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A B S T R A C T 

JWST is disco v ering star-forming ‘candidate’ galaxies with photometric redshifts z > 9 and little attenuation. We model 
presumpti ve massi ve black holes (MBHs) in such galaxies and find that their unobscured emission is fainter than the galaxy 

starlight in JWST filters, and difficult to be detected via colour–colour selection, and X-ray and radio observations. Only MBHs 
o v ermassiv e relativ e to e xpected galaxy scaling relations, accreting at high Eddington rates, would be detectable. Their disco v ery 

would point to the presence of heavy MBH seeds, but care is needed to exclude the existence of lighter seeds as only o v ermassiv e 
MBHs are detectable in this type of galaxies. Conversely, if no overmassive MBHs are hosted in these galaxies, either there 
are no heavy seeds or they are rare. The most massive/highest redshift candidate galaxies can attain stellar masses in excess of 
5 × 10 

10 M � by z ∼ 6 if they grow along the star formation rate–mass sequence, and can nurse an MBH growing from ∼10 

5 M �
up to > 3 × 10 

7 M � by z ∼ 6, to become hosts of some z > 6 quasars. Candidate galaxies of log ( M gal / M �) ∼ 8 cannot grow 

their putative seeds fast, unless seeds are � 10 

6 M �. The number density of the JWST candidate galaxies far outnumbers that of 
the highest z quasar hosts and this allows for about only one bright z ∼ 6–7 quasar every 1000 of these galaxies. 

K ey words: galaxies: acti ve – galaxies: evolution – galaxies: high-redshift – quasars: supermassive black holes. 
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 I N T RO D U C T I O N  

 new frontier on high-redshift galaxy studies has been opened with 
he launch of JWST . Within a few months of operation, a wealth of
ew galaxy candidates at z > 9 have been identified from photometric
edshifts (Bradley et al. 2022 ; Castellano et al. 2022 ; Dressler et al.
022 ; Harikane et al. 2022b ; Labbe et al. 2022 ; Leethochawalit
t al. 2022 ; Naidu et al. 2022 ; Adams et al. 2023 ; Atek et al. 2023 ;

hitler et al. 2023 ; Yan et al. 2023 ), and some with spectroscopic
onfirmation (Roberts-Borsani et al. 2022 ; Schaerer et al. 2022 ). 

Most of the z > 9 candidates are young and star forming and
ppear to have little or no dust (Ferrara, Pallottini & Dayal 2022 ),
nd they are suggested to have been picked up in observations 
xactly for these reasons (Mason, Trenti & Treu 2023 ). There has
een much discussion on whether these galaxies are expected in 
heoretical models, and whether they challenge the galaxy formation 
aradigm (see e.g. Finkelstein et al. 2022a , for a discussion). In
eneral, their numbers are higher than expected (Finkelstein et al. 
022b ), but for the majority of cases the build-up of the stellar masses
s not incompatible with models (Boylan-Kolchin 2022 ; Kannan 
t al. 2022 ), and while some ‘all-purpose’ simulations struggle to 
eproduce the observations at z > 12, simulations dedicated to the 
igh-redshift Universe fare better (Dayal et al. 2017 ; Wilkins et al.
023 ). The inclusion of different generations of stars and detailed 
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ust treatment (e.g. Graziani et al. 2020 ; Hartwig et al. 2022 ) are
ik ely k e y in impro ving the understanding of these galaxies. 

In general, we consider here that an MBH could be lurking
n a galaxy without dominating the emission at rest-frame opti- 
al/ultra violet (UV) wa velengths. When the accretion luminosity is 
igher than the luminosity due to star formation, an active galactic
ucleus (AGN) can be identified at these wavelengths by colour 
election (e.g. Fan et al. 2001 ) or by emission line diagnostics
hen spectroscopy is available (Baldwin, Phillips & Terlevich 1981 ; 
idal-Garc ́ıa et al. 2022 ). X-ray and radio can also be used to
istinguish star formation- and accretion-powered sources when 
ne significantly dominates o v er the other. Finally, if a source is
ery compact, compatible with the point spread function of a high-
ngular resolution instrument, one could argue that the lack of 
xtended emission is a signature of an accretion-dominated source. 
n the case of faint and small sources, such as high-redshift galaxies
r also low-mass MBHs in low-redshift dwarfs, it is generally 
ifficult to uniquely determine whether an AGN is present. Often, 
ultiwavelength analysis is required for confirmation, with many 

ources remaining ‘candidates’, as discussed in Greene, Strader & 

o ( 2020 ). 
Most of these candidate galaxies are presented as being dominated 

y star formation, without the presence of an AGN, with the exception 
f GL-z12, which is a candidate AGN (Ono et al. 2022 ) based on
ts compact size. The templates used for determining the physical 
roperties, such as stellar mass, star formation rate (SFR), and age,
enerally assume the absence of an AGN. A separate question, which
e do not address here, is whether an AGN template could be an
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Table 1. List of candidate galaxies considered in this paper. N22 = Naidu et al. ( 2022 ); Fu22 = Furtak et al. ( 2023 ); Fi22 = Finkelstein et al. ( 2022a ); 
B22 = Bradley et al. ( 2022 ); RB22 = Roberts-Borsani et al. ( 2022 ). When the photometry is not listed in the disco v ery papers, we obtained it from Harikane 
et al. ( 2022b ). The typical statistical 1 σ uncertainties in stellar masses are generally between 0.1 and 1 de x, but systematic uncertainties can be larger. ∗Av erage 
of the two z phot in the paper. Two galaxies appear in different papers with somewhat different inferred physical properties. 

ID log ( M gal / M �) SFR ( M � yr −1 ) z phot MUV F356Wapp F444Wapp Comments 

GL-z10 9 .60 10 .00 10 .40 − 21 .00 26 .50 0 .00 N22 ∗ (GL-z9-1 in H22) 
GL-z12 9 .10 6 .00 12 .30 − 20 .70 0 .00 0 .00 N22 ∗
SMACS z10a 8 .86 0 .01 9 .77 − 18 .77 0 .00 0 .00 Fu22 
SMACS z10b 10 .21 0 .04 9 .03 − 20 .78 0 .00 0 .00 Fu22 
SMACS z10c 9 .72 0 .47 9 .78 − 20 .19 0 .00 0 .00 Fu22 
SMACS z10d 6 .95 3 .47 9 .32 − 19 .76 0 .00 0 .00 Fu22 
SMACS z10e 6 .87 14 .45 10 .88 − 18 .91 0 .00 0 .00 Fu22 
SMACS z11a 6 .46 5 .89 11 .08 − 18 .55 0 .00 0 .00 Fu22 
SMACS z12a 8 .27 0 .05 12 .16 − 19 .75 27 .70 0 .00 Fu22 
SMACS z12b 8 .26 0 .10 12 .27 − 20 .01 28 .20 0 .00 Fu22 
SMACS z16a 8 .02 16 .60 15 .93 − 20 .59 27 .80 0 .00 Fu22 
SMACS z16b 7 .89 57 .54 15 .25 − 20 .96 0 .00 0 .00 Fu22 
Maisie’s 8 .45 4 .10 14 .30 − 20 .30 28 .05 28 .28 Fi22 (CR2-z12-1 in H22) 
WHL0137-3407 8 .78 7 .30 10 .70 0 .00 27 .13 27 .15 B22 
WHL0137-5021 8 .53 5 .10 12 .80 0 .00 28 .12 27 .94 B22 
WHL0137-5124 8 .65 6 .90 12 .70 0 .00 28 .02 27 .99 B22 
WHL0137-5330 8 .77 6 .40 10 .00 0 .00 27 .45 27 .27 B22 
WHL0137-5347 9 .01 14 .60 10 .20 0 .00 26 .60 26 .51 B22 
WHL0137-8737 8 .46 6 .00 9 .20 0 .00 27 .20 27 .40 B22 
JD1 7 .90 0 .13 9 .76 − 17 .45 27 .81 27 .82 RB22 
GL-z9-1 9 .15 27 .00 10 .68 − 20 .20 26 .50 0 .00 H22 (GL-z10 in N22) 
CR2-z12-1 8 .38 3 .40 11 .88 − 19 .70 27 .90 0 .00 H22 (Maisie’s in Fi22) 
GL-z12-1 8 .56 3 .00 12 .22 − 20 .80 27 .00 0 .00 H22 
S5-z12-1 8 .08 2 .20 13 .72 − 20 .30 27 .60 0 .00 H22 
CR2-z17-1 8 .77 9 .10 16 .45 − 21 .90 26 .30 0 .00 H22 
S5-z17-1 8 .84 9 .70 16 .66 − 21 .60 26 .60 0 .00 H22 
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1 For both galaxies and AGNs, we integrate the SED (convolved with the filter 
response) only redwards of 912 Å. This differs with respect to Volonteri et al. 
( 2017 ), where magnitudes were calculated at the central wavelength of the 
filter, without convolution. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/521/1/241/7040578 by C
N

R
S user on 13 April 2023
lternative to a stellar template to explain the photometric properties
f these sources. Pacucci et al. ( 2022 ) show an example of z ∼ 13
alaxies that could be powered either by star formation or by a quasar.

In this paper, we consider the physical properties presented in the
isco v ery papers and ask what type of massive black holes (MBHs)
nd AGNs could be hidden there, and what type of MBHs and AGNs
ould be detected in galaxies with the redshift, stellar mass, and SFRs
ypical of these galaxies. We then explore the implications for MBH
eed models and for understanding the build-up of z > 6 quasars. 

 W H AT  TYPE  O F  MASSIVE  BLACK  H O L E S  

O U L D  BE  H I D D E N  IN  THESE  GALAXIES?  

.1 Galaxy and AGN multiwavelength modelling 

he properties of the candidate galaxies are reported in Table 1 .
e have used for our models the best-fitting values presented in the

apers; the statistical 1 σ uncertainties in stellar masses are generally
etween 0.1 and 1 dex, although for some galaxies it can be larger
e.g. CR2-z12-1 and S5-z17-1). The uncertainties in the SFRs have a
arge spread; for instance, they are generally less than 50 per cent for
he galaxies presented in Bradley et al. ( 2022 ), while they can reach
00 per cent in Furtak et al. ( 2023 ) and Harikane et al. ( 2022b ).
n terms of systematic uncertainties, in Table 1 we include two
alaxies that have been reported by different papers, GL-z10/GL-
9-1 and CR2-z12-1/Maisie’s, to give an idea of the interpublication
catter, which can reach high values. For instance, SMACS z10e
nd SMACS z11a differ in mass by about two orders of magnitude
etween Furtak et al. ( 2023 ) and Atek et al. ( 2023 ), with the values
rom the former study being preferred (H. Atek, pri v ate communica-
NRAS 521, 241–250 (2023) 
ion). These systematic differences are generally ascribed to choices
n how to model the star formation history (Whitler et al. 2023 ). 
Based on the mass, SFR, and photometric redshift of the observed

alaxy candidates, we run a grid of galaxy and MBH models to
btain their multiwavelength properties in different JWST filters, and
n the X-ray and radio bands. The galaxy and AGN spectral energy
istributions (SEDs) are described and shown in Volonteri et al.
 2017 ): from these SEDs, we calculate galaxy and AGN absolute
nd apparent magnitudes, 1 as well as the expected AGN X-ray fluxes,
hich we use in turn to estimate the radio fluxes. The galaxy X-ray

mission is based on the X-ray binary population, and therefore
epends on mass and SFR. 
For each galaxy, we model a grid of MBH masses and Eddington

atios, assuming a 10 per cent radiati ve ef ficiency. MBH masses,
 BH , go from log ( M gal / M �) − 5 to log ( M gal / M �) − 1 in steps

f 1 dex: this allows us to test the presence of undermassive and
 v ermassiv e MBHs with respect to the nominal relation, which we
onsider to be log ( M gal / M �) − 4 at these redshifts and for these
alaxy masses (Zhang et al. 2023 ). We also consider that ‘normal’
BHs can be within 1 dex of the nominal relation; thus, truly

 v ermassiv e MBHs are those with masses > log ( M gal / M �) − 2.
ddington ratios vary in the interval between log ( f Edd ) = −2 and
 in steps of 1 dex. We do not consider lower and higher accretion
ates because our model is based on standard radiatively efficient
hin discs (Shakura & Sunyaev 1973 ). 
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.1.1 Galaxies 

alaxy spectra are based on Bruzual and Charlot models (Bruzual & 

harlot 2003 , version 2016), adopting a Salpeter initial mass func- 
ion. We assume constant star formation histories and map stellar 

ass to age through the SFR: 2 age = min ( M gal / SFR , t zphot ), where
 zphot is the age of the Universe at z phot . We then assign to a galaxy
 metallicity bin, either 10 −2 . 3 Z �, 10 −0 . 7 Z �, or solar, applying the
 = 9 mass–metallicity relation of Noel, Zhu & Gnedin ( 2022 ). 3 

n this paper, we consider only unattenuated spectra, since for these 
andidates dust is expected to be minimal (Ferrara et al. 2022 ; Furtak
t al. 2023 ) and indeed we find that the agreement in the photometry
etween model and observations worsens if we include dust using 
he model adopted in Volonteri et al. ( 2017 ). We stress that the galaxy
EDs use very simple approaches, but they give reasonable results 
hen compared to observations (see Appendix A ). 
Young star-forming galaxies host populations of bright X-ray 

inaries. Empirical models for galaxy-wide X-ray emission from X- 
ay binaries are based either on the observations of nearby galaxies 
e.g. < 50 Mpc; Lehmer et al. 2019 ) or on stacked galaxies observed
t higher redshift ( z < 5; Fornasini et al. 2018 ). We calculate the
ombined luminosity in the galaxies using the relations of Fornasini 
t al. ( 2018 ); the total emission from galaxies at higher redshift (e.g.
he z > 9 range considered in this paper) is still unknown, and could
e even higher due to more abundant high-mass binaries. 
Radio emission from star-forming regions could be of the same 

rder of magnitude as that of AGN powered by MBHs with a mass
 10 7 M � based on Bell ( 2003 ). We chose not to include it explicitly

n the analysis here because Bell ( 2003 ) fit SFR as a function of
adio luminosity, rather than vice versa, which is what we need. 
urthermore, their study does not extend to high redshift. An order 
f magnitude estimate obtained inverting the relation between SFR 

nd radio luminosity in Bell ( 2003 ) suggests that the SFR-driven
adio luminosity remains below the sensitivity of planned surv e ys,
lthough it could be higher than the radio emission from AGNs for
BHs with masses < 10 7 M �. 

.1.2 AGN 

GN spectra (continuum only 4 ) are described by the following 
quation: 

 ν = N 

(
ναUV e 

− hν
kT BB e −

kT IR 
hν + aναX 

)
, (1) 

ith αUV = 0.5 and αX = 1, and kT IR = 0.01 Ryd. They are based
n optical/near-IR on the Shakura–Sunyaev solution (Shakura & 

unyae v 1973 ), follo wing Thomas et al. ( 2016 ). The model is
alibrated in X-rays using results from the physical models developed 
y Done et al. ( 2012 ): the normalization a is obtained through αOX ,
he exponent of a power law connecting the continuum between 2 keV 

nd 2500 Å, fitting the dependence on MBH mass and Eddington 
atio using the results in Dong, Greene & Ho ( 2012 ). The last
erm in equation ( 1 ) is set to zero below 1.36 eV (912 nm). The
lobal normalization N is obtained by requiring that the bolometric 
 While ages are estimated in many of the discovery papers, their definition is 
ot consistent from one paper to another. This is the reason why we prefer to 
stimate the age based on the constant star formation histories we adopt for 
he stellar populations. 
 This is at variance with Volonteri et al. ( 2017 ), where the mass–metallicity 
elation at z = 6 from Ma et al. ( 2016 ) was used. 
 We note that emission lines, which we do not include, could increase the 
ux in some bands (Stark et al. 2013 ). 

2  

H  

s
e  

a  

∼
1

e  

V  
uminosity matches L bol = 1 . 26 × 10 38 erg s −1 f Edd M BH . Also, in this
ase we consider only unattenuated spectra. X-ray luminosity is 
alculated in the [2–10] keV range (observer frame) 

The radio luminosity is calculated via the Fundamental Plane of 
lack hole accretion, an empirical correlation between the MBH mass 
nd the 5 GHz radio and 2–10 keV X-ray power-law continuum
uminosities (FP; G ̈ultekin et al. 2019 ; note that this is the core
adio luminosity and not the total luminosity including extended 
ets). We also include a variant (enhanced FP) where we increase the
adio luminosity adding a boost in log space, with equal probability
etween 0 and 4. This is moti v ated by lo w-mass MBHs being in
ome cases offset from the Fundamental Plane, i.e. having a radio
uminosity up to four orders of magnitude larger than predicted by
he FP (G ̈ultekin et al. 2022 , 2014 ). Radio luminosity is calculated
t 2 GHz (observer frame), assuming a power-law spectrum with an
ndex of −0.7 (G ̈ultekin et al. 2014 ). 

.2 Properties or detections of MBHs in JWST bands 

n Fig. 1 , we show a comparison of the galaxy and AGN properties
n JWST bands, computing galaxy and AGN apparent magnitudes 
rom our model. Since most of these galaxies are described in their
isco v ery papers as not dominated by AGNs (Harikane et al. 2022b ;
russler et al. 2022 ), this analysis gives limits to both the MBH mass
nd accretion rate. In Fig. 1 , the mass of galaxies M gal on the x- axis
s shifted so that orange and red dots, representing the galaxies of
ur sample, are placed at log ( M gal / M �) − 4. MBHs are placed at
he mass scale in the grid we created [going from log ( M gal / M �) − 4
o log ( M gal / M �) − 1]. 

In the two top panels, we compare the observed magnitudes of
he candidate galaxies of Table 1 (red dots in the filters F356W and
444W, ascribed to stellar populations according to the disco v ery
apers) to our modelled ones (orange dots), if we only include
he stellar contribution calculated using the tabulated z phot , SFR, 
nd stellar mass. Although we do not have a one-to-one match,
bserved and modelled magnitudes are very similar, reassuring us of 
ur models being acceptable. 
Fig. 2 zooms into the magnitude difference between simulated 
BH and galaxy SEDs, highlighting more clearly the relation 

etween the starlight and AGN. We note that of course the presence of 
n unaccounted for AGN in the galaxies would modify the estimated
asses and SFRs (and perhaps even photometric redshifts), but 

f we take at face value the stance that the measured flux from
hese galaxies is generated fully by stellar population, MBHs on the
ominal relation between the galaxy and the MBH could be hidden
here, and remain invisible, since their contribution to the flux is

inimal at all explored JWST bands. An example is GL-z12, where
no et al. ( 2022 ) explore the possible presence of an AGN: in the
rst place, the galaxy mass and SFR have to be re-e v aluated if the
GN produces a fraction of the light, and in the second place, they
lso concord with our suggestion that the MBH should have a mass
f the order of 10 6 M � to be visible, for a galaxy with a mass of
 × 10 8 M �; i.e. the MBH would have to be ‘overmassive’. HD1 and
D2 are two sources at z ∼ 13 that have been proposed to be either

tar-forming galaxies (Harikane et al. 2022a ) or quasars (Pacucci 
t al. 2022 ). In the latter possibility, they would also be powered by
n MBH on the o v ermassiv e side, with an inferred MBH mass of
10 8 M � (assuming Eddington luminosity) and a galaxy mass of 

0 9 –10 11 M �. 
AGNs can be identified via colour–colour selection (Natarajan 

t al. 2017 ; Volonteri et al. 2017 ; Barrow, Aykutalp & Wise 2018 ;
aliante et al. 2018 ; Goulding & Greene 2022 ; Trussler et al. 2022 ),
MNRAS 521, 241–250 (2023) 
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Figure 1. Comparison of AGN and galaxy luminosity using our models: apparent magnitude of AGNs and galaxies. Triangles show the AGN magnitudes 
corresponding to MBHs following different scaling relations with the host galaxies, and accreting at fractions of the Eddington limit. Green: MBHs with mass 
log ( M gal / M �) − 5; turquoise: MBHs with mass log ( M gal / M �) − 4; blue: MBHs with mass log ( M gal / M �) − 3; slate grey: MBHs with mass log ( M gal / M �) −
2; grey: MBHs with mass log ( M gal / M �) − 1. The size of the symbol scales with the Eddington ratio: small for log ( f Edd ) = −2, medium for log ( f Edd ) = −1, 
and large for log ( f Edd ) = 0. Red dots: F356W or F444W from observational references (only a fraction of the candidates have published photometry; therefore, 
some of the sources are not shown). Photometric errors are not shown for clarity but they are less than 10 per cent. Orange dots: galaxy apparent magnitude 
from our models. Galaxies are shown at the mass corresponding to log ( M gal / M �) − 4. The simple galaxy model we use produces reasonable results. When 
comparing AGN and galaxy magnitudes, we see that AGNs can be brighter than the host only when they are o v ermassiv e with respect to the nominal relation 
and they have high Eddington ratios. 
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ut the success of this technique also depends by how much an
GN inside a star-forming galaxy contributes to the total emission.

n Fig. 3 , we show an example that a v oids the bluest filter where
igh- z sources suffer from intergalactic absorption, but at the cost of
dding a MIRI band, less sensitive than NIRCAM. We highlight that
BHs on the nominal log ( M gal / M �) − 4 relation do not contribute

nough to the emission to appreciably change the colours from galaxy
NRAS 521, 241–250 (2023) 
ominated to AGN dominated. MBHs must have mass in excess of
og ( M gal / M �) − 3 in order to be generically identifiable, although
 fraction of MBHs with mass log ( M gal / M �) − 3 and log ( f Edd ) =
 straddle the AGN and galaxy regions, but they are sufficiently
eparated from the galaxy region to stand out. As a warning, these
esults assume no attenuation based on the limited extinction in these
alaxies: dust in the galaxies would make the galaxy colours redder,

art/stad499_f1.eps
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Figure 2. Difference between the AGN and galaxy magnitude (shown only 
for magnitude differences less than ±2). Colours as in Fig. 1 and the symbol 
size also scales with Eddington ratio as described in that figure. The grey 
shaded area shows the region where the AGN is fainter than the stellar 
component. At most JWST wavelengths, only MBHs with masses larger 
than log ( M gal / M �) − 2 can outshine their host galaxy, whereas MBHs with 
masses log ( M gal / M �) − 2 and log ( f Edd ) = 0 can outshine the galaxy at the 
longest JWST wavelengths. MBHs on the nominal relation are always fainter 
than their host galaxy. 

Figure 3. Pink triangles: AGN-only colours; to make the figure legible, 
we do not differentiate the colour of MBHs with different MBH-to-galaxy 
mass ratios. The size of the symbol scales with the Eddington ratio: small 
for log ( f Edd ) = −2, medium for log ( f Edd ) = −1, and large for log ( f Edd ) = 

0. AGNs are mostly filling the top right corner, being ‘redder’ than the 
star-forming galaxies of the simulated sample. Orange dots: galaxy-only 
colours. Galaxies instead tend to populate the lower left corner and are ‘bluer’ 
in the JWST filters. Squares: AGN + galaxy colours. Green: MBHs with 
mass log ( M gal / M �) − 5; turquoise: MBHs with mass log ( M gal / M �) − 4; 
blue: MBHs with mass log ( M gal / M �) − 3; slate grey: MBHs with mass 
log ( M gal / M �) − 2; grey: MBHs with mass log ( M gal / M �) − 1. Only sub- 
stantial and rapidly accreting MBHs can be distinguished. 

Figure 4. Predicted X-ray and radio fluxes. X-ray luminosity is obtained by 
integrating the spectrum in the 2–10 keV range (observer’s frame) and the 
radio at 2 GHz luminosity from the Fundamental Plane. Green: MBHs with 
mass log ( M gal / M �) − 5; turquoise: MBHs with mass log ( M gal / M �) − 4; 
blue: MBHs with mass log ( M gal / M �) − 3; slate grey: MBHs with mass 
log ( M gal / M �) − 2; grey: MBHs with mass log ( M gal / M �) − 1. The size of 
the symbol scales with the Eddington ratio: small for log ( f Edd ) = −2, medium 

for log ( f Edd ) = −1, and large for log ( f Edd ) = 0. The orange dots show the 
brightness of the X-ray binary population in the host galaxies. The horizontal 
magenta lines show approximate flux limits for future and upcoming missions 
(AXIS, Athena, eVLA, and SKA). The shaded grey area therefore shows the 
AGNs that remain invisible. 
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oving towards the AGN region, while the AGN emission itself 
ould be reddened by dust in the interstellar medium and in its
icinity, e.g. in a torus. 

.3 Properties or detections of MBHs in X-ray and radio 

he prospect of detecting MBHs hidden in these galaxies is brighter
n X-ray and radio, at least under optimistic assumptions (Fig. 4 ).

ith the model adopted here, at least some MBHs with masses
og ( M gal / M �) − 3 can be detected. We also find that the X-ray
inary flux is below 10 −18 in cgs units in all cases. Empirical
odels from low-redshift observations predict an X-ray emission 

rom binaries that varies o v er more than one order of magnitude. This
oes not affect our conclusions as we have used here a conserv ati ve
odel predicting among the highest emission from binaries, and this 

emains still well below possible detection by future missions. We 
emind the reader that the scaling of these models with redshift has
et to be verified at z > 9. 

In radio, the standard FP has no detection except for the most
 v ermassiv e, and massiv e, MBHs, while the enhanced FP allows
or detections of ‘normal’ MBHs down to the nominal relation 
sed here, MBH mass log ( M gal / M �) − 4, although in a very small
raction of cases. 

.4 Prospects for identifying and understanding MBHs in 

igh- z galaxies 

ased on the comparison of MBH and galaxy emission shown in
igs 1 and 2 , MBHs are squarely more luminous than galaxies only
MNRAS 521, 241–250 (2023) 
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masses and iterate until we reach the final redshift. 

5 For some high-redshift galaxy candidates, such as those presented in Labbe 
et al. ( 2022 ), there is also a mass/timing issue. We do not include these 
candidates in this analysis because, contrary to the other candidates presented 
in Table 1 , we need to include dust attenuation in order to reproduce their 
photometry and this adds an additional level of uncertainty in modelling the 
MBH SEDs as well. Endsley et al. ( 2022 ) suggest that one of these galaxies 
could be an AGN. 
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hen they are overmassive and accreting at high Eddington fractions.
ome ‘normal’ (not o v ermassiv e) MBHs pop up abo v e the galaxy

uminosity in the redder JWST bands (e.g. at F2100W), in X-rays
nd they could be detectable under optimistic assumptions in radio.
Intermediate’-mass black holes, with masses less than 10 5 M �, are
l w ays hidden by the starlight of the host galaxy in JWST bands, as
lready noted in Goulding & Greene ( 2022 ), and they are simply too
aint to be detected in the X-ray and radio bands. 

These examples imply that if MBHs are detected using JWST in
his type of galaxies and at these redshifts, they must necessarily be

ore massive than the relation with galaxy mass implies. We further
ote that actual MBH mass measurements or estimates via broad
ines are hard, if not impossible, for these objects. The bottom line is
hat if one detects an o v ermassiv e black hole the y hav e to be careful
n assessing whether this is a selection bias – the only MBHs that
an be detected – or they are representative of the whole population.

 W H AT  D O E S  THIS  M E A N  F O R  SEEDING  

ODELS?  

hat if sufficiently massive MBHs ( > 10 6 M � based on the discus-
ion in Section 2 ) are eventually detected in these candidate galaxies
bo v e redshift z = 9? Could we constrain seed models? 

An academic e x ercise to have order of magnitude estimates is to
nvert the MBH growth rate, starting for example with a 10 6 M �

BH at z = 10. This MBH had a mass of 10 4 M � at z ∼ 16 and
0 3 M � at z ∼ 25, assuming constant accretion at log ( f Edd ) = 0. This
ssumption gives the maximal growth, i.e. the minimal MBH mass
hat can grow to 10 6 M � MBH at z = 10. A barely detectable 10 5 M �

BH at z = 10 had a mass of 10 4 M � at z ∼ 12 and 10 3 M � at z
16, again assuming constant log ( f Edd ) = 0. Therefore, detecting

 10 6 M � MBH in one of the candidate galaxies would suggest the
ormation of seeds of 10 3 –10 4 M �, or super-Eddington accretion,
rovided it is extended for sufficiently long times (Lupi et al. 2016 ;
u et al. 2022 ; Massonneau et al. 2022 ; Sassano et al. 2022 ). Lighter

eeds, relics of population III stars, are unlikely to have grown at all
nder Eddington-limited accretion (Smith et al. 2018 ); therefore, it
s even harder to justify their super-Eddington growth. 

A 10 6 M � MBH in one of the candidate galaxies would be
 v ermassiv e and it may point to ‘obese’ MBHs caused by heavy seed
ormation, with its AGN feedback preventing the host galaxy from
rowing and thus maintaining the ‘o v ermassiv eness’ of the MBHs
Agarwal et al. 2013 ; Visbal & Haiman 2018 ). Such detection would
uggest that heavy seeds have been formed, but we cannot exclude
he existence of light seeds, since they would have not grown enough
o be detectable. Ono et al. ( 2022 ) propose that GL-z12-1, with a

ass of 2 × 10 8 M �, may be hosting an AGN powered by an MBH
ith a mass > 10 6 M �: this is a case of an MBH in a low-mass galaxy
here MBH growth is expected to be limited because of the effect of

upernova (SN) feedback (Dubois et al. 2015 ; Angl ́es-Alc ́azar et al.
017 ; Habouzit, Volonteri & Dubois 2017 ). In this case, the MBH
hould have formed with mass already close to the presumed mass.
f we do not detect o v ermassiv e/obese MBHs in these galaxies, the
onclusion is that heavy seeds do not form in galaxies with properties
imilar to those listed in Table 1 . 

Can instead the non-detection of MBHs in these candidate galaxies
e used to constrain seed models? In the case of lighter seeds such
s those forming through dynamical channels (e.g. Portegies Zwart
t al. 2004 ; Freitag, G ̈urkan & Rasio 2006 ; Miller & Davies 2012 ;
tone, K ̈upper & Ostriker 2017 ; Boekholt et al. 2018 ; Schleicher
t al. 2022 ), both the age of the stars and the age of the black hole are
o be comparable, since the seed can only form in the presence of a
NRAS 521, 241–250 (2023) 
ubstantial population of massive stars. The masses of the candidate
alaxies and the ages of the stellar populations of 10–100 Myr, as well
s their proposed compactness (Ono et al. 2022 ), could be consistent
ith formation scenarios of black holes of ∼10 3 M �, formed from

unaway collisions of massive stars in young, dense star clusters, with
elaxation and collision times as short as a few Myrs (Devecchi et al.
012 ). These MBH would, ho we ver, be too faint to be detectable. 

 I MPLI CATI ONS  F O R  z ∼ 6 – 7  QUA S A R S  

an we shift the z = 6 ‘quasar’ problem to a ‘galaxy’ problem at z >
? Can these galaxies be progenitors of z = 6 quasars? Let’s take as an
xample GL-z10 and GL-z12 (Naidu et al. 2022 ). The stellar masses
re reported to be log ( M gal / M �) = 9 . 6 and log ( M gal / M �) = 9 . 1,
espectively, and the corresponding number density (given the survey
olume) is 4.5 × 10 3 Gpc −3 , which is about three orders of magnitude
arger than the number density of luminous quasars at z ∼ 6–7. So,
f these exceptional young galaxies, only about one in a thousand
s needed to be a progenitor of a z ∼ 6–7 quasar. In practice, the
galaxy’ problem at z > 9 is mostly an abundance issue – ‘too many’
assive galaxies found in small volumes (Finkelstein et al. 2022a ) –
hile the z = 6 ‘quasar’ problem is a mass/timing issue – not enough

ime to build up the MBH mass. 5 

The masses of galaxies such as GL-z10 and SMACS z10c at the
ime of observation are already sufficiently massive that SN feedback
hould not hinder MBH growth. Assuming that these candidate
alaxies host an MBH with a mass of log ( M gal ) − 4, this leads to
og ( M BH / M �) = 5 . 6 and log ( M BH / M �) = 5 . 7. If the galaxies have
 sufficiently regular morphology, MBHs of such mass should be
ble to remain close to the centre (Pfister et al. 2019 ; Ma et al. 2021 ),
nd there is no reason to expect that such MBHs cannot grow. In the
ase of z ∼ 16 galaxies, such as SMA CS z16b, SMA CS z16a, CR2-
17-1, and S5-z17-1, their masses are below the threshold where
N feedback stunts MBH accretion; therefore, even if they hosted
BHs, the growth of such MBHs would be limited until the galaxies
ould grow further. 
We can consider a simple joint model for the galaxy candidates

f Table 1 and their hypothetical MBHs. Let us assume that the
tellar mass of the galaxy increases following the SFR–M gal sequence
e.g. Leethochawalit et al. 2022 ), and that the MBH growth is
lso modulated by the galaxy growth. We consider here two mass
hresholds for M SN , 10 9 and 3 × 10 9 M �, for SN-stunted MBH
rowth, although in some models this value can be in excess of
0 10 M � (Tillman et al. 2022 ). In galaxies with mass abo v e this
hreshold, we assume the Eddington ratio corresponding to a given
raction of the SFR, and we assume a fraction 10 −4 to be in line
ith what we consider the ‘normal’ ratio between MBH and galaxy
asses. We also consider that this ratio is not constant, but only

onstant when av eraged o v er long time-scales (Hickox et al. 2014 ),
nd therefore add a Gaussian scatter centred on zero and with σ = 1,
ut limiting f Edd between 0 and 1. We consider steps of 0.5 in redshift,
t each step the galaxy mass gives the SFR, and from the SFR we
alculate the Eddington rate, with this information we update the
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We note that if we used a constant ratio between MBH accretion
ate and SFR the observed properties of the quasars would not 
e reproduced, since in general the mass ratio for the quasars is
igher than ‘normal’, although there could be differences between 
tellar and dynamical masses (Lupi et al. 2019 ) and the differences
ecrease for fainter quasars (Izumi et al. 2019 ; Habouzit et al. 2022 ).
dding scatter in the MBH growth rate allows for some phases of

apid growth, and while for the whole population the average mass
atio between galaxy and mass remains at the assumed level, some 

BHs can grow more efficiently. We recall that given the number 
ensities, only about 1 in a 1000 of galaxies like these candidates
ould have successful joint MBH and galaxy growth to explain the 
uasar properties. We also consider a simple case with constant 
 Edd = 0.5. The initial MBH mass in a somewhat pessimistic case is
et to log ( M BH / M �) = log ( M gal / M �) − 4 and in an optimistic case
o log ( M BH / M �) = max (5 , log ( M gal / M �) − 3). To estimate which
alaxies are most likely to grow and to host an MBH that grows, we
un 50 different realizations. 

The results are reported in Fig. 5 for one example realization. 
ost of these candidate galaxies barely reach the range of dy- 

amical masses of the quasar host galaxies (Izumi et al. 2019 ;
eeleman et al. 2021 ). About 25 per cent of the candidates can reach

og ( M gal / M �) > 10 . 3 by z = 6, with SMACS z10b, GL-z10, S5-
17-1, and CR2-z17-1 the most likely cases. 

The top panel shows two conserv ati ve cases. Starting with 
og ( M BH / M �) = log ( M gal / M �) − 4, most MBHs in these candi-
ate galaxies would not grow to the masses of z ∼ 6–7 quasars.
bout 7 per cent of galaxies can host log ( M BH / M �) > 7 . 5 by z = 6.
MACS z10b, GL-z10, S5-z17-1, CR2-z17-1, and SMACS z10c are 

he galaxies most likely to host such MBHs. The fraction decreases 
o 5 per cent if M SN = 3 × 10 9 M � as a threshold for MBH growth
Fig. 5 , top left panel). In this case, the most likely galaxies are
MA CS z10b, SMA CS z10c, GL-z10, and GL-z12. 
The bottom panel shows two optimistic cases. Starting 

ith log ( M BH / M �) = max (5 , log ( M gal / M �) − 3), on average
4 per cent of the candidates we study reach quasar-like masses,
f M SN = 10 9 M �. Under these more optimistic assumptions, 
MACS z10b, GL-z10, SMACS z10c, GL-z12, S5-z17-1, GL-z9-1, 
R2-z17-1, and WHL0137-5347 are the most likely to host MBHs 
ith log ( M BH / M �) > 7 . 5 by z = 6. The fraction decreases to about
5 per cent for M SN = 3 × 10 9 M �. With M SN = 10 9 M � and fixed
 Edd = 0.5 (Fig. 5 , bottom left panel), almost 43 per cent of the

BHs would reach quasar-like masses, while, for a comparison, 
ith an initial mass log ( M BH / M �) = log ( M gal / M �) − 4 only about
9 per cent of MBHs enter the region with the same assumption on
he accretion rate. With M SN = 3 × 10 9 M �, the fractions change to
7 and 12 per cent. Finally, if we assumed M SN = 10 10 M � even the
ost optimistic scenarios would give no more than 10 per cent of
BHs with masses log ( M BH / M �) > 7 . 5 by z = 6. 
Here, we have not focused specifically on the most 
assive MBHs powering high-redshift bright quasars: if we 

equired log ( M BH / M �) > 9 by z = 6, we would obtain less
han 1 per cent successful cases, under fa v ourable/optimistic 
ssumptions [ log ( M BH / M �) = max (5 , log ( M gal / M �) − 3) and
 SN = 10 9 M �]. We refer the reader to Pacucci & Loeb ( 2022 )

or a statistical analysis showing the permitted parameter space in 
eed masses, average Eddington ratios, duty cycles, and radiative 
fficiencies required to produce MBHs with masses > 10 9 M � as a 
unction of redshift. 

In summary, some of the candidate galaxies in Table 1 have reason-
ble properties for putative ‘normal’ MBHs, which are nevertheless 
nvisible at the time of observation of the candidate galaxies at z � 9
s shown in Section 2.4 , to develop into faint z ∼ 6 quasars, and the
ifferent number densities allow for about only 1 in 1000 to need to
evelop this way. These MBHs must have a mass of ∼10 4 –10 5 M �
t z ∼ 10–16. 

In candidate galaxies with masses < M SN , MBH growth is ineffi-
ient; therefore, for this to work the MBH mass at birth must have
een already close to ∼10 6 M �. Lighter seeds, say ∼10 3 M �, must
ave formed in galaxies that reached M SN at an earlier redshift and
ith enough gas supply to have remained on the SFR–M gal the whole

ime. We also speculate that the compactness of many of high-redshift
alaxies (Ono et al. 2022 ) could fa v our MBH growth and help them
row close to the Eddington limit (Habouzit et al. 2019 ). 
Mason et al. ( 2023 ) suggest that the candidate galaxies discussed

n this paper are exceptional only in being very young, besides
aving little dust and being more numerous than expected (e.g. Naidu
t al. 2022 ; Finkelstein et al. 2022a ). Therefore, in principle the
rogenitors of the high- z quasars may have developed even earlier,
roducing more massive and perhaps dustier galaxies that have not 
een detected yet at such redshifts (but see Labbe et al. 2022 ), making
he growth of the MBH from a small seed in such galaxies less
hallenging, and we have not seen these galaxies yet. 

 C O N C L U S I O N S  

e hav e inv estigated what type of MBHs would be detectable in z
9 galaxies, if they are as young and star forming as the galaxy

andidates presented in T able 1 . W e have also explored what the
etection or non-detection of MBHs/AGNs in this type of galaxies 
mplies for MBH seed models and for the progenitors of z > 6
uasars. We summarize in the following our results: 

(i) MBHs with a mass that scales with galaxy mass as at z = 0
r expected at high redshift based on empirical data-driven models 
Zhang et al. 2023 ) would be significantly fainter than the stellar
omponent. Only ‘o v ermassiv e’ MBHs hav e a chance of being
etected via colour–colour selection or by outshining the host galaxy 
n JWST bands. The situation is similar with X-ray and radio
bservations, unless the radio emission is enhanced with respect 
o standard expectations. 

(ii) Some among the high-redshift candidates could be reasonable 
radles for ‘normal’ MBHs, which are hidden from view at the time
f the observation, to develop into z ∼ 6 quasars. The rarity of z ∼ 6
uasars with respect to these candidates is such that only about 1 in
000 needs to grow their MBHs fast. 
(iii) Only ‘o v ermassiv e’ MBHs can be detected in this type of

alaxies: this means that detections have to be treated with care:
re MBHs really ‘o v ermassiv e’ or are most MBHs ‘normal’ and we
imply cannot detect them? This has important consequence on the 
nterpretation of observation in light of seed models. For some type of

odels, the prediction of ‘obese’ MBHs has to be carefully assessed
gainst the observational bias we have identified. 

(iv) The masses, SFRs, and compactness of galaxies of this type 
ould be conducive to the birth of dynamically formed seeds close
o the time of observation. 

After submission of this paper, four spectroscopically confirmed 
alaxies at z > 10 have been reported (Curtis-Lake et al. 2022 ;
obertson et al. 2022 ). Their properties are fully consistent with the
andidates analysed here and the results of our model are unchanged. 
e have included a figure with results of our model for these galaxies

n the appendix. 
JWST surv e ys can detect many high-redshift AGNs (Trinca et al.

023 ), and two candidates have been proposed at z ∼ 5 (Onoue
MNRAS 521, 241–250 (2023) 
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M

Figure 5. Examples of MBH (solid curves) and galaxy (dashed curves) evolution, taking as initial conditions the galaxies in Table 1 and making different 
assumptions for the MBHs they host [top: log ( M BH / M �) = log ( M gal / M �) − 4; bottom: log ( M BH / M �) = max (5 , log ( M gal / M �) − 3)], effect of SNe (top left 
and bottom: M SN = 10 9 M �; top right: M SN = 3 × 10 9 M �), and their growth rate (top, bottom left: scaling with SFR; bottom right: f Edd = 0.5). Galaxies are 
al w ays assumed to grow along the SFR–galaxy mass sequence. The thicker curves highlight some example galaxies: SMA CS z10b, SMA CS z16b, S5-z17-1, 
and GL-z12. In all panels, the bottom region shows the ratio of MBH to galaxy mass, without highlighting specific galaxies. 
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t al. 2022 ) and at z ∼ 12 (Ono et al. 2022 ). A statistical sample of
GNs will allow to address questions on MBH seeding and galaxy

co)evolution, provided that the hosts are not too bright and star
orming, thus outshining the AGN. In this paper, we have focused on
alaxy candidates that are young and star forming, but a more varied
alaxy population will presumably make it easier to identify AGNs,
lthough attenuation will affect the AGN emission. 

Besides detections of MBHs with JWST , constraints on the MBH
opulation at high redshift and seeding models will come from the
ISA gra vitational wa ve antenna (Amaro-Seoane et al. 2017 ). We
riefly speculate here on the properties of these galaxies in relation to
NRAS 521, 241–250 (2023) 
he mergers of speculative MBH binaries they could also host. Sersic
ndices can be estimated from fitting of JWST high- z candidates
hotometry and they can inform us on the merging time-scale of
BH binaries in these galaxies. Biava et al. ( 2019 ) estimate that one

eeds a Sersic index of 3 or greater for a binary of 10 5 M � to coalesce
n less than 100 Myr, and a Sersic index of 2 for a coalescence in
00 Myr. Naidu et al. ( 2022 ) and Atek et al. ( 2023 ) give Sersic
ndex < 1 for most of their galaxies, although SMACS z12b and
MACS z16b have 4 and 2.8, respectively. Ono et al. ( 2022 ) fix the
ersic index at 1.5 based on the trends found in Shibuya, Ouchi &
arikane ( 2015 ). With a Sersic of 1.5, a 10 5 M � binary would merge
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n 1 Gyr, which still implies a high-redshift MBH merger detectable 
y the Laser Interferometer Space Antenna (LISA). 
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Figure A2. AGN and galaxy colours using our models for all unlensed 
galaxies in Bradley et al. ( 2022 ). We compare our models (orange: galaxies; 
pink: AGN) with (i) the colours obtained from the published photometry 
(red), and (ii) the regions occupied by galaxies (black dotted contour) and 
galaxy + AGN composite (magenta dashed contour) in Goulding & Greene 
( 2022 ). The magnitudes used to calculate colours in our model include 
integration only redwards of 912 Å; therefore, short-wavelength filters are 
affected by intergalactic absorption. 

Figure A3. Analogue of Fig. A1 , for the four spectroscopically confirmed 
galaxies at z > 10 presented in Curtis-Lake et al. ( 2022 ) and Robertson et al. 
( 2022 ). 
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PPENDIX :  PHOTOMETRY  F O R  G A L A X I E S  

ITH  MULTIPLE  FILTER  DATA  

n this section, we apply our model to all unlensed galaxies in
radley et al. ( 2022 ), where six photometric points are provided

o the reader, as well as the spectroscopically-confirmed galaxies
resented in Curtis-Lake et al. 2022 and Robertson et al. 2022 . Note
hat the calculation of the magnitude in F115W, and to a lesser
xtent in F150W, is affected by the Lyman limit: we only integrate
he SED (convolved with the filter response) redwards of 912 Å.
n general, our model, despite its simplicity, is in good agreement
ith the photometry (Fig. A1 and Fig. A3 ). For this sample, we can

onfirm that the AGNs are fainter than the galaxies in all six filters,
nless o v ermassiv e. Fig. A2 compares the colours to the results in
oulding & Greene ( 2022 ), showing reasonable agreement. 

igure A1. Comparison of AGN and galaxy luminosity using our mod-
ls for all unlensed galaxies in Bradley et al. ( 2022 ). Triangles show
he AGN. Green: MBHs with mass log ( M gal / M �) − 5; turquoise: MBHs
ith mass log ( M gal / M �) − 4; blue: MBHs with mass log ( M gal / M �) − 3;

late grey: MBHs with mass log ( M gal / M �) − 2; grey: MBHs with mass
og ( M gal / M �) − 1. The size of the symbol scales with the Eddington ratio:
mall for log ( f Edd ) = −2, medium for log ( f Edd ) = −1, and large for
og ( f Edd ) = 0. Red dots: photometry from Bradley et al. ( 2022 ). Orange dots:
alaxy apparent magnitude from our models. Yellow circles: galaxy apparent
agnitude from our models including dust attenuation. Red, orange dots and

ellow circles are shown at the mass corresponding to log ( M / M ) − 4. 
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