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ABSTRACT

Observing the light emitted by the first accreting black holes (BHs) would dramatically
improve our understanding of the formation of quasars at z > 6, possibly unveiling the
nature of their supermassive black hole (SMBH) seeds. In previous works, we explored the
relative role of the two main competing BH seed formation channels, Population III remnants
(low-mass seeds) and direct collapse BHs (high-mass seeds), investigating the properties
of their host galaxies in a cosmological context. Building on this analysis, we predict here
the spectral energy distribution and observational features of low- and high-mass BH seeds
selected among the progenitors of a z ~ 6 SMBH. We derive the processed emission from
both accreting BHs and stars by using the photoionization code cLoupy, accounting for the
evolution of metallicity and dust-to-gas mass ratio in the interstellar medium of the host
galaxies, as predicted by the cosmological data-constrained model GAMETE/QSObust. We
show how future missions like James Webb Space Telescope (JWST) and Advanced Telescope
for High Energy Astrophysics (ATHENA) will be able to detect the light coming from SMBH
progenitors already at z ~ 16. We build upon previous complementary studies and propose a
method based on the combined analysis of near-infrared colours, IR excess (IRX), and UV
continuum slopes (i.e. colour—colour and IRX-8 diagrams) to distinguish growing seed BH
host galaxies from starburst-dominated systems in JWST surveys. Sources selected through
this criterion would be the best target for follow-up X-ray observations.

Key words: galaxies: evolution—galaxies: high-redshift— galaxies: nuclei—quasars: gen-
eral —quasar: supermassive black holes.

number of dedicated reviews for more details on different seed for-

1 INTRODUCTION

Recent theories of black hole (BH) formation predict at least two
viable mechanisms explaining the formation of accreting supermas-
sive black holes (SMBHSs) of 10°-10'" M, which are observed
already at redshift z ~ 7: the rapid growth of Population III (Pop
III) remnant BHs (~100 M; e.g. Madau & Rees 2001; Heger et al.
2003; Yoshida, Omukai & Hernquist 2008; Latif et al. 2013; Hi-
rano et al. 2015), driven by the accretion of gas at rates exceeding
the Eddington limit or the formation of more massive BH seeds,
the so-called direct collapse BHs (DCBHSs), of (105-10°) M (e.g.
Bromm & Loeb 2003; Begelman, Volonteri & Rees 2006; Lodato
& Natarajan 2006, 2007; Volonteri, Lodato & Natarajan 2008; In-
ayoshi & Omukai 2012; Agarwal et al. 2014; Ferrara et al. 2014;
Inayoshi, Visbal & Kashiyama 2015). We refer the readers to a
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mation and growth mechanisms (Volonteri 2010; Natarajan 2011;
Johnson & Haardt 2016; Latif & Ferrara 2016; Gallerani et al. 2017;
Valiante et al. 2017, and references therein).

Several semi-analytic models have been devoted to study the
formation of SMBHs, exploring the role of low-mass or high-
mass seeds (e.g. Volonteri, Haardt & Madau 2003; Haiman 2004;
Madau et al. 2004; Volonteri & Rees 2005, 2006; Tanaka & Haiman
2009; Volonteri, Silk & Dubus 2015, and references therein). Petri,
Ferrara & Salvaterra (2012) presented the first semi-analytic model
for the formation of high-redshift SMBHs exploring the combined
action of low- (100 M) and high-mass (10° M) seed BHs. In all
those works, however, seeds were not planted according to the envi-
ronmental conditions, and the chemical evolution of the interstellar
medium (ISM) of the host galaxies was not considered.

In a previous work (Valiante et al. 2016, hereafter V16), we used
a cosmological, data-constrained model GAMETE/QSObpusT to in-
vestigate the relative role of low-mass (light) and high-mass (heavy)
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BH seed in the formation of z > 6 SMBHs, like the one powering the
quasar SDSS J1148+4-5251. GAMETE/QSObusT consistently fol-
lows the formation and evolution of nuclear BHs and their host
galaxies along different merger histories of the parent dark matter
(DM) halo. While many semi-analytical models and simulations fol-
low BH growth, star formation, and metals, GAMETE/QSObusTis
the only model that traces accurately dust evolution as well.

In V16, we showed that in a Eddington-limited BH accretion
scenario, despite their low occurrence (in just few haloes, 3-30
depending on the merger history), the formation of DCBHs is re-
quired to grow a SMBH with Mgy > 10° M. Moreover, in Pezzulli,
Valiante & Schneider (2016), we showed that a mildly super-critical
growth (less than 20 times the Eddington rate) on to light BH seeds
of 100 My is required to reproduce the mass of SDSS J1148+5251
if heavy seeds are not considered in our model.

Despite intensive efforts, no observational signatures of high-
redshift SMBH progenitors have been found in current surveys (see
e.g. Reines & Comastri 2016, for a recent review). To date, no clear
AGN signatures at z > 6 have been found even in the deepest X-
ray observations (Willott 2011; Treister et al. 2013; Weigel et al.
2015; Cappelluti et al. 2016; Vito et al. 2016; Luo et al. 2017).
It should be noted though that two faint AGN candidates, with
photometric redshift z = 6.6 and 9.7, have been selected in the
CANDELS GOODS-S field (Giallongo et al. 2015). Although the
redshift determination is still uncertain (Georgakakis et al. 2015;
Cappelluti et al. 2016; Luo et al. 2017), these sources have been
proposed as possible DCBH hosts by Pacucci et al. (2016).

A clear example of the difficulties in interpreting observations at
high redshift is the controversial nature of the metal-poor component
of the bright Lyx emitter CR7 observed by Matthee et al. (2015),
Sobral et al. (2015), and Bowler et al. (2017) at redshift z ~ 6.6. This
is suggested to be either a DCBH (Hartwig et al. 2015; Pallottini
et al. 2015; Agarwal et al. 2016, 2017; Smidt, Wiggins & Johnson
2016; Smith, Bromm & Loeb 2016; Pacucci et al. 2017) or a Pop 111
star host candidate (Sobral et al. 2015; Dijkstra, Gronke & Sobral
2016; Visbal, Haiman & Bryan 2016), or none of the two (Bowler
et al. 2017).

If faint AGNs at high redshift are powered by accreting DCBHs,
the non-detection of AGN candidates in current surveys may be
explained by the peculiar and rare environmental conditions re-
quired for DCBH formation ( Hosokawa, Omukai & Yorke 2012;
Hosokawa et al. 2013; Dijkstra, Ferrara & Mesinger 2014; Inayoshi
& Haiman 2014; Inayoshi, Omukai & Tasker 2014; Yue et al. 2014;
Chon et al. 2016; Habouzit et al. 2016; Sugimura et al. 2016; V16).
On the other hand, the current lack of detection in the X-ray band
could be due to short and intermittent super-Eddington accretion
events on Pop III remnants, resulting in a very low active BH frac-
tion (~ 1 percent) at z > 7 (Pezzulli et al. 2017).

Theoretical models of the expected spectral energy distribution
(SED) of AGNs at z > 4-5 may provide a powerful tool to support
future observations. Indeed, with the upcoming James Webb Space
Telescope (JWST) and Advanced Telescope for High Energy Astro-
physics (ATHENA, in the next decade) missions, we may be able
to detect the signatures of active galaxies up to very high redshifts.
Pacucci et al. (2015) modelled the SED of a growing DCBH with
initial mass of 10° M accreting gas in a metal-free isolated DM
host halo. They use the code cLoupy (Ferland et al. 2013) to process
the intrinsic (optical/UV/X-ray) emission, suggesting that the re-
sulting infrared (IR) emission around ~1 pum and the [0.1-10] keV
band X-ray emission may be detected by JWST and ATHENA. Sub-
sequently, Natarajan et al. (2017) extended this study to what they
call obese black hole galaxies (OBGs), a class of transient objects
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predicted by Agarwal et al. (2013) that originate from the merging
of star-forming galaxies with a neighbour satellite DCBH host. The
authors presented a colour—colour selection criterion aimed at iden-
tifying OBGs with predicted magnitudes Mg < 25, which should
be detected by the JWST instrument MIRI. They compared the SEDs
of OBGs and of growing Pop III remnant BHs at redshift z =9, con-
cluding that JWST could be able to discriminate among the two seed
formation channels. In addition, Volonteri et al. (2017) presented
a population synthesis model for high-redshift BHs, AGN, and
galaxies, based on empirical relations, proposing a colour—colour
selection in JWST photometric bands, F1280W — F2100W versus
F200W — F1280W, to discriminate starburst-dominated galaxies
and AGN in future surveys.

The studies mentioned above introduced promising methods to
search for AGN and seed BH candidates in future surveys, set-
ting the (theoretical) groundwork for the upcoming high-redshift
multi-wavelength observations. However, the systems analysed in
Natarajan et al. (2017) and Volonteri et al. (2017) are not explicitly
related to the formation of a SMBH with the mass and accretion
rate sufficient to explain the luminous quasars at z ~ 6 and do not
grow in its environment.

In Valiante et al. (2018, hereafter Paper 1), we presented a sta-
tistical analysis of the properties of ‘isolated’ galaxies that host
light (low-mass) or heavy (high-mass) BH seeds. We named these
systems (BH + host galaxy) isolated light seeds (ILS) and iso-
lated heavy seeds (IHS). Following V16, ILS and IHS have been
selected among the progenitors of SDSS J1148+5251. In Paper I,
we pointed out that at z > 10 the majority of heavy (~98 per cent)
and light (80 per cent) seeds evolve in isolation and that these two
populations show different properties: IHS have BH accretion rate
(BHAR) higher than ILS; IHS host galaxies show a factor of 5-10
lower stellar mass and metallicity as well as a less efficient star
formation history. These differences become statistically negligi-
ble at z < 10, when the fraction of IHS (ILS) drops to less than
~27(20) per cent as a consequence of merger events. At these later
epochs, any trace of the BH seed origin and of its birth environment
is lost. Thus, candidate systems at z > 10 are the best targets to
discriminate among the two main seed formation channels.

Here we compute the SED of IHS and ILS, using the sample
presented in Paper I. Our aim is to establish the feasibility of (i) de-
tecting high-z faint progenitors of the first SMBHs, (ii) observation-
ally discriminating light and heavy BH seeds. Similarly to Pacucci
et al. (2015) and Natarajan et al. (2017), we use cLouDY to model
the SEDs of IHS and ILS. The main difference of our approach is
that we analyse systems (BHs—host galaxies) selected among the
ancestor population of an observed SMBH, along its cosmological
evolution. In other words, our approach has the advantage of fol-
lowing the evolution of light and heavy seed progenitors along the
same hierarchical history (i.e. the two seed BH formation channels
are not mutually exclusive), starting from the epoch at which the
first stars form (z ~ 24), down to z ~ 6, when the observed quasar is
eventually assembled. The properties of the seed BH population are
closely related to the evolution of their host galaxies: mass, num-
ber, redshift distribution, and growth history are regulated by the
build-up of the UV radiation field, by the metals and dust pollution
of the ISM and intergalactic medium (IGM), and by the effect of
stellar and AGN-driven winds. Our approach allows us to assess

I Starting from the epoch of the BH seed formation, we consider a system
(BH and its host galaxy) to evolve in ‘isolation’ until a minor or major
galaxy merger takes place.
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the possibility of observationally distinguishing the two different
populations of seed BHs.

The paper is organized as follows. In Section 2, we present the
model for the SEDs. In Section 3, we discuss in detail two accret-
ing heavy and two accreting light seed BH prototypes, inspecting
their predicted SEDs. Finally, we discuss our results drawing the
conclusions of the study in Sections 4 and 5.

2 SUMMARY OF THE MODEL

Here we summarize the main features of GAMETE/QSObusT,
a semi-analytic, data-constrained model developed to study the
formation and evolution of high-redshift quasars and their host
galaxies in a cosmological framework. We refer the reader to
Valiante et al. (2011, 2014, 2016, and Paper 1, for further details on
GAMETE/QSObusT).

GAMETE/QSObusT successfully reproduced the observed prop-
erties of a sample of quasars at z > 5 (Valiante et al. 2014). Fol-
lowing V16, we focus our analysis on the progenitor BHs of the
(2-6) x 10° M¢ SMBH that powers SDSS J1148+5251, one of the
best studied luminous quasars at z > 6. A summary of the properties
of SDSS J1148+5251 inferred from the observations can be found
in Valiante et al. (2011, 2014).

DM halo merger trees. Different hierarchical merger histories
(merger trees) of the 10" Mg host DM halo have been recon-
structed by using a Monte Carlo algorithm following the extended
Press—Schechter theory. The DM halo resolution mass at z > 14
is extended to haloes with virial temperature in the range 1200 K
<T.uir < 10*K (i.e. mini-haloes). These mini-haloes dominate the
halo mass spectrum at z 2 17 and are expected to host the first
generation of stars (Pop III stars). At z > 14 instead, the merger tree
halo population is dominated by Ly haloes, namely DM haloes
with Tyi; > 10* K (see V16 for details).

BH growth. The growth of the BH is driven by gas accretion and
mergers. The BHAR is described by the Bondi-Hoyle—Lyttleton
formula re-scaled by a factor agy = 50 (to match the BH mass of
SDSS J1148+5251) and cannot exceed the Eddington limit (see
Valiante et al. 2014, for details).

Star formation and ISM chemical evolution. In each progenitor
galaxy, stars are assumed to form following a series of quiescent
and/or major merger-enhanced bursts.* Following each star for-
mation episode, the production of metals and dust by asymptotic
giant branch stars and supernovae (SNe) is regulated by the stel-
lar lifetimes. In addition, we include physical prescriptions for dust
processing in a two-phase ISM: destruction by SN shocks in the hot,
diffuse medium and grain growth in cold, dense molecular clouds
(see de Bennassuti et al. 2014; Valiante et al. 2014, for details).

Mechanical feedback. We also include energy-driven winds, trig-
gered by SNe and accreting BHs. The metal and dust-rich gas
outflows, launched on galaxy scales, are responsible for polluting
the IGM. This mechanical feedback is described assuming that

2 The model GamEeTE (GAlaxy MErger Tree and Evolution) was originally
conceived to study the formation and evolution of local, Milky Way-like
galaxies, in a cosmological context (Salvadori, Schneider & Ferrara 2007;
Salvadori, Ferrara & Schneider 2008).

3 apy is a free parameter required in semi-analytic models and numerical
simulations to account for the higher central densities around accreting BHs
(e.g. Di Matteo, Springel & Hernquist 2005).

4 A major merger is defined as the coalescence of two DM haloes with
mass ratio (less massive over the most massive) u > 1/4.
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0.27(0.25) per cent of the energy released by SN explosions (BH ac-
cretion) is used to accelerate the ISM gas (see Valiante et al. 2012,
and V16 for details). As observed in SDSS J1148+5251 (Maiolino
etal. 2012; Cicone et al. 2015), in our model the evolution history of
BHs and their host galaxies is mainly regulated by AGN feedback,
with SN-driven winds having only a minor effect.

2.1 First stars and BH seed formation

As discussed in V16, the number and nature of stars and BH seeds
are determined by the combined effect of chemical and radiative
feedback.

The level of chemical enrichment determines the duration of the
Pop III star formation era. Pop III stars form out of metal-poor
gas when the ISM metallicity is lower than the adopted critical
threshold Z,, ~ 10~* Z¢ (Schneider et al. 2002, 2003, 2012). The
Pop III initial mass function (IMF) is assumed to be a Larson IMF
(Larson 1998) with a characteristic mass m., = 20 M) (top-heavy
IMF), whereas for Pop Il we adopt m, = 0.35 M, (standard IMF).

In addition, the level of intensity of H, photodissociating radi-
ation, to which haloes are exposed, determines whether stars (in
mini-haloes) or DCBHs (in Ly cooling haloes) form and regulates
the star formation efficiency in mini-haloes (according to the halo
virial temperature, redshift, and metallicity, see appendix A in V16
and de Bennassuti et al. 2017).

When the star formation efficiency is low, we perform a stochastic
sampling of the intrinsic Pop III top-heavy IMF, randomly selecting
stars in the mass range [10-300] M until the total stellar mass
formed in the burst is reached. Light BH seeds are formed by the
collapse of Pop III stars with masses in the range [40-140] and
[260-300] M.

In Lyo cooling haloes, heavy BH seeds (10° M) can form when
Z < Z, and the cumulative Lyman—Werner (LW) emission (from
all galaxies and AGN) is larger than the assumed critical value
Jor =300 x 1072 ergs~' Hz™' cm™2 sr™! (see Valiante et al. 2017,
and references therein, for a discussion regarding J.i;). As shown
in V16, the critical level is reached at z ~ 16-18, depending on the
particular merger history.

We stop forming Pop III stars and BH seeds at z < 15, when
metal enrichment to Z > Z, triggers the transition to Pop II star
formation.

3 SED MODELS

In this section, we describe how we derive the SED of galaxies
hosting the first seed BHs. Once GAMETE/QSObusT has predicted
the physical quantities for each galaxy and its central BH (i.e. the
time-dependent BH mass, BHAR, gas density, star formation rate,
stellar mass, ISM metallicity, and dust-to-gas ratio), we compute the
expected intrinsic emission of the central accreting BH and stellar
component, separately. Then, we process the combined emission by
means of the plasma photoionization code cLoupy, which models
the physical conditions of clouds (ionization, chemical, and thermal
state) exposed to emitting sources. Calculations were performed
with version 13.04 of cLoupy® (Ferland et al. 2013).

5 We assume that only the most massive BH among the Pop III remnants
formed in each burst settles in the centre of the halo accreting gas from its
surroundings.

¢ www.nublado.org
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3.1 Stellar component

The intrinsic emission from Pop III stars is computed as the sum of
single stellar black body (BB) spectra, depending on the randomly
extracted stellar masses. We compute the BB by using the stellar
effective temperatures given by Schaerer (2002).

The SEDs of Pop II stars are computed with the spectral evolution
code PEGASE v2.07 ( Fioc & Rocca-Volmerange 1997, 1999). As
an input to the code, we provide the Larson IMF (not included
in the original version) and the file containing the star formation
and metallicity evolution histories (as a function of time, for each
progenitor galaxy) as predicted by GAMETE/QSObusr.

3.2 Accreting BHs

The intrinsic SED of accreting BHs has been modelled as described
in Pezzulli et al. (2017). The optical/UV primary emission from the
accretion disc is the sum of multicolour BB spectra given by

—11/3
BB Tmax T / dT
LPP B,(T) , M
0 Tmax Tmax

where B, (T) is the Planck function and 7 the disc temperature, which
reaches the maximum value, Ty, nearby the innermost stable cir-
cular orbit. 7(r) is the temperature profile of steady-state, optically
thick, geometrically thin accretion disc described by Shakura &
Sunyaev (1973, see Pezzulli et al. 2017 for further details). The
template spectrum is normalized to the accreting BH bolometric
luminosity.

The part of the spectrum in the X-ray energy band due to the
emission from the hot corona is modelled with a power law with an
exponential cut-off at energy E. = 300keV (Sazonov, Ostriker &
Sunyaev 2004; Yue et al. 2013): L, oc v Tle™"/Ec We include
the contribution of the metallicity-dependent reflection component
(the primary X-ray emission reflected by the surrounding neutral
medium) using the reflection-only solution of the pEXrRAV model
(Magdziarz & Zdziarski 1995) in the xspec code.®

Following Brightman et al. (2013), we consistently compute the
photon index, I', in the hard X-ray band (2-10keV) for each ac-
creting BH as a function of the Eddington ratio Agqq (predicted by
GAMETE/QSODUST) as FZ—IO keV = 0.32 log AEdd + 2.27.

3.3 Emerging spectrum

The AGN and stellar intrinsic emission components are used as
an input to cLoupy. The emerging SED is the result of the total
intrinsic radiation reprocessed by the column of gas, enriched by
atomic metals and dust, present in the host galaxy.

We assume a static, spherical geometry for the material distribu-
tion within the galaxy. In cLoupy, the spherical gas cloud configu-
ration is described by distributing the material in concentric shells
with progressively larger radii. The inner shell face is illuminated
by the radiation coming from a combination of point-like sources
placed at the centre.

To compute the emerging spectrum, cLouDY requires the follow-
ing set of parameters:

7 http://www?2.iap.fr/users/fioc/PEGASE.html

8 We consistently linked I', E., and normalization parameter to the values
adopted for the primary power-law component and set the inclination angle
to 60° and the reflection strength parameter, R = 1, consistent with typical
values of local low-luminosity AGN (Burlon et al. 2011; Del Moro et al.
2017; Zappacosta et al. 2018).
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.~~~ central
source

“gas+dust

Figure 1. Schematic view of the geometry adopted for cLoupy simulations
(see the text for details). Different black solid arrows show the inner, rjy,
sublimation, rg,p1, and DM halo virial radius, ryi. Dust-free gas is distributed
in the inner r < rgp shell, while the dusty ISM of the host extends from
Tsubl tO Tyir.

(i) inner and outer radii of the sphere, r;, and roy;

(i1) gas number density at the inner radius n(r,) and the power
index, «, of the gas radial density profile;

(iii) gas composition: column of hydrogen, helium, atomic met-
als (or gas metallicity), and dust-to-gas ratio.

In GAMETE/QSObusr, the gas density profile is described by a
singular isothermal sphere with a flat core:

nnorm
n(r) 1 + (r/rcﬂl”t‘,)z ' (2)
The term n,0m, is the normalization constant set by the condition
that the total gas mass of the galaxy is enclosed within the halo
virial radius, Ry;. A core radius of r¢oe = 0.1(0.01) pc has been
chosen to encompass the small scale of the inner, higher density
regions around the central accreting heavy (light) seed BH.’

We adopt the inner radius rj, = 7 and the number density
n(rin) = Nyorm @s input values for the cLoupy simulations and select
the cLoupy density profile n(r) = n(ri,)(r /rin)“ cm ™3, with o = 2,
that closely match the profile of equation (2) adopted in the GA-
METE/QSObusrt calculation. The outer radius is set to be 7oy = Ry;;.
A schematic representation of the adopted geometry is given in
Fig. 1.

The host galaxy metallicity and dust-to-gas ratio predicted by
GAMETE/QSObusr are transferred to the cLoupy computation by
re-scaling the built-in table ‘ISM’ abundances, which accounts for
metals and dust mixtures. '

We have verified that dust grains in the very inner regions (i.e.
in the shells closer to the emitting source) can be heated above
the sublimation limit. In other words, the maximum temperature

9As a comparison, the radius of gravitational influence of a BH,
~GMgp/cZ,is ~3 pe for Mpr = 10> My (cs ~ 15kms™" for Tgys = 107 K)
and ~0.03 pc for Mpy = 100M (cs ~ 5kms™" for Tges = 10° K).

10In cLoupy, the ISM’ gas-phase abundances are from Cowie & Songaila
(1986), Savage & Sembach (1996), Snow, Destree & Jensen (2007), and
Mullman et al. (1998), and the dust grain model is from Mathis, Rumpl &
Nordsieck (1977).
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of a grain species exceeds the default sublimation temperature
(1400 and 1750K for silicate and graphite grains, respectively).
Ignoring this aspect may overestimate the IR emission. To account
for dust sublimation, when required, we perform simulations with
cLoupy adopting the following three-step strategy (runs).

(i) We determine the dust sublimation radius, rgy (with
Tsubl > Tin), at which the temperature of the hottest grain species
first falls below the sublimation temperature (run 1).

(i) We process the accreting BH emission travelling through the
inner dust-free shell of depth rgn — 7iy. Thus, the inner shell of the
cloud is heated only by the AGN (run 2).

(iii) We combine the transmitted BH emission, resulting from
run 2, with the emission from stellar sources and give the resulting
SED as an input for a third cLoupy simulation for the outer shells,
Tsubl <7 = Tout (run 3)

This three-step simulation strategy allows us to approximately
mimic the fact that the AGN and stellar emission do not come
from the same location in the host galaxy and are expected to
be reprocessed by different gas and dust column densities. It is
reasonable to assume that star-forming regions are located on scales
of few hundreds of pc (e.g. Davies et al. 2006, 2007; Hicks et al.
2009; Wada, Papadopoulos & Spaans 2009; Sani et al. 2012) where
dusty molecular clouds can survive the destructive effects of the
strong radiation field of the central AGN (i.e. in overdense regions
where the cold, molecular gas is shielded by dust).

Finally, we include the redshift-dependent cosmic microwave
background radiation field, modelled by cLoupy as a BB spectrum
with temperature Tevp = To(1 + z) K (Peebles 1971; Wilkinson
1987; Mather et al. 1999).

4 RESULTS

In this section, we compute the time-dependent SED of four pro-
totypical ILS and IHS along their evolution. Since our main aim is
to investigate if the nature of BH seeds can be observationally dis-
criminated, we select two efficiently growing and two inefficiently
growing BH seeds among the IHS and ILS samples. In this way, we
highlight differences in the same population of systems and similar-
ities among the two different classes. In what follows, we indicate
each system by its host halo ID assigned in the simulation merger
tree.

4.1 Most and least massive BH in the sample

We have selected the most and least massive BH, in the sample
analysed in Paper 1. The physical and observational properties of
these systems are representative of sources that we expect to find in
biased regions that lead to the formation of a SMBH at z > 6.

Fig. 2 shows the evolution of selected ILS and IHS systems in
the BH—stellar mass plane. The differences among the four tracks
are indicative of the large variety of evolutionary channels that we
find in the simulation.

The two IHS (2538 and 13356) are shown by the solid and dashed
lines. Initially, they follow a similar evolution at constant BH mass.
When the stellar mass of the hosts has reached a value of 10 Mg,
the BH mass of 2538 grows faster than the stellar mass, reaching
a value of ~107 M@, whereas 13356 continues to evolve at an
almost constant BH mass. It is interesting to compare the evolution
of these two systems with the average evolution of IHS, shown by
the pink circles. It shows that 2538 better represents the average
evolution of IHS hosted in galaxies with My, < 10%°Me. The
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Figure 2. The BH mass as a function of the stellar mass for the selected
accreting seed BH prototypes. Solid and dashed lines are IHS-2538 and
13356, respectively. Two ILS are instead shown with dot—dashed (654) and
dot-long dashed (5836) curves. For these systems, data points indicated by
squares (triangles) indicate the evolution during the Pop III star formation
regime. We also label the fraction of systems in the IHS and ILS populations
showing properties similar to each prototype (see the text for details). Filled
light blue squares and pink circles represent, respectively, the average BH
mass of ILS and IHS in different stellar mass bins, with bars indicating the
maximum and minimum BH mass in each bin and the width of the stellar
mass interval. The dotted and short-dashed lines indicate the 1:1 and local
BH-stellar mass (Sani et al. 2011) scaling relations.

fraction of systems similar to IHS-2538 (~33 per cent) and 13356
(~40 per cent) are also labelled in the figure. The remaining fraction
of objects instead shows mixed properties in terms of final BH mass
and/or lifetime in isolation (At, see fig. 2 in Paper I).

The two ILS (5836 and 654) are shown by dot—dashed and
dot-long dashed lines, respectively. Triangle-shaped (squared) data
points indicate their growth during the Pop III star formation epoch
(see Appendix for further details). They start with comparable BH
mass but follow a very different evolution. ILS-5836 grows much
faster than the stellar mass (squares) until Pop II stars start to form
in the host halo (dot-long dashed line) whereas ILS-654 evolves
at an almost constant BH mass. In both systems, the central BHs
experience mergers with other Pop III BHs formed in the same host
galaxies (see section 3.2 in Paper I). These events cause the step-
like increase in the BH mass along the two tracks (see Appendix).
The comparison with the average evolution of ILS, shown by the
light blue squares, indicates that ILS-654 is more representative of
the average ILS evolution. About 89 per cent of systems are similar
to ILS-654 while systems following an evolution (in terms of BH
mass) similar to ILS-5836 are only ~1 per cent of the population,'!
as labelled in the figure.

A detailed description of evolutionary histories of the four pro-
totypical systems is given in Appendix.

We define the age of each system as the time it spends evolving
in isolation from the formation of the BH seed (age = 0). The

' Here we are considering all systems with Mgy > 2 x 10* M, for this
estimate.
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isolated evolution ends when the first (minor or major) halo merger
occurs. It is worth mentioning that although we follow systems
in the ‘isolated’ phase, this does not imply that the selected host
haloes evolve in isolation prior to seed BH formation. Thus, the
initial conditions (e.g. gas mass and metallicity at age = 0) are
different in different systems, even in those belonging to the same
class. This reflects the different histories prior to BH seed formation
and the host halo selection: ILS are initially hosted in star-forming
mini-haloes, while IHS hosts are Lyx cooling haloes.

The four selected systems account for the large diversity in the
properties of ILS and IHS populations. By looking at individual
evolutionary histories (see Fig. A1), we infer that BH growth is af-
fected by (i) the environmental conditions at the epoch of BH seed
formation (i.e. the properties of the host halo resulting from its ear-
lier evolution) and, afterwards, (ii) by the host galaxy star formation
and chemical enrichment histories. The final BH mass, at the end
of the isolated evolution, is largely determined by these properties.
Systems with similar (ILS-5836 and 654) or even equal (IHS-2538
and 13356) initial seed mass can follow very different evolutionary
tracks reaching final BH masses that differ by ~2 orders of mag-
nitude. Systems hosting BHs of different origins (IHS-2538 and
ILS-5836) may instead end up having similar properties (during
certain stages of their evolution). These differences/similarities are
reflected in the predicted SEDs.

4.2 Emission from BH seeds and their hosts

Following the procedure described in Section 3, we compute the
SED of the selected IHS and ILS presented above at different times
of their evolution (ages). Clearly, these correspond to different red-
shifts in the simulation. The results are shown in Fig. 3. The SEDs
are represented by lighter colours at wavelengths where the emission
will be completely absorbed by the intervening neutral hydrogen
along the line of sight. These correspond to rest-frame wavelengths
shortwards of the Lyman limit at 912 A, down to about ~100 A
(Madau 1995; Inoue et al. 2014, and references therein). In each
panel, the yellow shaded and cyan dashed regions indicate the ob-
served hard, [2-10] keV, and soft, [0.5-2] keV, X-ray bands. The
grey arrow in the X-ray part of the spectrum identifies the range
in the limiting fluxes of the ATHENA survey designed by Aird
et al. (2013) for a ~1 deg? (lower end) and ~100 deg” (upper end)
area.'” The grey triangles and squares report the NIRcam and MIRI
photometric sensitivities onboard of JWST."3

4.2.1 The most massive systems

We first analyse the time-dependent spectra of IHS-2538 (top left)
and ILS-5836 (bottom left), which have been selected to be the most
massive BHs among the IHS and ILS samples (see Fig. 2). At each

12 This survey has been designed as a Wide Field Imager wedding cake strat-
egy with single tiers of 4 x 1Ms, 20 x 300ks, 75 x 100ks, and 259 x 30ks.
Reported flux limits are for a 3 arcsec point spread function. A collecting area
of 2m? at 1keV and an instrument field of view of 40 arcmin x 40 arcmin
have been assumed.

3 These are the photometric performance requirements of the in-
struments, namely the point source faintest fluxes that can be ob-
tained at a signal-to-noise ratio SNR = 10 in a 10ks inte-
gration (https://jwst.stsci.edu/science-planning/proposal-planning-toolbox/
sensitivity-overview).
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epoch, the spectrum of IHS-2538 is dominated by the AGN contin-
uum emission, resulting in an almost featureless SED (no promi-
nent, luminous emission lines can be identified). Although strongly
attenuated by the intervening material, the most prominent feature
in the rest-frame SED is the optical/UV emission from the BH ac-
cretion disc (the big blue bump). The reprocessed AGN emission
extends to Agps ~ 10 um.'* At longer wavelengths, the SED is dom-
inated by dust thermal emission. At age > 100 Myr, when the BH
mass is Mgy > 7 x 10° Mg and the BHAR is MBH > 0.01Mgp yr~!
(see the top-left panel in Fig. A1), the rest-frame optical-UV emis-
sion is redshifted to the near-IR (NIR) bands and is detectable
by NIRcam. At almost the same time, the emission in the X-ray
bands becomes intense enough to exceed the lower flux limit in the
ATHENA survey.

The duration of the isolated evolution of ILS-5836 is comparable
to that of IHS-2538 (~225 Myr), but this system is located at a
much higher redshift. It forms at z ~ 22.9 and evolves in isolation
down to z ~ 12. At age = 0, when the first Pop III stars form, the
emission from the accreting ~100M BH is comparable to that
coming from the stellar component. As the system evolves in time,
the emission properties appear to be a scaled-down version of IHS-
2538 (see also the bottom-left panel of Fig. Al). However, more
prominent emission lines are present. This is a consequence of the
larger gas column density in the host galaxy of ILS-5836, due to
the less efficient BH feedback. At age = 250 Myr, although its flux
is still below the JWST limit, the SED of ILS-5836 is potentially
indistinguishable, in terms of shape and spectral features, from that
of [HS-2538.

4.2.2 The least massive systems

Quite different spectra are predicted for IHS-13356 and ILS-654,
which have been selected to host the two inefficiently growing BHs
among the IHS and ILS sample (see Fig. 2). The SEDs of IHS-
13356 are shown in the top-right panel of Fig. 3 at age = 0, 5, and
16 Myr. At age = 0, the only emitting source is the newly planted
BH. Its radiation travels through a large gas column density, as
the gas mass is ~20 times higher than in IHS-2538 at the same
epoch (as discussed in the previous section). Among the several
emission lines, H and He recombination lines are present. Although
the continuum level is below the NIRcam photometric capability,
some of the lines are intense enough to be detected by NIRspec,
despite the very high redshift of the source. As the gas mass drops,
at age > 5 Myr, the spectra are dominated by the continuum. At
16 Myr, the part of the spectrum (magenta dot—dashed line) entering
in the NIRcam filters at 1 um < Ay < 3 um is dominated by the
stellar component (M, ~ 10° M) and it is just above the sensitivity
limits. At this stage, IHS-13356 emission could be revealed by
NIRcam (F200W and F277W filters) onboard of JWST. This low-
mass, inefficiently accreting BH is predicted to be too faint to be
detected in the X-ray bands, even with ATHENA sensitivity.
Finally, the bottom-right panel of Fig. 3 shows the SED of
the starburst-dominated ILS-654. Similarly to IHS-13356, this
is a slowly accreting light BH seed whose mass never exceeds
~103 Mg, even after 400 Myr of evolution. The continuum emis-
sion is dominated by the stellar component with the low-mass AGN
contributing to the X-ray part of the spectrum, but the emission re-
mains several orders of magnitude fainter than any current (and

14 We do not include polycyclic aromatic hydrocarbon particles in the com-
putation, which are expected to radiate in the [1——13] pm range.
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Figure 3. SED of IHS-2538 (top left), IHS-13356 (top right), ILS-5836 (bottom left), and ILS-654 (bottom right) as a function of the observed wavelength,
Aobs- In each panel, different lines correspond to different ages of the system, as shown by the legends, where we also label the corresponding redshift in the
simulation. The SEDs are shown by lighter colours at wavelengths where the emission will be completely absorbed by the intervening neutral hydrogen along
the line of sight. The yellow shaded and cyan dashed regions indicate the observed hard and soft X-ray bands, respectively. The vertical arrow marks the flux
limit of future surveys designed for the ATHENA mission by Aird et al. (2013). The grey triangles and squares are the photometric flux limits of the instruments

NIRcam and MIRI on the JWST.

future) instrument sensitivity. As the galaxy evolves (age >
100 Myr), a continuum-dominated spectrum emerges. Such an in-
tense stellar emission may be easily revealed by the JWST.

4.2.3 Detectability

To summarize, systems like IHS-2538 or ILS-654 in the latest stages
of their evolution (age = 100 Myr) could be easily detected by the
JWST instruments NIRcam (at A > 0.9 um) and MIRI (at least in
the two higher sensitivity photometric filters, F560W and F770W).
The NIR and mid-IR (MIR) luminosities of these objects are Lyig 2

10 ergs™! and Lyr > 108 ergs™!, respectively.’> On the other
hand, detecting objects like ILS-5836 would instead require deeper
NIRcam campaigns. Interestingly, we find that the emission from
a pure accreting heavy seed (no stars) enshrouded in a dense gas
cloud, as in IHS-13356, may be revealed already at z > 16 by
the spectrograph NIRspec, thanks to its prominent emission lines.
The stellar-dominated radiation emerging afterwards (at z ~ 15.7)

15 These are the NIR and MIR band luminosities provided by cLoupy in the
wavelength ranges [1-5] and [5——40] pm, respectively.
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may be instead detected in the F200W and F227W NIRcam filters.
Finally, the ATHENA survey programme envisioned in Aird et al.
(2013) will reach flux limits that are exceeded only by accreting BH
seeds similar to IHS-2538 at age > 100 Myr, when their soft X-ray
luminosity becomes Lo s_ajkev > 10 ergs™'.

We conclude that light and heavy seeds and their hosts can have
very different emission properties. However, these appear to be
more significantly affected by their individual evolutionary history
rather than by their initial nature, i.e. whether they classify as a
light or heavy BH seed. Yet, we recall that the two ‘antithetical’
seed prototypes, IHS-2538 and ILS-654, show very different emis-
sion spectra: the first one being dominated by the central AGN and
the second one being dominated by the stellar component of the
host galaxy. While ILS-654 better represents the average evolution
of light seeds, IHS-2538 represents ~33 per cent of the IHS popu-
lation. Still, systems like IHS-2538 are the most luminous among
the THS, thus, having the largest probability of being detected by
JWST.

4.3 The mean IHS

As discussed above, the four selected prototypes represent extreme
cases (the most and least efficiently growing IHS and ILS). In the
ILS population, the results obtained for ILS-654 are also repre-
sentative of the average population (see Fig. 2). Thus, in order to
make our predictions for IHS systems more general, we perform
an additional analysis, by investigating the SEDs and observational
properties of the ‘average’ IHS population. To this aim, we have
constructed and processed AGN and stellar emission obtained by
considering the average IHS evolution shown in Fig. 2 (pink data
points). The evolution of the mean IHS host has been weighted
over the average lifetime in isolation, ~65 Myr (obtained from the
distribution discussed in Paper I).!°

The mean IHS is an AGN-dominated system and its evolution is
very similar (in both normalization and spectral features) to IHS-
2538, although its final BH is less massive (~1.4 x 10°Mg at
65 Myr). For this reason, we do not show the predicted time-
dependent SED. In particular, in the final stage of the mean IHS
(i.e. at age = 65 Myr), its SED is comparable to that of IHS-2538 at
age = 100 Myr (with the mean IHS being potentially detectable by
JWST). This is consistent with the fact that at these stages, when the
BH mass is < 10° My, IHS-2538 and the mean IHS grow following
similar evolutionary tracks.

4.4 Observational features of BH seeds and their hosts

To investigate the observability of growing BH seeds, we consider
the systems presented above, and compute their colours in the NIR-
cam filters and their X-ray luminosities.

To this aim, we first take the SED of each system during its
brightest phase, which corresponds to different ages and redshifts
(see Fig. 3). Bolometric luminosities of systems at the brightest
stage are given in Table 1. During these phases, all the systems

16 For the mean THS, age=0 corresponds to the average formation redshift
of heavy seeds, that is z ~ 16.5, the same redshift at which THS-2538
forms. The final redshift, after ~65 Myr of isolated evolution, corresponds
toz~ 13.9.
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Table 1. Bolometric luminosities of systems during the brightest stage of
their evolution (see the text for details).

Name Age (Myr) Redshift Lyoi(erg s7h
[HS-2538 250 ~10 ~10%
IHS-13356 16 ~16 ~4 x 10%
mean IHS 65 ~13.9 ~9.2 x 104
ILS-5836 225 ~12 ~5 x 10%
ILS-654 405 ~8.1 ~3.5 x 10%
L ILS 5836 _
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Figure 4. The colour—colour diagram for the selected prototypes at z =9,
10, 11, 13, and 15. THS like 2538 and 13356 are shown by triangles and
squares, respectively. Black pentagons are for the mean IHS case. ILS like
5836 and 654 are shown by circles and asterisks, respectively. For ILS-654,
we also show the case z = 8.1, corresponding to the redshift at which the
host reaches its maximum luminosity, at age = 400 Myr (see the text). For
other sources, the arrows indicate the decreasing redshift direction.

reach AB magnitudes Mg < 29, above the JWST sensitivity limit
for a 10 ks exposure in the [0.7—4.4] um spectral band.'’

Then, we shift the above SED atz =9, 10, 11, 13, and 15, in order
to compare the four systems at the same redshift.'® This approach
enables us to provide more general predictions, independently of
the redshift at which the brightest stage is reached.

To compare with previous studies, we adopt the same colour—
colour diagram proposed by Natarajan et al. (2017). The resulting
FO90W — F200W versus F200W — F444W colour—colour diagram
is shown in Fig. 4. The predicted colours reflect different galaxy
types, with AGN-dominated systems (such as IHS-2538 and ILS-
5836) being bluer than starbursts (ILS-654). The two classes are
clearly distinguishable in the colour—colour plane, independently
of their redshifts. Despite its lower AB magnitude,'’ we predict

17 The four selected systems are FOOOW dropouts, as the Lyman limit (912 A)
is redshifted to longer wavelengths, with the exception of ILS-654 at age
> 300 Myr (i.e. atz < 9).

18 At z > 10, these must be considered as upper limits as the Lyman limit
912 A rest frame) falls in the FO9OW filter at these redshifts.

1991,8-5836 reaches Mag ~ 29 only at the end of its isolated evolution, at
z ~ 12, and would be detectable with NIRcam at lower redshifts.
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ILS-5836 to have very similar colours to IHS-2538. Hence, inde-
pendently of their nature and of their redshifts, we find that ef-
ficiently growing BH seeds occupy a well-defined region of the
colour—colour diagram.

In Fig. 5, we show the IR excess (IRX)-UV slope diagram for the
same systems and compare the results with the sample of z ~ 5.5
galaxies presented by Barisic et al. (2017). We compute the ra-
tio between the rest-frame IR and UV luminosities as IRX = log
(Lir /Lo 4) and the UV continuum slopes, B, as a least-squares
linear fit in the [1500-3000] A part of the spectra. Since the IRX
is related to dust extinction, it is not surprising that the dustiest
(Dism ~ 5 x 1074, see Fig. A1) starburst prototype ILS-654 shows
a high IRX, 0.29, and a spectral slope 8 = —1.51, consistent with
some of the z ~ 5.5 observed galaxies (Mancini et al. 2016; Barisic
et al. 2017). The IR luminosity (integrated from 8 to 1000 um) of
this system is Lz ~ 10* ergs™' (~85 percent of the bolometric
luminosity).

As expected, based on the similarity of their SED and colours,
IHS-2538 and ILS-5836 have similar IRX and UV slopes. In these
systems, the UV light from the accreting BHs is only mildly ab-
sorbed by the poorly enriched ISM of their host galaxies (see
Fig. Al), resulting in a lower IRX, ~0.6-0.7, than in ILS-654.
The mean IHS show a lower IRX with respect to IHS-2538 as a
consequence of the lower associated dust-to-gas ratio (estimated by
averaging over the dust-to-gas ratio of all the IHS systems). With
respect to ILS-5836, the IRX of mean IHS is lower because of its
higher L, -

Finally, the exceptionally blue slope (8 ~ —2.88) and low IRX (~
— 2.04) of IHS-13356 reflect the almost unattenuated, pure stellar
emission dominating the SED at its maximum. The predicted B
slope is consistent with the mean colour of faint z ~ 7 galaxies
measured by Bouwens et al. (2010).

The properties discussed above can be used to identify accreting
BH seed candidates in future JWST surveys, distinguishing them
from starbursts.
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Figure 6. The relative contribution of accreting BHs and HMXBs to the
luminosity at [2—10] keV for the four prototypes in our sample: THS-2538,
THS-13356, ILS-5836, and ILS-654, and the mean IHS. Black filled circles
show the luminosity at the original redshift of the system while open coloured
symbols indicate the predictions at z =9 (yellow squares), 10 (red triangles),
11 (green crosses), 13 (magenta asterisks), and 15 (azure circles). The blue
vertical line depicts an equal contribution from AGN and HMXBs.

By combining the information obtained from colour—colour and
IRX-pB diagrams, we suggest that the best candidates for future and
deeper X-ray follow-up observational campaigns should be selected
according to the following conditions:

(1) —0.3 < F200W — F444W < 0 and FO9OW — F200W = —0.2
(i) UV continuum slopes f < —2 and —1.5 < IRX < 0.

One additional limitation to the observational identification of
growing BH seeds is that the X-ray luminosities of faint BHs
are hard to discriminate from the cumulative emission of high-
mass X-ray binaries (HMXBs) in the host galaxies (e.g. Volon-
teri et al. 2017). In Fig. 6, we show the hard X-ray band lumi-
nosity, Lp—10jkev = Lagn + Lumxs, as a function of the ratio be-
tween the AGN and HMXB luminosities, Lagn/Lumxs, in the same
spectral band. Following Volonteri et al. (2017), Lymxp is com-
puted using the empirical relation found by Lehmer et al. (2016),
log(Lymxs) = 39.82 + 0.6310gM* + 1.31log(1 + z), at the original
redshift of the system in the simulation and at redshifts z = 9, 10,
11, 13, and 15.2°

We find that systems with properties similar to IHS-2538, the
mean IHS, and ILS-5836 have Lagn/Lumvxs > 100. These would be
easily identified as AGN. Although the SED of IHS-13356 is domi-
nated by stellar emission (see Fig. 3) in the optical/UV (rest-frame)
part of the spectrum, a star formation rate of M, ~ 0.027 Mg yr™!
(see Fig. A1) corresponds to a population of HMXBs that produce
less than ~5 per cent of the total luminosity at [2-10] keV (Lagn ~
6.5 x 10" erg s~! while Lymxs ~ 2.7 x 10* erg s™!). On the other
hand, the hard X-ray luminosity of IHS-654 would be dominated
by HMXBs.

20 The contribution of HMXBs has been computed only for the purpose of
this comparison, and it is not included in the SED models presented in Fig. 3.

MNRAS 476, 407-420 (2018)

120z Adenuer GO uo Jesn (8]1Sali] Ip 0IWLOUOSY OLIOIBAISSSQ) 81sall] 4VNI Aq 08E€8Z8Y/.0%/1/9/ /e oIe/seluw/woo dno olwapese//:sdiy Woll papeojumoc]



416  R. Valiante et al.

Our analysis shows that systems hosting rapidly growing BH
seeds at their centre (such as IHS-2538 and ILS-5836) can be easily
discriminated from systems where the BH is almost inactive and/or
the dominant emission comes from the host galaxy (such as ILS-654
and IHS-13356). They show bluer colours, intermediate IRX values,
and a high luminosity in the hard X-ray band, largely dominated by
the accreting BH. On the other hand, the discrimination of the nature
of the BH seed, whether it formed as a Pop III stellar remnant or as
a DCBH, can be done only on the basis of statistical arguments.

5 COMPARISON WITH PREVIOUS WORKS

In their recent works, Pacucci et al. (2015) and Natarajan et al.
(2017) suggest that JWST will also be able to discriminate among
DCBH and Pop Il remnant seeds by means of their spectral features.
Similarly, we have explored the SED of growing DCBHs and Pop
IIT remnant BHs, comparing the expected spectral features of the
two different channels, in the same spirit of these earlier works but
with some important differences.

The post-processing with cLoupy that we perform in our study is
complementary to the one adopted by Natarajan et al. (2017). They
consider an idealized set-up of a halo at a given redshift (with a
given metallicity) while in our model the galaxy properties (e.g. the
metallicity and dust-to-gas ratio) are derived from the cosmological
evolution of the haloes.

The adopted initial gas density profile in the model of Pacucci
et al. (2015) results in SED with more prominent emission lines
(mainly H and He recombination lines). In our simulation, sim-
ilar gas densities and IR spectral features are found in haloes
13356 and 5836, in the very early stages of their evolution, at ages
< 5—20Myr, when — however — AGN are faint Ly, < 10%-10%2,
respectively.

On the other hand, the systems investigated by Natarajan et al.
(2017) are the peculiar, transient OBGs (Agarwal et al. 2013). These
are different from our IHS and ILS hosts, from the evolutionary
point of view. In the scenario predicted by Agarwal et al. (2013),
the newly formed DCBH hosts merge with a nearby star-forming
galaxy soon after the formation of the seed, in less than ~1 Myr. We
find that, in a comparable time-scale, star formation in IHS hosts is
enabled by the fast metal enrichment driven by gas-rich inflows from
the IGM. Systems similar to IHS-2538, the most massive accreting
heavy seed, at the end of their isolated evolution have properties
consistent with an OBG, in terms of stellar and BH mass.?’

If compared with previous works, our model shows how the emis-
sion depends on the environmental conditions in which the BH seeds
form and grow. These conditions are determined by the assembly
history of the z ~ 6 SMBH and its host galaxy.?? Our predictions
are for sources that would be seen in biased (overdense) regions
where z > 6 SMBHs form and, thus, are somehow complementary
with respect to other works.

21 For example, after living in isolation for 250 Myr, at z = 10, the IHS-2538
host galaxy merges with a normal star-forming galaxy (not hosting a BH in
its centre) with a stellar mass of ~3 x 107 M@ (before the merger). The
properties of the galaxy formed by this merger are very similar to those
expected for the OBGs discussed by Agarwal et al. (2013): the BH mass is
~2 x 107 M and the stellar mass is ~4 x 107 Mgp.

22 The assembly history determines the interplay between different physical
processes (e.g. Pop III/Pop II star formation, onset of DCBH seeding con-
ditions, BH growth, build-up of UV background, etc.) and their effects on
the environment (via chemical, mechanical, and radiative feedback).

MNRAS 476, 407-420 (2018)

In overdense regions, the evolution of massive seeds (DCBHs)
may be faster (more efficient) than in average volumes of the Uni-
verse (unbiased regions). In the latter case, the ISM evolution is
strongly dominated by star formation, where SN feedback regulates
the growth (and the feedback strength) of BH seeds in low-mass
galaxies at early cosmic epochs (e.g. Dubois et al. 2015; Anglés-
Alcazaretal. 2017; Bower et al. 2017; Habouzit, Volonteri & Dubois
2017; Trebitsch et al. 2017). In this scenario, growing BH seeds are
similar to IHS-13356.

Conversely, in biased regions where z > 6 SMBHs are expected
to form, the early growth of some massive BH seeds (~33 per cent
of the IHS population in our model) is self-regulated by AGN
feedback, as star formation (and thus SN feedback) is quenched as
a consequence of the rapid build-up of an intense UV background
radiation (see appendix A in Paper I and V16 for details). The
comparison with other studies, thus, points to a different evolution
in biased (overdense) and unbiased (average volumes) regions. This
is consistent with the discussion presented in Paper 1.

In deep blank-field surveys, we expect that sources predicted in
our model would be seen in overdense regions that will later form
z ~ 6 quasars (i.e. protoclusters; e.g. Overzier 2016).

We find that a colour—colour selection, similar to that proposed
by Natarajan et al. (2017), would help in distinguishing AGN-
dominated galaxies from starbursts. Although they have similar
AB magnitudes (Mg < 26 in the NIRcam bands), ILS-654-like
starbursts are expected to be redder than OBGs and IHS-2538-
like systems. On the other hand, despite the lower AB magnitude
rapidly growing ILS-5836-like systems have colours similar to [HS-
2538-like ones, comparable to those expected for z ~ 11 OBGs.
Thus, we find that a colour—colour selection is capable of uniquely
identifying the nature of BH seeds only in a statistical sense. In fact,
as we will show in the next section, rapidly growing BH seeds that
originate from DCBHs have a higher probability of being detected,
in agreement with previous findings (Pacucci et al. 2015; Natarajan
et al. 2017).

Another source of confusion in tracing the observational features
of the first accreting BHs has been recently pointed out by Volonteri
etal. (2017). The authors show that in high-redshift galaxies, hosting
<1 Gyr old stellar populations may be very difficult to distinguish
stellar and AGN emission at rest-frame UV/optical wavelengths.
Moreover, the emission from low-mass AGN (powered by 10°—
106 M@ BHs) and from HMXB at [2-10] keV would be difficult to
disentangle at z > 6. The observational strategy we have suggested
above would help in overcoming such a confusion problem.

6 SUMMARY AND CONCLUSIONS

In Paper I, we have investigated the physical properties of galaxies
hosting light and heavy seeds in a cosmological context, following
the formation and evolution of the first stars and BHs along the
hierarchical assembly of a z = 6.4 quasar like SDSS J1148+5251.
In this work, we have used those properties to model the SEDs
of both accreting BHs and their stellar counterparts, taking into
account their redshift/time evolution as well as the effect of the
interplay between, chemical, mechanical, and radiative feedback
on the host galaxies.

To this aim, we have selected four interesting objects from our
sample of accreting BHs, two of which representative of the high-
mass end of their population distributions, and two in the low-
mass end, to emphasize differences and similarities between the two
classes. We have extracted their evolutionary properties as long as
their host galaxies evolve in isolation, only through mass exchanges
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Figure 7. The redshift distribution of detectable IHS (red) and ILS (blue).
Histograms and data points show the average number over 10 different
realizations with error bars indicating the 1o dispersion. In each redshift
bin, we show the number of systems with Lo > 4 x 10% ergs™! (Mpy >
3.5 x 10°Mgy).

with the external medium (infall/outflows), with no mergers. Still,
the evolution of these objects is influenced by (and influence) the
evolution of the other galaxies polluting the external medium with
metals and dust and permeating the virtual volume in which they
reside with photodissociating and ionizing radiation.

For the selected objects, we modelled the intrinsic emission com-
ing from the accreting BHs and the stars. We then used these
templates to predict the SED emerging from the host galaxy by
processing the intrinsic emission using the software cLouby. The
information required to compute both the intrinsic and reprocessed
emission, namely the Pop III remnant BH mass, BHAR, and the
properties of their host galaxies, such as the time-evolving gas den-
sity, metallicity, and dust-to-gas ratio, was all consistently computed
by the model GAMETE/QSObusT.

Our study attempts to answer two important questions: (i) Can
we detect the (growing) BH seed progenitors of the first SMBHs?
and if yes, (ii) Can we identify the nature of BH seeds?

To answer the first question, we confirm that future, high-
sensitivity facilities and missions, like JWST and ATHENA, will
be able to detect the most luminous (L > 10*? ergs™!; Lyr >
108 ergs™"; Lips_oev > 10¥ ergs™") progenitors of the first
SMBHEs.

Regarding the second question, searches for growing BH seeds
must be extended out to z > 10, when the probability of observing
them in isolation is expected to be higher (see Paper I). It is also
interesting to note that at z < 15(17), for IHS (ILS), at least half of
the BHs are still in isolated systems. At lower redshift, BH seeds and
their host galaxies rapidly lose memory of their initial conditions
(see Paper I for details).

Among z > 6 SMBH progenitors, rapidly growing BH seeds at
z > 10 that are luminous enough to be detectable with JWST, in the
field of a quasar, are only 2 per cent of the total BH seed population.
This percentage corresponds to an average number of ~4f; (at a
1o confidence level, assuming Poissonian statistics) progenitors for
each z ~ 6 SMBH. Their average redshift distribution is shown in
Fig. 7, where we also discriminate IHS (red histogram) and ILS
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(blue histogram). Hence, a JWST detected BH progenitor at z > 10
has a larger probability to originate from a DCBH than from a Pop
III remnant. Our conclusion is that it will be difficult to discriminate
the nature of z ~ 6 SMBH seeds on the basis of their observational
features as Pop III BHs and DCBHs look very similar when they
are above JWST or ATHENA sensitivity limits. However, if detected,
these systems are more likely powered by a growing DCBH.

Interestingly, with a 10 ks NIRcam observation, sources like IHS-
13356 can be detected with a SNR =10 in the F200W and F277W
filters, already at z ~ 15.7. In addition, we foresee that blind search
programmes conducted with the spectrograph NIRspec would allow
us to reveal these kinds of systems even at earlier epochs (z > 16),
thanks to the strong emission lines emerging in the spectra.

We believe that a multi-wavelength approach will be fundamental
in searching the first SMBH progenitors. While JWST will be able
to characterize their host galaxies, the high ATHENA flux sensitivity
(~10""7 ergs~! cm~2 at [0.5-2] keV; Nandra et al. 2013) will allow
us to uncover the signatures of accreting BHs. A IR colour—colour
plus IRX-8 selection of high-redshift JWST sources could help in
successfully identifying possible SMBH progenitor candidates in
future X-ray surveys, also providing a unique tool for preparing
follow-up observations.

Finally, we stress that the above conclusions apply to a scenario
where SMBHs at z ~ 6 originate from the Eddington-limited growth
of Pop III BHs and DCBHs. If Pop III stellar remnants are able to
sustain short and intermittent phases of super-Eddington accretion
(Pezzulli et al. 2016), their occurrence and observational properties
may be different.
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APPENDIX: PROPERTIES OF INDIVIDUAL
SYSTEMS

In this appendix, we provide a detailed description of the evolution-
ary histories of the four prototypical systems.

We present the time-dependent properties of systems IHS-2538,
THS-13356, ILS-5836, and ILS-654 in Fig. Al. For each system,
in the upper panel, we show the DM (dotted line), gas (dashed),
stellar (dot—dashed), and BH (solid) masses. In the upper horizontal
axis, we also label the redshifts in the simulation that correspond
to the different ages. The star formation rate and BHAR are shown
in the middle panel with dot—dashed and solid lines, respectively.
Finally, the lower panel reports the gas-phase metals (Z;gy;, dot—
dashed line) and dust-to-gas mass ratio (Djsy, dashed line) in the
ISM (in absolute units). For comparison, we also show the critical
metallicity, Z,, ~ 107* Z¢ (dotted horizontal line), which marks
the transition from Pop III to Pop II star formation.

IHS-2538: This is one of the most massive and longest-living IHS.
By construction, the initial BH has a mass of 10° Mg and forms
in a Lya cooling halo (M, ~ 5 x 10’ M) at redshift z = 16.5.
Such a DM halo is the descendant of two sterile mini-haloes. For its
entire history, the heavy seed grows close to or at the Eddington rate.
Efficient BH feeding and feedback enable the galaxy to sustain only
a very low star formation rate (<3 x 107 Mg yr™'). As a result,
the BH always grows faster than the stellar component, and the SED
properties are expected to be dominated by the AGN emission.

IHS-13356: This is one of the shortest-living and smallest IHS.
Differences in the histories of IHS-13356 progenitors, relative to
IHS-2538, lead to different initial gas masses at age = 0. The reason
for this behaviour can be understood as follows: newly virialized
haloes gradually accrete their gas mass following an exponentially
decaying infall rate until they merge with another halo (i.e. they do
not instantaneously acquire the universal baryon fraction 2,/Q2um;
see equation 3 and further details in Salvadori et al. 2008). IHS-
13356 is hosted in a Ly cooling halo formed by the merger of two
sterile mini-haloes at z = 16.5. These ancestors virialize at z ~ 17
and accrete a gas mass that corresponds to ~40 per cent of €2;,/Q2y
prior to their coalescence. Conversely, [HS-2538 is hosted in a Ly
cooling halo that has formed soon after its progenitor mini-haloes
virialize, so that they accrete only ~1 per cent of €2;, /€2 by the time
they coalesce. When IHS-13356 forms, the coalescence of its gas-
rich ancestors triggers an efficient starburst of ~2 x 107> Mg yr™".
The gas mass suddenly drops from ~2 x 10° to ~10° Mg within
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the first 0.5 Myr, corresponding to the time-step of the simulation
at that redshift. Thereafter, IHS-13356 evolves in gas starvation,
with star formation, BH accretion, and the associated mechanical
feedback depleting almost all the gas mass that the halo is accreting
from the IGM. At the end of the brief (16 Myr) isolated evolution,
the nuclear BH mass has increased by ~50 per cent and the stellar
mass is a factor of ~2.5 larger. The emission properties of this
system are dominated by the AGN during the first 5 Myr of the
evolution (when M, < 10° M@), and by the emission of the host
galaxy thereafter.

ILS-5836: This is one of the most massive ILS. Its host halo is
one of the first star-forming mini-haloes (M}, ~ 4 x 10° Mg) at
redshift z ~ 23. Due to its pristine composition, a first burst of
Pop II stars (107> M yr~') leads to the formation of one massive
BH remnant with Mgy ~ 70 M. Pop III star formation continues
for about 100 Myr, down to redshift z ~ 16.2, but with a ~50 Myr
suppression due to the effect of the LW flux at which the mini-halo
is exposed. Due to their short evolutionary time-scales, massive
Pop III stars are assumed to evolve in one simulation time-step
(instantaneous recycling approximation). Hence, M, = 0 when the
M, = 0. When the DM halo has become a Lya cooling halo, Pop III
star formation turns on again and continues until metal enrichment
triggers the transition to Pop II star formation, in the last ~125 Myr
of evolution. During the Pop III regime, the nuclear BH grows
by gas accretion and mergers with other remnant BHs forming
in subsequent bursts, reaching a mass of ~10* M in ~70 Myr.
The gas accretion rate triggered during the non-star-forming phase
leads to a BH dominance scenario even in the subsequent Pop 11
star formation regime: in ILS-5836, the BH mass continues to grow
faster than its stellar counterpart. At z ~ 12.2, the BH mass has
grown to 4 x 10° Mg . This evolution is reflected in the SED,
which is a sort of scaled-down version of the SED of IHS-2538.

ILS-654: This is one of the least massive but longest-living ILS.
Inefficient BH accretion [Mpy ~ (1077—10"%) M yr~'] leads to
a final mass of only 800 M, in more than 400 Myr of evolution.
Although they have similar initial BH masses and accretion rates,
~107M@ yr~' at age = 0, BH growth in ILS-5836 at early times
is mainly driven by mergers with other Pop III BH remnants dur-
ing the prolonged Pop III star formation in this halo. As a conse-
quence of the low BH growth of ILS-654, the available gas mass
can efficiently fuel star formation, yielding to a star formation rate
>0.01 Mg yr~! already at age > 30 Myr. The evolution of ILS-654
is indeed consistent with that of a normal star-forming galaxy, and
the system becomes the most metal-rich of the four selected objects.
In addition, in the absence of efficient BH accretion and feedback,
more infalling gas is retained and the higher metallicity, dust-to-gas
ratio, and gas density are reflected in the predicted SED.
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Figure Al. Time-dependent properties of IHS-2538 (top left), IHS-13356 (top right), ILS-5836 (bottom left), and ILS-654 (bottom right). For each system,
the upper panel shows the DM halo (dotted line), gas (dashed line), stellar (dot—dashed line), and BH (solid line) masses. The middle panel shows the star
formation (dot—dashed) and black hole accretion (solid) rates. The lower panel shows the metallicity (dot—dashed line) and dust-to-gas mass ratio (dashed line)
of the ISM, in absolute units. The horizontal dotted line indicates the critical metallicity for the Pop III/Pop II star transition.
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