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ABSTRACT

JWST is discovering star-forming ‘candidate’ galaxies with photometric redshifts z > 9 and little attenuation. We model
presumptive massive 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
overmassive relative to expected galaxy scaling relations, accreting at high Eddington rates, would be detectable. Their discovery
would point to the presence of heavy MBH seeds, but care is needed to exclude the existence of lighter seeds as only overmassive
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 x 10" Mg, by z ~ 6 if they grow along the star formation rate—mass sequence, and can nurse an MBH growing from ~10° Mg,
up to >3 x 10’ Mg, by z ~ 6, to become hosts of some z > 6 quasars. Candidate galaxies of log(Mga/ Mg) ~ 8 cannot grow
their putative seeds fast, unless seeds are >10° 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.

Key words: galaxies: active — galaxies: evolution — galaxies: high-redshift —quasars: supermassive black holes.

1 INTRODUCTION

A new frontier on high-redshift galaxy studies has been opened with
the launch of JWST. Within a few months of operation, a wealth of
new galaxy candidates at z > 9 have been identified from photometric
redshifts (Bradley et al. 2022; Castellano et al. 2022; Dressler et al.
2022; Harikane et al. 2022b; Labbe et al. 2022; Leethochawalit
et al. 2022; Naidu et al. 2022; Adams et al. 2023; Atek et al. 2023;
Whitler et al. 2023; Yan et al. 2023), and some with spectroscopic
confirmation (Roberts-Borsani et al. 2022; Schaerer et al. 2022).
Most of the z > 9 candidates are young and star forming and
appear to have little or no dust (Ferrara, Pallottini & Dayal 2022),
and they are suggested to have been picked up in observations
exactly for these reasons (Mason, Trenti & Treu 2023). There has
been much discussion on whether these galaxies are expected in
theoretical models, and whether they challenge the galaxy formation
paradigm (see e.g. Finkelstein et al. 2022a, for a discussion). In
general, their numbers are higher than expected (Finkelstein et al.
2022b), but for the majority of cases the build-up of the stellar masses
is not incompatible with models (Boylan-Kolchin 2022; Kannan
et al. 2022), and while some ‘all-purpose’ simulations struggle to
reproduce the observations at z > 12, simulations dedicated to the
high-redshift Universe fare better (Dayal et al. 2017; Wilkins et al.
2023). The inclusion of different generations of stars and detailed
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dust treatment (e.g. Graziani et al. 2020; Hartwig et al. 2022) are
likely key in improving the understanding of these galaxies.

In general, we consider here that an MBH could be lurking
in a galaxy without dominating the emission at rest-frame opti-
cal/ultraviolet (UV) wavelengths. When the accretion luminosity is
higher than the luminosity due to star formation, an active galactic
nucleus (AGN) can be identified at these wavelengths by colour
selection (e.g. Fan et al. 2001) or by emission line diagnostics
when spectroscopy is available (Baldwin, Phillips & Terlevich 1981;
Vidal-Garcia et al. 2022). X-ray and radio can also be used to
distinguish star formation- and accretion-powered sources when
one significantly dominates over the other. Finally, if a source is
very compact, compatible with the point spread function of a high-
angular resolution instrument, one could argue that the lack of
extended emission is a signature of an accretion-dominated source.
In the case of faint and small sources, such as high-redshift galaxies
or also low-mass MBHSs in low-redshift dwarfs, it is generally
difficult to uniquely determine whether an AGN is present. Often,
multiwavelength analysis is required for confirmation, with many
sources remaining ‘candidates’, as discussed in Greene, Strader &
Ho (2020).

Most of these candidate galaxies are presented as being dominated
by star formation, without the presence of an AGN, with the exception
of GL-z12, which is a candidate AGN (Ono et al. 2022) based on
its compact size. The templates used for determining the physical
properties, such as stellar mass, star formation rate (SFR), and age,
generally assume the absence of an AGN. A separate question, which
we 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 discovery papers, we obtained it from Harikane
et al. (2022b). The typical statistical 1o uncertainties in stellar masses are generally between 0.1 and 1 dex, but systematic uncertainties can be larger. * Average
of the two zphor in the paper. Two galaxies appear in different papers with somewhat different inferred physical properties.

D log(Mgi/Mg) ~ SFR (Mg yr™h) Zphot 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 — 1891 0.00 0.00 Fu22

SMACS zl1a 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)
WHLO0137-3407 8.78 7.30 10.70 0.00 27.13 27.15 B22

WHLO0137-5021 8.53 5.10 12.80 0.00 28.12 27.94 B22

WHLO0137-5124 8.65 6.90 12.70 0.00 28.02 27.99 B22

WHLO0137-5330 8.77 6.40 10.00 0.00 27.45 27.27 B22

WHLO0137-5347 9.01 14.60 10.20 0.00 26.60 2651 B22

WHLO0137-8737 8.46 6.00 9.20 0.00 27.20 27.40 B22

D1 7.90 0.13 9.76 —1745 27.81 27.82 RB22

GL-29-1 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

S5-217-1 8.84 9.70 16.66 —21.60 26.60 0.00 H22

alternative to a stellar template to explain the photometric properties
of these sources. Pacucci et al. (2022) show an example of z ~ 13
galaxies that could be powered either by star formation or by a quasar.
In this paper, we consider the physical properties presented in the
discovery papers and ask what type of massive black holes (MBHs)
and AGNs could be hidden there, and what type of MBHs and AGNs
could be detected in galaxies with the redshift, stellar mass, and SFRs
typical of these galaxies. We then explore the implications for MBH
seed models and for understanding the build-up of z > 6 quasars.

2 WHAT TYPE OF MASSIVE BLACK HOLES
COULD BE HIDDEN IN THESE GALAXIES?

2.1 Galaxy and AGN multiwavelength modelling

The properties of the candidate galaxies are reported in Table 1.
We have used for our models the best-fitting values presented in the
papers; the statistical 1o uncertainties in stellar masses are generally
between 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
large spread; for instance, they are generally less than 50 per cent for
the galaxies presented in Bradley et al. (2022), while they can reach
100 percent in Furtak et al. (2023) and Harikane et al. (2022b).
In terms of systematic uncertainties, in Table 1 we include two
galaxies that have been reported by different papers, GL-z10/GL-
29-1 and CR2-z12-1/Maisie’s, to give an idea of the interpublication
scatter, which can reach high values. For instance, SMACS_z10e
and SMACS_z11a differ in mass by about two orders of magnitude
between Furtak et al. (2023) and Atek et al. (2023), with the values
from the former study being preferred (H. Atek, private communica-
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tion). These systematic differences are generally ascribed to choices
on how to model the star formation history (Whitler et al. 2023).

Based on the mass, SFR, and photometric redshift of the observed
galaxy candidates, we run a grid of galaxy and MBH models to
obtain their multiwavelength properties in different JWST filters, and
in the X-ray and radio bands. The galaxy and AGN spectral energy
distributions (SEDs) are described and shown in Volonteri et al.
(2017): from these SEDs, we calculate galaxy and AGN absolute
and apparent magnitudes,' as well as the expected AGN X-ray fluxes,
which we use in turn to estimate the radio fluxes. The galaxy X-ray
emission is based on the X-ray binary population, and therefore
depends on mass and SFR.

For each galaxy, we model a grid of MBH masses and Eddington
ratios, assuming a 10 percent radiative efficiency. MBH masses,
Mgy, go from log(Mg./Mg) — 5 to log(Mg/Mg) — 1 in steps
of 1 dex: this allows us to test the presence of undermassive and
overmassive MBHs with respect to the nominal relation, which we
consider to be log(Mg/ Mp) — 4 at these redshifts and for these
galaxy masses (Zhang et al. 2023). We also consider that ‘normal’
MBHs can be within 1 dex of the nominal relation; thus, truly
overmassive MBHs are those with masses > log(My,/ Mg) — 2.
Eddington ratios vary in the interval between log (fgaq) = —2 and
0 in steps of 1 dex. We do not consider lower and higher accretion
rates because our model is based on standard radiatively efficient
thin discs (Shakura & Sunyaev 1973).

!For both galaxies and AGNs, we integrate the SED (convolved with the filter
response) only redwards of 912 A. This differs with respect to Volonteri et al.
(2017), where magnitudes were calculated at the central wavelength of the
filter, without convolution.
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2.1.1 Galaxies

Galaxy spectra are based on Bruzual and Charlot models (Bruzual &
Charlot 2003, version 2016), adopting a Salpeter initial mass func-
tion. We assume constant star formation histories and map stellar
mass to age through the SFR:? age = min(Mg, /SFR, t,ph01), Where
tphot 18 the age of the Universe at zph. We then assign to a galaxy
a metallicity bin, either 10723 Zg, 107%7 Z, or solar, applying the
7z = 9 mass—metallicity relation of Noel, Zhu & Gnedin (2022).3
In this paper, we consider only unattenuated spectra, since for these
candidates dust is expected to be minimal (Ferrara et al. 2022; Furtak
et al. 2023) and indeed we find that the agreement in the photometry
between model and observations worsens if we include dust using
the model adopted in Volonteri et al. (2017). We stress that the galaxy
SEDs use very simple approaches, but they give reasonable results
when compared to observations (see Appendix A).

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

Radio emission from star-forming regions could be of the same
order of magnitude as that of AGN powered by MBHs with a mass
<107 Mg, based on Bell (2003). We chose not to include it explicitly
in the analysis here because Bell (2003) fit SFR as a function of
radio luminosity, rather than vice versa, which is what we need.
Furthermore, their study does not extend to high redshift. An order
of magnitude estimate obtained inverting the relation between SFR
and radio luminosity in Bell (2003) suggests that the SFR-driven
radio luminosity remains below the sensitivity of planned surveys,
although it could be higher than the radio emission from AGNs for
MBHs with masses < 107 M.

2.1.2 AGN

AGN spectra (continuum only*) are described by the following
equation:

£ —N(u““ve_k#ﬁef% +av°"() 1)
v E)

with ayy = 0.5 and ax = 1, and kTig = 0.01 Ryd. They are based
in optical/near-IR on the Shakura—Sunyaev solution (Shakura &
Sunyaev 1973), following Thomas et al. (2016). The model is
calibrated in X-rays using results from the physical models developed
by Done et al. (2012): the normalization « is obtained through aox,
the exponent of a power law connecting the continuum between 2 keV
and 2500 A, fitting the dependence on MBH mass and Eddington
ratio using the results in Dong, Greene & Ho (2012). The last
term in equation (1) is set to zero below 1.36 eV (912 nm). The
global normalization V is obtained by requiring that the bolometric

2While ages are estimated in many of the discovery papers, their definition is
not consistent from one paper to another. This is the reason why we prefer to
estimate the age based on the constant star formation histories we adopt for
the stellar populations.

3This is at variance with Volonteri et al. (2017), where the mass—metallicity
relation at z = 6 from Ma et al. (2016) was used.

4We note that emission lines, which we do not include, could increase the
flux in some bands (Stark et al. 2013).
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luminosity matches Ly = 1.26 x 10°® erg s™!fzygMpy. Also, in this
case we consider only unattenuated spectra. X-ray luminosity is
calculated in the [2-10] keV range (observer frame)

The radio luminosity is calculated via the Fundamental Plane of
black hole accretion, an empirical correlation between the MBH mass
and the 5 GHz radio and 2-10 keV X-ray power-law continuum
luminosities (FP; Giiltekin et al. 2019; note that this is the core
radio luminosity and not the total luminosity including extended
jets). We also include a variant (enhanced FP) where we increase the
radio luminosity adding a boost in log space, with equal probability
between 0 and 4. This is motivated by low-mass MBHs being in
some cases offset from the Fundamental Plane, i.e. having a radio
luminosity up to four orders of magnitude larger than predicted by
the FP (Giiltekin et al. 2022, 2014). Radio luminosity is calculated
at 2 GHz (observer frame), assuming a power-law spectrum with an
index of —0.7 (Giiltekin et al. 2014).

2.2 Properties or detections of MBHs in JWST bands

In Fig. 1, we show a comparison of the galaxy and AGN properties
in JWST bands, computing galaxy and AGN apparent magnitudes
from our model. Since most of these galaxies are described in their
discovery papers as not dominated by AGNs (Harikane et al. 2022b;
Trussler et al. 2022), this analysis gives limits to both the MBH mass
and accretion rate. In Fig. 1, the mass of galaxies My, on the x-axis
is shifted so that orange and red dots, representing the galaxies of
our sample, are placed at log(M,,/Mg) — 4. MBHs are placed at
the mass scale in the grid we created [going from log(Mg./ Mg) — 4
to log(Mgal/MG)) —1].

In the two top panels, we compare the observed magnitudes of
the candidate galaxies of Table 1 (red dots in the filters F356W and
F444W, ascribed to stellar populations according to the discovery
papers) to our modelled ones (orange dots), if we only include
the stellar contribution calculated using the tabulated zpno, SFR,
and stellar mass. Although we do not have a one-to-one match,
observed and modelled magnitudes are very similar, reassuring us of
our models being acceptable.

Fig. 2 zooms into the magnitude difference between simulated
MBH and galaxy SEDs, highlighting more clearly the relation
between the starlight and AGN. We note that of course the presence of
an unaccounted for AGN in the galaxies would modify the estimated
masses and SFRs (and perhaps even photometric redshifts), but
if we take at face value the stance that the measured flux from
these galaxies is generated fully by stellar population, MBHs on the
nominal relation between the galaxy and the MBH could be hidden
there, and remain invisible, since their contribution to the flux is
minimal at all explored JWST bands. An example is GL-z12, where
Ono et al. (2022) explore the possible presence of an AGN: in the
first place, the galaxy mass and SFR have to be re-evaluated if the
AGN produces a fraction of the light, and in the second place, they
also concord with our suggestion that the MBH should have a mass
of the order of 10° Mg, to be visible, for a galaxy with a mass of
2 x 108 Mg; i.e. the MBH would have to be ‘overmassive’. HD1 and
HD?2 are two sources at z ~ 13 that have been proposed to be either
star-forming galaxies (Harikane et al. 2022a) or quasars (Pacucci
et al. 2022). In the latter possibility, they would also be powered by
an MBH on the overmassive side, with an inferred MBH mass of
~10% M, (assuming Eddington luminosity) and a galaxy mass of
10°-10'" Mg,

AGNSs can be identified via colour—colour selection (Natarajan
et al. 2017; Volonteri et al. 2017; Barrow, Aykutalp & Wise 2018;
Valiante 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(Mga/ M) — 5; turquoise: MBHs with mass log(Mga/ M) — 4; blue: MBHs with mass log(Mga/ M) — 3; slate grey: MBHs with mass log(Mga/ M) —
2; grey: MBHs with mass log(Mga1/ M) — 1. The size of the symbol scales with the Eddington ratio: small for log (fgad) = —2, medium for log (fgdq) = —1,
and large for log (fgqqa) = 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(Mga/ Mg) — 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 overmassive with respect to the nominal relation

and they have high Eddington ratios.

but the success of this technique also depends by how much an
AGN inside a star-forming galaxy contributes to the total emission.
In Fig. 3, we show an example that avoids the bluest filter where
high-z sources suffer from intergalactic absorption, but at the cost of
adding a MIRI band, less sensitive than NIRCAM. We highlight that
MBHs on the nominal log(Mg,/ Mg) — 4 relation do not contribute
enough to the emission to appreciably change the colours from galaxy

MNRAS 521, 241-250 (2023)

dominated to AGN dominated. MBHs must have mass in excess of
log(Mg./ Mg) — 3 in order to be generically identifiable, although
a fraction of MBHs with mass log(Mg,/ Mg) — 3 and log (fgad) =
0 straddle the AGN and galaxy regions, but they are sufficiently
separated from the galaxy region to stand out. As a warning, these
results assume no attenuation based on the limited extinction in these
galaxies: dust in the galaxies would make the galaxy colours redder,
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mass ratios. The size of the symbol scales with the Eddington ratio: small
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in the JWST filters. Squares: AGN 4 galaxy colours. Green: MBHs with
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blue: MBHs with mass log(Mga/Mg) — 3; slate grey: MBHs with mass
log(Mga1/ Mp) — 2; grey: MBHs with mass log(Mga/ M) — 1. Only sub-
stantial and rapidly accreting MBHs can be distinguished.
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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(Mga/ Mg) — 5; turquoise: MBHs with mass log(Mga/ Mg) — 4;
blue: MBHs with mass log(Mga/ Mg) — 3; slate grey: MBHs with mass
log(Mga1/ Mg) — 2; grey: MBHs with mass log(Mga/ M) — 1. The size of
the symbol scales with the Eddington ratio: small for log (fgqq) = —2, medium
for log (fgaa) = —1, and large for log (fgaq) = 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.

moving towards the AGN region, while the AGN emission itself
would be reddened by dust in the interstellar medium and in its
vicinity, e.g. in a torus.

2.3 Properties or detections of MBHs in X-ray and radio

The prospect of detecting MBHs hidden in these galaxies is brighter
in X-ray and radio, at least under optimistic assumptions (Fig. 4).
With the model adopted here, at least some MBHs with masses
log(Mgy/ Mg) — 3 can be detected. We also find that the X-ray
binary flux is below 107'* in cgs units in all cases. Empirical
models from low-redshift observations predict an X-ray emission
from binaries that varies over more than one order of magnitude. This
does not affect our conclusions as we have used here a conservative
model predicting among the highest emission from binaries, and this
remains still well below possible detection by future missions. We
remind the reader that the scaling of these models with redshift has
yet to be verified at z > 9.

In radio, the standard FP has no detection except for the most
overmassive, and massive, MBHs, while the enhanced FP allows
for detections of ‘normal’ MBHs down to the nominal relation
used here, MBH mass log(My,/ Mg) — 4, although in a very small
fraction of cases.

2.4 Prospects for identifying and understanding MBHs in
high-z galaxies

Based on the comparison of MBH and galaxy emission shown in
Figs 1 and 2, MBHs are squarely more luminous than galaxies only
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when they are overmassive and accreting at high Eddington fractions.
Some ‘normal’ (not overmassive) MBHs pop up above the galaxy
luminosity in the redder JWST bands (e.g. at F2100W), in X-rays
and they could be detectable under optimistic assumptions in radio.
‘Intermediate’-mass black holes, with masses less than 10° M, are
always hidden by the starlight of the host galaxy in JWST bands, as
already noted in Goulding & Greene (2022), and they are simply too
faint to be detected in the X-ray and radio bands.

These examples imply that if MBHs are detected using JWST in
this type of galaxies and at these redshifts, they must necessarily be
more massive than the relation with galaxy mass implies. We further
note that actual MBH mass measurements or estimates via broad
lines are hard, if not impossible, for these objects. The bottom line is
that if one detects an overmassive black hole they have to be careful
in assessing whether this is a selection bias — the only MBHs that
can be detected — or they are representative of the whole population.

3 WHAT DOES THIS MEAN FOR SEEDING
MODELS?

What if sufficiently massive MBHs (>10° M, based on the discus-
sion in Section 2) are eventually detected in these candidate galaxies
above redshift z = 9? Could we constrain seed models?

An academic exercise to have order of magnitude estimates is to
invert the MBH growth rate, starting for example with a 10° Mg
MBH at z = 10. This MBH had a mass of 10* My at z ~ 16 and
103 Mg, at z ~ 25, assuming constant accretion at log (fgqq) = 0. This
assumption gives the maximal growth, i.e. the minimal MBH mass
that can grow to 10° Mg MBH at z = 10. A barely detectable 10° Mg,
MBH at z = 10 had a mass of 10* Mg at z ~ 12 and 103 M, at z
~ 16, again assuming constant log (fzqq) = 0. Therefore, detecting
a 10° My MBH in one of the candidate galaxies would suggest the
formation of seeds of 10°~10* Mg, or super-Eddington accretion,
provided it is extended for sufficiently long times (Lupi et al. 2016;
Hu et al. 2022; Massonneau et al. 2022; Sassano et al. 2022). Lighter
seeds, relics of population III stars, are unlikely to have grown at all
under Eddington-limited accretion (Smith et al. 2018); therefore, it
is even harder to justify their super-Eddington growth.

A 10°Mg MBH in one of the candidate galaxies would be
overmassive and it may point to ‘obese’ MBHs caused by heavy seed
formation, with its AGN feedback preventing the host galaxy from
growing and thus maintaining the ‘overmassiveness’ of the MBHs
(Agarwal et al. 2013; Visbal & Haiman 2018). Such detection would
suggest that heavy seeds have been formed, but we cannot exclude
the existence of light seeds, since they would have not grown enough
to be detectable. Ono et al. (2022) propose that GL-z12-1, with a
mass of 2 x 108 Mg, may be hosting an AGN powered by an MBH
with a mass >10° M this is a case of an MBH in a low-mass galaxy
where MBH growth is expected to be limited because of the effect of
supernova (SN) feedback (Dubois et al. 2015; Anglés-Alcédzar et al.
2017; Habouzit, Volonteri & Dubois 2017). In this case, the MBH
should have formed with mass already close to the presumed mass.
If we do not detect overmassive/obese MBHs in these galaxies, the
conclusion is that heavy seeds do not form in galaxies with properties
similar to those listed in Table 1.

Can instead the non-detection of MBHs in these candidate galaxies
be used to constrain seed models? In the case of lighter seeds such
as those forming through dynamical channels (e.g. Portegies Zwart
et al. 2004; Freitag, Giirkan & Rasio 2006; Miller & Davies 2012;
Stone, Kiipper & Ostriker 2017; Boekholt et al. 2018; Schleicher
et al. 2022), both the age of the stars and the age of the black hole are
to be comparable, since the seed can only form in the presence of a
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substantial population of massive stars. The masses of the candidate
galaxies and the ages of the stellar populations of 10-100 Myr, as well
as their proposed compactness (Ono et al. 2022), could be consistent
with formation scenarios of black holes of ~10° My, formed from
runaway collisions of massive stars in young, dense star clusters, with
relaxation and collision times as short as a few Myrs (Devecchi et al.
2012). These MBH would, however, be too faint to be detectable.

4 IMPLICATIONS FOR z ~ 6-7 QUASARS

Can we shift the z = 6 ‘quasar’ problem to a ‘galaxy’ problem at 7 >
9? Can these galaxies be progenitors of z = 6 quasars? Let’s take as an
example GL-z10 and GL-z12 (Naidu et al. 2022). The stellar masses
are reported to be log(My/ Mp) = 9.6 and log(M,a/ Mg) = 9.1,
respectively, and the corresponding number density (given the survey
volume) is 4.5 x 103 Gpc—3, which is about three orders of magnitude
larger than the number density of luminous quasars at z ~ 6-7. So,
of these exceptional young galaxies, only about one in a thousand
is 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’
massive galaxies found in small volumes (Finkelstein et al. 2022a) —
while the z = 6 ‘quasar’ problem is a mass/timing issue —not enough
time to build up the MBH mass.’

The masses of galaxies such as GL-z10 and SMACS _z10c at the
time of observation are already sufficiently massive that SN feedback
should not hinder MBH growth. Assuming that these candidate
galaxies host an MBH with a mass of log (Mg,) — 4, this leads to
log(Mgu/ Mg) = 5.6 and log(Mpn/ Mg) = 5.7. If the galaxies have
a sufficiently regular morphology, MBHs of such mass should be
able to remain close to the centre (Pfister et al. 2019; Ma et al. 2021),
and there is no reason to expect that such MBHs cannot grow. In the
case of z ~ 16 galaxies, such as SMACS_z16b, SMACS_z16a, CR2-
z17-1, and S5-z17-1, their masses are below the threshold where
SN feedback stunts MBH accretion; therefore, even if they hosted
MBHs, the growth of such MBHs would be limited until the galaxies
would grow further.

We can consider a simple joint model for the galaxy candidates
of Table 1 and their hypothetical MBHs. Let us assume that the
stellar mass of the galaxy increases following the SFR—M,, sequence
(e.g. Leethochawalit et al. 2022), and that the MBH growth is
also modulated by the galaxy growth. We consider here two mass
thresholds for Mgy, 10° and 3 x 10° Mg, for SN-stunted MBH
growth, although in some models this value can be in excess of
10" My, (Tillman et al. 2022). In galaxies with mass above this
threshold, we assume the Eddington ratio corresponding to a given
fraction of the SFR, and we assume a fraction 10~ to be in line
with what we consider the ‘normal’ ratio between MBH and galaxy
masses. We also consider that this ratio is not constant, but only
constant when averaged over long time-scales (Hickox et al. 2014),
and therefore add a Gaussian scatter centred on zero and with o = 1,
but limiting frqg between 0 and 1. We consider steps of 0.5 in redshift,
at each step the galaxy mass gives the SFR, and from the SFR we
calculate the Eddington rate, with this information we update the
masses and iterate until we reach the final redshift.

SFor 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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We note that if we used a constant ratio between MBH accretion
rate and SFR the observed properties of the quasars would not
be reproduced, since in general the mass ratio for the quasars is
higher than ‘normal’, although there could be differences between
stellar and dynamical masses (Lupi et al. 2019) and the differences
decrease for fainter quasars (Izumi et al. 2019; Habouzit et al. 2022).
Adding scatter in the MBH growth rate allows for some phases of
rapid growth, and while for the whole population the average mass
ratio between galaxy and mass remains at the assumed level, some
MBHs can grow more efficiently. We recall that given the number
densities, only about 1 in a 1000 of galaxies like these candidates
could have successful joint MBH and galaxy growth to explain the
quasar properties. We also consider a simple case with constant
Jfeaa = 0.5. The initial MBH mass in a somewhat pessimistic case is
set to log(Mpn/ Mg) = log(Mga/ Mp) — 4 and in an optimistic case
to log(Mgy/ Mg) = max(5, log(Mgu/ Mg) — 3). To estimate which
galaxies are most likely to grow and to host an MBH that grows, we
run 50 different realizations.

The results are reported in Fig. 5 for one example realization.
Most of these candidate galaxies barely reach the range of dy-
namical masses of the quasar host galaxies (Izumi et al. 2019;
Neeleman et al. 2021). About 25 per cent of the candidates can reach
log(Mga/ Mg) > 10.3 by z = 6, with SMACS_z10b, GL-z10, S5-
z17-1, and CR2-z17-1 the most likely cases.

The top panel shows two conservative cases. Starting with
log(Mgu/ Mg) = log(Mgu/ Mg) — 4, most MBHs in these candi-
date galaxies would not grow to the masses of z ~ 6-7 quasars.
About 7 per cent of galaxies can host log(Mpy/ Mg) > 7.5by z =6.
SMACS_z10b, GL-z10, S5-z17-1, CR2-z17-1, and SMACS _z10c are
the galaxies most likely to host such MBHs. The fraction decreases
to 5 percent if Mgy = 3 x 10° Mg, as a threshold for MBH growth
(Fig. 5, top left panel). In this case, the most likely galaxies are
SMACS _z10b, SMACS _z10c, GL-z10, and GL-z12.

The bottom panel shows two optimistic cases. Starting
with  log(Mpn/Mg) = max(5, log(Mgu/ Mg) — 3), on average
24 percent of the candidates we study reach quasar-like masses,
if Mgy = 10°Mg. Under these more optimistic assumptions,
SMACS_z10b, GL-z10, SMACS _z10c, GL-z12, S5-z17-1, GL-z9-1,
CR2-z17-1, and WHL0137-5347 are the most likely to host MBHs
with log(Mpu/ Mg) > 7.5 by z = 6. The fraction decreases to about
15 percent for Msy = 3 x 10° M. With Mgy = 10° Mg, and fixed
Sfraa = 0.5 (Fig. 5, bottom left panel), almost 43 percent of the
MBHs would reach quasar-like masses, while, for a comparison,
with an initial mass log(Mgn/ Mg) = log(Mg./ M) — 4 only about
19 per cent of MBHs enter the region with the same assumption on
the accretion rate. With Mgy = 3 x 10° Mg, the fractions change to
27 and 12 per cent. Finally, if we assumed Mgy = 1010 Mg, even the
most optimistic scenarios would give no more than 10 percent of
MBHs with masses log(Mgn/ Mg) > 7.5 by z = 6.

Here, we have not focused specifically on the most
massive MBHs powering high-redshift bright quasars: if we
required log(Mgu/Mg) > 9 by z = 6, we would obtain less
than 1 percent successful cases, under favourable/optimistic
assumptions  [log(Mpn/ Mg) = max(5, log(M,,/ Mg) —3) and
Mgy = 10° M ]. We refer the reader to Pacucci & Loeb (2022)
for a statistical analysis showing the permitted parameter space in
seed masses, average Eddington ratios, duty cycles, and radiative
efficiencies required to produce MBHs with masses >10° M, as a
function of redshift.

In summary, some of the candidate galaxies in Table 1 have reason-
able properties for putative ‘normal” MBHs, which are nevertheless
invisible at the time of observation of the candidate galaxies at z 2> 9
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as shown in Section 2.4, to develop into faint z ~ 6 quasars, and the
different number densities allow for about only 1 in 1000 to need to
develop this way. These MBHs must have a mass of ~10*~10° Mg
at z ~ 10-16.

In candidate galaxies with masses <Mgsn, MBH growth is ineffi-
cient; therefore, for this to work the MBH mass at birth must have
been already close to ~10° My, Lighter seeds, say ~103 My, must
have formed in galaxies that reached Mgy at an earlier redshift and
with enough gas supply to have remained on the SFR—Mg, the whole
time. We also speculate that the compactness of many of high-redshift
galaxies (Ono et al. 2022) could favour MBH growth and help them
grow close to the Eddington limit (Habouzit et al. 2019).

Mason et al. (2023) suggest that the candidate galaxies discussed
in this paper are exceptional only in being very young, besides
having little dust and being more numerous than expected (e.g. Naidu
et al. 2022; Finkelstein et al. 2022a). Therefore, in principle the
progenitors of the high-z quasars may have developed even earlier,
producing more massive and perhaps dustier galaxies that have not
been detected yet at such redshifts (but see Labbe et al. 2022), making
the growth of the MBH from a small seed in such galaxies less
challenging, and we have not seen these galaxies yet.

5 CONCLUSIONS

We have investigated what type of MBHs would be detectable in z
> 9 galaxies, if they are as young and star forming as the galaxy
candidates presented in Table 1. We have also explored what the
detection or non-detection of MBHs/AGNS in this type of galaxies
implies for MBH seed models and for the progenitors of z > 6
quasars. We summarize in the following our results:

(1) MBHs with a mass that scales with galaxy mass as at z = 0
or expected at high redshift based on empirical data-driven models
(Zhang et al. 2023) would be significantly fainter than the stellar
component. Only ‘overmassive’ MBHs have a chance of being
detected via colour—colour selection or by outshining the host galaxy
in JWST bands. The situation is similar with X-ray and radio
observations, unless the radio emission is enhanced with respect
to standard expectations.

(i) Some among the high-redshift candidates could be reasonable
cradles for ‘normal’ MBHs, which are hidden from view at the time
of the observation, to develop into z ~ 6 quasars. The rarity of z ~ 6
quasars with respect to these candidates is such that only about 1 in
1000 needs to grow their MBHs fast.

(iii) Only ‘overmassive’ MBHs can be detected in this type of
galaxies: this means that detections have to be treated with care:
are MBHs really ‘overmassive’ or are most MBHs ‘normal’ and we
simply cannot detect them? This has important consequence on the
interpretation of observation in light of seed models. For some type of
models, the prediction of ‘obese’ MBHs has to be carefully assessed
against the observational bias we have identified.

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

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

JWST surveys can detect many high-redshift AGNs (Trinca et al.
2023), and two candidates have been proposed at z ~ 5 (Onoue
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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(MpH/ Mp) = log(Mg1/ M) — 4; bottom: log(Mpn/ Mg) = max(5, log(Mga/ Mp) — 3)], effect of SNe (top left
and bottom: Mgy = 10° Mg; top right: Msny = 3 x 10° M), and their growth rate (top, bottom left: scaling with SFR; bottom right: fgaq = 0.5). Galaxies are
always assumed to grow along the SFR—galaxy mass sequence. The thicker curves highlight some example galaxies: SMACS_z10b, SMACS_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.

et al. 2022) and at z ~ 12 (Ono et al. 2022). A statistical sample of
AGNs will allow to address questions on MBH seeding and galaxy
(co)evolution, provided that the hosts are not too bright and star
forming, thus outshining the AGN. In this paper, we have focused on
galaxy candidates that are young and star forming, but a more varied
galaxy population will presumably make it easier to identify AGNs,
although attenuation will affect the AGN emission.

Besides detections of MBHs with JWST, constraints on the MBH
population at high redshift and seeding models will come from the
LISA gravitational wave antenna (Amaro-Seoane et al. 2017). We
briefly speculate here on the properties of these galaxies in relation to
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the mergers of speculative MBH binaries they could also host. Sersic
indices can be estimated from fitting of JWST high-z candidates
photometry and they can inform us on the merging time-scale of
MBH binaries in these galaxies. Biava et al. (2019) estimate that one
needs a Sersic index of 3 or greater for a binary of 10°> M, to coalesce
in less than 100 Myr, and a Sersic index of 2 for a coalescence in
700 Myr. Naidu et al. (2022) and Atek et al. (2023) give Sersic
index <1 for most of their galaxies, although SMACS_z12b and
SMACS_z16b have 4 and 2.8, respectively. Ono et al. (2022) fix the
Sersic index at 1.5 based on the trends found in Shibuya, Ouchi &
Harikane (2015). With a Sersic of 1.5, a 10° M, binary would merge
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in 1 Gyr, which still implies a high-redshift MBH merger detectable
by the Laser Interferometer Space Antenna (LISA).

ACKNOWLEDGEMENTS

We thank the referee for a constructive and prompt review. MV
thanks Raffaella Schneider, Laura Pentericci, and Marco Castellano
for enlightening discussions. MV also thanks Sapienza University
in Rome for kind hospitality. MV thanks Akim Atek for clarifying
the results on some candidate galaxies and Chi An Dong-Paez for
thoughtful comments on the paper.

DATA AVAILABILITY

Observational data are available in the references provided in Table 1.
The data underlying this article will be shared on reasonable request
to the corresponding author. Most of the results are based on
analytical calculations that can be reproduced using the described
methodology.

REFERENCES

Adams N. J. et al., 2023, MNRAS, 518, 4755

Agarwal B., Davis A. J., Khochfar S., Natarajan P., Dunlop J. S., 2013,
MNRAS, 432, 3438

Amaro-Seoane P. et al., 2017, preprint (arXiv:1702.00786)

Anglés-Alcazar D., Faucher-Giguere C.-A., Quataert E., Hopkins P. F.,
Feldmann R., Torrey P., Wetzel A., Keres$ D., 2017, MNRAS, 472, L109

Atek H. et al. 2023, MNRAS, 519, 1201

Baldwin J. A., Phillips M. M., Terlevich R., 1981, PASP, 93, 5

Barrow K. S. S., Aykutalp A., Wise J. H., 2018, Nat. Astron., 2, 987

Bell E. F, 2003, ApJ, 586, 794

Biava N., Colpi M., Capelo P. R., Bonetti M., Volonteri M., Tamfal T., Mayer
L., Sesana A., 2019, MNRAS, 487, 4985

Boekholt T. C. N., Schleicher D. R. G., Fellhauer M., Klessen R. S., Reinoso
B., Stutz A. M., Haemmerlé L., 2018, MNRAS, 476, 366

Boylan-Kolchin M., 2022, preprint (arXiv:2208.01611)

Bradley L. D. et al., 2022, preprint (arXiv:2210.01777)

Bruzual G., Charlot S., 2003, MNRAS, 344, 1000

Castellano M. et al., 2022, ApJ, 938, L15

Curtis-Lake E. et al., 2022, preprint (arXiv:2212.04568)

Dayal P., Choudhury T. R., Bromm V., Pacucci F,, 2017, ApJ, 836, 16

Devecchi B., Volonteri M., Rossi E. M., Colpi M., Portegies Zwart S., 2012,
MNRAS, 421, 1465

Done C., Davis S. W., Jin C., Blaes O., Ward M., 2012, MNRAS, 420, 1848

Dong R., Greene J. E., Ho L. C., 2012, ApJ, 761, 73

Dressler A. et al., 2022, preprint (arXiv:2208.04292)

Dubois Y., Volonteri M., Silk J., Devriendt J., Slyz A., Teyssier R., 2015,
MNRAS, 452, 1502

Endsley R., Stark D. P, Whitler L., Topping M. W., Chen Z., Plat A., Chisholm
J., Charlot S., 2022, preprint (arXiv:2208.14999)

Fan X. et al., 2001, AJ, 121, 31

Ferrara A., Pallottini A., Dayal P., 2022, preprint (arXiv:2208.00720)

Finkelstein S. L. et al., 2022a, ApJ, 940, L55

Finkelstein S. L. et al., 2022b, preprint (arXiv:2211.05792)

Fornasini F. M., Civano F., Fabbiano G., Elvis M., Marchesi S., Miyaji T.,
Zezas A., 2018, ApJ, 865, 43

Freitag M., Giirkan M. A., Rasio F. A., 2006, MNRAS, 368, 141

Furtak L. J., Shuntov M., Atek H., Zitrin A., Richard J., Lehnert M. D.,
Chevallard J., 2023, MNRAS, 519, 3064

Goulding A. D., Greene J. E., 2022, ApJ, 938, L9

Graziani L., Schneider R., Ginolfi M., Hunt L. K., Maio U., Glatzle M., Ciardi
B., 2020, MNRAS, 494, 1071

Greene J. E., Strader J., Ho L. C., 2020, ARA&A, 58, 257

Giiltekin K., Cackett E. M., King A. L., Miller J. M., Pinkney J., 2014, ApJ,
788, .22

MBHs in z > 9 JWST galaxies 249

Giiltekin K., King A. L., Cackett E. M., Nyland K., Miller J. M., Di Matteo
T., Markoff S., Rupen M. P, 2019, ApJ, 871, 80

Giiltekin K. et al., 2022, MNRAS, 516, 6123

Habouzit M., Volonteri M., Dubois Y., 2017, MNRAS, 468, 3935

Habouzit M. et al., 2019, MNRAS, 484, 4413

Habouzit M. et al., 2022, MNRAS, 511, 3751

Harikane Y. et al., 2022a, ApJ, 929, 1

Harikane Y. et al., 2022b, ApJS, 265, 5

Hartwig T. et al., 2022, ApJ, 936, 45

Hickox R. C., Mullaney J. R., Alexander D. M., Chen C.-T. J., Civano F. M.,
Goulding A. D., Hainline K. N., 2014, ApJ, 782, 9

Hu H., Inayoshi K., Haiman Z., Li W., Quataert E., Kuiper R., 2022, ApJ,
935, 140

Izumi T. et al., 2019, PASJ, 71, 111

Kannan R. et al., 2022, preprint (arXiv:2210.10066)

Labbe I. et al., 2022, preprint (arXiv:2207.12446)

Leethochawalit N. et al., 2022, ApJ, 942, L26

Lehmer B. D. et al., 2019, ApJS, 243, 3

Lupi A., Haardt F., Dotti M., Fiacconi D., Mayer L., Madau P., 2016, MNRAS,
456, 2993

Lupi A., Volonteri M., Decarli R., Bovino S., Silk J., Bergeron J., 2019,
MNRAS, 488, 4004

Ma X., Hopkins P. F., Faucher-Gigueére C.-A., Zolman N., Muratov A. L.,
Keres D., Quataert E., 2016, MNRAS, 456, 2140

Ma L., Hopkins P. F,, Ma X., Anglés-Alcazar D., Faucher-Giguere C.-A.,
Kelley L. Z., 2021, MNRAS, 508, 1973

Mason C. A., Trenti M., Treu T., 2023, MNRAS, preprint (arXiv:2207.14808)

Massonneau W., Volonteri M., Dubois Y., Beckmann R. S., 2022, preprint
(arXiv:2201.08766)

Miller M. C., Davies M. B., 2012, ApJ, 755, 81

Naidu R. P. et al., 2022, ApJ, 940, L14

Natarajan P., Pacucci F.,, Ferrara A., Agarwal B., Ricarte A., Zackrisson E.,
Cappelluti N., 2017, ApJ, 838, 117

Neeleman M. et al., 2021, ApJ, 911, 141

Noel 1., Zhu H., Gnedin N., 2022, preprint (arXiv:2210.16750)

Ono Y. et al., 2022, preprint (arXiv:2208.13582)

Onoue M. et al., 2022, ApJ, 942, L17

Pacucci F,, Loeb A., 2022, MNRAS, 509, 1885

Pacucci F,, Dayal P., Harikane Y., Inoue A. K., Loeb A., 2022, MNRAS, 514,
L6

Pfister H., Volonteri M., Dubois Y., Dotti M., Colpi M., 2019, MNRAS, 486,
101

Portegies Zwart S. F., Baumgardt H., Hut P., Makino J., McMillan S. L. W.,
2004, Nature, 428, 724

Roberts-Borsani G. et al., 2022, preprint (arXiv:2210.15639)

Robertson B. E. et al., 2022, preprint (arXiv:2212.04480)

Sassano F., Capelo P. R., Mayer L., Schneider R., Valiante R., 2022, MNRAS,
519, 1837

Schaerer D., Marques-Chaves R., Barrufet L., Oesch P., Izotov Y. 1., Naidu
R., Guseva N. G., Brammer G., 2022, A&A, 665, L4

Schleicher D. R. G. et al., 2022, MNRAS, 512, 6192

Shakura N. L., Sunyaev R. A., 1973, A&A, 24, 337

Shibuya T., Ouchi M., Harikane Y., 2015, ApJS, 219, 15

Smith B. D., Regan J. A., Downes T. P.,, Norman M. L., O’Shea B. W., Wise
J. H., 2018, MNRAS, 480, 3762

Stark D. P., Schenker M. A., Ellis R., Robertson B., McLure R., Dunlop J.,
2013, ApJ, 763, 129

Stone N. C., Kiipper A. H. W., Ostriker J. P., 2017, MNRAS, 467, 4180

Thomas A. D., Groves B. A., Sutherland R. S., Dopita M. A., Kewley L. J.,
Jin C., 2016, ApJ, 833, 266

Tillman M. T., Wellons S., Faucher-Giguere C.-A., Kelley L. Z., Anglés-
Alcazar D., 2022, MNRAS, 511, 5756

Trinca A., Schneider R., Maiolino R., Valiante R., Graziani L., Volonteri M.,
2023, MNRAS, 519, 4753

Trussler J. A. A. et al., 2022, preprint (arXiv:2207.14265)

Valiante R., Schneider R., Zappacosta L., Graziani L., Pezzulli E., Volonteri
M., 2018, MNRAS, 476, 407

MNRAS 521, 241-250 (2023)

€202 Iudy g1 uo Jasn SYND Ad 8250%0./L¥2/1/12S/aIIHe/SEIUW/WOD dNO"DIWapedE//:SARY WOoIj papeojumoq


http://dx.doi.org/10.1093/mnras/stac3347
http://dx.doi.org/10.1093/mnras/stt696
http://arxiv.org/abs/1702.00786
http://dx.doi.org/10.1093/mnrasl/slx161
http://dx.doi.org/10.1093/mnras/stac3144
http://dx.doi.org/10.1086/130766
http://dx.doi.org/10.1038/s41550-018-0569-y
http://dx.doi.org/10.1086/367829
http://dx.doi.org/10.1093/mnras/stz1614
http://dx.doi.org/10.1093/mnras/sty208
http://arxiv.org/abs/2208.01611
http://arxiv.org/abs/2210.01777
http://dx.doi.org/10.1046/j.1365-8711.2003.06897.x
http://arxiv.org/abs/2212.04568
http://dx.doi.org/10.3847/1538-4357/836/1/16
http://dx.doi.org/10.1111/j.1365-2966.2012.20406.x
http://dx.doi.org/10.1111/j.1365-2966.2011.19779.x
http://dx.doi.org/10.1088/0004-637X/761/1/73
http://arxiv.org/abs/2208.04292
http://dx.doi.org/10.1093/mnras/stv1416
http://arxiv.org/abs/2208.14999
http://dx.doi.org/10.1086/318032
http://arxiv.org/abs/2208.00720
http://arxiv.org/abs/2211.05792
http://dx.doi.org/10.3847/1538-4357/aada4e
http://dx.doi.org/10.1111/j.1365-2966.2006.10096.x
http://dx.doi.org/ 10.1093/mnras/stac3717
http://dx.doi.org/10.3847/2041-8213/ac9614
http://dx.doi.org/10.1093/mnras/staa796
http://dx.doi.org/10.1146/annurev-astro-032620-021835
http://dx.doi.org/10.1088/2041-8205/788/2/L22
http://dx.doi.org/10.3847/1538-4357/aaf6b9
http://dx.doi.org/ 10.1093/mnras/stac2608
http://dx.doi.org/10.1093/mnras/stx666
http://dx.doi.org/10.1093/mnras/stz102
http://dx.doi.org/10.1093/mnras/stac225
http://dx.doi.org/10.3847/1538-4357/ac53a9
http://dx.doi.org/
http://dx.doi.org/10.3847/1538-4357/ac7150
http://dx.doi.org/10.1088/0004-637X/782/1/9
http://dx.doi.org/10.3847/1538-4357/ac7daa
http://dx.doi.org/10.1093/pasj/psz096
http://arxiv.org/abs/2210.10066
http://arxiv.org/abs/2207.12446
http://dx.doi.org/10.3847/1538-4365/ab22a8
http://dx.doi.org/10.1093/mnras/stv2877
http://dx.doi.org/10.1093/mnras/stz1959
http://dx.doi.org/10.1093/mnras/stv2659
http://dx.doi.org/10.1093/mnras/stab2713
http://arxiv.org/abs/2207.14808
http://arxiv.org/abs/2201.08766
http://dx.doi.org/10.1088/0004-637X/755/1/81
http://dx.doi.org/10.3847/2041-8213/ac9b22
http://dx.doi.org/10.3847/1538-4357/aa6330
http://dx.doi.org/10.3847/1538-4357/abe70f
http://arxiv.org/abs/2210.16750
http://arxiv.org/abs/2208.13582
http://dx.doi.org/10.1093/mnras/stab3071
http://dx.doi.org/10.1093/mnrasl/slac035
http://dx.doi.org/10.1093/mnras/stz822
http://dx.doi.org/10.1038/nature02448
http://arxiv.org/abs/2210.15639
http://arxiv.org/abs/2212.04480
http://dx.doi.org/ 10.1093/mnras/stac3608
http://dx.doi.org/10.1051/0004-6361/202244556
http://dx.doi.org/10.1093/mnras/stac926
http://dx.doi.org/10.1088/0067-0049/219/2/15
http://dx.doi.org/ 10.1093/mnras/sty2103
http://dx.doi.org/10.1088/0004-637X/763/2/129
http://dx.doi.org/10.1093/mnras/stx097
http://dx.doi.org/10.3847/1538-4357/833/2/266
http://dx.doi.org/10.1093/mnras/stac398
http://dx.doi.org/10.1093/mnras/stac3768
http://arxiv.org/abs/2207.14265
http://dx.doi.org/10.1093/mnras/sty213

250 M. Volonteri, M. Habouzit and M. Colpi

Vidal-Garcia A., Plat A., Curtis-Lake E., Feltre A., Hirschmann M., Cheval-
lard J., Charlot S., 2022, preprint (arXiv:2211.13648)

Visbal E., Haiman Z., 2018, ApJ, 865, L9

Volonteri M., Reines A. E., Atek H., Stark D. P., Trebitsch M., 2017, ApJ,
849, 155

Whitler L., Endsley R., Stark D. P., Topping M., Chen Z., Charlot S., 2023,
MNRAS, 519, 157

Wilkins S. M. et al., 2023, MNRAS, 519, 3118

Yan H., Ma Z., Ling C., Cheng C., Huang J.-S., Zitrin A., 2023, ApJ, 942, L9

Zhang H., Behroozi P., Volonteri M., Silk J., Fan X., Hopkins P. F.,, Yang J.,
Aird J., 2023, MNRAS, 518, 2123

APPENDIX: PHOTOMETRY FOR GALAXIES
WITH MULTIPLE FILTER DATA

In this section, we apply our model to all unlensed galaxies in
Bradley et al. (2022), where six photometric points are provided
to the reader, as well as the spectroscopically-confirmed galaxies
presented in Curtis-Lake et al. 2022 and Robertson et al. 2022. Note
that the calculation of the magnitude in F115W, and to a lesser
extent in F150W, is affected by the Lyman limit: we only integrate
the SED (convolved with the filter response) redwards of 912 A.
In general, our model, despite its simplicity, is in good agreement
with the photometry (Fig. Al and Fig. A3). For this sample, we can
confirm that the AGNs are fainter than the galaxies in all six filters,
unless overmassive. Fig. A2 compares the colours to the results in
Goulding & Greene (2022), showing reasonable agreement.

galaxies are shown at log(M,,/M,)—4
black holes are shown at log(Mg,/M,)
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Figure Al. Comparison of AGN and galaxy luminosity using our mod-
els for all unlensed galaxies in Bradley et al. (2022). Triangles show
the AGN. Green: MBHs with mass log(Mga/Mg) — 5; turquoise: MBHs
with mass log(Mga1/ Mg) — 4; blue: MBHs with mass log(Mga/ Mg) — 3;
slate grey: MBHs with mass log(Mg./ Mg) — 2; grey: MBHs with mass
log(Mga/ M) — 1. The size of the symbol scales with the Eddington ratio:
small for log (fgaa) = —2, medium for log(fraa) = —1, and large for
log (fedada) = 0. Red dots: photometry from Bradley et al. (2022). Orange dots:
galaxy apparent magnitude from our models. Yellow circles: galaxy apparent
magnitude from our models including dust attenuation. Red, orange dots and
yellow circles are shown at the mass corresponding to log(Mg.1/ Mg) — 4.
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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 A; therefore, short-wavelength filters are
affected by intergalactic absorption.
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Figure A3. Analogue of Fig. Al, 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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