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The dawn of black holes

Lusso Elisabeta*, Valiante Rosa’ and Vito Fabio*

Abstract In the last decades, luminous accreting super-massive black holes have
been discovered within the first Gyr after the Big Bang, but their origin is still an
unsolved mystery. We discuss our state-of-the-art theoretical knowledge of their for-
mation physics and early growth, and describe the results of dedicated observational
campaigns in the X-ray band. We also provide an overview of how these systems can
be used to derive cosmological parameters. Finally, we point out some open issues,
in light of future electro-magnetic and gravitational-wave astronomical facilities.
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2 Introduction

Fig. 1 Bolometric luminosities and black hole masses of a compilation of 6.0 < z < 7.6 QSOs (red,
black, and brown symbols) compared with the SDSS lower-redshift (0.40 < z < 2.1) sample (grey
dots).The light blue dots represent a sub-sample from the SDSS lower redshift survey with bolo-
metric luminosity comparable to the highest-redshift sample presented by [ 1] (red). The right-hand
and bottom histograms show the comparison of the luminosity and black hole mass distributions,
respectively, in the two aforementioned samples, with the same colour-coding. The figures show
that a large number of high-redshift QSOs are located close to (or above) the line of Eddington
luminosity (upper dashed line). Figure is taken from [1]. ©AAS. Reproduced with permission.

In the last two decades, the availability of wide-field (i.e., ~ 10° — 10*deg?)
optical/near-infrared (NIR) surveys, such as the Sloan Digital Sky Survey (SDSS;
e.g., [2]), the UKIRT Infrared Deep Sky Survey (UKIDSS; e.g., [3]), the Canada-
France High-redshift Quasar Survey (CFHQS; e.g., [4]) and the Panoramic Survey
Telescope & Rapid Response System 1 (Pan—STARRSI; e.g., [5]), led to the dis-
covery of > 200 quasars (QSOs) at z 2 6, when the Universe was < 900 Myr old.
Currently, eight of these objects have been identified at z > 7 [3, 6, 7, 8, 9], with the
redshift record holder recently identified at z = 7.642, during the reionisation era
[10]. The relatively shallow coverage provided by wide field optical/NIR surveys
implies that only high-redshift QSOs with the strongest rest-frame UV continuum
emission can be detected, such that their selection is strongly biased towards rare
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(about 1 Gpc™3 at z ~ 6; [11]) and luminous (log%’ 2 13, or M50 < —24, where
M s is the QSO absolute magnitude at rest-frame 1450A; Fig. 1) systems. Only re-
cently the Subaru High-z Exploration of Low-Luminosity Quasars project (SHEL-
LQs; e.g., [8]) discovered the first moderate-luminosity (down to My4s59 ~ —22)
QSOs at z 2 6, which are thus still poorly known in terms of basic demographics,
birth, and growth.

Moreover, all of the confirmed z 2 6 QSOs are optically classified as type-1 sys-
tems, i.e., objects with detectable blue rest-frame UV emission and typically with
broad emission lines. For these objects, single-epoch virial black hole (BH) mass
estimates can be derived from the Mg II broad emission line (e.g., [12]) and sug-
gest that most of the high-redshift QSOs are powered by already evolved BHs with
masses log%—? ~9—10 (e.g., [13]) which are nonetheless still accreting efficiently
with Eddingtdn ratios Aggq = Lvoi/Leda =~ 0.1 — 2 (see Figure 1), where Lgqq is the
Eddington luminosity limit for a BH of mass Mgy:

ATGM; M M
Lpgg = 22V BHMDE 4 96 % 1078 <BH>erg/s —32x 104<BH)L@, (1)
oT M@ MG

where G is the gravitational constant, ¢ is the speed of light, m, is the proton
mass and oy is the Thomson scattering cross-section. To date, the most massive
and luminous QSO detected at z > 6 is SDSS J0100+2802, at z ~ 6.3 [13],
which is powered by a BH mass Mgy = (1.2 +0.19) x 10'°M,, and yet still
accreting at Aggg &~ 1, whilst the most distant source is J0313—1806, recently de-
tected at z = 7.64, with an estimated mass of Mgy = (1.6 +0.4) x 10° M, and
AEqd = 0.67+0.14 [10].

The theoretical implications of the observations of these super massive black
holes (SMBHs) as central engine of z > 6 QSOs are discussed in Sections 3 and 4.
X-ray observations of z > 6 QSOs as well as the physical properties derived from
such datasets are discussed in 5. Large statistical QSO samples at redshifts z = 6 are
also pivotal standardisable candles to test cosmological models in a poorly explored
cosmic epoch. This topic is discussed in Section 6. Section 7 focuses on the high-
redshift BH population which is missed by current astronomical observatories, while
Section 8 reports the prospects linked with future facilities.

3 The earliest black holes

The observations mentioned above place important constraints on the formation and
the evolution history of QSOs at high redshift and represent a major challenge for
theoretical models (see, e.g., the recent review by [14]). The main question is how
these extremely massive and luminous sources form and evolve during the first bil-
lion year of cosmic history (z > 6), soon after the formation of the first (pre-galactic)
structures in the Universe (z ~ 20 — 30).
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From a theoretical point of view, a SMBH is the evolutionary product of a less
massive progenitor BH, called seed, which subsequently grows via accretion of gas
from their surroundings (as the gas settles onto a disc-like configuration, the accre-
tion disc, around the BH) and mergers with other BHs. The study of possible forma-
tion modes of massive BHs starts way back in time to explain the luminous emis-
sion observed in active galactic nuclei (AGN; see, e.g., [15] and references therein).
However, how numerous and massive these seeds must have been (i.e. what are
their birth mass function and number density) as well as the physical mechanisms
regulating their formation and rapid growth in the early Universe are still debated
astrophysical problems.

3.1 Light seed black holes

We classify as light seeds the population of BHs with masses ranging from few tens
to few hundreds/thousands solar masses, predicted to be the end-products of the first
generation of stars, the so-called Population III (Pop III) stars.

Pop III stars are expected to form at z ~ 20 — 30 in the first collapsed dark matter
structures, the minihalos, with virial temperatures Ty;; < 10°K (~ 10° — 10° M)
where the collapse of primordial gas is driven by molecular hydrogen (H;) cool-
ing (see, e.g., [10] for a review). In the absence of heavy elements (metals) and
solid molecules (dust), or if their abundance (often indicated by the metallicity, Z,
the ratio between the mass of metals and gas) is below a critical threshold (e.g.,
[17]), the cooling process is inefficient and fragmentation, i.e. the decomposition
of the gas cloud in smaller agglomerates (fragments) that will become single stars,
is limited/prevented. Thus, stars forming under these conditions are expected to be
more massive compared to stars forming in chemically enriched environments at
later epochs. Indeed, as the gas is enriched with metals (produced by the first stars),
above a given metallicity threshold (Z > Z.; = 10738Z)) gas fragmentation is in-
duced and the formation of lower mass stars, in the range [0.1 — 100] M, (Popula-
tion II/T stars) can start, mediated by efficient metal fine-structure line cooling (e.g.,
[18], and references therein).

Unfortunately, the initial mass function (IMF) of Pop III stars is still poorly con-
strained as a consequence of the lack of observational information of these kind of
sources and of the large uncertainties in the Pop III stars formation process (frag-
mentation, proto-stellar evolution and stellar radiative feedback; see, e.g., [19] for a
review)

Theoretical studies suggest that the IMF of Pop III stars is top-heavy (i.e. bi-
ased towards more massive stars with respect to the IMF typical of Pop II stars),
with masses from few tens to few hundreds solar masses (e.g., [20]) or even up to
1000M, (e.g., [21]), forming as single, binary or multiple systems (e.g., [22]).

In general, the efficiency of the gas cooling process that determines the fraction
of gas that can be converted into stars, and thus the number of Pop III stars (and
remnant BHs) that can form, depends on the dark matter halo virial temperature,
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T,ir, on its redshift, on the metallicity of the collapsing gas and on the level of ultra-
violet (UV) radiation illuminating the halo (e.g., [23]). In metal-poor minihalos, H
cooling, and thus star formation, may be suppressed or inhibited by the illuminating
Lyman Werner (LW) field (photons emitted in the [11.2-13.6] eV band) that can
easily dissociate the H, molecules (e.g., [24]), the key ingredient to form stars and
the main cooling agent in metal poor environments. Even a moderate level of LW
flux can lead to an increase of the minimum mass required for dark matter halos to
host star formation (see, e.g., [25]).

Indirect constraints on the Pop III IMF can be inferred from stellar archaeology
studies (see the review by [26]). The large carbon-to-iron abundance ratio observed
on the surface of Galactic halo stars and the low-metallicity tail of their metallicity
distribution function are consistent with models where Pop III stars form in the range
[10 —300] M, with a characteristic mass of 20 M, [27] and where the chemical
enrichment at early times is dominated by faint supernovae (SNe) explosions [28].
In this mass range, less massive Pop III stars, in the range [10 — 40] M, explode as
SNe, enriching the host galaxy with metals and dust, while stars with initial masses
of [40-140] M and > 260 Mg, directly collapse into BHs. In this latter case, non-
rotating stars of primordial composition are expected to leave remnant BHs (our
light seeds) as massive as their progenitors, as no mass loss is expected (weak stellar
winds) during the stellar evolution (e.g., [20]). Finally, in the mass range [140 —
260] M, Pop III stars explode as Pair Instability SN (PISN) and leave no remnant.

3.2 Medium-weight seed black holes

Medium-weight seeds, namely seed BHs of ~ 10> — 10*M,, (e.g., [29], and refer-
ences therein) can form in the core of ultra-dense nuclear clusters (of ~ 10°M.) via
dynamical interactions (runaway collision) of (i) stars, leading to the formation of a
very massive star, > 260 Mg, eventually collapsing into a BH (e.g., [30]), or of (ii)
stellar-mass BHs embedded in dense gas clouds (e.g., [31]).

Numerical simulations suggest that in primordial/metal-poor environments (Z <
Z.,) fragmentation occurs when the gas density reaches high values (> 10%cm ™3
(e.g., [32]) ), enabling the formation of dense, compact, cluster (with radii < 0.1pc).
In mildly enriched halos, and in particular in the presence of small amounts of dust
grains (above a critical dust-to-gas mass ratio threshold 2 > 2., ~ 4.4-107; [33]),
dust cooling may drive gas fragmentation at even higher densities (i.e. in the late
phases of the collapse; e.g., [30]), providing ideal conditions for a very dense cluster
to form.

The conditions mentioned above are usually met in atomic cooling halos, i.e.
structures with virial temperatures 7, > 10*K > 107 — 108M\. , more massive than
minihalos and thus containing a larger gas reservoir) in which efficient gas cooling
is activated by atomic hydrogen (often referred to as Lya cooling). In the standard
structure formation paradigm, more massive systems likely form from the growth
(via accretion and mergers) of less massive ones (i.e. the minihalos) that collapsed
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at earlier epochs and that may have experienced prior star formation. Thus, an early
enrichment of their gas, with small traces of metals and dust, may be triggered
by the explosion of the first SNe, i.e. Pop III stars with initial mass in the range
[10 — 40] M, and [140 — 260] M, (e.g., [34]) formed in their progenitors.

As alternative possibilities, stellar-mass BHs in dense nuclear star clusters may
efficiently/rapidly grow up to 10* — 103 via supra-exponential accretion of the inter-
stellar gas (e.g., [35]) or via tidal capture and tidal disruption of stars (e.g., [360]).

Finally, recent simulations (e.g., [37]) show that seeds of ~ 10°M_ may be
the remnants of Pop III stars of (1800 — 2800) M. Such very massive stars
form in halos illuminated by a uniform LW background flux of (100 — 500) x
10~2'erg/s/Hz/cm? /sr * that is turned on at z = 30. In this scenario, such a level
of LW radiation enables minihalos to grow in mass reaching the mass of atomic
cooling halos (a few 10° — 10’ M,,) and virial temperatures 7;;, ~ 10* K, before the
collapse but without completely photodissociating their H, content (shielded in the
halo core).

3.3 Heavy seed black holes

Heavy seed BHs up to 10° — 10°M@ (e.g., [38, 39]) are expected to result from the
rapid collapse of a massive gas cloud mediated by the formation of a supermassive
star (SMS) of ~ 10*~®M, that directly collapses into a BH of similar mass. This
channel is often referred to as direct collapse BH (DCBH) scenario. The DCBH
formation mechanism, under different conditions, has been widely explored in the
literature (see, e.g., the recent review by [14]).

Similarly to dense nuclear star clusters, the ideal birth places for a rapidly accret-
ing SMS are atomic cooling halos where gas cooling is suppressed (the gas remains
at temperatures close to ~ 10* K) and fragmentation is prevented so that gas can
undergo rapid collapse, at high rates (up to 1M /yr; [40]), a key requirement for
the formation of a massive seed. For the gas to collapse monolithically into a single
massive object (without fragmenting into smaller clumps and/or forming a dense
stellar cluster), both metal and dust cooling must not operate. In other words, the
gas must be sufficiently metal poor (e.g., [41]) and dust poor (see Section 3.2).

In this scenario, if the newly formed (proto-)star accretes gas at high rates,
0.01 — 10Mg /yr (e.g., [42]), negative radiative feedback (ionising radiation from
the evolving star itself) is not able to contrast/limit its growth and, eventually, the
SMS forms and promptly collapses into a BH via general relativistic instabilities
(e.g., [43]).

Recently, [44] have shown that the formation of a heavy seed may be enabled
even in halos where fragmentation takes place, provided that the environment is only
slightly enriched (Z < 1073Z). The infalling, metal-poor, material preferentially

4 The intensity of the LW flux is often indicated in units of Jo; = 10~>'erg/s/Hz/cm? /sr.
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feeds the first star that forms in the cloud (primary proto-star) that can still grow
supermassive. They refer to this as the super competitive accretion (SCA) scenario.

In order for the gas in atomic cooling halos to be pristine (metal free) or metal
poor, external pollution (contamination with metals/dust produced in nearby star
forming galaxies) must be limited and genetic (in situ) enrichment (i.e. stellar pro-
duction of metals and dust within the halo) must be avoided, preventing star forma-
tion before and after the halo reaches the atomic cooling stage.

As mentioned in the previous sections, photodissociating feedback (i.e. the sup-
pression of H, cooling and star formation due to LW photons) determines the ef-
ficiency of star formation in minihalos. Even a modest LW radiation field (JLw ~
1 —100J31) can rapidly suppress the cooling efficiency in minihalos, unless their
gas is already enriched to Z 2> 0.1Z, (e.g., [25, 27]). Alternatively, star formation
in minihalos may be efficiently suppressed via the dynamical heating of the gas,
during the rapid mass growth of the halos (via mergers) in high-redshift overdense
regions [45], or under the influence of baryonic streaming motions at high velocities
(e.g., [40D).

Conversely, a strong LW flux (> 10>73J5) is required to photo-dissociate H,
molecules and inhibit star formation in atomic cooling halos. To date, the critical
level of LW radiation, J,;;, above which H, can be completely destroyed is still un-
certain, ranging from few tens to few 10* — 10° J»; (e.g., [47]) depending on the frac-
tion of H; present in the halo and on the spectral energy distribution of the emitting
source (e.g., [24, 30]). The required value of J..; is higher when H, self-shielding
(e.g., [48]) and/or an external X-ray ionising field, that increases the fraction of free
electrons promoting the formation of Hy molecules (e.g., [49]), reduce the effect of
photodissociation feedback.

Several models suggest that atomic cooling halos are commonly illuminated by
LW flux with intensities > 103/, if the source of radiation is a nearby galaxy,
typically another atomic cooling halo located within > 1 kpc, that started to form
stars only few Myr earlier (the so-called “synchronised halo pair” scenario; e.g.,
[50] and references therein).

Alternatively, the formation of massive BHs may be aided by merger-driven di-
rect collapse of gas, triggered by mergers of massive, gas-rich galaxies at z ~ 8 — 10,
even in metal-enriched gas (up to to solar composition Z = Z)). As a result, the gas
rapidly infalls towards the nuclear regions (at rates > 10° — 10*M, /yr), leading to
the formation of massive BHs of 10° — 10°M, and up to ~ 108M_,, with or without
going through the SMS stage (e.g., [51], and references therein).

As a consequence of the tight birth environmental conditions required for their
formation, heavy seeds are predicted to be rare [25, 52]. However, their formation
mechanism is still poorly understood, thus, the number density of heavy seeds is
still uncertain (e.g., [52], and references therein).
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3.4 Primordial black holes and exotic candidates

Along with the astrophysical BH seeds introduced above, more exotic formation
channels have also been considered such as “dark stars”, i.e. stellar objects com-
posed of H and He, similar to Pop III stars but powered by dark matter annihilation
(see the review by [53]) and BHs of ~ 10*M_, (comparable to the mass of medium-
weight seeds) formed from dissipative dark matter during the first structure forma-
tion epoch (e.g., [54]).

In particular, primordial black holes (PBHs), originally proposed as dark mat-
ter particle candidates (e.g., [55]), are now becoming popular as possible early BH
seeds Dark matter PBHs are predicted to emerge from large primordial density fluc-
tuations (the same overdensities that lead to the formation of galaxies) collapsing
onto themselves soon after the Big Bang, probably before recombination, during
the radiation dominated era (see, e.g., the review by [56]) and are expected to cover
a wide mass range, from 10~1°M, up to 10’M, [57].

Finally, gas heating induced by primordial magnetic fields (of the order of nano
Gauss) has also been proposed as an alternative mechanism to suppress Hy cool-
ing (and thus fragmentation), maintaining the gas at temperatures of ~ 10* K and
fostering the formation of massive seeds [58].

All these alternative/exotic scenarios still require further studies to asses their
role as possible pathways to z > 6 SMBHs.

4 From seeds to SMBHs

Many attempts have been done so far to develop accurate theoretical models, based
on different techniques, to study how the first SMBHs formed in the early Uni-
verse. Usually, a semi-analytical modelling approach is employed to investigate the
statistical properties of BH populations, whilst cosmological, hydrodynamical, sim-
ulations are best suited to describe the properties of large-scale structure formation.

Semi-analytical models (SAMs) describe the physical processes regulating galax-
ies’ evolution (e.g., star formation, BH growth, chemical enrichment of the ISM,
stellar/BH feedback) by means of a set of analytic equations (called prescriptions),
linked to the hierarchical assembly history of structure formation. In this approach,
the hierarchical assembly, trough cosmic times, of massive halos hosting QSOs
(the so-called merger trees, or merger history) is reconstructed either analytically
(e.g., using Monte Carlo algorithms) on the basis of formalism describing the halo
mass function at different times (e.g., [59] and references therein) or by means of
N—body, dark matter only, cosmological simulations of large volumes of the Uni-
verse (> lOOMpc3 comoving; e.g., [60]).

Hydrodynamical simulations have the advantage of capturing the complex con-
nection between the process of BH growth/feedback and its host galaxy evolution
(see Chapter 3). In this approach, dark matter, gas and stars are represented by parti-
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cles, or grid cells, and their evolution is described by solving the relevant equations
of gravity, hydrodynamics and thermodynamics.

To produce a statistically significant number of massive halos (10'2 — 1013 M,,)
hosting the rare z > 6 QSOs (1 Gpc~3 [11]) via N—body or hydrodynamical tech-
niques, it is necessary to simulate very large scales/volumes.

However, due to the complexity of the approach, hydrodynamical simulation are
computationally expensive and the physical processes occurring on different scales
(from small to large) can not be tracked at the same time within a simulation (see,
e.g., [52, 61]). Small-scale simulations (box size of ~ 1 Mpc comoving) with high
dark matter resolution (i.e. resolving the smallest halos, ~ 103 M) are best suited
to study local processes in detail and the environment in which seed BHs form (e.g.,
the conditions for heavy seed formation). Larger simulations (e.g., box size of ~ 10
Mpc comoving) resolving intermediate dark matter halos (~ 10’ M) instead allow
to study the seed number density in a significant/representative, average, volume
of the Universe and the effect of stellar/AGN-driven feedback on their occurrence.
Finally, to track the cosmological growth of the seeds, as possible progenitors of
high-redshift QSOs, across cosmic epochs we need to perform simulation with a
very larger box size (>100 Mpc comoving), at the cost of the mass resolution that
is lower in this case (~ 10® M, must be employed).

With respect to SAMs, cosmological simulations of early galaxy formation pro-
vide a much more detailed description of the properties of large-scale structures.
However, the dynamical range described is not adequate to allow global statisti-
cal predictions, simultaneously resolving lower-mass structures (minihalos), at the
same level as SAMs.

The main issue in the assembly of early QSOs is the timescale over which the
seed BHs are expected to form and grow at early cosmic epochs. At z ~ 6 the avail-
able cosmic time is relatively short, less than ~ 1 Gyr (about the age of the Universe
at 7 = 6), and even shorter in the case of z > 7 systems (< 800 Myr). In general,
a BH can increase its mass via accretion of material infalling from a surrounding
disc (e.g., [62]) or from random directions (chaotic cold accretion, e.g., [63]). A
light seed origin was the first, natural, hypothesis for seeding SMBHs at high red-
shifts, as they are the remnants of rapidly evolving, massive stars expected to form
at cosmic dawn (as discussed in Section 3.1).

One possibility to grow SMBHs by z ~ 6 is that at least a small fraction of light
seeds were able to grow almost uninterruptedly near or at the Eddington rate for a
relatively long period of time (e.g., [64]). Such a rate is defined as:

Mgaq = — @

where Lgqq is the Eddington luminosity defined in Eq. 1 and € is the radiative effi-
ciency, i.e. the fraction of the rest-mass energy that is radiated away as light during
the accretion process.

Assuming that the BH can accrete a fraction 1 — € of the infalling material, the
BH mass evolution with time (¢) can be described as an exponential growth:
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3 1-ey_t
Mppt = Mygeqe' ™' @ izaa) 3)

where fu., is the accretion duty cycle, i.e. the fraction of cosmic time over which
the seed is actively accreting and tgqq = Mpuc? /Lgdad = 0.45 Gyr is the Eddington
time. Note that the timescale in Eq. 3 can be also expressed via the e—folding (or
Salpeter) time, ¢, = (lfg) %’ so that My = Mjeqet/™).

However, according to Eq. 3, assuming an uninterrupted accretion ( Sauy =1) at
the Eddington rate and a radiative efficiency € = 0.1 (10% of the material falling
towards the BH is converted into radiation, as described by the standard, radiatively
efficient, thin-disc accretion model; e.g., [65]), a light seed of 100 M, barely reaches
a mass of 10°M,, by z = 6(5) if it forms at z = 30(20) and can not explain the
formation of the most massive QSOs at z > 6 (see Figure 2).

Fig. 2 Black hole growth tracks for a sample of z > 6 QSOs. To prepare this figure, BH masses
have been consistently re-calculated using the same virial estimator, based the observed Mgll 2798
A emission line (mass calibration from [66]). The dotted and dot-dashed lines show the time evo-
lution of a light seed of 100M;, forming at z = 20 and z = 30, respectively. The remaining curves
instead give the mass of the seed required to grow the final observed SMBH in JO100 (green solid)
and JO313 (red dashed), in less than ~ 700 — 800 Myr. In this figure each SMBH grows from a
single seed that accretes gas at the Eddington rate (M = Mgqq) at all times.The three shaded ar-
eas approximately indicate the mass range of the different seed populations: light seeds (blue),
medium-weight seeds (green) and heavy seeds (red).
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) M
A growth timescale, ¢, = —Bdde__ BH
growth timescale, g ourn (=2 S In( T

be required to grow a > 10°M, SMBH by z = 6 — 7 from a 100(10) M, seed, a
timescale comparable to (longer than) the age of the Universe at z ~ 6 —7 (e.g.,
[67D).

At z > 7 the mass/timescale constraint is even more stringent. Provided they
accrete gas at the Eddington limit, light seeds (< 10°M.) have not enough time
to grow supermassive (see Figure 2). The seed should be already massive, ~
10*(10%) Mg, at z = 30(20) in order to grow, via continuous gas accretion at the Ed-
dington rate, Mgqq, up to billion solar masses by z > 7 (i.e. in few hundreds Myr), as
shown Figure 2. However, even in the case of massive seeds, a long-term accretion
of gas at the Eddington rate may be limited by the available gas reservoir and by
the strong radiative feedback from the BH accretion process itself, that may halt the
growth (e.g., [08] and references therein).

Different semi-analytical and numerical studies show that it is very difficult to
sustain Eddington accretion uninterruptedly over the entire seed BH evolution his-
tory as the process is limited by the available steady, low-angular momentum, gas
around the BH and by the effects of radiative (ionising) and mechanical feedback
(e.g., [69], and references therein) so that there might be a significant time delay
(~ 108 yr) between the formation of the seed and the onset of the condition for its
efficient growth [70].

Moreover, several (high-resolution) simulations suited to study the process of the
first stars formation (i.e. resolving the physical scales on which the process occurs),
suggests that Pop III stars may be less massive than expected (< 100Mg; e.g., [21])
and their resulting remnant BHs (~ 20 —30M) may be kicked out from the host
halos soon after their formation, via dynamical 3-body interactions, and thus their
Eddington-limit growth may be prevented (e.g., [70]). Nonetheless, such low-mass
seeds unlikely settle in the centre of their host galaxies but they rather wander in the
halo, without accreting gas (see, e.g., the discussion presented by [71]).

However, a recent study by [72] suggests that even the SMBHs at z > 7 can grow
from a stellar-mass seed of 10M, if the seed accretes almost continuously via a
chaotic accretion mode (i.e. through a large number of accretion episodes of mass
transfer, initially at the Eddington rate, flowing from uncorrelated directions).

) Gyr, of almost 1 Gyr would

All the considerations above motivated the exploration of alternative scenarios, in-
voked to decrease the BH growth timescale (the e—folding time, ¢, defined above)
and grow SMBHs by z ~ 6 — 7, such as the formation of populations of more
massive seeds (the heavy channel discussed in Section 3), mergers and/or a very
rapid/efficient mass growth mechanisms (see, e.g., the recent review by [14]).

4.1 SMBH assembly in a cosmological context

If light, medium-weight and heavy seeds actually form at early cosmic epochs, we
may now ask where, when and how often they form, alongside the cosmological



12 Lusso, Valiante, Vito

evolution of high-redshift galaxies, and what is their relative role in the origin of
SMBHs. To answer these questions, SAMs and simulations (large-volumes and
zoom-in) must describe the formation and evolution of galaxies/QSOs in a cosmo-
logical context, i.e. within the process of structures formation through cosmic times
(we refer to these kind of tools as cosmological models).

However, since they target the evolution of the rarest, most massive systems in the
early Universe, cosmological models can not resolve the physical scales on which
seed BH formation occurs nor the properties of the gas in the vicinity of a BH (i.e. on
scales of the so-called Bondi radius), thus, they do not properly trace the accretion
and feedback process in the nuclear regions of their host galaxies (see, e.g., [73]
for a discussion). Thus, they rely on approximated analytical prescriptions/sub-grid
models.

4.1.1 Seeding galaxies with the earliest BHs

SAMs are efficient tools to study the early formation of SMBHs at z > 6 enabling to
perform statistical studies, in a cosmological context, on the relative role, the host
galaxy properties, the observational signatures and/or of different accretion modes
of seed populations over relatively short timescales (wide and fast exploration of the
parameter space). Recent models have been developed with the aim of investigating
the formation of z > 6 QSOs simultaneously exploring the contribution of progenitor
seed BHs of different origin. We discuss these studies in Section 4.1.4.

The flexibility of SAMs allow to implement and test increasingly more accurate,
physically-motivated, seeding prescriptions (e.g., [25, 74]) based on the specific en-
vironmental conditions required for their formation (in particular, the metals and
dust content of the ISM and the level of external LW photo-dissociating radiation
illuminating the halo), as discussed in Section 3. As an example, Figure 3 shows
the results of the statistical analysis performed by [74]. They explore the relative
birth rate of light, medium-weight and heavy seeds in a highly biased region of the
Universe at z > 6 by modelling the formation and evolution of a z = 6.4 QSO along
different analytical merger trees of the 10'3M, host halo. In order to set the phys-
ical conditions for BH seeds formation, they implement a statistical description of
the spatial fluctuations of LW photo-dissociating radiation and of metal/dust enrich-
ment. In this model light, medium-weight and heavy seeds form consistently with
the environmental properties, i.e. the metallicity (Z, the ratio between the mass of
metals and gas) and dust-to-gas mass ratio (2) of the ISM and the intensity of the
illuminating LW flux (Jw).

In their reference model, seed BH formation is activated in metal-poor halos
with metallicity Z < Z., = 10733 Z,,, independently of the seed mass. Then, the
emergence of a specific seed flavour depends on the LW flux level and on the ISM
dust-to-gas mass ratio (see [25] and [74] for details). Light seeds of [40 — 140]M,
and > 260M, form if both the dust-to-gas mass ratio of the ISM and the LW flux
are relatively low, i.e. if 2 < 4.4 x 102 and Jiw < Jor. More massive seeds are
instead assumed to form in atomic cooling halos illuminated by a super-critical LW
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radiation (Jp > J.): medium-weight seeds of 10°M., form in the presence of dust
(2 > 4.4 x 1077) whereas 10°M_, heavy seeds form in dust-poor/free halos (2 <
4.4 x 1077). The results of this reference model, called R300 (to indicate the adopted
LW critical threshold J., = 300 x 10~2'erg/s/Hz/cm? /sr), are shown in the upper
panels of Figure 3.

In this scenario, ~ 1830 light seeds (average number over 10 merger tree simula-
tions) form at z > 20, while the formation of medium-weight seeds is extended to-
wards lower redshifts, as shown in the upper left and central panels of Figure 3. The
heavy seeds are the rarest ones, < 1%, forming only during a relatively short period
of time, as a consequence of their tight birth environmental condition requirements
(see Figure 3). The number of medium-weight and heavy seeds is significantly re-
duced if a higher intensity of the LW flux is required (i.e. a higher critical LW flux
threshold, J., = 1000 x 10~?'erg /s /Hz/cm? /st is assumed; see lower panels of Fig-
ure 3, model R1000). In addition, [74] also discuss the dependence of their results
on the adopted seeding prescription, showing how the number and redshift distribu-
tion of the seeds vary with the adopted critical metallicity threshold (Z.,; see [74]
for details). Note that, we expect that only a small fraction (< 15 —20%) of all the
seed BHs forming along the hierarchical assembly of the QSO eventually contribute
to the growth of the final SMBH (e.g., [25, 74]).

Hydrodynamical techniques are also widely adopted to study the formation of high
redshift QSOs. As mentioned above simulations of large cosmological volumes are
required to account for the low number density of z ~ 6 QSOs. Some examples
of large volume hydrodynamical simulations (box size > 100 Mpc) including BHs
are: the Horizon-AGN [75]; Illustris [76]; MustrisTNG [77]; EAGLE [78]; Mas-
siveBlack [79]; BlueTides [80]; Magneticum [81] and Simba [82].

These simulations can describe the hydro-dynamics of gas flows, on galaxy-
scales, more accurately than SAMs. However, they often employ simple sub-grid
prescriptions to describe the formation of seed BHs, usually seeding specific,
well-resolved, massive dark matter halos above a given mass threshold (usually
10° — 10'°M,,) with a fixed seed BH mass 10° — 10°M,; “sink particles”). Both the
seed mass and the halo mass threshold to host a seed are free parameters of the sim-
ulations. Such a seeding prescription is less accurate than those adopted in SAMs,
which are instead based on environmental properties. Thus, different seed formation
channels or their relative contribution/occurrence can not be tested within the same
simulation run.

Using this simple halo-based seeding prescription (and assuming Eddington-
limited Bondi accretion, see next section), this kind of simulations successfully re-
produce the properties of SMBHs observed in the local Universe (e.g., [77]), but
they do not produce the rarest > 10°M., SMBHs at z > 6, as these large-size (low-
mass resolution) simulations primarily target average, uniform, volumes of the Uni-
verse. Only in few cases, large volume hydrodynamical simulations, such as the
MassiveBlack (O.75Gpc3; e.g., [79]) and the largest one, BlueTides (~ 400 Mpc
comoving box size, e.g., [80]) were able to reproduce the formation of z > 7 QSOs.
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Fig. 3 Distribution of formation redshifts of light (left), medium-weight (middle), and heavy
(right) BH seeds from [74]. The histograms show the mean values averaged over 10 different
simulations of the host dark matter halo merger trees. Lighter colours show the global BH seed
population, whereas histograms in heavier colours count only the progenitors of the final SMBH
at z = 6.4 (i.e. those that are not ejected as satellite in minor halo mergers along the host galaxy
cosmic assembly). Labels in each panel indicate the total number of seeds formed, on average, in
the corresponding population. Corresponding upper and lower values indicate the difference with
the maximum and minimum values for each family over 10 simulations. The top panels show the
distribution of the reference model (R300) in which a critical LW flux level of J.; = 300 is adopted.
For comparison, the results obtained assuming a higher threshold, J.; = 1000 are reported in the
bottom panels (model R1000).

Zoom-in simulations, i.e. higher mass resolution re-simulations of individual ha-
los (smaller volumes) targeting the high dark matter density peaks of 10'2 — 103 M.,
(highly biased regions of the Universe) at z ~ 6 are instead best suited to study the
formation of high redshift QSOs, producing SMBHs of ~ 10°M,, at z > 6 (e.g.,
[83, 84]) and allowing to explore the impact (still with sub-grid models) of different
seed masses (e.g., [85, 86]) and/or BH accretion modes (e.g., [85]). An example of
a zoom-in simulation is reported in Figure 4.

Some advancements have been done to include more physically motivated BH
seeding prescriptions (in smaller-scale/zoom-in simulations) based on the properties
of the gas (or stars), within cosmological hydrodynamical simulations (e.g., [82, 87],
and references therein) usually linking the formation either of low-mass (light and
medium-weight) seeds on local gas/stellar properties [88], or of heavy seeds to low
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Fig. 4 Cosmological zoom-in simulation from [85]. The different images (snapshots) show the
evolution of the first galaxies and BHs from z ~ 30 to z ~ 6.5, simulated within a zoom-in region
of 10 comoving Mpc size centred on a 10'3M, dark matter halo. Each snapshot shows the pro-
jected gas density colour-coded with temperature: cold gas is in blue while the hot gas (heated
and ionised by SN and accreting BH feedback) is represented in yellow. In this model the author
assume that a seed BH of ~ 10° My is planted with halos of ~ 10!9M, and subsequently grows via
Eddington-limited chaotic accretion assuming the standard, thin-disc accretion model. Coloured
circles indicate the locations of BHs.

metallicity, high-density gas cells (e.g., the ROMULUS simulation presented by [89])
or to regions with high gas and stellar density (e.g., [90]).

4.1.2 Eddington-limited growth

Theoretical models and observations suggests that BH growth across cosmic times
occurs mainly via gas accretion (e.g., [91]). A commonly adopted approach in
cosmological models (SAMs and simulations) to describe the BH accretion pro-
cess is to implement an approximated/sub-grid prescription, usually based on the
Bondi-Hoyle-Lyttleton, spherically symmetric, approach [92, 93]:

4”G2M§HpgaS(rB)
(c2+v2)3/2

“)

Mg = o

where c; is the sound speed of the gas, v is the relative velocity between the BH and
the gas, and pgqs(7g) is the gas density evaluated at the Bondi-Hoyle radius, namely
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the radius of gravitational influence of the BH, rg = 2GMpy/ (c% +12) . For the
(original) Bondi-Hoyle-Lyttleton rate to be accurate, the models should resolve the
gas properties down to the scale of the Bondi-Hoyle radius, rg. This is currently
not feasible for the vast majority of simulations and SAMs. For this reason, the
free parameter o is introduced in the original formulation of the rate to account for
the enhanced (non-resolved) gas density in the inner regions around the BH. This
parameter is calibrated using simulations of galaxy mergers (e.g., [94]) against the
local scaling relations and is usually set to a constant value (around ~ 100), but it
should depend on the gas density (e.g., [95]). In any case, without this contribu-
tion, the actual accretion rate would be strongly underestimated due to the lack of
resolution of the models (e.g., [79]).

Often theoretical models describe the growth of BHs within the so-called Eddington-
limited gas accretion regime. In other words they assume that the BH accretion can
not exceeds the limit set by the Eddington rate for a given BH mass (Eq. 2), i.e. thus
Mgy = min(Mpur, Meda).-

It is worth mentioning that a new numerical technique, suited to resolve small-
scales flows of gas around BHs (at the level of the Bondi radius), has been presented
by [73]. Their method enables to increase the mass/spatial resolution in selected
regions around accreting BHs without increasing too much the computational costs
and enabling to effectively evaluate the Bondi-Hoyle-Lyttleton accretion rate within
cosmological simulations of galaxy formation.

An alternative SMBH growth mechanism is represented by the chaotic accretion
of turbulent, cold gas, proposed in several studies (see [72], and references therein).
In this scenario, the gas flows towards the BH from uncorrelated directions and
the BH spin is kept low, allowing to achieve low radiative efficiencies (~ 0.06),
thus providing more efficient growth with respect to radiatively efficient (€ > 0.1)
accretion modes.

4.1.3 SMBH growth boosted by heavy seeds

The abundance of seed BHs, as well as their role in the growth of SMBHEs, strongly
depends on the fraction/number of halos in which the conditions for the formation
of the different channels are met (e.g., [38, 96, 52]).

Heavy seeds are considered one of the most promising solutions to the early
SMBH growth problem as they form already massive, thus providing a significant
(initial) mass boost to the subsequent efficient growth (as it can be inferred from
Eq. 3, following an exponential growth, the larger the initial seed mass the faster is
the SMBH growth) and within an environment characterised by higher gas densities
[32D.

Both SAMs and numerical simulations pointed out that a SMBHs at z > 6 can
grow from (at least) few heavy seeds of 103 — 10° M, forming at early times (z >
10— 15), and increasing their mass mainly via Eddington-limited gas accretion (e.g.,

3 Note that sometimes Eq. 4 and the expression of the Bondi-Hoyle radius given above are simpli-
fied by setting the velocity term, v, to zero.
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[74, 85], and references therein). In Figure 5 we show an example of SMBH growth
boosted by the formation of heavy seeds (already at z < 20).

The first hydrodynamical simulation of the formation of a high-redshift QSO
has been presented by [$3] who follow the hierarchical evolution of a ~ 1013 M,
dark matter halo at z = 6.4, the most massive halo found in a simulated volume of
~ 2.5Gpc>. The authors find that a 10° M., SMBH form via efficient accretion of
gas onto massive seeds of ~ 10° M, facilitated (triggered) by gas-rich mergers. By
means of a semi-analytical approach, [64] found similar results, confirming that the
hierarchical history of z ~ 6 QSO hosts (plausibly 10'> — 1013 M, dark matter ha-
los), and in particular the frequency (number) of major galaxy mergers (i.e. mergers
between halos with comparable mass, or at above a mass ratio of 1 : 10), plays a
crucial role in driving efficient near-Eddington seed growth. In addition, [64] show
that the formation of a z ~ 6 QSO does not require super-Eddington rates, for either
light or heavy seeds, if the QSO hosts halo become atomic-cooling at z > 30 — 40),
at earlier epochs with respect to what found in cosmological simulations.

Zooming-in on a region of 15A~! Mpc? selected within the BlueTides cosmo-
logical hydrodynamic simulation, [86] explored the early growth of z > 6 SMBHs,
concluding that the formation of a 10°M, BH does not depend on the seed mass (for
seeds of 5 x 103, 5 x 10% and 5 x 10° h_lM@), provided that the ratio between the
dark matter halo mass threshold (i.e. the minimum mass for halos to be seeded with
BHs) and the BH seed mass ratio is the same (constant) for all the seeding scenarios.

In a recent work, [97] proposed an alternative approach, in which the growth of
BHs is re-calculated by means of a post-processing method applied to the results of
the Illustris simulation (on BHs and their surrounding gas properties). This approach
enables the authors to test the impact of different heavy seed BHs formation models
(i.e. stochastic vs physically- motivated prescriptions), simultaneously saving com-
putational time, with respect to full hydrodynamical simulations. In agreement with
the previous works mentioned above, they find that the assembly of massive BHs
as well as their merger history are strongly affected by the seeding model and sug-
gest that the current observational constraint implies a more efficient accretion onto
heavy seeds (possibly through super-Eddington phases) or a non-negligible contri-
bution from alternative seed formation channels.

In addition, heavy seeds are expected to be rare, i.e. only a small fraction
of halos/galaxies satisfies the tight environmental conditions for their formation
(e.g., [96, 52, 25, 68, 74]). Thus, in environments hostile to their formation, addi-
tional/alternative scenario should be invoked to grow a SMBH (see Section 4.1.5).

4.1.4 The relative role of seed BH populations

SAMs devoted to study the formation of SMBHs usually explore the role of either
light or heavy seeds (e.g., [064, 98]). The first attempt made to explore the combined
action of light and heavy seeds, with a SAM, has been presented by [99]. They show
that the SMBH assembly strongly depends on the fraction of halos that are seeded
with heavy seeds, along the merger tree, that must be close to 100% to form of a
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~ 10'°M,, BH. However, in previous studies the seeds were not assigned to halos
according to the environmental conditions and taking into account the chemical
evolution of the ISM (in particular, its metallicity and dust-to-gas mass ratio).

Fig. 5 Redshift evolution of the SMBH powering a z > 6 QSO via Eddington-limited gas accretion
and mergers with other BHs (black line), in the SCA scenario (see Section 3.2 and [74] for details).
The blue, yellow and red lines instead show the relative contribution, without gas accretion, of light,
medium-weight, and heavy BH seed progenitors, respectively. Each curve is obtained averaging on
10 different merger tree realisations of the 1013M@ QSO host halo, and the shaded areas bracket
the minimum and maximum mass reached at each redshift. The two panels are for two different
critical LW radiation threshold J.; = 300 (left panel) and J; = 1000 (right panel). The data point
at z = 6.4 indicates the estimated SMBH mass of the QSO SDSS J1148 4 5251 assumed as a
prototypical system and against which the model parameters have calibrated. The figure is taken
from [74].

More recently, the relative, combined role of different seed formation channels
has been extensively investigated in the cosmological pure SAMs presented by
[25, 74], showing that the relative contribution of light, medium-weight and heavy
seeds to the assembly of z ~ 6 SMBHs is determined by a complex interplay be-
tween chemical, mechanical and radiative feedback processes in which the mass
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and redshift distribution of the seeds have a fundamental impact, as they strongly
affect the evolution history of the cold gas inside the QSO progenitor galaxies.

The study presented by [25] suggests that, although both light and heavy seeds
are able to form along the hierarchical assembly of a z > 6 QSO, the growth of the
SMBH in an Eddington-limited gas accretion regime relies on the formation of few
heavy seeds at z ~ 16 — 18 (from 3 to 30, according to the specific halo merger tree).

In their study, [74] show that, although light and medium-weight seeds are able
to form at higher rates (i.e. are more common), in particular in the SCA scenario
[44], heavy seed BHs provide the necessary “head-start” to grow a SMBH by z > 6
if BHs grow via Eddington-limited gas accretion, independently of the critical level
of LW radiation adopted to set favourable conditions for massive seed formation
channels (see Figure 5).

4.1.5 Super-Eddington driven growth

As an alternative scenario for SMBH growth, several studies (both SAMs and sim-
ulations) suggest that the mass growth of seed BH (especially the light ones) may
be accelerated by short (intermittent) periods of super/hyper-Eddington accretion
(i.e. exceeding the Eddington limit; [100, s ] and references therein), often
promoted by major (gas-rich) galaxy mergers (e.g., [69, 1), provided that the
angular momentum of the gas settled in the disc around the BH is efficiently sup-
pressed (e.g., [104, D.

Different super-Eddington accretion models have been proposed in the litera-
ture so far (see, e.g., the comprehensive review by [106]). One of the most widely
adopted is the slim disc solution, a generalisation of the Shakura-Sunyaev thin disc
solution, derived numerically integrating the Navier-Stokes equations [107, 1,
that better describes super-critical regimes (M > 0.5Mgqq). In the slim disc model,
the super-Eddington flow of gas towards the BH proceeds via an optically thick
accretion disc. The photons emitted by the accreting gas are trapped (i.e. can not
escape the accretion flow) and are advected (dragged) inward, towards the central
BH, by the accretion flow itself (see however [109]), thus resulting in a radiative
efficiency (€) lower than the typical 10% adopted in the standard optically thin
disc model, 0.002 < € < 0.05 (independently of the BH spin), as shown by [102].
In other words, in this radiatively inefficient accretion regime, super-Eddington
rates M < 100M, /yr translate in a only mildly super-Eddington disc luminos-
ity L ~ (2 —4)Lggq and, consequently, the quantity 1 — € is higher than in the
Eddington-limited accretion scenario. A lower radiative efficiency is also supported
by observational evidences up to z > 7 QSOs (e.g., [1 10], and references therein).

In the super-Eddington growth scenario, light seeds embedded in dense gas
clouds (in atomic-cooling halos) may be able to grow rapidly, reaching masses of
~10*—10° M), comparable to that of more massive seeds, within few Myr (e.g.,
[69D).

Several simulations (see, e.g., [75, 88, ] and references therein) show that
also massive seeds of 10° — 10°M, experience an efficient, but short (few Myr)
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BH accretion phase, triggered by the high gas density characterising the centre of
massive galaxies in which the seeds are assumed to be located. Subsequently, the
BH growth is suppressed by SN- and AGN-driven outflows for a long period of
time, until the host galaxy reaches a mass of ~ 10° — 10'°M,,, fuelling again the
BH.

Contrary to previous studies, the recent suite of zoom-in simulations of a z ~ 6
dark matter halos of 10'*M., presented by [85] suggests that seeds with masses
< 10*M, fail to grow to SMBHs by z ~ 6 even in the super-Eddington gas accre-
tion scenario as a consequence of strong negative feedback (drastically reducing
the accretion rate). In their simulations, the growth of SMBHs of 108 — 109M® is
favoured if halos of 10'°M,, are seeded with > 10°M_, seeds that increase in mass
via Eddington-limited or moderately super-Eddington accretion promoted by gas-
rich galaxy mergers and self-regulated feedback. Their results show that, although
the presence of a large reservoir of gas and efficient angular momentum transport are
fundamental to grow a SMBH, the final BH mass strongly depend on the adopted
seed mass and radiative efficiency.

4.1.6 The role of BH mergers

Interactions and mergers with other BHs (e.g., following their host galaxies merger
event) may also contribute to the growth of SMBHs across cosmic epochs, if BHs
efficiently coalesce over timescales shorter than the Hubble time (e.g., [98, s s

]). During the merger of two galaxies, their BHs can form a binary system if they
are efficiently dragged towards the centre of the newly formed system by dynamical
friction against dark matter, stars and/or gas, bringing the BHs from kpc separa-
tions to pc-scale distances. At smaller scales, three-body scattering on stars and gas
and/or multiple interactions with other incoming BHs (e.g., in a subsequent galaxy
encounter) control the sinking of the binary down to milliparsec separation and its
eventual coalescence, with the consequent emission of GWs (see, e.g., [1 15]). Thus,
the formation of binary BHs, and the evolution of the system to the coalescence
phase are multi-scale processes, challenging to be described within cosmological
theoretical models. Different prescriptions to describe BH dynamics in cosmolog-
ical frameworks have been implemented in several semi-analytical models (e.g.,
[98, 1) and, recently, in few large-scales simulations (e.g., [61]).

BH growth via mergers is expected to have a dominant role in the formation
of SMBHs (with respect to gas accretion), especially for < 103 M., BHs at high
redshift (e.g., [25, s 1). However, BH growth via mergers only can not explain
the formation of z > 7 SMBHs, and high accretion rates are crucial in the growth of
high-redshift SMBHs, almost independently of the seed mass (e.g., [1 18, 64, 112]).
In addition, the asymmetric emission of GWs in the merger process may lead to the
ejection/displacement of the newly formed BH from the galaxy centre (gravitational
recoil). Thus the BH may be removed from the reservoirs of dense gas from which it
accretes (e.g., [119]). The high velocities imparted to the recoiling BH (often called
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kick velocities) may have an impact on the growth of SMBHs, especially at high
redshift (z > 15; e.g., [64, D.

If seed BHs pair and merge shortly after the formation of the binary system,
they may become loud sources of GW signals in the frequency domain of next-
generation GW detectors that may reveal them back to very high redshift (z ~ 20;
see Section 8).

In nature, a combination of different seeding channels and growth mechanisms
may be in action at high redshift, determining the formation of SMBHs. A pro-
cess/channel may dominate with respect to another according to local environmental
conditions.

4.1.7 The role of feedback

The efficiency of BH growth is related to the available gas budget in the vicinity of
the BH. However, the accretion process can be contrasted (delayed or even halted)
by the negative effect of the energy released by SN explosions and the BH accretion
process itself. SN- and AGN-driven feedback may affect the gas from subpc to kpc
(or even Mpc) scales. AGN feedback is expected to have a role in the (co-)evolution
of BHs and their host galaxies, heating and/or blowing away the gas, preventing
gas infalls and quenching star formation within the host galaxy (e.g., [120] and
see Chapter 3). Similarly, energetic SN feedback is expected to efficiently expel
the gas from the host galaxy, limiting, or even quenching, the mass growth of seed
BHs at high redshift (e.g., [88, 1), that may not grow supermassive, by z ~ 6
remaining below ~ 107M,, in the most optimistic scenario (e.g., [$8]). In general,
SN feedback delays the seed growth during the early phases of galaxy evolution, but
efficient growth, enabling BHs to reach ~ 10°M,,, can be triggered as soon as the
host galaxy becomes sufficiently massive [83, 84, .

However, in massive dark matter halos of 10'> — 10!13M,, presumably hosting
7> 6 QSO0s, cold streams (flows of cold gas from large-scale structures) may rapidly
replenish the gas reservoir, feeding the BHs, without SN/AGN feedback, as sug-
gested, e.g., in the large-scale cosmological simulations by (e.g., [79]).

5 Observational results on high-redshift QSOs

The identification of high-redshift QSOs relies typically on a rest-frame UV colour
pre-selection of candidate samples, which aims at detecting a strong drop of the UV
continuum at rest-frame wavelengths shorter than the Lya emission line, due to ab-
sorption by intervening neutral hydrogen along the line of sight (i.e., the Lyo forest
and the Lyman break). This spectral feature falls between the i and z photometric
bands at 5.7 < z < 6.5. and shifts to redder wavelengths at z = 6.5 (e.g, Fig. 6).
Detections in the wide-field radio surveys have been used to ease the selection of
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a few z 2 6 QSOs by discarding low-redshift interlopers that are not expected to
be bright radio sources, allowing for the relaxation of commonly used rest-frame
UV colour requirements (e.g., [122, 1). Spectroscopic follow-up campaigns are
then required to discard low-redshift contaminants, mainly cold stars, and confirm
the redshift of the QSOs. Multi-wavelength observations from radio to X-ray bands
of high-redshift QSOs concluded that their typical physical properties (e.g., spectral
energy distribution, emission-line ratios, radio-loud fraction) are similar to those of
QSOs at much later cosmic times (e.g., [1 1, , s 1), implying a general lack
of strong evolution of the SMBH accretion physics. In this section, we focus on the
observed X-ray properties of z > 6 QSOs.

Fig. 6 Example of colour-colour diagram used to select high-redshift QSOs. The location of
known 5.5 < z < 6.5 QSOs (open diamonds) and the expected colour track of a high-redshift
QSO (black line and circles) are shown and colour-coded according to the redshift. Cyan, blue,
and green circles show the location of cold stars. The dashed lines mark the colour cuts used to
select a sample of z > 6.5 QSOs (red rectangles), exploiting the flux drop between the z and y
bands. From [12]. © AAS. Reproduced with permission.
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5.1 X-ray observations of high-redshift QSOs

X-ray emission from QSOs is thought to be produced by Comptonization of the
thermal photons emitted by the accretion disc which interact with a population of
hot electrons (T ~ 108 — 10° K), generally referred to as “hot corona” (see Chapter
2). While the geometry and physical details of this process are still highly unknown,
it is widely accepted that the involved scales are of the order of a few gravitational
radii, as implied by, e.g., X-ray variability studies. Therefore, parameters such as
the X-ray luminosity and its relation with the UV luminosity, and the slope of the
X-ray power-law emission can be used as proxies for the accretion physics in QSOs
and the interplay between the accretion disc and the hot corona.

12 — 7, Chandra —
/ B XMM-Newton
Swift
777, X-ray detection |

#z>6Q50s

10° 10t 10? 10°
Texp [ks]

Fig. 7 Histogram of the exposure times of published X-ray observations of z > 6 QSOs (see
Tab. 1). Blue, red, and yellow colours refer to observations performed with the Chandra, XMM-
Newton, and Swift observatories, respectively. Detected sources are marked with hatching patterns.

After their launch in 1999, Chandra and XMM-Newton provided the required
sensitivity to detect the X-ray emission from large samples of high-redshift QSOs,
and, in turn, investigate their accretion properties. Starting from 2002, tens of z > 6
QSOs have been either targeted by or serendipitously covered with X-ray observa-
tions, and their number is expected to increase in the next years. Fig. 7 presents
the distribution of the exposure times of X-ray observations covering the 39 z > 6
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QSOs for which such data has been published (before February 2022, see Tab. 1),
including two QSOs pointed with Swift/XRT. Most of the available datasets consist
of tens of ks observations, and a few QSOs have been covered with > 100 ks, up to
the ~ 500 ks coverage of J1030+0524 ([127]). In addition, the on-going extended
Roentgen Survey with an Imaging Telescope Array (eROSITA®, [128, ]) all-sky
survey has already started contributing to increase the number of X-ray detected
7> 6 QSOs ([130]).

This significant observational effort led to the detection of 25 z > 6 QSOs, typ-
ically spanning soft-band (i.e., 0.5-2 keV) fluxes of ~ 1071 — 10~ “ergem 257!
(Fig. 8, upper panel). At z > 6, such relatively faint fluxes are still associated with
QSOs populating the bright end of the QSO luminosity function (Fig. 8, lower
panel). In support of this statement, the dotted lines in Fig. 8 mark the X-ray flux and
luminosity corresponding to the break magnitude (M, 5,4 = —24.9; [142]). There-
fore, current X-ray observations detected only luminous z > 6 QSOs, that populate
the bright end of the luminosity function. These objects typically are powered by the
most massive or fastest accreting SMBHs. On the one hand, this implies that current
X-ray investigations focus on the high-redshift QSOs which have grown, or are still
growing, at the fastest rate at high redshift. Such objects are arguably the best to
study in order to shed light on the physical processes responsible for the formation
and fast mass building of SMBHs in the early Universe. On the other hand, lumi-
nous QSOs inevitably provide us with only a partial and biased view of the physical
properties and evolution of accreting SMBHs.

It is worth noting that most of these expensive exposures aim at simply detecting
the target, or at most constraining basic spectral parameters, such as the photon
index, via rather crude X-ray spectral or colour (i.e., hardness ratio) analyses, often
assuming a simple power-law model for the observed X-ray emission (e.g., [125]).
In fact, in addition to the large luminosity distances of high-redshift objects, X-ray
observations of high-redshift QSOs sample very high rest-frame energies (i.e., E ~
2.5—-80keV at z=6.0—7.5), where the intrinsic rate of photon production in QSOs
drops due to the power-law emission (i.e., F(E) o< E -r ). Therefore, the outcome of
X-ray observations of high-redshift QSOs is often limited to an estimate of the X-ray
luminosity under reasonable assumptions on the spectral shape. Typically, only the
large statistical errors due to the Poisson nature of X-ray counts are reported for the
X-ray flux and luminosity, and thus also derived quantities, of high-redshift QSOs,
while the uncertainties associated with the assumed spectral shape are considered
negligible (but see, e.g., [139]). Only in some cases the target is bright enough, and
the observations sufficiently sensitive, to constrain the photon index and the level
of possible absorption. Still, while the detailed analyses that can be performed on
the X-ray spectra of low-redshift QSOs are precluded even for the most luminous
objects at the cosmic dawn with currently available instrumentation (see Section
8 for future facilities), X-ray observations of high-redshift QSOs provide us with
unique information on the physics of SMBH growth soon after the Big Bang.

6 https://erosita.mpe.mpg.de/edr/
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Table 1 QSOs at z > 6 covered with published X-ray observations, as of February 2022 to our
knowledge.

1D

2 M55 Telescope Ty Det. Ref.
() @ 0

C)) & © O
VDES J002031.46—365341.8% 6.834 —26.47 X 25 N [I31]
PSO J006.1240+39.2219  6.6210 —25.62 C 20 N [132]
PSO PS0J007.0273+04.9571% 6.0008 —26.34 C 66 N [133]
CFHQS J005006.67+344521.6 6.253 —26.70 C 34 Y [125]
SDSSJ 010013.02+280225.9 6.3258 —29.14 X 45 Y [134]
VIK J010953.13—304726.3  6.7909 —25.64 C 66 N [125]
ATLAS J014243.73—-332745.4 6.379 —27.82 S 21 Y [134]
CFHQS J021013.19—-045620.9 6.4323 —24.53 X 25 N [134]
CFHQS J021627.81-045534.1 6.01 —22.49 X 29 N [134]
VDES J02246.53—-471129.4 6.5223 —26.67 C 18 Y [132]
PSO J036.5078+03.0498 6.541 —27.33 C 26 Y [125]
VDES J02440102—-5008537¢ 6.724 —26.61 X 17 N [I31]
SDSS J03033140—-0019129  6.078 —25.56 C 2 N [134]
VIK J03051692—-3150559  6.6145 —26.18 C 50 N [125]
PSO J030947.49+271757.31>  6.10 —25.1 S 19 Y [135]
UHS J043947.08+163415.7 6.5188 —25.31 X 77 Y [136]
SDSS J08422943+121850.5 6.0763 —26.91 C 29 Y [125]
SDSS J10302711+052455.0  6.308 —26.99 C 500 Y [127]
PSO J159.2257—-02.5438¢ 6.38 —26.80 X 20 Y [I31]
VIK J10481909—-010940.2  6.6759 —26.03 C 35 N [132]
SDSS J10484507+463718.5 6.2284 —27.24 C 15 Y [134]
PSO J167.6415-13.4960  6.5148 —25.57 C 177 N [137]
ULAS J11200148+064124.3 7.0842 —26.63 X 152 Y [134]
SDSS J11481665+525150.3  6.4189 —27.62 C 78 Y [134]
SDSS J13060827+035626.3  6.0337 —26.82 C 126 'Y [134]
ULAS J13420827+092838.6 7.5413 —26.76 C 45 Y [125]
CFHQS J14295217+544717.7 6.183 —26.10 X 20 Y [138]
CFHQS J15094178—174926.8 6.1225 —27.14 C 27 Y [125]
PSO J231.6576—-20.8335  6.5864 —27.14 C 140 Y [139]
SDSS J16025398+422824.9  6.09 —26.94 C 13 Y [134]
SDSS J16233181+311200.5  6.26 —26.55 C 17 Y [134]
SDSS J16303390+401209.6  6.065 —26.19 C 27 Y [134]
CFHQS J16412173+375520.1 6.047 —25.67 C 54 Y [125]
PSO J308.0416-21.2339 6.24 —26.35 C 150 'Y [140]
PSO J323.1382+12.2986  6.5850 —27.08 C 18 Y [132]
HSC J221644.47-001650.1  6.10 —23.62 X 4 N [134]
HSC J223212.03+001238.4°  6.18 —22.70 C 17 N [133]
PSO J338.2298+29.5089 6.666 —26.14 C 54 Y [125]
SDSS J231038.89+185519.9 6.0031 —27.80 C 18 Y [125]
VIK J23483335—-305453.1 6.9018 —25.84 C 42 N [132]

(1): QSO identification; (2): redshift; (3): absolute magnitude at rest-frame 1450 A; (4): telescope
that performed the observation. C: Chandra; X: XMM-Newton; S: Swift. (5): exposure time in ks.
For XMM-Newton, we use the EPIC-PN exposure times excluding periods of background flaring,
as reported in the papers which presented such observations. (6) X-ray detection; (7) reference for
the X-ray observations. We refer to these works for complete descriptions of the objects, including
the discovery papers. In case of an object observed with different instruments, here we report only
the work with the most sensitive dataset. For simplicity, we refer to the collection of [ 134] for all the
observations published before 2017. We discarded two z > 6 QSOs, HSC J084456.62+022640.5
and HSC J125437.08-001410.7, which fall at very large off-axis angles (> 10 arcmin) in Chan-
dra observations ([133]). @ See [141] for the 0y values of these QSOs. ? We assumed flux and
luminosity of the quiescent state (see [135]). ¢ We have re-analyzed the data of these QSOs.
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Fig. 8 Soft-band flux (upper panel) and 2—10 keV band luminosity (lower panel) versus redshift
for z > 6 QSOs with published observations; see Fig. 7 for references. The dotted line marks the
X-ray flux and luminosity corresponding to the knee of the z ~ 6 QSO UV luminosity function The
conversion assumes UV power-law emission fj o< A=93([5]), the 0ty — Lyy relation of [143], and
X-ray emission with I" = 2.
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5.2 The X-ray view of accretion physics in high-z QSOs

A common feature of the several proposed models of SMBH formation and early
growth is the requirement of long periods of extremely efficient accretion on the
first BH seeds (see Section 3) to explain the presence of 10° — 10'°M/® BHs at
7= 6—7 (e.g., [144]). Therefore, high-redshift QSOs are expected to be powered by
SMBHSs accreting at a significant fraction of the Eddington ratio (Ag44 = 0.1). The
BH accretion physics is thought to be dependent on this parameter: standard models
of geometrically thin accretion discs are no longer valid in the high-Ag,4 regime,
where different solutions have been proposed (e.g., [65, ]). This transition im-
plies that the observational properties of QSOs should change as well approaching
the Eddington limit. In spite of this, the typical rest-frame optical/UV continuum
and emission line properties of QSOs do not appear to have undergone significant
redshift evolution from the local Universe up to z ~ 7.5 (e.g., [2, 11, 12, D.
Only recently, hints for an excess of weak emission-line QSOs (WLQs; e.g., [146])
among the population of z 2> 6 QSOs have been found by [124]. Since WLQs are fast
accreting systems (e.g., [147]), the higher fraction of WLQs may indicate that z > 6
QSOs are generally accreting at higher Eddington ratios than at lower redshift. Ad-
ditionally, [ 148] and [126] reported evidence for stronger C IV 1549A emission line
blueshift in z > 6 QSOs than at lower redshift, even considering luminosity-matched
samples. C IV blueshift is generally associated with the presence of outflowing gas
(e.g., [149] or even with accretion at high Eddington ratios (e.g., [150], but see also
[126]). While these observational findings can indicate widespread fast SMBH ac-
cretion at high redshift, as predicted and required by models of SMBH formation
and growth, they can also be due to selection effects related to the typically high
luminosity of known z = 6 QSOs.

In this context, X-ray observations can help us find possible intrinsic evolu-
tion of the properties of high-redshift QSOs. For instance, the parameter o,y =
0.3838 x logfzﬂ (see Chapters 1 and 2) measures the relative contribution of the

rest-frame UVZ;OI(;d X-ray emission to the total output of a QSO. Since UV and X-ray
photons are produced in the accretion disc and hot corona, respectively, a change of
the typical opx with parameters such as luminosity and redshift is a reliable proxy
of a variation of the typical accretion physics. A well known anti-correlation exists
between 0,x and Lyy, implying that the production of high-energy photons is more
and more inhibited at increasing QSO luminosity. This behaviour indicates that the
physics of the accretion disc/hot corona system changes at increasing QSO luminos-
ity, and possibly with Eddington ratio, as expected considering models of BH accre-
tion. Several works found that z > 6 QSOs comply with the local ¢, — Lyy anticor-
relation, implying that there is no appreciable redshift evolution of the QSO accre-
tion physics over ~ 13 Gyr of the Universe life (Fig. 9; e.g., [134, , , D.
This conclusion can be visualized better by factoring-out the o, dependence on
Lyy and defining Aoy = 2% — otgy”, where a2 is computed with the observed
UV and X-ray luminosities, while oy’ is the (tox value expected for a QSO with a
given Lyy according to best-fitting a,x — Lyy relations (e.g., [ 143, ]). Plotting
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Fig. 9 aox vs. UV luminosity of the high-redshift QSOs included in Tab 1 compared with the
general QSO population (samples collected from [151, , 143, s , 154]). Only radio-quiet
QSOs are considered. Downward-pointing triangles are upper limits. The solid and dashed lines
are the best-fitting relations of [143] and [155].

A0« as a function of redshift reveals that the distribution of A ¢ty is consistent with
zero at all redshifts (Fig. 10; see [125, 1), implying that the ax — Lyy relation,
and thus the physical interplay between the accretion disc and hot corona, does not
vary strongly with cosmic time.

While ax measures the relative strength of QSO emission in the UV and X-ray
bands, the X-ray bolometric correction (Kp, = I‘Lb;’) measures the fraction of bolo-
metric power emitted in the X-ray band. o and Kj,; are clearly related: steeper
values of 0, correspond to higher values of Kj,;, as the contribution of the X-ray
emission to the bolometric QSO luminosity decreases, and the QSO total power
is increasingly dominated by the optical/UV band. Fig. 11 presents the Ly — Ly,
plane for QSOs. The relation between L, and L, flattens at increasing bolometric
luminosity (e.g., [158]), such that larger values of Kp,; are measured for more lumi-
nous QSOs. High-redshift QSOs are consistent with this general trend, once again
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Fig. 10 Ao, as a function of redshift . Symbols are as in Fig. 9. The values of A, have been
computed assuming the 0ox — Lyy relation of [143].
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Fig. 11 X-ray luminosity vs. bolometric output of z > 6 QSOs (Tab. 1) compared with QSOs at
lower redshift collected from [155, 134, 154, 157]. The black solid line is the best-fitting relation
of [158]. The diagonal dotted lines marks loci of constant Kj,,; as defined in the text.
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implying that the accretion physics in QSOs changes with increasing luminosity,
thus possibly Eddington ratio, but does not depend strongly on redshift, at least for
what the disc-corona coupling is concerned. However, an important caveat regard-
ing high-redshift QSOs is needed here: the spectral energy distributions (SEDs) of
these systems is poorly sampled, and usually only a few rest-frame UV photomet-
ric points are available, in contrast to low-redshift QSOs. Therefore, for the vast
majority of these objects, Ly, is estimated by applying UV bolometric corrections
(e.g., [159]), which have been calibrated at low redshift. Therefore, for high-redshift
QSOs, the Ly — Ly, relation is mostly a byproduct of the aox — Lyy anti-correlation.
In addition to ¢ty and Kj,y, the intrinsic photon index I of the X-ray power-law
emission also carries information about the physical interplay between the accretion
disc and the hot corona, and it is indeed often considered a proxy of the Eddington
ratio (e.g., [160], but see also [161]). The average value of I" for optically selected
QSOs has been found by several different authors (e.g., [ 1 34] and references therein)
to be remarkably constant (I" = 1.9) up to z = 6 (Fig. 12). Evidence for a possible
steepening at earlier cosmic times has been presented by [125, ]. However, the
typically steep (i.e., I' = 2.3, [132]) X-ray spectra derived at z = 6.5 —7 do not
necessarily imply a fundamental change of the physics of the hot corona in these
objects, but is, once again, most probably an effect related to the high luminosities,
and hence possibly high Eddington ratios, of the high-redshift QSOs which were
followed-up in the X-ray band. In fact, [132] showed that the measured value for
7> 6.5 QSOs is in agreement with the I — Ag 4, relation of [160] derived at z < 2.

6 Quasars as cosmological probes

The potential of QSOs as cosmological probes was evident since the identification
of the first QSO redshifts in 1963 [162, R ]. Over the last four decades, several
techniques employing empirical correlations between various QSO properties have
been proposed to gauge cosmological parameters. Striking examples include the
relations between the luminosity and spectral properties such as the emission-line
equivalent width [ 165], the broad-line region radius [166], and the X-ray variability
amplitude [167]. Nonetheless, all these correlations are either affected by a large
observational dispersion (up to 0.6 dex) or applicable over a limited redshift range
with the current facilities. Other methods [e.g. s s ] could be promising,
but are still more a proof of concept than a real cosmological tool. For these reasons,
QSOs are not yet competitive against standard probes like SNe Ia. Recently, a new
proposed method leverages on the observed non-linear relation between the QSO
ultraviolet (at the rest frame 2500 A, Lyy) and X-ray (at the rest frame 2 keV, Lx)
emission (e.g., [171]), parametrised as Lx o< L{JV, with an observed slope 7 ~ 0.6.
This relation allows us an independent measurement of the QSO distances (provided
an external calibration) and makes possible to extend the distance modulus—redshift
relation (or the so-called Hubble-Lemaitre diagram) of SNe Ia to a redshift range
that is still poorly explored [z > 2; ]. The applicability of this methodology is
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Fig. 12 Average photon index of optically selected QSOs as a function of redshift. From [132]. ©
AAS. Reproduced with permission.

based on two fundamental points. Firstly, the understanding that most of the ob-
served dispersion in the Lx — Lyy relation is not intrinsic to the relation itself but
rather due to observational issues (e.g., gas absorption in the X-rays, dust extinction
in the UV, calibration uncertainties in the X-rays (e.g., [173]), variability, selection
biases). In fact, with an optimal selection of sources where the intrinsic UV and
X-ray QSO emission can be measured, the observed dispersion drops from previ-
ously observed 0.4 dex to ~0.2 dex [174, ]. As shown in the previous section,
the slope of the Lx — Lyy relation does not evolve with redshift up to the highest
redshift where the source statistics is currently sufficient to verify any possible de-
pendence of the slope with distance (z >~ 4). A major implication of the results above
mentioned is that the Lx — Lyy relation must be the manifestation of a universal
mechanism at work in the QSO engines. Nonetheless, the details on the physical
process at the origin of this relation are still unknown (e.g., [176, s s ],
and references therein). In the following, we will focus on the details and the results
obtained with this technique.
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6.1 How to build a quasar Hubble diagram: the technique

To build the Hubble diagram of QSOs, two quantities are required: the distance
modulus and the redshift for a statistical significant sample of sources. The distance
modulus is obtained from the luminosity distance (e.g., [172, ]) defined as:
[logFx — B —y(logFyy +27.5)] 1

7= 1) — 5 log(dn) + 2835, 5)

1

logdy, =

where Fx and Fyy are the flux densities (in erg s~ cm~2 Hz™!). Fyy is normalised
to the (logarithmic) value of 27.5 in the equation above, whilst dp, is in units of cm
and is normalised to 28.5 (in logarithm)’. The slope of the Fx — Fyy relation, 7, is a
free parameter, and so is the intercept [38. The distance modulus, DM, thus follows
the standard definition:

DM = 5logd;, — 5log(10pc), (6)

whilst its uncertainty, d DM, can be obtained through the propagation of the error on
the measured quantities (assuming that all the parameters are independent):

5
dDM = -1 {(dlong)2 + (ydlog Fuv)* + (dB)* +
271/2 )
dy[B +log Fuv +27.5 —log Fx|
y—1 ’
where dlog Fx and dlog Fyy are the logarithmic uncertainties on Fx and Fyy, re-
spectively.
The likelihood function, LF, that is then utilised to fit the Hubble diagram is then
defined as: N
1 (yi—vi)? 2
lnLF:—zzi:(Siz—lnsi (8)

where N is the number of sources, s? = dy? + 2 dx? +exp(21n §) takes into account
the uncertainties on both the x; (logFyy) and y; (log Fx) parameters of the fitted
relation. The parameter & represents what is left in the dispersion of the relation
once it is marginalised over all the parameters and thus it can be considered a proxy
of the intrinsic dispersion’. The variable y is the modelled X-ray monochromatic
flux (Fx, mod), defined as:

Y= logFX,mod = ﬁ + ’)/(IOgFUV + 275) —|—2(7/— 1)(10gdL,mod — 285), )

7 The normalisation values depend upon the luminosity range probed by the considered SO sample
and should be tailored accordingly.

8 The intercept B of the Lx — Lyv relation is related to the one of the Fx — Fuy, [§ , as B(z) =
2(y—1)logdL(z) + (y—1)log4m + B.

9 8§ = 0 means that all the observed dispersion is intrinsic.
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and is dependent upon the data, the redshift and the model (cosmological or para-
metric, see, e.g.,[180] for further details) assumed for the distances (e.g., ACDM,
wCDM or a polynomial function). Additionally, the QSO distances obtained through
the method described above are not absolute and should be calibrated by making
use of the distance ladder through, for instance, already calibrated SNe Ia. Such a
cross-calibration parameter k could be obtained by a simultaneous fit of SNe Ia and
QSOs. Finally, it should be noted that this technique does not provide an estimate
of the Hubble constant Hj as it is degenerate with k, so it can assume any arbitrary
value (e.g., [181, , D.

6.2 How to build a quasar Hubble diagram: required
measurements and sample selection.

To construct a Hubble diagram for QSOs, the required observational parameters
are the rest-frame flux density at both 2500 A and 2 keV (see equation 5) and
the redshift. A detailed spectroscopic analysis at both the UV and X-ray energies
is preferred but can be carried out only for a relatively small number of sources.
Therefore, the currently published QSO sample still heavily relies on broadband
photometry at both UV and X-rays, and so the computation of both Fx and Fyy
is through their photometric rest-frame SED. To compile the QSO SEDs, multi-
wavelength data from radio to UV should be considered, where Galactic reddening
must be taken into account in the optical/UV by utilising the selective attenuation of
the stellar continuum (e.g., [183]), along with the relative Galactic extinction (e.g.,
[184]) for each object. Most of the relevant broadband information, as well as the
spectroscopic redshifts, are compiled in the online QSO catalogues of several sur-
veys such as SDSS [185]. The reader may refer to [186, s ] for a detailed
description of how a spectral energy distribution can be built from broad band pho-
tometry. An example of a full broad band SED (from far-infrared to the X-rays) for
an AGN in the XMM-COSMOS survey is presented in Figure 13 (see also Figure 1
in Chapter 1). The various lines represent the different models adopted to describe
the data. Specifically, the best-fit starburst in the far-infrared (with a peak emis-
sion at A ~ 50 — 80 um), hot-dust from reprocessed AGN emission (A ~ 10 um),
host-galaxy (4 ~ 1 um), and the empirical disc templates (A ~ 0.2 — 0.6 um), re-
spectively (see [188] for further details on the SED modelling). The rest-frame 2500
A and 2 keV are marked, as well as a representation of the ¢ty index for this object.

By compiling a broad photometric coverage, the rest-frame luminosity at 2500
A can be computed via interpolation for the majority of the QSOs whenever the ref-
erence frequency is covered by the SED. Otherwise, the value can be extrapolated
by considering the slope between the luminosity values at the closest frequencies,
for instance. To obtain the rest frame luminosities at 2 keV, a detailed X-ray spectral
analysis of large samples of QSOs is, again, impractical. Therefore, to compute the
rest-frame 2 keV monochromatic flux, a photometric approach is a viable solution
for large number of sources. Briefly, the rest-frame 2 keV flux densities and the rel-
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2500 A
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Fig. 13 Example of full AGN SED from far-IR to X-rays at redshift 1.4 from the XMM-COSMOS
survey. The rest-frame data, used to construct the total SED (shown with a black dot-dashed line),
are represented with black points. Various lines represent the different models adopted to describe
the data. Specifically, the black long-dashed, brown solid, green dotted, and blue dashed lines
correspond to the best-fit starburst, hot-dust from reprocessed AGN emission, host-galaxy, and the
empirical disc templates, respectively. The magenta short-long dashed line is the best-fit empirical
disc template with the inclusion of X-rays. The rest-frame 2500 A and 2 keV are marked, as well
as a representation of the oy« index for this object. This figure is adapted from [188].

ative (photometric) photon indices, I'y (along with their 16 uncertainties), can be
derived from the 0.5-2 keV (soft) and the 2-10 keV (hard) fluxes which are tabu-
lated in many online X-ray catalogues (i.e. XMM-Newton'’ and Chandra'"). The
interested reader should refer to [179, ] for further details on the computation of
these quantities.

A QSO sample that can be employed for cosmological measurements should
comply with a series of criteria that are aimed at reducing possible contami-
nants/systematics that may prevent the determination of the intrinsic X-ray (corona)
and UV (disc) luminosity and bias the final sample. Whilst the interested reader
should refer to [182] for a complete description and implementation of the filters
(see also [172, s ]) aimed at obtaining the final “best” sample for a cosmo-
logical analysis, a brief overview is provided below. The main possible sources of

10 http://xmmssc.irap.omp.eu/Catalogue/4XMM-DR11/4XMM _DR11.html
11 https://cxc.cfa.harvard.edu/csc/
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contamination that may affect the flux measurements are dust reddening and host-
galaxy contamination in the optical/UV and gas absorption in the X-rays. Moreover,
any flux-limited sample is biased towards brighter sources at high redshifts and this
should be more relevant to the X-rays, since the relative observed flux range is nar-
rower than in the optical/UV. Specifically, AGN with an average X-ray intensity
close to the flux limit of the observation will be observed only in case of a posi-
tive fluctuation. This introduces a systematic, redshift-dependent bias towards high
fluxes, known as Eddington bias, which has the effect to flatten the Fx — Fyy re-
lation. Samples that include only quasars with a detection at X-ray energies might
thus be affected such a bias. This is true even when variability is accounted for,
in the case detections only are considered. One possibility is to include censored
data in the analysis. Yet, the investigation of both the Fx — Fyy and the distance
modulus—redshift relations is far from trivial, since it strongly depends upon the
weights assumed in the fitting algorithm. Therefore, one needs to find an alternative
method to obtain an (almost) unbiased sample (see, e.g., Appendix A in [174]). Fi-
nally, QSOs with bright radio emission and/or broad absorption lines (BALs) should
also be neglected. Synchrotron emission in a radio QSO can also include a bright
X-ray component that adds to the one of the corona, whilst the strong absorption
features observed in BALSs, and usually attributed to winds/outflows, hamper a ro-
bust measurement of the QSO continuum in the UV.

The most up-to-date broad-line QSO sample (available online) considered for
cosmological purposes is composed by 2,421 QSOs spanning a redshift interval
0.009 < 7 < 7.52, with a mean redshift of 1.442 [182].

6.3 Cosmological constraints from the quasar Hubble diagram

Measurements of the expansion rate of the Universe based on a Hubble diagram
of QSOs combined with SNe Ia show a deviation from the concordance model
at high redshifts (z > 1.4), with a statistical significance of ~ 3 —40 [179]. Fig-
ure 14 presents the Hubble diagram for the most up-to-date samples of QSOs [182]
and SNe Ia from the Pantheon survey [189]. The best cosmographic fit (performed
through a Monte Carlo Markov Chain analysis) is shown with the red line [see ,
for more details on the cosmographic technique], whilst black points are the means
(along with the uncertainty on the mean) of the distance modulus in narrow (loga-
rithmic) redshift intervals, plotted for clarity purposes only. It is evident from this
figure the potential of QSOs to extend the distance modulus-redshift relation in a
cosmic epoch (z > 2) that it is poorly sampled by any other cosmological probe.
QSOs are indeed key to discriminate amongst various cosmological models that are
instead degenerate at low redshifts, and to improve the constraints on a possible evo-
lution of the dark energy parameter with time. Additional data are required at high
redshifts where very few QSOs are available with both X-ray and UV observations
that fulfil the selection criteria discussed in section 6.2.
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Fig. 14 Hubble diagram of QSOs [182] and SNe Ia [Pantheon , magenta points]. The red line
represents a fifth order cosmographic fit of the data, whilst the black points are averages (along with
their uncertainties) of the distance moduli in narrow (logarithmic) redshift intervals. The dashed
black line shows a flat ACDM model fit with £y = 0.3. The bottom panel shows the residuals
with respect to the cosmographic fit and the black points are the averages of the residuals over the
same redshift intervals. Figure adapted from [182].

The resulting constraints on the cosmological parameters that represent the evo-
lution of the equation of state of dark energy in a w,CDM cosmological model,
namely wo and w,, are shown in Figure 15 for the combined latest QSO and SNe
samples. The statistical contours for the analysis that jointly considers QSOs and
SNe is consistent with the phantom regime (w > —1) and is at variance with the
ACDM model at more than the 30 statistical level. The constraints from the com-
bination of Planck TT,TE,EE+lowE+lowl] (i.e. baseline parameter analysis'z) with
the inclusion of baryonic acoustic oscillations are also shown [190]. The detailed
discussion of the cosmological implications of this deviation and its statistical sig-
nificance is discussed at length by [179, ]. The cosmological information given
by these samples may shed new light on the possible evolution of the dark energy
with time and, if confirmed independently, would suggest a profound revision of our
current understanding of cosmic evolution.

12 https://wiki.cosmos.esa.int/planck-legacy-archive/index.php/CMB _spectrum_%26_Likelihood_Code
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Fig. 15 Marginalized posterior distributions (1, 2 and 30) of the (wg,w,) parameters for the com-
bined QSOs [182] and SNe Ia [189] samples (red-orange-yellow contours). The constraints from
the combination of Planck TT,TE,EE+lowE+lowl (i.e. baseline parameter analysis) with the in-
clusion of baryonic acoustic oscillations are also shown [grey contours 190]. The dashed lines
mark the point corresponding to the ACDM model. The resulting (wg,w,) for the combined QSOs
+ SNe are statistically consistent with the phantom regime (w > —1) and at variance with the
ACDM model at more than the 30 statistical level. Image adapted from [191].

7 The unexplored black hole Universe

Theoretically, the mass spectrum of astrophysical BHs is potentially unlimited. To
date, however, observational evidences of their existence are limited to two flavours,
the stellar-mass BHs (< 100M,) and the supermassive (> 10°M,).

Currently, the faint-end tail of the AGN luminosity function at z ~ 6 — 7 has
been sampled down to absolute magnitude of Mj450 = —22 mag [142]. However,
the whole population of high-redshift (accreting) seed BHs (10> — 10° M) is still
elusive to current electromagnetic (EM) facilities and remain undetected, proba-
bly because (ii) they are too faint for current EM facilities (below their sensitivity)
and/or (ii) their active fraction at high redshift is low (~ 0.1% at z > 7; e.g., [192])
and/or (iii) their number density is relatively low, as in the case of heavy seeds (e.g.,
[52, 25, 193], but see [45]). An additional complication may be represented by ob-
scuration from gas and dust (observed to be abundant even at high redshift) that
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may prevent the discovery of accreting BHs (see Section 7.1), as they may evolve
buried in dense dusty gas clouds. On the other hand, the LIGO/VIRGO collabora-
tion extended the exploration of stellar-mass BHs detecting the gravitational signal
from merging binaries up to a total remnant mass of ~ 150M¢ (GW190521; [194]),
opening a new window on the BH Universe. Thus, observationally, the nature of the
earliest seed BHs still remain unproved. Note that the whole population of BHs with
mass in the range 10> — 106 M, is often refereed as Intermediate-Mass Black Holes
(IMBHs).

To date, the only insights on IMBHs of ~ 10° M, can be inferred at lower red-
shift, observing BHs hosted in local dwarf galaxies (see, e.g., [195] for a review).
These galaxies are expected to evolve almost unaltered by mergers and accretion
processes (e.g., [196]). Thus, their central BHs could be the (ungrown) relics of the
earliest population of seed BHs, as mentioned above, still showing strong observa-
tional signatures of seed formation (e.g., [52]).

Detailed observations of a large sample of the highest redshift QSOs and their
fainter/less massive counterparts are necessary to test the theoretical models re-
viewed in Section 4 and to improve our understanding of SMBH formation and evo-
lution. For a detailed discussion on seed BHs observational diagnostics and IMBHs
searches, we refer the reader to the recent reviews by [14] and [197].

7.1 The missing QSO population

As discussed in Section 5, known samples of high-redshift QSOs are limited to lu-
minous, optically selected systems. Based on our knowledge of the population of ac-
creting SMBHs at later cosmic times, luminous type-1 QSO represent only a small
fraction of the overall AGN population. The bulk of the AGN population, which
is comprised of low-luminosity (i.e., L < L., where L, is the break luminosity of
the AGN X-ray luminosity function, XLF) and often obscured systems, is currently
completely precluded to observational investigations. This bias leaves a big hole in
our knowledge of accreting SMBHs at the cosmic dawn, and hampers a fair compar-
ison with results from theoretical models and numerical simulations, which instead
suggest that the early phases of SMBH growth could occur in heavily obscured
conditions, and with a total radiative output significantly lower than the typical lu-
minosity of known z 22 6 QSOs (e.g., [69, 1). Only candidate type-2 QSOs (i.e.,
objects with narrow emission lines and weak or undetected rest-frame UV contin-
uum) have been reported at z 2 6 in the SHELLQ survey down to M 55 ~ —22
(e.g., [199, 8]), but their nature (i.e., type-2 QSO or bright Ly emitting galaxies)
has been not be determined clearly yet ([200]). Detection of strong X-ray emission
from these objects would confirm their type-2 nature with high confidence. Re-
cently, two hard X-ray source candidates, indicative of heavy obscurations, at z > 6
have been reported in the literature. Both of them have been identified with satellite
galaxies interacting with optically selected QSOs. [201] presented the tentative de-
tection of a faint hard X-ray source consistent with the position of a satellite galaxy
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close to a z = 6.5 QSO detected with ALMA and HST, but subsequent Chandra
follow-up did not confirm the detection ([137]). [140] presented Chandra observa-
tions of a QSO/galaxy merging system, and discussed the possible faint detection of
the merging galaxy in the hard X-ray band.

While luminous and rare QSOs provide useful insights into the physics of ex-
tremely fast and efficient accretion required to form 10® — 10° M., SMBHs in a
few hundred million years, low-luminosity AGN represent a less extreme, but much
more abundant, population of accreting SMBH. Therefore, they carry important in-
formation about the more common physical processes responsible for the forma-
tion of most BHs in the early Universe. In particular, measuring the space density
of low-luminosity AGN at high redshift would provide observational constraints
to cosmological simulations which assume different prescriptions for BH seeding
(e.g., [88]).

Deep X-ray surveys, like the 7 Ms Chandra Deep Field-South [202], the 2 Ms
Chandra Deep Field-North (e.g., [203]) and COSMOS-Legacy (e.g., [204]) are ar-
guably the best tools to detect and study low-luminosity AGN at high redshift. In
fact, relatively strong (Ly > 10*>ergs™!) X-ray emission is a reliable indication of
on-going nuclear activity, as it does not suffer from dilution by host-galaxy emission
(e.g., [205]). Moreover, in contrast to optical/UV observations, the large penetrat-
ing power of X-ray photons allows AGN to be detected even when obscured by
substantial hydrogen column densities, especially at high-redshift, as high-energy,
and thus more penetrating, X-ray photons are redshifted into the bandpass of cur-
rent X-ray telescopes. However, the redshift confirmation of X-ray selected sources
still requires the spectroscopic identification of the optical counterpart. This task
is particularly difficult at high redshift, due to the faint optical magnitudes of X-
ray sources. Therefore, it is not surprising that sizeable samples of X-ray selected
AGN are available only up to z = 5 even in the deepest X-ray surveys covered with
sensitive multiwavelength observations (e.g., [206, s s ].

Using these limited samples, dedicated studies found a strong (i.e., a factor of
~ 10) decline of the AGN space density from z ~ 3 to at least z = 5 (Fig. 16; e.g.,
[208, ] and references therein): not only X-ray selected AGN are difficult to
be spectroscopically identified, but their intrinsic number is also decreasing notice-
ably at increasing redshift. For L 2 L, AGN, the space density decline appears to
be driven by the general evolution of the parent galaxy population ([208]; see the
green and grey stripes and the black points in Fig. 16): relatively luminous AGN
are thought to be preferentially hosted by massive galaxies, which become rarer at
earlier cosmic times. The density evolution of the low-luminosity population is still
not well constrained, mostly due to the small sizes and low identification complete-
ness of such faint objects. Evidence for a flattening of the faint-end of the AGN
XLF at z > 3 (i.e., a steeper decline of the space density of low-luminosity AGN
compared with that of more luminous objects) has been reported by, e.g., [209] and
[208] (see the magenta and yellow stripes in Fig. 16). However, other investigations
involving X-ray and UV selected AGN samples do not find such a flattening (e.g.,
[210]). Constraining the number density of low-luminosity AGN up to high-redshift
(z = 6 and possibly beyond) is one of the main goals of future X-ray telescopes
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(e.g., [211]), which will provide us with deeper and wider X-ray surveys than those
currently available. Recently, [212] and [213] presented the first estimates of the
bright-end of the AGN XLF at 7 =~ 6, via X-ray detection of one high-redshift
AGN in wide-field eROSITA and SWIFT surveys, respectively.
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Fig. 16 Evolution of the space density of X-ray selected AGN with different luminosities at z = 3 —
6 (from [214, 207, 208]), compared with the space density of galaxies (from [215]) with different
stellar masses (rescaled by a factor of 0.02).

The cosmic evolution of the obscured AGN population has also been determined
with deep X-ray surveys up to z ~ 5. The fraction of obscured systems has been
found to increase steadily from the local Universe (= 10 —30%) up to z =3 —5
(= 70—80%), especially in the high-luminosity regime (e.g., [200, 216, 208]). Such
evolution can be possibly caused by an increasing contribution of the interstellar
medium (ISM) in the host galaxies to the nuclear obscuration at high redshift, where
galaxies are typically smaller and more gas-rich than at later cosmic times (e.g.,
[217D).

It is worth noting that X-ray observation of obscured AGN at z = 3 sample
rest-frame energies corresponding to the peak of the X-ray emission. Therefore,
deep X-ray surveys are thought to be highly complete for what the obscured AGN
population at high redshift is concerned, with the only possible exception of the
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most heavily obscured, Compton-thick systems (i.e., those with column densities
> 10%* cm™2). Therefore, an estimate of the fraction of missed z > 6 QSOs due to
obscuration can be attempted by comparing the z ~ 6 QSO UV luminosity function
(UVLF) to the extrapolation of the analytical form of the AGN XLF from z ~ 4 to
z~ 6. In fact, the existence of a significant number of high-redshift QSOs missed by
currently used selection techniques based on the rest-frame UV colours should pro-
duce a higher normalization of the AGN XLF than that of the UVLF. Fig. 17 presents
such a comparison, where the analytical forms of the AGN XLF from [214] and
[206] have been extrapolated from z ~ 4 to z = 6 and converted into UVLF assum-
ing the oty — Lyy relation of [143], I’ = 2 and UV emission in the form f; o 2703
(e.g., [5]). The larger space density of z =~ 6 QSOs suggested by the XLF points
toward a fraction of ~ 90% of high-redshift QSOs missed by standard UV selec-
tion, most probably due to widespread obscuration that suppresses the UV emission.
Such fraction is consistent with measurements at z ~ 4 (e.g., [208]). The uncovered
population of obscured QSOs at high redshift represents a wide discovery space for
future multi-wavelength facilities, and next-generation X-ray telescopes likely will
play a leading role in the identification of such objects.

8 Future prospects

As mentioned in Section 7, the existence and the nature of the earliest (seed) BHs is
still observationally unconstrained. The advent of the next-generation EM facilities
and GW interferometers will provide unique insights on the yet unexplored BH
Universe, especially at high redshift. The first will see little patches of the deep
Universe, unveiling the dawn of galaxies and accreting BHs, while GW detectors
will witness the dawn of black hole binaries.

Observatories like the Square Kilometer Array (SKA) in the radio band, the
James Webb Space Telescope (JWST) space mission and the ground-based Ex-
tremely Large Telescope in the optical and near-infrared, the Advanced Telescopes
for High Energy Astrophysics Athena and the mission-concepts Lynx and Axis in
the X-rays, will enable deep EM observations of galaxies and active BHs up to
7~ 8 —10 (see Figure 18), providing new information on the faintest AGN, the ear-
liest accreting BHs and extending the search for binary/multiple AGN in interacting
systems. Nonetheless, it will be possible to identify the electromagnetic counterparts
of gravitational wave sources (merging massive BHs, that are among the loudest
sources of GWs).

Theoretical studies suggest that deep X-ray observations may be used to discrim-
inate among different BH seeding and growth mechanisms as these processes should
leave distinct imprints in the high-redshift BH occupation fraction and luminosity
functions, although uniquely disentangling the electromagnetic signatures of seeds
of different origin will be challenging (e.g., [219, , 221]).

The imprints of different seeding mechanisms may be even more pronounced
in the observed BH-BH merger rates, potentially detectable through GWs. If light
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Fig. 17 Comparison between the UVLF (from [199, 218]) and XLF (from [214, 2006], estrapolated

and transformed into UVLF as described in the text) of z ~ 6 QSOs. The different normalizations
suggest the existence of ~ 90% QSOs missed by UV selection, most probably due to obscuration.

seeds were the dominant seed formation channel at high redshift, a higher merger
rate (as a consequence of the higher predicted occupation fraction), with respect to
that expected from heavy seeds, should be observed (e.g., [86, 112, 113, 221]).

Ground-based gravitational wave observatories with frequency sensitivities down
to a few Hz, like the Einstein Telescope (ET; [222]) and Cosmic Explorer (CE; [223]
will discover millions of coalescing stellar binary BHs (~ 102M) out to z ~ 10— 15
(see Figure 18), thus probing the existence of light seeds that are expected to be to
faint for EM facilities (e.g., [1 4] and references therein). Complementary, Deci-
hertz Observatories, such as the proposed Deci-hertz Interferometer Gravitational
wave Observatory (DECIGO) and the Atom interferometer Observatory and Net-
work (AION), will be sensitive to ~ 10 — 10* M, binary BHs at z > 12 (e.g., [224],
and references therein).
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In the low-frequency domain (100uHz and 100 mHz), space-based interferom-
eters such as the Laser Interferometer Space Antenna (LISA; [225]), the interfer-
ometer TianQin (under design [226]) and the proposed Taiji program ([227]) will
instead detect the GW signals from massive binary BH coalescences (in the range
~10* =107 M), across cosmic ages (e.g., [116, ] and references therein).

Fig. 18 Summary of the GW and EM landscape. The coloured curves are the sensitivity limits
(also known as waterfall plots) showing the average GW horizon computed for S/N = 10 and
mass ratios ¢ = 1,0.5,0.3,0.1 both in the ET (red) and LISA (blue) bandwidth [228, ]. Thick
horizontal bars indicate the sensitivity of the deepest pointing, in the [0.5 — 2] keV observed band,
of the missions Athena (orange) and of the NASA concepts Lynx/AXIS (black). Ellipses show
where stellar-mass BHs (red), light (blue) medium-weight (yellow) and heavy (white) seeds are
expected to form. In the yellow region newly formed medium-weight seeds and light seeds that
grow in time via accretion and mergers are expected to co-exist. The transit to the SMBH domain
covers the entire LISA area and EM observations are key to discover the high-mass tail of the
SMBH distribution. The light-grey ellipse at z < 5 marks the population of long-living “starved”
merging seeds (i.e. seeds whose growth is stunted by several processes) that could be detectable
at late times when merging with other SMBHs at z <5 ([114]). The gap in the deci-Hz window,
between the ET and LISA domain, is the territory of decihertz GW observatories/programs like
DECIGO and AION. Figure adapted from [ 14].

Finally, facilities and experiments like SKA, the Pulsar Timing Array (PTA) and
the concept PIXIE (Primordial Inflation Explorer) will enable to probe the existence
of primordial BHs.

With currently operating facilities, dedicated observations of well-selected high
redshift QSOs will greatly improve the test of the cosmological model and the study
of the dispersion of the Lx — Lyv relation. eROSITA, flagship instrument of the
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ongoing Russian Spektrum-Roentgen-Gamma (SRG) mission, will represent an ex-
tremely powerful and versatile X-ray observatory in the next decade. The sky of
eROSITA will be dominated by the AGN population, with ~3 million AGN at a
median redshift of z ~ 1 expected by the end of the nominal 4-year all-sky survey at
the sensitivity of Fys5_oiev =~ 10714 erg s~! cm™2, for which extensive multiwave-
length follow-up is already planned. Regarding the constraints on the cosmological
parameters (such as £y, 24, and w) through the Hubble diagram of QSOs, we pre-
dict that the 4-year eROSITA all-sky survey alone, complemented by redshift and
broadband photometric information, will supply the largest QSO sample at z < 2
(average redshift z ~ 1, see [230]), but a relatively small population should survive
the Eddington bias cut at higher redshifts (see, e.g., [231]), thus being available for
cosmology [182] as eROSITA will sample the brighter end of the X-ray luminosity
function [232]. None the less, the large number of eROSITA QSOs at z >~ 1 will
be pivotal for both a better cross-calibration of the QSO Hubble diagram with SNe
and a more robust determination of €4, which is sensitive to the shape of the low
redshift part of the distance modulus—redshift relation.

In the mid/long term, surveys from Euclid and Vera C. Rubin Observatory
(LSST) in the optical/UV, and Athena in the X-rays, will also provide samples of
millions of QSOs. With these samples it will be possible to obtain constraints on
the observed deviations from the standard cosmological model, which will rival and
complement those available from the other cosmological probes.

From the theoretical perspective, further improvements in both SAMs and simula-
tions are required to fully understand the physical mechanisms regulating the for-
mation of high-redshift QSOs. Self-consistent models for seed BH formation and
growth need to be implemented in future simulations, possibly connecting large-
scale cosmological studies with higher-resolutions, (non-cosmological) simulations
(those devoted to study single halos and/or suited to resolve the typical physical
scales, close or below the Bondi radius, of BH accretion and dynamics). More re-
fined prescriptions for BH dynamics (down to the GW driven domain) are required,
in both SAMs and simulations, when predicting the statistical properties of BH pop-
ulations (e.g., their merger rate) in a cosmological context, alongside the hierarchical
assembly of galaxies. In addition, efforts should also be devoted to consistently link
the assembly history of SMBHs (BH dynamics, seed formation and growth mecha-
nisms) to the chemical evolution history of their host galaxies.
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