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A B S T R A C T 

In this paper, we provide predictions for the black hole (BH) population that would be observable with planned JWST surv e ys at 5 

≤ z ≤ 15. We base our study on the recently developed Cosmic Archaeology Tool, which allows us to model BH seeds formation 

and growth while being consistent with the general population of active galactic nuclei (AGNs) and galaxies observed at 4 ≤ z ≤
7. We find that JWST planned surv e ys will pro vide a complementary vie w on acti ve BHs at z > 5, with JADES-Medium/-Deep 

being capable of detecting the numerous BHs that populate the faint-end of the distribution, COSMOS-Web sampling a large 
enough area to detect the rarest brightest systems, and CEERS/PRIMER bridging the gap between these two regimes. The 
relatively small field of view of the abo v e surv e ys preferentially selects BHs with masses 6 ≤ Log( M BH 

/M �) < 8 at 7 ≤ z 

< 10, residing in relatively metal poor (Log(Z/Z �) ≥ −2) and massive (8 ≤ Log( M ∗/M �) < 10) galaxies. At z ≥ 10, only 

JADES-Deep will have the sensitivity to detect growing BHs with masses 4 ≤ Log( M BH 

/M �) < 6, hosted by more metal poor 
( −3 ≤ Log(Z/Z �) < −2) and less massive (6 ≤ Log( M ∗/M �) < 8) galaxies. In our model, the latter population corresponds 
to heavy BH seeds formed by the direct collapse of supermassive stars in their earliest phases of mass growth. Detecting these 
systems would provide invaluable insights on the nature and early growth of the first BH seeds. 

Key words: black hole physics – galaxies: active – galaxies: evolution – galaxies: formation – galaxies: high redshift – quasars: 
supermassive black holes. 
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 I N T RO D U C T I O N  

undreds of luminous quasars powered by gas accretion onto 
 10 8 M � supermassive black holes (SMBHs) have been discovered 

t z > 6 (see the recent re vie w by Inayoshi, Visbal & Haiman 2020 ),
ith a handful of them at z > 7 (Mortlock et al. 2011 ; Wang et al.
018 ; Matsuoka et al. 2019 ; Yang et al. 2020 ), including the two
ost distant ones at z ∼ 7.6 (Ba ̃ nados et al. 2018 ; Wang et al. 2021 ).
 orthcoming surv e ys hav e the potential to e xtend the detection of
uasars to fainter luminosities and higher redshifts, up to z ∼ 7–
 (Wang et al. 2017 , 2019 ; Fan et al. 2019 ; Euclid Collaboration
019 ). The origin and evolution of these SMBHs in the first Gyr
f cosmic history is deeply connected to the nature of the first low
etallicity star forming regions, where the first black hole (BH) 

eeds are expected to form (Omukai, Schneider & Haiman 2008 ; 
olonteri 2010 ; Valiante et al. 2016 ; Latif & Ferrara 2016 ; Woods
t al. 2019 ; Volonteri, Habouzit & Colpi 2021 ; Sassano et al. 2021 ).
n addition, the physical processes that enable their early growth 
re driven by the assembly of the first cosmic structures and are
 E-mail: alessandro.trinca@inaf.it 
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lso shaping the properties of their host galaxies (Valiante et al.
017 ; Habouzit et al. 2020 ; Trinca et al. 2022 ; Spinoso et al. 2023 ).
espite intensi ve observ ational ef forts, the emission from gro wing
H seeds has never been directly detected, and the population of

ow-mass BHs at z > 6 has been so far very elusive, possibly
ecause they are too small and faint to be detectable (Volonteri
t al. 2017 ; Valiante et al. 2018b , 2021 ), or because of their very low
ctive fraction ( f act ∼ 1 per cent ), which is the result of short, super-
ddington growth episodes (Pezzulli et al. 2017 ), or inefficient gas
ccretion onto low-mass galaxies. In addition, during their efficient 
rowth phase, the progenitors of z ∼ 6 quasars are expected to be
eavily dust-obscured and therefore extremely faint at optical and 
ear -IR wa velengths, transitioning to optically luminous quasars by 
xpelling gas and dust (Hopkins, Richards & Hernquist 2007 ; Li
t al. 2008 ; Valiante et al. 2011 , 2014 ; Ginolfi et al. 2019 ). Detecting
hese transitioning systems is very challenging, with so far only one
onvincing candidate detected at z = 7.2 (Fujimoto et al. 2022 ). 

Constraints on the AGN luminosity function (LF) at z ≥ 6 
ave been obtained by the the Subaru High-z Exploration of Low-
uminosity Quasars project (Matsuoka et al. 2018 ; Matsuoka et al.
019 ) and by deep X-ray surv e ys (Fiore et al. 2012 ; Parsa, Dunlop &
cLure 2018 ; Giallongo et al. 2019 ; Vito et al. 2018 ). Extending
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hese data to fainter luminosities is key to constrain the nature of
he first BH seeds and dominant growth mode, as suggested by a
umber of independent studies (Ricarte & Natarajan 2018a , b ; Piana
t al. 2021 ; Trinca et al. 2022 ). In particular, Trinca et al. ( 2022 )
uggest that current data appear to fa v our models where the growth of
H seeds is Eddington-limited or where super-Eddington accretion
ccurs via a slim disc during gas-rich galaxy mergers. At z ≤ 6–7
he main difference between these two models is strongly related
o the efficiency of growth of light BH seeds, formed as remnants
f the first stars (Valiante et al. 2016 ; Trinca et al. 2022 ). In the
eference model, these light BH seeds fail to grow and a clear gap
ppears at the low-mass and low-luminosity end of the mass and
uminosity functions, which are dominated by BHs descending from
eavy seeds that originate by the direct collapse of supermassive
tars. Conversely, in the second model light and heavy BH seeds are
ble to grow in gas-rich galaxy mergers, resulting into a BH mass
nd luminosity distributions where BH descendants of both light and
eavy seeds can contribute to the same mass and luminosity bins. 

While detecting systems in the luminosity range where these
ifferences appear will be challenging even with JWST, at z >
 the observation of a slower decline in the number density of
right AGNs might be a hint that early BH evolution is strongly
riven by short period of enhanced accretion occurring during galaxy
ergers (Trinca et al. 2022 ), or fa v oured by the presence of dense gas

lumps (Bournaud et al. 2011 ; Lupi et al. 2014 ) and by low angular
omentum gas inflows (Dubois et al. 2012 ). 
A number of studies have shown that JWST would be able to detect

he first growing BH seeds (Pacucci et al. 2015 ; Natarajan et al. 2017 ),
he most luminous of which up to z ∼ 16 (Barrow, Aykutalp & Wise
018 ; Valiante et al. 2018b ) and beyond (Whalen et al. 2020 ). Dis-
riminating the nature of these growing BH seeds is more challeng-
ng, as light BH seeds and heavy BH seeds power very similar emis-
ion spectra when they are luminous enough to exceed JWST sensi-
ivity limits (Valiante et al. 2018b ). In addition, searches for growing
H seeds must be extended out to z > 10, when the probability of ob-

erving them evolving in isolation, before they lose memory of their
riginal nature via galaxy mergers, is expected to be higher (Valiante
t al. 2018a ). Even for these luminous, isolated growing BH seeds, it
s challenging to disentangle their rest-frame ultraviolet (UV)/optical
mission from that of the stellar component, and thus properly
esigned colour–colour selections will be required (Natarajan et al.
017 ; Volonteri et al. 2017 ; Valiante et al. 2018b ; Nakajima &
aiolino 2022 ; Goulding & Greene 2022 ; Inayoshi et al. 2022 ). 
Moti v ated by these results, in this paper we predict, based on

ur semi-analytical model CAT (Trinca et al. 2022 ), the number of
ccreting BHs that would be observable with planned surv e ys with
WST. In particular, we adopt the CAT reference model assuming
hat nuclear BHs grow without exceeding the Eddington limit from
 population of light and heavy BH seeds formed in the first metal-
oor galaxies ( z ≥ 15), and where only heavy seeds are able to grow
fficiently in mass powering luminous AGNs at 4 < z ≤ 6–7. 

The paper is organized as follows: in Section 2 we briefly
ummarize the main features of the model. In Section 3.1 we discuss
he observability of accreting BHs at different redshifts by planned
WST surv e ys, whereas Sections 3.2 and 3.3 discuss the typical BH
asses, luminosities, and metallicities of their host galaxies. Finally,

n Section 4 we summarize and discuss our main conclusions. 

 T H E  COSMIC  A R C H A E O L O G Y  TO O L  

n this work we characterize the evolution of high-redshift galaxies
nd BHs using the Cosmic Archaeology Tool (CAT), originally
resented in Trinca et al. ( 2022 ). Here we briefly summarize the
NRAS 519, 4753–4764 (2023) 
ain features of the model, and we refer interested readers to the
riginal paper for a thorough description of the model and the adopted
alibration of free parameters. 

CAT is a semi-analytical model which has been developed to
escribe the formation of the first galaxies and BHs and follows their
o-evolution through cosmic times. We rely on the galaxy formation
odel GALFORM (Parkinson, Cole & Helly 2008 ), which is based

n the Extended Press Schechter formalism, to reconstruct a large
ample of dark matter hierarchical merger histories representative
f the evolution of the entire galaxy population between z = 4
nd z = 24. We adopt a mass resolution that corresponds to a
irial temperature of T vir = 1200 K, so that we can describe
tar formation occurring in molecular and atomic-cooling halos,
orresponding to virial temperatures 1200K ≤ T vir < 10 4 K and T vir 

10 4 K, respectively. The minimum resolved halo mass therefore
anges from 9 . 4 × 10 5 M � at z ∼ 24 to 1 . 0 × 10 7 M � at z ∼ 4.
ollowing halo virialization, the gas gets accreted, cools, and triggers
tar formation. Inside each galaxy, the star formation rate (SFR) is
omputed as: 

FR = f cool M gas εSF /τdyn , (1) 

here M gas is the available gas mass, εSF is the star formation
fficiency, and τdyn = [ R 

3 
vir / ( G M halo )] 1 / 2 is the halo dynamical time.

he SF efficiency εSF = 0.05 represents a free parameter of the
odel. The factor f cool quantifies the reduced cooling efficiency due

o Lyman–Werner (LW) radiation (corresponding to photon energies
1 . 2 − 13 . 6 eV ), which can photodissociate molecular hydrogen,
uppressing gas cooling in molecular-cooling halos. Following
aliante et al. ( 2016 ), de Bennassuti et al. ( 2017 ), Sassano et al.
 2021 ), the value of f cool depends on the halo virial temperature, red-
hift, gas metallicity and intensity of the illuminating LW radiation.
onversely, in atomic cooling halos we set f cool = 1. 
We assume that the first (Pop III) stars are characterized by a top-

eavy initial mass function (IMF), that we parametrize as a Larson
MF: 

 ( m ∗) ∝ m 

α−1 
∗ e −m ∗/m ch (2) 

here α = −1.35, m ch = 20 M � and the possible range of stellar
asses is 10 M � ≤ m ∗ ≤ 300 M � (de Bennassuti et al. 2014 , 2017 ).
uring each SF episode, we stochastically sample the IMF and we

ompute the emitted stellar radiation, supernova (SN) explosion rate,
 SN ( t ), metal and dust yields, and final BH masses in a self-consistent
ay (Trinca et al. 2022 ). 
When the gas metallicity of star forming re gions e xceeds a critical

alue of Z cr = 10 −3 . 8 Z �, metal-fine structure lines and dust cooling
ncrease the cooling efficiency (Omukai 2001 ; Schneider et al. 2002 ;
mukai et al. 2005 ; Schneider et al. 2006 , 2012 ), leading to a

ransition in the characteristic stellar masses. We therefore assume
hat abo v e Z cr , Pop II stars form in the mass range 0 . 1 M � ≤
 ∗ ≤ 100 M � according to a Larson IMF with m ch = 0 . 35 M � (de
ennassuti et al. 2014 , 2017 ). We then follow their emitted stellar

adiation, metal and dust yields evolving each stellar population on
ts characteristic evolutionary timescales (i.e. we do not assume an
nstantaneous recycling approximation). For a thorough description
f the two-phase interstellar medium and chemical evolution module
mplemented in CAT we refer to Valiante et al. ( 2014 ), de Bennassuti
t al. ( 2014 ). 

BH evolution is described starting from a seeding prescription
hich is consistent with the abo v e baryonic e volution. Follo wing

ach Pop III star formation episode, we assume that the heaviest
mong the newly formed BH remnants settles in the centre of the
alaxy, forming a light BH seed. Heavy BH seeds with a mass of
0 5 M � form by the so-called direct collapse mechanism, when the
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Figure 1. Number of BHs per NIRCam field of view as a function of their UV luminosity for different redshift bins in the range 5 < z < 15. Empty histograms 
show the total (obscured and unobscured) population, whereas filled grey histograms represent the unobscured systems. 
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as collapses almost iso-thermally with no fragmentation, leading to 
he formation of a single supermassive star that becomes unstable, 
ue to nuclear exhaustion or general-relativistic (GR) instabilities 
Hosokaw a, Omukai & York e 2012 ; Inayoshi, Omukai & Task er
014 ; Latif et al. 2013 ; Ferrara et al. 2014 ; Becerra et al. 2015 ;
atif & Ferrara 2016 ; Becerra et al. 2018 ). This formation pathway
perates inside atomic-cooling halos (where T vir ≥ 10 4 K), when 
etal and dust cooling is still inefficient (Z ≤ Z cr ) and when 
olecular cooling is suppressed by a strong illuminating LW 

ux. The latter condition is usually expressed as J LW 

≥ J cr , where 
 LW 

is the cumulative flux into the LW energy band in units of
0 −21 erg s −1 cm 

−2 Hz −1 sr −1 . The value of J cr is still very uncertain 
see the recent re vie ws by Woods et al. 2019 and Inayoshi et al. 2020
or a thorough discussion and Chon & Omukai 2020 for more recent
esults). Following Trinca et al. ( 2022 ), here we adopt a threshold
alue of J cr = 300. Also, we do not consider the possibility to form
ntermediate mass BH seeds from runaway mergers in dense stellar 
lusters (see Sassano et al. 2021 for a recent investigation that 
onsiders all the three BH seeds populations). 

Note that our results rely on the assumptions that BH seeds, once
ormed, settle at the centre of the host galaxy. High-resolution zoom- 
n simulations show that if the BH seed mass is less than 10 5 M �,
ts dynamical evolution is very perturbed by the irregular stellar 
istribution in high-redshift galaxies (Pfister et al. 2019 ). This effect 
ill further suppress the growth of light BH seeds, but should have
 smaller impact on the observable population of accreting BHs that 
e have analysed, which descend from heavy BH seeds. 
Once formed, seed BHs can grow through gas accretion and 
ergers with other BHs. The gas accretion rate onto BHs is described

y the Bondi–Hoyle–Lyttleton formula (Hoyle & Lyttleton 1941 ; 
ondi 1952 ): 

˙
 BHL = α

4 πG 

2 M 

2 
BH ρgas ( r A ) 

c 3 s 

, (3) 

here c s is the sound speed and ρgas ( r A ) is the gas density e v aluated
t the radius of gravitational influence of the BH, r A = 2 GM BH /c 

2 
s .

he α parameter, which is not present in the original Bondi formula,
s introduced to account for the enhanced gas density in the inner
egions around the central BH, and it is one of the free parameters
f the model. Following the model calibration presented in Trinca 
t al. ( 2022 ), a value of α = 90 is shown to reproduce the observed
opulation of high redshift quasars at z � 6. 
In our reference model we assume that the gas accretion rate,

˙
 accr , cannot exceed the Eddington limit, so that: 

˙
 accr = min ( Ṁ BHL , Ṁ Edd ) , (4) 

nd the BH mass growth rate is computed as: 

˙
 BH = (1 − εr ) Ṁ accr . (5) 

n the abo v e e xpressions, Ṁ Edd = L Edd / ( εr c 
2 ), εr = 0.1 is the adopted

adiati ve ef ficiency, and L Edd = 4 πcGM BH m p / σ T is the Eddington
uminosity ( c is the speed of light, m p is the proton mass, and σ T is
he Thomson scattering cross-section). 
MNRAS 519, 4753–4764 (2023) 
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M

Figure 2. Same as Fig. 1 but represented as a function of the AB magnitude in JWST F200W NIRCam filter. Vertical coloured lines represent the limiting 
magnitude for different JWST surv e ys. Horizontal lines show instead the density limit to observe at least one object in the area covered by the survey. 

Table 1. Properties of the following planned JWST surv e ys: 
JWST Advanced Deep Extragalactic Survey (JADES), Cosmic 
Evolution Early Release Science (CEERS), Public Release 
IMaging for Extragalactic Research (PRIMER) and Cosmic 
Evolution Survey (COSMOS-W eb). W e report the name of the 
surv e y, the area co v erage, the AB limiting magnitude at 10 σ in 
the F200W filter. 

Surv e y Area [arcmin 2 ] limiting mag 

JADES-Deep 46 29 .9 
JADES-Medium 190 29 .0 
CEERS 97 28 .2 
PRIMER 695 27 .7 
COSMOS-WEB 2180 27 .1 ∗

Note: ∗COSMOS-Web does not use the F200W filter, so the 
limiting magnitude shown in the table is an interpolation 
between the F150W and the F277W limiting magnitudes. 
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Following Valiante et al. ( 2011 ) we assume that two BHs coalesce
uring major mergers, i.e. if the mass ratio of their interacting host
M halos is μ > 1/10 (Tanaka & Haiman 2009 ). In our model,
oth the host galaxies and their nuclear BHs merge within the
NRAS 519, 4753–4764 (2023) 
haracteristic time interval of the simulation ( 
t ∼ 0 . 5 –4 Myrs)
nd the merger product settles in the nuclear region of the final
alaxy . Conversely , in minor mergers ( μ < 1/10), only the most
assive among the two nuclear BHs is assumed to migrate in the

entre of the newly formed galaxy. As shown by Tremmel et al.
 2018 ), the sinking timescale of nuclear BHs after a galaxy merger
ight be significantly longer than the one assumed in CAT, although
ergers are expected to be more efficient if BH seeds have masses
10 5 M � and they are hosted in galaxies with high central stellar and

as densities, which facilitate BH binary formation and hardening
Volonteri et al. 2020 ). A future version of CAT will implement time
elays between the merger of the host galaxies and the subsequent
oupling of their nuclear BHs, potentially leading to a merger. While
his approach is of crucial importance to investigate the rate of
uclear BH merger ev ents e xpected through cosmic times (Valiante
t al. 2021 ), it should have a smaller impact on the predictions
resented in this work. The growing, and thus detectable, BH
opulation is dominated by gas accretion on heavy seeds which have
table dynamics; furthermore in our model BH–BH mergers have
 small contribution to growth as also suggested by previous works
Dubois, Volonteri & Silk 2014 ; Valiante et al. 2016 ; Pacucci & Loeb
020 ). 

art/stac3768_f2.eps
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Table 2. Properties of accreting BH populations observable by different JWST surv e ys in the redshift ranges 5 ≤ z ≤ 7, 7 ≤ z ≤ 10 and 
z ≥ 10. For each survey, we report the expected number of observable systems (in parenthesis we give the number when an obscuration 
correction is applied), the corresponding range of BH mass, BH UV luminosity, host galaxy metallicity, and stellar mass. 

Surv e y N BH (unobscured) M BH [M �] Log L UV / [erg / s] Z [Z �] M ∗ [M �] 

5 ≤ z ≤ 7 
JADES-Deep 287 (45) [10 4 − 10 8 ] [43.0 − 44.9] > 10 −2 > 10 6 

JADES-Medium 804 (149) [10 4 − 10 8 ] [43.3 − 45.7] > 10 −2 > 10 6 

CEERS 175 (48) [10 6 − 10 8 ] [43.7 − 45.7] > 10 −2 > 10 8 

PRIMER 701 (243) > 10 6 [44.1 − 46.1] > 10 −2 > 10 8 

COSMOS-WEB 1086 (491) > 10 6 [44.3 − 46.5] > 10 −2 > 10 8 

7 ≤ z ≤ 10 
JADES-Deep 63 (12) [10 4 − 10 8 ] [43.2 − 44.3] > 10 −3 [10 6 − 10 10 ] 
JADES-Medium 122 (30) [10 4 − 10 8 ] [43.5 − 44.8] > 10 −3 [10 6 − 10 10 ] 
CEERS 21 (8) [10 6 − 10 8 ] [43.9 − 44.4] > 10 −2 [10 8 − 10 10 ] 
PRIMER 73 (31) [10 4 − 10 8 ] [44.4 − 44.8] > 10 −2 [10 8 − 10 10 ] 
COSMOS-WEB 86 (45) [10 6 − 10 8 ] [44.5 − 45.6] > 10 −2 [10 8 − 10 10 ] 

z ≥ 10 
JADES-Deep 32 (5) [10 4 − 10 6 ] [43.4 − 43.6] [ < 10 −3 −

10 −1 ] 
[10 6 − 10 10 ] 

JADES-Medium 8 (2) [10 4 − 10 6 ] [43.8 − 43.9] [10 −2 − 10 −1 ] [10 6 − 10 10 ] 
CEERS < 1 ( < 1) / / / / 
PRIMER < 1 ( < 1) / / / / 
COSMOS-WEB < 1 ( < 1) / / / / 
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The abundance of gas inside each galaxy is affected by photo- 
eating feedback, which – at each given redshift – suppresses star 
ormation in haloes with virial temperatures below the temperature 
f the intergalactic medium (IGM, Valiante et al. 2016 ) 1 and by
echanical feedback due to galaxy-scale outflows driven by the 

nergy released by SN explosions and BH accretion, 

˙
 ej = Ṁ ej , SN + Ṁ ej , AGN (6) 

here Ṁ ej , SN and Ṁ ej , AGN are the SN- and AGN-driven outflow rates. 
he first term is defined as: 

˙
 ej , SN = 

2 E SN εw , SN R SN ( t) 

v 2 e 

, (7) 

here E SN represents the explosion energy per SN and R SN ( t ) is the
N explosion rate, which depend on the SF history and on the nature
f the stellar populations hosted by each galaxy, 2 v e = (2 GM / R vir ) 1/2 

s the escape velocity of the galaxy, and εw, SN = 1.6 × 10 −3 is a free
arameter representing the SN-driven wind efficiency. 
The second term in equation ( 6 ) is computed as, 

˙
 ej , AGN = 2 εw , AGN εr Ṁ accr 

(
c 

v e 

)2 

. (8) 

here εw, AGN is the AGN-driven wind efficienc y. F ollowing Trinca 
t al. ( 2022 ), in our reference model, we assume that εw, AGN =
.5 × 10 −3 . 
The bolometric luminosity of each accreting BH, L bol = εr Ṁ accr c 

2 

an then be converted into a B-band (4400 Å) luminosity using the
olometric correction proposed by Duras et al. ( 2020 ), L bol / L B =
.13, and extrapolated to other optical/UV wavelengths assuming 
 power law slope with L ν ∝ ν−0.44 (Trinca et al. 2022 ). Finally,
 We consider T IGM 

= Q HII T reio + (1 − Q HII ) T HI , where T reio = 2 × 10 4 K, 
 HI = 0.017(1 + z) 2 and the filling factor of HII regions, Q HII , is computed 
s in (Valiante et al. 2016 ). 
 For Pop III stars, E SN is assumed to be 2.7 × 10 52 erg, whereas for Pop II/I 
tars, E SN = 1.2 × 10 51 erg. 

F
d
<  

p  

c
t  

r

ollowing Merloni et al. ( 2014 ), we assume the fraction of obscured
GNs to be a decreasing function of their intrinsic X-ray luminosity, 

 obs = 0 . 56 + 

1 

π
arctg 

(
43 . 89 − Log L X 

0 . 46 

)
(9) 

here L X is expressed in erg/s and it is computed from the bolometric
uminosity adopting the bolometric correction proposed by Duras 
t al. ( 2020 ). This model has been shown to provide a good
escription of the currently observed galaxy and AGN populations 
t 4 ≤ z ≤ 7 and to comply with global constraints on the cosmic
FR density evolution and on the history of cosmic reionization (see
rinca et al. 2022 and Trinca et al., in preparation). 

 RESULTS  

n this section, we illustrate our main findings. We first present the
redicted number of accreting BHs that would be observable in 
lanned JWST surv e ys at different redshifts. Then, we discuss the
hysical properties of the observable BH population and of their 
osts. In particular, we focus on the BH mass and on the stellar mass
nd metallicity of the host galaxy. By combining these properties we
ope to identify BHs in their early phases of mass growth, i.e. close
o their formation epochs, and hence to constrain the nature of the
rst BH seeds. 

.1 The obser v ability of accreting black holes 

n Figs 1 and 2 we show the number of accreting BHs expected
er NIRCam field of view as a function of their UV luminosity and
200W magnitude as predicted by the CAT reference model. The 
istributions are shown for different redshift bins in the range 5 < z 

 15. Vertical dashed lines in Fig. 2 indicate the sensitivity limits of
lanned surv e ys with JWST; horizontal dashed lines with the same
olour show instead the number density of BHs that corresponds 
o having at least one system in the volume of the surv e y. In this
egard, Table 1 provides a summary of the assumed area and 10 σ
MNRAS 519, 4753–4764 (2023) 
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Figure 3. Number of accreting BHs brighter than m 200W 

per NIRcam field of view as a function of their apparent magnitude m 200W 

assuming negligible 
obscuration for different redshift bins in the range 5 < z < 15. Here, we split the BH population in three separate bins of BH mass, represented by different 
coloured lines (see the legenda). As in Fig. 2 vertical and horizontal lines represent the magnitude and density limit for different surveys: JADES-Deep (short- 
dashed), JADES-Medium (dot-dashed), CEERS (dotted), PRIMER (dashed), COSMOS-WEB (long dashed). The BH population that would be observable by 
each surv e y depends on its area and sensiti vity, with COSMOS-WEB sampling a large enough area to detect a fe w of the rarest systems with Log( M BH /M �) > 

8 at z < 7, and JADES-Deep being capable of detecting the heavy BH seeds with masses 4 < Log( M BH /M �) < 6 out to z ∼ 13 −14. 
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imiting magnitude of each surv e y. F or the limiting magnitude we
re considering 10 σ as simple detection is generally not enough,
nd reliable colours, and possibly spectra, are needed to discriminate
andidate AGNs from other populations of galaxies. 

We find that planned surv e ys should be able to detect growing
Hs up to z ∼ 12 −13. At z ≤ 7 −8, a complementary view of the
ccreting BH populations will be provided by different surveys, with
ADES-Medium/-Deep being capable of detecting the numerous
Hs that populate the faint-end of the distribution, COSMOS-Web

ampling a large enough area to detect the rarest brightest systems
nd CEERS/PRIMER bridging the gap between these two regimes.
t higher redshift, it will become progressively more challenging for

hallower surv e ys to detect accreting BHs, and at z > 10 −11 only
ADES-Deep will be sensitive enough to potentially detect growing
Hs. 
The expected properties of accreting BHs with luminosity above

he sensitivity limit of each surv e y are reported in Table 2 , where we
plit the population in three redshift bins: 5 ≤ z < 7, 7 ≤ z < 10,
NRAS 519, 4753–4764 (2023) 
nd z ≥ 10. For each surv e y, we pro vide information on the e xpected
umber of detectable BHs with and without obscuration correction,
heir UV luminosity, the range of BH masses, and the metallicity and
tellar mass of their host galaxy. These latter properties are discussed
n more details in the following subsections. 

.2 Masses of the obser v able black hole population 

n Fig. 3 we show the distribution in mass of the accreting BH
opulation as a function of redshift. Each panel represents the
umulative number of objects brighter than a given magnitude in
he F200W filter band assuming negligible obscuration (the same
opulation represented by the empty histograms in Figs 1 and 2 ),
or three different bins of M BH : a small mass bin (4 ≤ Log M BH /M �
 6), which sample BH seeds and their early growth phase, an

ntermediate mass bin (6 ≤ Log M BH /M � < 8), and a large mass
in (Log M BH /M � ≥ 8), which sample the upper end of the mass
unction, where SMBHs powering quasars are expected to reside.
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Figure 4. Same as Fig. 3 , but with coloured lines representing different metallicity bins for the BH host galaxy. At z < 10 observable BHs are preferentially 
hosted by galaxies with Log(Z/Z �) ≥ −2, whereas at higher redshifts an increasing fraction of observable systems resides in galaxies with −3 ≤ Log(Z/Z �) < 

−2. 
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he relatively small field of view of these surv e ys preferentially
elects the most common BH population in each redshift bin, i.e. 
Hs with masses 6 ≤ Log( M BH /M �) < 8 at 5 ≤ z < 10, and BHs
ith masses 4 ≤ Log( M BH /M �) < 6 at z ≥ 10. 
In our reference model, all the observable BH population at z ≥

0 correspond to heavy BH seeds formed by the direct collapse of
uper-massive stars in their earliest phases of mass growth (Trinca 
t al. 2022 ), due to the inefficient mass growth of light BH seeds,
hose maximum mass and UV luminosity are M BH ∼ 10 3 . 5 M � and 
 UV ∼ 10 41 erg s −1 at all redshifts. The observable population of
eavy BH seeds at z > 10 and of their descendants at z < 10 accrete
as with rates that typically range between [0.1–1] Ṁ Edd . 

According to the statistical analysis presented in Valiante et al. 
 2018a ), at z ≥ 10 even BHs that are the direct progenitors of SMBHs
owering quasars at z ∼ 6–7, are more likely to be observed evolving
n isolation, i.e. before they and their host galaxies experience merg- 
rs with other systems. Hence, even in the presumably overdense 
egions which facilitate the formation of the first quasars and their 
ost galaxies, accreting BHs at z ≥ 10 are more likely to keep
emory of their birth conditions. Detecting these systems would 

rovide invaluable insights on the nature and early growth of the first

H seeds. 
.3 Host metallicity of the obser v able black hole population 

osmological models of light, medium weight, and heavy BH 

eed formation show that their birth environments generally require 
uppression of efficient gas cooling and fragmentation (Omukai et al. 
008 ). These conditions generally imply metal-poor or metal-free 
nvironments, possibly exposed to a strong UV background, which 
uppress H 2 cooling (Valiante et al. 2016 ; Trinca et al. 2022 ) and
a v our high gas accretion rates (Chon & Omukai 2020 ; Sassano
t al. 2021 ). Measuring the metallicity of the host galaxies of high
edshift accreting BHs with JWST may provide additional important 
onstraints on BH seeding models. 

In Fig. 4 we show the distribution in metallicity of galaxies hosting
he accreting BH population in different redshift bins. Similarly to 
ig. 3 , each panel shows the cumulative number of objects brighter

han a given magnitude in the F200W filter band assuming negligible
bscuration for four different metallicity bins: an extremely metal- 
oor bin ( Log Z / Z � < −3), which sample the formation sites of BH
eeds, and three additional bins where Z/Z � is increased by 1 dex
 −3 ≤ Log Z / Z � < −2, −2 ≤ Log Z / Z � < −1, Log Z / Z � ≥ −1). 
he figure shows that at z < 10 observable BHs are expected to
e preferentially hosted by galaxies with metallicities Log(Z/Z �) ≥
MNRAS 519, 4753–4764 (2023) 
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Figure 5. Same as Fig. 3 , but with coloured lines representing different bins of stellar mass of the BH host galaxy. At redshift z < 10, the large majority of the 
observable BH population is hosted by galaxies with stellar mass 8 ≤ Log( M ∗/M �) < 10. At earlier times an increasing fraction of systems resides in smaller 
galaxies with 6 ≤ Log( M ∗/M �) < 8, despite their observability is only within the reach of deeper surv e ys as JADES-Deep and JADES-Medium. 
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2, whereas at higher redshifts an increasing fraction of observable
ystems is predicted to be hosted by galaxies with −3 ≤ Log(Z/Z �)
 −2. 
It is important to stress that although seeds are expected to form in

ristine or extremely metal-poor environments, with Z � 10 −4 Z �,
nce the star formation starts in their host galaxies, metal enrichment
roceeds on the short evolutionary timescales of massive stars (a few
yrs). Hence, it is not surprising that e ven relati vely une volved BH

eeds at z > 10 are predicted to be hosted by galaxies with a broad
ange of metallicities, as shown in Fig. 4 . Yet, our results suggest
hat at z > 10 JADES-Deep will be sensitive enough to detect heavy
H seeds in very metal-poor galaxies. 

.4 Host galaxy stellar mass 

haracterizing the properties of galaxies hosting the first accreting
H seeds is important to guide the search and detection of these
lusive objects. In Fig. 5 we show how the population of accreting
Hs is distributed as a function of the host galaxy stellar mass for
ifferent redshift bins in the range 5 < z < 15. Similarly to Fig. 3 ,
ach panel shows the cumulative number of objects brighter then
NRAS 519, 4753–4764 (2023) 
 given magnitude in the F200W filter band, assuming negligible
bscuration, for three different bins of the host galaxy stellar
ass: a low-mass bin 6 ≤ Log (M ∗/ M �) < 8, sampling unevolved

r recently formed galactic systems, and two additional mass bins,
 ≤ Log (M ∗/ M �) < 10 and Log (M ∗/ M �) ≥ 10, representing more
volved and massive hosts. At z < 10, our model predicts that
bservable BHs are preferentially hosted by galaxies with stellar
ass 8 ≤ Log (M ∗/ M �) < 10 o v er a wide range of BH UV magni-

udes. Only the brightest systems with magnitude m 200W 

< 23 at z
 7 are more likely to be hosted by more massive galaxies, with
og (M ∗/ M �) > 10. At z > 10, an increasing fraction of accreting
Hs is hosted by less evolved systems with 6 ≤ Log (M ∗/ M �) < 8.
he figure shows that BH seeds hosted in these low-mass galaxies
an be potentially detected by JADES-Deep up to z ∼ 12. 

It is important to note that accreting BHs hosted by less massive
ystems have a larger probability to keep memory of their formation
nvironments, as their evolution has not been significantly perturbed
y dynamical interactions with other galaxies (see e.g. Valiante
t al. 2018a ). Our predictions hence suggest that deep JWST surv e ys
ave the potential to provide important indications on the formation
nvironment of the first heavy BH seeds. 
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Figure 6. Expected number of accreting BHs brighter than m 200W 

per NIRcam field of view as a function of their apparent magnitude m 200W 

in the redshift 
range 5 < z < 15. The population is split in bins of BH mass, represented by different coloured lines, with thick solid (loosely dash-dotted) lines neglecting 
(adopting) an obscuration correction. As in Fig. 2 vertical and horizontal lines represent the magnitude and density limit for different surv e ys: JADES-Deep 
(short-dashed), JADES-Medium (dot-dashed), CEERS (dotted), PRIMER (dashed), COSMOS-WEB (long dashed). 
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.5 The effect of obscuration 

n Fig. 6 we show the number of accreting BHs brighter than a given
agnitude m 200 W 

expected per NIRCam field of view in the entire 
edshift range 5 < z < 15. The accreting BH populations is split in
ins of BH mass, using the same ranges of values adopted in Fig. 3 . In
ig. 7 we show the same distribution but divided in bins of host galaxy
etallicity (upper panel) and stellar mass (lower panel). In both Figs 6

nd 7 the thick solid (thick dashed) lines show the expected number
f systems when no obscuration is assumed (with an obscuration 
orrection). It is clear that even when accounting for obscuration 
ADES-Deep/-Medium can potentially detect a mixed population of 
ccreting BHs, with masses in the small and intermediate mass bins,
hereas surv e ys like CEERS, PRIMER, and COSMOS-WEB will 

arget BHs with masses in the intermediate mass bin, except for a
mall number of bright, massive systems. Because of the relatively 
apid chemical evolutionary timescales, the dominant population of 
ccreting BHs that is potentially detectable with JWST resides in 
alaxies with metallicities Log(Z/Z �) ≥ −2. Only JADES-Deep 
ay be sensitive enough to detect more metal-poor environments, 
ith a fraction of the faintest accreting BHs residing in galaxies with
3 ≤ Log(Z/Z �) < −2, where we should expect dust obscuration to

e negligible. Yet, our obscuration correction, which is based on an 
mpirical model calibrated at 0.3 ≤ z ≤ 3 (Merloni et al. 2014 ), does
ot foresee a metallicity dependence and likely o v erestimates the 
raction of obscured BHs at very low metallicities. We will come back
o this point in the next section. In a similar way, when accounting for
bscuration, our predictions suggest that the dominant population of 
ccreting BHs detectable with JWST is hosted by galaxies with stellar 
asses 8 ≤ Log (M ∗/ M �) < 10, since BH growth is suppressed in

ower mass systems, as also suggested by other studies (Dubois 
t al. 2015 ; Bower et al. 2017 ; Habouzit, Volonteri & Dubois 2017 ;
 −  
ngl ́es-Alc ́azar et al. 2017 ). Only deep surv e ys as JADES-Deep/-
edium may be able to detect fainter BHs residing inside less
assive galaxies. 

 DI SCUSSI ON  A N D  C O N C L U S I O N S  

n this paper, we have discussed the capabilities of JWST to constrain
he population of accreting BHs at z > 5. We find that planned
WST surv e ys may pro vide a v ery complementary view on this
arly BH population, with JADES-Medium/-Deep being capable 
f detecting the numerous BHs at the faint-end of the distribution,
OSMOS-WEB sampling a large enough area to detect the rarest 
rightest systems, and CEERS/PRIMER bridging the gap between 
hese two regimes. At higher redshift, it will become progressively 

ore challenging for shallower surv e ys to detect accreting BHs,
nd at z > 10 − 11 only JADES-Deep will be sensitive enough to
otentially detect growing BHs. 
We find that the relatively small field of view of these surv e ys

referentially selects the most common BH population in each 
edshift bin, i.e. BHs with masses 6 ≤ Log( M BH /M �) < 8 at 7

z < 10, and BHs with masses 4 ≤ Log( M BH /M �) < 6 at z ≥ 10.
n our reference model, the latter population corresponds to heavy 
H seeds formed by the direct collapse of supermassive stars in their
arliest phases of mass growth (Trinca et al. 2022 ). 

The first BH seeds are generally predicted to form in metal-poor
r metal-free environments. Measuring the metallicity and stellar 
ass of the host galaxies of high redshift accreting BHs with JWST
ay provide additional important constraints on BH seeding models. 
e find that below z < 10 observable BHs are expected to be

referentially hosted by galaxies with metallicities Log(Z/Z �) ≥
2 and stellar masses 8 ≤ Log( M ∗/M �) < 10, whereas at higher
MNRAS 519, 4753–4764 (2023) 
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Figure 7. Same as Fig. 6 but the BH population is split in bins of host galaxy metallicity (upper panel) and stellar mass (lower panel).The thick solid (loosely 
dash-dotted) lines show the expected number of systems neglecting (adopting) an obscuration correction. 
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edshifts an increasing fraction of observable systems are expected
o be hosted by galaxies with −3 ≤ Log(Z/Z �) < −2 and lower
tellar masses 6 ≤ Log( M ∗/M �) < 8. 

Our predictions are based on CAT, a semi-analytical galaxy/BH
volution model (Trinca et al. 2022 ), which allows us to make
b initio predictions for BH seeds formation and growth while
NRAS 519, 4753–4764 (2023) 
eing consistent with the general population of AGNs and galaxies
bserved at 4 ≤ z ≤ 7. In the present study, we have based our
redictions on CAT reference model, where the growth of light and
eavy BH seeds can not exceed the Eddington rate. In this model,
ight BH seeds fail to grow due to inefficient gas accretion, and the
bservable BH population at z > 5 derives from grown heavy seeds

art/stac3768_f7.eps


BH seeds growth with JWST 4763 

a  

1  

p

t  

s
c  

b
e  

2  

o

d
v
a
t  

o
E
a  

i  

e  

o  

f  

c
i
c
≤  

m
r
e
d
d
f
f  

e  

c
b

A

T
t
(
i
6
C
p

D

T
a

R

A  

B
B
B  

B  

B
B

B  

C
d  

d  

D  

D
D  

D
E
F
F
F
F
G
G  

G
H
H
H
H
H
I
I
I  

L
L  

L
L  

M
M
M
M
N
N  

O
O
O
P
P  

P  

P
P
P  

P  

P  

R
R
S  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/519/3/4753/6958811 by guest on 22 April 2024
nd is characterized by accretion rates that fall in the range [0.1 -
] Ṁ Edd . Observational constraints from the JWST surv e y will be
recious to test this scenario. 
Our predictions for the observability of the accreting BH popula- 

ion at 5 < z < 15 with planned JWST surv e ys assume that these
ystems can be identified with properly designed colour selection 
riteria. In the past few years a number of these have been proposed,
ased either on the continuum emission (see for example Volonteri 
t al. 2017 ; Natarajan et al. 2017 ; Pacucci et al. 2017 ; Valiante et al.
018b ), on emission-line selection (Nakajima & Maiolino 2022 ), or
n empirical templates (Goulding & Greene 2022 ). 
Our study can potentially be expanded and improved in various 

irections. In particular, CAT allows us to explore other model 
ariants, such as the merger-driven model, where enhanced BH 

ccretion episodes are triggered by galaxy mergers and can exceed 
he Eddington limit (Trinca et al. 2022 ). In addition, we could base
ur predictions on a more sophisticated modelling of the BH Spectral 
nergy Distribution (SED) that depends on the black hole mass, 
ccretion rate, and on the metallicity of the host galaxy (see for
nstance the SED models proposed by Volonteri et al. 2017 ; Valiante
t al. 2017 , 2018b , Pezzulli et al. 2017 , Nakajima & Maiolino 2022 ,
r Inayoshi et al. 2022 ). The addition in CAT of dynamical channels
orming intermediate mass BH seeds following Sassano et al. ( 2021 )
ould also provide a more complete census of massive BHs formed 
n high redshift galaxies. Finally, our estimates for the obscuration 
orrection are based on an empirical model calibrated at 0.3 ≤ z 

3 (Merloni et al. 2014 ). While nuclear BH obscuration may be
ore sensitive to the physical conditions prevailing in the nuclear 

egion surrounding the BH rather than to the large-scale galactic 
nvironment, the physical properties of growing BH seeds may be 
ifferent from their more massive and more luminous low-redshift 
escendants. Therefore, the effect of varying the obscuration as a 
unction of BH properties and their environment may be an additional 
eature to investigate. In future work we plan to provide a more
 xtensiv e analysis along the lines described abo v e and we will test
olour selection criteria on the observable BH population predicted 
y our model. 
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