easily in the lack of metal-line opacity (see figure 13 of [1177]). The
special metal-free stellar evolution, massive nature (section 4.7.1.2), and common multiplicity
(section 4.7.1.3) of Pop III stars indicate that they are efficient progenitors of BBHs. Similar
to BBH mergers from Pop I/II stars, the evolution of Pop III BBHs to mergers can also
be classified into the isolated (section 4.7.2.1) and dynamical (section 4.7.2.2) channels. As
summarized in figure 74 and discussed in detail below, these two channels are closely connected
to the special cosmological context and pathways of Pop III star formation, and they can
potentially produce BBH mergers®® with unique signatures identifiable in GW observations
by ET, which makes ET an indispensable probe of Pop III stars (section 4.7.3).

4.7.2.1 Pop III binary black hole mergers from isolated binary stellar evolution.
BBH mergers from Pop III stars have been studied most intensively for the isolated binary
stellar evolution channel (see section 4.1.1) [1671-1675, 1954, 2055, 2057-2064]. The isolated
binary stellar evolution channel is expected to be suitable for the standard pathway of Pop III
star formation that produces small Pop III clusters with short dynamical and relaxation
timescales, where most dynamical interactions happen in the early stage (within < 1 Myr),

and Pop III binaries

evolve effectively in isolation thereafter. Although well-motivated,
the merger efficiency and properties of Pop III BBH mergers from isolated binary stellar
evolution are highly sensitive to the obscure initial statistics of Pop III binary stars, binary

interaction processes, and Pop III stellar evolution.

38Pop III stars also produce BH-NS and NS-NS mergers but at much lower efficiencies compared with BBH
mergers (see, e.g., [1954, 2054—-2056]). Such less massive mergers are also more difficult to detect at high z.
Therefore, we focus on Pop III BBH mergers.

39Triples and quadruples also form in small Pop III star clusters [2038, 2065, 2066]. The BBH mergers
produced by such higher-order systems can be different from those from standard isolated binary stellar
evolution (see section 1.1.3). However, this aspect has not been explored for Pop III stars.
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Figure 74. Connections between the cosmological context (red) and pathways (orange) of Pop III
star formation (section 4.7.1), evolution of Pop III BBHs (green, see section 4.7.2), and identifiable
signatures of Pop IIT BBH mergers in ET observations (blue, see section 4.7.2 and 4.7.3).

For instance, if the initial binary statistics of Pop III stars is dominated by wide binaries
with a ~ 10? — 10* AU as found in the simulations from [2036], rather than close binaries with
a ~ 0.1—10 AU like in observations of present-day stars [1424], the merger efficiency of Pop III
BBHs will be reduced by up to a factor of ~ 20, and the dominant evolutionary pathway
changes from stable mass transfer to common envelope evolution [1672, 1674, 1675]. The
evolution of individual stars has strong effects on the BH mass distribution in Pop III BBH
mergers, in particular for massive BHs inside or above the PISN mass gap?® ~ (50 — 130) M.
In general, models with stronger stellar expansion disfavor the formation of massive Pop III
BBH mergers via isolated binary stellar evolution, since larger stars are more likely to suffer
strong mass loss and undergo stellar mergers during binary interactions. If massive Pop III
stars with Mzagym = 100 M become red super giants with radii R > 103R; when they
approach the end of main sequence (MS) or during post-MS evolution, Pop IIT BH mergers
mostly contain BHs below 50 Mg [1674, 1675]. In contrast, if stellar expansion is suppressed,
for example, by inefficient convective overshooting, close (a < 1 AU) binaries of Pop III stars
with Mzams ~ (50 — 100) Mg can produce BBH mergers involving BHs of similar masses
inside the PISN mass gap via stable mass transfer with little mass loss, and binaries of more
massive (Myzams 2 240 M) Pop III stars can produce BBH mergers with BHs above the
PISN mass gap (2 130 Mg) avoiding stellar mergers [1673, 2061-2064].

40pop III single stars with initial masses ~ (50 — 100) Mg can avoid pair instability and retain most of their
hydrogen envelopes before collapse to produce BHs of similar masses in the PISN mass gap [2067, 2068]. If their
spins remain small (< 0.2) after birth [1414, 1573, 2069], Pop III BHs in the mass gap can be distinguished
from the merger products of smaller BHs [2070], although it is challenging to tell them from PBHs with similar
masses and spins (see section 4.6). How such Pop III BHs show up in BBH mergers is still in debate [2061].
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Moreover, these results point out the intriguing possibility that the BH mass distribution
in Pop III BBH mergers from isolated binary stellar evolution shows a unique*' narrow mass
gap around ~ (100—130) M), under the peculiar condition that (1) close (a < 10 AU) binaries
of massive Pop III stars are common, and (2) massive Pop III stars do not expand significantly
before collapse. The identification or non-detection of this feature in GW observations of
BBH mergers (up to z ~ 20 by ET, see figure 72) will place novel constraints on the binary

statistics of Pop III stars and Pop III (binary) stellar evolution.

4.7.2.2 Dynamical Pop III binary black hole mergers in dense star clusters. Other
than isolated binary stellar evolution, dynamical Pop III BBH mergers can also occur in
dense star clusters in two scenarios. (1) In-situ: Pop III BBHs form in massive (> 10* Mg),
dense clusters of Pop III stars/remnants themselves [2049, 2050, 2071] hosted by atomic-
cooling halos (M}, > 107 Mg). (2) Ex-situ: Pop III BBHs (initially born in isolation) fall
into nuclear star clusters made of Pop I/II stars by dynamical friction when their natal
minihalos grow/merge into larger halos [2056, 2072, 2073]. The main difference between the
two scenarios is that Pop III mergers in nuclear star clusters mostly happen at relatively low
redshifts z < 6 because only massive (My, > 10 M) halos can possibly host nuclear star
clusters, while a large fraction (~ 0.4 — 0.8) of in-situ dynamical Pop III mergers can happen
at z ~ 6 — 20 providing that massive Pop III clusters are common. Both scenarios produce
mergers of more massive BHs with lower mass ratios compared with the case of isolated
evolution, especially for BHs above ~ 50 M, including IMBHs that can be extremely rare in
isolated mergers [1674, 1675, 2071, 2073]. Besides, a significant fraction (up to ~ 30%) of
dynamical Pop III BBH mergers will have large enough eccentricities e > 10™3 detectable
by ET at the observer-frame frequency f = 10Hz [1585].

These results are consistent with the common properties of dynamical BBH mergers
(see sections 4.1.2 and 4.1.2.2), although the predicted merger rates are subject to large
uncertainties in the abundance, initial conditions, and long-term environments of massive
Pop III clusters, as well as the assumptions on high-z nuclear star clusters and dynamics of
Pop III BBHs in high-z galaxies. It will be challenging to identify Pop III BBH mergers in
nuclear star clusters where they are likely overwhelmed by dynamical mergers of Pop I/I1
BBHs with similar masses [1543]. However, observations of massive, eccentric mergers (with
low mass ratios) at very high redshifts (z 2 10) by ET will strongly constrain the in-situ
Pop III scenario, since BBH mergers from other origins either occur at lower redshifts (Pop I/11
BBHs) or on quasi-circular (e < 107°) orbits (isolated Pop I1I BBHs and PBHs).

4.7.3 Gravitational waves from Pop III remnants

Due to large uncertainties in the cosmic star formation history of Pop III stars (see figure 2

of [1177]), properties of Pop III clusters and binaries, as well as Pop III (binary) stellar

evolution, theoretical predictions Pop III BBH mergers are highly uncertain. Their merger
max

rate (density) is expected to peak around z ~ 6 — 15 with REZy; ~ (0.1 —200) yr~! Gpe™?,
and the local rate is Rpopii(z = 0) ~ (1073 —100) yr~! Gpe™3 [1671-1674, 1954, 2049, 2050,

“'BBH mergers from extremely metal-poor (Z < 10~%) stars have similar properties as Pop III mergers if
given the same conditions [1675, 2063]. However, it is unknown whether such stars can be as abundant and
massive as Pop III stars to have noticeable signatures in GW observations.
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Figure 75. Detection rates of Pop IIT BBH mergers from isolated binary stellar evolution by ET with
SNR > 9 for different models of the initial statistics of Pop III stellar binaries (z axis) and cosmic star
formation histories of Pop III stars (denoted by different markers) adapted from figure 4 in [1674].
The rates predicted by other studies for isolated mergers and dynamical mergers in dense star clusters
are within the range shown here. Reproduced with permission from [1674].

2055, 2056, 2058, 2060, 2062-2064, 2071, 2073, 2074]. In general, Pop 111 BBH mergers will
dominate the merger rate at least for z = 20 (unless PBH mergers are abundant), and they
typically contain BHs above 20 Mg, more massive than the low-mass (~ 10 M) BHs that
dominate the observed local merger rate. Depending on the Pop III IMF and (binary) stellar
evolution parameters, Pop III BBH mergers in isolation may contain massive (2 50 Mg ) BHs
inside and above the PISN mass gap, while such BHs will be common in dynamical Pop III
BBH mergers in dense star clusters. The high sensitivity of ET, especially at low-frequencies,
makes it an ideal instrument for observing Pop III BBH mergers at very high redshifts
(z ~ 30), reaching the smallest structures hosting the first generation of stars in the Universe
(figure 72). A promising detection rate of ~ 10 — 10* events per year is estimated from
current theoretical models, as illustrated in figure 75.

More importantly, even if Pop III BBH mergers remain a sub-dominant component in
the detectable events, they can be identified with their potentially unique features, such as a
narrow mass gap ~ 100—130 M, in the BH mass distribution and high eccentricities (e > 1073
at f = 10Hz) at z 2 10, and with the aid of machine learning [1585, 1739, 1799, 2075].
Beyond resolved merger events, under certain conditions, Pop III BBH mergers can possibly
make significant contributions to the GW background, producing a spectral feature at
f < 10Hz accessible to ET observations, in particular for the residual background where
individual detected sources are properly subtracted, see also section 4.10.2 [2073, 2076-2078].
Since it is incredibly difficult to observe individual Pop III stars directly via electromagnetic
waves [1998, 1999], GW observations by 3rd-generation detectors like ET, combined with
other indirect probes of Pop III stars [2079-2081], will be extremely valuable for revealing
the elusive nature of Pop III stars and early structure formation.
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4.8 Intermediate-mass BHs (IMBHs): formation channels and merger rate

Intermediate-mass black holes (IMBHs) are an elusive class of objects that may bridge
stellar-mass black holes and supermassive black holes (SMBHs). IMBHs are expected to
densely populate the 10?2 — 10° M, mass range, although there is little knowledge about their
properties due to scarce observational evidence.

During the first three observing runs, the LVK collaboration identified 8 IMBH candidates
(3 of them at 90% credibility level) formed from stellar BH mergers [1509, 2082, 2083].
Several IMBHs, generally heavier than 50,000 My, have been observed in the nucleus of
dwarf galaxies [2084-2091], and in the center of massive systems in the outskirts of massive
galaxies, suggesting they are the nucleus of a dwarf galaxy that was stripped during a minor
merger (e.g., [2092-2096]).

IMBHs are one possible engine powering the so-called ultra-luminous X-ray sources (ULXs)
(e.g., [2097, 2098]), off-centered sources with an X-ray luminosity above the Eddington limit
for a stellar BH, Ly ~ 103 erg s=! (see the review [2099]). Most of the known population
of ULXs are associated with emitting NSs, but the most energetic ones — also known as
hyper-luminous X-ray sources (HLXs) — with Lx > 10%' erg s~!, can be powered only by
an object with mass > 103Mg, [2100, 2101].

In the (10° — 10*) M mass range, putative IMBHs have been also observed in a few
galactic and extragalactic star clusters (e.g., [2102-2106]). However, most observations of
these mid-range IMBHs are controversial (e.g., [2107-2110]). The absence of compelling
evidence for IMBHs with masses (10% — 10%) M, leads to a natural, fundamental question
about IMBHs: do IMBHs constitute a unique class of astrophysical BHs? Or, rather, do
they populate the high end of the stellar BH mass distribution and the low end of the
SMBH mass distribution?

Several scenarios have been proposed to explain IMBH formation. We can broadly divide
them into three main ensembles: direct collapse, Pop III stellar evolution, and dynamical
formation.

4.8.1 Formation Scenarios

4.8.1.1 Direct collapse. Direct collapse BHs can have masses of ~ (10* — 10°) M, and
result from the collapse of a supermassive star of ~ 105Mg, [2111-2117]. Such supermassive
stars form via a rapid inflow of dense gas in metal-free, or very metal-poor, protogalaxies, in
which an intense Lyman-Werner radiation field prevents gas fragmentation and star formation.
This Lyman-Werner radiation can be provided by close star-forming galaxies [2118-2120).
The high supersonic turbulence in the primordial gas reservoirs could however also yield the
formation of direct collapse BHs without the need for a strong Lyman-Werner field [2121].
Because of all these constraints, direct collapse BHs are thought to be less abundant than
IMBHSs formed via other mechanisms (e.g. Pop III stars) and their mass range is out of
ET operating band. They could however be detected at near-infrared wavelengths at z 2>
20 [2122, 2123] and in the radio regime at z ~ 8 — 10 [2124, 2125].

4.8.1.2 Pop III stars. One possible pathway to form IMBH seeds with masses in the
range (102 — 10%) M, is via single and binary stellar evolution of Pop III stars. This channel
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has been discussed in detail in section 4.7.1.3. In this scenario, IMBHs form in the early
Universe, at a redshift z ~ 8 — 20 (for a discussion about the various uncertainties in Pop
III star formation history and their impact on BH formation, see [1674]) in the center of
protogalaxies. Given their mass, IMBH from Pop III stars are usually referred to as “light
seeds”, in contrast to the “heavy seeds” formed from direct collapse discussed above. In fact,
light seeds can, in principle, further grow via gaseous accretion and reach final masses that
cross the IMBH-SMBH boundary. However, theoretical and numerical models suggest that the
IMBH mass growth is not sufficiently rapid to explain the observation of SMBHs at redshift
z > 10, as recently discovered by JWST [2126, 2127], favoring the direct collapse scenario.

A viable way to increase the IMBH mass is via repeated mergers with smaller BHs and
accretion of stellar material. This “dynamical” process is poorly explored for Pop III stars,
owing to our poor knowledge of the physics of clustering in the first stages of life of the
Universe, but it is quite robustly explored in the case of Pop I and Pop II star clusters,
as we discuss in the next section.

4.8.1.3 Dynamical formation of IMBHSs. Several galactic and extragalactic GCs exhibit
peculiar features that may be ascribed to a central IMBH with masses from a few 102M,
to ~ 10*My, (e.g., [2106]). Three main mechanisms can support the seeding and growth of
an IMBH in a star cluster: stellar collisions, stellar feeding, and hierarchical BH mergers
(for a recent review, see [2128]).

Stellar collisions. The combination of mass segregation, by which the most massive objects
in a stellar ensemble lose orbital energy to the lighter ones, and relaxation, which is driven
by close dynamical interactions, causes over time a continuous increase of the central density
of star clusters up to a critical point, referred to as “core-collapse”, at which the density
reaches a peak and interactions become so violent to favor the formation of tight binaries.
The binaries act as a heating source, scattering off stars and causing the expansion and
cooling of the cluster core. During this complex phase, binaries can get so tight that their
components merge, and densities become high enough to favor close hyperbolic interactions.

If the timescale of core-collapse is shorter than the typical stellar evolution time for
massive stars, this process can favor stellar mergers and collisions. This generally happens in
clusters with a mass < 10° Mg, and half-mass radii in the range ~ (0.2 — 1) pc [2129, 2130]. In
such low-mass and dense clusters stellar collisions can proceed in a runaway fashion, rapidly
building up a very massive star (VMS) with a mass ~ (102 —10%) M, [1560, 2129, 2131-2134].
The VMS ultimately collapse to an IMBH, which possibly grows later, at a slower pace, by
capturing passing by stars or merging with smaller BHs, see figure 76.

There may be a threshold value of the cluster core density above which the stellar collision
process is favored over others to build-up an IMBH, likely in the range pipre ~ (3 x 10° —
107) Mg pc=3 [1560, 2129, 2131]. The time over which this runaway process onset depends
critically on several quantities that characterise the cluster structure, like possible primordial
mass segregation, primordial binaries, or the stellar mass function.

The possibility of forming an IMBH seed through this mechanism depends on the mass
of the VMS, which must overcome the mass range affected by PISN and pulsational pair-
instability supernova (PPISN). Typically, the onset of PISN, which completely disrupts the
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Figure 76. Stellar mergers leading to the formation of an IMBH in one of the DRAGON-II numerical
simulations. Reproduced with permission from [1560].

star, becomes inefficient at myyg > 240M, although the minimum star mass above which
PISN significantly increases at increasing the metallicity (e.g., [2135]). Unfortunately at
metallicities Z > 0.008, the VMS collapse would result in a BH of ~ (20 — 30) Mg, regardless
its mass [2135], thus suggesting that metal-rich clusters are unlike site of formation of IMBHs
via stellar collisions, unless the internal structure of the VMS significantly differs from that
of a single massive star owing to the material reshuffling promoted by the stellar collision
process. Accretion of gaseous material during the phase in which clusters are still embedded
in their progenitor clouds can significantly contribute to the VMS growth, possibly favoring
the formation of supermassive stars as massive as (103 — 10%) M, (e.g., [2052, 2136]), that
would likely undergo direct-collapse.

Stellar feeding. In dense stellar environments, close encounters between stars and BHs can
trigger star-BH collisions, with consequent fall of stellar material onto the BH. This can
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sustain the IMBH growth, especially for massive (> 50 M) stars. Whether, and in what
amount, such material can be fed to the BH is unclear.

Little accretion is expected in the case of a normal star colliding with a stellar BH,
as in such a case most of the energy is expected to be radiated away via jets [2137—2140].
Nonetheless, some models suggest that during the common envelope phase, a BH can accrete
the star core and expel the envelope [2141], a process that can significantly spin up the
BH. If the accreting star is a byproduct of previous stellar collisions, the merger product
should be characterised by a tenuous envelope and dense core [2142]. In such a case, the
BH can accrete most of the star mass.

IMBHs forming through this mechanism may be preceded by SN-like [2141] and other
high-energy transients [2140]. These IMBHs may be characterised by peculiar spins, depending
on their formation history. If most of its mass comes from the accretion of one massive star,
the accretion process can significantly spin-up the IMBH up to extremal values. If, instead,
the IMBH mass growth proceeds through episodic accretion from random directions, the
cumulative effect should lead the IMBH to spin-down.

Hierarchical BH mergers. IMBHs can also form via repeated mergers among BHs, or hier-
archical mergers [1491, 1538, 1539, 1556, 1560]. The growth of an IMBH through repeated
mergers with smaller BHs can be hindered by both Newtonian and Relativistic recoil, which
can expel the IMBH from the host cluster (see also section 4.1). Newtonian kicks on
IMBHs with m < 103M can be as large as 102km s=! [1560, 2143]. Relativistic kicks
typically exceed 102km s~! for binary mass ratio > 0.14? [1552]. Owing to the typical mass
and density of young massive and globular clusters, IMBHs in these clusters are expected
to reach maximum masses in the range (100 — 1000) Mg (e.g., [1528, 1538, 1542, 2144]).
Heavier IMBHs could form in nuclear clusters, where escape velocities can reach values
(102 — 10%) kms~t [1482, 1540, 1543, 1556].

Long merger chains can leave observable imprints on the properties of the IMBH popula-
tion. The increase in mass through successive mergers and the reduction in spin driven by the
accretion of smaller BHs from isotropic directions can lead to a peculiar mass-spin-redshift
relation (e.g., [1538]), although such complex relation is severely affected by the uncertainties
in theoretical models. Accurate measurements of spin and masses can thus possibly help to
discriminate between IMBHs that grew prevalently via BH mergers and those that accreted
a significant amount of stellar matter.

Dynamical formation in AGN disk. An alternative formation scenario for IMBHs is via
repeated mergers and gaseous accretion in the disk of AGN [1705, 2145]. In this framework,
orbits of stars and BHs crossing the disk are damped by dissipation forces and settle in
the disk plane. Additionally, massive stars can form directly in-situ from fragmentation in
marginally stable discs [2146, 2147], although the slope and extent of the mass function may
depend on the SMBH mass and environment [2148].

The reduced relative velocities in the disk plane, the impact of gaseous dynamical friction,
and the possible emergence of regions of the disk where inward and outward forces cancel

42 Although depending on the spin alignment the kick can remain in the range 10 — 100 km s~ for a binary
mass ratio value > 0.7.
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out (so-called migration traps) favor scatterings and collisions that can rapidly build up
an IMBH [1498]. This channel can leave peculiar imprints in the distribution of merger
masses and spins, especially if the IMBH accretes gas from the disk after the formation
(see the recent review by [1482]).

This type of process could, in principle, favor the formation of an IMBH binary, although
it is hard to assess the likelihood for this process to occur.

Multiple scenarios. The aforementioned scenarios do not work necessarily exclusively. For
example, stellar mergers can lead to the formation of an IMBH seed that subsequently grows
via repeated BH mergers. If the formation of an IMBH depends on the cluster structure, the
cosmic distribution of IMBH mass should encode information on the structure and cosmic
formation history of star clusters. The possibility to observe ~ (10 —10%) mergers/yr involving
an IMBH with ET [1538] will give us insights on the global IMBH mass distribution, at least
at masses < 103M, [2149], and their nursing environments [1639)].

4.8.2 IMBH binaries

4.8.2.1 Massive star clusters. In dense star clusters, forming an IMBH-IMBH binary
requires that multiple merger chains separately seed the two BHs (e.g., [2150, 2151]). This
process is unlikely in young massive and globular clusters, where typically one massive star
or BH grows and soon dominates the dynamics cannibalizing the population of BHs or their
progenitors and preventing the onset of a new merger chain (e.g., [2131, 2133, 2152]). Two
chains may develop if the cluster is sufficiently massive, dense, and rich in binaries [2150].

The merger of massive, Pop III, binaries can represent a viable way to form IMBHs
with mass < 10°Mp, in high-redshift star clusters (see also section 4.7 for further details
on this scenario).

Alternatively, star cluster collisions can aid IMBH binary formation (e.g., [2153-2155]). In
a similar scenario, the collision of molecular clouds and protoclusters in starburst environments
can lead to the rapid build-up and pairing of IMBHs with nearly equal masses [2152, 2156].

The detection of a merging IMBH binary with mass < 103Mg by ET can help place
constraints on the properties of the star clusters that can host such systems.

4.8.2.2 Dwarf galaxies. According to the ACDM scenario for structure formation, dwarf
galaxy mergers are expected to be relatively frequent, as also supported by cosmological
simulations [2157, 2158]. This process can aid IMBH binary formation (e.g., [2159-2161]),
although it is unclear whether dynamical friction is efficient enough as to prevent the IMBHs
from staling and not reaching coalescence [2160).

Observing IMBH mergers in the mass range > 103M with ET could thus provide us
with crucial insights about dwarf galaxy formation processes.

4.8.3 Can ET decipher the origin of IMBHSs?

An instrument like ET has the potential to place stringent constraints on the mass distribution
of double IMBH binaries with total masses miypy < 3 X 103 Mg at redshift z > 1 [16, 1181].
Compared to the equal-mass binary case, the horizon redshift slightly changes if an IMBH
paired with a smaller compact object is considered.
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Figure 77. Horizon redshift for IMBH-BH mergers assuming a companion mass of 30M¢ (left panel)
and 100Mg (right panel). From brighter to darker colours, contours encompass regions with an
SNR > 1, 5, 10, 15, 25, 50, 100, 500, 1,000, respectively. Calculations are performed through the
GWFisH package [291], assuming a PhenomD waveform approximant.

Figure 77 shows ET horizon redshift for different values of the SNR and assuming a
companion BH with a mass mg equal to 30 Mg or to 100 My. ET can potentially detect
merging IMBHs with masses in the mass range (10? — 10%) M, with a stellar (upper-mass
gap) BH out to a redshift < 3(6) with an SNR > 15. Golden events at z < 1 (with
an SNR > 100) could help place stringent constraints on the mass of both the spin and
mass of the merging components. ET can thus significantly boost our understanding of
IMBHs and their cosmic evolution. We also compare a 2L0 ET configuration with 15km
arm length and 45 deg inclination and a triangle configuration with 10 km arm length and

found minimal differences, see figure 78.

Essentially, ET will be able to detect IMBH binaries and intermediate-mass ratio inspirals
(IMRIs). However, while the theory about SMBH-BH mergers, i.e. extreme mass-ratio inspirals
(EMRISs), is robustly defined, despite the main unsolved uncertainties, the same theoretical
framework is hard to apply to IMRIs. SMBHs remain anchored at the host galaxy center,
whilst IMBHs wander in the cluster core. Therefore, the EMRI formation is driven by
relaxation of stellar motion in the cusp, and most EMRIs are expected to appear highly
eccentric in LISA band. For IMBHs, the wandering motion can have a non-trivial effect on the
global distribution of the eccentricity at the moment of IMRI’s formation [2162]. Depending
on the measurement accuracy of IMRI eccentricities, ET could potentially help to place
constraints on the IMRIs eccentricity distribution. For example, an excess of high-eccentricity
IMRIs in ET band would support the idea that IMRIs form in massive and dense star clusters
via close single-single and single-binary encounters (e.g., [2163]).

Whether IMBHs are spinning depends on many uncertain quantities, like the natal
spin distribution of stellar BHs, or the impact of mass transfer on the spin evolution.
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Figure 78. Horizon redshift for IMBH-BH mergers assuming a companion mass of 30M, (solid
line) and 100M¢ (dashed line) for a fixed SNR= 15 and comparing a 15km 2L ET configuration with
45 deg inclination (black) and a 10km triangle ET configuration (red and blue for the 30 and 100 Mg
companion, respectively). The sensitivity curves come from [16]. We used the GWFISH package [291],
assuming a PhenomD waveform approximant, i.e. the same as figure 77.

Recent numerical simulations based on both stellar dynamics and evolution suggest that
young massive clusters can nurture the formation of IMBHs with masses in the range
(100 — 500) Mg, [1560, 2133, 2134, 2164] and expected spins x > 0.6 [1560]. More massive
IMBHSs, mmpa > 103Mg), forming through long chains of repeated BH mergers, instead,
are expected to develop a final spin relatively small < 0.1, leading to an anti-correlation
between the IMBH spin and its mass [1538, 1553]. Stellar feeding can also have a significant
effect: coherent accretion, for example, represents a viable way to spin up the IMBH while
feeding on stellar material, similar to what is expected for SMBHs (for a recent review
on the subject, see [2165]). This would be the case in which a single, very massive star,
collides with a stellar-mass BH, leading the resulting IMBH to gain most of its mass in
a single event. Differently, when the mass growth occurs through slow accretion of small
stars (e.g., [2131, 2166]), the IMBH should spin-down. This may lead to a variety of IMBH
sub-populations characterised by peculiar spin distributions at different cosmic times — as
the timescale regulating the IMBH accretion can vary by several orders of magnitudes —
depending on the process. Repeated mergers with BHs can damp the IMBH spin once
the IMBH mass reaches a given threshold, i.e. the binary mass ratio falls below a certain
value [1538]. If the IMBH forms in a gaseous medium, like an AGN disk, the accretion of
gaseous material can also spin up the IMBH [1584].

Depending on the assumptions, models predict that ET could observe 10 — 10° IMBH-BH
mergers per year involving IMBHs with masses up to < 103Mg, mass range [1538]. This
is somehow supported by the population of mergers observed during the O1-O3 runs by
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z mi ma  xi12 SNR o, /m ox: /X1

IMRI

1 100 30 0.5 117 0.006 0.005
1 500 30 0.5 209 0.0006 0.002
1 1000 30 0.5 67 0.006 0.01
1 3000 30 0.5 6 0.04 0.07
4 100 30 0.5 39 0.02 0.04
4 500 30 0.5 33 0.01 0.02
4 1000 30 0.5 4 0.1 0.3

4 3000 30 0.5 0.1 3.2 10.1

IMBH binaries
1 100 100 0.5 90 0.04087 0.08624
1 500 500 0.5 564 0.03564 7.186e — 07
1 1000 1000 0.5 242 0.01833 2.578e — 07
1 3000 3000 0.5 16 0.07471  3.146e — 06
4
4
4

100 100 0.5 46 0.1018 0.001492
500 500 0.5 44 0.03316  7.034e — 07
1000 1000 0.5 4 0.1561  3.331e — 06

Table 8. Col. 1: redshift. Col. 2-3: primary and companion mass. Col. 4: component spins. Col.
5: SNR. Col. 6-7: relative error on the IMBH mass and spin. Simulations are carried out with
GWFIsH [291], assuming a PhenomD waveform approximant.

LVK, which lead to a predicted rate for equal-mass binaries with mass 200 Mg of 0.056
Gpc 3 yr~! [2083]. Assuming that ET can detect all IMBH mergers and a constant merger
rate up to redshift 8 leads to ~ 160 detections per year. Since ET can measure the IMBH
spin down to o, ~ 1073 [1568], the large number of possibly detectable IMBHs can provide
crucial clues on the spin distribution of merging IMBHs.

For the sake of comparison, we show in table 8 the SNR and the relative error in measuring
the IMBH mass and spin for different assumptions of the IMBH-BH binary properties. From
our analysis, performed with the GWF1sH package, we find that ET could observe IMBH-BH
binaries with mass < 103Mg, out to redshift z < 4 with an SNR > 1.

Therefore, ET has the unique possibility to deeply probe the IMBH mass range within
mimvBH < 103My), a region of the phase space that cannot be accessed with detectors operating
at lower frequencies, like LISA. In some cases, the emitted signal could also be observed
in different bands, depending on the binary location, distance, and orbital parameters. An
example of multiband sources is shown in figure 79, where the signal coming from different
IMBH-IMBH binaries is compared against the SNR of several detectors. A network of
terrestrial detectors could also represent a viable way to place strong constraints on IMBH
properties, allowing to precisely measure masses, spins, and redshift within O(0.1 — 10)%
error at redshift z < 10 (see for example figures 6 and 7 in [1569]). Therefore, exploiting the
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Figure 79. Characteristic strain amplitude and frequency for IMBH-IMBH binaries with different
masses, assuming a luminosity distance dp = 1 Gpc. The signal is overlaid to the sensitivity curves
of various detectors at low-frequency (LISA), mid-range (DECIGO), and high-frequency (ET, CE,
AVirgo, and ALIGO).

synergies among ET and lower-frequency detectors can enable us to obtain a full picture of
the IMBH mass range (see section 6 for a more detailed discussion on these topics).

4.9 The host galaxies of binary compact object mergers

The properties of host galaxies where binary compact objects form and merge provide
complementary information to understand how these binary systems evolved. Identifying the
host galaxies can be challenging and, in principle, requires an electromagnetic counterpart
emission after the GW event. While some of the GW events from the coalescence of binary
neutron stars (BNS) and black hole-neutron star binaries (BHNS) would be accompanied by
an electromagnetic counterpart detection, this is possibly not the case for binary black hole
(BBH) mergers, which are likely to be EM-dark (although BBH mergers in dusty regions
such an AGN disk is a possible scenario for an EM counterpart event, see [1273]).

To date, the sole unequivocally identified host is NGC 4993, an early-type galaxy with
a stellar mass of (0.3 — 1.2) x 10! Mg, a mean stellar age of 3 Gyr and a metallicity
of ~ (0.2 —1.0) Z5 [2167-2170]. The merging binary neutron star, observed as the GW
event GW170817, occurred in this galaxy [3, 128, 2171-2180]. This event coupled with its
electromagnetic counterpart shed light on a wide range of physical phenomena. It confirmed
that GWs travel at the speed of light and validated binary neutron star mergers as both
progenitors of short gamma-ray bursts [2] and prolific sites for the formation of heavy
elements [2181].

Studying the host galaxies of binary compact object mergers is crucial for several
reasons. First, the identification of the most likely host galaxy can help to improve the
electromagnetic counterpart detection of GW events (section 4.9.1) which, as discussed in
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