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A B S T R A C T 

JWST is unveiling for the first time accreting black holes (BHs) with masses of 10 

6 − 10 

7 M � at z > 4, with the most distant 
residing in GNz11 at z = 10.6. Are we really surprised to find them in the nuclei of z � 5 − 11 galaxies? Here we predict 
the properties of 4 < z < 11 BHs and their host galaxies considering an Eddington-limited (EL) and a super-Eddington (SE) 
BH accretion scenario, using the Cosmic Archaeology T ool (CAT) semi-analytical model. W e calculate the transmitted spectral 
energy distribution of CAT synthetic candidates, representative of the BH/galaxy properties of GNz11. We also examine the 
possibility that the z = 8.7 galaxy CEERS-1019 could host an active BH. We find that the luminosity of high- z JWST detected 

BHs are better reproduced by the SE model, where BHs descend from efficiently growing light and heavy seeds. Conversely, 
the host galaxy stellar masses are better matched in the EL model, in which all the systems detectable with JWST surv e ys 
JADES and CEERS descend from heavy BH seeds. We support the interpretation that the central point source of GNz11 could 

be powered by a SE ( λEdd � 2 − 3) accreting BH with mass 1.5 × 10 

6 M �, while the emission from CEERS-1019 is dominated 

by the host galaxy; if it harbours an active BH, we find it to have a mass of M BH 

� 10 

7 M �, and to be accreting at sub-Eddington 

rates ( λEdd � 0.5). 

K ey words: galaxies: acti ve – galaxies: formation – galaxies: evolution – galaxies: high redshift – quasars: supermassive black 

holes – black hole physics. 
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 I N T RO D U C T I O N  

nderstanding how galaxies form and evolve in the first billion
ears of cosmic evolution is one of the driving science objectives
f the recently launched JWST. With its unprecedented sensitivity,
WST has already started to revolutionize the field. JWST/NIRCam
bservations have enabled to detecting galaxies at z � 10 (Castellano
t al. 2022 ; Labbe et al. 2023a ; Tacchella et al. 2023a ; Naidu et al.
022b ; Adams et al. 2023 ; Robertson et al. 2023 ; Tacchella et al.
023 b), providing the first observational constraints on the UV
uminosity function and star formation history in the first 500 Myr of
he universe (Harikane et al. 2022 ; Donnan et al. 2023 ), showing a
urprising lack of evolution in the number density of bright galaxies at
 � 10. While some of these sources must be interpreted with caution,
iven their possible confusion with dusty, star-forming galaxies at z
5 (Naidu et al. 2022a ; Arrabal Haro et al. 2023 ; Zavala et al. 2023 ),

WST is showing that galaxies in the early universe are characterized
y a diversity of properties (Barrufet et al. 2023 ; Whitler et al.
023 ), including unexpectedly strong dust obscuration at 8 < z <
 E-mail: raffaella.schneider@uniroma1.it 
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3 (Rodighiero et al. 2023 ), massive quiescent galaxies at 3 < z

 5 (Carnall et al. 2023 ), and even low-mass quenched galaxies
ut to z � 7 (Looser et al. 2023 ). JWST/NIRSpec observations
ave spectroscopically confirmed several tens of these systems (see
akajima et al. 2023 and references therein), including galaxies at 10
z ≤ 13.2 (Curtis-Lake et al. 2023 ; Arrabal Haro et al. 2023 ; Bunker

t al. 2023 ; Robertson et al. 2023 ). Most of these galaxies show strong
ebular lines, indicative of extreme excitation conditions, with high-
onization parameters and low-metallicities (Cameron et al. 2023 ;
urti et al. 2023 ; Sanders et al. 2023a , b ). 
Interestingly, the spectra of some of these galaxies reveal the pres-

nce of broad permitted lines (H α, H β, H γ ) without a counterpart
n the forbidden lines, hence consistent with being emitted from the
road Line Region (BLR) of weak Active Galactic Nuclei (AGNs).
wo systems with estimated BH masses of M BH ∼ 10 7 M � have been
eported by Kocevski et al. ( 2023 ): CEERS-1670 at z = 5.2, and
EERS-3210 at z = 5.6, the latter being a heavily obscured AGN
aught in a transition phase between a dust-obscured starburst and
n unobscured quasar, similar to the transitioning quasar GNz7q at
 ∼ 7.19 reported by Fujimoto et al. ( 2022 ). Übler et al. ( 2023 )
dentified an AGN in the compact galaxy GS-3073 at z = 5.6,
stimating a BH mass of ∼10 8 M �. Larson et al. ( 2023 ) reported
© 2023 The Author(s) 
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 broad H β emission line in CEERS-1019, a galaxy at z = 8.7,
uggesting a BH mass of M BH ∼ 10 7 M �, although their detection
as a lower significance (2.3 σ ). At even higher redshift, Maiolino 
t al. ( 2023a ) argued that the z = 10.6 galaxy GNz-11 (Bunker
t al. 2023 ; Tacchella et al. 2023 b) hosts a nuclear BH with mass
 BH ∼ 2 × 10 6 M � accreting at super-Eddington (SE) rates. The 

e w extensi ve analysis of JWST/NIRSpec observations of GNz11 
resented in Maiolino et al. ( 2023a ) suggests extremely high gas
ensities, typical of the BLR of AGNs, together with other AGN- 
ike features (ionization lines typical of AGNs, ionization cones, and 
 Ly α halo similar to that observed in quasars, see Scholtz et al.
023 ; Maiolino et al. 2023b ), while Wolf–Rayet (WR) stars alone
Senchyna et al. 2023 ) can not account for many of the observed
pectral properties. 

In addition to GNz11, Maiolino et al. (in preparation) have 
dentified 10 AGNs at 4 < z < 8 in three tiers of the JADES surv e y
hrough the detection of broad Balmer emission lines, with also 
ossible candidate merging BH systems, as traced by two broad H α

omponents. The inferred BH masses in these AGN sample are in 
he range between 5 × 10 7 M � and down to 3 × 10 5 M �, probing
he regime expected for heavy BH seeds formed by the collapse of
uper Massive Stars (SMSs) (Ferrara et al. 2014 ). 
A statistical census of broad H α emission line systems among 

85 galaxies at 3.8 ≤ z ≤ 8.9 confirmed with NIRSpec has led to the
isco v ery of 10 type-1 AGNs (corresponding to ∼ 5 per cent of the
ample) with masses M BH ∼ 10 6 − 10 7 M � at z = 4 − 6.9 (Harikane
t al. 2023 ), two of which are the systems reported by Kocevski et al.
 2023 ). It is important to note that broad emission lines can also
e powered by mergers or outflows, but in these cases broad lines
re seen both in permitted and forbidden lines, unlike these JWST
ources, whose spectra show the typical narrow–forbidden/broad–
ermitted duality of AGNs. 
Additional high redshift faint AGN candidates have been identified 

y means of high-resolution imaging and spectral energy distribution 
SED) modelling (Furtak et al. 2023 ; Endsley et al. 2023 ; Labbe et al.
023 b; Onoue et al. 2023 ), including a system reported by Bogdan
t al. ( 2023 ); this is a luminous X-ray source in the gravitationally
ensed galaxy UHZ1, which has a solid photometric redshift of z 
 10.3 (Castellano et al. 2022 ). They interpret the source as a 10 7 

10 8 M � accreting BH, with a bolometric luminosity of L bol = 

2 − 8] × 10 45 erg s –1 . Interestingly, the estimated stellar mass of
he galaxy is M star = 0 . 4 + 1 . 9 

−0 . 2 × 10 8 M � (Castellano et al. 2022 ). 1 ,
uggesting that system maybe experiencing the Outsize Black Hole 
alaxy (OBG) stage predicted by theoretical models for high redshift 
alaxies which are the birth places of heavy BH seeds (Agarwal et al.
013 ; Valiante et al. 2016 ; Natarajan et al. 2017a ). 
These candidate AGNs, are often selected with red colours at long 

avelengths, interpreted as reddened AGN emission, and a bluer 
omponent a short wavelength, possibly associated with scattered 
ight from the AGN or with faint unobscured star formation in the
ost (Furtak et al. 2022 ; Labbe et al. 2023b ). Ho we ver, the possibility
f compact dusty star formation can not be ruled out, and it would
e essential to unambiguously identify the presence of a faint AGN 

hrough broad wing Balmer emission lines. 
 We note here that the stellar mass of the system has been inferred 
sing galaxy SED templates, that with no AGN contribution. Ho we ver, the 
ontribution of the AGN to the observed photometry should be subdominant, 
iven the large gas column density ( N H � 10 24 cm 

−2 ) inferred by the analysis 
f the X-ray data (Bogdan et al. 2023 ). 

f
(

2

(
L

Recently, Matthee et al. ( 2023 ) have conducted a systematic search
or broad line H α emitters o v er � 230 arcmin 2 co v ered by the
IGER (Kashino et al. 2023 ) and FRESCO (Oesch et al. 2023 )
WST programmes, corresponding to a volume of 6 × 10 5 Mpc 3 

 v er 4 ≤ z ≤ 6. They reported the identification of 20 systems at
 = 4.2 − 5.5 that have broad H α components with line widths
rom 1200 − 3700 km s –1 , that they interpreted as being powered by
ccretion onto SMBHs with masses ∼10 7 − 10 8 M �, measuring a
umber densities of � 10 −5 cMpc −3 in the UV luminosity range −21

M UV ≤ −18. 
Given the high rate of faint AGNs disco v ered with JWST, two

uestions naturally arise: 
are we surprised to find these hidden little monsters 2 in the hearth

f galaxies at z ∼ 5 − 11? And can we use their estimated properties
o constrain the nature and growth of the first BH seeds? 

 G R E A  T  EXPECTA  T I O N S  A N D  A M A Z I N G  

O N F I R M AT I O N S  

he recent disco v ery of more than 40 new faint AGNs (with
uminosities < 10 46 erg s –1 ) at z > 4 in ongoing surv e ys with JWST,
ncluding two tentative systems at z = 8.7 and 10.3, and the currently

ost distant AGN at z = 10.6, is an amazing confirmation of the rich
H landscape at cosmic dawn predicted by theoretical models. 
The existence of hundreds of quasars at 6 ≤ z ≤ 7.64 (see Fan,

anados & Simcoe 2022 for a recent re vie w, and Ba ̃ nados et al.
018 ; Yang et al. 2020 ; and Wang et al. 2021 for the three systems
hat mark the current quasars redshift frontier at z = 7.54, 7.52, and
.64, respecti vely) sho w that 10 9 − 10 10 M � super massi ve black
oles (SMBHs) are able to form in ∼700 Myr, by efficiently growing
ass onto smaller BH seeds (see Volonteri, Habouzit & Colpi 2021

nd Inayoshi, Visbal & Haiman 2020 for recent re vie ws). 
The nature of BH seeds is still largely unconstrained. Astrophysi- 

al BH seeds have been proposed to form in different fla v ours: light
H seeds with masses up to a few ∼ 100 M � may be the remnants of
assive Population III (Pop III) stars; heavy BH seeds with masses

f ∼10 4 − 10 5 M � may form by the direct collapse of a SMS;
edium weight BH seeds, with masses ∼10 3 M � may result from

unaway stellar or BH collisions in dense stellar clusters. The physical
onditions enabling the formation of BH seeds are tightly linked 
o gas cooling, heating, and accretion in metal-poor environments, 
nd their occurrence goes hand-in-hand with the formation of early 
osmic structures. 

Theoretical models which attempt to incorporate a self-consistent 
H seeding prescription find that the genealogy of SMBHs with 
asses > 10 9 M � powering quasars at z ∼ 6 is characterized by a rich

ariety of BH seed progenitors (see e.g. Volonteri & Natarajan 2009 ;
aliante et al. 2016 ; Ricarte & Natarajan 2018 ; Spinoso et al. 2023 ).
nly a small fraction ( < 10 − 20 per cent) of BH seeds efficiently
row and contribute to the mass of the most massive SMBHs at z >
 (Sassano et al. 2021 ), while the vast majority experience a more
uiet evolution and populate the low end of the mass and luminosity
unction, which potentially encode information on their growth mode 
Trinca et al. 2022 ). 
MNRAS 526, 3250–3261 (2023) 

 We use here a definition taken from the title of the paper by Kocevski et al. 
 2023 ), which reads Hidden Little Monsters: Spectroscopic Identification of 
ow-Mass, Broad-Line AGN at z > 5 with CEERS. 
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.1 Expected number of JWST detectable AGNs and 

hallenges to their detection 

ithin a scenario where SMBHs at z ∼ 6 originate from the
ddington-limited (EL) growth of light and heavy BH seeds, Valiante
t al. ( 2018 ) find that efficiently growing heavy BH seed progenitors
re within the sensitivity limit of NIRCam 

3 out to z ∼ 16. The
umber of detectable seeds depends on the surv e y area and on the
egree of obscuration. Trinca et al. ( 2023b ) estimate that, in a surv e y
ike CEERS, between 48 to 175 AGNs with BH masses in the range
 BH = [10 6 − 10 8 ] M � would be observable at 5 ≤ z < 7, and

etween 8 and 21 at 7 ≤ z ≤ 10. JADES-Deep is expected to find
etween 12 and 63 AGNs with with BH masses in the range M BH =
10 4 − 10 6 ] M � at 7 ≤ z ≤ 10, and between 5 and 32 at z � 10.
hese numbers are predicted to be even larger in models accounting

or phases of SE accretion (Lupi et al. 2014 ; Madau, Haardt & Dotti
014 ; Volonteri, Silk & Dubus 2015 ; Pezzulli, Valiante & Schneider
016 ), although in this regime BH growth is very intermittent, as
uggested by high-resolution hydrodynamical simulations (Regan
t al. 2019 ; Massonneau et al. 2023 ; Sassano et al. 2023 ). 

Although these numbers are still significantly larger than the
onfirmed AGNs (Harikane et al. 2023 ; Larson et al. 2023 ; Matthee
t al. 2023 ; Maiolino et al. 2023a ), spectroscopy in these fields
s still incomplete and does not yet match the depth of imaging.
n addition, the theoretical predictions reported earlier have been
stimated only on the basis of the flux limits and area co v erage
f ongoing JWST surv e ys, without estimating the contamination
f the host galaxy and how this hampers the AGN identification.
 common feature of faint AGNs disco v ered by JWST is that

heir identification relied on the detection of broad hydrogen (and
n some cases helium) permitted lines, while their colours are
ardly distinguishable from a metal-poor star-forming galaxies, and
ften dominated by the stellar continuum of their host galaxies.
rior to the spectroscopic confirmation by Kocevski et al. ( 2023 ),
EERS-1670 was suggested to be either a strong broad-line emitter
r a SE accreting BH by Onoue et al. ( 2023 ) (the source was
amed CEERS-AGN-z5-1 in this study), on the basis of spectral
tting of deep NIRCam photometry (complemented by additional
anada–France–Hawaii Telescope, Hubble Space Telescope (HST),
nd Spitzer Space Telescope photometric data) and its point-source
orphology; ho we ver, the possibility of an extremely young galaxy
ith moderate dust attenuation was not completely ruled out. In

ddition, Harikane et al. ( 2023 ) report that high-resolution HST and
WST/NIRcam images of 7 out of 10 faint AGNs identified as broad
 α emission line systems show extended morphologies, indicating
 significant contribution to the total light from their host galaxies.
ence, commonly adopted colour–colour selection techniques that
av e been dev eloped (Volonteri et al. 2017 ; Natarajan et al. 2017b ;
arrow, Aykutalp & Wise 2018 ; Valiante et al. 2018 ; Goulding &
reene 2022 ; Trussler et al. 2023 ) would not be able to identify

hese systems, unless the BH is o v ermassiv e and the AGN provides a
ominant contribution to the total emission of the galaxy (Volonteri,
abouzit & Colpi 2023 ). In addition, Kocevski et al. ( 2023 ); Larson

t al. ( 2023 ); Übler et al. ( 2023 ), and Harikane et al. ( 2023 ) show
hat these JWST disco v ered AGNs would not be classified as such
sing standard spectral diagnostic techniques based on narrow line
atios that are commonly adopted to discriminate galaxies dominated
y the AGN emission or by stellar emission, such as the BPT
NRAS 526, 3250–3261 (2023) 

 This estimate was based on the photometric performance requirements of 
he instrument, namely the point source faintest fluxes that can be obtained at 
 signal-to-noise ratio SNR = 10 in a 10 ks integration (Valiante et al. 2018 ). 

4

t
(

iagram (Baldwin, Phillips & Terlevich 1981 ) or the OHNO diagram
Backhaus et al. 2022 ). In fact, in the BPT diagram they occupy the
egion with high [OIII]/H β and low [NII]/H α, similar to other high- z
alaxies without broad line emission (Nakajima et al. 2023 ; Sanders
t al. 2023a ) and within the z ∼ 0 classical star-forming regions.
imilarly, in the OHNO diagram, the systems lie in the AGN region
f the diagram but o v erlap with other high- z star-forming galaxies
Trump et al. 2023 ). The observed line ratios of all these systems are
onsistent with what predicted by photoionization models with low-
etallicity and high-ionization parameters, and alternative diagnostic

iagrams have been proposed to separate stellar emission from AGN
mission in these early galaxies, such as the EW(HeII λ4686) versus
eII λ4686/H β diagram (Nakajima & Maiolino 2022 ), where the

ource GS-3073 is compatible with an AGN and clearly separated
rom star-forming galaxies ( ̈Ubler et al. 2023 ). 

What are the physical properties of JWST detectable BH seeds,
nd can we identify – among the simulated samples – systems that
ould represent synthetic counterparts of the currently most distant
GN, GNz11 at z = 10.6 (Maiolino et al. 2023a ), and of CEERS-
019 at z = 8.7, a system that may potentially host an AGN (Larson
t al. 2023 )? 

.2 Expected properties of JWST detectable AGNs 

e base our investigation on the Cosmic Archaeology Tool (CAT)
odel presented in Trinca et al. ( 2022 ) (hereafter T22 ). CAT is
 semi-analytical model that allows us to follow the co-evolution
etween nuclear BHs and their host galaxies all the way from the
ormation of the first stars and their BH remnants in the star-forming
olecular-cooling halos at z � 20 − 30, down to the assembly of

ystems hosting bright quasars and less luminous AGNs at 4 ≤ z �
.5. The model runs on a sample of dark matter (DM) halo merger
istories at 4 ≤ z ≤ 30 generated through the galaxy formation model
ALFORM (Cole et al. 2000 ; Parkinson, Cole & Helly 2008 ) based
n the Extended Press Schechter theory (EPS) 4 We adopt a redshift
ependent mass resolution that corresponds to a DM halo virial
emperature of 1200 K, and we simulate the formation histories of
10 9 − 10 14 ] M � DM halos at z = 4 by sampling their mass interval
nto 11 logarithmically spaced bins and by generating – for each bin
10 independent merger trees. 
In each halo, we follow gas infall, cooling, and star formation

ollowing the same implementation described in T22 . Pop III stars
orm in metal poor star-forming regions with metallicity Z < Z cr =
0 −3.8 Z �, with a mass that is stochastically sampled from a Larson
nitial mass function (IMF) with a characteristic mass of m ch = 20 M �
n the mass range 10 M � ≤ m ∗ ≤ 300 M �. When Z ≥ Z cr , Pop II/I stars
orm according to a Larson IMF with a characteristic mass of m ch =
.35 M � in the mass range 0.1 M � ≤ m ∗ ≤ 100 M �. Stars are evolved
ccording to their characteristic evolutionary time-scales, and we
ccount for their radiative, chemical, and mechanical feedback by
omputing their metallicity- and age-dependent radiative output (in
he hydrogen ionizing and Lyman–Werner bands), their mass- and

etallicity-dependent metal/dust yields, and the energy deposited by
ore-collapse and pair-instability supernova explosions. This allows
s to follow the gas, metal, and dust content in each galaxy, and
o estimate the effects of photoionization and photo-dissociation
 We assume a Lambda cold dark matter ( � CDM) cosmological model with 
he following parameters: 	� 

= 0 . 685, 	M 

= 0.315, h = 0.674, 	b = 0.05 
Planck Collaboration et al. 2020 ). 
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6 Medium weight BH seeds with masses ∼10 3 M � are predicted to form 

by runaway collisions in the dense stellar clusters (Omukai, Schneider & 

Haiman 2008 ; Devecchi & Volonteri 2009 ; Devecchi et al. 2012 ), and a more 
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eedback, which regulate the star formation efficiency in molecular- 
ooling halos. 

The adopted BH seeding prescriptions are the same as in T22 :
ight BH seeds form as remnants of Pop III stars, and their masses
anges from 10s to 100s M �, depending on the Pop III star formation
fficienc y. F ollowing each Pop III star formation episode, the most
assive among BH remnants is assumed to migrate to the centre 

f the host halo, becoming its nuclear light BH seed. Heavy BH
eeds are assumed to form with a constant mass of 10 5 M � from the
ollapse of SMSs in atomic-cooling halos ( T vir ≥ 10 4 K), when metal
nd dust cooling is still inefficient ( Z ≤ Z cr ), and when molecular
ooling is suppressed by a strong illuminating LW flux. 5 Hence, in 
AT heavy and light seeds co-exist and either of the two types of seed

orms when the physical conditions allow. This means that the BH
opulation predicted at each given redshift descends from both light 
r heavy BH seeds, with the exact match at late times determined
y the ability or inability of the seeds to grow, as described in the
ollowing. 

Once formed, BH seeds can grow by gas accretion and mergers. 
n particular, following galaxy major mergers (defined as those with 
nteracting halos mass ratio greater than 1/10), the nuclear BHs are 
ssumed to merge with their host galaxies. In doing so we do not
ccount for the (admittedly poorly constrained, see Bortolas et al. 
020 ) dynamical friction time-scale, as well as for the subsequent 
inary hardening phase, and kick velocity of the newly formed 
Hs. All these processes may have important effects on the BH
ccupation fraction and on the estimated BH binary merger rates (see 
he discussion in Volonteri et al. 2021 ). While an implementation of
hysically moti v ated prescriptions to account for these processes in 
AT is currently underway (Trinca et al. in preparation), we do not
xpect these processes to significantly affect our predictions, given 
hat nuclear BHs grow pre-dominantly by gas accretion rather than 
y mergers. 
Here, we consider CAT predictions for two alternative BH accre- 

ion models: in the first model, the accretion onto light and heavy BH
eeds is EL (the model referred to as the reference model in T22 ); in
he second model, light and heavy BH seeds can accrete at SE rates
n short phases triggered by galaxy major mergers (SE, the model 
eferred to as merger driven model in T22 ). The maximum duration of
he SE phases is 1/10 of the host halo dynamical time-scale ( 
 t burst 

 2 − 7 Myr at z � 10 − 20, see Section 2.4.2 in T22 ), but SE
ccretion is generally sustained for � 2 − 5 Myr, consistent with 
redictions based on high-resolution hydrodynamical simulations 
Regan et al. 2020 ; Massonneau et al. 2023 ; Sassano et al. 2023 ).

hen computing the BH bolometric luminosity, in the EL model we 
ake a fixed radiative efficiency of εr = 0.1, while in the SE model
e adopt a slim disc solution with the parametric form proposed by
adau et al. ( 2014 ), and we assume a constant BH spin of 0.572, so

hat when the BHs are not accreting at SE rates their εr → 0.1. 
CAT has been used to explore observational imprints of light and 

eavy BH seeds and their growth mode on the redshift evolution of
he BH mass and luminosity functions (see T22 ), their detectability 
ithin ongoing JWST surv e ys (Trinca et al. 2023b ), the nature of UV-
right galaxies detected by JWST at z ≥ 10 (Trinca et al. 2023a ), and
he expected imprints of the first stellar populations and accreting 
H seeds on the global 21 cm signal at cosmic dawn (Ventura et al.
023 ). 
 The latter condition is usually expressed as J LW 

≥ J cr = 300, where 
 LW 

is the cumulative flux into the Lyman–Werner energy band in units 
f 10 −21 erg s −1 cm 

−2 Hz −1 sr −1 (see T22 ). 
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BH masses and luminosities of AGNs detectable by JADES and 
EERS at 5 � z � 11 are shown in Fig. 1 . In each panel, the
H population grown from light and heavy BH seeds at the given

edshift is shown by yellow points, while systems with luminosity 
righter than the limiting magnitude of JADES and CEERS surv e ys
re circled in violet and turquoise, respectively. Hence, turquoise 
oints mark systems that can be observed by both surveys, while
iolet points mark systems that can only be detected by JADES. The
pper and lower panels show , respectively , the systems predicted by
AT in the EL and SE models. 
At all redshifts, the systems detectable by JADES extend to lower

H masses and luminosities, as expected by the fainter limiting 
agnitude of the surv e y compared to CEERS (Trinca et al. 2023b ).

n both models, the bolometric luminosity increases with BH mass, 
ut with some discontinuities: in the EL model, BHs descending from 

ight seeds grow very inefficiently, and their masses and luminosities 
emain � 10 4 M � and Log ( L bol )[erg / s] � 39 . 5 at all redshifts. Abo v e
his mass and luminosity, there appears to be a mass gap, as – by
onstruction – the minimum heavy BH seed mass adopted in CAT 

s M BH = 10 5 M � (grey vertical lines). While this gap could be
lled if a more continuous distribution of initial BH seeds masses
ere adopted (see e.g. Ferrara et al. 2014 ; Sassano et al. 2023 ) 6 , in

he present version of the EL model all the systems detectable with
ADES and CEERS appear to be descendants of heavy BH seeds (see
22 for a discussion on the consequences of the adopted accretion
odel on the evolution of the BH mass and luminosity functions). 
In the SE model, even light BH seeds grow more efficiently and

he mass gap disappears 7 Ho we ver, there is a luminosity gap, with
wo disjoint, parallel diagonal tracks, reflecting the short duration of 
he SE phase, which shift part of the systems on the upper track. The
omparison with the diagonal dashed lines shows that systems on the
pper track are characterized by Eddington ratios in the range 1 �
Edd = L bol / L Edd � 10, while systems on the lower track have λEdd �
.01 − 0.1, smaller than in the EL model. The upper track becomes
rogressively less populated with cosmic time, due to the decreasing 
umber of galaxy major mergers and their decreasing gas content 
see also Pezzulli et al. 2016 for a similar finding). 

As expected, in the SE model the number of detectable systems
s larger than in the EL model, particularly at the highest redshift,
here most of the systems are detectable when accreting at SE rates.
ince BH growth is faster in the SE model, CEERS and JADES are
redicted to observe systems with a broader range of BH masses,
t all redshifts, with JADES reaching the limit of the initial heavy
H seed mass at z � 11, with a few systems even crossing this

imit at z ∼ 7 − 9, hence potentially probing BHs originated from
ighter BH seeds. At lower redshifts, SE accreting BHs with masses

10 5 M � become progressively rarer, as these systems have already 
rown, loosing memory of their initial BH seed mass (Valiante et al.
018 ). Among the sample of AGNs detected by JWST, the BH mass
nd luminosity of a systems at z ∼ 5 are broadly consistent with
redictions of the EL model, but most of the sources at z ≥ 7 are
etter reproduced by the SE model. 
MNRAS 526, 3250–3261 (2023) 

ontinuous distribution between medium weight and heavy BH seeds is found 
ithin the super-competitive accretion model recently explored by Chon & 

mukai ( 2020 ). 
 We note here that in our merger-driven SE accretion model light BH seeds 
ro w more ef ficiently than predicted by other studies (see e.g. Smith et al. 
018 ). We will return to this point in Section 3 . 
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M

Figure 1. BH masses and bolometric luminosities predicted by CAT ( T22 ) at 5 � z � 11 assuming the Eddington limited model (EL, top row) and the SE 

model (bottom row), where BHs can accrete at SE rates in short phases triggered by galaxy major mergers. In each panel, light yellow points represent all the 
systems at the corresponding redshift, which can descend from light and/or heavy BH seeds. Systems with a luminosity abo v e the limiting sensitivity of JADES 
and CEERS are circled in violet and turquoise, respectively. The diagonal-dashed lines show reference values of λEdd = L bol / L Edd = 0.01, 0.1, 1, and 10, and the 
v ertical gre y lines mark the initial heavy BH seeds mass adopted in CAT (10 5 M �). We also show the luminosities and BH masses identified in JWST surv e ys 
by Kocevski et al. ( 2023 ) (yellow pentagons at z ∼ 5), Übler et al. ( 2023 ) (blue star at z ∼ 5), Harikane et al. ( 2023 ) (green hollow stars at z ∼ 5 and ∼7); the 
candidate AGN in CEERS-1019 identified by Larson et al. ( 2023 ) is marked with a black star at z ∼ 9, the AGN in GNz11 reported by Maiolino et al. ( 2023a ) 
is shown as a filled red star at z ∼ 11, and AGNs at lower redshift identified by Maiolino et al. (2023c) are shown by hollow red stars. In the rightmost panels 
we also show as a black star with errorbars the candidate AGN at z � 10.3 reported by Bogdan et al. ( 2023 ). The properties of some of the observed systems at 
z ∼ 5 are consistent with predictions of the EL model, but the luminosity and BH masses of the remaining systems at z ∼ 5 and of most of the systems at z � 7 
are better reproduced in the SE model. 
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The distribution of simulated systems in the BH mass – stellar
ass plane for the EL and the SE models is shown in Fig. 2 , using

he same colour-coding adopted in Fig. 1 . In the z ∼ 5 panels, we
lso show the sample of local broad-line AGNs (light purple data
oints) from Reines & Volonteri ( 2015 ), and their best fit relation
gre y shaded re gion), together with the updated fit to the larger
ample from Greene, Strader & Ho ( 2020 ) (azure shaded region). We
tress that – while pre-JWST observations based on dynamical mass
easurements of z � 6 quasars suggested a strong evolution of the

elation with redshift (see Fan et al. 2022 for a recent re vie w) – recent
IRCam/NIRSpec observations of two quasar at z ∼ 6 − 7 show

hat their location in the BH mass – stellar mass plane is consistent
ith the distribution at low redshift (Ding et al. 2023 ), suggesting

hat the most massive BHs inhabit the most massive galaxies. 8 

Fig. 2 shows that the BH mass gap is apparent in the EL
odel, where light BH seeds descendants with masses < 10 4 M �

re undermassive with respect to their host galaxies. Even for the
NRAS 526, 3250–3261 (2023) 

 We note here that the inferred relation at z � 6 is strongly affected by 
otential selection biases and by using gas tracers (Volonteri & Stark 2011 ; 
upi et al. 2019 ), and that massive quasar hosts were indeed expected by 
volutionary scenarios that attempt to reproduce their inferred large dust 
asses (Valiante et al. 2014 ). 

r  

c
 

M  

t  

t  

h  
ore ef ficiently gro wing heavy BH seeds, their masses remain �
0 6 M � until the host galaxy has grown to a mass of at least M star >

0 8 M �, abo v e which the growth of the BHs adjust to M BH / M star 

 0.001, with a large scatter (see also Habouzit, Volonteri &
ubois 2017 and Angl ́es-Alc ́azar et al. 2017 ). Interestingly, a small

raction of systems observable with JADES at z � 7 is made
y heavy BH seeds with � 10 6 M � which are o v er-massiv e with
espect to their host galaxies, as expected if these systems keep
emory of their peculiar birth conditions (Agarwal et al. 2013 ;
atarajan et al. 2017b ; Valiante et al. 2018 ; Visbal & Haiman
018 ). 
In the SE model, instead, the vast majority of detectable BHs

row at a pace almost similar to that of their hosts, with M BH / M star 

 0.01 − 0.1; while this result might reflect the relatively simplified
reatment of the SE accretion in CAT (see the discussion in T22
nd in Section 3 ), it certainly shows how the assumed BH growth
ranslates into a different evolution of the BH mass – stellar mass
elation, even among models which rely on the same BH seeding
onditions (Volonteri 2012 ). 

At all redshifts, most of the observable systems have 0.001 �
 BH / M star � 0.01 in the EL model, and 0.01 � M BH / M star � 0.1 in

he SE model. The comparison with JWST detected AGNs shows that
heir luminosities are better reproduced by the SE model, while their
ost galaxy masses are better matched by the EL model, particularly
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Figure 2. Similar to Fig. 1 , but showing the BH mass – stellar mass relation predicted by CAT ( T22 ) at 5 � z � 11 for the Eddington limited model (EL, top 
row) and the SE model (bottom row). The diagonal-dashed lines show reference values of M BH / M star from 10 −4 to 1, and the horizontal grey lines mark the 
initial heavy BH seeds mass adopted in CAT (10 5 M �). The grey and azure shaded areas in the z ∼ 5 panels sho w, respecti vely, the fit of from Reines & Volonteri 
( 2015 ) to their local sample of broad-line AGNs (light purple points), and the updated fit to the scaling relation from Greene et al. ( 2020 ). We also show the 
estimated BH and stellar masses (or upper limits) of systems identified in JWST surv e ys by Kocevski et al. ( 2023 ) (yellow pentagons at z ∼ 5), Übler et al. 
( 2023 ) (blue star at z ∼ 5), Harikane et al. ( 2023 ) (green hollow stars at z ∼ 5 and ∼7); the candidate AGN in CEERS-1019 identified by Larson et al. ( 2023 ) is 
marked with a black star at z ∼ 9, the AGN in GNz11 reported by Maiolino et al. ( 2023a ) is shown as a filled red star at z ∼ 11, and AGNs at lower redshift 
identified by Maiolino et al. (2023c) are shown by hollow red stars. In the rightmost panels we also show as a black star with errorbars the candidate AGN at z 
� 10.3 reported by Bogdan et al. ( 2023 ). At all redshifts, most of the observable systems have M BH / M star � 0.01 in the EL model, and 0.01 � M BH / M star � 0.1 
in the SE model. 
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t z � 7. We also note that if the estimated photometric redshift,
H mass and host galaxy stellar mass of UHZ1 at z = 10.3 were to
e confirmed by future observations (Castellano et al. 2022 ; Bogdan 
t al. 2023 ), this system – shown by the small black star with errorbars
n the rightmost panel of the figure – would be more o v ermassiv e
in terms of BH to stellar mass ratio) than predicted by both
odels. 
We nevertheless identify the subsample of detectable sources 

ith BH masses that match the measured BH masses estimated 
or GNz11 (Maiolino et al. 2023a ) and CEERS-1019 (Larson et al.
023 ), and whose stellar mass (for sources in the EL model) or
H luminosity (for sources in the SE model) is consistent with the
bserv ed values. F or these subsample of systems, which pro vide
ur best synthetic analogues for GNz-11 and CEERS-1019, we 
ompute further the emission spectra and analyse their evolutionary 
racks. 

.3 Emission spectra of the first accreting BHs and their hosts 

he best synthetic candidates for GNz11 at z = 10.6 and CEERS-
019 at z = 8.68 are extracted from the source catalogs predicted by
AT in both the EL and SE models. We first select systems with a
H mass comparable to that estimated for the two observed sources

Larson et al. 2023 ; Maiolino et al. 2023a ). Then, we also match two
r more additional properties such as the estimated AGN bolometric 
uminosity, Eddington ratio ( λEdd ), host galaxy stellar mass, and 
etallicity (Larson et al. 2023 ; Tacchella et al. 2023b ). 
For CEERS-1019 we also explore the possibility that the system 

oes not host an accreting nuclear BH, since the identification of
he BLR through the broad H β emission line has a low signal-
o-noise ratio (2.3 σ ). In this case, we select our synthetic candi-
ates to have stellar masses and star formation rates within the
bserved range, with no additional condition on the BH mass and
uminosity. 

For each of these systems, we compute an incident continuum 

pectrum from the accreting BH and from star formation in the host
alaxy, based on the properties (redshift, BH mass, and bolometric 
uminosity, stellar mass, age, and metallicity) predicted by CAT. We 
hen use these spectra as input to CLOUDY photoionization models (we 
dopt version 22.00 of CLOUDY ; Ferland et al. 2017 ) to compute the
ransmitted fluxes, adopting the interstellar medium (ISM) properties 
redicted by CAT for each system (g as metallicity, dust-to-g as, and
ust-to-metals mass ratios), similarly to what done in our previous 
tudy (Valiante et al. 2018 ). 

A systematic investigation of the SEDs for all the systems 
redicted by CAT to be detectable by JWST (and their position in
pectral diagnostic diagrams) will be presented in Valiante et al. (in
reparation). Here we show the SEDs for candidates which minimize 
he difference with the photometric data of CEERS-1019 and GNz11, 
ccording to our CLOUDY models. 
MNRAS 526, 3250–3261 (2023) 
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Figure 3. Flux density predicted with CLOUDY for CEERS-1019 candidates 
selected from the EL model (upper panel) and from the SE (lower panel) 
model catalogs at z ∼ 9 predicted by CAT (see Section 2.2 ). The solid azure 
and dashed black lines in both panels show the SED of the accreting BH 

and stellar component, respectively, assuming that all the stars are formed 
in a single burst and a stellar age of 2 Myr. NIRcam and MIRI photometric 
data points from Larson et al. ( 2023 ) are shown in different colours, with 
bars indicating the filter band width. It is important to emphasize that while 
the observed spectrum shows a broad line attributed to the BLR of the BH, 
CLOUDY does not calculate the line broadening caused by the BH potential 
(see text). 
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.3.1 Construction of the SEDs 

he adopted models for the intrinsic emission spectra of accreting
Hs and their hosts (used to define the incident radiation in CLOUDY ),
nd the main set-up conditions adopted to run CLOUDY models are
riefly described further. 
Following Valiante et al. ( 2018 ), the primary optical/UV emission

rom the BH accretion disc is described as the sum of multicolour
lackbody spectra, normalized to the BH bolometric luminosity. The
-ray emission from the hot corona is modelled as a power law
ith an exponential cut-off, L ν ∝ ν−+ 1 e −hν/E c , with E c = 300 keV

nd the photon index  in the hard X-ray energy band is assumed
o depend on the Eddington ration λEdd as  2-10keV = 0.32Log λEdd 

 2.27. We also include the metallicity-dependent X-ray reflection
omponent using the reflection-only solution of the PEXRAV model
n the XSPEC code (see Valiante et al. 2018 for more details). 

The emission from the stellar component is computed with the
pectral evolution code PEGASE v2.0 9 (Fioc & Rocca-Volmerange
019 ), using as an input the ages and metallicities of the stellar
opulations formed in the host galaxy of the accreting nuclear BH
redicted by CAT. We note here that when computing the stellar
mission, we do not consider the full star formation history of the
ost galaxy, but we simply assume that all the stars formed in a burst
nd evolve over a times-scale of 
 t = 2 (1) Myr, corresponding to
he typical redshift-dependent time interval in CAT at z = 8 − 9
10 − 11). We compute their cumulative emission considering their
etallicity to be the same as the metallicity of their parent star

orming cloud and a stellar age equal to 
 t . 
In CLOUDY models, we use the ISM properties (metallicity, dust-

o-gas, dust-to-metal ratios) predicted by CAT to characterize the
nrichment of the gas cloud. For systems with metallicity and dust-
o-metal mass ratio close to local interstellar values (that we assume
o be Z = Z � = 0.01524, and ξ d = ξ� = 0.36, respectively), we
se the interstellar abundances and depletion factors from Gutkin,
harlot & Bruzual ( 2016 ) 10 , except for Nitrogen, for which we
dopt the depletion factor from Dopita et al. ( 2006 , see Nakajima
t al. 2018 ; Nakajima & Maiolino 2022 ). For sources with sub-solar
etallicity, the corresponding abundance of elements lighter than
inc are computed by rescaling the solar values by the metallicity
redicted by CAT. In addition, following Gutkin et al. ( 2016 ), the
epletion factors associated with different dust-to-metal mass ratios
 ξ d < ξ�) are obtained with a linear interpolation of the depletion
actors associated with ξ d = 1, 0.36, and 1. To account for dust
hysics, we rescale the default ISM grains abundance of CLOUDY by
he dust-to-gas mass ratio predicted by CAT. Grain size distribution
nd optical properties are from Mathis, Rumpl & Nordsieck ( 1977 )
nd Martin & Rouleau ( 1991 ), already included in CLOUDY . 

The clumping properties of the emission-line gas are defined by the
lling factor (or clumping factor), f . For this study, we investigated
oth a uniform distribution model, f = 1, and clumpy gas models with
 = 0.05, 0.1, and 0.5. For a given value of the dust-to-gas mass ratio
provided by CAT for each source), the adopted value of f translates
nto a different value of the visual extinction A V . 

Following Nakajima & Maiolino ( 2022 ), in all models presented
ere, we assumed a constant Hydrogen density log(n H / cm 

−3 ) = 3 . 0
nd we stop CLOUDY photoionization runs when the electron temper-
ture, T e , drops below 100 K (in stellar models), or when a neutral
NRAS 526, 3250–3261 (2023) 

 http://www2.iap.fr/users/fioc/Pegase/ 
0 The abundances computed by Gutkin et al. ( 2016 ) also account for both 
rimary and secondary nucleosynthesis production of Nitrogen and Carbon. 
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ydrogen column density of 10 21 cm 

−2 is reached (in accreting BH
odels). 
The resulting SEDs of systems that have been selected to be

epresentative of the best synthetic candidates for CEERS-1019 at
 = 8.68 and GNz11 at z = 10.6 are shown in Figs 3 and 4 . In
articular, we show the SEDs that minimize the difference with the
hotometric data points reported by Larson et al. ( 2023 ) for CEERS-
019 and by Tacchella et al. ( 2023 b) for the point source of GNz11,
hich is attributed to an accreting BH by Maiolino et al. ( 2023a ).

t is important to emphasize that while the spectra of the observed
ources show broad lines attributed to the BLR of the BH, CLOUDY

oes not calculate the line broadening caused by the BH potential. 

.3.2 CEERS-1019 

or CEERS-1019, we show the predicted emission spectra for the
ccreting BHs (azure solid lines) and host stellar populations (dashed
lack lines) of two systems, selected from the EL (upper panel) and
E models (lower panel). The two candidates have comparable BH
ass and were selected among the closest CEERS-1019 synthetic

ounterparts (in terms of BH mass, luminosity, and stellar mass)
redicted by CAT at z ∼ 9. 
In both panels, we report their main physical properties and we

ompare the emission spectra with NIRcam and MIRI photometric
ata points from Larson et al. ( 2023 ), that are shown in different
olours, with bars indicating the filter band width. 

In the EL model, the continuum is dominated by the emission from
he host galaxy, which has a total stellar mass of log( M star / M �) =
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Figure 4. Flux density predicted with CLOUDY for GNz11 candidates 
selected from the EL and SE model catalogs at z ∼ 11 predicted by CAT (see 
Section 2.2 ). In the upper panel we show the emission from accreting BHs 
and compare these to the photometric data points reported by Tacchella et al. 
( 2023 b) for the point source of GNz11, which is attributed to an accreting BH 

by Maiolino et al. ( 2023a ). The spectra are shown for a SE ( λEdd = 2 . 4) 
accreting BH candidate with (azure solid line, A V = 0.4) and without 
(azure dotted line, A V = 0) dust attenuation. The sub-Eddington ( λEdd = 0 . 4) 
candidate found in the z = 11 EL model catalogue is represented by the 
black dot-dashed line. For this latter system we predict the same metallicity 
as for the SE model, 0.06 Z � (from CAT), but A V = 1.0 (from the adopted 
CLOUDY model). For all these systems the BH mass is 1 . 5 × 10 6 M �. Using 
the same colour coding, in the bottom panel we show the emitted spectra 
of the corresponding host galaxies, whose stellar mass, metallicity, and dust 
attenuation are reported in the le gend. F or all these models, we have assumed 
all the stars to form in a single burst and a stellar age of 1 Myr. The grey 
shaded region shows the flux density predicted for a log( M star / M �) = 9 
galaxy adopting the star formation history inferred by Tacchella et al. ( 2023 b 
for the extended component, assuming a fixed metallicity of Z = 10 −1.4 Z �, 
and a dust attenuation in the range A V = 0 − 2. The model predictions are 
compared to the photometric data points reported by Tacchella et al. ( 2023 b) 
for the extended component of GNz11. It is important to emphasize that while 
the observed spectrum shows a broad line attributed to the BLR of the BH, 
CLOUDY does not calculate the line broadening caused by the BH potential 
(see text). 
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.4. Here we have assumed that all stars formed in a single burst and
 stellar age of 2 Myr, that is the typical time interval at z ∼ 8 − 9
n CAT. Despite this extreme assumption, some of the emitted lines
re heavily contaminated by the accreting BH, which has a mass of
og( M BH / M �) = 6.9 and Eddington ratio of λEdd = 0.45. 

In the SE model, instead, the continuum and emitted lines are 
ominated by the BH emission, which has a mass of log( M BH / M �) =
.8 and Eddington ratio of λEdd = 1.8. Due to the faster growth of
he BH, the host galaxy has a stellar mass of only log( M star / M �) =
.0. 
The metallicities of the two systems clearly reflect their different 

egree of evolution, being � 0.08 Z � in the EL model, and a factor
1.6 smaller in the SE model. CLOUDY models with f = 0.05 provide
 V = 0.3 − 0.6, in good agreement with the value inferred for
EERS-1019 (0.4 ± 0.2; Larson et al. 2023 ). The only exception is

he host galaxy in the EL model (dashed line in the upper panel),
or which we show the SED with attenuation A V = 1.0, obtained
ssuming f = 0.1. For a filling factor f < 0.1 ( A V < 1.0) the continuum
mission of this stellar component exceeds NIRCam observations at 
< 3.5 μm. 
We find that the SE model, where the flux density is dominated

y the accreting BH, provides a poor fit to the observed photometry
f CEERS-1019. This conclusion generally applies to SE candidates 
ith comparable BH mass and luminosity, and supports the inter- 
retation provided by Larson et al. ( 2023 ), that is, that – if CEERS-
019 hosts an AGN – the emission from the host galaxy comprises
etween ∼ 80 − 99 . 5 per cent of the UV/optical flux, depending on
he adopted AGN template. 

We also explore the possibility that CEERS-1019 does not host an
GN, that is, that the 2.3 σ detection of the H β broad line component

s not confirmed by future observations. In this case, we select from
AT simulated galaxies at z � 9 systems with stellar masses and star

ormation rates consistent with the values inferred by Larson et al.
 2023 ), without imposing any additional condition on the nuclear
H mass and luminosity. In the SE model, all the selected galaxies
ost nuclear BHs with masses log( M BH / M �) = 7.4 − 8.5 and λEdd =
.009 − 0.03, that is, more massive and less active than inferred by
arson et al. ( 2023 ). In the EL model, we find that � 10 per cent of

he selected galaxies host nuclear BHs that have properties similar 
o the system shown in the top panel of Fig. 3 , while the rest of the
ample host smaller (log( M BH / M �) = 5.25 − 6.5), and less luminous
Hs ( λEdd = 0.03 − 0.3). 

.3.3 GNz11 

or GNz11, Fig. 4 compares the predicted emission spectra powered 
y accreting BHs (upper panel) and their host galaxies (lower panel)
ith the photometric data reported by Tacchella et al. ( 2023b ) for

he central point source (which Maiolino et al. 2023a attribute to the
GN emission) and the extended component, respectively. 
In the upper panel, we show the flux density predicted for two

ccreting BHs with mass M BH ∼ 1 . 5 × 10 6 M �, selected from the
E model ( λEdd = 2.4, azure lines) and from the EL model ( λEdd =
.4, black dashed-dotted line). Using the same colour-coding, in 
he bottom panel we show the flux density predicted for their
ost galaxies. The two accreting BHs are hosted by galaxies with
ifferent stellar mass (log( M star / M �) = 8.6 in the EL model, and
og( M star / M �) = 8 in the SE model), but with the same ISM

etallicity ( Z = 0.06 Z �). 
To best match the photometry of the point-source and extended 

omponent, we performed different CLOUDY runs assuming different 
lling factors, and found that the best match is provided by f = 0.05
or the SE model, corresponding to A V = 0.4 (azure solid line), and
 = 0.5 for the EL model, corresponding to A V = 1 (the latter choice
rovides the best fit to the photometry of the extended component).
or the SE model, we also show a model with no dust obscuration
 A V = 0, azure dotted line). We find that the SED of the SE model
andidate is in good agreement with the observed photometry of the
oint source, especially if dust extinction is neglected, while the EL
odel candidate is too faint. By assuming f = 0.05, we can reduce

he visual extinction to A V = 0.3 (more consistent with that inferred
y Tacchella et al. 2023 b), and the emission from the EL accreting
H increases (by a factor ≈3), but it is still too small to reproduce

he observations. With the same assumption, however, the emission 
f the stellar component is too bright to match the photometry of the
xtended component. 
MNRAS 526, 3250–3261 (2023) 
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M

Figure 5. BHs evolutionary tracks predicted by CAT for the Eddington limited model (EL, top panel) and the SE model (bottom panel). In top (bottom) 
panel, the tracks of the best candidates for CEERS-1019 and GNz11 are shown with blue (orange) solid lines, with darkblue (red) data points indicating the 
occurrence of BH mergers, and the grey data points indicating the BH mass at seed formation. The horizontal grey shaded regions mark the mass ranges adopted 
in CAT for light and heavy BH seeds formation. The candidate AGN in CEERS-1019 identified by Larson et al. ( 2023 ) is marked with a black star at z = 8.7 
( t H = 0.570 Gyr), the candidate AGN in UHZ1 at z � 10.3 ( t H = 0.46 Gyr) reported by Bogdan et al. ( 2023 ) is shown by a smaller black star with errorbars. 
Finally, the AGN in GNz11 reported by Maiolino et al. ( 2023a ) is shown as a red star at z = 10.6, ( t H = 0.44 Gyr), and AGNs at lower redshift identified 
by Maiolino et al. (2023c) are shown by hollow red stars. We also show the BH mass and redshift of systems identified in JWST surv e ys by Kocevski et al. 
( 2023 ) (yellow pentagons), Übler et al. ( 2023 ) (blue star), Harikane et al. ( 2023 ) (green hollow stars), and the BH masses measured in quasars at z ∼ 6 − 7.5 
(lavender data points, Inayoshi et al. 2020 ). Finally, in both panels, triangles connected with dotted lines indicate the maximum BH mass predicted in each 
model (yellow), and the minimum BH mass detectable in a surv e y like CEERS (turquoise) and JADES (violet). The vertical dotted lines show the corresponding 
maximum observable redshift in the two surv e ys. According to the EL model, systems like GNz11 and CEERS-1019 are among the most massive BHs at their 
corresponding redshift, and must originate from heavy BH seeds formed at 14 ≤ z ≤ 16. In the SE model, they can originate from rapidly growing light seeds 
formed at z ≥ 20 and/or from heavy BH seeds formed at 14 ≤ z ≤ 16, and do not represent the most extreme objects. In both models, we find that GNz11 may 
be a progenitor of CEERS-1019, if the latter hosts an AGN (see text), and that these BHs continue to grow, reaching a BH mass comparable to those measured 
in quasars at 6 ≤ z ≤ 7.5. The estimated mass of the candidate AGN in UHZ1 exceeds the maximum BH mass predicted by EL model at z = 10.3, but is smaller 
than the maximum BH mass predicted by the SE. 
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We recall that the stellar emission is computed assuming that the
tars are formed in a single burst and, in this case, have an age of
 Myr (approximately the CAT time interval at z ∼ 10 − 11). To
ppreciate the impact of considering the contribution of older stellar
opulations, we also show the flux density predicted for a galaxy with
otal stellar mass of log( M star / M �) = 9 adopting the star formation
istory inferred by the SED fitting of the extended component of
Nz11 by Tacchella et al. ( 2023 b), with the grey shaded region

orresponding to models with different degrees of dust obscuration,
n the range A V = 0 − 2. This shows that a better modelling of the star
ormation history of the host galaxy is required to properly account
or the observations, and that the galaxies hosting the SE accreting
Hs may be too faint to account for the observed flux density of the
xtended component, particularly at 2–4 μm. 

Our analysis suggests that the emission of the central point source
n GNz11 can be reproduced by SE accreting BHs, with mass and
uminosity comparable to the values inferred by Maiolino et al.
NRAS 526, 3250–3261 (2023) 

(  
 2023a ); ho we ver, these systems are hosted in galaxies which are
oo faint to match the observed emission of the extended component.

.4 Tracking the origin and fate of z � 9 − 11 SMBHs 

he analysis of the emission properties of the best candidates of
Nz11 and CEERS-1019 (among which we show in Figs 3 and 4

ome representative cases) supports the interpretation that the central
oint source of GNz11 could be powered by a 1 . 5 × 10 6 M � SE
ccreting BH ( λEdd � 2 − 3), while CEERS-1019 may harbour a
ore massive BH, with M BH � 10 7 M �, accreting sub-Eddington

 λEdd � 0.5), with a dominant emission from the host galaxy. 
Here we go one step further, and we investigate the origin and

ate of these systems. In Fig. 5 we show their BH mass as a function
f redshift (lower horizontal axis) and time (upper horizontal axis).
volutionary tracks for the best candidates of CEERS-1019 at z = 8.7

filled black star) in the EL model, and of GNz11 at z = 10.6 (filled
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ed star) in the SE model are shown with blue and orange solid lines in
he upper and lo wer panels, respecti vely. We also sho w with a smaller
lled black star with errorbars the candidate system in UHZ1 at z =
0.3. The dark blue and red coloured points along the tracks mark the
ccurrence of BH mergers, while grey points indicate the mass of the
nitial BH seed and the mass at the observed redshift of GNz11 and
EERS-1019. We also show the BH masses and redshifts of AGNs 

dentified by JWST at z < 7, using the same symbols and colours
dopted in Figs 1 and 2 . The lavender data points indicate the BHs
easured in quasars at z ∼ 6 − 7.5 (Inayoshi et al. 2020 ). The grey

orizontal bands identify the mass ranges corresponding to light and 
eavy BH seeds in CAT. In both panels, the dotted lines with triangles
ndicate the maximum BH mass that is predicted by CAT at 4 ≤ z ≤
0 (yellow), and the minimum BH mass that would be detectable in
 surv e y like CEERS (turquoise) and JADES (violet). We also mark
ith vertical dotted lines the maximum redshift at which BHs would 
e observable in these two surv e ys, that correspond to the redshift at
hich the minimum detectable BH mass equals the maximum BH 

ass predicted by each model. 
Our results suggest that there might be an evolutionary link 

etween systems with a BH mass similar to GNz11 at z = 10.6, and
ystems with a mass similar to CEERS-1019 at z = 8.7. Ho we ver,
heir formation history is very different in the two models: in the EL

odel, systems like GNz11 and CEERS-1019 originate from heavy 
H seeds formed at 14 ≤ z ≤ 16, and are among the most massive
Hs at their corresponding redshift. In the SE model, instead, all 

he tracks start at z � 20 from light BH seeds, although mergers
an occur with heavy BH seeds as they cross the heavy BH seed
ass, at z ≤ 16, indicating that the genealogy of systems like GNz11

nd CEERS-1019 could be characterized by both light and heavy 
H seeds ancestors. This is consistent with the results presented 

n T22 (see in particular their Fig. 7), which show that less than
 20 per cent of BHs with masses � 10 6 M � − 10 7 M � at 8 ≤ z ≤

0 descend from a heavy BH seed. We also note that in the SE model,
he evolutionary tracks are al w ays well below the maximum BH mass
redicted by the model, meaning that systems similar to GNz11 and 
EERS-1019 are not the most massive among the BH population at 

heir corresponding redshift. Conversely, the candidate AGN at z = 

0.3 reported by Bogdan et al. ( 2023 ), if confirmed, would be among
he most extreme BHs, in terms of BH mass, predicted by the SE

odels, and too massive to be formed in the EL model. Interestingly,
t z < 9 − 11 the selected systems continue to grow in mass: in both
odels they could be the progenitors of SMBHs powering quasars 

t 6 ≤ z ≤ 7, and of the most massive among the AGNs detected
ith JWST at z < 7. Conv ersely, JWST observ ed AGNs with mass
 3 × 10 7 M � at z < 7 must originate from less efficiently growing

eeds (see for instance the scenario proposed by Sassano et al. 2023 ),
nd their evolution is therefore unrelated to GNz11-like or CEERS- 
019-like systems. 
If we compare the maximum BH mass predicted in each model 

ith the minimum BH mass that would be observable by CEERS
nd JADES, we find that CEERS is not expected to observe accreting
Hs beyond z � 9 in the EL model, and CEERS-1019 represent

he most massive BH at z = 8.7 and it is ∼0.6 dex larger than the
inimum detectable BH mass. JADES has the sensitivity to observe 

ccreting BHs out to z � 12, and GNz11 is ∼0.4 dex smaller than
he maximum BH mass at z = 10.6 and ∼0.6 dex larger than the

inimum detectable BH mass. In the SE model these figures change 
onsiderably: we predict that CEERS would be able to detect BHs
ith masses � 3 × 10 5 M � − 10 6 M � out to z � 15, and JADES
ould be able to detect BHs with masses � 10 5 M � − 3 × 10 5 M �
ut to z ∼ 18. 
While BHs with masses comparable to those of GNz11 and 
EERS-1019 can be explained in both models, the predicted dis- 
o v ery space is very different in the two scenarios: we can expect
hat JWST will continue to disco v er small but luminous AGNs at z
 9 − 12. Ho we v er, if future surv e ys as sensitiv e as CEERS and

ADES were to disco v er accreting BHs at z > 12, this would be a
trong indication that early BH seeds must experience phases of SE
rowth. 

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

he recent disco v ery of more than 40 new AGNs at z > 4 in
ngoing surv e ys with JWST, including one system at z = 10.6,
ith estimated BH masses ≤10 7 M �, offers the unprecedented 
pportunity to constrain theories for the formation and evolution 
f SMBHs with masses > 10 9 M � powering quasars at z > 6. Given
he high rate of AGNs disco v ered with JWST, two questions naturally
rise: are we surprised to find these accreting BHs in the nuclei of
alaxies at z ∼ 5 − 11? And can we use their estimated properties
o constrain the nature and growth of the first BH seeds? 

Prompted by these questions, we use the CAT ( T22 ) semi-
nalytical model to explore the population of BHs and their host
alaxies at 5 ≤ z ≤ 11, and compare their predicted properties to
hose estimated for the AGNs and host galaxies recently detected by
WST. 

Following T22 , we assume that light BH seeds form as remnants
f Pop III stars and their masses range from 10s to 100s M �, while
eavy BH seeds form with a constant mass of 10 5 M � from the
ollapse of supermassive stars. Starting from these two BH seeds 
a v ours, we consider two alternative BH accretion models: in the
rst model, BH accretion is EL, while in the second model, light
nd heavy BH seeds can accrete at SE rates in short phases triggered
y galaxy major mergers (SE). We note here that our description
f SE accretion via a slim disc (Lupi et al. 2014 ; Madau et al.
014 ; Volonteri et al. 2015 ; Pezzulli et al. 2016 ) is simplified (see
he discussion in T22 ). High-resolution hydrodynamical simulations 
how that in this regime BH growth is very intermittent, due to
adiative and mechanical feedback from the growing BH (Regan 
t al. 2019 ; Massonneau et al. 2023 ), and that ef ficient, SE gro wth
ay be possible onto heavy BH seeds (Inayoshi et al. 2022 ), and

ess likely onto seeds with masses ≤10 3 M � (Smith et al. 2018 ;
assano et al. 2023 ). With this caveat in mind, in the present study
e have considered both the EL and the SE models to explore how the

ssumed BH growth compares with current observational constraints 
rovided by the recently JWST detected AGNs. 
We first consider the predicted distribution of nuclear BHs and 

heir host galaxies in the BH mass – luminosity and BH – stellar
ass planes at 5 ≤ z ≤ 11, and investigate the properties of BHs

hat are luminous enough to be detectable by JWST in surv e ys like
ADES and CEERS (see also Trinca et al. 2023b ). We find that 

(i) in the EL model, BHs descending from light seeds grow very
nefficiently, their masses and luminosities remain � 10 4 M � and 
og ( L bol )[erg / s] � 39 . 5, and are undermassive with respect to their
ost galaxies. All the systems detectable with JADES and CEERS
ppear to be descendants of heavy BH seeds. Even for these more
f ficiently gro wing seeds, their masses remain � 10 6 M � until their
ost galaxy has grown to a mass of at least M star > 10 8 M �, abo v e
hich the growth of the BHs adjust to M BH / M star � 0.001, with a

arge scatter. At all redshifts, most of the observable systems have
.001 � M BH / M star � 0.01. Interestingly, a small fraction of systems
bservable with JADES at z � 7 is made by heavy BH seeds with �
MNRAS 526, 3250–3261 (2023) 
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0 6 M � which are o v er-massiv e with respect to their host galaxies,
s expected if these systems keep memory of their peculiar birth
onditions (Agarwal et al. 2013 ; Natarajan et al. 2017b ; Valiante
t al. 2018 ; Visbal & Haiman 2018 ). 

(ii) In the SE model, even light BH seeds grow more efficiently.
o we ver, there is a luminosity gap in the BH mass – luminosity
lane, with two disjoint, parallel diagonal tracks, corresponding to 1
 λEdd � 10 and λEdd � 0.01 − 0.1. This reflects the short duration

f the SE phase, during which systems are shifted on the upper
rack, which becomes progressively less populated with decreasing
edshift. The number of detectable systems is larger than in the
L model, particularly at z � 12, where most of the systems are
etectable when accreting at SE rates. This prediction could be
est observationally with surv e ys like JADES and CEERS. At all
edshifts, detectable BHs evolve with M BH / M star � 0.01 − 0.1, and
re o v ermassiv e with respect to the canonical value M BH / M star �
.001 (Reines & Volonteri 2015 ; Greene et al. 2020 ). 
(iii) The comparison with JWST detected AGNs at 4 < z < 10.6

hows that their estimated BH luminosities are better reproduced by
he SE model, while their host galaxy masses are better matched by
he EL model. In particular, we identify the subsample of detectable
ources with BH masses that match the estimated values for GNz11
Maiolino et al. 2023a ) and CEERS-1019, if this system hosts an
GN (Larson et al. 2023 ), and whose stellar mass (for sources in the
L model) or luminosity (for sources in the SE model) is consistent
ith the observed values. For these subsample of systems, which
rovide our best synthetic AGN analogues for GNz-11 and CEERS-
019, we compute their SEDs by coupling CAT predictions with the
LOUDY photoionization code, and compare them with the observed
WST photometry. Our analysis supports the interpretation that the
entral point source of GNz11 could be powered by a 1 . 5 × 10 6 M �
E accreting BH ( λEdd � 2 − 3), while the observed emission
rom CEERS-1019 is dominated by the host galaxy: if CEERS-
019 harbours an accreting BH, we find it to have a mass of M BH �
0 7 M �, and to be accreting at sub-Eddington rates ( λEdd � 0.5). Yet,
hese conditions are met in only 10 per cent of the systems predicted
y CAT EL model at z � 9, when these are selected to have stellar
asses and star formation rates consistent with the values inferred for
EERS-1019 (Larson et al. 2023 ). In the rest of the EL sample, our

ynthetic counterparts of CEERS-1019 host smaller (log( M BH / M �) =
.25 − 6.5), and less active BHs ( λEdd = 0.03 − 0.3), or – in the SE
odel – more massive (log( M BH / M �) = 7.4 − 8.5) and less active
Hs ( λEdd = 0.009 − 0.03). 
(iv) We also analyse the evolutionary tracks of CEERS-1019 and

Nz11 synthetic analogues in the EL and in the SE models to
nvestigate the origin and fate of these systems. We find that there
ight be an evolutionary link between systems with a BH mass

imilar to GNz11 at z = 10.6 and systems with a BH mass at z = 8.7
imilar to CEERS-1019, if this is an AGN. Ho we ver, their formation
istory is very different in the two models: in the EL model, systems
ike GNz11 and CEERS-1019 originate from heavy BH seeds formed
t 14 ≤ z ≤ 16, and are among the most massive BHs at their
orresponding redshift. In the SE model, instead, systems similar to
Nz11 and CEERS-1019 are not the most massive among the BH
opulation at their corresponding redshift; their evolutionary tracks
tart at z � 20 from light BH seeds, although mergers can occur with
eavy BH seeds at z ≤ 16, indicating that they could descend from
oth light and heavy BH seeds ancestors. In both models GNz11-
ik e or CEERS-1019-lik e systems continue to grow at z < 9 − 11,
eaching masses comparable to the SMBHs powering quasars at 6

z ≤ 7, and of the most massive among the AGNs detected with
WST at z < 7. Conversely, the sample of JWST AGNs with mass
NRAS 526, 3250–3261 (2023) 
 3 × 10 7 M � at z < 7 must originate from less efficiently growing
eeds. 

Our results suggest that the AGNs disco v ered in ongoing JWST
urv e ys are providing an amazing confirmation of the rich BH
andscape at cosmic dawn predicted by theoretical models. AGNs
ith properties similar to those estimated for JWST detected AGNs,

ncluding the most distant source, GNz11 and CEERS-1019, if this
osts an AGN, can be explained in scenarios where BHs originate
rom EL gas accretion onto heavy BH seeds, or if light and heavy
H seeds can experience short phases of SE accretion. We expect

hat surv e ys like CEERS and JADES will continue to disco v er small
ut luminous AGNs at z � 9 − 12 (Trinca et al. 2023b ). Ho we ver, if
WST surv e ys as sensitive as CEERS and JADES were to disco v er
ccreting BHs at z > 12, and/or the BH mass estimated for the
GN candidate hosted in UHZ1 with a photometric redshift of z =
0.3 were to be confirmed with future observations, we would have
 strong indication that conditions enabling SE accretion, such as
 high-optical depth and high-gas supply rates from large scales
Mayer 2019 ), should be naturally met and that feedback in the SE
hase does not curtail significantly its duration. 
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