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A B S T R A C T 

Recent James Webb Space Telescope ( JWS T ) observations ha ve un veiled a numerous population of low-luminosity active 
galactic nuclei (AGNs) at 4 � z � 10 , with space densities roughly an order of magnitude above pre- JWST estimates, 
and many of these AGNs have masses orders of magnitude above the local black hole mass–stellar mass ( M BH 

− M � ) 
scaling relations. We inv estigat e the consistency of these observations within a data-driv en framew ork that links the galaxy 

stellar mass function to the supermassive black hole (SMBH) mass function and AGN luminosity functions using different 
M BH 

− M � relations and the observ ed Eddingt on-ratio distribution. B y comparing our pr edictions ag ainst observed AGN 

luminosity functions at z ∼ 5 . 5 we find that observations can be r epr oduced either by highly elevated M BH 

− M � relations 
paired with low duty cycles ( f AGN 

∼ 0 . 08 ), or moderate relations with higher duty cycles ( f AGN 

∼ 0 . 5 ). Through the Sołtan 

argument, we find that M BH 

− M � relations that are modestly above the local relation for AGNs produce consistency 

between multiple tracers of the SMBH demography at z ∼ 5 . 5 , while more extreme normalizations would require a weakly 

evolving luminosity function at z ≥ 5 . 5 . Continuity-equation modelling shows that initially high M BH 

− M � relations 
pr edict a str ong tw o-phase ev olutionary scenario and v ery st eep low-mass SMBH mass functions in t ension with sev eral 
curr ent estimates, while mor e moderate r elations 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. 

Key wor ds: g alaxies: evolution – g alaxies: high-r edshift – quasars: general – quasars: supermassive black holes. 
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 INTRODUCTION  

bservational evidence indicates that supermassive black holes 
SMBHs) lie at the centre of most – if not all – massive galaxies,
ith masses up to several billion times the mass of the Sun.
hese SMBHs are typically identified during phases when they 
r e actively accr eting g as, shining as active g alactic nuclei (AGNs;
. Lynden-Bell 1969 ; A. Soltan 1982 ). AGNs have been observed

hroughout cosmic time and into the epoch of reionization, with 

he most distant quasars observed at z � 7 . 5 (e.g. E. Bañados et al.
018 ; J. Yang et al. 2020 ; F. Wang et al. 2021 ). Up until recently, ob-
ervations of high- z AGNs were biased to the most luminous, and
ost massive quasars (K. Inayoshi, E. Visbal & Z. Haiman 2020 ;
. Fan, E. Bañados & R. A. Simcoe 2023 ). How ev er, the James
ebb Spac e Telesc ope ( JWST ; J. P. Gardner et al. 2006 ) has not

nly pushed back this frontier in the hunt for quasars to z ∼ 10
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e.g. UHZ1; Á. Bogdán et al. 2024 ), but extended the observable
arameter space for AGNs in both mass and luminosity to ∼ 2
rders of magnitude lower than previous quasar surveys at the 
ame redshift, facilitating the discovery of a numerous population 

f lower-luminosity AGNs at z � 4 (e.g. Y. Harikane et al. 2023 ; J.
choltz et al. 2025 ; R. Maiolino et al. 2024 ; I. Labbe et al. 2025a ).
his population of lower-luminosity AGNs is composed of both 

road-line (BL, or type-1) AGNs, primarily identified from the 
road Balmer emission (e.g. Y. Harikane et al. 2023 ; J. E. Greene
t al. 2024 ; D. D. Kocevski et al. 2024 ; R. Maiolino et al. 2024 ; J.
atthee et al. 2024 ; I. Juodžbalis et al. 2025a ) and narrow-line

NL, or type-2) AGNs, identified from high-ionization emission 

ines (e.g. J. Brinchmann 2023 ; J. Scholtz et al. 2025 ; J. Chisholm
t al. 2024 ; H. Übler et al. 2024 ; G. Mazzolari et al. 2024a ), thereby,
llowing for a more complete census of the SMBH population 

cross the past ∼ 13 Gyr . 
At low redshift, the masses of the central SMBHs ( M BH 

) dis-
lay tight correlations with a number of host-galaxy properties, 
uch as stellar mass of the spheroidal component ( M �, bulge ; J.
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ormendy & D. Richstone 1995 ; J. Magorrian et al. 1998 ; N.
äring & H.-W. Rix 2004 ), the stellar velocity dispersion ( σ� ; L.
 errarese & D . Merritt 2000 ; K. Gebhardt et al. 2000 ; K. Gültekin
t al. 2009 ), and t otal st ellar mass ( M � ; A. E. Reines & M. Volonteri
015 , hereafter RV15 ). The correlation of M BH 

with properties
hat extend beyond the SMBH’s sphere of influence has often
een int erpret ed as evidence for a degree of int erplay, or coev o-

ution, between the SMBH and its host (see J. Kormendy & L.
. Ho 2013 , for a comprehensive review). Many observational

tudies hav e suggest ed there is little – if any – ev olution in the
MBH–g alaxy scaling r elations with r edshift (e.g . M. Cisternas et
l. 2011 ; S. Salviander & G. A. Shields 2013 ; M. Schramm & J.
. Silverman 2013 ; T. Izumi et al. 2021 ; T. S. Tanaka et al. 2025 ;
. Sun et al. 2025b ). For example, S. Salviander & G. A. Shields
 2013 ) find no evidence of evolution in the M BH 

− σ� relation of 
uasars at z � 1 . 2 (in agreement with theoretical works such as
. Silk & M. J. Rees 1998 ; F. Shankar, M. Bernardi & Z. Haiman
009b ; K.-W. Huang et al. 2018 ). Whereas Y. Sun et al. ( 2025b ) find
he M BH 

− M � relation to be approximately constant up to z ∼ 4
consistent with theoretical works such as D. Anglés-Alcázar et al.
017 ; F. Shankar et al. 2020b ; H. Zhang et al. 2023 ; F. Zou et al.
024 ; H. Fu et al. 2025 ). Beyond this, measurements of the host
ynamical mass ( M dyn ) determined from the gas dynamics have
een used to probe the SMBH–galaxy connection into the epoch
f r eionization (e.g . R. Wang et al. 2013 ; C. J . Willott, J . Bergeron &
. Omont 2015 ; B. P. Venemans et al. 2016 ; R. Decarli et al. 2018 ;
. Pensabene et al. 2020 ). C. J. Willott et al. ( 2015 ) and C. J.
illott et al. ( 2017 ) find z � 6 quasars to be consistent with the

ocal relation, indicating that the M BH 

− M dyn relation may have
een in place since z ∼ 7 (T. Izumi et al. 2021 ). Mor e r ecently, R.
ripodi et al. ( 2024 ) using the Hyperion sample (L. Zappacosta
t al. 2023 ) have suggested that high- z quasars on average lie
bove the local M BH 

− M dyn relation, possibly hinting that, at least
n quasars, SMBH growth may precede that of its host. 

As the new discoveries by JWST extend the mass range of 
MBHs we can observe in this epoch, and with the ability to detect
tellar light in the epoch of reionization (e.g. X. Ding et al. 2023 ), a
ool of evidence is forming indicating that the M BH 

− M � relation
ay deviate significantly from the local estimates at z � 4 . BH
asses obtained from single-epoch virial estimators using the

road Balmer lines have found the high- z AGN population to
e ov ermassiv e with respect to local estimates of the M BH 

− M � 

elation, with BH-to - stellar mass ratios of order M BH 

/M � ∼ 0 . 1 ,
hich is appr o ximat ely tw o orders of magnitude abov e the local

elation of RV15 , while also displaying larger scatter in the M � −
 BH 

plane (F. Pacucci et al. 2023 , hereafter P23 ). This tendency
or SMBHs to be systematically above the local relation has been
bserved in both type-1 (e.g. Y. Harikane et al. 2023 ; H. Übler et al.
023 ; I. Juodžbalis et al. 2024b ; R. Maiolino et al. 2024 ) and type-
 AGNs (e.g. J. Chisholm et al. 2024 ). Yet, these objects appear
o lie along the local M BH 

− σ� relation (J. Chisholm et al. 2024 ;
. Maiolino et al. 2024 ), possibly corroborating the findings of 

esidual analysis that the M BH 

− σ� relation is more fundamental
han the M BH 

− M � relation (M. Bernardi et al. 2007 ; F. Shankar
t al. 2016 ; E. Barausse et al. 2017 ; C. Marsden et al. 2020 ; A. B.
ewman et al. 2025 ; F. Shankar et al. 2025 ). The linchpin of these
ass estimates is the assumption that the observed widths of the

road 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 . R. P. N aidu et al. 2025 ; V. Rusakov et al. 2025 ; A. Sneppen
t al. 2026 ), then the tension with the local M BH 

− M � relation
ay be alleviated, but a new tension with the local M BH 

− σ� 
NRAS 546, 1–30 (2026) 
elation, which is believed to be more fundamental, would be
ntroduced. 

This significant deviation from the local M BH 

− M � relation
ay be suggesting that the growth of SMBHs outpaces that of 

heir host galaxies. How ev er, it is still unclear whether these po-
 entially ultra-massiv e objects, and thus their evolutionary his-
ories, ar e truly r epr esentative of the total population of AGNs
r just the massive end of the underlying M BH 

distribution at
hese redshifts (e.g. M. Brooks et al. 2025 ; S. Geris et al. 2025 ;
. Luberto & S. R. Furlanetto 2025 ). Some works (e.g. J. Li et
l. 2025 , hereafter L25 ; J. Silverman et al. 2025 ; W. Ren et al.
025 ) have suggested the high- z mean M BH 

− M � relation should
ie noticeably below the one put forward by P23 when taking
nto account the effects of a larger intrinsic scatter and selection
iases (T. R. Lauer et al. 2007 ), while others argue that selection
iases alone cannot account for such a large offset with the local
 BH 

− M � r elation (e.g . Y. Sun et al. 2025a ). 
Yet, it is not only the ov ermassiv e nature of these faint AGNs

hat challenge our preconceived notions of the high- z SMBH
emography fr om pr e- JWST observations. The number densities

nferr ed ar e far gr eater than pr eviously thought. For e xample,
he UV luminosity function (UV LF) of the faint AGN (e.g. Y.
arikane et al. 2023 ; J. Scholtz et al. 2025 ; A. Grazian et al. 2024 ;
. Maiolino et al. 2024 ; I. Juodžbalis et al. 2025a ) in the range
 UV � −20 mag lies appr o ximately an order of magnitude above

xtrapolation of the quasar UV LFs of M. Niida et al. ( 2020 ) and A.
razian et al. ( 2022 , 2023 ). How ev er, the increase in AGN number
ensity with respect to previous observations is not necessarily in
ension with the X-ray back gr ound, as another peculiarity of the
aint AGN is that they are both radio (G. Mazzolari et al. 2024b )
nd X-ray weak (R. Maiolino et al. 2025 ) – possibly intrinsically
o – which in turn may be the result of an underdeveloped corona
M. Yue et al. 2024 ) or super-Eddington accretion (K. Inayoshi, S.
imura & H. Noda 2024 ; E. Lambrides et al. 2024 ; P. Madau & F.
aardt 2024 ; F. Pacucci & R. Nar ay an 2024 ; P. Madau 2025 ). 
A particularly curious sub-population of the high- z BL AGN

opulation uncovered by JWST are the ‘little red dots’ (LRDs)
ound at 4 � z � 10 (e.g. L. J. Furtak et al. 2023 ; H. B. Akins
t al. 2024 ; J. E. Greene et al. 2024 ; D . D . Kocevski et al. 2024 ;
. Kokorev et al. 2024 ; J. Matthee et al. 2024 ; I. Labbe et al. 2025a ,
ee K. Inayoshi & L. C. Ho 2025 for a review). These compact red
bjects are characterized by a ‘v-shaped’ spectral energy distribu-
ion (SED), with blue rest -frame UV slopes, hea vily r eddened r est-
rame optical slopes, and an inflection point at ∼ 4000 Å (close
o H ∞ 

). The LRDs display broad Balmer lines and narrow [O
II]5007 Å, arguing for the presence of a BLR, and have hence
een commonly classified as type-1 AGNs. The LRDs are also
bserv ed t o be e xtr emely numer ous, composing � 30 per cent of 
he total BL AGN population (K. N. Hainline et al. 2025 ) and lying
ppr o ximately an or der of magnitude above the quasar luminos-
ty function (e.g. H. B. Akins et al. 2024 ; J. E. Greene et al. 2024 ;
. Kokorev et al. 2024 ; J. Matthee et al. 2024 ). As in the wider
L AGN population observed by JWST , the LRDs appear signif-

cantly ov ermassiv e with respect t o the local M BH 

− M � relation
e.g. K. Inayoshi & K. Ichikawa 2024 ; E. Durodola, F. Pacucci &
. C. Hickox 2025 ; I. Juodžbalis et al. 2025b ) and are weak in
oth radio (M. A. Latif et al. 2025 ; K. Perger et al. 2025 ) and X-
ay bands (M. Yue et al. 2024 ; A. Sacchi & A. Bogdan 2025 ). A
rowing body of evidence points to the SMBHs in these systems
eing enshrouded in dense gas (K. Inayoshi & R. Maiolino 2025 ;
. Inayoshi et al. 2025 ; R. P. Naidu et al. 2025 ; V. Rusakov et al.
025 ; H. Umeda et al. 2025 ; F. D’Eugenio et al. 2025a ; A. de
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raaff et al. 2025a , b ; Y. Asada et al. 2026 ; A. Sneppen et al.
026 ), implying lower SMBH masses (e.g. R. P. Naidu et al. 2025 )
nd bolometric luminosities (e.g. J. E. Greene et al. 2025 ) than
reviously estimat ed. How ev er, their e xact natur e is still debated,
ith many non-AGN scenarios proposed to explain their atypical 
r operties (e.g . J. F. W. Baggen et al. 2024 ; P. G. Pérez-González
t al. 2024 ; D. J. Setton et al. 2025 ; L. Zwick, C. Tiede & L. Mayer
025 ). Ther efor e, while not all BL AGNs are LRDs, not all LRDs
re necessarily BL AGNs, particularly in photometrically selected 

amples. 
K. Jahnke ( 2025 ) recently suggested that a large fraction of 

GNs could be heavily obscured at z ∼ 6 by applying the Soł-
an argument (A. Soltan 1982 ) and making specific assumptions 
n the SMBH–galaxy scaling relations and galaxy stellar mass 
unction (SMF). How ev er, due t o the dearth of these systems
dentified by JWST at z < 4 , the implications of a potentially large
opulation of obscured AGNs on the coevolution of SMBHs and 

heir host galaxies remains unclear. How ev er, there hav e been
ome low- z systems identified with similar M BH 

− M � ratios (e.g. 
. Mezcua et al. 2023 , 2024 ), as well as numerous LRD candidates

e.g. L. Bisigello et al. 2025 ) and potential low- z analogues (e.g. I.
uodžbalis et al. 2024a ; M. Mezcua et al. 2024 ; M. Stepney et al.
024 ; R. Lin et al. 2025 ; P. G. Boorman et al. 2025 ; F. Loiacono
t al. 2025 ; X. Ji et al. 2025 ; P. Rinaldi et al. 2025a ). These findings
 end t o suggest that this heavily obscur ed gr owth mode becomes
ess pervasive at z � 4 (Y. Ma et al. 2025 ), as expected if the LRDs
re associated with the first AGN events after BH seed formation
K. Inayoshi 2025 ; F. Loiacono et al. 2025 ). 

In the meantime, theoretical models have been employed to 
nv estigat e both the demographics and nature of the high- z BL
GN observed by JWST , putting forward a wide range of hypothe-

es and predictions (e.g. A. Trinca et al. 2024 ; V. Cammelli et al.
025 ; P. Dayal & R. Maiolino 2026 ; D. Herr er o-Carrión et al. 2025 ;
. McClymont et al. 2025 ; A. J. Porras-Valverde et al. 2025 ; G.
uadri et al. 2025 ; M. Volonteri et al. 2025 ; P. LaChance et al.

025a , b ). Some models are able to simultaneously r epr oduce
he ov ermassiv e nature and high space densities of the observ ed
GN by invoking mechanisms such as episodic super-Eddington 

ccr etion (e.g . CAT A. Trinca et al. 2024 ), but most ar e not (e.g . V.
ammelli et al. 2025 ; A. J. Porras-Valverde et al. 2025 ). 
The large masses and high number densities of the BL AGN 

opulation observed by JWST pose challenges to our understand- 
ng of the formation and evolution of SMBHs, both in the accu-

ulation of such SMBH mass density in the first ∼ 1 Gyr of cos-
ic time and in defining a holistic model of the SMBH population

rom high to low redshifts. 
The aim of this work is twofold: (1) to probe the self-

onsistency and validity of such e xtr eme high- z mass and number
ensity measur ements fr om JWST by combining distinct data sets
namely the SMF, SMBH mass function, BHMF, SMBH–galaxy 
caling relations, and the AGN LF) and (2) to examine the im-
lications of these high- z initial conditions for the subsequent 
volution of the SMBH population and connection to the low- z 
emography of SMBHs. In particular, in this work we will pin
own the conditions on the SMBH scaling relations and fraction 

f galaxies hosting an AGN necessary at high- z to reconcile the
alaxy SMF with the AGN LFs and active BHMFs, as well as
redicting the evolution of the SMBH mass density, BHMF, and 

he implied mean M BH 

− M � relation. It is pivotal to make sense
f the reliability and self-consistency of these high- z data sets to
n turn set robust and credible constraints on, for example, SMBH
eed masses (e.g. E. Cenci & M. Habouzit 2025 ; F. Pacucci, L.
ernquist & M. Fujii 2025 ; J. Jeon et al. 2025a ), obscured AGN
ractions (e.g. K. Jahnke 2025 ), or scaling relation with their hosts
e.g. F. Shankar et al. 2010 ). We will show that while there is no
nique e xplanation offer ed by curr ent data, we can still identify
lasses of viable solutions that can be t est ed via independent
ailor ed measur ements (e.g . AGN clustering). 

The paper is organized as follows. In Section 2 we describe
he data set we use and in Section 3 we outline our methodology
 o inv estigat e the high- z AGN demography. In Section 4 we first
onstruct BHMFs from the SMF by adopting different M BH 

− M � 

 elations and e xamine their consistency with the observational 
stimates of the high- z active BHMF and set initial constraints
n the viable duty cycles (Section 4.5 ), we then convert these
HMFs to AGN LFs to pin down the conditions necessary to
atch the observational determinations and examine whether 

hese are consistent with those inferred from the BHMF (Sections 
.2 & 4.3 ), after that we test the consistency of the SMBH density
btained from these with independent estimates at both high 

nd low- z (Section 4.4 ). Finally, we forward model the BHMF
o the present day, self-consistently deriving the evolution of 
he M BH 

− M � relation (Section 4.1 ). We conclude by discussing
he implications of these results for our picture of SMBH–galaxy 
oevolution in Section 5 . Throughout this work we assume a stan-
ard �CDM cosmology with H 0 = 70 km s −1 Mpc −1 , �m , 0 = 0 . 3 ,
nd ��, 0 = 0 . 7 . Any distribution functions used in this work that
re not computed in this cosmology have been rescaled to this
osmology. All magnitudes quoted in this work are expressed in 

he AB system (J. B. Oke & J. E. Gunn 1983 ). 

 DA  T  A  

.1 BL AGN sample 

hroughout this w ork w e make use of two samples of AGNs
bserved by JWST in the range 4 . 5 ≤ z ≤ 6 . 5 collected from sev-
ral recent works (Y. Harikane et al. 2023 ; H. Übler et al. 2023 ;
 . D . K ocevski et al. 2024 ; V. K okorev et al. 2024 ; R. Maiolino

t al. 2024 ; J. Matthee et al. 2024 ; I. Juodžbalis et al. 2025a ).
irst, we select a sample in the redshift range 4 . 5 � z � 6 . 5 with
easured Eddington ratios which we use as a baseline for our

nput Eddington ratio distribution function (ERDF; P(λEdd ) ; Fig. 
1 ). Second, we select a sample of objects in the redshift range
 . 5 � z � 6 . 5 with measured UV magnitudes and bolometric lu-
inosities to construct an empirical mapping between the M UV 

nd L bol (Fig. 4 ). The samples adopted as a reference in this work
re not exhaustive of all BL AGNs detected by JWST , but they still
 epr esent the typical sources contributing to the z ∼ 5 . 5 luminos-
ty functions that we compare to. We summarize the number of 
bjects used from each of these works in Table 1 . We refer the
nt erest ed reader t o the respective papers for the full methodology
nd simply summarize the selection criteria and derivation of the 
roperties used in this work in Appendix A . 

.2 Reference luminosity function 

hroughout this work we adopt a modified version of the X. Shen
t al. ( 2020 ) LF as our r efer ence bolometric LF, using this both to
ompare with our model predictions (Section 4.2 ) and as an input
hen forward modelling the SMBH population (Sections 4.4 & 

.5 ). Similar to A. Lapi et al. ( 2025 ), we modify the parameters of 
he X. Shen et al. ( 2020 ) LF to match the compilation of estimates
f the BL AGN LF displayed in top panel of Fig. 1 . 
MNRAS 546, 1–30 (2026) 
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M

Figure 1. Top: A comparison of our reference LF which is a modified 
version of the X. Shen et al. ( 2020 ) global fit A to the high- z data it was 
tuned to (e.g. E. Glikman et al. 2011 ; J. Wolf et al. 2021 ; A. Grazian et al. 
2022 ; C. L. Barlow-Hall et al. 2023 ; A. Grazian et al. 2023 ; Y. Harikane 
et al. 2023 ; R. Maiolino et al. 2024 ; C. L. Barlow-Hall & J. Aird 2025 ; I. 
Juodžbalis et al. 2025a ) and the fiducial X. Shen et al. ( 2020 ) global fit A. 
We also include the int ermediat e UV LF of A. Grazian et al. ( 2024 ). Here, 
the X-ray and UV-based estimates have been converted to the bolometric 
plane following X. Shen et al. ( 2020 ). A comparison between our r efer ence 
LF and several theoretical models can be found in Fig. E1 . Bottom: A 

comparison of the V. Kokorev et al. ( 2024 ) LF (red square points) to our 
best-fitting Schechter function (red dotted line) and its 1 σ uncertainty 
r egion (r ed shaded ar ea), and the left-pointing arrows denote the ∼ 1 dex 
correction suggested by J. E. Greene et al. ( 2025 ). We have also included 
the H. B. Akins et al. ( 2024 ) LRD LF (dark r ed cir cular points), the LFs of 
J. E. Greene et al. ( 2025 ) (orange hexagonal points) and J. Matthee et al. 
( 2024 ) (dark orange diamond points), and the X. Shen et al. ( 2020 ) quasar 
LF (grey shaded region). 
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X. Shen et al. ( 2020 ) parametrize their LF as a double power
aw 

( L bol ) = 

�∗
( L bol /L ∗) γ1 + ( L bol /L ∗) γ2 

, (1) 

here �∗ is the comoving number density normalization, L ∗ is
he break luminosity, and γ1 and γ2 are the faint-end and bright-
nd slopes, respectively. 
NRAS 546, 1–30 (2026) 
In addition to the polished fits at specific redshift intervals, X.
hen et al. ( 2020 ) provide two global fits to describe the evolution
f the quasar bolometric LF. In this w ork, w e adopt their global
t A and modify the parameters controlling the redshift evolution
f the normalization and the bright-end slope to match the high-
 observations. The redshift evolution of the normalization is
arametrized as 

log 10 ( �∗( z )) = d 0 + d 1 (1 + z) , (2) 

ith best-fit ting v alues of { d 0 , d 1 } = {−3 . 5426 , −0 . 3936 } . The
edshift evolution of the bright end slope is instead parametrized
s a double power law 

2 = 

2 b 0 
[(1 + z) / 3] b 1 + [(1 + z) / 3] b 2 

, (3) 

ith best-fit ting v alues of { b 0 , b 1 , b 2 } =
 2 . 5375 , −1 . 0425 , 1 . 1201 } . 

In order to match the high- z data displayed in the top panel
f Fig. 1 at z = 5 . 5 , we increase the value of d 1 to d 1 = −0 . 2436
nd decrease b 2 to b 2 = 0 . 9 , thereby slowing the evolution of the
ormalization and slope of the bright end. To ensure a smoothly
volving LF, we linearly interpolate the values of d 1 and b 2 as 

 1 ( z ) = 

⎧ ⎪ ⎨ 

⎪ ⎩ 

−0 . 3936 z ≤ z ∗
−0 . 3936 + 0 . 15 z−z ∗

5 . 5 −z ∗ z ∗ < z ≤ 5 . 5 
−0 . 2436 z > 5 . 5 

(4) 

 2 ( z ) = 

⎧ ⎪ ⎨ 

⎪ ⎩ 

1 . 1201 z ≤ z ∗
1 . 1201 − 0 . 2201 z−z ∗

5 . 5 −z ∗ z ∗ < z ≤ 5 . 5 
1 . 1201 z > 5 . 5 

(5) 

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

These new prescriptions lead to a steady increase in normal-
zation at z > 2 relative to the fiducial X. Shen et al. ( 2020 ) fit
nd provide good agreement with the z ∼ 5 − 6 UV-based num-
er densities from Y. Harikane et al. ( 2023 ), R. Maiolino et al.
 2024 ), and I. Juodžbalis et al. ( 2025a ) at the faint end, while the
teepening of the bright-end slope provides good agreement with
he UV and X-ra y -based estimates from E. Glikman et al. ( 2011 ),
. Wolf et al. ( 2021 ), A. Grazian et al. ( 2022 ), C. L. Barlow-Hall et
l. ( 2023 ), A. Grazian et al. ( 2023 ), and C. L. Barlow-Hall & J. Aird
 2025 ), as well as ensuring that the modified LF conv erges t o the
ducial fit of X. Shen et al. ( 2020 ) at L bol ∼ 10 50 erg s −1 . As shown

n the top panel of Fig. 1 our modified version of the X. Shen et al.
 2020 ) LF is in very good agreement with the intermediate LF of 
. Grazian et al. ( 2024 , their Option 2). 

.3 Empirical M UV − L bol mapping from the LRD 

uminosity function 

s an additional test, in this work we also make use of an empir-
cal mapping between M UV and L bol which we will use, alongside
he other bolometric corrections t o comput e the AGN UV LF from
ur models (Section 3.1 ). We derive this empirical correction from
he V. Kokorev et al. ( 2024 ) estimates of the UV and bolometric
Fs for the same sample of LRDs via abundance matching, on the
ssumption that LRDs follow similar scaling relations to those of 
he global population of BL AGNs at z ∼ 5 − 6 . We note that the
RDs in V. Kokorev et al. ( 2024 ) are only reddened AGN candi-
ates as they are photometrically selected, and so contamination
y objects that have a v-shaped SED due to bursty star formation
annot be ruled out without spectroscopic follow-up. We find
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Figure 2. A pictorial representation of our methodology. By moving from left t o right, w e conv ert 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, 
ext ended t o z ∼ 10 ) and provide an ov erall and self-consist ent view of the accretion hist ories of SMBHs from v ery early epochs. 

Figure 3. A comparison of the A. E. Reines & M. Volonteri ( 2015 ), F. 
Pacucci et al. ( 2023 ), and J. Li et al. ( 2025 ) M BH 

− M � relations with the lo- 
cal sample of AGNs from A. E. Reines & M. Volonteri ( 2015 ) (black points) 
and the faint AGN samples of R. Maiolino et al. ( 2024 ), Y. Harikane et al. 
( 2023 ), and H. Übler et al. ( 2023 ). The grey ellipses are the 1 σ , 2 σ , and 3 σ
confidence ellipses for the A. E. Reines & M. Volonteri ( 2015 ) sample. 
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Figure 4. A plot of the L bol − L bol /L UV 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 X. Shen et al. ( 2020 ) UV-bolometric correction (dark red-dot 
dashed line). We also include a sample of high- z quasars (black points) 
from M. Onoue et al. ( 2019 ), Y. Matsuoka et al. ( 2019 ), and C. J. Willott 
et al. ( 2010 ). The quasar’s L bol is computed from the monochromatic 
luminosity L 3000 adopting the bolometric correction of G. T. Richards 
et al. ( 2006 ), which matches Y. Shen et al. ( 2011 ). The filled BL AGN 

data points (those of Y. Harikane et al. 2023 ; R. Maiolino et al. 2024 ; I. 
Juodžbalis et al. 2025a ) use the observed L UV , whereas the open symbols 
use the intrinsic L UV . The LRD data points (those of D . D . Kocevski et al. 
2024 ; V. Kokorev et al. 2024 ; J. Matthee et al. 2024 ) use the fiducial L bol . 
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 L bol − M UV relation. 
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hat the V. Kokorev et al. ( 2024 ) sample displays a similar dis-
ribution in the M UV − L bol plane to spectroscopically confirmed 

RDs (D . D . Kocevski et al. 2024 ) and low-luminosity BL AGNs
R. Maiolino et al. 2024 ). Furthermore, the distribution functions 

easured in V. Kokorev et al. ( 2024 ) from their photometrically
elected sample agree well with those of J. E. Greene et al. ( 2024 )
nd J. Matthee et al. ( 2024 ) which are computed from a spec-
roscopically selected sample of LRDs. V. Kokorev et al. ( 2024 )
arametrize their UV LF as a Schechter function 

(L ) = 

φ∗
L ∗

(
L 

L ∗

)α

e −(L/L ∗ ) β , (6) 
MNRAS 546, 1–30 (2026) 
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Table 1. A brief summary of the data used fr om literatur e 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 L bol and M UV , 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 D. D. Kocevski et al. ( 2024 ). 

Source Object type Selection N obj used in N obj used to 
M UV − L bol inform P(λ) 

Y. Harikane et al. ( 2023 ) BL AGNs Spectroscopic 8 8 
I. Juodžbalis et al. ( 2025a ) BL AGNs Spectroscopic 6 6 
D . D . Kocevski et al. ( 2024 ) LRDs Spectroscopic 11 0 
V. Kokorev et al. ( 2024 ) LRDs Photometric 186 0 
R. Maiolino et al. ( 2024 ) BL AGNs Spectroscopic 10 12 
J. Matthee et al. ( 2024 ) LRDs Spectroscopic 19 0 
H. Übler et al. ( 2023 ) BL AGNs Spectroscopic 0 1 
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here φ(L ) is the comoving number density. 1 , L ∗ is a character-
stic luminosity, α is the index of the power law at low L , and β

ontr ols the e xponential cut-off at high L . They find the UV LF at
 ∼ 5 . 5 to be well fitted by φ∗ = (8 ± 3) × 10 −6 Mpc −3 , M UV, ∗ =
20 . 64 ± 0 . 67 , α = −1 . 76 ± 0 . 67 , and β is assumed to be unity.
n the other hand, as the bolometric LF in is only computed in

our bins, one of which is an upper limit, a Schechter function
annot be directly fit to this. Instead, we fit a single Schechter
unction to the bolometric LF derived in H. B. Akins et al. ( 2024 )
or their MIRI subsample and offset it by altering the φ∗ (moving
ertically) and L ∗ (moving horizontally) parameters to match the
. Kokorev et al. ( 2024 ) data points. 
We fit a Schechter function to the bolometric LF from
. B. Akins et al. ( 2024 ) following a Markov Chain Monte
arlo (MCMC) approach implemented with emcee (D.
oreman-Mackey et al. 2013 ). We fix β = 1 and find the

uminosity function to be well described by a Schechter function
here log 10 (φ∗/ Mpc −3 ) = −4 . 98 +0 . 27 

−0 . 25 , log 10 (L bol , ∗/ [ erg . s −1 ]) =
6 . 76 +0 . 16 

−0 . 21 , α = −1 . 29 +0 . 30 
−0 . 26 . We find the V. Kokorev et al. ( 2024 )

ata points to be well described by log 10 (φ∗/ Mpc −3 ) = −5 . 23 +0 . 27 
−0 . 25 ,

og 10 (L ∗/ [ erg s −1 ]) = 46 . 21 +0 . 16 
−0 . 21 , and α = −1 . 29 +0 . 30 

−0 . 26 . That’s a
orizontal and vertical offset of −0 . 55 dex and −0 . 25 dex ,
 espectively, fr om the H. B. Akins et al. ( 2024 ) LF. As the highest
uminosity bin is an upper limit, we bound the uncertainty in
he bright-end extrapolation by assuming ±0 . 5 uncertainty in
, such that upper uncertainty bound has a sub - exponential

all-off ( β = 0 . 5 ) and the lower uncertainty bound has a super-
xponential fall- off ( β = 1 . 5 ). The resulting fit and its 1 σ
ncertainty bounds are displayed in the bottom panel of Fig. 1 . 

 METHOD  

he aim of this work is twofold: on one hand, we aim to probe the
onsistency of the distinct data sets at z ∼ 5 − 6 , and on the other
and, we aim to test the implications of the initial condition on

he subsequent evolution of the SMBH demography making use
f the continuity equation. In this section we provide a step-by-
tep description of our methods for both the first (Section 3.1 ) and
econd (Section 3.2 ) points. 
NRAS 546, 1–30 (2026) 

 Throughout this w ork w e use φ(X ) to denote the distribution function of 
 efer ence quantity X in linear space and �(X ) = ln (10) X φ(X ) t o denot e 
he distribution function of X in logarithmic space. 

f  

t  

l  

(  

2  

2  
Throughout this w ork w e focus on a redshift of z ∼ 5 . 5 (and
hen use this as our initial redshift when forward modelling) as it
s the centre of the lower redshift bins in V. Kokorev et al. ( 2024 )
nd J. E. Greene et al. ( 2024 ), as well as being comparable to the
ean redshift of the BL AGN samples in R. Maiolino et al. ( 2024 ,

 z〉 ∼ 5 . 18 ) and Y. Harikane et al. ( 2023 , 〈 z〉 ∼ 5 . 15 ). How ev er, w e
mphasize that the results, analysis, and conclusions presented in
he following sections would be unchanged were we to choose a
edshift of 5 (as done by K. Inayoshi & K. Ichikawa 2024 ) or 6 (as
one by K. Jahnke 2025 ). 

.1 The consistency of data sets 

o examine the consistency of the observed data sets we start
r om the g alaxy stellar mass function (SMF) and, as is commonly
one in the local Univ erse, w e conv ert the galaxy statistics to BH
tatistics via an assumed BH–galaxy scaling r elation. Fr om this
e can derive quantities that ar e dir ectly observed (or those easily

omputed from observations) such as the active BHMF, AGN LF,
nd SMBH mass density. By comparing the predict ed t o the ob-
erved quantities we can uncover any underlying inconsistencies
etween the data sets and constrain the conditions necessary to
econcile inputs that are potentially impacted by observational
iases (e.g. the M BH 

− M � relation) with the observed AGN de-
ography. This workflow is summarized pictorially in Fig. 2 and

ach step is described in greater detail below. 

i) Galaxy stellar mass function 

nder the observationally justified assumption of every massive
alaxy hosting a central SMBH, the SMF acts as a natural starting
oint to test the consistency of current observational data sets. We
ssume the SMF of M. Shuntov et al. ( 2025b ) which is computed
n the 0 . 53 deg 2 of the COSMOS field imaged by JWST as part
f the COSMOS-Web survey (C. M. Casey et al. 2023 ). The SMF
s computed in 15 redshift bins in the range 0 . 2 ≤ z ≤ 12 , mass
omplet e t o log 10 (M � / M 	) = 7 . 5 − 8 . 8 , and agrees well with the
OSMOS-2020 SMF of J. R. Weaver et al. ( 2023 ) at z ≤ 5 . 5 . We

urther assume that the fraction of galaxies that are quenched at
his redshift is negligible, as observations suggest that this popu-
ation should be small and restricted to the highest mass galaxies
A. Muzzin et al. 2013 ; J. R. Weaver et al. 2023 ; T. A. Russell et al.
024 ; E. Merlin et al. 2025 ; T. Yang et al. 2025 ; M. Shuntov et al.
025a , which is consistent with theoretical models J. Schaye et al.
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Table 2. The parameters of the three M BH 

− M � relations considered 
in this work. As described in equation ( 8 ), the M BH 

− M � relations are 
parametrized 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. 

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 

Note. a RV15 normalize their relation to M � = 10 11 M 	 for which α = 

7 . 45 ± 0 . 08 . We have recomputed alpha for consistency with P23 and L25 , 
and pr opag ated the uncertainties when doing so. 
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015 ; C. d. P. Lagos et al. 2018 ; P. Behroozi et al. 2019 ; G. De Lucia
t al. 2024 ). 

ii) SMBH mass function 

he BHMF is then simply computed from the SMF and an as-
umed M BH 

− M � relation via the convolution 

(M BH 

) = 

∫ ∞ 

M ∗, min 

�(M � ) P(M BH 

| M � )d log 10 (M � ) , (7) 

here �(M BH 

) is the BHMF, �(M � ) is the SMF, and P(M BH 

| M � )
s a Gaussian distribution around the mean M BH 

− M � relation. 
er e, we ar e implicitly assuming a BH occupation fraction of 
nity at all masses and redshifts. 
We focus on thr ee differ ent scenarios of how the observed AGN

elat e t o the underlying SMBH population and r epr esent these
ith differ ent M BH 

− M � r elations: the high- z determinations of 
23 and L25 , plus the local AGN determination of RV15 (dis-
layed in Fig. 3 ). These M BH 

− M � relations bracket the full range
f the current data (nearly two orders of magnitude in normal-
zation). 

First, we consider the unrealistic maximal case where there is 
inimal selection bias in the JWST observations, such that the 

bserved AGN are representative of the underlying population 

nd SMBHs lie syst ematically abov e the local M BH 

− M � relation
t high redshifts. To represent this scenario we adopt the high- z 
 BH 

− M � r elation fr om P23 which is computed fr om a sample
f 21 BL AGNs at z ∼ 4 − 7 observed by JWS T tak en from Y.
arikane et al. ( 2023 ), R. Maiolino et al. ( 2024 ), and H. Übler

t al. ( 2023 ). P23 det ermine the high- z M BH 

− M � relation t o be ∼
 dex above the local relation for AGNs ( RV15 ) at M BH 

∼ 10 9 M 	
laiming the increase in normalization due to selection is 0 . 2 dex
t most. Interestingly, the normalization of the P23 M BH 

− M � 

elation is similar to the local relation for dynamically measured 

MBHs from J. Kormendy & L. C. Ho ( 2013 ) as rescaled by RV15 .
Second, we consider the more realistic case where selection ef- 

ects and measurement uncertainties have biased the observed re- 
ation high. To r epr esent this scenario we adopt high- z M BH 

− M � 

 elation fr om L25 which is computed fr om a sample of 18 JWST
L AGNs taken from Y. Harikane et al. ( 2023 ) and R. Maiolino
t al. ( 2024 ). L25 quantify the impact of selection effects and
easurement uncertainties by modelling the conditional prob- 

bility P(M BH 

| M � ) for a giv en det ection limit. They then infer the
ntrinsic r elation fr om the observ ed biased sample. L25 det ermine
he intrinsic high- z M BH 

− M � relation to be ∼ 0 . 5 dex above the
ocal relation for AGNs ( RV15 ) at M BH 

∼ 10 9 M 	 and is similar in
ormalization at the high-mass end to the local de-biased relation 

rom F. Shankar et al. ( 2016 ). 
Finally, given that the BH masses are obtained from locally cal- 

brated single-epoch virial estimators and there is evidence that 
t least in some high- z sources these may lead to overestimated
H masses (e.g. R. Abuter et al. 2024 ; A. Lupi et al. 2024b ; K. A.
l Dayem et al. 2026 ; E. Parlanti et al. 2025 ), we consider the case
here the observed relation is biased high due to both selection 

ffects and an over estimation of the BH masses. To r epr esent this
ase we adopt the local M BH 

− M � relation for AGNs from RV15
s it sits ∼ 0 . 5 dex lower in normalization than the relation from
25 , which is similar in magnitude to the average overestimation
uggested by A. Lupi et al. ( 2024a ) due to the correlation between
he Eddington ratio and the radius of the BLR (J.-M. Wang et al.
014 ; M. L. Martínez-Aldama et al. 2020 ; A. Lupi et al. 2024b ). It
s also appr o ximately inline with the case where the LRDs’ BH
asses have been significantly and systematically overestimated 

ecause the Balmer lines are broadened through scattering (e.g. 
. P. Naidu et al. 2025 ; V. Rusakov et al. 2025 ). RV15 compute

he local M BH 

− M � relation from a sample of 244 local BL AGNs
elected from SDSS emission-line galaxies. 

All of these works obtain BH masses from the broad H α emis-
ion using the single-epoch virial estimator of A. E. Reines, J. E.
reene & M. Geha ( 2013 ) and parametrize the mean M BH 

− M � 

elation as a linear function in log-space 

log 10 

(
M BH 

M 	

)
= α + β log 10 

(
M � 

M 	

)
, (8) 

ith some intrinsic scatter ( ε) in the relation. The parameters of 
hese r elations ar e listed in Table 2 . As seen both in the parameter
alues and Fig. 3 , the three determinations display very similar
lopes but differ both in normalization and the magnitude of the
ntrinsic scatter. 

Given that pairwise residual analysis has consistently found 

he local M BH 

− σ� relation to be more fundamental than the local
 BH 

− M � relation, it would be most appropriate to compute the
HMF from the velocity dispersion function (VDF) and M BH 

− σ� 

elation. How ev er, the VDF is poorly constrained at int ermediat e
o high redshifts, with there being no robust estimates at z ∼ 5 .
ev ertheless, w e offer some insight from a BHMF inferred using

he M BH 

− σ� relation via the Faber-Jackson ( σ� − M � ) relation 

S. M. Faber & R. E. Jackson 1976 ) by deploying the theoretical
ramework of C. Marsden et al. ( 2021 ) in Appendix B . 

iii) Active SMBH mass function 

he BHMF obtained from equation ( 7 ) can then be conv ert ed
o an active BHMF ( �(M BH 

) AGN 

) via an assumed AGN fraction
 f AGN 

), that we assume to be independent of mass for simplicity.
s we will be comparing the derived LFs to those of BL AGNs, our
GN fraction is defined as the fraction of BL AGNs with respect

o the total SMBH population 

f AGN 

= 

�(M BH 

) AGN 

�(M BH 

) 
= 

N BL AGN 

N SMBH 

≡ N BL AGN 

N Gal 
, (9) 

here the second equivalence follows our assumption that f AGN 

s independent of mass and the final equivalence follows our 
xplicit assumption that every galaxy hosts an SMBH. We test 
alues of the AGN fraction in the range f AGN 

∈ [0 . 01 , 1] . 
MNRAS 546, 1–30 (2026) 
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iv) AGN bolometric luminosity function 

he bolometric luminosity function can be computed from the
ctive BHMF via a convolution with an assumed Eddington ratio
istribution function (ERDF, P( λEdd | M BH 

, z ) ) which is normal-
zed to unity 

(L bol ) = 

∫ 
P ( λEdd | M BH 

, z ) �(M BH 

) AGN 

d log 10 (λEdd ) . (10) 

We assume the ERDF to be log-normally distributed as sug-
ested by observations (e.g. C. J. Willott et al. 2010 ; B. C. Kelly &
. Shen 2013 ; E. P. Farina et al. 2022 ; J. Wu et al. 2022 ; W. He
t al. 2024 ). For the cases where we assume the BH mass estimates
o be accurate (e.g. P23 , L25 ), we assume the ERDF to have a

ean of 〈 λEdd 〉 = 0 . 4 and a standard deviation σλEdd = 0 . 5 dex that
s independent of mass for simplicity. These values are chosen
o appr o ximately mirr or our combined sample of high- z quasars
nd lower-luminosity BL AGNs (see Fig. A1 ), which follow a log-
ormal distribution with a mean of 〈 λEdd 〉 ∼ 0 . 44 and a standard
eviation of σλEdd = 0 . 5 dex , as well as being similar to the indi-
idual populations ( 〈 λEdd 〉 = 0 . 25 , 0 . 57 and σλEdd = 0 . 52 , 0 . 40 dex
or the lower-luminosity BL AGNs and quasars, respectively). We
ote that this distribution has not been corrected for the flux-

imited nature of the sample, so it will be biased towards the
rightest sources, and in turn, the resulting luminosity functions
ill be upper limits. For the case where we assume the BH masses

 o be syst ematically ov erestimat ed (e.g. RV15 ), w e propagat e this
v erestimation int o the ERDF, assuming 〈 λEdd 〉 = 1 and a stan-
ar d deviation σλEdd = 0 . 5 de x (in line with the mean Eddington
atio of the V. Rusakov et al. 2025 sample). 

We can then estimate the necessary AGN fraction as a function
f luminosity via direct comparison between our model predic-
ions and the r efer ence LF. In addition, the average AGN fraction
 〈 f AGN 

〉 ) can be obtained from the ratio of the number densities
ia integration of the LFs 

 f AGN 

〉 = 

N BL AGN 

N SMBH 

= 

∫ 
φ(L ) Obs . d L ∫ 

φ(L ) Model | f AGN =1 d L 

, (11) 

here φ(L ) Model is the model prediction computed via equation
 10 ) with an AGN fraction of unity and φ(L ) Obs . is our refer-
nce LF described in Section 2.2 . We adopt integration limits
 L Min , L Max } = { 10 43 . 5 , 10 50 } erg s −1 , such that we do not extrap-
late the LF in the low-luminosity r egime wher e ther e ar e no
urrent observations. 

v) AGN UV luminosity function 

he UV LF of AGNs can then be computed by convolving the
olometric LF given by equation ( 10 ) with a mapping between
olometric luminosity and UV magnitude. How ev er, at high- z the
onversion from bolometric to UV, or vice versa, is non-trivial
s all the bolometric corrections are calibrated locally and any
ossible dust attenuation, host-contamination, or scattered AGN
mission also needs to be accounted for, and this is particularly
ertinent considering the apparent offset of the lower-luminosity
L AGNs and LRDs in the L bol − M UV plane (see Fig. 4 ). We

her efor e adopt three mappings between L bol and M UV : 

(i) The UV bolometric correction from X. Shen et al. ( 2020 ),
ssuming the bulk of the high- z population are ‘typical’ AGNs
hat follow the local relation. 

(ii) An empirical mapping derived via a linear fit to our sample
f BL AGNs, assuming that the UV emission is AGN dominated,
NRAS 546, 1–30 (2026) 
ut there is non-negligible dust at tenuation, scat tered AGN emis-
ion, and/or host contamination. Such that it bypasses some of 
he uncertainty in the origin of the UV emission. 

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

The resulting mappings are displayed in the L bol /L UV, obs − L bol 
lane in Fig. 4 and display a significant departure from the local
mpirical relations of X. Shen et al. ( 2020 ) and M. Elvis et al.
 1994 ). We provide full details on the derivation and quantifica-
ion of these mappings in Appendix C . 

vi) SMBH mass density 

he SMBH mass density ( ρBH 

) at z = 5 . 5 is computed from the
HMFs that have been obtained from the SMF and M BH 

− M � 

elations (equation ( 7 )) as 

BH 

( z ) = 

∫ 10 10 M 	

10 6 M 	
M BH 

φ( M BH 

, z ) d M BH 

. (12) 

he subsequent evolution of ρBH 

( z ) can be simply computed from
he AGN LF as 

BH 

( z ) = ρBH 

(z i ) + 

1 − εr − εk 

εr c 2 

∫ z 

z i 

[∫ L max 

L min 

Lφ(L, z ′ ) d L 

]
d t 
d z ′ 

d z ′ , 

(13)

here ρBH 

(z i ) is the initial value given by equation ( 12 ), εr ( =
 . 10 ) is the radiative efficiency, εk ( = 0 . 0 ) is the kinetic efficiency,
 is the speed of light, and we adopt the limits L min = 10 42 erg s −1 ,
 max = 10 50 erg s −1 . As in K. Jahnke ( 2025 ), w e hav e neglect ed any
inetic pow er, how ev er, adopting εk ∼ few % (as suggested by F.
hankar et al. 2008 ) would only lessen the computed SMBH mass
ensity slightly (by ∼ 0 . 01 dex ). For the luminosity function in
quation ( 13 ) we adopt our modified version of the X. 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
f the AGN LFs from X. Shen et al. ( 2020 ), our modified version
f X. Shen et al. ( 2020 ), V. Kokorev et al. ( 2024 ), H. B. Akins
t al. ( 2024 ), and C. L. Barlow-Hall & J. Aird ( 2025 ) via equation
 13 ). For this, w e comput e ρBH 

at z = 5 . 5 from the high- z AGN
Fs following equation ( 13 ), neglecting any possible contribu-

ion of BH seeds ( ρBH 

(z i ) = 0 ) and assuming εr = 0 . 1 , εk = 0 . We
dopt an upper redshift limit of z i = 10 and luminosity limits
 L min , L max ] = [42 , 50] erg s −1 , extrapolating the V. Kokorev et al.
 2024 ) and H. B. Akins et al. ( 2024 ) LFs using the Schechter fits
escribed above. 
Here, w e hav e chosen t o extrapolat e the LRD LFs (e.g . H. B .

kins et al. 2024 ; V. Kokorev et al. 2024 ) in redshift and lumi-
osity, but w e not e that there is no significant change ( ∼ 0 . 1 dex )
 ere w e t o not extrapolat e in either luminosity or redshift. 

.2 Forward modelling the SMBH demography 

o predict the evolution of the BHMF from the initial conditions
isplayed in Fig. 5 we employ the continuity equation (A. Cava-

iere, P. Morrison & K. Wood 1971 ; T. A. Small & R. D. Blandford
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Figure 5. A plot of the BHMF at z = 5 . 5 obtained from the SMF as- 
suming the thr ee M BH 

− M � r elations: 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 AGNs. 
We have also included the BHMFs scaled by the AGN fraction that best 
aligns them with the active BHMF of A. J. Taylor et al. ( 2024 ), these AGN 

fractions are f AGN ∼ 0 . 08 , 0 . 5 for the P23 and L25 relations, respectively, 
and an AGN fraction in e x cess of unity is r equir ed for RV15 . These scaled 
BHMFs are denoted by the lower-opacity, thinner lines of the same colour 
and linestyle. The high- z active BHMFs included are those of A. J. Taylor 
et al. ( 2024 ), S. Geris et al. ( 2025 ), Q. Fei et al. ( 2025 ), and W. He et al. 
( 2024 ). A comparison between the BHMFs obtained from the SMF as- 
suming the thr ee M BH 

− M � r elations and several theoretical models can 
be found in Fig. E1 . 
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992 ; F. Shankar 2013 ) 

∂ �(M BH 

) 
∂ t 

= −M BH 

∂ 

∂ M BH 

[ 〈 ˙ M BH 

〉 �(M BH 

) 
M BH 

]
, (14) 

here �(M BH 

) is the BHMF and 〈 ˙ M BH 

〉 is the average accretion
ate of BHs of a given mass. Parametrizing the average specific 
H accretion rate (sBHAR) as 

〈 ˙ M BH 

〉 
M BH 

= 

1 − εr − εk 

εr c 2 
l〈 λEdd 〉 U (M BH 

) , (15) 

here c is the speed of light, εr (= 0 . 10) is the radiative efficieny,
k (= 0 . 05) is the kinetic efficiency, l = 1 . 26 × 10 38 erg s −1 M 

−1 
	 ,

 λEdd 〉 is the mean Eddington ratio, and U (M BH 

) is the duty cycle.
he continuity equation can then be e xpr essed as 

∂ �(M BH 

) 
∂ z 

= − l 
c 2 ln (10) 

d t 
d z 

∂ 

∂ log 10 (M BH 

) 

×
[

1 − εr − εk 

εr 
〈 λEdd 〉 �(M BH 

) AGN 

]
, 

(16) 

here �( M BH 

) AGN 

= �( M BH 

) × U (M BH 

) is the active BHMF. 
We follow the pr ocedur e outlined in M. Tucci & M. Volonteri

 2017 ) to solve equation ( 16 ). In their methodology the duty cycle
s parametrized as a double powerlaw for which the parameters 
re determined via an MCMC fit of the bolometric LF computed 

rom equation ( 10 ) to our reference LF (Section 2.2 ), where we
dopt the ERDF of M. Tucci & M. Volonteri ( 2017 ) as they demon-
trate that it is in good agreement with the measur ements of B .
. Kelly & Y. Shen ( 2013 ). 
The ERDF of type-1 AGNs is parametrized as a log-normal 
istribution with a mean given by 

log 10 (λc ) = min [ max [ −1 . 9 + 0 . 45 z, log 10 (0 . 03)] , −0 . 25] , 

hich w e hav e limit ed t o −0 . 25 (i.e. the value at z ∼ 3 . 67 , which
s consistent with quasars at z ∼ 5 − 7 ) to avoid unrealistic ex-
rapolations at high redshift and the width is given by 

c = max [1 . 03 − 0 . 15 z, 0 . 6] . 

his is consistent with the ERDF adopted in Section 3.1 (which
ad log 10 (λc ) ∼ −0 . 4 , σc = 0 . 5 ) to appr o ximate the distribution
f quasars and lower-luminosity BL AGNs at z ∼ 5 . 5 . 

The ERDF of type-2 AGNs is parametrized as a powerlaw with
xponential cut-off

 2 ( λEdd , z ) = �c λ
α
Edd e 

−λEdd /λ0 (17) 

here 

= 

{ −0 . 6 z ≤ 0 . 6 
−0 . 6 / (0 . 4 + z) z > 0 . 6 , (18) 

0 = 1 . 5 (or 2.5 when εr ≥ 0 . 1 ), and �c is chosen such that the
istribution is normalized. The relative contribution of type-1 
nd type-2 AGNs is given by the obscured fraction ( f obs ) from Y.
eda et al. ( 2014 ) which is constant for z ≥ 2 , such that our total
RDF is given by 

( λEdd | M BH 

, z ) = A [(1 − f obs )P 1 (λEdd , z) + f obs P 2 (λEdd , z)] , (19) 

here A is a constant that normalises the distribution in 

og 10 (λEdd ) over the range log 10 (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
ith time steps of �z = −0 . 02 . We will discuss the predicted

volution of the BHMF and compare it with the local estimates
f the BHMF in Section 4.5 . 

.2.1 The average duty cycle 

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

 U ( z ) 〉 = 

∫ ∞ 

10 6 M 	U ( M BH 

, z )�( M BH 

, z ) d log 10 ( M BH 

) ∫ ∞ 

10 6 M 	�( M BH 

, z ) d log 10 ( M BH 

) 
, (20) 

.e. the ratio of the number density of AGNs to the number density
f the total BH population. We can then compare this to the
r edictions of theor etical models and observational estimates. 
ow ev er, w e not e that a robust direct comparison with observa-

ional estimates is not possible due to differing definitions of the
uty cycle. For instance, works such as J. Scholtz et al. ( 2025 ),
. Maiolino et al. ( 2024 ), and I. Juodžbalis et al. ( 2025a ) estimate

he duty cycle from the difference in normalization between the 
alaxy and AGN UV LFs, whereas J. Arita et al. ( 2023 , 2025 )
ompute the duty cycle as the ratio of the number density of 
GNs from the UV LF to the number density of dark matter halos.

.2.2 The evolution of the M BH 

− M � relation 

hile our initial conditions are derived from the SMF, the subse-
uent evolution of the BHMF is independent of the SMF determi-
ations at lower r edshifts. Ther efor e, we can then employ abun-
ance matching (as in Section 3.1 we follow R. Aversa et al. 2015 ,
MNRAS 546, 1–30 (2026) 
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heir equation 37) between the observed SMF and our BHMF
erived from the continuity equation to predict the evolution
f the M BH 

− M � relation for completeness. We assume that the
ntrinsic scatter is initially that of the relation used to obtain
he initial conditions (i.e. 0 . 5 dex for RV15 , 0 . 69 dex for P23 , and
 . 97 dex for L25 ) and that the magnitude of this scatter decreases
ith time to that of the local relation (as may be expected due to

ubsequent mergers M. Hirschmann et al. 2010 ). To this purpose,
e linearly interpolate in redshift between the initial value at
 = 5 . 5 and 0 . 5 dex (i.e. the intrinsic scatter of the RV15 relation)
t z = 0 . Assuming the scatter remains constant to the present
ay would only reduce the normalization of the predicted z = 0
 elations fr om the P23 and L25 r elations. 

 R E S U LT S  

n this section we present our results examining the consistency
f the current observational data sets (Sections 4.1 –4.3 ) and pre-
icting the evolution of the SMBH demography (Sections 4.4 &
.5 ). First, we compare the BHMFs inferred from the SMF to
stimates of the high- z active BHMF and local BHMF, which will
est viable duty cycles for a given choice of underlying M BH 

− M � 

elation (Section 4.1 ). Second, we examine the consistency of 
he derived AGN bolometric LFs (Section 4.2 ) and UV LFs (Sec-
ion 4.3 ) with current observational det erminations. Third, w e
ompare the SMBH mass density to both high and low- z estimates
Section 4.4 ). Finally, we turn our attention to forward modelling
he SMBH demography within the continuity equation and pre-
icting the evolution of the M BH 

− M � relation (Section 4.5 ). 

.1 The BHMF at z ∼ 5 . 5 

he total BHMF is difficult to reliably determine, even in the local
niverse, as it is prone to observational biases. Yet, clues to the de-
ography of SMBHs at high- z can still be extracted by comparing
ith the active BHMFs of BL AGNs, as well as the local estimates

f the total BHMF. In Fig. 5 we aim to set constraints on the viable
uty cycles by comparing the BHMFs at z = 5 . 5 estimated from
he SMF and the different M BH 

− M � relations (as described in
ection 3.1 step (ii), with the high- z data (W. He et al. 2024 ; A. J.
aylor et al. 2024 ; Q. Fei et al. 2025 ; S. Geris et al. 2025 ), as labelled.
By comparing the total BHMFs from our models with the

bserv ed activ e BHMFs in Fig. 5 , w e observ e that the BHMFs
onstructed using the P23 and L25 relations sit above the high-
 estimates of the active BHMFs of BL AGNs from A. J. Taylor
t al. ( 2024 ) and Q. Fei et al. ( 2025 ). To estimate the AGN fraction
 f AGN 

), we rescale our model BHMFs to match the A. J. Taylor
t al. ( 2024 ) active BHMF of BL AGNs, finding f AGN 

∼ 0 . 08 and
f AGN 

∼ 0 . 5 aligns the models using the P23 and L25 M BH 

− M � 

caling r elations, r espectiv ely, with the observ ed activ e BHMF 

2 If 
 e w ere t o ignore the complet eness correction in A. J. Taylor et al.

 2024 ), this would lead to a ∼ 0 . 6 dex decrease in the necessary
GN fraction ( f AGN 

∼ 0 . 02 , 0 . 12 for P23 and L25 , respectively). 
In contrast, the BHMF constructed using the RV15 M BH 

− M � 

elation lies below the active BHMF of A. J. Taylor et al. ( 2024 ),
s well as that of lower-luminosity quasars from W. He et al.
NRAS 546, 1–30 (2026) 

 If w e comput e the BHMF from the SMF at z ∼ 4 . 5 , the av erage redshift 
f the AGN sample in A. J. Taylor et al. ( 2024 ), the r equir ed AGN fractions 
ppr o ximately r educe by half ( f AGN ∼ 0 . 05 , 0 . 25 for the P23 and L25 re- 
ations, respectiv ely), how ev er, the RV15 relation still r equir es f AGN � 1 . 

t  

t  

t  

n  

i  

s

 2024 ) at M BH 

� 10 8 . 5 M 	, indicating an inconsistency between
he data sets under this M BH 

− M � r elation. For cing the RV15 -
ased BHMF to match the current high- z data with a physical
GN fraction ( f AGN 

≤ 1 ) r equir es translating the measured ac-
ive BHMF of A. J. Taylor et al. ( 2024 ) to the left by ≥ 0 . 8 dex .
his corresponds to a systematic overestimation of BH masses by
ingle-epoch methods that is similar to that found by GRAVITY
 for a quasar at z = 4 (K. A. El Dayem et al. 2026 , see also

he ∼ 1 dex overestimation found in E. Parlanti et al. 2025 ). Even
onsidering the A. J. Taylor et al. ( 2024 ) active BHMF without the
ncompleteness corr ection r equir es a leftwar d shift of ∼ 0 . 5 de x to
lign observations with the RV15 -based BHMF (consistent with
he average overestimation suggested in A. Lupi et al. 2024b ). 

The r esults pr esented in this section set initial constraints on
he r equir ed duty cy cles of activ e high- z SMBHs. The observ ed
ctive BHMF can be r epr oduced fr om the SMF with either a r ela-
ion much higher in normalization paired with a low duty cycle or
 relation that is more moderate paired with a higher duty cycle.
n particular, the RV15 -based BHMF would fall short in matching
he A. J. Taylor et al. ( 2024 ) data even with no incompleteness
orrections in the active BHMF and f AGN 

= 1 . We find BH masses
t high- z to be systematically overestimated by ∼ 0 . 8 dex in order
o reconcile the two. In the next section we examine whether the
nferred duty cycles of f AGN 

∼ 0 . 08 , 0 . 5 , > 1 for the P23 , L25 , and
V15 r elations, r espectively, ar e consistent with those r equir ed to
 epr oduce the observed AGN LFs. 

.2 The bolometric luminosity function of BL AGNs 

er e we pr esent the AGN bolometric LF predicted by our models.
s described in Section 3.1 step (v), the bolometric LF is com-
uted by convolving the active BHMFs obtained from the SMF
ith an assumed ERDF that is informed by our sample of high- z
GNs. The resulting bolometric LFs are displayed in Fig. 6 , where

he left-hand panel displays the LFs derived assuming the P23
elation, the middle panel assumes the L25 relation, and the right-
and panel assumes the RV15 relation. The black lines denote the
erived LFs for different values of the AGN fraction as labelled. 
We find average AGN fractions of 〈 f AGN 

〉 ∼ 0 . 17 , 0 . 56 , 1 . 00 for
he P23 , L25 , and RV15 M BH 

− M � r elations, r espectively, r epr o-
uce our r efer ence LF. This is within a factor of two of the
stimate from the BHMF for the P23 relation, consistent with
he estimate from the BHMF in the cases of the L25 and RV15
elations. We note that an AGN fraction of unity, as is required
hen adopting the RV15 relation, implies that every galaxy hosts
 BL AGN. How ev er, BL AGNs are a subpopulation of the total
GN population where the BLR is observed, with NL AGNs being
or e numer ous than BL AGNs (e.g . J. Scholtz et al. 2025 ). This

uggests that the RV15 relation is inconsistent with the total AGN
F at this epoch, based on the current observational estimates. If 

he LFs are revised lower in the future, then this may change, and
he RV15 relation may become feasible once more. 

At the faint end, w e observ e that only the P23 M BH 

− M � rela-
ion can r epr oduce the lowest luminosity bin of the R. Maiolino
t al. ( 2024 ) LF and even then, still r equir es a maximal AGN frac-
ion of f AGN 

∼ 1 . The fact that f AGN 

∼ 1 is necessary to r epr oduce
he low luminosity bin of R. Maiolino et al. ( 2024 ), even under
his e xtr eme M BH 

− M � r elation, may be an indication that the
umber density of low-luminosity AGNs observed by JWST is

nflated, possibly due to significant host contamination in some
ources. 
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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 
M BH 

− M � relation of P23 ( left ), L25 ( c entr e ), and RV15 ( right ). The derived luminosity functions are displayed as the black lines, where the differing 
line styles denote the f AGN values assumed. The pre- JWST LF of X. 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 R. Maiolino et al. ( 2024 ) and the 
LRD estimate of H. B. Akins et al. ( 2024 ). The left-pointing arrows of the H. B. Akins et al. ( 2024 ) points denote the LF with the 1 dex correction suggested 
by J. E. Greene et al. ( 2025 ). 
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At the bright end, we observe that both the P23 and L25 M BH 

−
 � r elations pr edict a low AGN fractions of f AGN 

� 0 . 01 , qualita-
ively in agreement with the estimates from the clustering of UV- 
right quasars (e.g. J. Arita et al. 2023 ; A.-C. Eilers et al. 2024 ; E.
izzati et al. 2024 ; J.-T. Schindler et al. 2025 ). Contrastingly, the
V15 M BH 

− M � r elation r equir es a much higher AGN fraction,
uggesting a possible tension. We will e xplor e this in mor e detail
n Section 5.1 . 

Briefly turning our attention to the LRDs. In the most e xtr eme
ase, where all the LRDs in the H. B. Akins et al. ( 2024 ) sample
re AGNs and that their bolometric luminosities are accurate and 

GN dominat ed, w e find the LRDs can be reconciled with the P23
nd L25 M BH 

− M � relations, but not the RV15 relation. How ev er,
pplying a correction of ∼ 1 dex to the bolometric luminosities 
as suggested by J. E. Greene et al. 2025 ; H. Umeda et al. 2025 )
ould reconcile the H. B. Akins et al. ( 2024 ) sample with the
V15 relation. 
The r esults pr esent ed in this section indicat e that, in line

ith what was inferred from the BHMFs, in order to reconcile 
he JWST measured SMF with the bolometric LF of the high- z 
GN population while maintaining duty cycles of f AGN 

� 0 . 5 , an
 BH 

− M � relation that is higher in normalization than that of lo-
al AGNs (e.g. RV15 ) is favoured. While a large systematic overes-
imation of the BH masses could counterbalance the unphysical 
uty cycles r equir ed by the activ e BHMF t o reconcile the RV15
 BH 

− M � relation with the JWST active BHMF and LF of BL
GNs, based on the current estimates of the number density of 
L AGNs, the RV15 M BH 

− M � does not provide sufficient leeway 
n the BHMF or LF to accommodate the NL AGN population. 

.3 The UV luminosity function of AGNs 

s the wavelength range covered by NIRcam allows for the selec- 
ion of AGNs in the rest-frame UV at z � 3 . 15 , the UV LF becomes
nother independent rout e, charact erised by different systemat- 
cs, to probe for the demography of AGNs at high redshifts. We
hus extend our method to predict the UV LF of BL AGNs from
ur bolometric AGN LFs presented in Fig. 6 . 

Prior to investigating how well the active BHMFs derived from 

he SMF can r epr oduce the BL AGN UV LF, we show in Ap-
endix C a key consistency check. We convert our r efer ence SMF,
hich we use as input to generate BHMFs, to a star formation

ate (SFR) function via convolution with the star-forming main 

equence of L. Clarke et al. ( 2024 ). The resulting SFR function
s consistent with the UV LFs of Y. Harikane et al. ( 2022 ) and
. L. Finkelstein & M. B. Bagley ( 2022 ), with only a slight over-
rediction at bright luminosities which is expected due to dust 
xtinction. This test ensures that the SMF is representative of the
ull population of UV galaxies at z ∼ 5 , consistent with the vast
ominance of star-forming galaxies at this redshift (e.g. E. Merlin 

t al. 2025 ), and thus it can be safely used as a starting point to
nfer the UV LF of AGNs. 

As set forth in Section 3.1 st ep (vi), w e t est three mappings
etween L bol and M UV due to the uncertainties surrounding this 
apping at high z, and the resulting UV LFs are displayed in

ig. 7 . In the top row, w e t est the UV bolometric corr ection fr om
. Shen et al. ( 2020 ) under the assumption that the majority of 

he high- z population are ‘typical’ AGNs. In the middle row, we
est an empirical mapping derived from our sample of high- z 
L AGNs, under the assumption that the UV emission is AGN
ominated, but there is non-negligible dust attenuation, scat- 
ered AGN emission, and/or host contamination. In the bottom 

ow, we use abundance matching to derive a statistical map- 
ing between the bolometric LF and UV LF of V. Kokorev et al.
 2024 ) under the assumption that LRDs and the wider lower-
uminosity BL AGN population follow the same mapping. We 
isplay the UV LFs derived using the P23 , L25 , and RV15 M BH 

−
 � relations in the left-hand, middle, and right-hand columns, 

espectively. 
When adopting the X. Shen et al. ( 2020 ) bolometric correction,

e find that the AGN fractions of f AGN 

∼ 0 . 5 , 1 , � 1 are necessary
o r epr oduce the determination fr om R. Maiolino et al. ( 2024 )
or the P23 , L25 , and RV15 r elations, r espectively. The empirical

apping boosts the UV LF at the faint end and suppresses it at
he bright end, requiring lower AGN fractions to r epr oduce obser-
ations ( f AGN 

∼ 0 . 2 , 0 . 8 , 1 for the RV15 , P23 , and L25 relations,
 espectively). Wher eas, the mapping fr om abundance matching 
 equir es appr o ximately the same AGN fraction t o mat ch the R.

aiolino et al. ( 2024 ) UV LF as the X. Shen et al. ( 2020 ) bolomet-
ic correction. 
MNRAS 546, 1–30 (2026) 
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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 M BH 

− M � relation when computing the UV LF, these are: P23 ( left ), L25 ( middle ), and A. E. Reines & M. Volonteri ( 2015 ) 
( right ). In each a different mapping from L bol to M UV is used, these are: the UV-bolometric correction from X. Shen et al. ( 2020 , top ), the power law 

fitt ed t o the data in the L bol − M UV plane ( middle ), and the L bol − M UV r elation fr om abundance matching ( bottom ). The UV LF obtained from the SMF 

assuming different values of f AGN are displayed as the black lines, where the line styles denote the assumed AGN fraction ( f AGN ). The galaxy UV LF 

from R. J. Bouwens et al. ( 2021 ) is denoted by the solid greenline. The UV LFs of BL AGNs (Y. Harikane et al. 2023 ; R. Maiolino et al. 2024 ; I. Juodžbalis 
et al. 2025a ) and NL AGNs (J. Scholtz et al. 2025 ) are displayed as points. Whereas, the orange shaded region denotes the LRD UV LF of V. Kokorev et al. 
( 2024 ) and the purple dotted line denotes the intermediate UV LF of A. Grazian et al. ( 2024 , their option 2). 

 

a  

t  

a  

o  

w  

m  

o  

m  

d

 

(  

a  

b  

e  

o  

t  

{  

o  

t

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/advance-article/doi/10.1093/m
nras/stag223/8456372 by Annette C

hrysostom
ou user on 24 February 2026
The X. Shen et al. ( 2020 ) bolometric correction produces
 much flatter UV LF for a mass-independent AGN fraction
han the empirical and abundance-matched mappings, which
re much steeper at the bright end, better matching the shape
f the UV LFs of lower-luminosity BL AGNs. From this we
ould infer that when adopting the X. Shen et al. ( 2020 ) bolo-
etric correction, the AGN fraction would depend strongly

n mass/luminosity. Whereas, the empirical and abundance-
atched mappings would suggest the AGN fraction is weakly

ependent on mass/luminosity. 
NRAS 546, 1–30 (2026) 
As the high- z quasar population follows the X. Shen et al.
 2020 ) bolometric correction (see Fig. 4 ), we can estimate the
v erage duty cy cle of the t otal UV-luminous BL AGN population
y comparing the model predictions to the UV LF of A. Grazian
t al. ( 2024 ). We comput e the av erage duty cy cle from the ratio
f the number densities of the A. Grazian et al. ( 2024 ) UV LF to
he model prediction (as in equation ( 11 )) with integration limits
 M Min , M Max } = { −30 , −18 } mag and find average AGN fractions
f f AGN 

∼ 0 . 3 , 0 . 8 , 1 for the P23 , L25 , and RV15 r elations, r espec-
ively. 
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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 t o giv e the subsequent ev olution ( bottom ). Applying the J. 
E. Greene et al. ( 2025 ) correction to the V. Kokorev et al. ( 2024 ) and H. 
B. Akins et al. ( 2024 ) LFs would correspondingly reduce the SMBH mass 
density at z = 5 . 5 by an order of magnitude. 

Input Redshift log 10 (ρBH 

/ [M 	 cMpc 3 ]) 

Luminosity function 

X. Shen et al. ( 2020 ) 5.5 2 . 8 +0 . 3 
−0 . 3 

Modified shen 5.5 4 . 4 +0 . 3 
−0 . 3 

C. L. Barlow-Hall & J. Aird ( 2025 ) 5.5 4.68 
H. B. Akins et al. ( 2024 ) 5.5 4 . 8 +0 . 30 

−0 . 11 

V. 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 

Note. In equation ( 12 ), we have chosen an upper integration mass limit 
of 10 10 M 	. How ev er, if w e impose the lower value of 10 9 M 	 used in K. 
Jahnke ( 2025 ), we find that the RV15 value is insensitive to the change, 
whereas the values obtained from P23 and L25 decrease by ∼ 0 . 1 dex . 
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Contrastingly, while all three M BH 

− M � relations can broadly 
 epr oduce the R. Maiolino et al. ( 2024 ) UV LF when adopting the
mpirical mapping, none can r epr oduce the quasar population 

even when using the fit that e x cludes the LRD data), indicating
hat this mapping can only be applicable for a subsample of BL
GNs. To r epr oduce the total BL AGN UV LF, differ ent map-
ings are likely needed for quasars and lower-luminosity AGNs. 
ow ev er, w e do not pursue this, as it would r equir e knowledge

f the relative abundance of these populations, as well as an un-
erstanding of where/why the transition happens between these 
opulations. Furthermore, it is unclear whether the dust extinc- 
ion inferred from SED fitting (which broadly aligns these lower- 
uminosity BL AGNs with the X. Shen et al. 2020 bolometric
orrection) is truly tracing dust, as the trend of dust extinction 

ith luminosity conflicts with that observed locally. 
Finally, when using the mapping from abundance matching, 

e are assuming that the LRDs’ UV emission is AGN dominated. 
f instead this is host dominated (as suggested by the BH ∗/BH
nv elope int erpr etation J. E. Gr eene et al. 2025 ; R. P. N aidu et al.
025 ; H. Umeda et al. 2025 ; A. de Graaff et al. 2025b ), the LRD
V LF should lie much lower than the determination from V. 
okorev et al. ( 2024 ). This would remove the tension with the
re- JWST determinations of the faint end of the UV LF, but also
esults in the model predictions from the abundance-matched 

apping having little physical meaning. 
In summary, under all three mappings, the AGN fraction nec- 

ssary to r epr oduce the Y. Harikane et al. ( 2022 ) and I. Juodžbalis
t al. ( 2025a ) UV LFs is appr o ximat ely consist ent with the es-
imate from the BHMF, whereas a larger AGN fraction is nec- 
ssary to r epr oduce the R. Maiolino et al. ( 2024 ) UV LF. If the
urrent observational determinations are accurate, they would 

avour a high-normalization M BH 

− M � relation, with only the 
23 M BH 

− M � relation being able to reproduce the R. Maiolino
t al. ( 2024 ) and J. Scholtz et al. ( 2025 ) UV LFs under all three
appings. 

.4 The SMBH mass density 

nder the assumption that SMBHs primarily grow via radiatively 
fficient accretion, the Sołtan Argument (A. Soltan 1982 ) allows 
s to predict the evolution of the SMBH mass density ( ρBH 

) from
he luminosity density ( ρL ) int egrat ed across cosmic time. Re-
ently, K. Jahnke ( 2025 ) suggested that the UV-luminous quasars
ade up ≤ 10 per cent of the total BH mass density at z ∼ 6 de-

ived from the SMF assuming the M BH 

− M � relation of L25 . This
llows for the heavily obscured growth mode seen in the LRDs
o be dominant at this epoch. How ev er, this conclusion rests on
 number of assumptions, starting from the choice of scaling re-
ations and r efer ence AGN LF. As w e highlight ed in the previous
ection, different data sets must be closely int erconnect ed in spe-
ific ways to ensure consistency, for example high-normalization 

caling relations and low duty cycles, or vice versa. In this section
e revisit the overall cumulative accretion from int egrat ed AGN 

Fs and SMBH mass densities at z ∼ 5 . 5 within the framework
f our compr ehensive appr oach (Section 4.4.1 ), and then use our
 efer ence models at z ∼ 5 . 5 as initial conditions to predict the
mplied SMBH mass densities down to z ∼ 0 (Section 4.4.2 ). 

.4.1 The SMBH mass density at z ≥ 5 . 5 

s described in Section 3.1 step (vi), we compute the SMBH mass
ensity at z = 5 . 5 from the BHMFs presented in the previous
ection via equation ( 12 ). We then compare these values to SMBH
ass density at z = 5 . 5 predicted by the Sołtan argument, com-

uted via equation ( 13 ) for several LFs. The resulting values are
isted in Table 3 and their evolution is displayed in the right-hand
anel of Fig. 8 . 
F rom the v alues list ed in Table 3 (as w ell as the right-hand

anel of Fig. 8 ) we see that the X. Shen et al. ( 2020 ) quasar LF can
ully account for the BH mass density inferred from the RV15 -
ased BHMF, whereas the BH mass density obtained from our 
 efer ence LF is in good agreement with the BH mass density
erived from the L25 -based BHMF, and the BH mass density

mplied by the P23 is even higher than this, aligning with the 1 σ
pper bound of the mass density derived from the H. B. Akins
t al. ( 2024 ) LF. How ev er, applying the corr ection of 1 de x to the
olometric luminosities suggested by J. E. Greene et al. ( 2025 ),
ould reduce the mass densities obtained from the LRD LFs by

n order of magnitude, consistent with the LRDs being a small
ubpopulation of BL AGNs even when accounting for selection 

ffects in the M BH 

− M � r elation. Fr om this direct comparison
t emerges that the fraction of implied obscured sources, i.e. of 
ources not recorded in the quasar LF, will depend on the class of 
odel considered, being equal to the obscured fractions implied 

y the X. Shen et al. ( 2020 ) quasar LF in the RV15 model, and
ignificantly larger when considering the other two models, in 

ine with K. Jahnke ( 2025 ). 
Int erestingly, w e find that there is good consistency at z = 5 . 5

etween the L25 estimate, the estimate from the VDF (see Ap-
endix B ), and the mass density computed from direct integration
f our r efer ence LF. While ther e ar e uncertainties originating
rom the assumptions necessary to compute the SMBH mass den- 
ity from the VDF and LF at this epoch, the consistency between
MNRAS 546, 1–30 (2026) 
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Figure 8. Left: The SMBH mass density from z = 5 . 5 to z = 0 computed from our r efer ence luminosity function and with the initial conditions obtained 
using the M BH 

− 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 X. Shen et al. ( 2020 ) quasar luminosity function (grey shaded region). The local estimat es display ed are the estimate derived 
from the VDF M. Bernardi et al. ( 2010 ) assuming the M BH 

− σ� relation of S. de Nicola, A. Marconi & G. Longo ( 2019 ) (lower green upturned-triangular 
marker) and V. N. Bennert et al. ( 2021 ) (upper green upturned-triangular marker), the estimate of C. J. Burke et al. ( 2025 ) (tan triangular marker), the 
estimate of E. R. Liepold & C.-P. Ma ( 2024 ) (red x -shaped mark er), and the estimate from the M. Bernardi et al. ( 2017 ) SMF and the J. Kormendy & L. C. 
Ho ( 2013 ) M BH 

− M � relation (orang e plus -shaped marker). If we adopt only the X. Shen et al. ( 2020 ) LF the P23 and L25 curves are impacted negligibly, 
whereas, because the RV15 -based ρBH 

(z = 5 . 5) is consistent with the prediction of X. Shen et al. ( 2020 ), the RV15 curve would follow the same evolution 
(gr ey shaded r egion). Right: The SMBH mass density fr om z = 10 to z = 5 . 5 computed using the X. Shen et al. ( 2020 ) LF (black line), our r efer ence LF 

(red dashed line), and the C. L. Barlow-Hall & J. 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 thr ee M BH 

− M � r elations (cir cular markers). In addition we show the 
mass density obtained by tuning the high- z ev olution of the LF t o mat ch the estimat es 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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ultiple observables suggests a pr efer ence for the L25 relation
ver the P23 relation, which would lead to an inconsistency be-
ween the SMBH mass density predicted by the M BH 

− M � rela-
ion and the M BH 

− σ� relation or int egrat ed AGN emissivity. On
he other hand, an overestimation of the BH masses at high- z
ould also lead to a lower-normalization M BH 

− σ� relation, and
n appr o ximat e consist ency betw een the RV15 relation, the VDF,
nd the X. Shen et al. ( 2020 ) LF. 

The z = 5 . 5 P23 -based mass density is similar to the prediction
f the CAT super-Eddington model ( log (ρBH 

) = 5 . 3 ; A. Trinca
t al. 2024 ) and the A-SL O TH heavy-seeding model fr om J. J eon
t al. ( 2025b , log (ρBH 

) ∼ 5 . 3 ), whereas the L25 -based mass den-
ity (as well as the prediction of the r efer ence LF) is consis-
ent with the CAT Eddington-limited model ( log (ρBH 

) = 3 . 8 for
 BH 

≥ 10 5 M 	; A. Trinca et al. 2022a ), the Shark v2.0 model
 log (ρBH 

) = 3 . 9 C. d. P. Lagos et al. 2018 , 2024 ), and the A-SL O TH
ight-seeding model from J. Jeon et al. ( 2025b , log (ρBH 

) ∼ 4 . 5 )
nd the CAT Eddingt on-limit ed model is more consistent with
he RV15 -based estimate when making a more stringent mass
ut ( log (ρBH 

) = 3 . 2 for M BH 

≥ 10 6 M 	). A comparison plot of the
redicted SMBH mass density with the predictions of several
heoretical models can be found in Fig. E2 . 

In the right-hand panel of Fig. 8 we show the integrated SMBH
ass density obtained from our reference AGN LF (red dashed

ine), which is comparable (within a factor of 2) to the mass
ensity obtained from the integration of the C. L. Barlow-Hall &
. Aird ( 2025 ) X-ray LF (grey double- dot- dashed line), which has
NRAS 546, 1–30 (2026) 
een corrected to bolometric following the X. Shen et al. ( 2020 )
orrection. For complet eness, w e also include the mass density
rom the fiducial X. Shen et al. ( 2020 ) global fit A (solid black
ine). The dotted blue and mint green lines show the SMBH

ass density when we tune the evolution of the LF to match
he P23 and L25 -based estimates at z = 5 . 5 , respectively. For
his we modify the high- z evolution of the LF normalization by
etting d 1 (z = 10) = −0 . 086 , −0 . 319 for the P23 and L25 rela-
ions, respectively, and linearly interpolate these to d 1 (z = 5 . 5) =
0 . 2436 . As clearly displayed in Fig. 9 , while the L25 -based mass

ensity at z = 5 . 5 can be r epr oduced with a high- z evolution
idway between that of our r efer ence LF and the fiducial X.

hen et al. ( 2020 ) fit, a much shallow er ev olution is necessary to
 epr oduce the P23 -based mass density (even if we were to start
he integration at z i = 20 ). 

.4.2 The SMBH mass density at z < 5 . 5 

he left-hand panel of Fig. 8 displays the evolution of the BH
ass density from z = 5 . 5 to the present day. We observe that,

espite the initial conditions spanning over two orders of mag-
itude, the predicted BH mass density at z = 0 are within 0 . 1 dex
f each other, as well as being within 0 . 1 dex of the local estimate
f C. J. Burke et al. ( 2025 ) and 0 . 2 dex of the value obtained from
he M. Bernardi et al. ( 2010 ) VDF with either the S. de Nicola
t al. ( 2019 ) or the V. N. Bennert et al. ( 2021 ) M − σ relation
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Figure 9. The evolution of the normalization ( �∗) at the break luminos- 
ity ( L ∗) for the fiducial X. Shen et al. ( 2020 ) global fit A (grey solid line), 
our r efer ence LF (black dot-dashed line), and the evolution necessary 
t o mat ch the estimat es from the SMF with an initial redshift of z i = 10 
(dotted lines). 
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assuming the aperture correction of A. de Graaff et al. 2021 ). 
hile the RV15 and L25 curves suggest that only a small fraction

f the present-day BH mass density had already accumulated by 
 = 5 . 5 (specifically ∼ 0 . 1 per cent for RV15 and ∼ 3 per cent for
25 ), the P23 curve implies that ∼ 18 per cent of the present-day
H mass density was already in place at this epoch, leading to the

elatively small amount of evolution displayed in Fig. 8 . 
All our accretion models, characterized by the same radiative 

fficiency ( εr = 0 . 1 ), are roughly consistent with the z = 0 SMBH
ass density derived from the VDF and M BH 

− σ� relation (down- 
ar d gr een triangles in Fig. 8 ) but fall short in r epr oducing the

stimate from the SMF and M BH 

− M � relation (the ‘x’ and ‘ + ’-
haped markers in Fig. 8 ). This discrepancy, was already noted 

n previous works (e.g. E. Tundo et al. 2007 ) and, in particular, F.
hankar et al. ( 2020a ) and F. Zou et al. ( 2024 ) have highlighted the
nconsist ency betw een accretion models and the BHMF obtained 

r om the M BH 

− M � r elation which would r equir e e xtr emely low
alues of the radiative efficiency, possibly an indication of a bias
or e pr onounced in the M BH 

− M � r elation (e.g . F. Shankar et al.
016 ; F. Shankar et al. 2025 ). J. Luberto & S. R. Furlanetto ( 2025 )
 ecently investig ated the radiative efficiency necessary to recon- 
ile a high- z estimate of ρBH 

based on the P23 relation with the lo-
al estimate, finding a need for an even higher radiative efficiency 
f εr ∼ 0 . 2 , further corroborating the results presented here and
y F. Shankar et al. ( 2020a ) and F. Zou et al. ( 2024 ). 

We note that pairwise residual analysis consistently indi- 
at es that st ellar v elocity dispersion is the galactic variable most
tr ongly corr elated with SMBH mass, thus, supporting the VDF- 
ased BHMF. In this logic, the initial condition should also be 
ased on the M BH 

− σ� relation, which as discussed earlier, ap- 
ears to be consistent between high- z and local AGNs. As a re-

iable estimate of the z ∼ 5 VDF is not available, in Appendix B
e deploy the framework of C. Marsden et al. ( 2021 ) and find

he predicted VDF-based ρBH 

at z = 5 . 5 to lie below the estimate
ased on the P23 r elation, mor e aligned with the estimate based
n the L25 relation, which w ould creat e more room for a steadier
rowth of SMBHs down to z = 0 . 
.5 Forward modelling the SMBH demography 

n this section we present the evolution of the BHMF predicted
y the continuity equation technique. As described in detail in 

ection 3.2 , we employ the continuity equation following the 
ethodology of M. Tucci & M. Volonteri ( 2017 ), taking the
HMFs inferred from the SMF using the three M BH 

− M � rela-
ions (Fig. 5 ) as initial conditions, and adopting the ERDF of 

. Tucci & M. Volonteri ( 2017 ) but adjusting its parameters at
igh redshift to approximately reproduce the ERDF of quasars 
t z ∼ 5 − 7 . The resulting BHMFs are displayed in Fig. 10 where
he colour gradient denotes the continuous redshift evolution and 

he solid coloured lines display the BHMF at integer steps in
edshift. The aim of this section is not to provide a comprehensive
nd final model for the evolution of the BHMF with time, but
ather to merely check the consistency with the local estimates 
n Fig. 10 . There are, of course, uncertainties that arise due to
ome of the input assumptions in our modelling (e.g. the ERDF,
bscured fraction, AGN LF, neglecting mergers, et c.), how ev er,
ur conclusions are minimally impacted by these. 

The left-hand panel of Fig. 10 displays the resulting evolution 

f the BHMF from the P23 initial conditions. We observe that
he majority of the evolution occurs around the knee of the mass
unction ( M BH 

∼ 10 8 −9 . 5 M 	), with minimal evolution outside of 
his domain. The resulting local BHMF is broadly consistent 
ith the VDF-based estimate, but with a significant departure 

nd steepening below M BH 

∼ 10 7 . 5 M 	. This discrepancy could of 
ourse mirror an incompleteness in the local VDF and/or too high
n initial condition. Including BH mergers may redistribute some 
f this mass but would not improve this mismatch significantly, 
s also recently shown by A. Lapi et al. ( 2025 ) who deployed
osmologically motivated BH mergers in the continuity equa- 
ion using the Smoluchowski formalism (M. V. Smoluchowski 
916 ). The inclusion of mergers may also lead to the high-mass
nd of the BHMF e x ceeding the VDF-based estimate. 

The middle panel of Fig. 10 displays the results of the accreted
ass functions using the L25 BHMF as initial conditions. Simi- 

arly to the P23 BHMF, the majority of the evolution from the L25
nitial conditions occurs around the knee. How ev er, as the initial
onditions aren’t as steep, there is more evolution at all masses
han in the P23 case. The resulting local BHMF is consistent with
he C. J. Burke et al. ( 2025 ) SMF-based estimate at high masses,
he VDF-based estimate at the knee, but still displays a steepening
elow M BH 

∼ 10 7 . 5 M 	 (albeit, slightly less significant than in the
23 case). Including BH mergers may redistribute some mass, 
articularly impacting the high-mass end and possibly bringing 
he BHMF in line with the VDF-based estimate. 

The right-hand panel of Fig. 10 displays the resulting evolution 

f the BHMF from the RV15 initial conditions. We observe that
here is significant redshift evolution of the BHMF across the 

ass range, with the z = 0 prediction mostly aligning with the
MF and VDF-based BHMFs at the high-mass end and knee, 
 espectively, wher eas it tends towards the TRINITY (H. Zhang
t al. 2023 ) estimate in the low-mass limit. By z = 3 the BHMF
s ∼ 10 per cent of its value at z = 0 , but still lies just below the
 = 5 . 5 BHMF obtained from the SMF and P23 relation. The
ev el of ev olution implied by this model is consistent with that
ypically predicted by other accretion models (e.g. A. Merloni & 

. Heinz 2008 ; F. Shankar, D. H. Weinberg & J. Miralda-Escudé
009a ; X. Cao 2010 ; R. Aversa et al. 2015 ; M. Tucci & M. Volonteri
017 ; A. Sicilia et al. 2022 ) as well as cosmological hydrodynamic
imulations (e.g. M. Habouzit et al. 2021a ). 
MNRAS 546, 1–30 (2026) 
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M

Figure 10. Comparison of the evolution of the BHMF predicted by the continuity equation for the P23 (left-hand panel), L25 (middle panel), and RV15 
(right-hand panel) models. The colour gradient denotes the continuous redshift evolution, with the solid coloured lines denoting the BHMF at integer 
steps in redshift. The black dashed, dot-dashed, and dotted lines denote the local estimates from the M. Bernardi et al. ( 2010 ) VDF using the M BH 

− σ� 

relation of S. de Nicola et al. ( 2019 ) and the aperture correction of A. de Graaff et al. ( 2021 ), from the TRINITY model H. Zhang et al. ( 2023 ), and from 

the BH occupation fraction C. J. Burke et al. ( 2025 ). 
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We note that a BH occupation fraction below unity at moderate
 o low st ellar masses (such as those proposed by B. P. Miller et al.
015 ; F. Zou et al. 2025 ) would induce a more marked flattening
f the local BHMF at M BH 

� 10 6 −7 M 	. In turn, this flattening
 ould exacerbat e the t ension with the st eep low-mass end of 

he accreted BHMF. While mergers may redistribute some of this
ass, the P23 -based BHMF would be in tension with this already

t z = 5 . 5 , requiring extremely high merger rates that are not
upported by current models (e.g. A. Lapi et al. 2025 ). Exploring
his in detail is beyond the scope of this w ork, how ev er w e plan
o address this in future work. 

.5.1 The average duty cycle 

n addition to the evolution of the BHMF, the continuity equa-
ion approach also predicts the duty cycle as a function of BH

ass and redshift including all active SMBH shining above the
inimum luminosity r ecor ded in the input AGN LF. The redshift

volution of the mean duty cycle of the SMBH population com-
uted from equation ( 20 ) for the three sets of initial conditions,
 U ( z ) 〉 , is displayed in Fig. 11 . The average duty cycle is initially in
ood agreement with the values obtained from the BHMF in Sec-
ion 4.1 ( f AGN 

∼ 0 . 08 , 0 . 5 , � 1 from the BHMF for the P23 , L25 ,
nd RV15 r elations, r espectiv ely). At lat er times the duty cy cle
eclines from z = 5 . 5 to z ∼ 3 for all three M BH 

− M � relations.
his is the result of the weak evolution of the LF normalization
ver this period (see Fig. 9 ). The duty cycle then increases in all
hree models, peaking at z ∼ 1 , before declining to the present
ay and converging to similar values at z � 0 . 5 . 
At z ∼ 4 , the P23 model predicts an average duty cycle of ∼

 per cent , broadly consistent with the estimate from the predic-
ions of the super-Eddington CAT model ( ∼ 1 − 4 per cent ; A.
rinca et al. 2024 ), but lower than is typically predicted by cosmo-

ogical hydrodynamic simulations (see Fig. 8 of M. Habouzit et al.
021b ). Whereas, the L25 model predicts an average duty cycle of 

20 per cent , consistent with the predictions of some accretion
odels and the Eagle simulation (e.g. M. Tucci & M. Volonteri

017 ; M. Habouzit et al. 2021b ), and the RV15 model predicts an
verage duty cycle of ∼ 40 per cent (similar to TNG100 and below
he prediction of Horizon AGNs; M. Habouzit et al. 2021b ). Even
NRAS 546, 1–30 (2026) 
t z ∼ 1 there is a factor of ∼ 2 difference between the average
uty cycle of the P23 and L25 models which could potentially
e inv estigat ed through clust ering analysis by future deep, wide-
eld surveys. 

.5.2 The evolution of the M BH 

− M � relation 

or complet eness, w e also comput e the predict ed M BH 

− M � re-
ation at each redshift via abundance matching between the ob-
erved SMF and our BHMF derived from the continuity equation.
he resulting evolution of the M BH 

− M � relation for the three
ases is displayed in Fig. 12 . 

As e xpected fr om the agr eement displayed in Fig . 10 , we find
he local M BH 

− M � relations obtained from all three sets of initial
onditions to be in good agreement with one another, as well as
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Figure 12. A comparison of the evolution of the M BH 

− M � relation obtained from abundance mat ching betw een the observed SMF and the BHMF 

derived from the continuity equation. The left panel displays the results of the P23 model, the middle panel displays the results of the L25 model, and the 
right panel displays the results of the RV15 model. The solid coloured lines denote the derived relation at integer steps in redshift and the black dashed, 
dot- dashed, double- dot- dashed, and dotted lines denote the local relations of RV15 , F. Shankar et al. ( 2016 ), P23 , and L25 , respectively. 

w  

a
l  

o  

t  

v  

s
i
d
o
M
r  

H  

e  

e  

w  

t  

m  

i  

e  

h  

a
b

 

z  

B  

t  

o  

1  

w  

e  

m  

I  

b
C  

i  

a

c
z
o

Figure 13. A comparison of the M BH 

− σ� relation obtained by abun- 
dance matching between the local BHMF derived using the continuity 
equation and the VDF of M. Bernardi et al. ( 2010 ) to the literature re- 
lations of E. Tundo et al. ( 2007 ), V. N. Bennert et al. ( 2021 ), and S. de 
Nicola et al. ( 2019 ). The V. N. Bennert et al. ( 2021 ) and S. de Nicola et al. 
( 2019 ) relations have been aperture corrected to R ap = R e / 8 in order to 
match the M. Bernardi et al. ( 2010 ) VDF and the E. Tundo et al. ( 2007 ) 
relation. We have assumed the intrinsic scatter of E. Tundo et al. ( 2007 ) 
as it uses st ellar v elocity dispersions comput ed in the same aperture as 
the M. Bernardi et al. ( 2010 ) VDF ( R ap = R e / 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 1 σ
uncertainty region is denoted by the corresponding shaded region of the 
same color . W e observe that the M BH 

− σ� r elation of all thr ee models ar e 
in good agreement with one another and with the relation of E. Tundo 
et al. ( 2007 ). 
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ith the observed local r elations. Specifically, the r elations agr ee
ppr o ximately in both slope and normalization with the RV15 
ocal relation at M � � 10 11 M 	 and with the local determination
f F. Shankar et al. ( 2016 ) above this. Of course, the implementa-
ion of the continuity equation only includes the growth of BHs
ia accr etion, wher eas gr owth via SMBH mergers is e xpect ed t o
teepen the relation at the high-mass end, but not significantly 
mpact the overall evolution in normalization. The most striking 
ifference among the three cases is the level of evolution. We 
bserve that for the RV15 and the L25 models, the predicted 

 BH 

− M � relations display little evolution, being within the pa- 
ameter space of local determinations from z = 5 . 5 to present.
ow ev er, the P23 case displays significant and rapid evolution at

arly times, due to the BHMF evolving very little while the SMF
v olv es more significantly, implying a low 〈 sBHAR / sSFR 〉 ratio
hich dictates the motion in the M BH 

− M � plane. In addition,
he ev olution charact erizing the P23 model, which predicts a BH

ass density comparable to the local estimate already by z ∼ 2 . 5 ,
s appr o ximat ely consist ent with the observations of I. Juodžbalis
t al. ( 2025a ) who find their lowest redshift bin ( 2 < z < 3 . 5 ) to
a ve con verged to the local relation. How ev er, this ev olution may
lso be somewhat driven by the differing level of observational 
iases at different redshifts. 

We carry out a similar e x er cise for the M BH 

− σ� relation at
 = 0 via abundance mat ching betw een the SDSS VDF of M.
ernardi et al. ( 2010 ) and the BHMF from the continuity equa-

ion, and adopt the intrinsic scatter found by E. Tundo et al. ( 2007 )
f 0 . 15 dex . The resulting M BH 

− σ� relation is displayed in Fig.
3 . We find the local relation in all three cases to be consistent
ith the E. Tundo et al. ( 2007 ) relation and the V. N. Bennert

t al. ( 2021 ) relation, with only a slight deviation at the highest
asses, which may be r educed thr ough the inclusion of mergers.

n Appendix B we predict the evolution of the M BH 

− σ� relation
y adopting the VDF predicted by the theoretical framework of 
. Marsden et al. ( 2021 ). We find that, depending on the exact

nputs, both the P23 and L25 BHMFs predict a M BH 

− σ� that is
lmost constant in redshift and consistent with the local relation. 

To summarise, by forward modelling the BHMF using the 
ontinuity equation, we have demonstrated that all three high- 
 BHMF constructed using the M BH 

− M � relations can be rec- 
nciled with the local estimates of the BHMF, although with an 
MNRAS 546, 1–30 (2026) 
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pturn at low masses for the P23 and L25 models. In addition, the
23 model shows very little redshift evolution in the BHMF, but
 strong evolution in the M BH 

− M � relation (similar to the zevo
eed case in F. Zou et al. 2024 ). On the other hand, the RV15 and
25 models predict more evolution in the BHMF and a M BH 

− M � 

ith minimal evolution. 

 DISCUSSION  

n this Section we first briefly describe AGN clustering as an
dditional powerful probe to discern among equally successful
odels. We briefly discuss how the LRDs fit into this work and

hen move on to discuss the possible observational systematics
ffecting our data-driven methodology, and conclude with a com-
arison to cosmological galaxy evolution models and a discussion
f the wider implications. 

.1 AGN clustering as an independent constraint 

n this w ork, w e hav e present ed an inv estigation of the consis-
ency of different data sets relating to the high- z SMBH popu-
ation. Specifically, w e hav e built from the JWST z = 5 . 5 SMF a
orresponding BHMF via three M BH 

− M � relations that bracket
he (large) systematics present. We found that to simultaneously
 epr oduce the active BHMF and bolometric/UV AGN LFs, the
uty cycles or fractions of active SMBHs should be ∼ 10 per cent ,
0 per cent, and � 100 per cent , respectively, for the three refer-
nce M BH 

− M � scaling relations of P23 , L25 , and RV15 . 
Such a degeneracy could be in principle broken via indepen-

ent AGN clustering measurements that set constraints on the
ost dark matter halo masses and thus on the implied duty cy-
les in terms of fraction of active haloes. As the quasar popu-
ation appear to reliably follow the local bolometric correction
f X. Shen et al. ( 2020 ), we can compare the pr edictions fr om
he thr ee M BH 

− M � r elations with the observationally deter-
ined duty cycle of UV-luminous quasars from clustering anal-

sis. A.-C. Eilers et al. ( 2024 ) estimate the number density of 
V-luminous quasars ( M UV � −26 . 5 mag ) using the UV LF of 

.-T. Schindler et al. ( 2023 ) and from the ratio to number den-
ity of host halos with M H 

≥ 10 12 . 43 , infer the duty cy cle t o be
f duty = 0 . 004 +0 . 012 

−0 . 003 . 
To make sure this is a fair comparison, we run a Monte Carlo
odel in which we sample the host halos with M H 

≥ 10 12 . 43 from
he halo mass function, assign stellar masses from the M � − M H 

elation (computed via abundance matching), and BH masses
ia the three M BH 

− M � relations. To each of these BHs we as-
ign a bolometric luminosity via sampling our ERDF and as-
uming f AGN 

= 1 , then convert this to a UV magnitude using
he X. Shen et al. ( 2020 ) bolometric correction. We then com-
ute the UV LF and compute the duty cycle as the ratio of 
he J.-T. Schindler et al. ( 2023 ) UV LF to our model UV LFs
n the range M UV ≤ −26 . 5 mag . We find duty cycles of f duty =
 . 004 +0 . 008 

−0 . 003 , 0 . 023 +0 . 041 
−0 . 015 , and 0 . 26 +0 . 24 

−0 . 14 for the P23 , L25 , and RV15
 elations, r espectively, wher e the uncertainties originate from
dopting the 1 σ -upper and lower bounds on the minimum halo
ass. These results indicate that a higher normalization M BH 

−
 � relation is favoured, hinting at a preference for the P23 rela-

ion at least in the quasar population. How ev er, these findings are
ensitiv e t o the high-mass extr apolation and the intrinsic scat ter
f the relation, with more detailed future studies needed to ro-
ustly draw conclusions. 
NRAS 546, 1–30 (2026) 
.2 The little red dots in the context of this work 

hroughout this work we have assumed that the LRDs are a small
ubpopulation of the wider BL AGN population, such that they
ontribute minorly (or even negligibly) to the BL AGN demo-
raphics and ther efor e, do not need to be car efully tr eated via
eparate prescriptions within our framew ork. Here, w e briefly
ustify this assumption. 

We estimate the relative abundance of LRDs from the ratio
f the number density of LRDs to the number density of BL
GNs. Specifically, w e estimat e the number density of LRDs by

ntegrating our Schechter fit to the V. Kokorev et al. ( 2024 ) LF,
hich we correct following J. E. Greene et al. ( 2025 , denoted by

he left-hand arrows in Fig. 1 ) in the range L bol ≥ 10 42 . 5 erg s −1 

nd obtain the number density of BL AGNs from our reference
F in the same r ange. F rom this w e estimat e that the LRDs only
ompose 2.1 per cent of the BL AGN population. 

Similarly, we can gauge the LRDs contribution to the SMBH
opulation by comparing the V. Kokorev et al. ( 2024 ) LF which
as been corrected following J. E. Greene et al. ( 2025 ) to our
odel predictions with f AGN 

= 1 via equation ( 11 ) for L bol ≥
0 42 . 5 erg s −1 . From this we estimate that LRDs compose ∼
 per cent , 3 per cent , and , 4 . 5 per cent of the SMBH population
or the P23 , L25 , and RV15 r elations, r espectively. This suggests
hat the LRDs compose only a small fraction of the SMBH pop-
lation ( � 5 per cent ) independently of how the observed AGN
elat e t o the underlying SMBH population. 

.3 Systematics 

he main systematics that may impact our findings are the reli-
bility of the SMBH mass, luminosity, and number density esti-
at es, as w ell as the assumptions within our methodology. We

ackle each of these in turn and discuss to what extent they could
mpact our findings. 

.3.1 SMBH mass and luminosity estimates 

he SMBH mass measurements of the BL AGN have been ob-
ained from single-epoch virial estimators using the broad Balmer
ines. These estimators rely on the observed widths of the broad
almer lines tracing the motion of the BLR clouds, as well as lo-
ally calibrated empirical r elations. Recent dir ect measur ements
f the BLR dynamics from GRAVITY + have suggested that single
poch methods may ov erestimat e the SMBH masses in at least
ome high- z systems (R. Abuter et al. 2024 ; K. A. El Dayem
t al. 2026 , see also E. Parlanti et al. 2025 ). Furthermore, not
ccounting for secondary correlations within these estimators –
articularly when working with small, flux-limited samples – can
otentially also bias your BH masses high at a population level (A.
upi et al. 2024b ). In addition, at least in the LRD subpopulation,

here is growing evidence for the central SMBH being enshrouded
n dense neutral gas (e.g. K. Inayoshi & R. Maiolino 2025 ; R. P.
aidu et al. 2025 ; F. D’Eugenio et al. 2025a ; A. de Graaff et al.

025a ; F. D’Eugenio et al. 2025b ), which would be responsible
or the v-shaped SED, the SMBH mass being significantly over-
stimated by single-epoch virial estimators, and a large deviation
rom the locally calibrated bolometric corrections. 

In our framework, the RV15 M BH 

− M � r elation, r epr esentative
f local AGNs, has been assumed as the possible underlying scal-
ng relation when both selection effects and SMBH mass over-
stimates are accounted for . However , this relation still requires
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ery large, and sometimes unphysical, duty cycles of f AGN 

� 1 
o r epr oduce the large number densities of AGNs at z ∼ 5 − 6 ,
uggesting that either these estimates are also overestimated, as 
iscussed below, and/or that the UV–bolometric corrections re- 
uire further tuning. 

.3.2 Number density estimates 

n Section 4 we tested our predicted AGN demography against 
ever al observ ational estimates of the number density of high-
 AGNs which may, in turn, suffer from systematics. The A. J.
aylor et al. ( 2024 ) active BHMF may be biased high as 21 of their
ample of 62 spectroscopically confirmed BL AGNs are LRDs. If 
he BH ∗/BH envelope interpretation is found to be widely appli-
able to the LRDs, then the BH masses of these objects would
ikely be ov erestimat ed by � 2 dex , significantly impacting the re-
ulting number density estimate. Furthermore, when computing 
he active BHMF, A. J. Taylor et al. ( 2024 ) apply an incomplete-
ess correction obtained through a Monte Carlo approach, which 

s significant at low masses ( ∼ 1 dex at M BH 

= 10 6 . 5 M 	). While
emoving the incompleteness correction alone does not reconcile 
he active BHMF with the total BHMF predicted by the RV15 
 BH 

− M � relation, if the LRD masses also get revised lower, then
his may well reconcile the tw o. How ev er, there w ould still be a
iscrepancy at the high-mass end between the BHMF inferred us- 

ng the RV15 relation and the active BHMF of W. He et al. ( 2024 ).
The UV LF of BL AGNs may also be biased high due to host-

alaxy contamination, which appears to be present in several 
ources of the R. Maiolino et al. ( 2024 ) and I. Juodžbalis et al.
 2025a ) samples (see Fig. 4 ). An overestimation of these UV LFs
ould also impact our r efer ence LF, which is tuned only to UV-
ased estimates at the faint end. How ev er, w e hav e neglect ed
orrecting these UV LF for dust extinction when converting them 

o bolometric, which would somewhat counterbalance such an 

ffect. By using, among others, an empirical M UV − L bol mapping, 
 e ov ercame some of these uncertainties, though some uncer-

ainty in the UV LF of BL AGNs r emains (e x emplified by the
 ension betw een these UV LFs and the recent upper limit of Y.-H.
in et al. 2025 ). 
Finally, due to the small field of view of JWST , the nominal

urv ey ed area is still quite small. So, a simple overestimation of 
he number density due to cosmic variance or uncertainty in the
olume definition remains a possibility. 

.4 Comparison to theoretical models 

heoretical modelling is key to conclusively decipher where these 
aint BL AGNs sit in relation to the total underlying SMBH pop-
lation, the implications for SMBH seeding, and the implica- 

ions for the origin, evolution, and driving forces behind the 
MBH–galaxy connection. Tackling this problem with cosmo- 
ogical hydrodynamic simulations, semi-analytic models (SAMs), 
nd semi-empirical models (SEMs) in tandem offers the most 
r omising appr oach, as they ar e complementary techniques, al- 

owing different aspects of the problem to be probed. 
Ther e ar e ongoing efforts to understand the JWST observa-

ions within theoretical frameworks. For instance, A. Trinca et al. 
 2024 ) recently showed that, in the framework of the Cosmic
rchaeology Tool (CAT; A. Trinca et al. 2022a ; A. Trinca et al.
022b ), both the ov ermassiv e nature of the low-luminosity BL
GN and the H. B. Akins et al. ( 2024 ) LF could be r epr oduced via
pisodic periods of super-Eddington accretion triggered by galaxy 
ergers, whereas their Eddingt on-limit ed model is consistent 
ith both the M BH 

− M � relation of local AGNs (e.g. RV15 ) and
he quasar luminosity function at z ∼ 6 . How ev er, due t o the lim-
ted redshift range of the model, it is unclear what signatures this
volutionary pathway may leave on the local SMBH demography. 
. J. Porras-Valverde et al. ( 2025 ) presented a complementary

tudy comparing SAMs that at z ∼ 0 are consistent with the SMF,
ocal estimates BHMF, and the M BH 

− M � r elation, e xamining
ow they differ at high redshift, if they can r epr oduce the dis-

ribution functions of LRDs and high- z AGNs, and what mecha-
isms ar e r esponsible. They found that, on the whole, the SAMs’
 otal BHMF w ere consist ent with the high- z activ e BHMFs of A. J.
aylor et al. ( 2024 ), but were unable to r epr oduce the bolometric
F of H. B. Akins et al. ( 2024 ), with the e x ception of DarkSage

A. R. H. St ev ens et al. 2016 ). In addition, the majority of the
AMs’ predicted LFs fall below, but close to our r efer ence LF. 

At z ∼ 5 . 5 , we find our r efer ence LF to be in good agreement
ith the prediction from the CAT super-Eddington model at the 
right end ( L bol � 10 46 . 5 erg s −1 ), but sits mid- w ay between the
AT super-Eddingt on and Eddingt on-limit ed models at L bol �
0 44 erg s −1 . At z ∼ 5 . 5 , the BHMFs of the CAT super-Eddington
odel and the A-SL O TH heavy-seeding model (J. Jeon et al.

025b ) are in better agreement with that inferred from the SMF
sing the P23 M BH 

− M � r elation. Wher eas, the CAT Eddington-
imited model and the light-seeding model from J. Jeon et al.
 2025b ) are in better agreement with the estimates using the
V15 and L25 r elations, r espectiv ely. At z ∼ 10 w e find that in

he range M BH 

≥ 10 5 M 	, the SMBH mass density of the CAT
uper-Eddington model and the A-SL O TH heavy-seeding model 
r e alr eady consistent with the VDF-based estimate at z = 5 . 5 and
 x ceeds the estimate from the L25 M BH 

− M � relation. Restricting
his to the same mass range as equation ( 12 ) ( M BH 

≥ 10 6 M 	), we
nd the z = 9 . 5 prediction of the heavy-seeding model to be in
ood agreement with the prediction from our reference LF (see 
ig. E2 ). While in the range M BH 

≥ 10 5 M 	, the SMBH mass den-
ity of the CAT Eddingt on-limit ed model displays little evolution
rom z ∼ 10 − 5 being broadly consistent with the VDF-based 

stimate and the value inferred using the L25 M BH 

− M � relation
t z = 5 . 5 across this redshift range, restricting this to M BH 

≥
0 6 M 	 reduces the mass density such that it ev olv es similarly
o the prediction from the X. Shen et al. ( 2020 ) LF. Notably, the
Alaxy Evolution and Assembly semi-analytic model (GAEA G. 
e Lucia et al. 2014 ; M. Hirschmann, G. De Lucia & F. Fontanot
016 ) was recently demonstrated to be in agreement with the L25
elation at z ∼ 4 − 7 for a number of seeding prescriptions (V.
ammelli et al. 2025 ), suggesting that the seeding mechanism 

lone may be insufficient to explain the AGN observed by JWST .
heir pr edicted M BH 

− M � r elation also shows weak evolution
cross the total redshift range ( z ∼ 0 − 10 ) consistent with our
odel that adopts the initial conditions from the L25 relation. 

.5 Wider implications 

ur results suggest that the currently av ailable observ ational es-
imates of large number densities of the high- z AGN observed by
WST , coupled to their large masses and mildly sub-Eddington
ccretion rat es, w ould fav our a high-normalization in the M BH 

−
 � relation, lying above the one measured for local AGNs. 
On one hand, a much higher-normalization relation (e.g. P23 ) 

s r equir ed to r epr oduce the UV-based estimates of the AGN space
ensities from R. Maiolino et al. ( 2024 ) and J. Scholtz et al. ( 2025 ),
t face value indicating that the observed lower-luminosity AGNs 
r e r epr esentative of the underlying SMBH population. These
MNRAS 546, 1–30 (2026) 
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M

Figure 14. A diagram summarizing the two broad classes of models that we find are consistent with the current observational data sets. 
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ndings would in turn imply that most of the SMBHs would
receed the growth of their stellar hosts, which would then catch
p at lower redshifts to settle onto the local relations, in broad
greement with the popular two - stage evolutionary scenario en-
isaging a fast assembly of the central regions of the galaxies
ollowed by a more prolonged stellar growth at later epochs (e.g.

. Cook, A. Lapi & G. L. Granato 2009 ; M. Cook et al. 2010 ; L.
ser et al. 2010 ; A. Lapi et al. 2018 ; Y. Chen, H. Mo & H. Wang

024 ; S. Lai et al. 2024 ; H. Mo, Y. Chen & H. Wang 2024 ; J. Silk
t al. 2024 ; Y. Chen, H. Mo & H. Wang 2025 ), also supported by
he recent observations of J.-B. Billand et al. ( 2026 ). 

On the other hand, accounting for selection effects and mea-
urement uncertainties, would imply that the mean relation
hould lie significantly below the determination of P23 , as argued
y L25 (as well as W. Ren et al. 2025 ; J. Silverman et al. 2025 ). In-
eed, we find that the σ� -based BHMF is in good agreement with
he one extracted from the L25 M BH 

− M � relation, suggesting the
att er t o be a mor e r obust tracer of SMBH mass. 

In addition, assuming that also SMBH mass estimates are over-
stimat ed, w ould imply an intrinsic M BH 

− M � relation compa-
able to the determination of RV15 for local AGNs. Besides the
act that this relation requires sometimes unphysical ( > 1 ) duty
y cles t o r epr oduce the AGN LFs, the z = 5 . 5 SMBH mass density
omputed from the time-integration of our r efer ence AGN LF is
ore than an order of magnitude larger than what is obtained

rom the RV15 BHMF, as shown in the right panel of Fig. 8 . Even
n the assumption of maximally spinning SMBHs ( εr = 0 . 42 ) a
arge discr epancy ( ∼ 0 . 8 de x ) between the pr ediction fr om our
 efer ence LF and the RV15 -based BHMF remains, implying that
he AGN LF at z � 5 is necessarily ov erestimat ed t o reconcile the
wo. 

All in all, we find that at face value, assuming the observed
GN ar e r epr esentative of the underlying population, the high-
 AGN population are as massive as observations suggest and can
e as numerous as indicated by the current measurements of the
GN luminosity function. If selection effects are accounted for,

uch that the observed AGNs are the most massive objects in the
ail of the distribution, then the high- z AGN population can be as

assive as observations suggest but not as numerous as indicated
y the R. Maiolino et al. ( 2024 ) and J. Scholtz et al. ( 2025 ) UV LFs.
f there is also a systematic overestimation of SMBH masses, then
he high- z AGN population are neither as massive or as numerous
NRAS 546, 1–30 (2026) 

e

s current observations suggest, as it would be e xtr emely chal-
enging to account for a large number density of AGNs starting
rom comparatively low average M BH 

− M � relations. Given the
bov e considerations, w e can broadly define tw o classes of viable
odels (summarized in Fig. 14 ): 

(i) The first class follows a strong two-phase growth scenario,
 epr esented in this work by the P23 model, as well as in other
orks by, for example, the CAT super-Eddington model and
arkSage . These models are characterized by steep initial con-
itions, such as a high-normalization M BH 

− M � relation at high-
 coupled with relatively lower duty cycles, leading to a weakly
v olving BHMF as low er redshifts, a low 〈 sBHAR 〉 / 〈 sSFR 〉 and a
trongly evolving M BH 

− M � relation. 
(ii) The second class of viable models follows the scenario

here BHs roughly coev olv e with their host galaxies, represented
n this work by the L25 model, as well as in other works by, for
 xample, G AEA . These models are characterized by shallower
nitial conditions, such as a modest offset from the M BH 

− M � 

elation of local AGNs coupled with a larger intrinsic scatter and
igh duty cycles, leading to a BHMF that evolves more steadily
nd a M BH 

− M � relation that displays little evolution. 

Ther e ar e a number of potential observations that could help
hed light on the demography of SMBHs at high- z. In particular,
he local BHMF predicted via the continuity equation (Fig. 10 )
isplays an upturn at low masses in the P23 and L25 models, an
rtefact of the initial conditions that persists to z = 0 . Ther efor e,
inning down the low-mass end of the local BHMF will not only
ive constraints to SMBH seeding models, but help in constrain-
ng the demography of SMBHs at high- z. Furthermore, AGN clus-
ering measur ements fr om large and deep surveys such as Euclid
nd LSST will help to set independent and precious constraints
n the viable duty cycles of AGNs at moderate to high redshifts,
hich may help discriminate between these two classes of mod-

ls (e.g . Fig . 11 ). Finally, high r esolution spectr oscopy of lower
edshift LRD candidates will help in constraining the prevalence
f rest-frame absorbers among the LRD population (F. D’Eugenio
t al. 2025a ), offering improved constraints on their masses and
ccretion rat es, as w ell as gaining insights int o whether these
bsorbers are in stationary or oscillat ory stat es (e.g. F. D’Eugenio
t al. 2025b ). 
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 CONCLUSIONS  

he demography of z ∼ 5 AGNs as revealed by JWST is allegedly
howing a large population of accreting SMBHs with number 
ensities and masses orders of magnitude above what was mea- 
ur ed by pr e- JWST observations. In this w ork, w e accurat ely anal-
se the consistency of such diverse and perplexing data sets by 
tarting from the galaxy stellar mass function which we first con- 
 ert int o an SMBH mass function via a chosen M BH 

− M � relation,
nd then into an AGN luminosity function via an assumed AGN 

raction and an Eddington ratio distribution consistent with the 
bserved high- z BL AGN. By comparing with current estimates 
f the SMBH mass function and BL AGN luminosity functions in
he bolometric and UV planes, w e hav e set w ell-grounded condi-
ions on the viability of the input high- z SMBH scaling relations
nd their role as initial conditions for SMBH growth models at 
 � 5 . Our results can be summarized as follows: 

(i) We find that to reconcile the JWST galaxy stellar mass func-
ion with the high- z active SMBH mass function, an M BH 

− M � 

elation that is higher in normalization than that of local AGNs 
s favour ed (Fig . 5 ). More specifically, the stellar mass function
an be reconciled with the high- z active SMBH mass function of 
road-line AGNs via either an M BH 

− M � relation that is much
igher in normalization (e.g . P23 ) pair ed with a low duty cycle
 f AGN 

∼ 0 . 08 ), or a more moderate relation (e.g. L25 ) paired with
 higher duty cycle ( f AGN 

∼ 0 . 5 ). Assuming an M BH 

− M � relation
onsistent with local AGNs (e.g. RV15 ) would r equir e f AGN 

> 1
o reconcile with current estimates of the active SMBH mass 
unction (Fig. 5 ). 

(ii) From the SMBH mass function we derive the bolomet- 
ic AGN luminosity function adopting the observed Eddington- 
atio distribution at z ∼ 5 and assuming different AGN fractions. 

e find that current number densities of broad-line AGNs can 

e broadly matched with f AGN 

∼ 0 . 1 , 0 . 5 for the P23 and L25
 BH 

− M � r elations, r espectively, and f AGN 

∼ 1 assuming local 
 BH 

− M � relation for AGNs ( RV15 ), in line with what is esti-
ated from the SMBH mass functions (Fig. 6 ). 
(iii) Similar results are retrieved when examining the UV lumi- 

osity functions derived with an empirical L bol − M UV mappings 
Fig. 7 ). In all cases, the faint end of the AGN luminosity func-
ions is e xtr emely challenging t o mat ch ev en with maximal values
f the duty cycles, pointing to a possible overestimation of these
ata (Figs 6 & 7 ). 
(iv) We carry out an ext ensiv e Sołtan-type argument integrat- 

ng in time from z ∼ 10 to z ∼ 5 . 5 a new estimate of the bolomet-
ic AGN luminosity function that takes into account all the latest
urr ent measur ements. With standar d v alues of the r adiative ef-
ciency ( εr ∼ 10 per cent ), we find a SMBH mass density in line
ith the SMBH mass density implied by the M BH 

− M � relation
f moderate normalization by L25 and the one derived from the
 BH 

− σ� and the high- z velocity dispersion function (extracted 

r om the g alaxy stellar mass function and the Faber-J ackson r ela-
ion; Fig. 4.4 ). Such a convergence of results further supports the
iew that M BH 

− M � relations with e xtr eme normalizations (e.g .
23 ) are biased high. 
(v) Via a continuity equation approach we predict the evolu- 

ion of the SMBH mass function from z = 5 . 5 down to z = 0
sing in input our updated bolometric AGN luminosity function 

nd observ ed Eddingt on-ratio distributions, and starting from the 
HMFs implied by the three M BH 

− M � relations. SMBH mass 
unctions consistent with very high normalization M BH 

− M � re- 
ations (e.g. P23 ) imply w eak ev olution at lat er times, and very
teep low-mass BHMFs, in tension with local estimates. Vice 
 ersa, more moderat e or low normalization M BH 

− M � relations
e.g . L25 , RV15 ) generate accr etion histories and local BHMFs

ore aligned with previous estimates (Fig. 10 ). 
(vi) Starting from a high-normalization in the M BH 

− M � rela- 
ion (e.g. P23 ) leads to a strong evolution of the scaling relation,
r adually set tling on the local r elation fr om above, while it r e-
ains nearly constant when starting from more moderate initial 

onditions (e.g. the L25 and RV15 cases; Fig. 12 ). 

The data-driv en inv estig ation put forwar d in this work offers
aluable insights on both (1) the consistency of current high- z 
ata and (2) the co - evolution of SMBHs and their host galax-

es (Fig. 14 ). At face value, the high number densities of AGNs
easured at z ∼ 5 . 5 necessarily r equir e underlying M BH 

− M � 

elations that are higher than those measured for local AGNs to
void unphysical duty cycles ( f AGN 

> 1 ), favouring a two-phase
volution where SMBHs grow faster than their hosts at early 
pochs (Figs 12 and 14 ). How ev er, with an M BH 

− M � relation
nly modestly above that of local AGNs (e.g. L25 ), we can still
chiev e full self-consist ency with all current data, including the
 BH 

− σ� relation, moderat e duty cy cles ( ∼ 50 per cent ), and a
ore steady evolution in the M BH 

− M � evolution with improved 

atch with the local SMBH mass function. 
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Figure A1. The distribution of Eddington ratios for our sample of faint 
BL AGNs observed by JWST (grey histogram), as well as the distribu- 
tions 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 C. J. Willott et al. ( 2010 ); B. Trakhtenbrot et al. ( 2011 ); 
Y. Matsuoka et al. ( 2019 ); M. Onoue et al. ( 2019 ); Y. Shen et al. ( 2019 ), 
as well as a BL AGN + LRD sample (with the LRDs from J. E. Greene 
et al. 2024 ; D . D . Kocevski et al. 2024 ; J . Mat thee et al. 2024 , red dot ted 
histogr am). The best-fit ting Gaussian to our BL AGN sample is denoted 
by the solid black line which has a mean of 〈 log 10 (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 ting v alues 〈 log 10 (λEdd ) 〉 = −0 . 35 , 
σλEdd = 0 . 50 (broadly consistent with the mean λEdd values at z ∼ 4 − 5 
found by W. He et al. 2024 ; S. 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 H α line, which can lead to 
spurious correlations. How ev er, the tw o properties hav e differing depen- 
dencies, with the BH mass primarily dependent on the width and not the 
luminosity. 
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P P E N D I X  A:  FAI NT  B L  AGN  SAM P L E  

n this work we make use of a sample of faint BL AGNs observed
y JWST at 4 . 5 ≤ z ≤ 6 . 5 to derive a mapping between L bol and
 UV and another sample to gain a sense of the distribution of 

ddington ratios of these objects. Here we briefly summarize the
election criteria and key quantities of the parent samples and
efer the int erest ed reader t o the corr esponding sour ce paper for
he full methodology used to derive the quantities used. 
NRAS 546, 1–30 (2026) 
The AGN samples used in this work are composed of objects
rom: 

(i) Y. Harikane et al. ( 2023 ): They select objects observed in
he GLASS (T. Treu et al. 2022 ) and CEERS (S. L. Finkelstein
t al. 2025 ) with NIRSpec from the sample of K. Nakajima et al.
 2023 ) with broad H α and/or H β and narrow forbidden [OIII]
nd [NII] emission lines. BH masses and bolometric luminosities
r e estimated fr om the H α emission using the estimator of J. E.
reene & L. C. Ho ( 2005 ) with the bolometric correction of G. T.
ichards et al. ( 2006 ), and the extinction values ar e taken fr om
. Nakajima et al. ( 2023 ). From these we select the objects in the

ange 4 . 5 ≤ z ≤ 6 . 5 . 
(ii) D . D . Kocevski et al. ( 2024 ): They photometrically select

bjects from NIRCam imaging from CEERS (S. L. Finkelstein
t al. 2025 ), NGDEEP (M. B. Bagley et al. 2024 ), JADES (D. J.
isenstein et al. 2023 ), and UNCOVER (R. Bezanson et al. 2024 )
ith high signal-to-noise ratios in F444W (SNR > 12), reddened

est-frame optical slopes ( βopt > 0 ), blue rest-frame UV slopes
 −2 . 8 < βUV < −0 . 37 ), and that are compact r h < 1 . 5 r h , stars . Two
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um slope is boosted by strong line emission ( βF277W −F356W 

> −1 
nd βF277W −F410M 

> −1 ). They also spectroscopically confirm 15 
RDs using NIRSpec data and estimate the BH masses from the
 α or H β emission for all but one source which uses the Pa δ

ine and the extinction is obtained from SED fitting. We select the
pectroscopically confirmed LRDs in the range 4 . 5 ≤ z ≤ 6 . 5 . 

(iii) V. Kokorev et al. ( 2024 ): They photometrically select ob-
ects from NIRCam imaging of CEERS (S. L. Finkelstein et al. 
025 ), PRIMER (J. S. Dunlop et al. 2021 ), FRESCO (P. A. Oesch
t al. 2023 ), JADES (D. J. Eisenstein et al. 2023 ), and JEMS (H.

illiams et al. 2023 ) using the selection criteria of one of two
olour cuts to ensure reddened optical slopes and blue UV slopes,
 compactness criterion of f F444w 

(0 . 4 ′′ ) / f F444w 

(0 . 2 ′′ ) < 1 . 7 , and a
nal cut to r emove br own dwarfs ( F115W − F200W > −0 . 5 ). The
olometric luminosity is estimated from the continuum of the 
ED fit and the extinction is computed from the SED fit. We select
bjects in the range 4 . 5 ≤ z ≤ 6 . 5 . 

(iv) R. Maiolino et al. ( 2024 ): They identify objects from the
ADES survey (D . J . Eisenstein et al. 2023 ) in the GOODS North
nd GOODS South fields using the target selection of D. J. Eisen-
tein et al. ( 2023 ) and A. J. Bunker et al. ( 2023 ). They identify BL
GNs via the detection of a broad component of either H α or
 β (at z ≥ 7 ) and without a broad component in the forbidden

ransitions, particularly [OIII]5007 Å. The BH masses are esti- 
ated from the H α emission using A. E. Reines et al. ( 2013 ),

he bolometric luminosity is computed from the broad H α using 
he estimator of J. Stern & A. Laor ( 2012 ), and the extinction is
btained fr om SED fitting . Fr om these we select the objects in
he range 4 . 5 ≤ z ≤ 6 . 5 . 

(v) J. Matthee et al. ( 2024 ): They select objects from EIGER (D.
ashino et al. 2023 ) and FRESCO (P. A. Oesch et al. 2023 ) with
igh signal-to-noise H α emission ( SNR H α, broad > 5 ), L H α, broad > 

 × 10 42 erg / s , and v FWHM , H α, broad > 1000 km / s . The BH mass is
stimated from the broad H α emission using A. E. Reines et al.
 2013 ) and the bolometric luminosity is computed from the broad
 α emission using J. E. Greene & L. C. Ho ( 2005 ) with the bolo-
etric correction of G. T. Richards et al. ( 2006 ). We select objects

n the range 4 . 5 ≤ z ≤ 6 . 5 . 
(vi) H. Übler et al. ( 2023 ): They obtain NIRSpec data for GA-

IFS and estimate the BH mass from the broad H α emission
sing A. E. Reines et al. ( 2013 ), the bolometric luminosity is
omputed using three estimators: H β and [OIII] emission using 
. Netzer ( 2009 ), the H β emission using E. Dalla Bontà et al.

 2020 ), and the H α emission using J. Stern & A. Laor ( 2012 ). 
(vii) I. Juodžbalis et al. ( 2025a ): They identify objects from the

ADES survey (D . J . Eisenstein et al. 2023 ) in the GOODS North
nd GOODS South fields following the approach of R. Maiolino 
t al. ( 2024 ). They identify BL AGNs via the detection of a broad
omponent of either H α and without a broad component in the
orbidden transitions, particularly [OIII]5007 Å. The BH masses 
re estimated from the H α emission using A. E. Reines & M.
olonteri ( 2015 ) and the bolometric luminosity is computed from

he broad H α using the estimator of J. Stern & A. Laor ( 2012 ).
rom these we select the objects in the range 4 . 5 ≤ z ≤ 6 . 5 . 

The full catalogue of individual AGNs can be found at https:
/github.com/DanR001/JWSTfaintAGN . To derive an empirical 
apping between L bol and M UV we use all the AGNs in our red-

hift range ( 4 . 5 ≤ z ≤ 6 . 5 ) where these values have been com-
uted in the parent papers and to get a sense of the ERDF we use
ll BL AGNs (e x cluding little r ed dots) in our r edshift range wher e
ither the Eddington ratio has been computed in the parent paper
r the bolometric luminosity and BH mass are provided. 

P P E N D I X  B :  I N S I G H T S  FROM  T H E  H I G H -  z 
DF  

he VDF is poorly constrained at int ermediat e t o high redshifts
nd so, while the M BH 

− σ� relation is consistently shown to be
ore fundamental than the M BH 

− M � relation through pairwise 
esiduals analysis, a direct insight into the high- z demography of 
MBHs from the VDF is currently not possible. Nevertheless, as 
as been done in previous works (e.g. R. Bezanson et al. 2011 ;
. C. Larkin & D. E. McLaughlin 2016 ; A. Ricarte & P. Natarajan
018 ), the redshift evolution of the VDF can be estimated from
he SMF and a redshift-dependent σ� − M � relation. From this 
e can infer the corresponding BHMF using the local M BH 

− σ� 

elation, which the observed AGN with extreme M BH 

/M � ratios 
ppear to be consistent with, as well as estimating the SMBH
ass density. 
To predict the evolution of the σ� − M � relation, we deploy 

he theoretical frameworks of A. C. Larkin & D. E. McLaughlin
 2016 ) and C. Marsden et al. ( 2021 ) 3 , both of which compute the
elocity dispersion via Jeans modelling, but use different input 
ata and assumptions when doing so. When adopting the same 
ize–mass relation in input we find good agreement between 

hese two models across redshift ( z ∼ 0 − 6 ), as well as being
onsistent with the evolution predicted by C. Cannarozzo, A. 
onnenfeld & C. Nipoti ( 2020 ). Due to this agreement we focus
olely on the C. Marsden et al. ( 2021 ) model from now on. 

To understand the sensitivity of our predicted σ� − M � rela- 
ion to the input size–mass relation we test a range of size–mass
elations and redshift evolutions. As standard we adopt the fit 
o MaNG A g alaxies included in C. Marsden et al. ( 2021 ), along
ith a redshift evolution of the form R e ( M � , z ) = R e (M � , 0) ×

1 + z) −γ and the γ (M � ) of C. Marsden et al. ( 2021 ) which (as
n A. Ricarte & P. Natarajan 2018 ) is calibrated to match M.

uertas-Company et al. ( 2013 ). We compare this to adopting the
WST size–mass relation of E. Ward et al. ( 2024 ), as well as the
 elation for r ed g alaxies fr om M. Mosleh, R. J. Williams & M.
 r anx ( 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

o the prediction of A. C. Larkin & D. E. McLaughlin ( 2016 ) in
he left-hand panel of Fig . B1 . Ther e is good agr eement between
ll the relations, particularly between the standard prediction of 
. Marsden et al. ( 2021 ) and when using the JWST size–mass
 elation. The only e x ception is the case wher e w e only ev olv ed the
ize–mass relation in normalization, which has a differing shape. 
ue to this agreement we will adopt the fit to MaNGA data from
. Marsden et al. ( 2021 ) when moving forward, and use the other

elations to bound the uncertainty. 
Now in possession of redshift-dependent σ� − M � relation, we 

an infer the VDF at high z from the M. Shuntov et al. ( 2025b )
MF via the convolution 

(σ� ) = 

∫ 
�(M � )P(σ� | M � ) d log 10 (M � ) , (B1) 

here P(σ� | M � ) is assumed to be a Gaussian distribution and we
dopt an intrinsic scatter of � = 0 . 08 dex in the σ� − M � relation
MNRAS 546, 1–30 (2026) 

https://github.com/DanR001/JWSTfaintAGN
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M

Figur e B1. The high- z pr edictions fr om the framework of C. 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 A. C. Larkin & D. E. McLaughlin ( 2016 ). Middle: a comparison of the VDF at z = 5 . 5 
with two assumed values of the intrinsic scatter ( �) 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 pr ediction fr om the 
fiducial model of C. 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 C. 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. 

Figure B2. The predicted evolution of the M BH 

− σ� relation predicted via abundance matching between the VDF predicted by C. 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, 
r espectively. These ar e compar ed to the local r elations of E. Tundo et al. ( 2007 ), S. de Nicola et al. ( 2019 ), and V. N. Bennert et al. ( 2021 ), where the latter 
tw o hav e been apertur e corr ect ed t o R ap /R e = 1 / 8 following A. de Graaff et al. ( 2021 ). 
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as in C. Cannarozzo et al. 2020 ). How ev er, w e t est the impact of 
dopting a scatter of 0 . 2 dex at high r edshift. The r esulting VDFs
re displayed in the middle panel of Fig. B1 . We find that adopting
 redshift-independent scatter of 0 . 08 dex leads to a VDF slightly
elow that predicted by TNG100-1 4 (D. Nelson et al. 2019 ) and
imba 5 (R. Davé et al. 2019 ), but adopting a larger intrinsic scatter
rings them in line with one another. 

Similarly, we can then convert this high- z VDF to a BHMF via
he local M BH 

− σ� relation. We adopt the relation of V. N. Bennert
t al. ( 2021 ) as it is computed in the same aperture as our VDF
 R ap /R e = 1 ) and aligns with the high- z BL AGN of R. Maiolino
t al. ( 2024 ). The pr edicted BHMFs fr om our VDFs ar e displayed
n the right-hand panel of Fig. B1 . We find that when adopting an
ntrinsic scatter of � = 0 . 08 in the σ� − M � relation we obtain a
HMF that is consistent with that inferred from the SMF using

he L25 r elation, wher eas when adopting the larger scatter of 
= 0 . 20 we obtain a BHMF that is broadly consistent with that
NRAS 546, 1–30 (2026) 
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fi  

t  

z  

f  
nferr ed fr om the SMF using the P23 r elation. Inter estingly, both
re consistent with the recent estimate from S. Geris et al. ( 2025 )
t the low-mass end. 

In addition, from these BHMFs we can estimate the SMBH
ass density at z = 5 . 5 via equation ( 12 ) and obtain the values

og 10 (ρBH 

/ [M 	 cMpc −3 ]) = 4 . 14 +0 . 35 
−0 . 46 which is consistent with

he estimate from the SMF using the L25 relation. If we
dopt the larger scatter of � = 0 . 20 , we obtain a value of 
og 10 (ρBH 

/ [M 	 cMpc −3 ]) = 4 . 84 +0 . 08 
−0 . 42 which lies in between the

stimates from SMF using the P23 and L25 relations. 
Finally, using our predicted VDF we can compute the evolution
 BH 

− σ� r elation fr om z = 5 . 5 to z = 0 by abundance matching
ith the BHMF predicted via the continuity equation. To do this
e correct our predicted VDF from R ap /R e = 1 to R ap /R e = 1 / 8
sing the correction of A. de Graaff et al. ( 2021 ) and we adopt an

ntrinsic scatter of 0 . 15 dex as in the E. Tundo et al. ( 2007 ) relation.
he r esulting M BH 

− σ� r elations ar e displayed in Fig. B2 . We
nd that in this framework the BHMF from RV15 initial condi-

ions suggests a significant evolution in the M BH 

− σ� relation at
 ∼ 2 − 5 . 5 , whereas the predictions using the from the BHMFs
rom P23 or L25 initial conditions display little redshift evolution.

https://www.tng-project.org/
https://simba.roe.ac.uk/
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ere, w e hav e adopt ed the C. Marsden et al. ( 2021 ) σ� − M � 

elation with an intrinsic scatter of 0 . 08 dex that is independent
f redshift and in this case the L25 model shows the least evo-
ution, being consistent with the local M BH 

− σ� relations across 
he entire redshift range. How ev er, adopting an intrinsic scatter
f 0 . 20 dex in the σ� − M � relation at high redshift is sufficient
o make the P23 model most consistent with the local relations.
her efor e, we conclude that both the P23 or the L25 relations
an be consistent with the M BH 

− σ� relation across cosmic time, 
epending on the exact redshift evolution of the scaling relations 
nd their intrinsic scatter. 

P P E N D I X  C :  M UV − L bol M A P P I N G S  

1 Mapping from Shen et al. ( 2020 ) 

he UV bolometric correction of X. Shen et al. ( 2020 ) provides
 mapping between L bol and the intrinsic UV luminosity, that is
onsistent with the historical correction of M. Elvis et al. ( 1994 ).
nder the assumption that the bulk of the high- z AGN popula-

ion are ‘typical’ AGNs such that they follow the local relation,
e use this mapping to convert our derived bolometric LFs to
V LFs assuming there to be minimal dust attenuation. This 

elation is compared to a sample of lower-luminosity BL AGNs 
nd LRDs in Fig . 4 . Fr om this it is clear that the majority of 
hese lower luminosity high- z AGNs differ significantly from the 
ocal bolometric correction from X. Shen et al. ( 2020 ). Whereas,
uasars at the same redshift (black points in Fig. 4 ) appear to
ollow the local bolometric correction. 

On one hand, if one interprets this deviation as the result of 
ust attenuation, it implies that dust e xtinction incr eases with

uminosity, contrary to the low-redshift trend (e.g. C. Simpson 

005 ; A. Merloni et al. 2014 ; Y. Ueda et al. 2014 ). Given such high
alues of A V implied by Fig. 4 and inferred from SED fitting (the
ample in Fig. 4 has a mean extinction 〈 A V 〉 ∼ 1 . 5 mag inferred
rom SED fitting), one would expect the resulting UV LF to be
eavily suppressed, in contradiction to the observed UV LF of 

aint BL AGNs. I. Labbe et al. ( 2025b ), J. E. Greene et al. ( 2024 ),
nd V. Kokorev et al. ( 2024 ) suggested instead that the observed
est-frame UV can be int erpret ed as either scattered light from an
GN or contamination from the host-galaxy. On the other hand, 
t least in the LRD subpopulation of BL A GNs, there’ s growing
vidence that these objects are not dusty but instead, their SEDs
re intrinsically different (e.g. J. E. Greene et al. 2025 ; R. P. Naidu
t al. 2025 ; A. Sacchi & A. Bogdan 2025 ). 

2 Empirical Mapping from the AGN sample. 

e derive an empirical mapping directly between L bol and M UV 
rom the sample of BL AGNs displayed in Fig. 4 which naturally
ncapsulates contributions from the dust correction, the bolomet- 
ic corr ection, scatter ed AGN emission, contamination fr om the
ost galaxy, and/or an intrinsic difference in the SED. We find the
 UV − L bol relation to be well described by 

 UV = (−0 . 81 ± 0 . 09) log 10 

(
L bol 

10 45 erg s −1 

)
− (18 . 63 ± 0 . 06) , 

(C1) 

ith an intrinsic scatter of ∼ 0 . 79 mag . The resulting mapping
s displayed in Fig. 4 as the solid black line. This relation falls
elow the bolometric correction of X. Shen et al. ( 2020 ) at low
uminosities which may potentially be interpreted as a regime 
ith significant host contamination. 
If we correct the bolometric luminosities of the LRDs (those 

rom D . D . K ocevski et al. 2024 ; V. K okorev et al. 2024 ; J. Matthee
t al. 2024 ) by 1 dex (as suggested by J. E. Greene et al. 2025 ), then
he majority of the LRDs lie below the bolometric correction of X.
hen et al. ( 2020 ), and many have log 10 (L bol /L UV ) < 0 . This can
e int erpret ed as the LRDs UV emission being host dominated,
onsistent with the BH-star scenario (R. P. Naidu et al. 2025 ). 

Due to the uncertainty in the LRDs, we also fit the relation
o only the BL AGN data (those from Y. Harikane et al. 2023 ;
. Maiolino et al. 2024 ; I. Juodžbalis et al. 2025a ), e x cluding the
RDs. In this case we find the M UV − L bol relation to be well
escribed by 

 UV = (−0 . 21 ± 0 . 35) log 10 

(
L bol 

10 45 erg s −1 

)
− (18 . 95 ± 0 . 30) , 

(C2) 

ith an intrinsic scatter of ∼ 0 . 97 mag . This is a shallower rela-
ion than obtained when including the LRDs and there is larger
ncertainty in this fit compared to that including the LRDs due to

he small number of data points and the limited luminosity range
overed by the sample. 

3 Statistical Mapping from Abundance Matching. 

n the last approach, we derive an empirical monotonic relation 

etween L bol and M UV via abundance matching between the mea- 
ured bolometric and UV AGN LFs of V. Kokorev et al. ( 2024 ). To
his purpose, we deploy the pr ocedur e outlined in R. Aversa et al.
 2015 , their equation 37) ∫ + ∞ 

M UV 

φ( M 

′ 
UV , z )d M 

′ 
UV = 

1 
2 

∫ + ∞ 

−∞ 

�( L 

′ 
bol , z ) 

×erfc 

{ 

log 10 ( L bol ( M UV ) /L 

′ 
bol ) √ 

2 ̃  σM UV 

} 

d log 10 (L 

′ 
bol ) , 

(C3) 

here ˜ σM UV = σM UV / (d M UV / d L bol ) and σM UV = 0 . 79 mag is the as-
umed intrinsic scatter in the M UV − L bol relation, matching that 
f our sample. Here, w e hav e chosen t o use the LFs of V. Kokorev
t al. ( 2024 ) in input, as using our r efer ence bolometric LF and the
V LF of A. Grazian et al. ( 2024 ) would appr o ximately r epr oduce

he X. Shen et al. ( 2020 ) bolometric correction, only differing at
ow luminosities due to the differing faint end slopes. This would
ffer no new information as we tune the normalization of our
 efer ence LF to the UV estimates under the assumption of the X.
hen et al. ( 2020 ) bolometric correction. 

In using the V. Kokorev et al. ( 2024 ) UV LF in equation ( C3 ), we
re implicitly assuming that the UV emission is AGN dominated 

nd so, the resulting UV LFs are upper limits. If the LRD UV
mission is in fact host dominated (as suggested by J. E. Greene
t al. 2025 ; R. P. Naidu et al. 2025 ), then this mapping no longer
escribes the wavelength dependence of the AGN emission but 

nstead, describes a correlation between 

˙ M BH 

and SFR. 
The mapping resulting from abundance matching is displayed 

n Fig. 4 as the dashed brown line and associated brown shaded
 σ r egion. The r esulting empirical r elation fr om abundance
at ching, deriv ed from a statistical approach at population level,

s reassuringly close to the relations derived from sources on a sin-
le basis. The remaining mild discrepancies, visible at the bright 
nd faint ends, could be simply ascribed to the loose constraints
t the e xtr emes of the LFs. 
MNRAS 546, 1–30 (2026) 
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Figure D1. A comparison of the galaxy UV LFs of S. L. Finkelstein & 

M. B. Bagley ( 2022 ) (thin solid dark red line), Y. Harikane et al. ( 2022 ) 
(thin dashed orange line), and R. J. Bouwens et al. ( 2021 ) (thin dot-dashed 
yellow/light orange line) with the UV LFs derived from the SMF using the 
H α (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 literatur e g alaxy UV LFs of S. L. Finkelstein & M. B. 
Bagley ( 2022 ) and Y. Harikane et al. ( 2022 ) across the M UV range, with 
the e x ception of the UV LF using H α main sequence which overshoots 
the literature UV LFs at the bright end. 
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We also test the case where the bolometric luminosities of 
he LRDs have been overestimated by an order of magnitude, as
uggested by J. E. Greene et al. ( 2025 ). This is displayed in Fig.
 as the dotted brown line and is similar to the linear fit to the
ample at low luminosities and ∼ 0 . 5 dex below it at the bright
nd, primarily resulting in a moderate boost to the bright end of 
he model UV LF. As the UV LFs r esulting fr om this mapping
re bounded by those from the X. Shen et al. ( 2020 ) bolometric
orrection and the linear fit to the data, we do not pursue this
apping further here because we find that it does not impact our

ndings. 

P P E N D I X  D:  C  ONSIS  T E N C Y  OF  SMF  AND  

AL AXY  UV  L F  

rior to investigating AGNs, we need to perform a key consistency
heck and ascertain whether the SMF is fully consistent with the
V LF of galaxies at high z. To this end, w e conv ert our r efer ence

MF (i.e. M. Shuntov et al. 2025b ) to a SFR function, assuming
 negligible quenched fraction at this redshift (as suggested by
bservations A. Muzzin et al. 2013 ; J. R. Weaver et al. 2023 ; T.
. Russell et al. 2024 ), and then convert this to a UV LF. A
umber of w orks hav e found that, at a giv en mass and redshift,

he distribution of SFRs for star-forming galaxies t end t o exhibit
 double Gaussian shape (e.g. M. Béthermin et al. 2012 ; M. T.
argent et al. 2012 ; O. Ilbert et al. 2015 ; L. Bisigello et al. 2018 ),
hich mirrors the bimodality of the main-sequence and starburst

lasses of galaxies. We follow the approach of M. T. Sargent et al.
 2012 ), parametrizing the SFR probability distribution as a double
aussian to describe the star-forming main-sequence and star-
urst regimes 

P( SFR | z , M � ) = 

A MS √ 

2 πσMS 
e − log 10 ( SFR / 〈 SFR 〉 MS ) 2 / 2 σ 2 

MS 

+ 

A SB √ 

2 πσSB 
e − log 10 ( SFR / 〈 SFR 〉 SB ) 2 / 2 σ 2 

SB 

, (D1) 

here we use the parameters from a double Gaussian fit to
he P( sSFR ) distribution of K. I. Caputi et al. ( 2017 ) at z ∼
 − 5 : A MS = 0 . 6 and A SB = 1 − A MS = 0 . 4 are the fraction of
ain-sequence and starburst g alaxies, r espectively, 〈 SFR 〉 MS is

he mean SFR of main-sequence galaxies at a giv en st ellar mass,
 SFR 〉 SB = 〈 SFR 〉 MS + 1 . 1 dex is the mean SFR of starburst galax-
es at a given stellar mass, σMS = 0 . 36 dex and σSB = 0 . 24 dex
re the dispersion of the individual main-sequence and star-
urst distributions, respectiv ely. (We not e a v ery similar result-

ng UV LF is obtained if one includes the mass dependence of 
he contributions of the main-sequence and starburst regimes,
s well as their intrinsic scatter, by parametrizing the distribu-
ion of P. Rinaldi et al. 2025b which is computed in four mass
ins.) 

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

( SFR ) = 

∫ 
�( M � )P( SFR | M � ) d log 10 (M � ) , (D2) 

here P( SFR | M � ) is given by equation ( D1 ). Her e, we ar e ne-
lecting to consider the fraction quenched of quenched galaxies,
ow ev er, this is expect ed t o be very low at this epoch (J. R. Weaver
t al. 2023 ). The SFR function is then conv ert ed t o an intrinsic
V LF following R. C. Kennicutt ( 1998 ) and J. B. Oke & J. E.
unn ( 1983 ). While we have assumed the SFR-to-UV relation of 
. C. Kennicutt ( 1998 ), we find a modest variation of ∼ ±0 . 3 dex

f we assume the conversion of L. Cortese, G. Gavazzi & A. Boselli
NRAS 546, 1–30 (2026) 
 2008 ) or of E. J. Murphy et al. ( 2011 ) and C.-N. Hao et al. ( 2011 )
s done in L. Clarke et al. ( 2024 ). 

The resulting UV LFs assuming the SMF of M. Shuntov et al.
 2025b ) and the three star-forming main sequences derived us-
ng JWST observations from the JADES and CEERS surveys (L.
larke et al. 2024 ) are displayed in Fig. D1 . The three determina-

ions of the star-forming main sequence presented in L. Clarke
t al. ( 2024 ) use different tracers of star formation: the H α lumi-
osity , the UV luminosity , and the results from SED fitting. We
bserve that the all three UV LFs are consistent with literature
alaxy UV LFs at the faint end through to the knee, with variance
ithin the uncertainties of the SFR-t o-UV conv ersion and UV LF.
f course, our derived UV LFs are the distribution of intrinsic
V luminosity and not observed UV luminosity. Ther efor e, the
ust att enuation w ould reduce them in UV LF in the bright end,
s massive galaxies will typically display the largest A V , and the
 equir ed mean A UV values of � 0 . 7 for M UV � −23 mag is con-
istent with those of massive high- z galaxies (e.g. R. Fisher et al.
025 ). If one were to use the parameters for z ∼ 2 from M. T.
argent et al. ( 2012 ), the resulting UV LF is consistent with the
alaxy UV LFs of S. L. Finkelstein & M. B. Bagley ( 2022 ) and
. Harikane et al. ( 2022 ) across the luminosity range, including

he bright end, how ev er, this w ould only allow for minimal dust
tt enuation in massiv e g alaxies. Ther efor e, we conclude that the
MF of M. Shuntov et al. ( 2025b ) is not inconsistent with the liter-
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Figure E1. L eft: A comparison of our reference LF (black solid line), the X. Shen et al. ( 2020 ) LF (grey shaded region), and the observational data from 

Fig. 1 with the CAT Eddingt on-limit ed 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 r efer ence luminosity function is broadly consistent with the predictions of 
semi analytic models. R ight: A comparison of the BHMFs inferr ed fr om the P23 , L25 , and RV15 M BH 

− M � relations (black lines) and the observational 
data shown in Fig. 5 with the CAT Eddingt on-limit ed and super-Eddingt on 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 (A. R. H. St ev ens, D . J . Croton & S. J. Mutch 2016 ), the Santa Cruz SAM (R. S. Somerville & J. R. Primack 
1999 ; A. Gabrielpillai et al. 2022 ), the SAM of A. Ricarte & P. Natarajan ( 2018 , RN18), GAEA (F. Fontanot et al. 2020 ), TRINITY (H. Zhang et al. 2023 ), 
the A-SL O TH light and heavy-seeding models (J. J eon et al. 2025b ), Shark v2.0 (C. d. P. Lagos et al. 2018 , 2024 ), and the Illustris simulation (D. Nelson 
et al. 2015 ; D. Sijacki et al. 2015 ). 
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igure E2. The evolution of the SMBH mass density as in Fig. 8 , with the z =
ircular markers and the prediction from the A-SLOTH light and heavy-seedi
n the left-hand panel, the black solid lines display the evolution of the SMBH
hr ee M BH 

− M � r elations the evolution obtained using the r efer ence luminosit
f several theoretical models (as in Fig. E1 ), some of which were taken from th
heir fig. 6). In the right-hand panel, the SMBH mass density obtained fr om our 
nd gr ey lines, r espectively. These ar e compar ed t o the CAT Eddingt on-limit ed 
odels, Delphi (P. Dayal et al. 2014 ), Shark v2.0, TRINITY, L-Galaxies (S. B
MNRAS 546, 1–30 (2026) 

 5 . 5 values inferred using the three M BH 

− M � relations denoted by the 
ng models displayed by the square and diamond markers, respectively. 
 mass density from the initial conditions inferred from the SMF via the 
y function, wher eas the colour ed, dot-dashed lines show the pr edictions 
e compilation in A. J. Porras-Valverde et al. ( 2025 , the left-hand panel of 
r efer ence LF and the X. Shen et al. ( 2020 ) LF are shown as the solid black 
and super-Eddingt on models A. Trinca et al. ( 2022a , 2024 ), the A-SL O TH 

onoli et al. 2025 ), and the Illustris simulation. 
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tur e g alaxy UV LFs, r epr esenting the full census of UV luminous
alaxies at this redshift, and can therefore be used as an anchor
oint to investigate the UV LF of AGNs. 
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