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ABSTRACT
Recent JWST observations have unveiled a numerous population of low-luminosity active galactic nuclei (AGN) at 4 ≲ 𝑧 ≲ 10,
with space densities roughly an order of magnitude above pre-JWST estimates, and many of these AGN have masses orders
of magnitude above the local black hole mass–stellar mass (𝑀BH − 𝑀★) scaling relations. We investigate the consistency of
these observations within a data-driven framework that links the galaxy stellar mass function to the supermassive black hole
(SMBH) mass function and AGN luminosity functions using different 𝑀BH − 𝑀★ relations and the observed Eddington-ratio
distribution. By comparing our predictions against observed AGN luminosity functions at 𝑧 ∼ 5.5 we find that observations can
be reproduced either by highly-elevated 𝑀BH − 𝑀★ relations paired with low duty cycles ( 𝑓AGN ∼ 0.08), or moderate relations
with higher duty cycles ( 𝑓AGN ∼ 0.5). Through the Sołtan argument, we find that 𝑀BH − 𝑀★ relations that are modestly above
the local relation for AGN produce consistency between multiple tracers of the SMBH demography at 𝑧 ∼ 5.5, while more
extreme normalisations would require a weakly-evolving luminosity function at 𝑧 ≥ 5.5. Continuity-equation modelling shows
that initially high 𝑀BH − 𝑀★ relations predict a strong two-phase evolutionary scenario and very steep low-mass SMBH mass
functions in tension with several current estimates, while more moderate relations generate local SMBH mass functions in better
agreement with present determinations and near-constant scaling relations. Our results favour a scenario where SMBHs at 𝑧 ∼ 5
on average lie modestly above local AGN scaling relations, with elevated but physically plausible duty cycles. Future wide-field
clustering and demographic studies will help break the remaining degeneracies between SMBH scaling relations and AGN duty
cycles at early cosmic times.
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1 INTRODUCTION

Observational evidence indicates that supermassive black holes
(SMBHs) lie at the centre of most – if not all – massive galaxies,
with masses up to several billion times the mass of the Sun. These
SMBHs are typically identified during phases when they are actively
accreting gas, shining as active galactic nuclei (AGN; Lynden-Bell
1969; Soltan 1982). AGN have been observed throughout cosmic
time and into the epoch of reionisation, with the most distant quasars
observed at 𝑧 ≳ 7.5 (e.g. Bañados et al. 2018; Yang et al. 2020; Wang
et al. 2021). Up until recently, observations of high-𝑧 AGN were bi-
ased to the most luminous, and most massive quasars (Inayoshi et al.
2020; Fan et al. 2023). However, the James Webb Space Telescope
(JWST; Gardner et al. 2006) has not only pushed back this frontier in
the hunt for quasars to 𝑧 ∼ 10 (e.g. UHZ1; Bogdán et al. 2024), but
extended the observable parameter space for AGN in both mass and
luminosity to ∼ 2 orders of magnitude lower than previous quasar
surveys at the same redshift, facilitating the discovery of a numer-
ous population of lower-luminosity AGN at 𝑧 ≳ 4 (e.g. Harikane
et al. 2023; Maiolino et al. 2024; Scholtz et al. 2023; Labbe et al.
2025a). This population of lower-luminosity AGN is composed of
both broad line (BL, or type-1) AGN, primarily identified from the
broad Balmer emission (e.g. Harikane et al. 2023; Maiolino et al.
2024; Juodžbalis et al. 2025a; Greene et al. 2024; Matthee et al.
2024; Kocevski et al. 2024), as well as narrow line (NL, or type-2)
AGN, identified from high-ionisation emission lines (e.g. Brinch-
mann 2023; Scholtz et al. 2023; Chisholm et al. 2024; Übler et al.
2024; Mazzolari et al. 2024a), thereby, allowing for a more complete
census of the SMBH population across the past ∼ 13 Gyr.

At low redshift, the masses of the central SMBHs (𝑀BH) display
tight correlations with a number of host-galaxy properties, such as
stellar mass of the spheroidal component (𝑀★,bulge; Kormendy &
Richstone 1995; Magorrian et al. 1998; Häring & Rix 2004), the
stellar velocity dispersion (𝜎★; Ferrarese & Merritt 2000; Gebhardt
et al. 2000; Gültekin et al. 2009), and total stellar mass (𝑀★; Reines
& Volonteri 2015, hereafter RV15). The correlation of 𝑀BH with
properties that extend beyond the SMBH’s sphere of influence has
often been interpreted as evidence for a degree of interplay, or co-
evolution, between the SMBH and its host (see Kormendy & Ho
2013, for a comprehensive review). Many observational studies have
suggested there is little – if any – evolution in the SMBH–galaxy
scaling relations with redshift (e.g. Cisternas et al. 2011; Salviander
& Shields 2013; Schramm & Silverman 2013; Izumi et al. 2021; Sun
et al. 2025b; Tanaka et al. 2025). For example, Salviander & Shields
(2013) find no evidence of evolution in the 𝑀BH − 𝜎★ relation of
quasars at 𝑧 ≲ 1.2 (in agreement with theoretical works such as Silk
& Rees 1998; Shankar et al. 2009b; Huang et al. 2018). Whereas
Sun et al. (2025b) find the 𝑀BH − 𝑀★ relation to be approximately
constant up to 𝑧 ∼ 4 (consistent with theoretical works such as
Anglés-Alcázar et al. 2017; Shankar et al. 2020b; Zhang et al. 2023;
Zou et al. 2024; Fu et al. 2025). Beyond this, measurements of the
host dynamical mass (𝑀dyn) determined from the gas dynamics have
been used to probe the SMBH–galaxy connection into the epoch of
reionisation (e.g. Wang et al. 2013; Willott et al. 2015; Venemans
et al. 2016; Decarli et al. 2018; Pensabene et al. 2020). Willott et al.
(2015) and Willott et al. (2017) find 𝑧 ≳ 6 quasars to be consistent
with the local relation, indicating that the 𝑀BH − 𝑀dyn relation may
have been in place since 𝑧 ∼ 7 (Izumi et al. 2021). More recently,
Tripodi et al. (2024) using the HYPERION sample (Zappacosta et al.
2023) have suggested that high-𝑧 quasars on average lie above the
local 𝑀BH − 𝑀dyn relation, possibly hinting that, at least in quasars,
SMBH growth may precede that of its host.

As the new discoveries by JWST extend the mass range of SMBHs
we can observe in this epoch, and with the ability to detect stellar
light in the epoch of reionisation (e.g. Ding et al. 2023), a pool
of evidence is forming indicating that the 𝑀BH − 𝑀★ relation may
deviate significantly from the local estimates at 𝑧 ≳ 4. BH masses
obtained from single-epoch virial estimators using the broad Balmer
lines have found the high-𝑧 AGN population to be over-massive with
respect to local estimates of the 𝑀BH − 𝑀★ relation, with BH-to-
stellar mass ratios of order 𝑀BH/𝑀★ ∼ 0.1, which is approximately
two orders of magnitude above the local relation of RV15, while
also displaying larger scatter in the 𝑀★ − 𝑀BH plane (Pacucci et al.
2023, hereafter P23). This tendency for SMBHs to be systematically
above the local relation has been observed in both type-1 (e.g. Übler
et al. 2023; Maiolino et al. 2024; Juodžbalis et al. 2024b; Harikane
et al. 2023) and type-2 AGN (e.g. Chisholm et al. 2024). Yet, these
objects appear to lie along the local 𝑀BH − 𝜎★ relation (Maiolino
et al. 2024; Chisholm et al. 2024), possibly corroborating the findings
of residual analysis that the 𝑀BH − 𝜎★ relation is more fundamental
than the 𝑀BH − 𝑀★ relation (Bernardi et al. 2007; Shankar et al.
2016; Barausse et al. 2017; Marsden et al. 2020; Newman et al.
2025; Shankar et al. 2025). The linchpin of these mass estimates is
the assumption that the observed widths of the broad Balmer lines are
tracing the motion of the broad line region (BLR) clouds. If instead
the broad lines are the result of scattering (e.g. Rusakov et al. 2025;
Naidu et al. 2025; Sneppen et al. 2026), then the tension with the
local 𝑀BH−𝑀★ relation may be alleviated, but a new tension with the
local 𝑀BH − 𝜎★ relation, which is believed to be more fundamental,
would be introduced.

This significant deviation from the local 𝑀BH − 𝑀★ relation may
be suggesting that the growth of SMBHs outpaces that of their host
galaxies. However, it is still unclear whether these potentially ultra-
massive objects, and thus their evolutionary histories, are truly rep-
resentative of the total population of AGN or just the massive end of
the underlying 𝑀BH distribution at these redshifts (e.g. Geris et al.
2025; Brooks et al. 2025). Some works (e.g. Li et al. 2025, here-
after L25; Silverman et al. 2025; Ren et al. 2025) have suggested
the high-𝑧 mean 𝑀BH − 𝑀★ relation should lie noticeably below the
one put forward by P23 when taking into account the effects of a
larger intrinsic scatter and selection biases (Lauer et al. 2007), while
others argue that selection biases alone cannot account for such a
large offset with the local 𝑀BH −𝑀★ relation (e.g. Sun et al. 2025a).

Yet, it is not only the over-massive nature of these faint AGN that
challenge our preconceived notions of the high-𝑧 SMBH demogra-
phy from pre-JWST observations. The number densities inferred are
far greater than previously thought. For example, the UV luminos-
ity function (UV LF) of the faint AGN (e.g. Maiolino et al. 2024;
Harikane et al. 2023; Juodžbalis et al. 2025a; Scholtz et al. 2023;
Grazian et al. 2024) in the range 𝑀UV ≳ −20 mag lies approximately
an order of magnitude above extrapolation of the quasar UV LFs of
Niida et al. (2020) and Grazian et al. (2022, 2023). However, the in-
crease in AGN number density with respect to previous observations
is not necessarily in tension with the X-ray background, as another
peculiarity of the faint AGN is that they are both radio (Mazzolari
et al. 2024b) and X-ray weak (Maiolino et al. 2025) – possibly in-
trinsically so – which in turn may be the result of an underdeveloped
corona (Yue et al. 2024) or super-Eddington accretion (Madau &
Haardt 2024; Madau 2025; Inayoshi et al. 2024; Pacucci & Narayan
2024; Lambrides et al. 2024).

A particularly curious sub-population of the high-𝑧 BL AGN pop-
ulation uncovered by JWST are the “little red dots” (LRDs) found
at 4 ≲ 𝑧 ≲ 10 (e.g. Matthee et al. 2024; Furtak et al. 2023; Labbe
et al. 2025a; Kokorev et al. 2024; Greene et al. 2024; Akins et al.
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2024; Kocevski et al. 2024, see Inayoshi & Ho 2025 for a review).
These compact red objects are characterised by a “v-shaped” spectral
energy distribution (SED), with blue rest-frame UV slopes, heavily
reddened rest-frame optical slopes, and an inflection point at ∼ 4000
Å (close to H∞). The LRDs display broad Balmer lines and narrow
[O III]5007 Å, arguing for the presence of a BLR, and have hence
been commonly classified as type-1 AGN. The LRDs are also ob-
served to be extremely numerous, composing ≲ 30% of the total
BL AGN population (Hainline et al. 2025) and lying approximately
an order of magnitude above the quasar luminosity function (e.g.
Kokorev et al. 2024; Greene et al. 2024; Matthee et al. 2024; Akins
et al. 2024). As in the wider BL AGN population observed by JWST,
the LRDs appear significantly over-massive with respect to the local
𝑀BH − 𝑀★ relation (e.g. Inayoshi & Ichikawa 2024; Durodola et al.
2025; Juodžbalis et al. 2025b) and are weak in both radio (Latif
et al. 2025; Perger et al. 2025) and X-ray bands (Yue et al. 2024;
Sacchi & Bogdan 2025). A growing body of evidence points to the
SMBHs in these systems being enshrouded in dense gas (Inayoshi
& Maiolino 2025; Inayoshi et al. 2025; Rusakov et al. 2025; Naidu
et al. 2025; D’Eugenio et al. 2025a; de Graaff et al. 2025a,b; Umeda
et al. 2025; Asada et al. 2026; Sneppen et al. 2026), implying lower
SMBH masses (e.g. Naidu et al. 2025) and bolometric luminosities
(e.g. Greene et al. 2025) than previously estimated. However, their
exact nature is still debated, with many non-AGN scenarios proposed
to explain their atypical properties (e.g. Pérez-González et al. 2024;
Setton et al. 2024; Baggen et al. 2024; Zwick et al. 2025). Therefore,
while not all BL AGN are LRDs, not all LRDs are necessarily BL
AGN, particularly in photometrically selected samples.

Jahnke (2025) recently suggested that a large fraction of AGN
could be heavily obscured at 𝑧 ∼ 6 by applying the Sołtan argument
(Soltan 1982) and making specific assumptions on the SMBH–galaxy
scaling relations and galaxy stellar mass function (SMF). However,
due to the dearth of these systems identified by JWST at 𝑧 < 4, the
implications of a potentially large population of obscured AGN on
the coevolution of SMBHs and their host galaxies remains unclear.
However, there have been some low-𝑧 systems identified with similar
𝑀BH − 𝑀★ ratios (e.g. Mezcua et al. 2023, 2024), as well as numer-
ous LRD candidates (e.g. Bisigello et al. 2025) and potential low-𝑧
analogues (e.g. Juodžbalis et al. 2024a; Mezcua et al. 2024; Stepney
et al. 2024; Lin et al. 2025b; Boorman et al. 2025; Loiacono et al.
2025; Ji et al. 2025; Rinaldi et al. 2025a). These findings tend to sug-
gest that this heavily obscured growth mode becomes less pervasive
at 𝑧 ≲ 4 (Ma et al. 2025), as expected if the LRDs are associated
with the first AGN events after BH seed formation (Inayoshi 2025;
Loiacono et al. 2025).

In the meantime, theoretical models have been employed to in-
vestigate both the demographics and nature of the high-𝑧 BL AGN
observed by JWST, putting forward a wide range of hypotheses and
predictions (e.g. Trinca et al. 2024; Porras-Valverde et al. 2025;
Volonteri et al. 2025; LaChance et al. 2025a,b; Cammelli et al. 2025;
Dayal & maiolino 2025; McClymont et al. 2025; Quadri et al. 2025;
Herrero-Carrión et al. 2025). Some models are able to simultane-
ously reproduce the over-massive nature and high space densities of
the observed AGN by invoking mechanisms such as episodic super-
Eddington accretion (e.g. CAT Trinca et al. 2024), but most are not
(e.g. Porras-Valverde et al. 2025; Cammelli et al. 2025).

The large masses and high number densities of the BL AGN pop-
ulation observed by JWST pose challenges to our understanding of
the formation and evolution of SMBHs, both in the accumulation of
such SMBH mass density in the first ∼ 1 Gyr of cosmic time and in
defining a holistic model of the SMBH population from high to low
redshifts.

The aim of this work is twofold: 1) to probe the self-consistency
and validity of such extreme high-𝑧 mass and number density mea-
surements from JWST by combining distinct data sets (namely the
SMF, SMBH mass function, BHMF, SMBH–galaxy scaling rela-
tions, and the AGN LF), 2) to examine the implications of these
high-𝑧 initial conditions for the subsequent evolution of the SMBH
population and connection to the low-z demography of SMBHs. In
particular, in this work we will pin down the conditions on the SMBH
scaling relations and fraction of galaxies hosting an AGN necessary
at high-𝑧 to reconcile the galaxy SMF with the AGN LFs and active
BHMFs, as well as predicting the evolution of the SMBH mass den-
sity, BHMF, and the implied mean 𝑀BH − 𝑀★ relation. It is pivotal
to make sense of the reliability and self-consistency of these high-z
data sets to in turn set robust and credible constraints on, for example,
SMBH seed masses (e.g. Jeon et al. 2025a; Cenci & Habouzit 2025;
Pacucci et al. 2025), obscured AGN fractions (e.g. Jahnke 2025), or
scaling relation with their hosts (e.g. Shankar et al. 2010). We will
show that whilst there is no unique explanation offered by current
data, we can still identify classes of viable solutions that can be tested
via independent tailored measurements (e.g. AGN clustering).

The paper is organised as follows, in section 2 we describe the
dataset we use and in section 3 we outline our methodology to inves-
tigate the high-𝑧 AGN demography. In section 4 we first construct
BHMFs from the SMF by adopting different 𝑀BH − 𝑀★ relations
and examine their consistency with the observational estimates of
the high-𝑧 active BHMF and set initial constraints on the viable duty
cycles (4.5), we then convert these BHMFs to AGN LFs to pin down
the conditions necessary to match the observational determinations
and examine whether these are consistent with those inferred from
the BHMF (4.2 & 4.3), after that we test the consistency of the
SMBH density obtained from these with independent estimates at
both high and low-𝑧 (4.4). Finally, we forward model the BHMF to
present day, self-consistently deriving the evolution of the 𝑀BH−𝑀★

relation (4.1). We conclude by discussing the implications of these
results for our picture of SMBH–galaxy coevolution in section 5.
Throughout this work we assume a standard ΛCDM cosmology with
H0 = 70 km s−1 Mpc−1, Ωm,0 = 0.3, and ΩΛ,0 = 0.7. Any dis-
tribution functions used in this work that are not computed in this
cosmology have been rescaled to this cosmology. All magnitudes
quoted in this work are expressed in the AB system (Oke & Gunn
1983).

2 DATA

2.1 BL AGN Sample

Throughout this work we make use of two samples of AGN observed
by JWST in the range 4.5 ≤ 𝑧 ≤ 6.5 collected from several recent
works (Harikane et al. 2023; Übler et al. 2023; Kokorev et al. 2024;
Kocevski et al. 2024; Matthee et al. 2024; Maiolino et al. 2024;
Juodžbalis et al. 2025a). First, we select a sample in the redshift
range 4.5 ≲ 𝑧 ≲ 6.5 with measured Eddington ratios which we
use as a baseline for our input Eddington ratio distribution function
(ERDF; P(𝜆Edd); Figure A1). Second, we select a sample of objects in
the redshift range 4.5 ≲ 𝑧 ≲ 6.5 with measured UV magnitudes and
bolometric luminosities to construct an empirical mapping between
the 𝑀UV and 𝐿bol (Figure 4). The samples adopted as a reference in
this work are not exhaustive of all BL AGN detected by JWST, but
they still represent the typical sources contributing to the 𝑧 ∼ 5.5
luminosity functions that we compare to. We summarise the number
of objects used from each of these works in Table 1. We refer the
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Source Object Type Selection 𝑁obj used in 𝑁obj used to
𝑀UV − 𝐿bol inform 𝑃 (𝜆)

Harikane et al. (2023) BL AGN Spectroscopic 8 8
Juodžbalis et al. (2025a) BL AGN Spectroscopic 6 6
Kocevski et al. (2024) LRDs Spectroscopic 11 0
Kokorev et al. (2024) LRDs Photometric 186 0
Maiolino et al. (2024) BL AGN Spectroscopic 10 12
Matthee et al. (2024) LRDs Spectroscopic 19 0
Übler et al. (2023) BL AGN Spectroscopic 0 1

Table 1. A brief summary of the data used from literature in this work. A full description of the data extracted from these works can be found in Appendix
A. The columns, from left to right, are: the paper the data originates from, the object type selected in the paper, whether the objects are photometrically or
spectroscopically selected, the number of objects we use from their sample to derive a mapping between 𝐿bol and 𝑀UV, the number of objects we use from their
sample to get a sense of the distribution of Eddington ratios. Here we only use the spectroscopically confirmed objects from Kocevski et al. (2024).

interested reader to the respective papers for the full methodology
and simply summarise the selection criteria and derivation of the
properties used in this work in Appendix A.

2.2 Reference Luminosity Function

Through out this work we adopt a modified version of the Shen
et al. (2020) LF as our reference bolometric LF, using this both to
compare with our model predictions (section 4.2) and as an input
when forward modelling the SMBH population (sections 4.4 & 4.5).
Similar to Lapi et al. (2025), we modify the parameters of the Shen
et al. (2020) LF to match the compilation of estimates of the BL
AGN LF displayed in top panel of Figure 1.

Shen et al. (2020) parameterise their LF as a double power law

Φ(𝐿bol) =
Φ∗

(𝐿bol/𝐿∗)𝛾1 + (𝐿bol/𝐿∗)𝛾2
, (1)

where Φ∗ is the comoving number density normalisation, 𝐿∗ is the
break luminosity, and 𝛾1 and 𝛾2 are the faint-end and bright-end
slopes, respectively.

In addition to the polished fits at specific redshift intervals, Shen
et al. (2020) provide two global fits to describe the evolution of the
quasar bolometric LF. In this work, we adopt their global fit A and
modify the parameters controlling the redshift evolution of the nor-
malisation and the bright-end slope to match the high-𝑧 observations.
The redshift evolution of the normalisation is parameterised as

log10 (Φ∗ (𝑧)) = 𝑑0 + 𝑑1 (1 + 𝑧) , (2)

with best-fit values of {𝑑0, 𝑑1} = {−3.5426,−0.3936}. The redshift
evolution of the bright end slope is instead parameterised as a double
power law

𝛾2 =
2𝑏0

[(1 + 𝑧)/3]𝑏1 + [(1 + 𝑧)/3]𝑏2
, (3)

with best-fit values of {𝑏0, 𝑏1, 𝑏2} = {2.5375,−1.0425, 1.1201}.
In order to match the high-𝑧 data displayed in the top panel of

Figure 1 at 𝑧 = 5.5, we increase the value of 𝑑1 to 𝑑1 = −0.2436
and decrease 𝑏2 to 𝑏2 = 0.9, thereby slowing the evolution of the
normalisation and slope of the bright end. To ensure a smoothly
evolving LF, we linearly interpolate the values of 𝑑1 and 𝑏2 as

𝑑1 (𝑧) =


−0.3936 𝑧 ≤ 𝑧∗

−0.3936 + 0.15 𝑧−𝑧∗
5.5−𝑧∗ 𝑧∗ < 𝑧 ≤ 5.5

−0.2436 𝑧 > 5.5
(4)

𝑏2 (𝑧) =


1.1201 𝑧 ≤ 𝑧∗

1.1201 − 0.2201 𝑧−𝑧∗
5.5−𝑧∗ 𝑧∗ < 𝑧 ≤ 5.5

1.1201 𝑧 > 5.5
(5)

where 𝑧∗ (= 2) is the redshift at which we assume the LF returns to
the fiducial global fit A from Shen et al. (2020).

These new prescriptions lead to a steady increase in normalisation
at 𝑧 > 2 relative to the fiducial Shen et al. (2020) fit and provides
good agreement with the 𝑧 ∼ 5 − 6 UV-based number densities
from Harikane et al. (2023); Maiolino et al. (2024); Juodžbalis et al.
(2025a) at the faint end, while the steepening of the bright-end slope
provides good agreement with the UV and X-ray-based estimates
from Glikman et al. (2011); Grazian et al. (2022, 2023); Wolf et al.
(2021); Barlow-Hall et al. (2023); Barlow-Hall & Aird (2025), as
well as ensuring that the modified LF converges to the fiducial fit
of Shen et al. (2020) at 𝐿bol ∼ 1050 erg s−1. As shown in the top
panel of Figure 1 our modified version of the Shen et al. (2020) LF
is in very good agreement with the intermediate LF of Grazian et al.
(2024, their Option 2).

2.3 Empirical 𝑀UV − 𝐿bol mapping from the LRD Luminosity
Function

As an additional test, in this work we also make use of an empirical
mapping between 𝑀UV and 𝐿bol which we will use, alongside the
other bolometric corrections to compute the AGN UV LF from our
models (section 3.1). We derive this empirical correction from the
Kokorev et al. (2024) estimates of the UV and bolometric LFs for the
same sample of LRDs via abundance matching, on the assumption
that LRDs follow similar scaling relations to those of the global
population of BL AGN at 𝑧 ∼ 5 − 6. We note that the LRDs in
Kokorev et al. (2024) are only reddened AGN candidates as they
are photometrically selected, and so contamination by objects that
have a v-shaped SED due to bursty star formation cannot be ruled
out without spectroscopic follow up. We find that the Kokorev et al.
(2024) sample displays a similar distribution in the 𝑀UV − 𝐿bol plane
to spectroscopically confirmed LRDs (Kocevski et al. 2024) and
low-luminosity BL AGN (Maiolino et al. 2024). Furthermore, the
distribution functions measured in Kokorev et al. (2024) from their
photometrically selected sample agree well with those of Greene
et al. (2024) and Matthee et al. (2024) which are computed from a
spectroscopically selected sample of LRDs. Kokorev et al. (2024)
parameterise their UV LF as a Schechter function

𝜙(𝐿) = 𝜙∗
𝐿∗

(
𝐿

𝐿∗

)𝛼
𝑒−(𝐿/𝐿∗ )𝛽 , (6)
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Figure 1. Top: A comparison of our reference LF which is a modified version
of the Shen et al. (2020) global fit A to the high-𝑧 data it was tuned to (e.g.
Harikane et al. 2023; Maiolino et al. 2024; Juodžbalis et al. 2025a; Glikman
et al. 2011; Grazian et al. 2022, 2023; Wolf et al. 2021; Barlow-Hall et al.
2023; Barlow-Hall & Aird 2025) and the fiducial Shen et al. (2020) global fit
A. We also include the intermediate UV LF of Grazian et al. (2024). Here, the
X-ray and UV-based estimated have been converted to the bolometric plane
following Shen et al. (2020). A comparison between our reference LF and
several theoretical models can be found in Fig. E1.
Bottom: A comparison of the Kokorev et al. (2024) LF (red square points) to
our best fit Schechter function (red dotted line) and its 1𝜎 uncertainty region
(red shaded area), and the left-pointing arrows denote the ∼ 1 dex correction
suggested by Greene et al. (2025). We have also included the Akins et al.
(2024) LRD LF (dark red circular points), the LFs of Greene et al. (2025)
(orange hexagonal points) and Matthee et al. (2024) (dark orange diamond
points), and the Shen et al. (2020) quasar LF (grey shaded region).

where 𝜙(𝐿) is the comoving number density1, 𝐿∗ is a characteristic
luminosity, 𝛼 is the index of the power law at low 𝐿, and 𝛽 controls
the exponential cut-off at high 𝐿. They find the UV LF at 𝑧 ∼ 5.5 to
be well fitted by 𝜙∗ = (8±3) ×10−6 Mpc−3, 𝑀UV,∗ = −20.64±0.67,
𝛼 = −1.76±0.67, and 𝛽 is assumed to be unity. On the other hand, as
the bolometric LF in is only computed in four bins, one of which is an

1 Throughout this work we use 𝜙 (𝑋) to denote the distribution function of
reference quantity 𝑋 in linear space and Φ(𝑋) = ln(10)𝑋𝜙 (𝑋) to denote
the distribution function of 𝑋 in logarithmic space.

upper limit, a Schechter function cannot be directly fit to this. Instead,
we fit a single Schechter function to the bolometric LF derived in
Akins et al. (2024) for their MIRI subsample and offset it by altering
the 𝜙∗ (moving vertically) and 𝐿∗ (moving horizontally) parameters
to match the Kokorev et al. (2024) data points.

We fit a Schechter function to the bolometric LF from Akins
et al. (2024) following a Markov Chain Monte Carlo (MCMC) ap-
proach implemented with emcee (Foreman-Mackey et al. 2013). We
fix 𝛽 = 1 and find the luminosity function to be well described
by a Schechter function where log10 (𝜙∗/Mpc−3) = −4.98+0.27

−0.25,
log10 (𝐿bol,∗/[erg.s−1]) = 46.76+0.16

−0.21, 𝛼 = −1.29+0.30
−0.26. We find

the Kokorev et al. (2024) data points to be well described by
log10 (𝜙∗/Mpc−3) = −5.23+0.27

−0.25, log10 (𝐿∗/[erg s−1]) = 46.21+0.16
−0.21,

and 𝛼 = −1.29+0.30
−0.26. That’s a horizontal and vertical offset of

−0.55 dex and −0.25 dex, respectively, from the Akins et al. (2024)
LF. As the highest luminosity bin is an upper limit, we bound the
uncertainty in the bright-end extrapolation by assuming ±0.5 uncer-
tainty in 𝛽, such that upper uncertainty bound has a sub-exponential
fall-off (𝛽 = 0.5) and the lower uncertainty bound has a super-
exponential fall-off (𝛽 = 1.5). The resulting fit and its 1𝜎 uncertainty
bounds are displayed in the bottom panel of Figure 1.

3 METHOD

The aim of this work is twofold: on one hand, we aim to probe
the consistency of the distinct datasets at 𝑧 ∼ 5 − 6, and on the
other hand, we aim to test the implications of the initial condition
on the subsequent evolution of the SMBH demography making use
of the continuity equation. In this section we provide a step-by-step
description of our methods for both the first (section 3.1) and second
(section 3.2) points.

Throughout this work we focus on a redshift of 𝑧 ∼ 5.5 (and then
use this as our initial redshift when forward modelling) as it is the
centre of the lower redshift bins in Kokorev et al. (2024) and Greene
et al. (2024), as well as being comparable to the mean redshift of the
BL AGN samples in Maiolino et al. (2024, ⟨𝑧⟩ ∼ 5.18) and Harikane
et al. (2023, ⟨𝑧⟩ ∼ 5.15). However, we emphasise that the results,
analysis, and conclusions presented in the following sections would
be unchanged were we to choose a redshift of 5 (as done by Inayoshi
& Ichikawa 2024) or 6 (as done by Jahnke 2025).

3.1 The Consistency of Data Sets

To examine the consistency of the observed data sets we start from
the galaxy stellar mass function (SMF) and, as is commonly done in
the local universe, we convert the galaxy statistics to BH statistics
via an assumed BH–galaxy scaling relation. From this we can derive
quantities that are directly observed (or those easily computed from
observations) such as the active BHMF, AGN LF, and SMBH mass
density. By comparing the predicted to the observed quantities we
can uncover any underlying inconsistencies between the data sets
and constrain the conditions necessary to reconcile inputs that are
potentially impacted by observational biases (e.g. the 𝑀BH − 𝑀★

relation) with the observed AGN demography. This work flow is
summarised pictorially in Fig. 2 and each step is described in greater
detail below.

(i) Galaxy Stellar Mass Function

Under the observationally justified assumption of every massive
galaxy hosting a central SMBH, the SMF acts as a natural start-
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i. SMF
𝚽 𝑴∗  

ii. BHMF
𝚽 𝑴𝐁𝐇  

iii. AGN MF
𝚽 𝑴𝐁𝐇 𝐀𝐆𝐍

iv. AGN LF
𝚽 𝑳𝐛𝐨𝐥  

v. AGN UVLF
𝚽 𝑴𝐔𝐕  

𝑴𝐁𝐇 −𝑴∗

vi. 𝝆𝐁𝐇(𝒛)vi. 𝝆𝐁𝐇(𝒛𝐢)
Derived 

Quantity
Input 

Observable

𝒇𝐀𝐆𝐍 𝑷(𝝀𝐄𝐝𝐝) 𝑴𝐔𝐕 − 𝑳𝐛𝐨𝐥

AGN LF Key

𝝐𝐫, 𝝐𝐤

Input
Assumption

Figure 2. A pictorial representation of our methodology. By moving from left to right, we convert galaxy number densities to AGN demography, which are
both independently calibrated quantities. The input ingredients (red boxes) included in each step of the chain are also informed by observations. The match with
the observed AGN luminosity function and active SMBH mass function can reveal potential inconsistencies and/or biases in any of the input quantities. The
comparison with the SMBH mass densities in the bottom row, can instead constrain the energy efficiencies of SMBHs (Soltan argument, extended to 𝑧 ∼ 10)
and provide an overall and self-consistent view of the accretion histories of SMBHs from very early epochs.

ing point to test the consistency of current observational data sets.
We assume the SMF of Shuntov et al. (2025b) which is computed on
the 0.53 deg2 of the COSMOS field imaged by JWST as part of the
COSMOS-Web survey (Casey et al. 2023). The SMF is computed
in 15 redshift bins in the range 0.2 ≤ 𝑧 ≤ 12, mass complete to
log10 (𝑀★/M⊙) = 7.5 − 8.8, and agrees well with the COSMOS-
2020 SMF of Weaver et al. (2023) at 𝑧 ≤ 5.5. We further assume that
the fraction of galaxies that are quenched at this redshift is negligi-
ble, as observations suggest that this population should be small and
restricted to the highest mass galaxies (Muzzin et al. 2013; Weaver
et al. 2023; Russell et al. 2024; Merlin et al. 2025; Yang et al. 2025;
Shuntov et al. 2025a, which is consistent with theoretical models
Schaye et al. 2015; Lagos et al. 2018; Behroozi et al. 2019; De Lucia
et al. 2024).

(ii) SMBH Mass Function

The BHMF is then simply computed from the SMF and an assumed
𝑀BH − 𝑀★ relation via the convolution

Φ(𝑀BH) =
∫ ∞

𝑀∗,min

Φ(𝑀★) P(𝑀BH |𝑀★) d log10 (𝑀★), (7)

where Φ(𝑀BH) is the BHMF, Φ(𝑀★) is the SMF, and P(𝑀BH |𝑀★)
is a Gaussian distribution around the mean 𝑀BH−𝑀★ relation. Here,
we are implicitly assuming a BH occupation fraction of unity at all
masses and redshifts.

We focus on three different scenarios of how the observed AGN
relate to the underlying SMBH population and represent these with
different 𝑀BH − 𝑀★ relations: the high-𝑧 determinations of P23 and
L25, plus the local AGN determination of RV15 (displayed in Fig.
3). These 𝑀BH − 𝑀★ relations bracket the full range of the current
data (nearly two orders of magnitude in normalisation).

First, we consider the unrealistic maximal case where there is min-
imal selection bias in the JWST observations, such that the observed
AGN are representative of the underlying population and SMBHs lie
systematically above the local 𝑀BH−𝑀★ relation at high redshifts. To
represent this scenario we adopt the high-𝑧 𝑀BH −𝑀★ relation from
P23 which is computed from a sample of 21 BL AGN at 𝑧 ∼ 4 − 7
observed by JWST taken from Harikane et al. (2023), Maiolino et al.
(2024), and Übler et al. (2023). P23 determine the high-𝑧 𝑀BH −𝑀★
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Figure 3. A comparison of the Reines & Volonteri (2015), Pacucci et al.
(2023), and Li et al. (2025) 𝑀BH − 𝑀★ relations with the local sample
of AGN from Reines & Volonteri (2015) (black points) and the faint AGN
samples of Maiolino et al. (2024), Harikane et al. (2023), and Übler et al.
(2023). The grey ellipses are the 1𝜎, 2𝜎, and 3𝜎 confidence ellipses for the
Reines & Volonteri (2015) sample.

relation to be ∼ 2 dex above the local relation for AGN (RV15)
at 𝑀BH ∼ 109 M⊙ claiming the increase in normalisation due to
selection is 0.2 dex at most. Interestingly, the noramlisation of the
P23 𝑀BH − 𝑀★ relation is similar to the local relation for dynami-
cally measured SMBHs from Kormendy & Ho (2013) as rescaled by
RV15.

Second, we consider the more realistic case where selection effects
and measurement uncertainties have biased the observed relation
high. To represent this scenario we adopt high-𝑧 𝑀BH − 𝑀★ relation
from L25 which is computed from a sample of 18 JWST BL AGN
taken from Harikane et al. (2023) and Maiolino et al. (2024). L25
quantify the impact of selection effects and measurement uncertain-
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Work Redshift 𝛼 𝛽 𝜀 [dex]
P23 4 < 𝑧 < 7 −2.43 ± 0.83 1.06 ± 0.09 0.69
L25 4 < 𝑧 < 7 −3.32+0.56

−0.54 1.02+4.56
−5.16 0.97+0.52

−0.37
RV15 𝑧 < 0.055 −4.1 ± 1.21 a 1.05 ± 0.11 0.5

Table 2. The parameters of the three 𝑀BH − 𝑀★ relations considered in this
work. As described in equation (8), the 𝑀BH−𝑀★ relations are parameterised
as a linear function in log-space where 𝛼 is the intercept, 𝛽 is the slope, and
𝜀 is the intrinsic scatter in the relation.
aRV15 normalise their relation to 𝑀★ = 1011 M⊙ for which 𝛼 = 7.45±0.08.
We have recomputed alpha for consistency with P23 and L25, and propagated
the uncertainties when doing so.

ties by modelling the conditional probability P(𝑀BH |𝑀★) for a given
detection limit. They then infer the intrinsic relation from the ob-
served biased sample. L25 determine the intrinsic high-𝑧 𝑀BH −𝑀★

relation to be ∼ 0.5 dex above the local relation for AGN (RV15) at
𝑀BH ∼ 109 M⊙ and is similar in normalisation at the high-mass end
to the local de-biased relation from Shankar et al. (2016).

Finally, given that the BH masses are obtained from locally-
calibrated single-epoch virial estimators and there is evidence that
at least in some high-𝑧 sources these may lead to overestimated BH
masses (e.g. Lupi et al. 2024b; Abuter et al. 2024; El Dayem et al.
2025; Parlanti et al. 2025), we consider the case where the observed
relation is biased high due to both selection effects and an overesti-
mation of the BH masses. To represent this case we adopt the local
𝑀BH −𝑀★ relation for AGN from RV15 as it sits ∼ 0.5 dex lower in
normalisation than the relation from L25, which is similar in magni-
tude to the average overestimation suggested by Lupi et al. (2024a)
due to the correlation between the Eddington ratio and the radius
of the BLR (Wang et al. 2014; Martínez-Aldama et al. 2020; Lupi
et al. 2024b). It is also approximately inline with the case where the
LRDs’ BH masses have been significantly and systematically over-
estimated because the Balmer lines are broadened through scattering
(e.g. Rusakov et al. 2025; Naidu et al. 2025). RV15 compute the local
𝑀BH − 𝑀★ relation from a sample of 244 local BL AGN selected
from SDSS emission-line galaxies.

All of these works obtain BH masses from the broad H𝛼 emission
using the single-epoch virial estimator of Reines et al. (2013) and
parameterise the mean 𝑀BH − 𝑀★ relation as a linear function in
log-space

log10

(
𝑀BH

M⊙

)
= 𝛼 + 𝛽 log10

(
𝑀★

M⊙

)
, (8)

with some intrinsic scatter (𝜀) in the relation. The parameters of these
relations are listed in Table 2. As seen both in the parameter values
and Fig. 3, the three determinations display very similar slopes but
differ both in normalisation and the magnitude of the intrinsic scatter.

Given that pairwise residual analysis has consistently found the
local 𝑀BH − 𝜎★ relation to be more fundamental than the local
𝑀BH − 𝑀★ relation, it would be most appropriate to compute the
BHMF from the velocity dispersion function (VDF) and 𝑀BH − 𝜎★

relation. However, the VDF is poorly constrained at intermediate
to high redshifts, with there being no robust estimates at 𝑧 ∼ 5.
Nevertheless, we offer some insight from a BHMF inferred using the
𝑀BH − 𝜎★ relation via the Faber-Jackson (𝜎★ − 𝑀★) relation (Faber
& Jackson 1976) by deploying the theoretical framework of Marsden
et al. (2021) in Appendix B.

(iii) Active SMBH Mass Function

The BHMF obtained from equation (7) can then be converted to an
active BHMF (Φ(𝑀BH)AGN) via an assumed AGN fraction ( 𝑓AGN),
that we assume to be independent of mass for simplicity. As we will
be comparing the derived LFs to those of BL AGN, our AGN fraction
is defined as the fraction of BL AGN with respect to the total SMBH
population

𝑓AGN =
Φ(𝑀BH)AGN

Φ(𝑀BH)
=

𝑁BL AGN

𝑁SMBH
≡ 𝑁BL AGN

𝑁Gal
, (9)

where the the second equivalence follows our assumption that 𝑓AGN
is independent of mass and the final equivalence follows our explicit
assumption that every galaxy hosts a SMBH. We test values of the
AGN fraction in the range 𝑓AGN ∈ [0.01, 1].

(iv) AGN Bolometric Luminosity Function

The bolometric luminosity function can be computed from the active
BHMF via a convolution with an assumed Eddington ratio distribu-
tion function (ERDF, P(𝜆Edd |𝑀BH, 𝑧)) which is normalised to unity

Φ(𝐿bol) =
∫

P (𝜆Edd |𝑀BH, 𝑧)Φ(𝑀BH)AGN d log10 (𝜆Edd) . (10)

We assume the ERDF to be log-normally distributed as suggested
by observations (e.g. Willott et al. 2010; Kelly & Shen 2013; Farina
et al. 2022; Wu et al. 2022; He et al. 2024). For the cases where we
assume the BH mass estimates to be accurate (e.g. P23; L25), we as-
sume the ERDF to have a mean of ⟨𝜆Edd⟩ = 0.4 and a standard devia-
tion 𝜎𝜆Edd = 0.5 dex that is independent of mass for simplicity. These
values are chosen to approximately mirror our combined sample of
high-𝑧 quasars and lower-luminosity BL AGN (see Fig. A1), which
follow a log-normal distribution with a mean of ⟨𝜆Edd⟩ ∼ 0.44 and a
standard deviation of 𝜎𝜆Edd = 0.5 dex, as well as being similar to the
individual populations (⟨𝜆Edd⟩ = 0.25, 0.57, 𝜎𝜆Edd = 0.52, 0.40 dex
for the lower-luminosity BL AGN and quasars, respectively). We note
that this distribution has not been corrected for the flux limited nature
of the sample, so it will be biased toward the brightest sources, and in
turn, the resulting luminosity functions will be upper limits. For the
case where we assume the BH masses to be systematically overesti-
mated (e.g. RV15), we propagate this overestimation into the ERDF,
assuming ⟨𝜆Edd⟩ = 1 and a standard deviation𝜎𝜆Edd = 0.5 dex (inline
with the mean Eddington ratio of the Rusakov et al. 2025 sample).

We can then estimate the necessary AGN fraction as a function of
luminosity via direct comparison between our model predictions and
the reference LF. In addition, the average AGN fraction (⟨ 𝑓AGN⟩) can
be obtained from the ratio of the number densities via integration of
the LFs

⟨ 𝑓AGN⟩ =
𝑁BL AGN

𝑁SMBH
=

∫
𝜙(𝐿)Obs. d𝐿∫

𝜙(𝐿)Model | 𝑓AGN=1 d𝐿
, (11)

where 𝜙(𝐿)Model is the model prediction computed via eq. (10)
with an AGN fraction of unity and 𝜙(𝐿)Obs. is our reference LF
described in section 2.2. We adopt integration limits {𝐿Min, 𝐿Max} =
{1043.5, 1050} erg s−1, such that we do not extrapolate the LF in the
low-luminosity regime where there are no current observations.

(v) AGN UV Luminosity Function

The UV LF of AGN can then be computed by convolving the bolo-
metric LF given by equation (10) with a mapping between bolomet-
ric luminosity and UV magnitude. However, at high-z the conversion
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from bolometric to UV, or vice versa, is non-trivial as all the bolo-
metric corrections are calibrated locally and any possible dust atten-
uation, host-contamination, or scattered AGN emission also needs
to be accounted for, and this is particularly pertinent considering the
apparent offset of the lower-luminosity BL AGN and LRDs in the
𝐿bol − 𝑀UV plane (see Fig. 4). We therefore adopt three mappings
between 𝐿bol and 𝑀UV:

(i) The UV bolometric correction from Shen et al. (2020), assum-
ing the bulk of the high-𝑧 population are “typical” AGN that follow
the local relation.

(ii) An empirical mapping derived via a linear fit to our sample
of BL AGN, assuming that the UV emission is AGN dominated,
but there is non-negligible dust attenuation, scattered AGN emis-
sion, and/or host contamination. Such that it bypasses some of the
uncertainty in the origin of the UV emission.

(iii) A statistical mapping derived via abundance matching be-
tween the bolometric LF and UV LF of Kokorev et al. (2024), as-
suming the LRDs are relatively normal BL AGN and follow the same
mapping as the wider population of lower-luminosity BL AGN.

The resulting mappings are displayed in the 𝐿bol/𝐿UV,obs − 𝐿bol
plane in Figure 4 and display a significant departure from the local
empirical relations of Shen et al. (2020) and Elvis et al. (1994).
We provide full details on the derivation and quantification of these
mappings in Appendix C.

(vi) SMBH Mass Density

The SMBH mass density (𝜌BH) at 𝑧 = 5.5 is computed from the
BHMFs that have been obtained from the SMF and 𝑀BH − 𝑀★

relations (eq. 7) as

𝜌BH (𝑧) =
∫ 1010 M⊙

106 M⊙
𝑀BH𝜙(𝑀BH, 𝑧) d𝑀BH . (12)

The subsequent evolution of 𝜌BH (𝑧) can be simply computed from
the AGN LF as

𝜌BH (𝑧) = 𝜌BH (𝑧i) +
1 − 𝜖r − 𝜖k

𝜖r c2

∫ 𝑧

𝑧i

[∫ 𝐿max

𝐿min

𝐿𝜙(𝐿, 𝑧′) d𝐿
]

d𝑡
d𝑧′

d𝑧′ ,

(13)

where 𝜌BH (𝑧i) is the initial value given by equation (12), 𝜖r (= 0.10)
is the radiative efficiency, 𝜖k (= 0.0) is the kinetic efficiency, c is the
speed of light, and we adopt the limits 𝐿min = 1042 erg s−1, 𝐿max =

1050 erg s−1. As in Jahnke (2025), we have neglected any kinetic
power, however, adopting 𝜖k ∼ few% (as suggested by Shankar et al.
2008) would only lessen the computed SMBH mass density slightly
(by ∼ 0.01 dex). For the luminosity function in equation (13) we
adopt our modified version of the Shen et al. (2020) bolometric
luminosity function (see section 2.2).

The SMBH mass density at 𝑧 = 5.5 computed from equation (12)
can then be compared to that inferred from direct integration of the
AGN LFs from Shen et al. (2020), our modified version of Shen
et al. (2020), Kokorev et al. (2024), Akins et al. (2024), and Barlow-
Hall & Aird (2025) via equation (13). For this, we compute 𝜌BH at
𝑧 = 5.5 from the high-𝑧AGN LFs following equation (13), neglecting
any possible contribution of BH seeds (𝜌BH (𝑧i) = 0) and assuming
𝜖r = 0.1, 𝜖k = 0. We adopt an upper redshift limit of 𝑧i = 10 and
luminosity limits [𝐿min, 𝐿max] = [42, 50] erg s−1, extrapolating the
Kokorev et al. (2024) and Akins et al. (2024) LFs using the Schechter
fits described above.

Here, we have chosen to extrapolate the LRD LFs (e.g. Kokorev
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Figure 4. A plot of the 𝐿bol − 𝐿bol/𝐿UV plane comparing the individual
BL AGN (points) to the power law fit of this population (black solid line),
the relation obtained from abundance matching (AM, brown dashed line),
the Shen et al. (2020) UV-bolometric correction (dark red-dot dashed line).
We also include a sample of high-𝑧 quasars (black points) from Onoue et al.
(2019), Matsuoka et al. (2019), and Willott et al. (2010). The quasar’s 𝐿bol is
computed from the monochromatic luminosity 𝐿3000 adopting the bolometric
correction of Richards et al. (2006), which matches Shen et al. (2011). The
filled BL AGN data points (those of Harikane et al. 2023; Maiolino et al. 2024;
Juodžbalis et al. 2025a) use the observed 𝐿UV, whereas the open symbols
use the intrinsic 𝐿UV. The LRD data points (those of Matthee et al. 2024;
Kokorev et al. 2024; Kocevski et al. 2024) use the fiducial 𝐿bol. For the
clarity of the plot, we have not plotted the uncertainties in the data points,
and instead display the median uncertainty as the grey error bar on the centre
left. The uncertainties for the individual objects were included when fitting
the 𝐿bol − 𝑀UV relation.

et al. 2024; Akins et al. 2024) in redshift and luminosity, but we
note that there is no significant change (∼ 0.1 dex) were we to not
extrapolate in either luminosity or redshift.

3.2 Forward Modelling the SMBH Demography

To predict the evolution of the BHMF from the initial conditions
displayed in Fig. 5 we employ the continuity equation (Cavaliere
et al. 1971; Small & Blandford 1992; Shankar 2013)

𝜕Φ(𝑀BH)
𝜕𝑡

= −𝑀BH
𝜕

𝜕𝑀BH

[
⟨ ¤𝑀BH⟩Φ(𝑀BH)

𝑀BH

]
, (14)

where Φ(𝑀BH) is the BHMF and ⟨ ¤𝑀BH⟩ is the average accretion
rate of BHs of a given mass. Parameterising the average specific BH
accretion rate (sBHAR) as

⟨ ¤𝑀BH⟩
𝑀BH

=
1 − 𝜖r − 𝜖k

𝜖rc2 𝑙⟨𝜆Edd⟩𝑈 (𝑀BH), (15)

where c is the speed of light, 𝜖r (= 0.10) is the radiative efficieny,
𝜖k (= 0.05) is the kinetic efficiency, 𝑙 = 1.26 × 1038 erg s−1 M−1

⊙ ,
⟨𝜆Edd⟩ is the mean Eddington ratio, and 𝑈 (𝑀BH) is the duty cycle.
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The continuity equation can then be expressed as

𝜕Φ(𝑀BH)
𝜕𝑧

= − 𝑙

c2 ln(10)
d𝑡
d𝑧

𝜕

𝜕 log10 (𝑀BH)

×
[
1 − 𝜖r − 𝜖k

𝜖r
⟨𝜆Edd⟩Φ(𝑀BH)AGN

]
,

(16)

where Φ(𝑀BH)AGN = Φ(𝑀BH) ×𝑈 (𝑀BH) is the active BHMF.
We follow the procedure outlined in Tucci & Volonteri (2017) to

solve equation (16). In their methodology the duty cycle is parame-
terised as a double powerlaw for which the parameters are determined
via an MCMC fit of the bolometric LF computed from equation (10)
to our reference LF (section 2.2), where we adopt the ERDF of Tucci
& Volonteri (2017) as they demonstrate that it is in good agreement
with the measurements of Kelly & Shen (2013).

The ERDF of type-1 AGN is parameterised as a log-normal dis-
tribution with a mean given by

log10 (𝜆c) = min[max[−1.9 + 0.45𝑧, log10 (0.03)], −0.25],

which we have limited to −0.25 (i.e. the value at 𝑧 ∼ 3.67, which is
consistent with quasars at 𝑧 ∼ 5−7) to avoid unrealistic extrapolations
at high redshift and the width is given by

𝜎c = max[1.03 − 0.15𝑧, 0.6] .

This is consistent with the ERDF adopted in section 3.1 (which
had log10 (𝜆c) ∼ −0.4, 𝜎c = 0.5) to approximate the distribution of
quasars and lower-luminosity BL AGN at 𝑧 ∼ 5.5.

The ERDF of type-2 AGN is parameterised as a powerlaw with
exponential cut-off

P2 (𝜆Edd, 𝑧) = Φc 𝜆
𝛼
Edd 𝑒

−𝜆Edd/𝜆0 (17)

where

𝛼 =

{
−0.6 𝑧 ≤ 0.6
−0.6/(0.4 + 𝑧) 𝑧 > 0.6 , (18)

𝜆0 = 1.5 (or 2.5 when 𝜖r ≥ 0.1), and Φ𝑐 is chosen such that the
distribution is normalised. The relative contribution of Type-1 and 2
AGN is given by the obscured fraction ( 𝑓obs) from Ueda et al. (2014)
which is constant for 𝑧 ≥ 2, such that our total ERDF is given by

P(𝜆Edd |𝑀BH, 𝑧) = 𝐴[(1 − 𝑓obs)P1 (𝜆Edd, 𝑧) + 𝑓obsP2 (𝜆Edd, 𝑧)], (19)

where 𝐴 is a constant that normalises the distribution in log10 (𝜆Edd)
over the range log10 (𝜆Edd) ∈ [−3, 2].

The initial conditions are the BHMFs obtained from equation (7).
The continuity equation is then run from 𝑧 = 5.5 to 𝑧 = 0 with time
steps of Δ𝑧 = −0.02. We will discuss the predicted evolution of the
BHMF and compare with the local estimates of the BHMF in section
4.5.

3.2.1 The Average Duty Cycle

In addition to the evolution of the BHMF, this methodology also
predicts the duty cycle as a function of BH mass and redshift. We
compute the mean duty cycle of the SMBH population as

⟨𝑈 (𝑧)⟩ =

∫ ∞
106 M⊙

𝑈 (𝑀BH, 𝑧)Φ(𝑀BH, 𝑧) d log10 (𝑀BH)∫ ∞
106 M⊙

Φ(𝑀BH, 𝑧) d log10 (𝑀BH)
, (20)

i.e. the ratio of the number density of AGN to the number density of
the total BH population. We can then compare this to the predictions
of theoretical models and observational estimates. However, we note
that a robust direct comparison with observational estimates is not

possible due to differing definitions of the duty cycle. For instance,
works such as Scholtz et al. (2023), Maiolino et al. (2024), and
Juodžbalis et al. (2025a) estimate the duty cycle from the difference
in normalisation between the galaxy and AGN UV LFs, whereas
Arita et al. (2023, 2025) compute the duty cycle as the ratio of the
number density of AGN from the UV LF to the number density of
dark matter halos.

3.2.2 The Evolution of the 𝑀BH − 𝑀★ Relation

While our initial conditions are derived from the SMF, the subsequent
evolution of the BHMF is independent of the SMF determinations at
lower redshifts. Therefore, we can then employ abundance matching
(as in sec. 3.1 we follow Aversa et al. 2015, their eq. 37) between the
observed SMF and our BHMF derived from the continuity equation
to predict the evolution of the 𝑀BH − 𝑀★ relation for completeness.
We assume that the intrinsic scatter is initially that of the relation
used to obtain the initial conditions (i.e. 0.5 dex for RV15, 0.69 dex
for P23, and 0.97 dex for L25) and that the magnitude of this scatter
decreases with time to that of the local relation (as may be expected
due to subsequent mergers Hirschmann et al. 2010). To this purpose,
we linearly interpolate in redshift between the initial value at 𝑧 = 5.5
and 0.5 dex (i.e. the intrinsic scatter of the RV15 relation) at 𝑧 = 0.
Assuming the scatter remains constant to present day would only
reduce the normalisation of the predicted 𝑧 = 0 relations from the
P23 and L25 relations.

4 RESULTS

In this section we present our results examining the consistency of the
current observational data sets (sections 4.1 - 4.3) and predicting the
evolution of the SMBH demography (sections 4.4 & 4.5). First, we
compare the BHMFs inferred from the SMF to estimates of the high-
𝑧 active BHMF and local BHMF, which will test viable duty cycles
for a given choice of underlying 𝑀BH − 𝑀★ relation (4.1). Second,
we examine the consistency of the derived AGN bolometric LFs
(4.2) and UV LFs (4.3) with current observational determinations.
Third, we compare the SMBH mass density to both high and low-𝑧
estimates (4.4). Finally, we turn our attention to forward modelling
the SMBH demography within the continuity equation and predicting
the evolution of the 𝑀BH − 𝑀★ relation (4.5).

4.1 The BHMF at 𝑧 ∼ 5.5

The total BHMF is difficult to reliably determine, even in the local
universe, as it is prone to observational biases. Yet, clues to the
demography of SMBHs at high-𝑧 can still be extracted by comparing
with the active BHMFs of BL AGN, as well as the local estimates of
the total BHMF. In Figure 5 we aim to set constraints on the viable
duty cycles by comparing the BHMFs at 𝑧 = 5.5 estimated from the
SMF and the different 𝑀BH − 𝑀★ relations (as described in section
3.1 step ii) with the high-𝑧 data (Taylor et al. 2024; He et al. 2024;
Geris et al. 2025; Fei et al. 2025), as labelled.

By comparing the total BHMFs from our models with the observed
active BHMFs in Figure 5, we observe that the BHMFs constructed
using the P23 and L25 relations sit above the high-𝑧 estimates of
the active BHMFs of BL AGN from Taylor et al. (2024) and Fei
et al. (2025). To estimate the AGN fraction ( 𝑓AGN), we rescale our
model BHMFs to match the Taylor et al. (2024) active BHMF of
BL AGN, finding 𝑓AGN ∼ 0.08 and 𝑓AGN ∼ 0.5 aligns the models
using the P23 and L25 𝑀BH−𝑀★ scaling relations, respectively, with
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Figure 5. A plot of the BHMF at 𝑧 = 5.5 obtained from the SMF assuming
the three 𝑀BH −𝑀★ relations: RV15 (solid dark blue line), P23 (dashed light
blue line), L25 (dot-dashed mint green solid line). These total BHMFs are
compared to the observed active BHMFs of BL AGN. We have also included
the BHMFs scaled by the AGN fraction that best aligns them with the active
BHMF of Taylor et al. (2024), these AGN fractions are 𝑓AGN ∼ 0.08, 0.5
for the P23, and L25 relations, respectively, and an AGN fraction in excess
of unity is required for RV15. These scaled BHMFs are denoted by the
lower-opacity, thinner lines of the same color and linestyle. The high-𝑧 active
BHMFs included are those of Taylor et al. (2024), Geris et al. (2025), Fei et al.
(2025), and He et al. (2024). A comparison between the BHMFs obtained
from the SMF assuming the three 𝑀BH −𝑀★ relations and several theoretical
models can be found in Fig. E1.

the observed active BHMF2. If we were to ignore the completeness
correction in Taylor et al. (2024), this would lead to a ∼ 0.6 dex
decrease in the necessary AGN fraction ( 𝑓AGN ∼ 0.02, 0.12 for P23,
L25, respectively).

In contrast, the BHMF constructed using the RV15 𝑀BH − 𝑀★

relation lies below the active BHMF of Taylor et al. (2024), as
well as that of lower-luminosity quasars from He et al. (2024) at
𝑀BH ≳ 108.5 M⊙ , indicating an inconsistency between the data
sets under this 𝑀BH − 𝑀★ relation. Forcing the RV15-based BHMF
to match the current high-𝑧 data with a physical AGN fraction
( 𝑓AGN ≤ 1) requires translating the measured active BHMF of Taylor
et al. (2024) to the left by ≥ 0.8 dex. This corresponds a systematic
overestimation of BH masses by single-epoch methods that is sim-
ilar to that found by GRAVITY+ for a quasar at 𝑧 = 4 (El Dayem
et al. 2025, see also the ∼ 1 dex overestimation found in Parlanti
et al. 2025). Even considering the Taylor et al. (2024) active BHMF
without the incompleteness correction requires a leftward shift of
∼ 0.5 dex to align observations with the RV15-based BHMF (con-
sistent with the average overestimation suggested in Lupi et al.
2024b).

The results presented in this section set initial constraints on the
required duty cycles of active high-𝑧 SMBHs. The observed active
BHMF can be reproduced from the SMF with either a relation much
higher in normalisation paired with a low duty cycle or a relation
that is more moderate paired with a higher duty cycle. In particular,

2 If we compute the BHMF from the SMF at 𝑧 ∼ 4.5, the average redshift
of the AGN sample in Taylor et al. (2024), the required AGN fractions ap-
proximately reduce by half ( 𝑓AGN ∼ 0.05, 0.25 for the P23, L25 relations,
respectively), however, the RV15 relations still requires 𝑓AGN ≳ 1.

the RV15-based BHMF would fall short in matching the Taylor et al.
(2024) data even with no incompleteness corrections in the active
BHMF and 𝑓AGN = 1. We find BH masses at high-𝑧 to be system-
atically overestimated by ∼ 0.8 dex in order to reconcile the two.
In the next section we examine whether the inferred duty cycles of
𝑓AGN ∼ 0.08, 0.5, > 1 for the P23, L25, and RV15 relations, respec-
tively, are consistent with those required to reproduce the observed
AGN LFs.

4.2 The Bolometric Luminosity Function of BL AGN

Here we present the AGN bolometric LF predicted by our models.
As described in section 3.1 step (v), the bolometric LF is computed
by convolving the active BHMFs obtained from the SMF with an
assumed ERDF that is informed by our sample of high-𝑧 AGN. The
resulting bolometric LFs are displayed in Figure 6, where the left-
hand panel displays the LFs derived assuming the P23 relation, the
middle panel assumes the L25 relation, and the right-hand panel
assumes the RV15 relation. The black lines denote the derived LFs
for different values of the AGN fraction as labelled.

We find average AGN fractions of ⟨ 𝑓AGN⟩ ∼ 0.17, 0.56, 1.00 for
the P23, L25, RV15 𝑀BH −𝑀★ relations, respectively, reproduce our
reference LF. This is within a factor of two of the estimate from the
BHMF for the P23 relation, consistent with the estimate from the
BHMF in the cases of the L25 and RV15 relations. We note that
an AGN fraction of unity, as is required when adopting the RV15
relation, implies that every galaxy hosts a BL AGN. However, BL
AGN are a subpopulation of the total AGN population where the
BLR is observed, with NL AGN being more numerous than BL
AGN (e.g. Scholtz et al. 2023). This suggests that the RV15 relation
is inconsistent with the total AGN LF at this epoch, based on the
current observational estimates. If the LFs are revised lower in the
future, then this may change, and the RV15 relation may become
feasible once more.

At the faint end, we observe that only the P23 𝑀BH − 𝑀★ rela-
tion can reproduce the lowest luminosity bin of the Maiolino et al.
(2024) LF and even then, still requires a maximal AGN fraction of
𝑓AGN ∼ 1. The fact that 𝑓AGN ∼ 1 is necessary to reproduce the low
luminosity bin of Maiolino et al. (2024), even under this extreme
𝑀BH −𝑀★ relation, may be an indication that the number density of
low-luminosity AGN observed by JWST is inflated, possibly due to
significant host contamination in some sources.

At the bright end, we observe that both the P23 and L25 𝑀BH−𝑀★

relations predict a low AGN fractions of 𝑓AGN ≲ 0.01, qualitatively
in agreement with the estimates from the clustering of UV-bright
quasars (e.g. Arita et al. 2023; Eilers et al. 2024; Pizzati et al. 2024;
Schindler et al. 2025). Contrastingly, the RV15 𝑀BH − 𝑀★ relation
requires a much higher AGN fraction, suggesting a possible tension.
We will explore this in more detail in section 5.1.

Briefly turning our attention to the LRDs. In the most extreme
case, where all the LRDs in the Akins et al. (2024) sample are
AGN and that their bolometric luminosities are accurate and AGN
dominated, we find the LRDs can be reconciled with the P23 and
L25 𝑀BH − 𝑀★ relations, but not the RV15 relation. However,
applying a correction of ∼ 1 dex to the bolometric luminosities (as
suggested by Greene et al. 2025; Umeda et al. 2025) would reconcile
the Akins et al. (2024) sample with the RV15 relation.

The results presented in this section indicate that, in line with what
was inferred from the BHMFs, in order to reconcile the JWST mea-
sured SMF with the bolometric LF of the high-𝑧 AGN population
whilst maintaining duty cycles of 𝑓AGN ≲ 0.5, an 𝑀BH −𝑀★ relation
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Figure 6. A comparison of the observed AGN luminosity functions with the AGN luminosity functions derived from the 𝑧 = 5.5 SMF assuming the 𝑀BH −𝑀★

relation of P23 (left), L25 (centre), and RV15 (right). The derived luminosity functions are displayed as the black lines, where the differing line styles denote the
𝑓AGN values assumed. The pre-JWST LF of Shen et al. (2020) is denoted by the grey shaded region, whereas our reference LF is denoted by the pink line and
the corresponding shaded region. As points, we also include the UV-based estimate from Maiolino et al. (2024) and the LRD estimate of Akins et al. (2024).
The left-pointing arrows of the Akins et al. (2024) points denote the LF with the 1 dex correction suggested by Greene et al. (2025).

that is higher in normalisation than that of local AGN (e.g. RV15) is
favoured. While a large systematic overestimation of the BH masses
could counterbalance the unphysical duty cycles required by the ac-
tive BHMF to reconcile the RV15 𝑀BH −𝑀★ relation with the JWST
active BHMF and LF of BL AGN, based on the current estimates
of the number density of BL AGN, the RV15 𝑀BH − 𝑀★ does not
provide sufficient leeway in the BHMF or LF to accomodate the NL
AGN population.

4.3 The UV Luminosity Function of AGN

As the wavelength range covered by NIRcam allows for the selection
of AGN in the rest-frame UV at 𝑧 ≳ 3.15, the UV LF becomes
another independent route, characterised by different systematics, to
probe for the demography of AGN at high redshifts. We thus extend
our method to predict the UV LF of BL AGN from our bolometric
AGN LFs presented in Figure 6.

Prior to investigating how well the active BHMFs derived from the
SMF can reproduce the BL AGN UV LF, we show in Appendix C a
key consistency check. We convert our reference SMF, which we use
as input to generate BHMFs, to a star formation rate (SFR) function
via convolution with the star-forming main sequence of Clarke et al.
(2024). The resulting SFR function is consistent with the UV LFs of
Harikane et al. (2022) and Finkelstein & Bagley (2022), with only
a slight overprediction at bright luminosities which is expected due
to dust extinction. This test ensures that the SMF is representative of
the full population of UV galaxies at 𝑧 ∼ 5, consistent with the vast
dominance of star-forming galaxies at this redshift (e.g. Merlin et al.
2025), and thus it can be safely used as a starting point to infer the
UV LF of AGN.

As set forth in section 3.1 step (vi), we test three mappings between
𝐿bol and 𝑀UV due to the uncertainties surrounding this mapping at
high 𝑧, and the resulting UV LFs are displayed in Figure 7. In the top
row, we test the UV bolometric correction from Shen et al. (2020)
under the assumption that the majority of the high-𝑧 population are
“typical” AGN. In the middle row, we test an empirical mapping
derived from our sample of high-𝑧 BL AGN, under the assumption
that the UV emission is AGN dominated, but there is non-negligible
dust attenuation, scattered AGN emission, and/or host contamina-
tion. In the bottom row, we use abundance matching to derive a

statistical mapping between the bolometric LF and UV LF of Koko-
rev et al. (2024) under the assumption that LRDs and the wider
lower-luminosity BL AGN population follow the same mapping. We
display the UV LFs derived using the P23, L25, and RV15 𝑀BH−𝑀★

relations in the left-hand, middle, right-hand columns, respectively.
When adopting the Shen et al. (2020) bolometric correction, we

find that the that AGN fractions of 𝑓AGN ∼ 0.5, 1, ≳ 1 are nec-
essary to reproduce the determination from Maiolino et al. (2024)
for the P23, L25, RV15 relations, respectively. The empirical map-
ping boosts the UV LF at the faint end and suppresses it at the
bright end, requiring lower AGN fractions to reproduce observations
( 𝑓AGN ∼ 0.2, 0.8, 1 for the P23; L25; RV15 relations, respectively).
Whereas, the mapping from abundance matching requires approxi-
mately the same AGN fraction to match the Maiolino et al. (2024)
UV LF as the Shen et al. (2020) bolometric correction.

The Shen et al. (2020) bolometric correction produces a much
flatter UV LF for a mass-independent AGN fraction than the empir-
ical and abundance-matched mappings, which are much steeper at
the bright end, better matching the shape of the UV LFs of lower-
luminosity BL AGN. From this we would infer that when adopting
the Shen et al. (2020) bolometric correction, the AGN fraction would
depend strongly on mass / luminosity. Whereas, the empirical and
abundance-matched mappings would suggest the AGN fraction is
weakly dependent on mass / luminosity.

As the high-𝑧 quasar population follows the Shen et al. (2020)
bolometric correction (see Fig. 4), we can estimate the average duty
cycle of the total UV-luminous BL AGN population by comparing the
model predictions to the UV LF of Grazian et al. (2024). We compute
the average duty cycle from the ratio of the number densities of the
Grazian et al. (2024) UV LF to the model prediction (as in eq. 11)
with integration limits {𝑀Min, 𝑀Max} = {−30,−18} mag and find
average AGN fractions of 𝑓AGN ∼ 0.3, 0.8, 1 for the P23, L25,
RV15 relations, respectively.

Contrastingly, while all three 𝑀BH − 𝑀★ relations can broadly
reproduce the Maiolino et al. (2024) UV LF when adopting the
empirical mapping, none can reproduce the quasar population (even
when using the fit that excludes the LRD data), indicating that this
mapping can only be applicable for a subsample of BL AGN. To
reproduce the total BL AGN UV LF, different mappings are likely
needed for quasars and lower-luminosity AGN. However, we do not
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Figure 7. A comparison of the 𝑧 = 5.5 UV luminosity function obtained from the SMF to that of the LRDs and the galaxy UV LF. As in Fig. 6, each of the
columns uses a different 𝑀BH − 𝑀★ relation when computing the UV LF, these are: P23 (left), L25 (middle), and Reines & Volonteri (2015) (right). In each
a different mapping from 𝐿bol to 𝑀UV is used, these are: the UV-bolometric correction from Shen et al. (2020, top), the power law fitted to the data in the
𝐿bol − 𝑀UV plane (middle), and the 𝐿bol − 𝑀UV relation from abundance matching (bottom). The UV LF obtained from the SMF assuming different values of
𝑓AGN are displayed as the black lines, where the line styles denote the assumed AGN fraction ( 𝑓AGN). The galaxy UV LF from Bouwens et al. (2021) is denoted
by the solid greenline. The UV LFs of BL AGN (Harikane et al. 2023; Maiolino et al. 2024; Juodžbalis et al. 2025a) and NL AGN (Scholtz et al. 2023) are
displayed as points. Whereas, the orange shaded region denotes the LRD UV LF of Kokorev et al. (2024) and the purple dotted line denotes the intermediate
UV LF of Grazian et al. (2024, their option 2).

pursue this, as it would require knowledge of the relative abundance
of these populations, as well as an understanding of where / why
the transition happens between these populations. Furthermore, it is
unclear whether the dust extinction inferred from SED fitting (which
broadly aligns these lower-luminosity BL AGN with the Shen et al.
2020 bolometric correction) is truly tracing dust, as the trend of dust
extinction with luminosity conflicts with that observed locally.

Finally, when using the mapping from abundance matching, we
are assuming that the LRDs’ UV emission is AGN dominated.
If instead this is host dominated (as suggested by the BH* / BH

envelope interpretation Naidu et al. 2025; Greene et al. 2025; de
Graaff et al. 2025b; Umeda et al. 2025), the LRD UV LF should lie
much lower that the determination from Kokorev et al. (2024). This
would remove the tension with the pre-JWST determinations of the
faint end of the UV LF, but also results in the model predictions
from the abundance matched mapping having little physical meaning.

In summary, under all three mappings, the AGN fraction neces-
sary to reproduce the Harikane et al. (2022) and Juodžbalis et al.
(2025a) UV LFs is approximately consistent with the estimate from
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Input Redshift log10 (𝜌BH/[M⊙ cMpc3 ] )
Luminosity Function

Shen et al. (2020) 5.5 2.8+0.3
−0.3

Modified Shen 5.5 4.4+0.3
−0.3

Barlow-Hall & Aird (2025) 5.5 4.68
Akins et al. (2024) 5.5 4.8+0.30

−0.11
Kokorev et al. (2024) 5.5 4.4+0.4

−0.5
SMBH Mass Function

RV15 5.5 2.84
P23 5.5 5.04
L25 5.5 4.21

BHMF + LF
RV15 0 5.73+0.15

−0.12
P23 0 5.81+0.12

−0.10
L25 0 5.74+0.14

−0.12

Table 3. The estimates of the SMBH mass density at 𝑧 = 5.5 obtained from
the AGN LFs (top) and the BHMFs presented in section 4.1 (middle), as well
as the estimates at 𝑧 = 0 using the BHMF as initial conditions and the AGN
LF to give the subsequent evolution (bottom). Applying the Greene et al.
(2025) correction to the Kokorev et al. (2024) and Akins et al. (2024) LFs
would correspondingly reduce the SMBH mass density at 𝑧 = 5.5 by an order
of magnitude.
Note: In eq. (12), we have chosen an upper integration mass limit of 1010 M⊙ .
However, if we impose the lower value of 109 M⊙ used in Jahnke (2025),
we find that the RV15 value is insensitive to the change, whereas the values
obtained from the P23 and L25 decrease by ∼ 0.1 dex.

the BHMF, whereas a larger AGN fraction is necessary to reproduce
the Maiolino et al. (2024) UV LF. If the current observational de-
terminations are accurate, they would favour a high-normalisation
𝑀BH −𝑀★ relation, with only the P23 𝑀BH −𝑀★ relation being able
to reproduce the Maiolino et al. (2024) and Scholtz et al. (2023) UV
LFs under all three mappings.

4.4 The SMBH Mass Density

Under the assumption that SMBHs primarily grow via radiatively
efficient accretion, the Sołtan Argument (Soltan 1982) allows us to
predict the evolution of the SMBH mass density (𝜌BH) from the
luminosity density (𝜌𝐿) integrated across cosmic time. Recently,
Jahnke (2025) suggested that the UV-luminous quasars made up
≤ 10% of the total BH mass density at 𝑧 ∼ 6 derived from the SMF
assuming the 𝑀BH − 𝑀★ relation of L25. This allows for the heavily
obscured growth mode seen in the LRDs to be dominant at this epoch.
However, this conclusion rests on a number of assumptions, starting
from the choice of scaling relations and reference AGN LF. As we
highlighted in the previous section, different data sets must be closely
interconnected in specific ways to ensure consistency, for example
high-normalisation scaling relations and low duty cycles, or vice
versa. In this section we revisit the overall cumulative accretion from
integrated AGN LFs and SMBH mass densities at 𝑧 ∼ 5.5 within the
framework of our comprehensive approach (section 4.4.1), and then
use our reference models at 𝑧 ∼ 5.5 as initial conditions to predict
the implied SMBH mass densities down to 𝑧 ∼ 0 (section 4.4.2).

4.4.1 The SMBH Mass Density at 𝑧 ≥ 5.5

As described in section 3.1 step (vi), we compute the SMBH mass
density at 𝑧 = 5.5 from the BHMFs presented in the previous section
via equation (12). We then compare these value to SMBH mass
density at 𝑧 = 5.5 predicted by the Sołtan argument, computed via

equation (13) for several LFs. The resulting values are listed in Table
3 and their evolution displayed in the right-hand panel of Figure 8.

From the values listed in Table 3 (as well as the right-hand panel of
8) we see that the Shen et al. (2020) quasar LF can fully account for
the BH mass density inferred from the RV15-based BHMF, whereas
the BH mass density obtained from our reference LF is in good agree-
ment with the BH mass density derived from the L25-based BHMF,
and the BH mass density implied by the P23 is even higher than
this, aligning with the 1𝜎 upper bound of the mass density derived
from the Akins et al. (2024) LF. However, applying the correction
of 1 dex to the bolometric luminosities suggested by Greene et al.
(2025), would reduce the mass densities obtained from the LRD
LFs by an order of magnitude, consistent with the LRDs being a
small subpopulation of BL AGN even when accounting for selection
effects in the 𝑀BH − 𝑀★ relation. From this direct comparison it
emerges that the fraction of implied obscured sources, i.e. of sources
not recorded in the quasar LF, will depend on the class of model con-
sidered, being equal to the obscured fractions implied by the Shen
et al. (2020) quasar LF in the RV15 model, and significantly larger
when considering the other two models, in line with Jahnke (2025).

Interestingly, we find that there is good consistency at 𝑧 = 5.5
between the L25 estimate, the estimate from the VDF (see Appendix
B), and the mass density computed from direct integration of our
reference LF. While there are uncertainties originating from the as-
sumptions necessary to compute the SMBH mass density from the
VDF and LF at this epoch, the consistency between multiple observ-
ables suggests a preference for the L25 relation over the P23 relation,
which would lead to an inconsistency between the SMBH mass den-
sity predicted by the 𝑀BH − 𝑀★ relation and the 𝑀BH − 𝜎★ relation
or integrated AGN emissivity. On the other hand, an overestimation
of the BH masses at high-𝑧 would also lead to a lower-normalisation
𝑀BH − 𝜎★ relation, and an approximate consistency between the
RV15 relation, the VDF, and the Shen et al. (2020) LF.

The 𝑧 = 5.5 P23-based mass density is similar to the predic-
tion of the CAT super-Eddington model (log(𝜌BH) = 5.3; Trinca
et al. 2024) and the A-SLOTH heavy-seeding model from Jeon et al.
(2025b, log(𝜌BH) ∼ 5.3), whereas the L25-based mass density (as
well as the prediction of the reference LF) is consistent with the
CAT Eddington-limited model (log(𝜌BH) = 3.8 for 𝑀BH ≥ 105 M⊙ ;
Trinca et al. 2022a), the Shark v2.0 model (log(𝜌BH) = 3.9 La-
gos et al. 2018, 2024), and the A-SLOTH light-seeding model from
Jeon et al. (2025b, log(𝜌BH) ∼ 4.5) and the CAT Eddington-limited
model is more consistent with the RV15-based estimate when mak-
ing a more stringent mass cut (log(𝜌BH) = 3.2 for 𝑀BH ≥ 106 M⊙).
A comparison plot of the predicted SMBH mass density with the
predictions of several theoretical models can be found in Fig. E2.

In the right-hand panel of Figure 8 we show the integrated SMBH
mass density obtained from our reference AGN LF (red dashed line),
which is comparable (within a factor of 2) to the mass density ob-
tained from the integration of the Barlow-Hall & Aird (2025) X-ray
LF (grey double-dot-dashed line), which has been corrected to bolo-
metric following the Shen et al. (2020) correction. For completeness,
we also include the mass density from the fiducial Shen et al. (2020)
global fit A (solid black line). The dotted blue and mint green lines
show the SMBH mass density when we tune the evolution of the LF
to match the P23 and L25-based estimates at 𝑧 = 5.5, respectively.
For this we modify the high-𝑧 evolution of the LF normalisation by
setting 𝑑1 (𝑧 = 10) = −0.086, −0.319 for the P23 and L25 relations,
respectively, and linearly interpolate these to 𝑑1 (𝑧 = 5.5) = −0.2436.
As clearly displayed in Figure 9, while the L25-based mass density at
𝑧 = 5.5 can be reproduced with a high-𝑧 evolution midway between
that of our reference LF and the fiducial Shen et al. (2020) fit, a much
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Figure 8. Left: The SMBH mass density from 𝑧 = 5.5 to 𝑧 = 0 computed from our reference luminosity function and with the initial conditions obtained using
the 𝑀BH − 𝑀★ relation of RV15 (solid dark blue line), P23 (dashed light blue line), and L25 (dot-dashed mint green line). These curves are compared to the
prediction from the Shen et al. (2020) quasar luminosity function (grey shaded region). The local estimates displayed are the estimate derived from the VDF
Bernardi et al. (2010) assuming the 𝑀BH − 𝜎★ relation of de Nicola et al. (2019) (lower green upturned-triangular marker) and Bennert et al. (2021) (upper
green upturned-triangular marker), the estimate of Burke et al. (2025) (tan triangular marker), the estimate of Liepold & Ma (2024) (red x-shaped marker), and
the estimate from the Bernardi et al. (2017) SMF and the Kormendy & Ho (2013) 𝑀BH − 𝑀★ relation (orange plus-shaped marker). If we adopt only the Shen
et al. (2020) LF the P23 and L25 curves are impacted negligibly, where as, because the RV15-based 𝜌BH (𝑧 = 5.5) is consistent with the prediction of Shen
et al. (2020), the RV15 curve would follow the same evolution (grey shaded region). Right: The SMBH mass density from 𝑧 = 10 to 𝑧 = 5.5 computed using
the Shen et al. (2020) LF (black line), our reference LF (red dashed line), and the Barlow-Hall & Aird (2025) X-ray LF (grey double-dot-dashed line). These
are compared to the estimate from the VDF (yellow shaded region) and the mass densities obtained from the SMF with the three 𝑀BH − 𝑀★ relations (circular
markers). In addition we show the show the mass density obtained by tuning the high-𝑧 evolution of the LF to match the estimates from the SMF at 𝑧 = 5.5
(dotted lines, see text for details). In Fig. E2, we compare our predicted evolution of the SMBH mass density to the predictions of several theoretical models.
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Figure 9. The evolution of the normalisation (Φ∗) at the break luminosity
(𝐿∗) for the fiducial Shen et al. (2020) global fit A (grey solid line), our
reference LF (black dot-dashed line), and the evolution necessary to match
the estimates from the SMF with an initial redshift of 𝑧i = 10 (dotted lines).

shallower evolution is necessary to reproduce the P23-based mass
density (even if we were to start the integration at 𝑧i = 20).

4.4.2 The SMBH Mass Density at 𝑧 < 5.5

The left-hand panel of Figure 8 displays the evolution of the BH
mass density from 𝑧 = 5.5 to present day. We observe that, despite
the initial conditions spanning over two orders of magnitude, the
predicted BH mass density at 𝑧 = 0 are within 0.1 dex of each other,
as well as being within 0.1 dex of the local estimate of Burke et al.
(2025) and 0.2 dex of the value obtained from the Bernardi et al.
(2010) VDF with either the de Nicola et al. (2019) or the Bennert
et al. (2021) 𝑀BH −𝜎★ relation (assuming the aperture correction of
de Graaff et al. 2021). While the RV15 and L25 curves suggest that
only a small fraction of the present day BH mass density had already
accumulated by 𝑧 = 5.5 (specifically ∼ 0.1% for RV15 and ∼ 3% for
L25), the P23 curve implies that ∼ 18% of the present day BH mass
density was already in place at this epoch, leading to the relatively
small amount of evolution displayed in Figure 8.

All our accretion models, characterised by the same radiative effi-
ciency (𝜖r = 0.1), are roughly consistent with the 𝑧 = 0 SMBH mass
density derived from the VDF and 𝑀BH − 𝜎★ relation (downward
green triangles in Figure 8) but fall short in reproducing the estimate
from the SMF and 𝑀BH−𝑀★ relation (the “x” and “+”-shaped mark-
ers in Fig. 8). This discrepancy, was already noted in previous works
(e.g. Tundo et al. 2007) and, in particular, Shankar et al. (2020a) and
Zou et al. (2024) have highlighted the inconsistency between accre-
tion models and the BHMF obtained from the 𝑀BH − 𝑀★ relation
which would require extremely low values of the radiative efficiency,
possibly an indication of a bias more pronounced in the 𝑀BH − 𝑀★

relation (e.g. Shankar et al. 2016; Shankar et al. 2025). Luberto &
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Furlanetto (2025) recently investigated the radiative efficiency neces-
sary to reconcile a high-𝑧 estimate of 𝜌BH based on the P23 relation
with the local estimate, finding a need for an even higher radiative
efficiency of 𝜖r ∼ 0.2, further corroborating the results presented
here and by Shankar et al. (2020a) and Zou et al. (2024).

We note that pairwise residual analysis consistently indicates that
stellar velocity dispersion is the galactic variable most strongly cor-
related with SMBH mass, thus, supporting the VDF-based BHMF. In
this logic, the initial condition should also be based on the 𝑀BH −𝜎★

relation, which as discussed earlier on, appears to be consistent be-
tween high-𝑧 and local AGN. As a reliable estimate of the 𝑧 ∼ 5 VDF
is not available, in Appendix B we deploy the framework of Marsden
et al. (2021) and find the predicted VDF-based 𝜌BH at 𝑧 = 5.5 to lie
below the estimate based on the P23 relation, more aligned with the
estimate based on the L25 relation, which would create more room
for a steadier growth of SMBHs down to 𝑧 = 0.

4.5 Forward Modelling the SMBH Demography

In this section we present the evolution of the BHMF predicted by
the continuity equation technique. As described in detail in section
3.2, we employ the continuity equation following the methodology
of Tucci & Volonteri (2017), taking the BHMFs inferred from the
SMF using the three 𝑀BH−𝑀★ relations (Fig. 5) as initial conditions,
and adopting the ERDF of Tucci & Volonteri (2017) but adjusting its
parameters at high redshift to approximately reproduce the ERDF of
quasars at 𝑧 ∼ 5 − 7. The resulting BHMFs are displayed in Fig. 10
where the colour gradient denotes the continuous redshift evolution
and the solid coloured lines display the BHMF at integer steps in
redshift. The aim of this section is not to provide a comprehensive
and final model for the evolution of the BHMF with time, but rather
to merely check the consistency with the local estimates in Figure 10.
There are, of course, uncertainties that arise due to some of the input
assumptions in our modelling (e.g. the ERDF, obscured fraction,
AGN LF, neglecting mergers, etc.), however, our conclusions are
minimally impacted by these.

The left-hand panel of Figure 10 displays the resulting evolution
of the BHMF from the P23 initial conditions. We observe that the
majority of the evolution occurs areound the knee of the mass func-
tion (𝑀BH ∼ 108−9.5 M⊙), with minimal evolution outside of this
domain. The resulting local BHMF is broadly consistent with the
VDF-based estimate, but with a significant departure and steepening
below 𝑀BH ∼ 107.5 M⊙ . This discrepancy could of course mirror
an incompleteness in the local VDF and/or too high an initial con-
dition. Including BH mergers may redistribute some of this mass
but would not improve this mismatch significantly, as also recently
shown by Lapi et al. (2025) who deployed cosmologically motivated
BH mergers in the continuity equation using the Smoluchowski for-
malism (Smoluchowski 1916). The inclusion of mergers may also
lead to the high-mass end of the BHMF exceeding the VDF-based
estimate.

The middle panel of Figure 10 displays the results of the accreted
mass functions using the L25 BHMF as initial conditions. Similarly
to the P23 BHMF, the majority of the evolution from the L25 initial
conditions occurs around the knee. However, as the initial conditions
aren’t as steep, there is more evolution at all masses than in the P23
case. The resulting local BHMF is consistent with the Burke et al.
(2025) SMF-based estimate at high masses, the VDF-based estimate
at the knee, but still displays a steepening below 𝑀BH ∼ 107.5 M⊙
(albeit, slightly less significant than in the P23 case). Including BH
mergers may redistribute some mass, particularly impacting the high-

mass end and possibly bringing the BHMF in line with the VDF-
based estimate.

The right-hand panel of Figure 10 displays the resulting evolution
of the BHMF from the RV15 initial conditions. We observe that
there is significant redshift evolution of the BHMF across the mass
range, with the 𝑧 = 0 prediction mostly aligning with the SMF and
VDF-based BHMFs at the high-mass end and knee, respectively,
whereas it tends toward the TRINITY (Zhang et al. 2023) estimate
in the low masses limit. By 𝑧 = 3 the BHMF is ∼ 10% of its value
at 𝑧 = 0, but still lies just below the 𝑧 = 5.5 BHMF obtained from
the SMF and P23 relation. The level of evolution implied by this
model is consistent with that typically predicted by other accretion
models (e.g. Merloni & Heinz 2008; Shankar et al. 2009a; Cao 2010;
Aversa et al. 2015; Tucci & Volonteri 2017; Sicilia et al. 2022) as
well as cosmological hydrodynamic simulations (e.g. Habouzit et al.
2021a).

We note that a BH occupation fraction below unity at moderate
to low stellar masses (such as those proposed by Miller et al. 2015;
Zou et al. 2025) would induce a more marked flattening of the local
BHMF at 𝑀BH ≲ 106−7 M⊙ . In turn, this flattening would exacerbate
the tension with the steep low-mass end of the accreted BHMF. While
mergers may redistribute some of this mass, the P23-based BHMF
would be in tension with this already at 𝑧 = 5.5, requiring extremely
high merger rates that are not supported by current models (e.g. Lapi
et al. 2025). Exploring this in detail is beyond the scope of this work,
however we plan to address this in future work.

4.5.1 The Average Duty Cycle

In addition to the evolution of the BHMF, the continuity equation
approach also predicts the duty cycle as a function of BH mass
and redshift including all active SMBH shining above the minimum
luminosity recorded in the input AGN LF. The redshift evolution
of the mean duty cycle of the SMBH population computed from
equation (20) for the three sets of initial conditions, ⟨𝑈 (𝑧)⟩, is dis-
played in Figure 11. The average duty cycle is initially in good
agreement with the values obtained from the BHMF in section 4.1
( 𝑓AGN ∼ 0.08, 0.5, ≳ 1 from the BHMF for the P23, L25, and RV15
relations, respectively). At later times the duty cycle declines from
𝑧 = 5.5 to 𝑧 ∼ 3 for all three 𝑀BH − 𝑀★ relations. This is the result
of the weak evolution of the LF normalisation over this period (see
Fig. 9). The duty cycle then increases in all three models, peaking
at 𝑧 ∼ 1, before declining to present day and converging to similar
values at 𝑧 ≲ 0.5.

At 𝑧 ∼ 4, the P23 model predicts an average duty cycle of ∼ 5%,
broadly consistent with the estimate from the predictions of the super-
Eddington CAT model (∼ 1−4% Trinca et al. 2024), but lower than is
typically predicted by cosmological hydrodynamic simulations (see
Fig. 8 of Habouzit et al. 2021b). Whereas, the L25 model predicts an
average duty cycle of ∼ 20%, consistent with the predictions of some
accretion models and the Eagle simulation (e.g. Tucci & Volonteri
2017; Habouzit et al. 2021b), and the RV15 model predicts an average
duty cycle of ∼ 40% (similar to TNG100 and below the prediction of
Horizon AGN Habouzit et al. 2021b). Even at 𝑧 ∼ 1 there is a factor
of ∼ 2 difference between the average duty cycle of the P23 and L25
models which could potentially be investigated through clustering
analysis by future deep, wide-field surveys.

4.5.2 The Evolution of the 𝑀BH − 𝑀★ Relation

For completeness, we also compute the predicted 𝑀BH −𝑀★ relation
at each redshift via abundance matching between the observed SMF
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Figure 11. A comparison of the average duty cycle (computed via equation
20) for the RV15 (upper dark blue line), P23 (lower light blue), and L25
(middle green line) models.

and our BHMF derived from the continuity equation. The resulting
evolution of the 𝑀BH − 𝑀★ relation for the three cases is displayed
in Figure 12.

As expected from the agreement displayed in Figure 10, we find
the local 𝑀BH − 𝑀★ relations obtained from all three sets of initial
conditions to be in good agreement with one another, as well as with
the observed local relations. Specifically, the relations agree approx-
imately in both slope and normalisation with the RV15 local relation
at 𝑀★ ≲ 1011 M⊙ and with the local determination of Shankar et al.
(2016) above this. Of course, the implementation of the continuity
equation only includes the growth of BHs via accretion, whereas
growth via SMBH mergers is expected to steepen the relation at the
high-mass end, but not significantly impact the overall evolution in
normalisation. The most striking difference among the three cases
is the level of evolution. We observe that for the RV15 and the L25

models, the predicted 𝑀BH−𝑀★ relations display little evolution, be-
ing within the parameter space of local determinations from 𝑧 = 5.5
to present. However, the P23 case displays significant and rapid evo-
lution at early times, due to the BHMF evolving very little while
the SMF evolves more significantly, implying a low ⟨sBHAR/sSFR⟩
ratio which dictates the motion in the 𝑀BH − 𝑀★ plane. In addition,
the evolution characterising the P23 model, which predicts a BH
mass density comparable to the local estimate already by 𝑧 ∼ 2.5, is
approximately consistent with the observations of Juodžbalis et al.
(2025a) who find their lowest redshift bin (2 < 𝑧 < 3.5) to have
converged to the local relation. However, this evolution may also
be somewhat driven by the differing level of observational biases at
different redshifts.

We carry out a similar exercise for the 𝑀BH − 𝜎★ relation at
𝑧 = 0 via abundance matching between the SDSS VDF of Bernardi
et al. (2010) and the BHMF from the continuity equation, and adopt
the intrinsic scatter found by Tundo et al. (2007) of 0.15 dex. The
resulting 𝑀BH − 𝜎★ relation is displayed in Figure 13. We find the
local relation in all three cases to be consistent with the Tundo et al.
(2007) relation and the Bennert et al. (2021) relation, with only a
slight deviation at the highest masses, which would may reduce
through the inclusion of mergers. In Appendix B we predict the
evolution of the 𝑀BH − 𝜎★ relation by adopting the VDF predicted
by the theoretical framework of Marsden et al. (2021). We find that,
depending on the exact inputs, both the P23 and L25 BHMFs predict
a 𝑀BH − 𝜎★ that is almost constant in redshift and consistent with
the local relation.

To summarise, by forward modelling the BHMF using the con-
tinuity equation, we have demonstrated that all three high-𝑧 BHMF
constructed using the 𝑀BH −𝑀★ relations can be reconciled with the
local estimates of the BHMF, although with an upturn at low masses
for the P23 and L25 models. In addition, the P23 model shows very
little redshift evolution in the BHMF, but a strong evolution in the
𝑀BH −𝑀★ relation (similar to the zevo seed case in Zou et al. 2024).
On the other hand, the RV15 and L25 models predict more evolution
in the BHMF and a 𝑀BH − 𝑀★ with minimal evolution.
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Figure 13. A comparison of the 𝑀BH − 𝜎★ relation obtained by abundance
matching between the local BHMF derived using the continuity equation and
the VDF of Bernardi et al. (2010) to the literature relations of Tundo et al.
(2007), Bennert et al. (2021), and de Nicola et al. (2019). The Bennert et al.
(2021) and de Nicola et al. (2019) relations have been aperture corrected to
𝑅ap = 𝑅e/8 in order to match the Bernardi et al. (2010) VDF and the Tundo
et al. (2007) relation. We have assumed the intrinsic scatter of Tundo et al.
(2007) as it uses stellar velocity dispersions computed in the same aperture as
the Bernardi et al. (2010) VDF (𝑅ap = 𝑅e/8). The relation using the BHMF
from the RV15 model is denoted by the solid dark blue line, the relation using
the BHMF of the P23 model is denoted by the light blue dashed line, and the
relation using the BHMF of the L25 model. The 1𝜎 uncertainty region is
denoted by the corresponding shaded region of the same color. We observe
that the 𝑀BH − 𝜎★ relation of all three models are in good agreement with
one another and with the relation of Tundo et al. (2007).

5 DISCUSSION

In this Section we first briefly describe AGN clustering as an addi-
tional powerful probe to discern among equally successful models.
We briefly discuss how the LRDs fit into this work and then move

on to discuss the possible observational systematics affecting our
data-driven methodology, and conclude with a comparison to cos-
mological galaxy evolution models and a discussion of the wider
implications.

5.1 AGN Clustering as an Independent Constraint

In this work, we have presented an investigation of the consistency of
different data sets relating to the high-𝑧 SMBH population. Specif-
ically, we have built from the JWST 𝑧 = 5.5 SMF a corresponding
BHMF via three 𝑀BH −𝑀★ relations that bracket the (large) system-
atics present. We found that to simultaneously reproduce the active
BHMF and bolometric/UV AGN LFs, the duty cycles or fractions of
active SMBHs should be ∼ 10%, 50%, and ≳ 100%, respectively,
for the three reference 𝑀BH − 𝑀★ scaling relations of P23, L25, and
RV15.

Such a degeneracy could be in principle broken via independent
AGN clustering measurements that set constraints on the host dark
matter halo masses and thus on the implied duty cycles in terms of
fraction of active haloes. As the quasar population appear to reliably
follow the local bolometric correction of Shen et al. (2020), we can
compare the predictions from the three 𝑀BH − 𝑀★ relations with
the observationally determined duty cycle of UV-luminous quasars
from clustering analysis. Eilers et al. (2024) estimate the number
density of UV-luminous quasars (𝑀UV ≲ −26.5 mag) using the
UV LF of Schindler et al. (2023) and from the ratio to number
density of host halos with 𝑀H ≥ 1012.43, infer the duty cycle to be
𝑓duty = 0.004+0.012

−0.003.
To make sure this is a fair comparison, we run a Monte Carlo

model in which we sample the host halos with 𝑀H ≥ 1012.43 from
the halo mass function, assign stellar masses from the 𝑀★ − 𝑀H
relation (computed via abundance matching), and BH masses via
the three 𝑀BH − 𝑀★ relations. To each of these BHs we assign a
bolometric luminosity via sampling our ERDF and assuming 𝑓AGN =

1, then convert this to a UV magnitude using the Shen et al. (2020)
bolometric correction. We then compute the UV LF and compute
the duty cycle as the ratio of the Schindler et al. (2023) UV LF to
our model UV LFs in the range 𝑀UV ≤ −26.5 mag. We find duty
cycles of 𝑓duty = 0.004+0.008

−0.003, 0.023+0.041
−0.015, 0.26+0.24

−0.14 for the P23,
L25, RV15 relations, respectively, where the uncertainties originate
from adopting the 1𝜎-upper and lower bounds on the minimum halo
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mass. These results indicate that a higher normalisation 𝑀BH − 𝑀★

relation is favoured, hinting at a preference for the P23 relation at least
in the quasar population. However, these findings are sensitive to the
high-mass extrapolation and the intrinsic scatter of the relation, with
more detailed future studies needed to robustly draw conclusions.

5.2 The Little Red Dots in the Context of This Work

Throughout this work we have assumed that the LRDs are a small
subpopulation of the wider BL AGN population, such that they con-
tribute minorly (or even negligibly) to the BL AGN demographics and
therefore, do not need to be carefully treated via separate prescrip-
tions within our framework. Here, we briefly justify this assumption.

We estimate the relative abundance of LRDs from the ratio of
the number density of LRDs to the number density of BL AGN.
Specifically, we estimate the number density of LRDs by integrating
our Schechter fit to the Kokorev et al. (2024) LF, which we correct
following Greene et al. (2025, denoted by the left hand arrows in
Fig. 1) in the range 𝐿bol ≥ 1042.5 erg s−1 and obtain the number
density of BL AGN from our reference LF in the same range. From
this we estimate that the LRDs only compose 2.1% of the BL AGN
population.

Similarly, we can gauge the LRDs contribution to the SMBH
population by comparing the Kokorev et al. (2024) LF which has been
corrected following Greene et al. (2025) to our model predictions
with 𝑓AGN = 1 via eq. (11) for 𝐿bol ≥ 1042.5 erg s−1. From this we
estimate that LRDs compose ∼ 1, 3, 4.5% of the SMBH population
for the P23, L25, and RV15 relations, respectively. This suggests that
the LRDs compose only a small fraction of the SMBH population (≲
5%) independently of how the observed AGN relate to the underlying
SMBH population.

5.3 Systematics

The main systematics that may impact our findings are the reliability
of the SMBH mass, luminosity, and number density estimates, as
well as the assumptions within our methodology. We tackle each
of these in turn and discuss to what extent they could impact our
findings.

5.3.1 SMBH Mass and Luminosity Estimates

The SMBH mass measurements of the BL AGN have been obtained
from single-epoch virial estimators using the broad Balmer lines.
These estimators rely on the observed widths of the broad Balmer
lines tracing the motion of the BLR clouds, as well as locally cali-
brated empirical relations. Recent direct measurements of the BLR
dynamics from GRAVITY+ have suggested that single epoch meth-
ods may overestimate the SMBH masses in at least some high-𝑧
systems (Abuter et al. 2024; El Dayem et al. 2025, see also Parlanti
et al. 2025). Furthermore, not accounting for secondary correlations
within these estimators – particularly when working with small, flux-
limited samples – can potentially also bias your BH masses high at a
population level (Lupi et al. 2024b). In addition, at least in the LRD
subpopulation, there is growing evidence for the central SMBH be-
ing enshrouded in dense neutral gas (e.g. Inayoshi & Maiolino 2025;
Naidu et al. 2025; de Graaff et al. 2025a; D’Eugenio et al. 2025a,b),
which would be responsible for the v-shaped SED, the SMBH mass
being significantly overestimated by single-epoch virial estimators,
and a large deviation from the locally calibrated bolometric correc-
tions.

In our framework, the RV15 𝑀BH − 𝑀★ relation, representative
of local AGN, has been assumed as the possible underlying scaling
relation when both selection effects and SMBH mass overestimates
are accounted for. However, this relation still requires very large, and
sometimes unphysical, duty cycles of 𝑓AGN ≳ 1 to reproduce the
large number densities of AGN at 𝑧 ∼ 5 − 6, suggesting that either
these estimates are also overestimated, as discussed below, and/or
that the UV–bolometric corrections require further tuning.

5.3.2 Number Density Estimates

In section 4 we tested our predicted AGN demography against sev-
eral observational estimates of the number density of high-𝑧 AGN
which may, in turn, suffer from systematics. The Taylor et al. (2024)
active BHMF may be biased high as 21 of their sample of 62 spec-
troscopically confirmed BL AGN are LRDs. If the BH*/BH enve-
lope interpretation is found to be widely applicable to the LRDs,
then the BH masses of these objects would likely be overestimated
by ≳ 2 dex, significantly impacting the resulting number density
estimate. Furthermore, when computing the active BHMF, Taylor
et al. (2024) apply an incompleteness correction obtained through a
Monte Carlo approach, which is significant at low masses (∼ 1 dex
at 𝑀BH = 106.5 M⊙). While removing the incompleteness correction
alone does not reconcile the active BHMF with the total BHMF pre-
dicted by the RV15 𝑀BH − 𝑀★ relation, if the LRD masses also get
revised lower, then this may well reconcile the two. However, there
would still be a discrepancy at the high-mass end between the BHMF
inferred using the RV15 relation and the active BHMF of He et al.
(2024).

The UV LF of BL AGN may also be biased high due to host-
galaxy contamination, which appears to be present in several sources
of the Maiolino et al. (2024) and Juodžbalis et al. (2025a) samples
(see Fig. 4). An overestimation of these UV LFs would also impact
our reference LF, which is tuned only to UV-based estimates at the
faint end. However, we have neglected correcting these UV LF for
dust extinction when converting them to bolometric, which would
somewhat counterbalance such an effect. By using, among others, an
empirical 𝑀UV − 𝐿bol mapping, we overcame some of these uncer-
tainties, though some uncertainty in the UV LF of BL AGN remains
(exemplified by the tension between these UV LFs and the recent
upper limit of Lin et al. 2025a).

Finally, due to the small field of view of JWST, the nominal sur-
veyed area is still quite small. So, a simple overestimation of the
number density due to cosmic variance or uncertainty in the volume
definition remains a possibility.

5.4 Comparison to Theoretical Models

Theoretical modelling is key to conclusively decipher where these
faint BL AGN sit in relation to the total underlying SMBH popula-
tion, the implications for SMBH seeding, and the implications for
the origin, evolution, and driving forces behind the SMBH–galaxy
connection. Tackling this problem with cosmological hydrodynamic
simulations, semi-analytic models (SAMs), and semi-empirical mod-
els (SEMs) in tandem offers the most promising approach, as they are
complementary techniques, allowing different aspects of the problem
to be probed.

There are ongoing efforts to understand the JWST observations
within theoretical frameworks. For instance, Trinca et al. (2024) re-
cently showed that, in the framework of the Cosmic Archaeology Tool
(CAT; Trinca et al. 2022a; Trinca et al. 2022b), both the over-massive
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Figure 14. A diagram summarising the two broad classes of models that we find are consistent with the current observational data sets.

nature of the low-luminosity BL AGN and the Akins et al. (2024) LF
could be reproduced via episodic periods of super-Eddington accre-
tion triggered by galaxy mergers, whereas their Eddington-limited
model is consistent with both the 𝑀BH − 𝑀★ relation of local AGN
(e.g. RV15) and the quasar luminosity function at 𝑧 ∼ 6. However,
due to the limited redshift range of the model, it is unclear what
signatures this evolutionary pathway may leave on the local SMBH
demography. Porras-Valverde et al. (2025) presented a complemen-
tary study comparing SAMs that at 𝑧 ∼ 0 are consistent with the
SMF, local estimates BHMF, and the 𝑀BH −𝑀★ relation, examining
how they differ at high redshift, if they can reproduce the distribu-
tion functions of LRDs and high-𝑧 AGN, and what mechanisms are
responsible. They found that, on the whole, the SAMs’ total BHMF
were consistent with the high-𝑧 active BHMFs of Taylor et al. (2024),
but were unable to reproduce the bolometric LF of Akins et al. (2024),
with the exception of DarkSage (Stevens et al. 2016). In addition,
the majority of the SAMs’ predicted LFs fall below, but close to our
reference LF.

At 𝑧 ∼ 5.5, we find our reference LF to be in good agreement with
the prediction from the CAT super-Eddington model at the bright end
(𝐿bol ≳ 1046.5 erg s−1) , but sits mid-way between the CAT super-
Eddington and Eddington-limited models at 𝐿bol ≲ 1044 erg s−1. At
𝑧 ∼ 5.5, the BHMFs of the CAT super-Eddington model and the
A-SLOTH heavy-seeding model (Jeon et al. 2025b) are in better
agreement with that inferred from the SMF using the P23 𝑀BH −𝑀★

relation. Whereas, the CAT Eddington-limited model and the light-
seeding model from Jeon et al. (2025b) are in better agreement with
the estimates using the RV15 and L25 relations, respectively. At
𝑧 ∼ 10 we find that in the range 𝑀BH ≥ 105 M⊙ , the SMBH mass
density of the CAT super-Eddington model and the A-SLOTH heavy-
seeding model are already consistent with the VDF-based estimate
at 𝑧 = 5.5 and exceeds the estimate from the L25 𝑀BH −𝑀★ relation.
Restricting this to the same mass range as eq. (12) (𝑀BH ≥ 106 M⊙),
we find the 𝑧 = 9.5 prediction of the heavy-seeding model to be in
good agreement with the prediction from our reference LF (see Fig.
E2). While in the range 𝑀BH ≥ 105 M⊙ , the SMBH mass density
of the CAT Eddington-limited model displays little evolution from
𝑧 ∼ 10−5 being broadly consistent with the VDF-based estimate and
the value inferred using the L25 𝑀BH −𝑀★ relation at 𝑧 = 5.5 across
this redshift range, restricting this to 𝑀BH ≥ 106 M⊙ reduces the
mass density such that it evolves similarly to the prediction from the
Shen et al. (2020) LF. Notably, the GAlaxy Evolution and Assembly

semi-analytic model (GAEA De Lucia et al. 2014; Hirschmann et al.
2016) was recently demonstrated to be in agreement with the L25
relation at 𝑧 ∼ 4−7 for a number of seeding prescriptions (Cammelli
et al. 2025), suggesting that the seeding mechanism alone may be
insufficient to explain the AGN observed by JWST. Their predicted
𝑀BH−𝑀★ relation also shows weak evolution across the total redshift
range (𝑧 ∼ 0 − 10) consistent with our model that adopts the initial
conditions from the L25 relation.

5.5 Wider Implications

Our results suggest that the currently available observational esti-
mates of large number densities of the high-𝑧 AGN observed by
JWST, coupled to their large masses and mildly sub-Eddington ac-
cretion rates, would favour a high-normalisation in the 𝑀BH − 𝑀★

relation, lying above the one measured for local AGN.
On one hand, a much higher-normalisation relation (e.g. P23) is

required to reproduce the UV-based estimates of the AGN space
densities from Maiolino et al. (2024) and Scholtz et al. (2023), at
face value indicating that the observed lower-luminosity AGN are
representative of the underlying SMBH population. These findings
would in turn imply that most of the SMBHs would preceed the
growth of their stellar hosts, which would then catch up at lower
redshifts to settle onto the local relations, in broad agreement with the
popular two-stage evolutionary scenario envisaging a fast assembly
of the central regions of the galaxies followed by a more prolonged
stellar growth at later epochs (e.g. Cook et al. 2009, 2010; Oser et al.
2010; Lapi et al. 2018; Mo et al. 2024; Chen et al. 2024; Silk et al.
2024; Lai et al. 2024; Chen et al. 2025), also supported by the recent
observations of Billand et al. (2025).

On the other hand, accounting for selection effects and measure-
ment uncertainties, would imply that the mean relation should lie
significantly below the determination of P23, as argued by L25 (as
well as Silverman et al. 2025; Ren et al. 2025). Indeed, we find that
the 𝜎★-based BHMF is in good agreement with the one extracted
from the L25 𝑀BH − 𝑀★ relation, suggesting the latter to be a more
robust tracer of SMBH mass.

In addition, assuming that also SMBH mass estimates are overes-
timated, would imply an intrinsic 𝑀BH − 𝑀★ relation comparable to
the determination of RV15 for local AGN. Besides the fact that this
relation requires sometimes unphysical (> 1) duty cycles to repro-
duce the AGN LFs, the 𝑧 = 5.5 SMBH mass density computed from
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the time-integration of our reference AGN LF is more than an order
of magnitude larger than what is obtained from the RV15 BHMF, as
shown in the right panel of Figure 8. Even on the assumption of max-
imally spinning SMBHs (𝜖r = 0.42) a large discrepancy (∼ 0.8 dex)
between the prediction from our reference LF and the RV15-based
BHMF remains, implying that the AGN LF at 𝑧 ≳ 5 is necessarily
overestimated to reconcile the two.

All in all, we find that at face value, assuming the observed AGN
are representative of the underlying population, the high-𝑧 AGN
population are as massive as observations suggest and can be as
numerous as indicated by the current measurements of the AGN
luminosity function. If selection effects are accounted for, such that
the observed AGN are the most massive objects in the tail of the
distribution, then the high-𝑧 AGN population can be as massive
as observations suggest but not as numerous as indicated by the
Maiolino et al. (2024) and Scholtz et al. (2023) UV LFs. If there is
also a systematic overestimation of SMBH masses, then the high-𝑧
AGN population are neither as massive or as numerous as current
observations suggest, as it would be extremely challenging to account
for a large number density of AGN starting from comparatively low
average 𝑀BH −𝑀★ relations. Given the above considerations, we can
broadly define two classes of viable models (summarised in Fig. 14):

• The first class follows a strong two-phase growth scenario, rep-
resented in this work by the P23 model, as well as in other works by,
for example, the CAT super-Eddington model and DarkSage. These
models are characterised by steep initial conditions, such as a high-
normalisation 𝑀BH − 𝑀★ relation at high-𝑧 coupled with relatively
lower duty cycles, leading to a weakly evolving BHMF as lower red-
shifts, a low ⟨sBHAR⟩/⟨sSFR⟩ and a strongly evolving 𝑀BH − 𝑀★

relation.
• The second class of viable models follows the scenario where

BHs roughly coevolve with their host galaxies, represented in this
work by the L25 model, as well as in other works by, for example,
GAEA. These models are characterised by shallower initial condi-
tions, such as a modest offset from the 𝑀BH − 𝑀★ relation of local
AGN coupled with a larger intrinsic scatter and high duty cycles,
leading to a BHMF that evolves more steadily and a 𝑀BH − 𝑀★

relation that displays little evolution.

There are a number of potential observations that could help shed
light on the demography of SMBHs at high-𝑧. In particular, the local
BHMF predicted via the continuity equation (Fig. 10) displays an
upturn at low masses in the P23 and L25 models, an artifact of the
initial conditions that persists to 𝑧 = 0. Therefore, pinning down
the low-mass end of the local BHMF will not only give constraints
to SMBH seeding models, but help in constraining the demography
of SMBHs at high-𝑧. Furthermore, AGN clustering measurements
from large and deep surveys such as Euclid and LSST will help to
set independent and precious constraints on the viable duty cycles
of AGN at moderate to high redshifts, which may help discriminate
between these two classes of models (e.g. Fig. 11). Finally, high
resolution spectroscopy of lower redshift LRD candidates will help in
constraining the prevalence of rest-frame absorbers among the LRD
population (D’Eugenio et al. 2025a), offering improved constraints
on their masses and accretion rates, as well as gaining insights into
whether these absorbers are in stationary or oscillatory states (e.g.
D’Eugenio et al. 2025b).

6 CONCLUSIONS

The demography of 𝑧 ∼ 5 AGN as revealed by JWST is allegedly
showing a large population of accreting SMBHs with number den-
sities and masses orders of magnitude above what was measured
by pre-JWST observations. In this work, we accurately analyse the
consistency of such diverse and perplexing data sets by starting from
the galaxy stellar mass function which we first convert into a SMBH
mass function via a chosen 𝑀BH−𝑀★ relation, and then into an AGN
luminosity function via an assumed AGN fraction and an Eddington
ratio distribution consistent with the observed high-𝑧 BL AGN. By
comparing with current estimates of the SMBH mass function and
BL AGN luminosity functions in the bolometric and UV planes, we
have set well-grounded conditions on the viability of the input high-𝑧
SMBH scaling relations and their role as initial conditions for SMBH
growth models at 𝑧 ≲ 5. Our results can be summarised as follows:

• We find that to reconcile the JWST galaxy stellar mass function
with the high-𝑧 active SMBH mass function, an 𝑀BH − 𝑀★ relation
that is higher in normalisation than that of local AGN is favoured
(Figure 5). More specifically, the stellar mass function can be rec-
onciled with the high-𝑧 active SMBH mass function of braod-line
AGN via either an 𝑀BH − 𝑀★ relation that is much higher in nor-
malisation (e.g. P23) paired with a low duty cycle ( 𝑓AGN ∼ 0.08), or
a more moderate relation (e.g. L25) paired with a higher duty cycle
( 𝑓AGN ∼ 0.5). Assuming an 𝑀BH −𝑀★ relation consistent with local
AGN (e.g., RV15) would require 𝑓AGN > 1 to reconcile with current
estimates of the active SMBH mass function (Figure 5).

• From the SMBH mass function we derive the bolometric AGN
luminosity function adopting the observed Eddington-ratio distribu-
tion at 𝑧 ∼ 5 and assuming different AGN fractions. We find that
current number densities of broad-line AGN can be broadly matched
with 𝑓AGN ∼ 0.1, 0.5 for the P23, L25 𝑀BH − 𝑀★ relations, respec-
tively, and 𝑓AGN ∼ 1 assuming local 𝑀BH − 𝑀★ relation for AGN
(RV15), in line with what estimated from the SMBH mass functions
(Figure 6).

• Similar results are retrieved when examining the UV luminosity
functions derived with an empirical 𝐿bol − 𝑀UV mappings (Figure
7). In all cases, the faint end of the AGN luminosity functions are
extremely challenging to match even with maximal values of the duty
cycles, pointing to a possible overestimation of these data (Figures 6
& 7).

• We carry out an extensive Sołtan-type argument integrating in
time from 𝑧 ∼ 10 to 𝑧 ∼ 5.5 a new estimate of the bolometric
AGN luminosity function that takes into account all the latest cur-
rent measurements. With standard values of the radiative efficiency
(𝜖r ∼ 10%), we find a SMBH mass density in line with the SMBH
mass density implied by the 𝑀BH − 𝑀★ relation of moderate nor-
malisation by L25 and the one derived from the 𝑀BH − 𝜎★ and the
high-𝑧 velocity dispersion function (extracted from the galaxy stellar
mass function and the Faber-Jackson relation; Fig. 4.4). Such a con-
vergence of results further supports the view that 𝑀BH−𝑀★ relations
with extreme normalisations (e.g., P23) are biased high.

• Via a continuity equation approach we predict the evolution of
the SMBH mass function from 𝑧 = 5.5 down to 𝑧 = 0 using in in-
put our updated bolometric AGN luminosity function and observed
Eddington-ratio distributions, and starting from the BHMFs implied
by the three 𝑀BH − 𝑀★ relations. SMBH mass functions consistent
with very high normalisation 𝑀BH − 𝑀★ relations (e.g., P23) imply
weak evolution at later times, and very steep low-mass BHMFs, in
tension with local estimates. Vice versa, more moderate or low nor-
malisation 𝑀BH − 𝑀★ relations (e.g. L25, RV15) generate accretion
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histories and local BHMFs more aligned with previous estimates
(Figure 10).

• Starting from a high-normalisation in the 𝑀BH − 𝑀★ relation
(e.g., P23) leads to a strong evolution of the scaling relation, gradually
settling on the local relation from above, while it remains nearly
constant when starting from more moderate initial conditions (e.g.,
the L25 and RV15 cases; Figure 12).

The data-driven investigation put forward in this work offers valu-
able insights on both 1) the consistency of current high-𝑧 data and 2)
the co-evolution of SMBHs and their host galaxies (Figure 14). At
face value, the high number densities of AGN measured at 𝑧 ∼ 5.5
necessarily require underlying 𝑀BH − 𝑀★ relations that are higher
than those measured for local AGN to avoid unphysical duty cycles
( 𝑓AGN > 1), favouring a two-phase evolution where SMBHs grow
faster than their hosts at early epochs (Figures 12 and 14). How-
ever, with an 𝑀BH − 𝑀★ relation only modestly above that of local
AGN (e.g. L25), we can still achieve full self-consistency with all
current data, including the 𝑀BH − 𝜎★ relation, moderate duty cycles
(∼ 50%), and a more steady evolution in the 𝑀BH − 𝑀★ evolution
with improved match with the local SMBH mass function.
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APPENDIX A: FAINT BL AGN SAMPLE

In this work we make use of a sample of faint BL AGN observed by
JWST at 4.5 ≤ 𝑧 ≤ 6.5 to derive a mapping between 𝐿bol and 𝑀UV
and another sample to gain a sense of the distribution of Eddington
ratios of these objects. Here we briefly summarise the selection cri-
teria and key quantities of the parent samples and refer the interested
reader to the corresponding source paper for the full methodology
used to derive the quantities used.

The AGN samples used in this work are composed of objects from:

• Harikane et al. (2023): They select objects observed in the
GLASS (Treu et al. 2022) and CEERS (Finkelstein et al. 2025) with
NIRSpec from the sample of Nakajima et al. (2023) with broad H𝛼
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Figure A1. The distribution of Eddington ratios for our sample of faint BL
AGN observed by JWST (grey histogram), as well as the distributions of the
sample broken down by source paper (coloured histograms), compared to a
sample of quasars at 𝑧 ∼ 5−7 (black dashed histogram) obtained from Willott
et al. (2010); Trakhtenbrot et al. (2011); Matsuoka et al. (2019); Onoue et al.
(2019); Shen et al. (2019), as well as a BL AGN + LRD sample (with the LRDs
from Greene et al. 2024; Kocevski et al. 2024; Matthee et al. 2024, red dotted
histogram). The best fit Gaussian to our BL AGN sample is denoted by the
solid black line which has a mean of ⟨log10 (𝜆Edd ) ⟩ = −0.62 and a dispersion
of 𝜎𝜆Edd = 0.52. Whereas, if we fit the combined BL AGN + quasar sample
we find the best fit values ⟨log10 (𝜆Edd ) ⟩ = −0.35, 𝜎𝜆Edd = 0.50 (broadly
consistent with the mean 𝜆Edd values at 𝑧 ∼ 4 − 5 found by He et al. 2024;
Lai et al. 2024). The ERDF assumed in section 4.2 is chosen to agree with
the BL AGN + quasar sample. We note that several papers derive both the
black hole mass and bolometric luminosity from the broad component of the
H𝛼 line, which can lead to spurious correlations. However, the two properties
have differing dependencies, with the BH mass primarily dependent on the
width and not the luminosity.

and/or H𝛽 and narrow forbidden [OIII] and [NII] emission lines. BH
masses and bolometric luminosities are estimated from the H𝛼 emis-
sion using the estimator of Greene & Ho (2005) with the bolometric
correction of Richards et al. (2006), and the extinction values are
taken from Nakajima et al. (2023). From these we select the objects
in the range 4.5 ≤ 𝑧 ≤ 6.5.

• Kocevski et al. (2024): They photometrically select objects from
NIRCam imaging from CEERS (Finkelstein et al. 2025), NGDEEP
(Bagley et al. 2024), JADES (Eisenstein et al. 2023), and UNCOVER
(Bezanson et al. 2024) with high signal-to-noise ratios in F444W
(SNR>12), reddened rest-frame optical slopes (𝛽opt > 0), blue rest-
frame UV slopes (−2.8 < 𝛽UV < −0.37), and that are compact
𝑟h < 1.5𝑟h, stars. Two further cuts are imposed to remove sources
whose optical continuum slope is boosted by strong line emission
(𝛽F277W−F356W > −1 and 𝛽F277W−F410M > −1). They also spectro-
scopically confirm 15 LRDs using NIRSpec data and estimate the BH
masses from the H𝛼 or H𝛽 emission for all but one source which uses
the Pa𝛿 line and the extinction is obtained from SED fitting. We select
the spectroscopically confirmed LRDs in the range 4.5 ≤ 𝑧 ≤ 6.5.

• Kokorev et al. (2024): They photometrically select objects from
NIRCam imaging of CEERS (Finkelstein et al. 2025), PRIMER
(Dunlop et al. 2021), FRESCO (Oesch et al. 2023), JADES (Eisen-

stein et al. 2023), and JEMS (Williams et al. 2023) using the
selection criteria of one of two color cuts to ensure reddened
optical slopes and blue UV slopes, a compactness criterion of
𝑓F444w (0.4′′)/ 𝑓F444w (0.2′′) < 1.7, and a final cut to remove brown
dwarfs (F115W − F200W > −0.5). The bolometric luminosity is es-
timated from the continuum of the SED fit and the extinction is com-
puted from the SED fit. We select objects in the range 4.5 ≤ 𝑧 ≤ 6.5.

• Maiolino et al. (2024): They identify objects from the JADES
survey (Eisenstein et al. 2023) in the GOODS North and GOODS
South fields using the target selection of Eisenstein et al. (2023) and
Bunker et al. (2023). They identify BL AGN via the detection of a
broad component of either H𝛼 or H𝛽 (at 𝑧 ≥ 7) and without a broad
component in the forbidden transitions, particularly [OIII]5007Å.
The BH masses are estimated from the H𝛼 emission using Reines
et al. (2013), the bolometric luminosity is computed from the broad
H𝛼 using the estimator of Stern & Laor (2012), and the extinction is
obtained from SED fitting. From these we select the objects in the
range 4.5 ≤ 𝑧 ≤ 6.5.

• Matthee et al. (2024) : They select objects from EIGER (Kashino
et al. 2023) and FRESCO (Oesch et al. 2023) with high signal-to-
noise H𝛼 emission (SNRH𝛼,broad > 5), 𝐿H𝛼,broad > 2 × 1042 erg/s,
and 𝑣FWHM,H𝛼,broad > 1000 km/s. The BH mass is estimated from
the broad H𝛼 emission using Reines et al. (2013) and the bolometric
luminosity is computed from the broad H𝛼 emission using Greene &
Ho (2005) with the bolometric correction of Richards et al. (2006).
We select objects in the range 4.5 ≤ 𝑧 ≤ 6.5.

• Übler et al. (2023) : They obtain NIRSpec data for GA-NIFS
and estimate the BH mass from the broad H𝛼 emission using Reines
et al. (2013), the bolometric luminosity is computed using three
estimators: H𝛽 and [OIII] emission using Netzer (2009), the H𝛽

emission using Dalla Bontà et al. (2020), and the H𝛼 emission using
Stern & Laor (2012).

• Juodžbalis et al. (2025a): They identify objects from the JADES
survey (Eisenstein et al. 2023) in the GOODS North and GOODS
South fields following the approach of Maiolino et al. (2024). They
identify BL AGN via the detection of a broad component of either
H𝛼 and without a broad component in the forbidden transitions,
particularly [OIII]5007Å. The BH masses are estimated from the
H𝛼 emission using Reines & Volonteri (2015) and the bolometric
luminosity is computed from the broad H𝛼 using the estimator of
Stern & Laor (2012). From these we select the objects in the range
4.5 ≤ 𝑧 ≤ 6.5.

The full catalogue of individual AGN can be found at https:
//github.com/DanR001/JWSTfaintAGN. To derive an empirical
mapping between 𝐿bol and 𝑀UV we use all the AGN in our redshift
range (4.5 ≤ 𝑧 ≤ 6.5) where these values have been computed in
the parent papers and to get a sense of the ERDF we use all BL
AGN (excluding little red dots) in our redshift range where either
the Eddington ratio has been computed in the parent paper or the
bolometric luminosity and BH mass are provided.

APPENDIX B: INSIGHTS FROM THE HIGH-𝑍 VDF

The VDF is poorly constrained at intermediate to high redshifts and
so, while the 𝑀BH − 𝜎★ relation is consistently shown to be more
fundamental than the 𝑀BH −𝑀★ relation through pairwise residuals
analysis, a direct insight into the high-𝑧 demography of SMBHs from
the VDF is currently not possible. Nevertheless, as has been done
in previous works (e.g. Bezanson et al. 2011; Larkin & McLaughlin
2016; Ricarte & Natarajan 2018), the redshift evolution of the VDF
can be estimated from the SMF and a redshift dependent 𝜎★ − 𝑀★
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Figure B1. The high-𝑧 predictions from the framework of Marsden et al. (2021). Left: a comparison of the predicted 𝜎★ − 𝑀★ relation at 𝑧 = 5.5 with different
input size-mass relations, as well as the prediction from Larkin & McLaughlin (2016). Middle: a comparison of the VDF at 𝑧 = 5.5 with two assumed values
of the intrinsic scatter (Δ) and the predictions from the TNG100-1 and Simba M50 N512 simulations. The shaded regions denote the range of possible VDFs
depending on the 𝜎★ − 𝑀★ relation adopted from those in the left-hand panel. The lines show the prediction from the fiducial model of Marsden et al. (2021).
Right: a comparison of the predicted BHMF at 𝑧 = 5.5 from the VDF to those predicted from the SMF and the high-𝑧 active BHMFs (as in Fig. 5). As in the
middle panel the lines show the prediction of the Marsden et al. (2021) framework when adopting two different intrinsic scatters and the shaded regions show
the uncertainty associated to the range of 𝜎★ − 𝑀★ relations.
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Figure B2. The predicted evolution of the 𝑀BH − 𝜎★ relation predicted via abundance matching between the VDF predicted by Marsden et al. (2021) and the
BHMF predicted via the continuity equation. The left, middle, and right panels display the results from the P23, L25, and RV15 initial conditions, respectively.
These are compared to the local relations of Tundo et al. (2007), de Nicola et al. (2019), and Bennert et al. (2021), where the latter two have been aperture
corrected to 𝑅ap/𝑅e = 1/8 following de Graaff et al. (2021).

relation. From this we can infer the corresponding BHMF using the
local 𝑀BH − 𝜎★ relation, which the observed AGN with extreme
𝑀BH/𝑀★ ratios appear to be consistent with, as well as estimating
the SMBH mass density.

To predict the evolution of the 𝜎★ − 𝑀★ relation, we deploy the
theoretical frameworks of Larkin & McLaughlin (2016) and Marsden
et al. (2021)3, both of which compute the velocity dispersion via Jeans
modelling, but use different input data and assumptions when doing
so. When adopting the same size-mass relation in input we find good
agreement between these two models across redshift (𝑧 ∼ 0 − 6), as
well as being consistent with the evolution predicted by Cannarozzo
et al. (2020). Due to this agreement we focus solely on the Marsden
et al. (2021) model from now on.

To understand the sensitivity of our predicted 𝜎★ −𝑀★ relation to
the input size-mass relation we test a range of size-mass relations and
redshift evolutions. As standard we adopt the fit to MaNGA galaxies
included in Marsden et al. (2021), along with a redshift evolution
of the form 𝑅e (𝑀★, 𝑧) = 𝑅e (𝑀★, 0) × (1 + 𝑧)−𝛾 and the 𝛾(𝑀★) of

3 https://github.com/ChrisMarsden833/VelocityDispersion

Marsden et al. (2021) which (as in Ricarte & Natarajan 2018) is
calibrated to match Huertas-Company et al. (2013). We compare this
to adopting the JWST size-mass relation of Ward et al. (2024), as well
as the relation for red galaxies from Mosleh et al. (2013) with both the
mass dependent redshift evolution of Marsden et al. (2021) and the
mass independent evolution of Ormerod et al. (2024). The resulting
relations are compared to the prediction of Larkin & McLaughlin
(2016) in the left-hand panel of Figure B1. There is good agreement
between all the relations, particularly between the standard prediction
of Marsden et al. (2021) and when using the JWST size-mass relation.
The only exception is the case where we only evolved the size-mass
relation in normalisation, which has a differing shape. Due to this
agreement we will adopt the fit to MaNGA data from Marsden et al.
(2021) when moving forward, and use the other relations to bound
the uncertainty.

Now in possession of redshift dependent 𝜎★−𝑀★ relation, we can
infer the VDF at high 𝑧 from the Shuntov et al. (2025b) SMF via the
convolution

Φ(𝜎★) =
∫

Φ(𝑀★)P(𝜎★ |𝑀★) d log10 (𝑀★) , (B1)

where P(𝜎★ |𝑀★) is assumed to be a Gaussian distribution and we
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adopt an intrinsic scatter of Δ = 0.08 dex in the 𝜎★−𝑀★ relation (as
in Cannarozzo et al. 2020). However, we test the impact of adopting
a scatter of 0.2 dex at high redshift. The resulting VDFs are displayed
in the middle panel of Figure B1. We find that adopting a redshift
independent scatter of 0.08 dex leads to a VDF slightly below that
predicted by TNG100-14 (Nelson et al. 2019) and Simba5 (Davé et al.
2019), but adopting a larger intrinsic scatter brings them in line with
one another.

Similarly, we can then convert this high-𝑧 VDF to a BHMF via the
local 𝑀BH−𝜎★ relation. We adopt the relation of Bennert et al. (2021)
as it is computed in the same aperture as our VDF (𝑅ap/𝑅e = 1)
and aligns with the high-𝑧 BL AGN of Maiolino et al. (2024). The
predicted BHMFs from our VDFs are displayed in the right-hand
panel of Figure B1. We find that when adopting an intrinsic scatter
of Δ = 0.08 in the 𝜎★ − 𝑀★ relation we obtain a BHMF that is
consistent with that inferred from the SMF using the L25 relation,
whereas when adopting the larger scatter of Δ = 0.20 we obtain a
BHMF that is broadly consistent with that inferred from the SMF
using the P23 relation. Interestingly, both are consistent with the
recent estimate from Geris et al. (2025) at the low-mass end.

In addition, from these BHMFs we can estimate the SMBH
mass density at 𝑧 = 5.5 via eq. (12) and obtain the val-
ues log10 (𝜌BH/[M⊙ cMpc−3]) = 4.14+0.35

−0.46 which is consistent
with the estimate from the SMF using the L25 relation. If we
adopt the larger scatter of Δ = 0.20, we obtain a value of
log10 (𝜌BH/[M⊙ cMpc−3]) = 4.84+0.08

−0.42 which lies in between the
estimates from SMF using the P23 and L25 relations.

Finally, using our predicted VDF we can compute the evolution
𝑀BH − 𝜎★ relation from 𝑧 = 5.5 to 𝑧 = 0 by abundance matching
with the BHMF predicted via the continuity equation. To do this
we correct our predicted VDF from 𝑅ap/𝑅e = 1 to 𝑅ap/𝑅e = 1/8
using the correction of de Graaff et al. (2021) and we adopt an
intrinsic scatter of 0.15 dex as in the Tundo et al. (2007) relation. The
resulting 𝑀BH−𝜎★ relations are displayed in Figure B2. We find that
in this framework the BHMF from RV15 initial conditions suggests
a significant evolution in the 𝑀BH − 𝜎★ relation at 𝑧 ∼ 2 − 5.5,
whereas the predictions using the from the BHMFs from P23 or
L25 initial conditions display little redshift evolution. Here, we have
adopted the Marsden et al. (2021) 𝜎★ −𝑀★ relation with an intrinsic
scatter of 0.08 dex that is independent of redshift and in this case
the L25 model shows the least evolution, being consistent with the
local 𝑀BH − 𝜎★ relations across the entire redshift range. However,
adopting an intrinsic scatter of 0.20 dex in the 𝜎★ − 𝑀★ relation at
high redshift is sufficient to make the P23 model most consistent with
the local relations. Therefore, we conclude that both the P23 or the
L25 relations can be consistent with the 𝑀BH − 𝜎★ relation across
cosmic time, depending on the exact redshift evolution of the scaling
relations and their intrinsic scatter.

APPENDIX C: 𝑀UV − 𝐿bol MAPPINGS

C1 Mapping from Shen et al. (2020)

The UV bolometric correction of Shen et al. (2020) provides a map-
ping between 𝐿bol and the intrinsic UV luminosity, that is consistent
with the historical correction of Elvis et al. (1994). Under the as-
sumption that the bulk of the high-𝑧 AGN population are “typical”
AGN such that they follow the local relation, we use this mapping

4 https://www.tng-project.org/
5 https://simba.roe.ac.uk/

to convert our derived bolometric LFs to UV LFs assuming there to
be minimal dust attenuation. This relation is compared to a sample
of lower-luminosity BL AGN and LRDs in Figure 4. From this it is
clear that the majority of these lower luminosity high-𝑧 AGN differ
significantly from the local bolometric correction from Shen et al.
(2020). Whereas, quasars at the same redshift (black points in Fig 4)
appear to follow the local bolometric correction.

On one hand, if one interprets this deviation as the result of dust
attenuation, it implies that dust extinction increases with luminosity,
contrary to the low-redshift trend (e.g. Simpson 2005; Merloni et al.
2014; Ueda et al. 2014). Given such high values of 𝐴V implied
by Figure 4 and inferred from SED fitting (the sample in Fig. 4
has a mean extinction ⟨𝐴V⟩ ∼ 1.5 mag inferred from SED fitting),
one would expect the resulting UV LF to be heavily suppressed, in
contradiction to the observed UV LF of faint BL AGN. Labbe et al.
(2025b), Greene et al. (2024), and Kokorev et al. (2024) suggested
instead that the observed rest-frame UV can be interpreted as either
scattered light from an AGN or contamination from the host-galaxy.
On the other hand, at least in the LRD subpopulation of BL AGN,
there’s growing evidence that these objects are not dusty but instead,
their SEDs are intrinsically different (e.g. Naidu et al. 2025; Sacchi
& Bogdan 2025; Greene et al. 2025).

C2 Empirical Mapping from the AGN sample.

We derive an empirical mapping directly between 𝐿bol and 𝑀UV
from the sample of BL AGN displayed in Figure 4 which naturally
encapsulates contributions from the dust correction, the bolometric
correction, scattered AGN emission, contamination from the host
galaxy, and/or an intrinsic difference in the SED. We find the 𝑀UV −
𝐿bol relation to be well described by

𝑀UV = (−0.81± 0.09) log10

(
𝐿bol

1045 erg s−1

)
− (18.63± 0.06), (C1)

with an intrinsic scatter of ∼ 0.79 mag. The resulting mapping is
displayed in Figure 4 as the solid black line. This relation falls below
the bolometric correction of Shen et al. (2020) at low luminosities
which may potentially be interpreted as a regime with significant
host contamination.

If we correct the bolometric luminosities of the LRDs (those from
Matthee et al. 2024; Kokorev et al. 2024; Kocevski et al. 2024) by
1 dex (as suggested by Greene et al. 2025), then the majority of
the LRDs lie below the bolometric correction of Shen et al. (2020),
and many have log10 (𝐿bol/𝐿UV) < 0. This can be interpreted as
the LRDs UV emission being host dominated, consistent with the
BH-star scenario (Naidu et al. 2025).

Due to the uncertainty in the LRDs, we also fit the relation to only
the BL AGN data (those from Harikane et al. 2023; Maiolino et al.
2024; Juodžbalis et al. 2025a), excluding the LRDs. In this case we
find the 𝑀UV − 𝐿bol relation to be well described by

𝑀UV = (−0.21± 0.35) log10

(
𝐿bol

1045 erg s−1

)
− (18.95± 0.30), (C2)

with an intrinsic scatter of ∼ 0.97 mag. This is a shallower relation
than obtained when including the LRDs and there is larger uncer-
tainty in this fit compared to that including the LRDs due to the small
number of data points and the limited luminosity range covered by
the sample.
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C3 Statistical Mapping from Abundance Matching.

In the last approach, we derive an empirical monotonic relation be-
tween 𝐿bol and 𝑀UV via abundance matching between the measured
bolometric and UV AGN LFs of Kokorev et al. (2024). To this pur-
pose, we deploy the procedure outlined in Aversa et al. (2015, their
eq. 37)∫ +∞

𝑀UV

𝜙(𝑀 ′
UV, 𝑧) d𝑀 ′

UV =
1
2

∫ +∞

−∞
Φ(𝐿′

bol, 𝑧)

× erfc

{
log10 (𝐿bol (𝑀UV)/𝐿′

bol)√
2𝜎̃𝑀UV

}
d log10 (𝐿′

bol),

(C3)

where 𝜎̃𝑀UV = 𝜎𝑀UV/(d𝑀UV/d𝐿bol) and 𝜎𝑀UV = 0.79 mag is the
assumed intrinsic scatter in the 𝑀UV − 𝐿bol relation, matching that
of our sample. Here, we have chosen to use the LFs of Kokorev
et al. (2024) in input, as using our reference bolometric LF and
the UV LF of Grazian et al. (2024) would approximately reproduce
the Shen et al. (2020) bolometric correction, only differing at low
luminosities due to the differing faint end slopes. This would offer
no new information as we tune the normalisation of our reference LF
to the UV estimates under the assumption of the Shen et al. (2020)
bolometric correction.

In using the Kokorev et al. (2024) UV LF in equation (C3), we are
implicitly assuming that the UV emission is AGN dominated and so,
the resulting UV LFs are upper limits. If the LRD UV emission is
in fact host dominated (as suggested by Naidu et al. 2025; Greene
et al. 2025), then this mapping no longer describes the wavelength
dependence of the AGN emission but instead, describes a correlation
between ¤𝑀BH and SFR.

The mapping resulting from abundance matching is displayed in
Figure 4 as the dashed brown line and associated brown shaded 1𝜎
region. The resulting empirical relation from abundance matching,
derived from a statistical approach at population level, is reassuringly
close to the relations derived from sources on a single basis. The
remaining mild discrepancies, visible at the bright and faint ends,
could be simply ascribed to the loose constraints at the extremes of
the LFs.

We also test the case where the bolometric luminosities of the
LRDs have been overestimated by an order of magnitude, as sug-
gested by Greene et al. (2025). This is displayed in Figure 4 as the
dotted brown line and is similar to the linear fit to the sample at
low luminosities and ∼ 0.5 dex below it at the bright end, primarily
resulting in a moderate boost to the bright end of the model UV LF.
As the UV LFs resulting from this mapping are bounded by those
from the Shen et al. (2020) bolometric correction and the linear fit
to the data, we do not pursue this mapping further here because we
find that it does not impact our findings.

APPENDIX D: CONSISTENCY OF SMF AND GALAXY UV
LF

Prior to investigating AGN, we need to perform a key consistency
check and ascertain whether the SMF is fully consistent with the UV
LF of galaxies at high 𝑧. To this end, we convert our reference SMF
(i.e. Shuntov et al. 2025b) to a SFR function, assuming a negligi-
ble quenched fraction at this redshift (as suggested by observations
Muzzin et al. 2013; Weaver et al. 2023; Russell et al. 2024), and then
convert this to a UV LF. A number of works have found that, at a
given mass and redshift, the distribution of SFRs for star-forming
galaxies tend to exhibit a double Gaussian shape (e.g. Béthermin
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Figure D1. A comparison of the galaxy UV LFs of Finkelstein & Bagley
(2022) (thin solid dark red line), Harikane et al. (2022) (thin dashed orange
line), and Bouwens et al. (2021) (thin dot-dashed yellow / light orange line)
with the UV LFs derived from the SMF using the H𝛼 (thick solid blue
line), SED (thick dashed purple line), and UV (thick pink dot-dashed line)
determinations of the star-forming main sequence. We observe that, for such
a simplistic construction of the UV LF, they agree well with the literature
galaxy UV LFs of Finkelstein & Bagley (2022) and Harikane et al. (2022)
across the 𝑀UV range, with the exception of the UV LF using H𝛼 main
sequence which over-shoots the literature UV LFs at the bright end.

et al. 2012; Sargent et al. 2012; Ilbert et al. 2015; Bisigello et al.
2018), which mirrors the bimodality of the main-sequence and star-
burst classes of galaxies. We follow the approach of Sargent et al.
(2012), parameterising the SFR probability distribution as a double
Gaussian to describe the star-forming main sequence and starburst
regimes

P(SFR|𝑧, 𝑀★) = 𝐴MS√
2𝜋𝜎MS

𝑒− log10 (SFR/⟨SFR⟩MS )2/2𝜎2
MS

+ 𝐴SB√
2𝜋𝜎SB

𝑒− log10 (SFR/⟨SFR⟩SB )2/2𝜎2
SB

, (D1)

where we use the parameters from a double Gaussian fit to the
P(sSFR) distribution of Caputi et al. (2017) at 𝑧 ∼ 4 − 5: 𝐴MS = 0.6
and 𝐴SB = 1 − 𝐴MS = 0.4 are the fraction of main sequence
galaxies and starburst galaxies, respectively, ⟨SFR⟩MS is the mean
SFR of main sequence galaxies at a given stellar mass, ⟨SFR⟩SB =

⟨SFR⟩MS + 1.1 dex is the mean SFR of starburst galaxies at a given
stellar mass, 𝜎MS = 0.36 dex and 𝜎SB = 0.24 dex are the dispersion
of the individual main sequence and starburst distributions, respec-
tively. (We note a very similar resulting UV LF is obtained if one
includes the mass dependence of the contributions of the main se-
quence and starburst regimes, as well as their intrinsic scatter, by
parameterising the distribution of Rinaldi et al. 2025b which is com-
puted in four mass bins.)

The SFR function is then computed via the convolution of the
SMF with the SFR probability distribution

Φ(SFR) =
∫

Φ(𝑀★)P(SFR|𝑀★) d log10 (𝑀★) , (D2)

where P(SFR|𝑀★) is given by equation (D1). Here, we are neglecting
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to consider the fraction quenched of quenched galaxies, however, this
is expected to be very low at this epoch (Weaver et al. 2023). The SFR
function is then converted to an intrinsic UV LF following Kennicutt
(1998) and Oke & Gunn (1983). While we have assumed the SFR-
to-UV relation of Kennicutt (1998), we find a modest variation of
∼ ±0.3 dex if we assume the conversion of Cortese et al. (2008) or
of Murphy et al. (2011) and Hao et al. (2011) as done in Clarke et al.
(2024).

The resulting UV LFs assuming the SMF of Shuntov et al. (2025b)
and the three star-forming main sequences derived using JWST obser-
vations from the JADES and CEERS surveys (Clarke et al. 2024) are
displayed in Figure D1. The three determinations of the star-forming
main sequence presented in Clarke et al. (2024) use different tracers
of star formation: the H𝛼 luminosity, the UV luminosity, and the
results from SED fitting. We observe that the all three UV LFs are
consistent with literature galaxy UV LFs at the faint end through to
the knee, with variance within the uncertainties of the SFR-to-UV
conversion and UV LF. Of course, our derived UV LFs are the distri-
bution of intrinsic UV luminosity and not observed UV luminosity.
Therefore, the dust attenuation would reduce them in UV LF in the
bright end, as massive galaxies will typically display the largest 𝐴V,
and the required mean 𝐴UV values of ≳ 0.7 for 𝑀UV ≲ −23 mag is
consistent with those of massive high-z galaxies (e.g. Fisher et al.
2025). If one were to use the parameters for 𝑧 ∼ 2 from Sargent et al.
(2012), the resulting UV LF is consistent with the galaxy UV LFs of
Finkelstein & Bagley (2022) and Harikane et al. (2022) across the
luminosity range, including the bright end, however, this would only
allow for minimal dust attenuation in massive galaxies. Therefore, we
conclude that the SMF of Shuntov et al. (2025b) is not inconsistent
with the literature galaxy UV LFs, representing the full census of
UV luminous galaxies at this redshift, and can therefore be used as
an anchor point to investigate the UV LF of AGN.

APPENDIX E: SUPPLEMENTARY COMPARISON PLOTS
WITH THEORETICAL MODELS

This paper has been typeset from a TEX/LATEX file prepared by the author.
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Figure E1. Left: A comparison of our reference LF (black solid line), the Shen et al. (2020) LF (grey shaded region), and the observational data from Fig.
1 with the CAT Eddington-limited model (dashed purple line), CAT super-Eddington model (dashed pink line) and several other theoretical models at 𝑧 ∼ 5
(dot-dashed lines). From this comparison, we see that our adopted reference luminosity function is broadly consistent with the predictions of semi analytic
models. Right: A comparison of the BHMFs inferred from the P23, L25, and RV15 𝑀BH − 𝑀★ relations (black lines) and the observational data shown in
Fig. 5 with the CAT Eddington-limited and super-Eddington models, as well as several other theoretical models (dot-dashed lines). From this comparison, we
observe that the predicted BHMFs from theoretical models span the region between the RV15 and P23-based BHMFs. The other theoretical models included are
DarkSage (Stevens et al. 2016), the Santa Cruz SAM (Somerville & Primack 1999; Gabrielpillai et al. 2022), the SAM of Ricarte & Natarajan (2018, RN18),
GAEA (Fontanot et al. 2020), TRINITY (Zhang et al. 2023), the A-SLOTH light and heavy-seeding models (Jeon et al. 2025b), Shark v2.0 (Lagos et al. 2018,
2024), and the Illustris simulation (Nelson et al. 2015; Sijacki et al. 2015).
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the evolution obtained using the reference luminosity function, whereas the coloured, dot-dashed lines show the predictions of several theoretical models (as in
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