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Abstract. The first wave of observations with JWST has revealed a striking overabundance
of luminous galaxies at early times (z > 10) compared to models of galaxies calibrated to
pre-JWST data. Early observations have also uncovered a large population of supermassive
black holes (SMBHs) at z > 6. Because many of the high-z objects appear extended, the
contribution of active galactic nuclei (AGNs) to the total luminosity has been assumed to
be negligible. In this work, we use a semi-empirical model for assigning AGNs to galaxies
to show that active galaxies can boost the stellar luminosity function (LF) enough to solve
the overabundance problem while simultaneously remaining consistent with the observed
morphologies of high-z sources. We construct a model for the composite AGN+galaxy LF
by connecting dark matter halo masses to galaxy and SMBH masses and luminosities, ac-
counting for dispersion in the mapping between host galaxy and SMBH mass and luminosity.
By calibrating the model parameters — which characterize the M• − M⋆ relation — to a
compilation of z > 10 JWST UVLF data, we show that AGN emission can account for the
excess luminosity under a variety of scenarios, including one where 10% of galaxies host BHs
of comparable luminosities to their stellar components. Using a sample of simulated ob-
jects and real observations, we demonstrate that such low-luminosity AGNs can be ‘hidden’
in their host galaxies and be missed in common morphological analyses. We find that for
this explanation to be viable, our model requires a population of BHs that are overmassive
(M•/M⋆ ∼ 10−2) with respect to their host galaxies compared to the local relation and are
more consistent with the observed relation at z = 4− 8. We explore the implications of this
model for BH seed properties and comment on observational diagnostics necessary to further
investigate this explanation.

Keywords: supermassive black holes, active galaxies, high-redshift galaxies, luminosity func-
tion, active galactic nuclei
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1 Introduction

The first year and a half of observations with the James Webb Space Telescope (JWST) has
pushed the frontier of our measurements of galaxy properties out to the first few hundred
Myr in our Universe’s history [1–6]. This new lens into the early Universe has provided
the perfect testbed for models of galaxy formation and evolution (e.g., [7–10]). One of the
most striking results to emerge from these observations is an overabundance of bright sources
relative to expectations derived from pre-JWST-calibrated models.
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The luminosity function (LF) is one of the most straightforward diagnostics to sta-
tistically characterize a sample of galaxies, as it simply reflects the abundance of galaxies
as a function of their luminosity, which we can directly measure. As such, the evolution
of the LF over time is a clear metric that theoretical models of galaxy formation must be
able to reproduce. The first wave of observations with JWST — which were sensitive to
the brightest sources — suggested a tension with theoretical models (e.g., [1–3, 6, 11–13]).
Both semi-empirical models extrapolated from Hubble Space Telescope observations [14–17]
and predictions from semi-analytic models calibrated to z ≤ 10 data [18–21] fall orders of
magnitude below the observed UV luminosity function (UVLF) at z ≳ 10, particularly at
the bright end. As the first surveys were completed and the number counts increased, this
discrepancy has been validated and extended to fainter magnitudes and higher redshifts (e.g.,
[22–24]). Several theoretical explanations have been introduced to interpret this overabun-
dance; bursty star formation [25–27], an increased star formation efficiency [28, 29], less dust
[30], and beyond ΛCDM models [8, 31–33] have all been shown to help mitigate this problem,
but none have been demonstrated to solve the problem on their own.

Spectroscopic observations of sources at z ≳ 4 with JWST have also revealed a large
population of massive black holes (BHs). For example, [34] and [35] identify a seemingly-
ubiquitous population of z ∼ 4−8 broad line active galactic nuclei (AGNs) in their sample of
‘little red dots’ observed in the EIGER, FRESCO, and UNCOVER surveys. Similarly, [36]
find a number of low-mass AGNs in the JADES field at z ∼ 4−7. Compared to the previously
discovered population of z > 6 quasars, which are characterized by luminosities large enough
to dominate the light of their host galaxies (e.g., [37, 38]), these BHs have lower luminosities
and masses (M• ∼ 105−107 M⊙). At higher redshifts still, [39] find evidence for a ∼ 106 M⊙
BH in GN-z11, a 109 M⊙ galaxy at z = 10.6, and [40] identify a 106.95 M⊙ BH in a 109.5 M⊙
galaxy at z = 8.679. [41] identify tentative signatures of an AGN in NIRSpec observations
of the bright galaxy GHZ2 at z = 12.3, though the lack of high-ionization lines suggests
that a star-forming galaxy explanation may be more appropriate. These observations at
z > 10 lend credence to a heavy seed formation channel for BHs [39, 42]. In addition
to helping inform our understanding of BH growth at early times, these observations also
suggest a more widespread population of massive BHs than previously expected. There is
also evidence that these high-z BHs are overmassive relative to their host galaxies, compared
to the local relation [38].

In this work, we combine these observations — the excess of luminous galaxies and
the prevalence of massive BHs now detectable with JWST — and show that accounting
for the contribution of low-mass AGNs can plausibly provide enough luminosity to solve
the overabundance problem. Past studies considering how AGNs may affect the galaxy LF
have generally worked in the context of specific models of BH growth (e.g., [43–45]) or have
neglected an AGN contribution, noting that the extended appearances of many of the high-z
sources are inconsistent with a dominant point source [12, 46].

However, if these z > 10 candidate galaxies host AGNs that are more similar to the
z ∼ 4−8 population revealed by JWST (i.e., are less massive than most pre-JWST z ∼ 6−7
quasars and are roughly comparable in luminosity to the stellar component), then it is possible
that these AGNs could contribute to the high-z UVLF while also remaining morphologically
“hidden.” This stipulation places upper limits on the luminosities of such a population of
AGNs. Moreover, because these populations were not expected in earlier models of BH
growth, they require new tools. In this study, we take a detailed look at the requirements
for such an explanation to hold.
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We first carry out a simple calculation to estimate the AGN luminosities needed to
solve the overabundance problem (section 2). Guided by this calculation, in section 3 we
develop a semi-empirical framework to generate a composite AGN+galaxy LF, constructed
by connecting dark matter (DM) halo masses to galaxy and supermassive black hole (SMBH)
masses and luminosities, accounting for dispersion in the mapping between host galaxy and
SMBH mass and luminosity. We calibrate our model to the high-z UVLF and explore the
values of our free parameters — which characterize the relationship between galaxy and
BH luminosity — that are required to reproduce the observed LF, while also remaining
relatively low-luminosity compared with their hosts. We demonstrate that there exists a
range of scenarios which are consistent with the observed UVLF. On one extreme, a smaller
fraction of galaxies have AGNs, but they are more luminous compared with their hosts,
and on the other, AGNs are more common but less luminous compared with their host
galaxies. In section 4, we then investigate the properties of these populations and demonstrate
that such low-luminosity AGNs can be hidden in galaxies at these redshifts and missed in
standard morphological analyses. We first show that it is plausible that real JWST candidate
galaxies have a significant point source component. We then inject mock point+extended
surface brightness profiles into real JWST fields and explore the regimes in which they can
masquerade as purely extended, and we show that these are consistent with the luminosities
needed in our semi-empirical model to explain the UVLF. In section 5 we discuss a comparison
of our results to other existing work. Finally, in section 6, we explore the implications of
these results for BH seeding models and discuss observational prospects for investigating this
explanation. In section 7, we conclude.

Unless otherwise specified, throughout this work we use a flat ΛCDM cosmology with
Ωm = 0.3111, ΩΛ = 0.6889, Ωb = 0.0489, σ8 = 0.8102, ns = 0.9665, and h = 0.6766,
consistent with the results of [47].

2 A simple estimate of the AGN contribution

As a first step toward exploring the possibility of an AGN contribution to the high-z lumi-
nosity function, we perform a simple calculation which does not rely on any physical model
to connect AGNs to their host galaxies. In this calculation, we compare a baseline stellar
luminosity function to observations of the luminosity function by JWST. Then, we compute
the luminosity of AGNs needed, as a function of total magnitude, to match the observed
luminosity function. This simple calculation helps to build intuition and ultimately serves to
motivate a more realistic treatment in later sections.

2.1 Luminosity function data

For the purposes of this study, we compile data from four early JWST observing pro-
grams that span a wide range of rest-UV luminosities at z ≳ 10. In particular, for the
faint end (MUV ≳ −20), we use observations from the first epoch of the Next Generation
Deep Extragalactic Exploratory Public (NGDEEP; [48]) survey, at intermediate luminosi-
ties (−21 ≲ MUV ≲ −19), we use the Public Release IMaging for Extragalactic Research
(PRIMER; [24]) and complete Cosmic Evolution Early Release Science (CEERS; [22]) sur-
veys, and at the bright end (MUV ≲ −21), we use a sample of observations from the
COSMOS-Web survey [49]. All of these observations were carried out with the NIRCam
instrument and candidate galaxies are classified based on a photometric redshift analysis.
Our z = 11 selection is based on the median redshifts in the respective survey samples,
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which range from z ≈ 9.5− 12 for NGDEEP, z ≈ 9.6− 13 for CEERS, z ∼ 11 for PRIMER,
and z ≈ 10− 12 for COSMOS-Web. Our z = 14 data is comprised of the CEERS, PRIMER,
and COSMOS-Web z ≈ 13 − 16 samples. We note that at the highest redshifts contami-
nation from low-z interlopers may pose a serious problem to the LF measurement [50], as
highlighted by the redshift prior used by [24], potentially resulting in an overestimate of the
LF.

2.2 Baseline stellar luminosity function

Before determining the contribution of AGNs, we must first choose a reasonable stellar lumi-
nosity function as our starting point. We use the ‘minimalist,’ feedback-regulated model for
galaxy formation from [51] (hereafter F17), which has been shown to effectively reproduce
pre-JWST galaxy luminosity functions at z ∼ 6−10 (see also [14, 15, 18, 19]). This will serve
as the underlying stellar luminosity function for both our simple AGN contribution estimate
(section 2.3) and our more physically-motivated model (section 3).

F17 demonstrate that observations of galaxy luminosity functions at z = 6− 10 can be
reasonably well-described with three ingredients: the halo mass function, the accretion rates
onto these halos, and the efficiency with which supernova feedback regulates star formation.
For the former two components — the halo mass function and accretion rate — we use the fits
from [52] (where Ṁh ∝ Mµ(1 + z)β with µ ≈ 1.06 and β ≈ 5/2). Feedback in the minimalist
model is characterized by three free parameters through

η = C

(
1011.5M⊙

Mh

)ξ( 9

1 + z

)σ

, (2.1)

where η is the mass-loading parameter (which in turn sets the star formation efficiency; f⋆ ∝
(1+η)−1) and C, ξ, and σ are the free parameters that can be calibrated to observations. For
energy-regulated feedback (i.e., assuming that the energy carried by SNe blastwaves governs
the rate at which accreted gas is available for star formation), F17 find these parameters to
be C ∼ 1, ξ ∼ 2/3, σ ∼ 1, though in general these can be calibrated to observations, as we
do in this work. The star formation rates (SFRs) predicted by this framework are associated
with UV luminosities through

Ṁ⋆ = KUVL⋆, (2.2)

where L⋆ is the intrinsic luminosity density of the stellar component in the UV continuum
and KUV = 1.15×10−28 M⊙yr

−1/(erg s−1 Hz−1) is an approximate proportionality constant
assuming a Salpeter IMF and long periods of continuous star formation [53]. Though this
constant (through the choice of IMF, etc.) is likely not entirely appropriate at the highest
redshifts, it is degenerate with the star formation efficiency, which we fit for by calibrating
the model to z ≤ 10 observations.

Thus, multiplying the halo mass function by the appropriate Jacobian (derived from
the above relations) gives the luminosity function of galaxies as a function of UV luminosity
density, ignoring any AGN contribution:

ϕ⋆,m(L⋆) ≡
dn

d lnL⋆
=

dn

d lnMh

∣∣∣∣d lnMh

d lnL⋆

∣∣∣∣. (2.3)

Upon fitting for the values of C, ξ, and σ, this leaves us with the minimalist stellar UVLF as
a function of UV magnitude, Φm(MUV).
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We fit the minimalist model to the pre-JWST, lower-z (z = 6−9) UVLF measurements
presented in [17]. This results in best-fit parameters of C = 2.64+0.13

−0.13, ξ = 0.66+0.00
−0.01, and σ =

0.05+0.08
−0.04, similar to those found in [21]. The details of this fit are presented in appendix A. We

then extrapolate the model to higher redshifts. This provides us with a ‘baseline,’ stellar-only
contribution to the total luminosity function.

2.3 Estimating the AGN contribution

If AGNs contribute to the luminosity function, they will do so only in some fraction of
galaxies, determined by (i) the fraction of SMBHs which are luminous, or active, at the
redshift of observation (fact), and (ii) the fraction of galaxies which host an SMBH, active
or not, often referred to as the occupation fraction (focc). The product of these gives us the
net fraction of galaxies which host a luminous AGN at the redshift of observation, fnet ≡
fact×focc. Throughout this work, we take fnet to be constant for a given redshift, independent
of e.g., host-galaxy or AGN mass or magnitude. In addition, fact and focc are entirely
degenerate throughout, though we explore the implications of breaking this degeneracy given
BH seeding models and growth histories in section 6.1. In the current section we also take
the relationship between host galaxy and AGN magnitude to be one-to-one, without any
stochasticity. We will treat this more realistically in section 3.

We now wish to determine the UV luminosity density ratio of an AGN to its host
galaxy, L•/L⋆, as a function of the total magnitude of both, MUV,⋆+•, necessary to fit the
high-redshift JWST data.

For a given choice of fnet, we achieve this by computing two distinct luminosity func-
tions: one which describes only galaxies which do not host AGNs, and one which represents
composite objects comprised of host galaxies and their associated AGNs, so that the total,
observed luminosity function is

Φobs(MUV) = Φ⋆(MUV) + Φ⋆+•(MUV). (2.4)

We obtain these component LFs starting from the underlying stellar luminosity function, Φm

(section 2.2), which applies to both components.
A fraction (1−fnet) of galaxies do not contain AGNs and so have identical luminosities:

Φ⋆(MUV) = (1− fnet) Φm(MUV). (2.5)

The rest — a fraction fnet — are composite objects hosting AGNs, and as such their total
luminosities will be increased due to the contribution of the AGNs. This can be represented as
a change in coordinates from the stellar magnitude to the total magnitude,MUV⋆,host 7→ MUV,
applied to the stellar luminosity function, with a prefactor fnet:

Φ⋆+•(MUV) = fnetΦm(MUV,⋆,host). (2.6)

Thus we have

Φm(MUV,⋆,host) = f−1
net [Φobs(MUV)− (1− fnet) Φm(MUV)] . (2.7)

Given fnet, Φm, and an observation of the luminosity function at MUV, Φobs(MUV), we solve
for MUV,⋆,host using eq. 2.7. This then implicitly determines the AGN contribution as a
function of the observed magnitude. We save a rigorous statistical fit for our more complete
model in section 3 and instead simply repeat this process for each data point.
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Figure 1. Demonstration that AGNs that are nearly as luminous as their host galaxies
(within a factor of a few) can provide enough luminosity to explain the observed UVLF
in many cases, though more luminous AGNs are needed at higher redshift. Top panels:
The minimalist stellar luminosity function Φm compared with data from JWST observations. This
stellar luminosity function serves as the baseline for our simple calculation and the physical model
presented in section 3. We do not include PRIMER data at z = 11 for the sake of visual clarity,
as they agree with the other included data at this redshift. Bottom panels: Simple estimates of
the luminosity ratios of AGNs to their host galaxies at z = 11 and z = 14. Point shapes indicate
results for different data and colors indicate the chosen value of fnet, with the error bars showing
the corresponding ranges of uncertainty. Dashed lines show several luminosity ratios for reference.
These results show that at z = 11, modest luminosity ratios of composite objects — in many cases
near unity — can explain the observed UVLF, while our simple calculation requires higher ratios at
z = 14. The morphologies of observed high-z objects require that typically L•/L⋆ ≲ 2 (section 4),
which motivates a more realistic treatment including scatter (section 3).

We show the baseline luminosity function compared with observations in the top panels
of figure 1, while the results of the simple AGN estimate for the same data are shown in the
bottom panels. We perform the calculation, as outlined, on the mean data values as well
as separately for the upper and lower error bars for each data point. We show results for
z ∼ 11 and z ∼ 14 as well as for several values of fnet. Any error bars which extend below the
abscissa represent lower limits of the data which fall below the underlying stellar luminosity
function before any AGN contribution is included. One data point at z = 11, including both
limits, falls below Φm and thus is not present in the lower panel.

At z = 11, we find that in many cases only modest luminosity ratios are required to
explain the observations — even less than unity for some choices of fnet. The z = 14 data,
however, require significantly higher luminosity ratios, as the minimalist galaxy model more
severely underpredicts the observed luminosity function at this redshift. At both redshifts,
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we find that higher values of fnet result in smaller luminosity ratios, indicating the potential
for degeneracy in these parameters in more complex models, which we find to be the case in
section 3.

Many high-z objects are consistent with an extended morphology, which, as we will
show in section 4, necessitates that a typical composite object at these redshifts must have
L•/L⋆ ≲ 2. Clearly, many points in figure 1 fall above this value, and so a more realistic
treatment (most importantly, including scatter between stellar and black hole properties) is
warranted. We explore such a model in the following section.

3 A physically-motivated model for the AGN contribution

Motivated by the results discussed in section 2, we now develop a more physically-informed
model to describe the population of AGNs and galaxies at high-z. For this model we build on
the framework presented in [54] (hereafter CW13), which uses simple relationships between
black holes, galaxies, and their host DM halos to constrain the evolution of the quasar
luminosity function at z ≲ 4. Because this model relies on relatively few free parameters
(in our implementation there are 3 free parameters), it can be efficiently constrained by
observations and provides powerful insight into the relationships between black holes and
their host galaxies. In the following sections we describe the model as presented in CW13
along with the modifications and extensions we make to better describe the high-z data.

3.1 Overview

We develop a model to construct a population of galaxies hosting AGNs based on the prop-
erties of their host DM halos, summarized through the following series of steps:

↗ M⋆ → M• → L• → MUV,•

Mh

↘ Ṁ⋆ → MUV,⋆

(3.1)

The upper track corresponds to the AGN contribution and is inspired by the model presented
in CW13. Starting with a DM halo mass, we compute the associated stellar mass, BH
mass, then the AGN bolometric luminosity, and finally UV magnitude. The lower track
characterizes the minimalist model. Starting from the same DM halo, we compute the
associated SFR, stellar luminosity density, and finally the stellar UV magnitude. In this way,
we can self-consistently associate stellar UV magnitudes with AGN UV magnitudes through
a common host DM halo. In addition, at each step, one can also account for the appropriate
scatter in the mapping from one quantity to the next. The minimalist model (and thus the
lower series of steps) is described in section 2.2. In this section, we describe each step of the
upper track in detail.

Mh → M⋆ : We begin with the halo mass function from [52], which provides a fit to high-
z cosmological simulations. To connect galaxy masses and luminosities to their host halo
masses, we employ the minimalist model for galaxy formation described in F17. The mini-
malist model maps host DM halo masses to star formation rates through the star formation
efficiency f⋆ (Ṁ⋆ ≡ f⋆Ωb/ΩmṀh). To go from halo mass to stellar mass, we use the approx-
imate form for the integrated star formation efficiency f̃⋆ (defined by M⋆ ≡ f̃⋆Ωb/ΩmMh)
given in eq. 18 of F17. In this step, to associate galaxies with their host halos, CW13 use the
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results of an empirical model calibrated to observations of the galaxy stellar mass function
at z ≲ 8 [55]. Because we are focused on describing galaxy populations at z ≳ 10, we instead
turn to the minimalist model, which is designed to describe galaxies at high-z (see section 2.2
for more details). While CW13 (applying the results of [55]) include scatter in the mapping
between host halo and galaxy mass, in the minimalist model there is a one-to-one association
between galaxies and halos, so we ignore any scatter in this step.

M⋆ → M• : To associate BHs with these galaxies, we assume a generic power-law relation-
ship, similar to that used in CW13:

M•
1010M⊙

= 10α
(

M⋆

1010M⊙

)β

. (3.2)

Observations of BHs and galaxies in the local universe indicate a continuous, linear relation-
ship between BH and galaxy mass (i.e., β ∼ 1; [56]). Following CW13, we incorporate a
lognormal scatter of 0.3 dex in this step.

M• → L• : The bolometric luminosity of an AGN is related to its BH mass through the
Eddington ratio ηEdd:

L• = 3.3× 104ηEddM• L⊙, (3.3)

whereM• is the BH mass in units ofM⊙. As in CW13, we assume a lognormal distribution for
ηEdd with a dispersion of 0.3 dex but choose a mean of ηEdd = 1, consistent with observations
of quasars at high-z [57, 58].

L• → MUV,• : Finally, we map the AGN bolometric luminosity to the luminosity density
in the UV following the procedure in [59]. That is, bolometric luminosities can be mapped
to B-band luminosity densities using

log10 L•
νBLνB

= 0.80− 0.067γ + 0.017γ2 − 0.0023γ3, (3.4)

where γ = log10 L• − 12. We then convert the B-band luminosity densities LνB to the UV
using Lν ∝ ν−0.44 and translate those to AB magnitudes [60].

3.2 Implementation

As in section 2, our goal is two distinct luminosity functions: one which describes galaxies
which do not host AGNs, Φ⋆, and a composite luminosity function which describes emission
from AGNs and their host galaxies, Φ⋆+•. We begin as before with a baseline stellar LF from
the minimalist model (section 2.2), and modify this to achieve both of these components. Φ⋆

is again simply a fraction of the stellar LF (eq. 2.5). Using the steps outlined in the preceding
section, we now compute a more physically-motivated composite luminosity function Φ⋆+•.

In practice, we calculate our composite luminosity function in a Monte Carlo (MC)
manner. We begin by drawing samples from the halo mass function and use the steps outlined
in section 3.1 to convert these halo masses into stellar and mean BH masses. We then apply
the lognormal scatter around this mean relation and translate these scattered BH masses to
mean bolometric luminosities, taking ηEdd = 1. We scatter the luminosities around these
mean values and convert them to UV luminosity densities with eq. 3.4, ultimately leaving
us with a population of AGN UV luminosities associated with host DM halo masses. Given
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these halo masses, we compute their stellar luminosities from the minimalist model. The
luminosity of the composite object is the sum of these AGN and stellar luminosities.

The total (observed) luminosity function involves contributions from both of these com-
ponents, normalized by the fraction of galaxies which host a luminous AGN, fnet (see eq. 2.4).

1

Constructing Φobs thus requires a choice for six free parameters: three which characterize
feedback in the minimalist model (C, ξ, σ) and three which characterize the BH population
(α, β, fnet).

3.3 Applying the model to data

In section 2.2, we calibrated the parameters in the galaxy model to z = 6− 9 data. Holding
those parameters fixed, in this section, we extrapolate the galaxy population to z ≳ 10
and fit for the AGN parameters needed to describe the observed data. Because the JWST
measurements of the LF at z = 9 are consistent with prior observations, our galaxy model
— which is calibrated up to z = 9 — is naturally able to describe the abundance of galaxies
at this redshift without needing to introduce the BH contribution (see appendix A), and we
thus focus our analysis on z ≳ 10.

For the AGN contribution, we apply the modification implied by eqs. 2.4 and 3.1-3.4; i.e.,
we fit for α, β, and fnet given the data, selecting uniform priors on α ∈ [−10, 0], β ∈ [0.8, 5],
and fnet ∈ [10−10, 1]. We choose a lower bound of β = 0.8 to limit the steepness of the slope
at the faint end of the LF and to prevent a significant deviation from the observed relations
at low-z, which find β ∼ 1. For the sake of comparison to an extension of our model in section
6.1.2 (in which β is fixed), we refer to the model described in this section as the “β model.”
Looking ahead to the results of section 4, we note that this prior on α is incomplete, as it
allows for AGNs whose light can dominate over that of their host galaxies, but we maintain
it for the time being for illustrative purposes.

We run a Markov Chain Monte Carlo (MCMC; [61]) varying α, β, and fnet to build
intuition around the relationships between these parameters. Because the data are already
mostly well-described by the extrapolated stellar LF and the normalization of the AGN
contribution is jointly modulated by α (which laterally translates the BH mass function and
AGN LF to higher and lower values in mass and luminosity space, respectively) and fnet
(which shifts the overall AGN LF up and down), there is significant degeneracy between
even the three parameters that define our model. Figure 2 shows the posterior distribution
of the parameters given the data at z = 11. From this, it is clear that there is a locus of
(α, β, fnet) combinations that can provide good fits to the data and the broad degeneracies
that we expect are manifest. For a fixed choice of α (i.e., the β−fnet joint posterior shown in
figure 2), there is a clear degeneracy between β and fnet and we can interpret these trends.
As fnet is increased, larger values of β are required. In other words, if a larger fraction of
galaxies host active BHs, but the data only requires a luminosity boost at the bright end,
then the most massive, brightest BHs can only be hosted by the most massive, rarest galaxies.
This manifests as a steepening of the M• − M⋆ relation. Conversely, as fnet decreases, the
M• − M⋆ relation flattens (β is lowered). In this limit, because fewer galaxies host active
BHs, the lower mass, but more common, galaxies need to host relatively more massive BHs
to account for the excess luminosity at the bright end.

1CW13 employ a similar normalization factor in their calculation of the AGN-only luminosity function,
but they refer to this as simply the duty cycle, fon. At the lower redshifts they consider, this is appropriate,
as the occupation fraction is near unity. However, for the high redshifts relevant to this work, we expect the
occupation fraction to deviate from unity and thus we refer to this factor as fnet to make this distinction clear.
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Figure 2. The posterior distributions for the three free parameters in our model at z = 11 with
the uniform priors α ∈ [−10, 0], β ∈ [0.8, 5], and fnet ∈ [10−10, 1]. These distributions highlight
the degeneracies inherent to the parameters that characterize our model given the z ≳ 10 data and
demonstrate that there are a number of (α, β, fnet) combinations that can provide good fits to the
data. However, the morphology constraints discussed in section 4 further limit the parameter space,
which we later implement as a prior bound on α ≤ −2.25.

As mentioned above, and indicated in figure 2, our morphology analysis (section 4)
limits the allowed luminosity ratios between AGNs and their host galaxies to lie close to
L•/L⋆ ∼ 1. We find that α ≲ −2.25 provides a good ballpark to enforce this limit and thus
bound α to be below this value moving forward.

Given the degeneracies in the posterior space, for clarity in interpreting the results, we
show fits of the overall UVLF to the data at fixed values of fnet = 0.01, 0.1, 0.5 in figure 3.
For each of these choices of fnet, we set the aforementioned bounds of α ∈ [−10,−2.25] and
β ∈ [0.8, 5] and calculate a maximum likelihood estimate of the parameters given the data.
Between the various fits, we can see examples of the same trends described above. Fitting the
data while increasing the abundance of active BHs (increasing fnet from 0.01 to 0.5) requires
the slope of the M• −M⋆ relation to be steepened (β increases from 0.8 to 1.13).

The two panels of figure 3 show these fits in our model. In order to accommodate the
brightest galaxies at z = 11 (the MUV ∼ −22 data point) while also satisfying our constraint
on α, this model requires that composite objects dominate the LF for MUV ≲ −21 and are
relatively less abundant at the faint end. z ≲ 10 models of the AGN LF (e.g., [43]) suggest
that AGNs are subdominant (compared to galaxies) at all magnitudes down to z ∼ 7, at
which point they begin to dominate the LF for MUV ≲ −24. Compared to these, our model
requires that the transition between galaxy and AGN dominance in the UVLF occurs at
a fainter magnitude (MUV ∼ −21) and demonstrates a steeper faint end slope below that
point. At z = 14, the discrepancy between the minimalist galaxy-only LF and observed
LF is more significant, so our solution requires that AGNs contribute significantly across all
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Figure 3. Composite AGN+galaxy models with comparable contributions from the two
components can plausibly explain z > 10 LFs. The contributions to the UVLF calculated with
our models compared with the data described in section 2.1 at z = 11 (left) and z = 14 (right) — in
each panel, the stellar-only contribution is shown with a dotted line, the contribution from composite
AGN+stellar objects with a dashed line, and the sum of these two with a solid line. The different line
colors correspond to different choices for the fraction of galaxies hosting active BHs, fnet. We list the
best-fitting combination of α and β for each line, in the appropriate color. We show the z = 6 − 9
Schechter LF extrapolation from [17] as a black dot-dashed line for comparison.

magnitudes. As described above (and seen in figure 2), the maximum-likelihood estimates
of the parameters are especially prior-dominated, with the values for α and β approaching
their respective upper and lower prior bounds as fnet is reduced. This demonstrates that,
even when BHs are limited to be comparable in brightness to their host galaxies, AGNs can
account for the excess luminosity (though solutions with even larger BH masses are typically
preferred if these constraints are relaxed). With these bounds on α and β, our model requires
that fnet > 0.01 — so at z ≳ 10, this suggests that active BHs could be more common than
in the local universe, where we see fnet values of a few percent (e.g., [62]), though the current
data are too limited to draw a more concrete conclusion.

3.4 Implications for the AGN population

From figure 3, it is clear that including AGNs, even with modest luminosities, can meaning-
fully boost the abundance of the brightest sources in the UVLF. In this subsection, we explore
the properties of these sources. Figure 4 shows distributions of AGN and host galaxy masses
and luminosities binned by total magnitude of the composite source for selected example
UVLF fits.

For concreteness, we focus our discussion on a representative model fit (the green lines
in figure 3), in which 10% of the galaxies contain AGNs and and the best-fit values of α and
β are -2.25 (-2.25) and 0.95 (0.8), respectively, at z =11 (14). By construction (motivated
by the morphology results in section 4), the α values found for the fits are bounded such
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Figure 4. An overmassive M• − M⋆ relation (compared to the local measurement) can
provide the luminosity needed to explain the overabundance of bright sources. Filled
contours correspond to the joint distribution of BH and galaxy mass (left) and luminosity (right) in
three magnitude bins (different colors) at the bright end of the LF at z = 11 (top) and z = 14 (bottom)
for a sample choice of model parameters in the standard β model (in this case, α = −2.25(−2.25), β =
0.95(0.8), and fnet = 0.1(0.1) for z = 11(14)). For each magnitude bin, beginning with the innermost
contour and moving outwards, levels contain 20%, 50%, and 80% of the joint density. At z = 11,
the 80% contours for the fnet = 0.01 (dotted) and fnet = 0.5 (dashed) fits are also shown. The
corresponding contours are omitted at z = 14 because the solutions are similar for all three values of
fnet. Projected 1D distributions of each quantity are shown along the axes. Dashed and dot-dashed
gray diagonal lines correspond to different labeled values of the ratio between BH mass/luminosity
and stellar mass/luminosity. The single data point in the upper panels corresponds to the location
of GN-z11, a z ∼ 11 galaxy with an AGN that was identified by JWST, with a total magnitude of
MUV = −21.79 [39, 63].
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that the BHs are, on average, roughly 100 times less massive than their host galaxies at
z = 11, resulting in mean luminosity ratios around unity. At z = 14, the shallower β yields a
distribution of AGN masses that are between 10-100 times smaller than their host galaxies,
with associated mean luminosity ratios L•/L⋆ ∼ 1 − 2. As we increase the total magnitude
of the composite source, the mean luminosity ratios exceed unity, but remain within a factor
of 2 of the equal luminosity line. Compared to the local relation [56], the BHs required in
our model are overmassive compared with their host galaxies, roughly 10-100 times larger.
However, based on JWST observations of low-luminosity AGNs at z ∼ 4− 7 [36], [38] find a
high-z M• −M⋆ relation with M•/M⋆ ∼ 10−2 and a scatter of ∼ 0.69 dex, which is broadly
similar to our distributions at z = 11 and 14.

Changes in fnet yield distributions that are consistent with the trends inferred from
figure 2. For example, increasing the fraction of galaxies that host active BHs from fnet = 0.1
to fnet = 0.5 (i.e., moving from the green to blue solution in the left panel of figure 3) requires
that the most massive BHs are only hosted by the most massive galaxies (reflected in a change
in the value of β). Decreasing this fraction from 0.1 to 0.01 (i.e., moving from the green to red
solution in the left panel of figure 3) flattens the M• −M⋆ relation and requires less massive
galaxies to host relatively more massive BHs. This highlights the two regimes of solutions
that are implied by our simple calculation (figure 1) and are further reinforced by this model:
if more galaxies host active BHs, these BHs must be less luminous compared to their hosts
and are more plausibly morphologically ‘hidden’. On the other hand, if fewer galaxies host
such BHs, they must be more luminous and less easily hidden, but will be overall rarer.

These distributions demonstrate that relatively low-luminosity AGNs can provide a
noticeable contribution to the UVLF with reasonable parameter choices. In addition, we
emphasize that such AGNs need not be ubiquitous in the population of high-z galaxies —
for example, our representative model result shows that if only 10% of galaxies host such
luminous AGNs, the BHs can still boost the luminosity enough to potentially account for
the overabundance of bright sources. Before interpreting these results further, we turn to an
analysis of the plausibility of such objects existing in real JWST observations.

4 Morphological considerations

In section 3 we showed that a population of AGNs with luminosities comparable to those of
their host galaxies can plausibly explain the overabundance of bright, high-z sources. In this
section we present the results of our morphological analysis and argue that high-z galaxies
could be hiding a population of AGNs which contribute significantly to the overall luminosity.

AGNs are typically distinguished from galaxies by searching for point sources, but this is
contingent on the AGN dominating the luminosity of the object. If this is not the case, then
the composite object may still appear extended or without an obvious point-like component.
In this section, we explore how luminous an AGN can be relative to its host galaxy, given that
the composite object must maintain an extended profile similar to those observed in high-z
surveys. We do this in two ways. Firstly, in section 4.3 we fit a selection of actual z ∼ 12
objects with two-component (Sérsic plus point source) profiles. Secondly, in section 4.4 we
create mock composite light profiles and fit them with Sérsic-only profiles using a standard
morphological fitting procedure, reproducing the steps of an actual morphological analysis.
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4.1 Data and point spread function

In this work we analyze three objects at z ∼ 12 from the second CEERS NIRCam pointing.
These objects were selected in [12] and a morphological analysis was performed in [46] (here-
after O23), where they are referred to as CR2-z12-1, CR2-z12-2, and CR2-z12-3. Among
these, CR2-z12-1 was also identified and analyzed in [64] (where it is named Maisie’s galaxy)
and has been spectroscopically confirmed at z = 11.44 [65]. We select 1.5′′ × 1.5′′ cutouts
centered on each object from the publicly-available reduced, background subtracted mosaic
images [66].2 All images have a pixel scale of 0.03′′pix−1 and our cosmology gives 3.73 proper
kpc/′′ at z = 12. All objects are analyzed using the F200W filter data which corresponds to
the rest-UV at z = 12.

O23 find that empirical point spread functions (PSFs) created by stacking point sources
from the data are wider than those generated by WebbPSF [67], a tool used to simulate the
PSFs of JWST observations. For this reason, we use the same empirical PSF for the F200W
filter used in O23 (Yoshiaki Ono, priv. comm.). We note that this PSF was generated at
twice the resolution of our images and so is oversampled compared with the data analyzed
here.

4.2 Single-component analysis of select CEERS objects

Before proceeding, we first fit single component Sérsic profiles to these three objects for the
purposes of determining a baseline, representative morphology of high-z objects. Although
this analysis was already performed in O23, because our data was processed using a different
image reduction pipeline and has a different resolution, we repeat the analysis for consistency.
However, we note that ultimately we find similar results to O23.

Sérsic profiles are defined through four parameters: (i) the Sérsic index n which char-
acterizes the compactness of the distribution, (ii) the half-light radius along the semi-major
axis a which defines the radius inside of which half of the total intensity of the galaxy is
contained, (iii) the semi-minor to semi-major axis ratio b/a, and (iv) the total luminosity
of the profile. A point-source is defined completely through its total luminosity. A parame-
ter that is frequently used for galaxy size measurements is the circularized half-light radius,
Re = a

√
b/a (O23), and so we use this as a point of comparison in this work.

For fitting surface brightness profiles, we use GALFIT, a two-dimensional fitting algorithm
for extracting the structural components of galaxies [68]. GALFIT works by convolving a
choice of brightness profile(s) (in our case a Sérsic and/or point source) with an appropriate
PSF and optimizing the fit using the Levenberg-Marquardt algorithm for χ2 minimization.
Within GALFIT, a profile also has a position within the image and a position angle, if it is
not circularly symmetric.

When fitting for a Sérsic only, we provide initial parameter values which are the best-fit
values found in O23 (adjusted for their empirical corrections and our resolution). We choose
the initial position of the profile to be at the center of the image and to have an axis ratio
of 1 and a position angle of 0. To match O23, we leave all parameters free except for the
Sérsic index which is fixed at n = 1.5. We allow GALFIT to create its own weight image
for each pixel (see appendix B for more details). We use Source Extractor [69] to create
segmentation maps used to mask objects in the images other than the ones in which we are

2https://ceers.github.io/dr05.html
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Figure 5. Results of single-component, Sérsic-only profile fits to 3 CEERS objects at z ∼ 12. From
left to right: the 1.5′′×1.5′′ cutouts of the science images, the best-fit profiles from GALFIT, the residual
images, and the segmentation map used for masking. The best-fit values for the UV magnitude and
circularized half-light radius are given above the best-fit profiles in the second column.

interested.3 For each object we also simultaneously fit for a uniform sky background and find
that the best-fit values in each case are comparable to the estimated mean sky background
value.

The results of the single component fits are summarized in figure 5. The uniform sky
backgrounds are not subtracted when creating the residuals. As was found in O23, we find
that all three objects are well-fit with Sérsic profiles.

4.3 Two-component analysis of select CEERS objects

In this section, we perform a two-component analysis of these objects, fitting both a point
source and Sérsic profile. We emphasize that this section is not intended to be a detailed
decomposition of the morphology of these specific objects, and we make no claims that any
of these particular objects are more likely to have AGNs than not. Instead, we conclude only
that it is plausible that these objects (and others like them) could contain AGNs based on
their morphology.

We take the initial values of the Sérsic component to be the best-fit, single component
values found in section 4.2 and place the point source and Sérsic profiles at initial positions
at the center of the image, though the positions of both are allowed to vary independently.
We then perform two separate analyses:

(a) We leave the magnitudes of the point source and Sérsic profiles free and set the initial
value of the point source magnitude to be the same as that of the Sérsic profile.4

3We use the following parameters: DETECT MINAREA = 2, DETECT THRESH = ANALYSIS THRESH = 1.3σ (ex-
cept for for CR2-z12-1 where DETECT THRESH = ANALYSIS THRESH = 1.6σ), and DEBLEND MINCONT = 0.001. All
other parameters are left as their defaults.

4We note that for case (a) for CR2-z12-3, choosing the initial magnitude of the point source to match that
of the Sérsic results in an unreasonable fit, where the two profiles are highly separated. However, increasing
the initial magnitude of the point source slightly to 28 allows GALFIT to find a more reasonable solution, which
is the solution we report.
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(b) We constrain the magnitudes of the two components to have a constant difference, which
fixes the luminosity ratio of the two objects. We then find the highest luminosity ratio
L•/L⋆ which does not result in a numerical error from GALFIT and leaves a smooth
residual.

In both cases the Sérsic index is left free but constrained to be 0.5 ≤ n ≤ 1.5, and the position
angle, half-light radius, and axis ratio are allowed to vary freely. We fit for a uniform sky
component in each case, which are again found to be comparable to the mean sky background
as well as the best-fit values found in the single-component fits (section 4.2).

These two fits achieve slightly different goals. Case (a) is a more standard procedure
that one might use with GALFIT, and in this sense provides the “most likely” fit according to
GALFIT’s χ2 minimization technique. However, GALFIT is limited in the sense that it provides
the user only with the single most likely fit, while a range of fits remain probable. Case (b)
can thus be interpreted as an upper limit on the luminosity ratio of a probable fit to each
object. All fits return similar χ2

ν values, ranging from 1.155-1.180, values comparable to or
even lower in some cases to those found for the single component fits, which range from
1.160-1.189.

We show the results of the two-component fits in figure 6. For each object, we show the
result of each fit (cases (a) and (b)), and the associated residual, along with various quantities
that characterize the fit. The uniform sky background is again not subtracted when creating
the residual. We also plot contours at the half-maximum value of each profile as a visual
aid for distinguishing the two components. For all objects, we find that case (b) allows a
fit with a higher luminosity ratio and that the fitted AGN is not centered within its host
galaxy, except for CR2-z12-1 case (b). We thus list the separation of the two components
(sep =

√
(x• − x⋆)2 + (y• − y⋆)2), and find that they are generally similar to or smaller than

measurements of intermediate redshift clumpy galaxies (sep ≳ 0.3 kpc) [70].

With the exception of CR2-z12-1 in case (a), we find that the objects considered here
can be fit with a two-component profile with a luminosity ratio L•/L⋆ ≳ 1/4, with one case
being as high as L•/L⋆ = 3.53. Given these results, we argue that a subdominant point
source contribution in these and similar objects cannot be ruled out by morphology alone.
As such, follow-up spectroscopic analysis on high-z objects in general is warranted to further
constrain the possibility of AGN contribution.

4.4 Quantifying the plausibility of hidden AGNs

In the previous section, we considered a handful of real galaxies and showed that they could
“hide” modest-luminosity AGNs. Given that our model requires only a fraction fnet of galax-
ies to have such sources, this is strong circumstantial evidence for our picture’s plausibility.
However, because of the degeneracies in our model, we found in section 2.3 that our detailed
results are strongly dependent on the upper bound allowed for the AGN luminosity. In this
section, we therefore consider a much wider range of composite object combinations to at-
tempt to quantify the range of “reasonable” AGN parameters and luminosity ratios more
precisely.

For this purpose, we create mock surface brightness profiles of combination Sérsic and
point sources, insert them into empty regions of the CEERS mosaic, and attempt to fit
them with only a Sérsic profile, mimicking the steps of a real morphological analysis. If
the best-fit parameters of this Sérsic-only profile are close to those of the observed objects
(section 4.2), then we claim that composite object could plausibly be morphologically hidden
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Figure 6. High-z galaxies can plausibly hide modest-luminosity AGN. Results of the two-
component fits of each of the three z ∼ 12 objects. From left to right: the science images, the two-
component best fits from GALFIT, and the residuals. Segmentation masks are the same as figure 5. We
perform two different analyses (cases (a) and (b)) to fit the two components, described in section 4.3.
As a visual aid, we plot contours at the half-maximum value of each of the two components: the
Sérsic component is shown in blue, and the point source in red. The best-fit luminosity ratio (L•/L⋆),
circularized half-light radius (Re), index of the Sérsic component (n), and the separation (sep) between
the centers of the two components are listed below the science image for each object.
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in current surveys. Because there are relatively few objects available, rather than perform a
rigorous statistical analysis based on the morphology of a sample of objects, we instead take a
single object, CR2-z12-2, as a representative morphology and we designate this as our “goal”
morphology. We note that although CR2-z12-2 is the most compact of the objects considered
here (and thus could more readily hide a point source), identifying the range of composite
object parameters in this way is also conservative, as we do not allow for the possibility of
fitting different morphologies which may be representative of other high-z galaxies.

To select empty background regions, we run Source Extractor on the entire CEERS
mosaic and randomly choose 50 pix × 50 pix regions in which no pixels are identified as
sources in the segmentation map.5 We use GALFIT to create the mock composite profiles
(convolved with our PSF), and then add them to a background region. This creates our
mock science image, which we feed back into GALFIT in order to fit a Sérsic-only profile.
When fitting the Sérsic profile, we follow the same steps as in section 4.2, and choose as
starting parameters our goal Sérsic parameters (those of CR2-z12-2).

Our mock composite object surface brightness profiles have four variable parameters: the
Sérsic component’s index and half-light radius, nmock and Re,mock, the luminosity ratio of the
point source to Sérsic component, L•/L⋆, and the total magnitude of the composite system,
M⋆+•,mock. For simplicity, all of our mock objects are circularly symmetrical, meaning the
point source is at the center of the Sérsic profile and the axis ratio of the Sérsic component is
1. This limits the range of allowed fit parameters and so is a conservative assumption in this
sense. To determine which composite objects are plausibly hidden, we perform a gridsearch
on a range of mock composite object parameter choices. For this, we take 6 evenly-spaced
values of 0.5 ≤ nmock ≤ 1.5 and 5 evenly-spaced values of 1 pix ≤ Re,mock ≤ 5 pix. We
run each gridsearch for L•/L⋆ = 1/3, 1/2, 1, 4/3, 3/2, 2. In addition, O23 find that there
is significant scatter in the best-fit radius and magnitude output by GALFIT compared with
the true value when fitting the same object on different backgrounds. This implies that the
choice of background region should cause significant variability in our fits, and as such we
perform the gridsearch on 60 different background regions in order to get a distribution of
results across a variety of backgrounds.

We quantify the closeness of our fits to the goal parameters by computing the fractional
difference in each case:

∆fRe =
|Re,fit −Re,goal|

Re,goal
, ∆fL = |10(Mgoal−Mfit)/2.5 − 1|, (4.1)

where Mgoal = 27.77 and Re,goal = 0.19 kpc = 1.74 pix are the best-fit Sérsic-only parameters
of CR2-z12-2, andMfit and Re,fit are the best-fit parameters that we find when fitting a Sérsic-
only profile to our mock composite objects. If these differences are small (≲ 0.3; comparable
to the maximum uncertainty in O23), we claim that composite object could plausibly be
hidden in current surveys.

Three of the aforementioned gridsearch parameters (nmock, Re,mock, and L•/L⋆) describe
the morphology of the mock composite objects. However, in order to find the closest possible
best-fit Sérsic profile to our goal parameters for each case, we also allow the total magnitude
of the composite object, M⋆+•,mock, to vary. For each combination of nmock, Re,mock, and
L•/L⋆ we run a fit for 5 evenly-spaced values of 27.0 < M⋆+•,mock < 28.3 and select only

5We use the same parameters as in section 4.2 (with DETECT THRESH = ANALYSIS THRESH = 1.3σ). These
parameter choices resulted in a few background regions with bright areas from interloping objects; we removed
these background regions by eye in favor of others.
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Figure 7. There is a high likelihood that a our goal Sérsic-only profile is morphologically
similar to a composite profile at luminosity ratios below unity, and a nonzero likelihood
at higher ratios. Scatter plots of the fractional difference in the best-fit Sérsic-only Re,fit and Lfit

compared with the goal parameters for the mock distribution which is most plausibly hidden for each
background (i.e., minimizes the sum ∆fRe+∆fL) as a function of the luminosity ratio. These results
show that nearly 100% of Sérsic profiles like our goal profile would be morphologically similar to a
composite profile with an AGN that is 30% as bright as its host galaxy. This fraction drops as the
luminosity ratio increases, but ∼ 5% of profiles remain potential hiding spots for AGNs as high as
L•/L⋆ = 2. Some panels at higher luminosity ratios have fewer than 60 points, as some backgrounds
had no mock composite object parameter combinations which resulted in a fit without a numerical
error and a large enough b/a.

the total magnitude of the composite object which minimizes the sum ∆fRe +∆fL in each
case. In addition, although we create only circularly symmetric mock profiles for simplicity,
the axis ratios of the fitted Sérsic-only profiles are allowed to vary freely, and we select only
those which have b/a ≥ 0.5 to avoid any fits with unreasonable axis ratios. In what follows,
a tested mock composite object refers to the profile with the singular M⋆+•,mock value which
minimizes the aforementioned sum and has b/a ≥ 0.5 for each of the other mock parameter
combinations.

In figure 7 we show the values of ∆fRe and ∆fL for the tested mock profile parameter
combination which minimizes ∆fRe +∆fL for each background, as a function of the lumi-
nosity ratio. This could be considered the composite object which is most plausibly hidden
for each background. The green region shows where ∆fRe < 0.3 and ∆fL < 0.3, which
represents mock profiles which appear morphologically similar to our goal Sérsic-only profile
and thus are able to masquerade as such a profile in a real survey. The fraction of points
within this region, given by fhide, represents the likelihood that a profile like that of our goal
profile could be, in reality, a composite object with one of the combinations of parameters
within our gridsearch. The variability is due entirely to the location of the profile on the
sky; some background regions allow for a composite profile to resemble the goal profile, while
others make the two profiles easily distinguishable. At L•/L⋆ = 1/3, nearly 100% of Sérsic
profiles could be hiding an AGN. This fraction decreases as the luminosity ratio increases,
but ∼ 5% of profiles remain potential hiding spots for AGNs as high as L•/L⋆ = 2.

Figure 7 shows the likelihood that our goal Sérsic profile is a potential hiding spot for
some composite profile. We next ask instead how likely it is that any given composite profile
within our parameter grid would morphologically resemble our goal Sérsic-only profile. In
figure 8 we show the fraction of composite objects across our parameter grid which result in
∆fRe < 0.3 and ∆fL < 0.3 as a function of the luminosity ratio. This provides an idea of
the range of composite objects which could potentially be hidden. We show the fraction both
for individual background regions (blue circles), and the average value across all backgrounds

– 19 –



1/3 1/2 1 4/3 3/2 2

L•/L?

0.0

0.2

0.4

0.6

0.8

1.0

fr
ac

ti
on

of
te

st
ed

m
oc

k
co

m
p

os
it

e
d

is
ts

.
w

it
h

∆
f
R

e
<

0.
3

an
d

∆
f
L
<

0.
3

individual backgrounds
(area ∝ number)

mean

Figure 8. Composite objects across our parameter grid have a high likelihood of being
mis-identifiable as galaxies at luminosity ratios below unity, and non-zero probability
at higher luminosity ratios. Points show the fraction of tested mock composite objects which
resulted in best-fit Sérsic profiles with ∆fRe < 0.3, ∆fL < 0.3 as a function of the luminosity ratio.
Blue circles represent the fraction for individual background regions, where the area of the point is
proportional to the number of background regions which resulted in a certain fraction. Red squares
show the mean fraction across all backgrounds. These results are distinct from those of figure 7 as here
we consider the fraction of all composite objects tested, rather than simply those which minimized
the sum ∆fRe +∆fL for each background. At luminosity ratios below unity, any composite object
(within our parameter grid) has a ∼50% chance of being mis-identifiable as a galaxy-only. At higher
ratios the fraction decreases, though some individual background regions at these ratios still allow for
a wide range of objects to be hidden.

(red squares). The range of values of the blue points clearly illustrates the variability due
to the background region. We find that all composite objects with AGNs fainter than their
host galaxies have a ∼ 50% chance of being mis-identifiable as a galaxy-only. Systems with
more luminous AGNs would typically not resemble our goal object, but even for luminosity
ratios as high as L•/L⋆ = 2, a non-zero fraction of composite objects can be hidden, with
individual background regions allowing for as many as 80% of all tested composite objects
to be hidden.

4.5 Summary: The plausibility of hidden AGNs

In this section, we showed that (i) a sampling of real high-z objects can be reasonably well-fit
by composite profiles and (ii) composite objects comprised of a high-z point source AGN and
a Sérsic profile galaxy with L•/L⋆ ≲ 2 can masquerade as a “normal” galaxy. We showed
also that this is not limited to a narrow range of composite objects: in many cases, such a
mis-identification would be common.

In order to relate these conclusions to our model, we re-emphasize two points. Firstly,
to solve the UVLF discrepancy, it is not necessary for every observed object to contain a
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hidden AGN; the “representative” model examined in section 3.4 requires only fnet = 0.1 of
galaxies to hide these objects. In addition, as the fraction of objects with hidden AGNs is
increased, the necessary luminosity ratios are decreased. This inverse relationship works in
favor of the plausibility of hidden AGNs: although brighter AGNs are morphologically more
difficult to hide, fewer of them are required in order to fit the UVLF. On the other hand,
if the true luminosity ratios are lower, then more hidden AGNs are required, but they are
more readily hidden. Secondly, some high-z objects are already thought to contain AGNs.
For example, O23 find that GL-z12-1 is morphologically consistent with a composite object
with L•/L⋆ ∼ 0.83. The AGN of GN-z11 remained hidden for many years until [39] found
that it was consistent with being an active galaxy, and [63] find that it is has L•/L⋆ ∼ 1.4
(see figure 4).

5 Comparison to past work

In a pre-JWST work, [44] proposed that contribution from AGNs could explain the UVLF
inferred from two photometrically selected, Lyman-break dropout candidates at z ∼ 13
observed with the Subaru Hyper-Suprime Cam. They show that a pure-AGN emission ex-
planation is possible, but would require heavy-seeded BHs with consistently near-Eddington
accretion rates, resulting in ∼ 108 M⊙ quasars at z ∼ 13. As a result, they acknowledge that
a combination of comparable contributions from stellar and BH emission (as we appeal to in
this work) is more likely, as this would lower the BH mass needed to explain the observations.

Using pre-JWST measurements of the AGN and galaxy UVLFs from z ∼ 3 − 9, [43]
develop an empirical framework to jointly model the contributions of star-forming galaxies
(SFGs) and AGNs to the LF. This work is based on observational surveys that have explicitly
identified sources as either SFGs or AGNs. Because this work predates the launch of JWST,
the AGN LF measurements they use only extend to z = 6, so any conclusions drawn beyond
this point are based on extrapolations of the low-z parameters. From these observations,
they enforce priors on their model parameters — for example the characteristic magnitude
of the AGN (SFG) double power law falls between M∗

AGN ∈ [−34,−22] (M∗
SFG ∈ [−24,−16]).

Calibrating their parameters to the data, they conclude that AGNs do not contribute signif-
icantly to the LF until z ≲ 6, when they begin to dominate the abundance of sources at the
bright end (MUV ≲ −24). This is distinct from our approach in a number of ways. First,
we have employed a semi-empirical model for the AGN and galaxy LFs, derived from the
minimalist model and physical relations associating DM halos with BHs and galaxies. To
fit for the free parameters underpinning these relations, we have left our parameter space
relatively unconstrained — namely, we have allowed for the AGNs to contribute even at the
faintest luminosities because the true nature of these sources is as-yet unconfirmed. By doing
so, we demonstrate the conditions necessary for AGNs to explain the LF excess and show
that this is a possible explanation, but cannot yet evaluate the validity of this explanation
without follow-up observations of the relevant sources.

[45] use a semi-analytic model, the Cosmic Archaeology Tool (CAT), to predict the
high-z LF in the context of JWST observations, incorporating the effects of Population III
stars and emission from AGNs. In contrast to the [43] model, CAT is a physics-driven model
which attempts to self-consistently grow the population of stars, galaxies, and BHs from high-
z. This, however, means that the model is sensitive to the assumptions made in describing
the evolution of these objects. From this model, [45] find that AGNs do not meaningfully
contribute to the LF at z ≳ 10 and instead appeal to variations in the stellar initial mass
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function (IMF) to explain the overabundance of bright sources. It is challenging to directly
compare the results of our model to this one, as we do not attempt to self-consistently
connect populations of stars and galaxies to their progenitors at early times. Instead, again,
we simply show the population of BHs necessary to adequately explain the LF discrepancy
and defer the development of a model that can explain the buildup of such a population to
future work.

6 Discussion

6.1 Using the model to explore black hole seeding

There are two popular classes of theories for the formation of SMBH progenitors, or seeds:
light seeds which are formed from the remnants of Pop III stars and are generally expected to
have masses ∼ 101−3M⊙, and heavy seeds which are formed through the direct collapse of a
significant fraction of gas in a DM halo, and are generally expected to have masses∼ 104−6M⊙
(see e.g., [71] and [72] for reviews). These two populations of SMBH seeds are not mutually
exclusive, and ongoing accretion erases evidence of seeding and makes distinguishing these
scenarios through direct observations difficult at lower redshifts. High-z observations and
physical models for seeding are therefore key to disentangling the relative contribution of
these formation channels. In this section we briefly extend our model to explore such seeding
channels, though we note that a more extensive model is warranted for this purpose, which
we defer to a later work.

6.1.1 A heavy seed-only model

The mass growth of a BH seed can be approximated by:

M•(t) = M•,seed exp

(
ηEddfact

t− tseed
tEdd

)
, (6.1)

where ηEdd is the mean Eddington ratio over the time since seeding, fact is the mean duty
cycle, tseed is the time at which the BH is seeded, and tEdd is the Salpeter timescale. Assuming
Eddington-limited growth and a radiative efficiency of 10% (ηEdd = 1 and tEdd ≈ 45 Myr), a
seeding redshift of z = 20, and the maximum of the approximate mass range above, we can
find the upper limits of light seed descendants at z = 11 and z = 14:

log10(Mlight,desc(z = 11)) ≤ 5.3, log10(Mlight,desc(z = 14)) ≤ 4.15 (6.2)

We modify the model described in section 3.3 by enforcing a minimum BH mass, Mmin.
If such a model can still explain the observed UVLF with Mmin > Mlight,desc, then the AGN
population at z ∼ 11 − 14 can be explained entirely by a population of heavy seed SMBH
descendants (at least within the magnitude range observed by JWST).

For this calculation, we fix β = 1, consistent with low- and intermediate-redshift obser-
vations (z ≲ 8). In practice, enforcing Mmin amounts to generating a BH mass function that
sharply cuts off below the minimum mass, which is treated as a free parameter in our fitting
framework. As we have fixed β, we still maintain three free parameters in the fit. We set
the prior bounds on Mmin to range from the values listed in eq. 6.2 to 1010M⊙. Because β
is fixed at 1, we extend the constraint on α to allow for log10(M•/M⋆) ≲ −2 (compared to
αmax = −2.25 chosen when β was varied), again to maintain appropriate L•/L⋆ values.
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Figure 9. Same as figure 3 but for the minimum mass extensions to the model described in sec-
tion 6.1.1.

The results of this procedure are shown in figure 9. By enforcing the minimum mass,
we introduce a characteristic cutoff in the AGN contribution to the total LF. In doing so, the
model is able to simultaneously fit both the faint and bright ends of the LF, with the AGNs
contributing only to the brightest sources. We find good fits when Mmin > Mlight,desc. In
some cases, the minimum mass is close to an order of magnitude larger than the maximum
light seed descendent mass, and in all cases falls in line with the expected minimum masses
for heavy seeds given above. While it is too early to draw concrete conclusions from these
results, they suggest that pinpointing the contribution of AGNs to the high-z LF will help
pinpoint the origin of SMBHs.

6.1.2 Breaking the fnet degeneracy to constrain seeding models

The growth of BHs is moderated by the duty cycle fact (eq. 6.1). This parameter can be
indirectly inferred through measurements of fnet and focc, which can both be constrained by
spectroscopic surveys of sources at these redshifts. Once these parameters are measured or
otherwise set, the seed mass distribution from a population of BHs can be straightforwardly
constrained using eq. 6.1, at least if we assume Eddington-limited growth (though there
remain significant uncertainties in BH growth rates in this epoch).

Our framework yields the distribution of BH masses needed to account for the UVLF
excess, assuming a value for fnet (shown by the dashed curve in Fig. 10). This means that we
can bracket the expected range of seed masses for various choices of fact or focc. In figure 10,
we show the distribution of seed masses at z = 20 for the MUV = −20-binned BH masses
from the “representative” fnet = 0.1, β model (section 3.3) fit at z = 11 in two limits — when
every galaxy hosts a BH, but only 10% of them are active (fact = 0.1, focc = 1), or when
only 10% of galaxies host a BH, but all are active (fact = 1, focc = 0.1). In the context of the
UVLF in our framework, these are entirely degenerate scenarios as both correspond to the
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Figure 10. Independent constraints on fact or focc can help distinguish between different
seeding models. Distribution of BH masses associated with the representative (fnet = 0.1) model
fit at z = 11 (black dashed line — corresponding to the MUV = −20 BHs drawn from the green curve
in the left panel of figure 3) and the associated seed mass distribution at z = 20 with two different
assumptions for fact and focc (different colors).

same value of fnet = focc× fact = 0.1, but they produce markedly different seed populations.
As such, a direct observational constraint on fnet and focc would offer a powerful lens into
the properties of the seed population of BHs.

6.2 AGN contribution to the total luminosity

Given our distribution of BH and galaxy luminosities, here we discuss the fraction of total
luminosity contributed by AGNs as a function of magnitude for our different models. The
results of this calculation are shown in figure 11 for all of the models presented in figure 3.
At z = 11 (solid lines), AGNs only need to contribute significantly at the bright end (where
they contribute ∼ 50% of the total luminosity), consistent with the discrepancy between the
minimalist galaxy LF and the observed data being largest only for the brightest sources (see
figure 3). At the faint end, the contribution of AGNs is subdominant (∼ 5 − 10% of the
total). At z = 14 (dashed lines), AGNs contribute significantly the total luminosity across
all magnitudes, again contributing ∼ 50% of the total. In the Mmin models (not shown),
the AGN contribution falls to 0 at the faint end by construction, as the model enforces that
there are no AGNs below a chosen mass threshold.

Integrating the curves in figure 11 over magnitude (between MUV = −16 and −22, we
find that for our base model, AGNs contribute approximately 8(7), 12(35), and 13(42)% of
the UV photons produced at z = 11(14) for fnet = 0.01, 0.1, and 0.5, respectively. If the AGN
explanation for the enhanced LF is correct, we therefore find that they may provide a non-
negligible contribution to the photon budget for reionization. In fact, this estimate is likely
a lower bound on their fractional contribution, because we have not included “classical”
luminous AGNs. Additionally, the escape fraction of UV photons may be large in AGN-
hosting galaxies. If this picture is correct, AGNs therefore exacerbate the “photon budget
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Figure 11. AGNs need to contribute ∼ 50% of the total luminosity at the bright end
at z = 11 and across all magnitudes at z = 14 in order to account for the observed LF
excess. The fraction of total luminosity contributed by AGNs as a function of magnitude for each
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there. Solid (dashed) curves correspond to fits at z = 11 (14).

problem” pointed out by [73]. Earlier theoretical estimates of the AGN contribution (e.g.,
[74, 75]) typically found them to be small; this is because those models also did not allow
substantial contributions of AGNs to the galaxy LF.

6.3 Redshift evolution

In our fitting procedure (section 3), we have treated each redshift independently and fit for
the parameters separately given the data. In detail, it is likely that these parameters will
evolve with redshift, subject to physical mechanisms that govern the growth of BHs and
galaxies at early times. For example, [76] find a redshift scaling of M•/M⋆

∝∼ (1 + z)5/2

that connects the overmassive M• − M⋆ relation found at z ∼ 4 − 7 to the local relation
[38]. Extrapolating the local relation to z = 11 with this scaling suggests M•/M⋆ ∼ 10−0.85,
which is more than an order of magnitude larger than the mass ratios required by our model
(although we could reconcile the two by assuming a smaller average Eddington ratio for the
BH population). However, evaluating such differences or incorporating this sort of redshift
evolution is beyond the scope of our empirical model, which is principally designed to evaluate
the possibility of AGNs having a meaningful impact on the UVLF.

Our model is also ill-equipped to predict the properties of AGNs and their host galaxies
at z ≲ 10 (because we do not have a mechanism that explicitly incorporates redshift evo-
lution). Taking the z = 11 fiducial β model parameters as fixed and naively evaluating the
AGN contribution to the LF at, e.g., z = 7 would suggest that AGNs should dominate the
abundance of sources at M ≲ −20, which is not seen. This again suggests redshift evolution
in our model parameters — for example, an evolving fnet could account for this difference.
Both of these features motivate the creation of a physical model that can consistently evolve
a population of galaxies and BHs from the epoch of seeding to z ≲ 10, but we defer such
analysis to future work.
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6.4 Observational outlook

In §4 we showed that galaxies hosting low-luminosity AGNs are difficult to distinguish from
galaxies without AGNs with standard morphological analyses. To constrain our model and
the contribution of AGNs to the luminosity function, then, will require spectroscopic efforts.

We perform a simple sensitivity estimate of JWST and show that a modest spectroscopic
survey dedicated to searching for such sources could shed light on the true nature of these
galaxies. We follow the calculation of [38] for computing the sensitivity of JWST to the MgII
emission feature. The black hole mass can be estimated using a virial relation calibrated to
local AGNs [77]:

log10

(
M•
M⊙

)
= 6.86 + 0.5 log10

(
L
3000Å

1044 erg s−1

)
+ 2 log10

(
FWHMMgII

103 km s−1

)
, (6.3)

where L
3000Å

and FWHMMgII refer to the luminosity and full width at half maximum of
the broad line region. To estimate a minimum detectable mass, we assume a medium-
resolution program (with a velocity resolution of 300 km s−1 and a limiting sensitivity of
∼ 10−19 erg s−1 cm−2; [38]) and a minimum FWHM of 500 km s−1 — corresponding to that
measured for GN-z11 [39]. Then, for a 3σ detection, the flux sensitivity of an integrated line
is ∼ 3.9× 10−19 erg s−1 cm−2. Folding this into eq. 6.3, we find that the minimum BH mass
to which JWST is sensitive is log10(M•/M⊙) = 5.16 (5.28) at z = 11(14), which falls below
the masses required at the bright end in our model fits (see figure 4). Such an observation
could be combined with measurements of the strengths of other high-ionization lines — such
as the [NeIV] λλ2422, 2424 doublet — to constrain the properties of these possible AGNs.

Of course, such spectroscopic surveys are expensive — especially because only a fraction
of sources would contain AGNs in our model. Photometric SED-fitting is much faster, and in
principle could be used to distinguish sources with AGN contributions. This would require
the addition of AGN templates appropriate to these sources to the SED-fitting codes. Such
templates are rarely considered at high redshifts, although some codes (such as CIGALE;
[78]) do include them.

Other techniques are also possible. For example, [79] explore the sensitivity of JWST
to color-color selections, as well as look further ahead at the sensitivity of upcoming missions
such as AXIS, Athena, eVLA, and SKA to the detection of SMBHs.

7 Conclusion

In only the first few years of operation, JWST has challenged existing theoretical models of
galaxy formation through a discrepancy between predicted and measured luminosity func-
tions at z ≳ 10. In addition, it has revealed an ever-growing population of high-z black
holes and AGNs. In this work, we showed that the latter discovery can plausibly explain the
former.

(i) In section 2 we performed a simple calculation that does not rely on a physical model to
connect AGNs with their host galaxies to estimate the luminosity ratios L•/L⋆ necessary
to solve the discrepancy between an extrapolated stellar luminosity function and the
data. We showed that this simple calculation requires luminosity ratios ≫ 1 at z = 14.
Based on the morphology explored in section 4, we conclude that a more complex model
— that includes scatter in the host galaxy-AGN luminosity relation — is needed.
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(ii) In section 3 we used a semi-empirical model for assigning AGNs to galaxies and com-
puted the total, observed luminosity function, enforcing that the bulk of AGNs maintain
modest luminosity ratios. We found that a model with L•/L⋆ ∼ 1 can indeed reproduce
the observed luminosity function at z ≳ 11.

(iii) Observations of high-z objects show that many have extended profiles, indicating that
their luminosity is not dominated by AGNs. In section 4 we found an approximate
upper bound on L•/L⋆ allowed by observations by fitting two-component profiles to
real objects and exploring the range of such objects which could be morphologically
hidden in high-z surveys. We found that composite objects with luminosity ratios
similar to those which occur in our model can plausibly masquerade as galaxies-only
in high-z surveys, and conclude that such a population of hidden AGNs can therefore
explain the UV luminosity function discrepancy.

From our model we found that a range of AGN scenarios are capable of reproducing
the observed UVLFs. These range from models where a large fraction of high-z galaxies hide
AGNs that contribute only a small fraction of the host’s luminosity to ones where a small
fraction of galaxies host AGNs, but those AGNs are roughly as luminous as their hosts. In
either scenario, the composite sources can masquerade as extended sources in morphological
analyses. The former requires more AGNs to be hidden, but they are less luminous, making
them more easily missed. The latter means that such AGNs are brighter and thus less likely
to be hidden, but fewer are required in such a case.

If this explanation for the excess in bright objects is correct, our model implies various
properties of the high-z SMBH population. In particular, our model requires an M• − M⋆

relation that is 10 − 100× larger than the local relation. In the context of models for high-
z BH seeding, these BHs can plausibly be produced through Eddington-limited growth of
∼ 104−6 M⊙ heavy seeds, though the data are currently too limited to draw a more concrete
conclusion. A simple extension of our model also revealed that pinpointing the contribution
of AGNs to the high-z LF could help to reveal the origin of SMBHs.

The results presented here suggest that AGNs may contribute significantly to the high-z
UVLF, with implications for the properties of the BHs themselves, their seeding and growth,
and the process of reionization. Followup observations and more detailed models of AGNs and
their host galaxies at z > 10 will undoubtedly provide more insight into these crucial questions
and help illuminate the earliest phases of the co-evolution of black holes and galaxies.

A Finding the best-fit minimalist model parameters

In this section we provide details for computing the best-fit minimalist model parameters that
characterize the baseline galaxy model we use for our analysis. As described in sections 3.1-
3.2, for this galaxy model we use the minimalist model framework presented in F17. Using
this framework, we simultaneously fit all of the pre-JWST z = 6 − 9 UVLF data given in
[80] with an MCMC.

To run the MCMC algorithm, we use the emcee code [61] and run 12 walkers for 10,000
iterations, removing the first 1000 steps as burn-in. We assume uniform priors on the three
parameters which characterize the model (see eq. 2.1): C ∈ [0, 10], ξ ∈ [1/3, 2/3], σ ∈ [0, 1.5],
with bounds on ξ and σ motivated by the physical arguments outlined in F17. A value of
ξ ∼ 2/3 is consistent with energy-regulated feedback and σ ∼ 0 indicates a preference for
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Figure 12. The best-fit minimalist UV luminosity functions (solid curves) for z = 6 − 9 (colors)
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no redshift evolution in the minimalist model feedback efficiency, consistent with the high-z
analysis described in F17. The result of this fit is shown in figure 12

B GALFIT sigma images

Throughout this work, we allow GALFIT to generate its own weight (or “sigma”) image that
it needs in order to perform the χ2 minimization. Alternatively, one can also provide GALFIT
with such an image, appropriate to the science image being analyzed. While CEERS data
is released with such a weight image, these do not account for the mock brightness profiles
added to real background regions in section 4.4. Therefore, for consistency between sections,
we choose to always allow GALFIT to generate its own weight image based on the science
image provided to it. We do note, however, that GALFIT is not very sensitive to the choice of
weight image, which we confirm by running the single-component fits on the three CEERS
objects with the provided weight images and find that it results in differences of at most a
few percent compared to the results listed in figure 5.

For GALFIT to create its own sigma image, the science images must be in units such that
multiplication by the GAIN parameter converts the image to units of [electrons]. The CEERS
mosaics are released in units of [MJy/sr], and so, using the provided exposure time and
PHOTMJSR in the header files, we multiply the data by texp/PHOTMJSR and use the reported
GAIN value from the JWST user documentation. Although ramp fitting, pixel rejection,
and dithers mean that per-pixel exposure time is not necessarily uniform, we use the listed
exposure time as an approximation given the (lack of) sensitivity to the sigma image.
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[74] S. Hassan, R. Davé, S. Mitra, K. Finlator, B. Ciardi and M.G. Santos, Constraining the
contribution of active galactic nuclei to reionization, MNRAS 473 (2018) 227 [1705.05398].

[75] P. Dayal, M. Volonteri, T.R. Choudhury, R. Schneider, M. Trebitsch, N.Y. Gnedin et al.,
Reionization with galaxies and active galactic nuclei, MNRAS 495 (2020) 3065 [2001.06021].

[76] F. Pacucci and A. Loeb, The Redshift Evolution of the M• −M⋆ Relation for JWST’s
Supermassive Black Holes at z > 4, arXiv e-prints (2024) arXiv:2401.04159 [2401.04159].

[77] M. Vestergaard and P.S. Osmer, Mass Functions of the Active Black Holes in Distant Quasars
from the Large Bright Quasar Survey, the Bright Quasar Survey, and the Color-selected Sample
of the SDSS Fall Equatorial Stripe, ApJ 699 (2009) 800 [0904.3348].

[78] M. Boquien, D. Burgarella, Y. Roehlly, V. Buat, L. Ciesla, D. Corre et al., CIGALE: a python
Code Investigating GALaxy Emission, A&A 622 (2019) A103 [1811.03094].

[79] M. Volonteri, M. Habouzit and M. Colpi, What if young z > 9 jwst galaxies hosted massive
black holes?, MNRAS 521 (2023) 241–250.

[80] R.J. Bouwens, P.A. Oesch, M. Stefanon, G. Illingworth, I. Labbé, N. Reddy et al., New
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