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A B S T R A C T 

Using recent empirical constraints on the dark matter halo–galaxy–supermassive black hole (SMBH) connection from z = 0–7, 
we infer how undermassive, typical, and overmassive SMBHs contribute to the quasar luminosity function (QLF) at z = 6. We 
find that beyond L bol = 5 × 10 

46 erg s −1 , the z = 6 QLF is dominated by SMBHs that are at least 0.3 dex above the z = 6 

median M •–M ∗ relation. The QLF is dominated by typical SMBHs (i.e. within ±0.3 dex around the M •–M ∗ relation) at L bol 

� 10 

45 erg s −1 . At z ∼ 6, the intrinsic M •–M ∗ relation for all SMBHs is slightly steeper than the z = 0 scaling, with a similar 
normalization at M ∗ ∼ 10 

11 M �. We also predict the M •–M ∗ relation for z = 6 bright quasars selected by different bolometric 
luminosity thresholds, finding very good agreement with observations. For quasars with L bol > 3 × 10 

46 (10 

48 ) erg s −1 , the 
scaling relation is shifted upwards by ∼0.35 (1.0) dex for 10 

11 M � galaxies. To accurately measure the intrinsic M •–M ∗ relation, 
it is essential to include fainter quasars with L bol � 10 

45 erg s −1 . At high redshifts, low-luminosity quasars are thus the best 
targets for understanding typical formation paths for SMBHs in galaxies. 

K ey words: galaxies: e volution – galaxies: haloes – quasars: supermassive black holes. 
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 I N T RO D U C T I O N  

he supermassive black hole (SMBH) masses of high-redshift 
uasars contain critical information on (1) the formation and growth 
f SMBHs at high redshifts; (2) the feedback from active SMBHs
also called active galactic nuclei, AGN) on their host galaxies in 
he early Universe, and (3) the build-up of the galaxy–SMBH mass
onnection. Consequently, there have been many high-redshift quasar 
urv e ys aimed at studying their demography . Currently , there are
75 quasars known at z > 6 (Fan, Banados & Simcoe 2023 ). Due
o the sheer brightness of high-redshift quasars, it is impractical 
o measure their host galaxy properties by fitting galaxy spectral 
nergy distributions (SEDs). Therefore, galaxy dynamical masses are 
ften used as a proxy for stellar masses. The measurement of galaxy
ynamical mass relies on the high spatial resolution and sensitivity 
f interferometric radio observations. As a result, the existing galaxy 
ass measurements have been made predominantly by the Atacama 
arge Millimeter Array (ALMA; see the compilation by Izumi et al. 
021 and references therein). With the launch of JWST , we are finally
 E-mail: hwzhang0595@arizona.edu 
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ble to measure host galaxies’ stellar masses from rest-frame optical 
ight (e.g. Ding et al. 2022 ) for at least some high-redshift quasars.
t face value, these quasars seem to lie well abo v e the local SMBH
ass-galaxy mass ( M •–M ∗) relation, i.e. having SMBHs that are ∼1

ex more massive than those typical for z = 0 galaxies. Ho we ver, this
igher observed M •–M ∗ relation at z = 6 can result from systematic
ffects. Specifically, the bright quasar sample may be biased towards 
 v ermassiv e SMBHs when there is scatter around the intrinsic M •–
 ∗ scaling relation. These quasars are often selected using flux- 

imited photometric surv e ys in the optical and infrared wavebands.
hen SMBHs have similar Eddington ratios, overmassive objects 

compared to the median M •–M ∗ relation) would be brighter, and
ill be o v errepresented in the selected sample (also known as Lauer
ias; Lauer et al. 2007 ). With a given intrinsic M •–M ∗ relation and
ddington ratio distribution, the magnitude of Lauer bias increases 
ith the scatter in M • at fixed M ∗, since larger scatter leads to
ore o v ermassiv e SMBHs in the quasar sample. In the absense of

catter around the M •–M ∗ relation, there will be no such selection
ias, because every single quasar in the sample will lie perfectly on
he scaling relation. To estimate the extent of Lauer bias, one thus
eeds: (1) the scatter around the intrinsic M •–M ∗ relation; and (2)
he underlying Eddington ratio distributions for SMBHs in different 
alaxies (see e.g. Li et al. 2022 ). 
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In this work, we measure the effect of selection bias on the M •–
 ∗ relation for z ∼ 6 quasars with TRINITY (Zhang et al. 2023 ).

RINITY is an empirical model of the dark matter halo–galaxy–
MBH connection from z = 0–10. With joint constraints from
alaxy observations from z = 0–10 and SMBH observations from
 = 0–6.5, TRINITY reconstructs consistent SMBH growth histories
nd Eddington ratio distributions, both of which are functions of
alo/galaxy mass and redshift. This information enables us to create
ock luminosity-selected quasar samples and directly compare their
 •–M ∗ relations with the intrinsic relation for all z ∼ 6 SMBHs. This
ork is timely for the beginning of the JWST era, because our results
ill: (1) predict the offset in the observed M •–M ∗ relation versus.

he intrinsic relation, as a function of quasar luminosity; (2) quantify
he extent to which pure selection bias can explain the apparent
edshift evolution in the M •–M ∗ relation from z = 0 to z = 6; and (3)
oint future JWST observations towards better quasar samples for
ore accurate measurement of the M •–M ∗ relation at high redshifts.
hese predictions are directly testable by future JWST observations.
The paper is organized as follows. Section 2 co v ers method-

logy. In Section 3 , we describe the dark matter simulation and
alaxy/SMBH observations used to constrain TRINITY . Section 4
resents our findings on the quasar mass/luminosity bias at z = 6.
inally, we present conclusions in Section 5 . In this work, we adopt
 flat Lambda cold dark matter cosmology with parameters ( �m =
.307, �� 

= 0.693, h = 0.678, σ 8 = 0.823, and n s = 0.96) consistent
ith Planck results (Planck Collaboration 2016 ). We use data sets that

dopt the Chabrier stellar initial mass function (Chabrier 2003 ), the
ruzual & Charlot ( 2003 ) stellar population synthesis model, and the
alzetti dust attenuation law (Calzetti et al. 2000 ). Halo masses are
alculated following the virial o v erdensity definition from Bryan &
orman ( 1998 ). 

 M E T H O D O L O G Y  

.1 Why obser v ations alone can constrain the 
alo–galaxy–SMBH connection 

he Sołtan argument (Sołtan 1982 ) gave rise to the earliest empirical
odels of SMBH growth: the ratio of the total luminosity output of
MBHs to their z = 0 mass density gives the cosmic average radiative
fficiency (see e.g. Yu & Tremaine 2002 ; Marconi et al. 2004 ). This
n turn allows inferring the cosmic average growth history of SMBHs
rom the redshift evolution of the total luminosity in QLFs. 

Recently, studies including Yang et al. ( 2018 ) and Aird, Coil &
eorgakakis ( 2018 ) have measured quasar luminosity distributions

s functions of host galaxy mass. At the same time, empirical models
f the halo–galaxy connection have succeeded in reconstructing
obust galaxy assembly histories that are constrained by galaxy
ata from z = 0–10 (e.g. Behroozi, Wechsler & Conroy 2013 ;
oster, Naab & White 2013 , 2018 ; Behroozi et al. 2019 ). These

reakthroughs enabled, e.g. Shankar et al. ( 2020 ) and Zhang et al.
 2023 ), to apply the Sołtan argument to galaxies split into different
tellar mass bins. Specifically, the cumulative SMBH mass growth
f a chosen galaxy population is proportional to the net SMBH
uminosity of the galaxies’ progenitors. This luminosity (of the
MBH progenitors) may be measured by combining measured
MBH luminosities for the correct distribution of galaxy progenitor
asses (as a function of redshift), where the galaxy progenitor mass

istribution is given by the above-mentioned constraints on galaxy
rowth histories. The radiative efficiency (which allows inferring the
MBH growth history) is then given by the ratio of the galaxies’ net
MBH progenitor luminosity to the galaxies’ z = 0 SMBH masses.
NRASL 523, L69–L74 (2023) 
pplying the Sołtan argument in this way yields simultaneous growth
istories of galaxies and SMBHs, and in particular constrains the
volution of the SMBH mass – galaxy mass relation with redshift.
ased on TRINITY ’s predicted SMBH growth histories in different
alo/galaxy populations, we modelleded their mass and Eddington
atio distributions, which are constrained by SMBH observations,
.g. quasar luminosity distributions as functions of stellar mass, and
otal quasar luminosity functions (QLFs). 

TRINITY also explicitly models the scatter around the median M •
M ∗ relation, which is constrained by the shape of active SMBH

ass functions. Specifically, a bigger (smaller) scatter around the
 • − M ∗ relation leads to a stronger (weaker) Eddington bias

Eddington 1913 ), which would flatten (steepen) the active SMBH
ass functions. With inferred SMBH Eddington ratio distributions

nd the M • − M ∗ scatter, TRINITY is well positioned to predict
auer bias. Constraints on the Lauer bias come from comparing
ctive SMBH mass functions to the expected total SMBH mass
unction arising from the SMBH–galaxy relationship constrained
bo v e, as well as measured Eddington ratios for bright quasars.
tronger Lauer bias results in o v ermassiv e black holes being more

ikely to be active; similarly, stronger Lauer bias also results in lower
ddington ratios at fixed luminosity (as only the most massive black
oles are then allowed to be the most luminous). Quantitatively,
e find that all active SMBHs with different M • are accreting at

round the Eddington rate at z ∼ 6. This is constrained by the facts
hat: (1) there are very few observed low-mass quasars with super-
ddington accretion at these redshifts (e.g. Shen et al. 2019 ); (2)

ower Eddington ratios and/or broader Eddington ratio distributions
ill underproduce the active SMBH functions at high redshifts. 
Finally, we hav e v erified that TRINITY predictions are robust

gainst changes in model parametrizations and input assumptions.
e experimented with many model variants by changing, for exam-

le: (1) the way to parametrize the M • − M ∗ relation; (2) Eddington
atio distribution shapes; (3) SMBH merger prescriptions; (4) AGN
bscuration corrections; (5) AGN bolometric corrections; we found
o qualitative change in our predictions, when the input observations
ere self-consistent with each other. For full details, we refer readers

o the Appendices of Zhang et al. ( 2023 ). 

.2 Implementation o v er view 

ere, we give a brief overview of TRINITY . For full details, we refer
eaders to Zhang et al. ( 2023 ). 

TRINITY parametrizes the halo–galaxy connection similarly to the
NIVERSEMACHINE : the galaxy star formation rate (SFR) is a double-
ower law of the galaxy’s peak halo mass, and the fraction of star-
orming galaxies is a sigmoid function of halo mass. Both functions
re allowed to evolve with redshift, which are constrained by galaxy
ata sets. This parametrization has been well-tested in Behroozi et al.
 2019 ), and gives robust inference of the halo–galaxy connection
rom joint observational galaxy constraints. 

We make the galaxy–SMBH connection in TRINITY by parametriz-
ng the M •–M bulge relation as a redshift-dependent power-law. To
onvert galaxy total masses into bulge masses, we use a redshift-
ependent M bulge –M ∗ scaling relation that is fit to Sloan Digital
k y Surv e y (SDSS) and Cosmic Assembly Near-infrared Deep
xtrag alactic Leg acy Survey (CANDELS) observations (for full
etails, see Zhang et al. 2023 ). We calculate average SMBH growth
ates in different halo/galaxy populations by tracking the change in
ypical M • between successive snapshots. We then convert average
MBH growth rates into AGN Eddington ratio distributions with

he following AGN properties chosen from the parameter space:
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Figure 1. The z = 6 median M •–M ∗ relation for quasars with different 
bolometric luminosity thresholds. The red shaded region is the 1 −σ spread 
around the median scaling relation for quasars ( ∼0.6 dex), which includes the 
random scatter in observed M • when using virial estimates. This lognormal 
scatter is nearly luminosity-independent, so we only show it for the brightest 
quasars for clarity. The black solid line is the M •–M ∗ relation for all SMBHs 
at z = 6, and the black shaded region is the intrinsic + observed scatter around 
the intrinsic M •–M ∗ relation. The green solid line is the M •–M ∗ relation for 
AGNs brighter than log L bol [ erg s −1 ] ≥ 44 . 7, which is the approximate lower 
limit for JWST to measure M • via broad emission lines. For comparison, we 
also show the z = 0 relation in the black dashed line. Individual data points 
are z � 6 quasars compiled by Izumi et al. ( 2021 ). We also show two z > 

5 AGNs from Kocevski et al. ( 2023 ) (stars), the z = 5.55 AGN from Übler 
et al. ( 2023 ) (the diamond), and the z = 8.7 AGN from Larson et al. ( 2023 ) 
(the pentagon). See Section 4.1 for discussion. 
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1) fractional contributions from SMBH accretion versus SMBH 

ergers; (2) the AGN energy efficiency; (3) the AGN duty cycle; 
nd (4) Eddington ratio distribution shapes. With SMBH masses 
nd Eddington ratio distributions fully parametrized, we generate 
MBH observables including QLFs, quasar luminosity distributions 
s functions of host galaxy mass, active SMBH mass functions, 
nd the z = 0 M •–M bulge relation. In all these calculations, we
ssume that active SMBHs follow the same M •–M bulge relation as
ormant SMBHs. We include systematic and selection effects such 
s AGN obscuration and bolometric corrections, and finally compare 
he generated statistics with observed data. In the fiducial TRINITY 

odel, we parametrize the SMBH–galaxy mass connection as a 
ower-law M •–M bulge relation that can evolve with redshift. But we 
lso showed in Appendix E2 of Zhang et al. ( 2023 ) that we get
onsistent M •–M ∗ relations regardless of whether we parametrize 
he M •–M bulge relation or the M •–M ∗ relation directly. Given the
rowing interest in the M •–M ∗ relation across cosmic time, we focus
ur discussion on the bias in the M •–M ∗, rather than the M •–M bulge 

elation in this work. 
Using a custom Metropolis Markov Chain Monte Carlo algorithm 

based on Haario, Saksman & Tamminen 2001 ), we create ∼2 
illion mock universes and compare them with our data compilation. 
hrough such comparisons, we obtain the joint posterior distribution 
f TRINITY model parameters, and characterize the best-fitting halo–
alaxy–SMBH connection, as well as the corresponding uncertain- 
ies. 

 SIMULATION S  A N D  DATA  C O N S T R A I N T S  

.1 Dark matter halo statistics 

RINITY traces statistical halo assembly histories obtained from N - 
ody simulations of dark matter haloes, instead of keeping track 
f individual haloes/galaxies across cosmic time. Specifically, halo 
ass functions are obtained from Tinker et al. ( 2008 ), with the

orrections in Behroozi et al. ( 2013 ) to: (1) use halo peak mass
nstead of current mass; (2) impro v e the accurac y at higher redshifts;
nd (3) include satellite haloes. We refer readers to Appendix G of
ehroozi et al. ( 2013 ) for details. These mass functions are valid for

tudying halo evolution from at least 10 10 to 10 15 M �. 
Haloes experience mass growth via both accretion and mergers. 

he average halo accretion histories in this work are described by the
tting formulae in Appendix H of Behroozi et al. ( 2013 ). Halo merger
ates are fitted from the mock catalogues of the UNIVERSEMACHINE 

Behroozi et al. 2019 ). The fitting formulae for halo mergers are
resented in Appendix A of Zhang et al. ( 2023 ). 

.2 Obser v ational data constraints 

e use the following galaxy data to constrain the halo–galaxy con- 
ection: stellar mass functions ( z = 0–8), galaxy quenched fractions
QFs, z = 0–4), average specific SFRs, ( z = 0–8), cosmic SFRs ( z =
–10), and galaxy ultraviolet luminosity functions (UVLFs, z = 8–
0). We refer readers to section 2.2 and Appendix C of Behroozi
t al. ( 2019 ) for full details about all adopted galaxy data. 

To constrain the galaxy–SMBH connection, we have compiled 
he follo wing SMBH observ ables: X-ray QLFs (from Ueda et al.
014 , z = 0–5), X-ray quasar probability distribution functions (from
ird et al. 2018 , z = 0.1–2.5), optically-selected active black hole
ass functions (from Schulze & Wisotzki 2010 , Schulze et al. 2015 ,

nd Kelly & Shen 2013 , z = 0.2–5), the z = 0 M •–M bulge relation
H ̈aring & Rix 2004 ; Beifiori et al. 2012 ; Kormendy & Ho 2013 ;
cConnell & Ma 2013 ; Sa v orgnan et al. 2016 ), and the observed
 • distribution of high redshift ( z ∼ 6) bright quasars (Shen et al.

019 ). These SMBH data co v er z = 0–6.5. F or more details about
hese SMBH observables, see section 3.2.2 of Zhang et al. ( 2023 ). 

 RESULTS  

.1 Offsets in the M •–M ∗ relation for bright quasars versus. all 
MBHs at z = 6 

ig. 1 shows the the median M •–M ∗ relation for z = 6 quasars from
RINITY , as a function of the lower limit in bolometric luminosity.
or reference, the bolometric quasar luminosity limit is log L bol �
5.5 for Subaru High-z Exploration of Low-Luminosity Quasars 
SHELLQs)–Wide program (Runnoe, Brotherton & Shang 2012a , 
 ; Matsuoka et al. 2016 ), and log L bol � 46.5 for Pan-STARRS1
Chambers et al. 2016 ) and SDSS (Jiang et al. 2016 ). According to
RINITY , the Eddington ratio distribution is nearly mass-independent 
t z = 6, so more massive black holes are naturally brighter and more
ikely to be included in the sample. As a result, SMBHs in bright
uasars tend to be o v ermassiv e compared to their host galaxies.
his systematic offset increases with quasar luminosity, from a 
0.35 dex offset for log L bol [ erg s −1 ] ≥ 46 . 5 to a ∼1 dex offset for

og L bol [ erg s −1 ] ≥ 48, at host stellar masses of M ∗ ∼ 10 11 M �. The
haded region denotes the 1 −σ lognormal spread around the median 
caling relation for luminosity limited samples, which is ∼0.6 dex 
cross the mass and luminosity ranges at z = 6. This total spread
ncludes: (1) the scatter in intrinsic M • at fixed M ∗ for luminosity-
imited AGNs, which is inferred by TRINITY ( ∼0.3 dex); and (2) the
catter in observed M • around the intrinsic values, which we take as
.5 dex (e.g. Vestergaard & Peterson 2006 ; Shen et al. 2023 ). There
s no significant evolution in this total scatter with redshift, down
MNRASL 523, L69–L74 (2023) 

art/slad060_f1.eps
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M

Figure 2. The distribution of Izumi et al. ( 2021 ) z = 6 quasars’ deviation from 

the TRINITY M •–M ∗ relations. For each quasar, we calculate the corresponding 
quasar M •–M ∗ relation at its bolometric luminosity. The deviation is further 
normalized by the Gaussian spread, σM • , which is a quadratic sum of 
the intrinsic scatter around the M •–M ∗ relation, and the uncertainty in the 
observed M •. The Gaussian kernel density estimation of the distribution is 
shown in the red curve. The width of the Gaussian kernel is set to 1 σM • . See 
Section 4.1 . 
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o z ∼ 0. Of note, this total scatter is similar to the one around the
 •–M ∗ relation for all SMBHs, which is shown in the black shaded

egion. This is because both scatters are dominated by the typical
catter in observed M • around the intrinsic values (0.5 dex). On the
ther hand, the intrinsic scatter is slightly smaller for the biased
ample than for all SMBHs, due to the selection in AGN luminosity.
ualitatively, this trend of increasing M •–M ∗ normalization with
igher luminosity is consistent with the observations, such as the data
oints compiled by Izumi et al. ( 2021 ) (colour-coded by bolometric
uminosity). We converted the rest-frame 1450 Å magnitudes from
zumi et al. ( 2021 ) into bolometric luminosities using the bolometric
orrection from Runnoe et al. ( 2012a , b ). We also show the two z
 5 low-luminosity AGNs from Kocevski et al. ( 2023 ) in star-shape

oints, as this luminosity-dependent bias in the M •–M ∗ relation does
ot change significantly with redshift at z � 6. The galaxy masses
f both AGNs are estimated with SED fitting ignoring potential
ontributions from their AGNs, and thus should be treated as upper
imits. Tak en at f ace value, the M •/ M ∗ ratios of these tw o AGNs are
ualitatively consistent with TRINITY ’s predictions. However, further
ollo w-up observ ations are required for a better measurement of host
alaxy masses. We further include in Fig. 1 the z = 5.55 AGN
rom Übler et al. ( 2023 ) (the diamond), and the z = 8.7 AGN from
arson et al. ( 2023 ) (the pentagon). They broadly follow the trend of

ncreasing SMBH mass with increasing bolometric luminosity. 
Fig. 2 shows the deviation in M • from the TRINITY M •–M ∗ relations

or the Izumi et al. ( 2021 ) quasar sample. For each observed quasar
ith a bolometric luminosity L 0 , we calculate the TRINITY M •–M ∗

elation for quasars with log L 0 − 0.1 dex < L bol < log L 0 + 0.1 dex
o ensure a fair comparison. The M • deviation is divided by the
ognormal standard deviation σM • , which is the quadratic sum of the
ntrinsic TRINITY M •–M ∗ scatter and the measurement uncertainty
n M • from Izumi et al. ( 2021 ). We also show the Gaussian kernel
ensity estimation of the histogram (red solid curve). The kernel
idth is set to 1 σM • , which is the gaussian scatter of observed
 • de viation gi ven the intrinsic M •–M ∗ scatter and the typical M •
easurement uncertainty. The distribution of the M • deviations has a

ignificant amount of scatter around the median value of ∼ 0 . 17 σM • ,
hich is � 0.1 dex. Therefore, the apparent evolution in the M •–M ∗

elation from z = 0 to z = 6 can be largely explained by Lauer bias.
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n the future, more accurate and precise measurements of SMBH
nd galaxy masses (stellar masses from, e.g. JWST and dynamical
asses from ALMA) are needed to understand the slight positive

eviation as shown in Fig. 2 . 
According to TRINITY , there is only mild evolution in M •–M ∗

rom z = 0 to z = 6. This means that typical SMBHs on the
ntrinsic M •–M ∗ relation do not experience significant mass build-
p before their host galaxies, even though it may be the case for
 v ermassiv e (and thus brighter) SMBHs in current quasar samples.
o understand typical SMBHs and host galaxies’ growth histories, it

s thus essential to measure the M •–M ∗ relation of less biased (i.e.
ainter) quasar samples. In Fig. 1 , we also show the median M •–M ∗
elation for all SMBHs brighter than log L bol [ erg s −1 ] > 44 . 7, which
s the lowest AGN luminosity at which JWST can still measure M •
easonably well. At such a low luminosity threshold, the observed
 •–M ∗ relation is very close to the intrinsic relation for all the

MBHs at log M ∗ � 10.5. Therefore, to accurately measure the z
6 M •–M ∗ relation without a severe selection bias, it is essential

o focus on fainter quasars at log L bol [ erg s −1 ] � 45 in log M ∗ �
0.5 galaxies (e.g. those detected in the SHELLQs, Matsuoka et al.
022 ). This is also in line with a series of theoretical studies with
onte Carlo and hydro-dynamical simulations, e.g. Volonteri &

tark ( 2011 ), Volonteri & Reines ( 2016 ), Marshall et al. ( 2020 ),
abouzit et al. ( 2022 ). We do caution that for fainter quasars
ith log L bol [ erg s −1 ] � 45, the increasing scatter in the bolometric

orrection at a fixed UV luminosity for individual objects (see e.g.
unnoe et al. 2012a , b ) could add additional uncertainties to bolo-
etric luminosity estimates. This may complicate the interpretation

f the M •–M ∗ relation for fainter quasars in the future. 
In addition to the random scatters around intrinsic M • values, the

bserved M • are also subject to potential systematic offsets. Such
ffsets could be caused by different reasons, e.g. the use of the same
irial estimate calibration at both low and high redshifts, which may
ot be accurate in the real Uni verse. Qualitati vely, if the observed M •
alues are systematically o v erestimated (underestimated), correcting
uch offsets will lead to better (worse) agreement between TRINITY ’s
redictions and the observations. 
In this work, we implicitly assume that all (i.e. whether they are

 v ermassiv e or not) SMBHs brighter than certain luminosities will
e detected in surv e ys with appropriate flux limits. Ho we ver, there
s another selection bias towards o v ermassiv e SMBHs: the y are less
ikely to be outshined by host galaxies. As pointed out by Volonteri,
abouzit & Colpi ( 2023 ), only o v ermassiv e SMBHs accreting at
igh Eddington ratios will be detected. Qualitatively, this bias will
nly increase the offset between the M •–M ∗ relation for AGNs versus
or all SMBHs, and thus does not change our qualitative conclusion.
ut it takes more detailed modelling of galaxy and SMBH SEDs to
uantify this bias, which is beyond the scope of this work. We thus
efer the quantification of this bias with TRINITY to future studies. 
Finally, we discuss the systematic changes to our result with the

ntrinsic scatter around the M •–M ∗ relation. Reines & Volonteri
 2015 ) obtained a M •–M ∗ relation with much lower normalization
han, e.g. Kormendy & Ho ( 2013 ) and Greene et al. ( 2016 ). This
iscrepancy could be due to a bigger scatter around the intrinsic M •–
 ∗ relation than commonly estimated. In the current TRINITY model,

his scatter is already well constrained to be ∼0.3 dex by the shape
f active SMBH mass functions, so we opt not to rerun the model
y fixing the scatter at a much bigger value, which is not consistent
ith existing data constraints for TRINITY . Instead, we make the

ame predictions in Figs. 1 and 2 after increasing the scatter from 0.3
o 0.6 dex, and keeping all the other model parameters unchanged.

ith a much bigger scatter, more o v ermassiv e SMBHs are likely to
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Figure 3. QLFs in bins of the deviation in SMBH mass from the median 
M •–M ∗ relation at z = 6. See Section 4.2 . 

e
b
w  

d  

M
d  

S
t  

m
c

4
M

F  

m  

F  

w
S
T
a
d  

S  

Q  

w
Q
n
r

5

I
M
c
f
r  

e
M  

S
T  

d  

g

 

b  

r  

i  

A
r  

(  

t  

q  

a  

a
b
h  

M  

M

a  

w  

f
p

h
r
b
r  

E  

b  

(

 

t  

w  

J  

t  

w
p

A

W
f
K
J
L
R
B
v  

t
u
a
P
a
A  

f
J

D

T
(
a

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nrasl/article/523/1/L69/7180002 by guest on 21 April 2024
xist, and thus the luminosity-dependent bias of the M •–M ∗ relation 
ecomes even more significant. This effect is the most pronounced 
ith the brightest quasars ( log L bol [ erg s −1 ] ≥ 48), which is now ∼2
ex (as opposed to ∼1 dex) overmassive compared to the intrinsic
 •–M ∗ relation. The bigger scatter also leads to the median M •

eviation in Fig. 2 to decrease from ∼ 0 . 17 σM • to ∼ −0 . 39 σM • .
uch quantitative changes do not change our main conclusions in 

his work. Ho we v er, one cav eat of this e xperiment is that this altered
odel parameter set is not fully consistent with the current data 

onstraints for TRINITY . 

.2 Quasar luminosity functions binned by offset from the 
 •–M ∗ relation 

ig. 3 shows QLFs in bins of offset in SMBH mass compared to the
edian M •–M ∗ relation at different redshifts. Compared to Fig. 1 ,
ig. 3 quantifies the Lauer bias in another way, i.e. the amount by
hich brighter quasars are more likely to be driven by overmassive 
MBHs (compared to their host galaxy mass) than typical SMBHs. 
his effect arises mainly because e xtremely massiv e host galaxies 
re very rare by themselves, and cannot account for the number 
ensity of high-mass black holes. According to TRINITY , o v ermassiv e
MBHs ( > 0.3 dex above the median M •–M bulge relation) dominate
LFs at log 10 L bol [ erg s −1 ] � 46 . 7 and z ∼ 6. Typical SMBHs
ithin 0.3 dex around the intrinsic M •–M ∗ relation dominate the 
LF at log L bol [ erg s −1 ] � 45. This quantitatively demonstrates the 
ecessity of including fainter AGNs when comparing the M •–M ∗
elations from the local Universe versus z ∼ 6 SMBHs. 

 C O N C L U S I O N S  

n this work, we examine the systematic bias in the observed 
 •–M ∗ relation for luminosity-limited quasar samples, as well as 

ontributions to the z = 6 quasar bolometric luminosity function 
rom SMBHs at different offsets relative to the z = 6 M •–M ∗
elation. Compared to previous studies like Li et al. ( 2022 ) that adopt
mpirically determined Eddington ratio distributions and intrinsic 
 •–M ∗ relations at z = 0, we make inferences based on the joint

MBH mass–Eddington ratio distributions at different redshifts from 

RINITY , which are: (1) explicitly constrained by galaxy and SMBH
ata (Section 3 ) and 2 ) self-consistent with the reconstructed SMBH
rowth histories. Our key findings are: 
(i) At z ∼ 6, the M •–M ∗ relation for bright quasars selected by
olometric luminosity ( L bol ) is significantly higher than the intrinsic
elation for all SMBHs. This is because there is scatter around the
ntrinsic M •–M ∗ relation, and we can only probe the most luminous
GN, which are o v ermassiv e compared to the intrinsic M •–M ∗

elation. With a luminosity threshold of log L bol [ erg s −1 ] > 46 . 5
48), the median M • is higher by 0.35 (1.0) dex for bright quasars
han for typical black holes in M ∗ = 10 11 M � host galaxies. Fainter
uasars with log L bol [ erg s −1 ] � 45 in log M ∗ � 10.5 galaxies have
v erage M • v ery close to the typical M •–M ∗ relation for all (active
nd non-active) SMBHs. Although the detected overmassive and 
right SMBHs may have grown in mass significantly before their 
ost galaxies, this is not the case for typical SMBHs on the intrinsic
 •–M ∗ relation at z = 6, for which we are not yet able to measure
 •.(Section 4.1 , Figs 1 and 2 ); 
(ii) At z ∼ 6, our predicted luminosity-dependent M •–M ∗ relation 

re consistent with observations compiled by Izumi et al. ( 2021 ),
hich are not in the observational constraints for TRINITY . This

urther demonstrates the validity of the TRINITY model and its 
redictions. (Section 4.1 , Figs 1 and 2 ); 
(iii) At z ∼ 6, most observed quasars with L bol � 5 × 10 46 erg s −1 

ave SMBH masses � 0.3 dex higher than the median M •–M ∗
elation. At brighter luminosities, the QLF is increasingly dominated 
y SMBHs that are o v ermassiv e compared to the median M •–M ∗
elation. This is because o v ermassiv e SMBHs are brighter at similar
ddington ratios. At log L bol [ erg s −1 ] � 45, the QLF is dominated
y typical SMBHs – i.e. those within 0.3 dex of the M •–M ∗ relation.
Section 4.2 , Fig. 3 ) 

In summary, future observ ational ef forts to measure the in-
rinsic z ∼ 6 M •–M ∗ relation should focus on fainter quasars
ith log L bol [ erg s −1 ] � 45. This moti v ates future observ ations with

WST , one of the few telescopes that can measure both M • and M ∗ for
hese faint objects. At the same time, observations of faint quasars
ill directly test theoretical models (including TRINITY ) and their 
redictions for the high-redshift galaxy–SMBH mass connection. 
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