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ABSTRACT

We present predictions for the high-redshift halo—galaxy—supermassive black hole (SMBH)
connection from the TRINITY model. Constrained by a comprehensive compilation of galaxy
(0 < z<10) and SMBH datasets (0 < z < 6.5), TRINITY finds: 1) The number of SMBHs
with M, > 10° M, in the observable Universe increases by six orders of magnitude from z ~ 10
to z ~ 2, and by another factor of ~ 3 from z ~ 2 to z = 0; 2) The M, > 10°/10'°M, SMBHs
at z ~ 6 live in haloes with ~ (2—3)/(3 = 5)x 10> M; 3) the new JWST AGNs at 7 < z < 11
are broadly consistent with the median SMBH mass—galaxy mass relation for AGNs from
TRINITY; 4) Seeds from runaway mergers in nuclear star clusters are viable progenitors for
the SMBHs in GN-z11 (z = 10.6) and CEERS_1019 (z = 8.7); 5) z = 6 — 10 quasar luminosity
functions from wide area surveys by, e.g., Roman and Euclid, will reduce uncertainties in the
z=6—-10 SMBH mass—galaxy mass relation by up to ~ 0.5 dex.
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1 INTRODUCTION

Supermassive black holes (SMBHs) are believed to exist in
the centres of most, if not all galaxies (Kormendy & Richstone
1995; Magorrian et al. 1998; Ferrarese & Merritt 2000; Gebhardt
et al. 2000; Tremaine et al. 2002; Ho 2008; Giiltekin et al. 2009;
Kormendy & Ho 2013; Heckman & Best 2014). When SMBHs
are actively accreting matter, they are called active galactic nuclei
(AGN). AGNs are also called quasars when they outshine their
host galaxies. With their accretion energy output, it is likely that
SMBHs are capable of modulating both their own mass accretion
and the star formation of their host galaxies. (Silk & Rees 1998;
Bower et al. 2006; Somerville et al. 2008; Sijacki et al. 2015).
On the other hand, galaxies can also regulate central black hole
growth via the fueling of gas and galaxy mergers. Consequently,
both SMBHs and their host galaxies may influence each others’
growth, also known as “coevolution.” Hence, to understand galaxy
and SMBH assembly histories, it is critical to constrain the inter-
action between SMBHs and their host galaxies (see, e.g., Hopkins
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et al. 2007; Ho 2008; Alexander & Hickox 2012; Kormendy & Ho
2013; Heckman & Best 2014; Brandt & Alexander 2015).

Two lines of observations support the coevolution scenario.
First, there are relatively tight scaling relations (~ 0.3 dex scatter)
between SMBH masses and host galaxy dynamical properties (e.g.,
velocity dispersion or bulge mass at z ~ 0 (see Hdring & Rix 2004;
Giiltekin et al. 2009; Kormendy & Ho 2013; McConnell & Ma
2013; Savorgnan et al. 2016). Second, the cosmic SMBH accre-
tion rate (CBHAR) density is roughly proportional to cosmic star
formation rate (CSFR) density over 0 < z < 4, and the constant CB-
HAR/CSFR ratio is ~ 107* - 107 (Merloni 2004; Silverman et al.
2008; Shankar et al. 2009; Aird et al. 2010; Delvecchio et al. 2014;
Yang et al. 2018). However, it has been difficult, if not impossi-
ble, to verify other predictions of the coevolution model (e.g., tight
SMBH-galaxy property relationships) at higher redshifts.

At z = 0, high spatial resolution spectroscopy and dynamics
modeling have been used to measure SMBH-galaxy scaling re-
lations (e.g., Magorrian et al. 1998; Ferrarese & Ford 2005; Mc-
Connell & Ma 2013). Beyond z = 0, it is difficult to measure in-
dividual SMBH masses in the same way, due to lower spatial res-
olutions. Hence, we have to rely on indirect methods such as re-
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verberation mapping (Blandford & McKee 1982; Peterson 1993)
or “virial estimates” with single-epoch AGN spectra, which in-
fer SMBH masses from spectral line width and AGN luminosity
(Vestergaard & Peterson 2006). All such indirect methods require
that SMBHs are actively accreting, and thus: 1) are biased against
dormant SMBHs, and 2) make it difficult to measure host galaxy
masses at the same time. In addition, overmassive SMBHs are
brighter and more likely to be included in the sample, when dif-
ferent SMBHs have similar Eddington ratios. This bias affects the
measurement of the galaxy mass—SMBH mass (M,—M..) relation
with bright quasars (Lauer et al. 2007). Zhang et al. (2023a) quan-
tified this bias as a function of AGN luminosity, and showed that
AGN s with bolometric luminosities Ly < 10% erg/s are needed to
measure the unbiased M,—M, relation at z = 6.

Prior to JWST, the highest-redshift AGN ever found was at
7~ 7.6 (Wang et al. 2021). AGN luminosity functions at up to z ~ 7
have also been measured (Wang et al. 2019; Kulkarni et al. 2019;
Shen et al. 2020). Most z ~ 7 AGNs were found to be bright quasars
with high SMBH masses, accreting at around the Eddington rate
(Shen et al. 2019). However, given the capabilities of existing tele-
scopes, it was difficult to ascertain if such mass and Eddington ratio
distributions were representative of typical high redshift SMBHs.

JWST has changed the landscape of high-redshift quasar ob-
servations. As of the writing of this paper, JWST has found at least
two AGN candidates above z ~ 8, i.e., CEERS1019 at z = 8.7 (Lar-
son et al. 2023) and GN-z11 at z = 10.6 (Maiolino et al. 2023a).
CEERS1019 has an estimated SMBH mass M, ~ 107M®, and
an Eddington ratio () of ~ 1.2, whereas GN-z11 is estimated
to be a My ~ 10°My SMBH accreting at an Eddington ratio of
n ~ 5. JWST’s sensitivity finally allows measuring SMBH masses
in AGNs with Lyg < 10% erg/s at z > 6 (e.g., CEERS1019 and
GN-z11), as well as measuring host galaxy properties for high-z X-
ray AGN candidates, like UHZ-1 at z = 10.1 (Bogdan et al. 2023;
Goulding et al. 2023). With its unique near-infrared (NIR) sensi-
tivity, JWST will continue to provide strong tests/constraints on
theoretical models of the halo—galaxy—-SMBH connection.

Different theoretical studies have been carried out to ascertain
the possible origins and evolution histories of these highest-redshift
AGNSs. Using a semi-analytical model, the Cosmic Archaeology
Tool (CAT, Trinca et al. 2022), Schneider et al. (2023) found a po-
tential evolutionary connection between objects like GN-z11 and
CEERS_1019. Scholtz et al. (2023) estimated GN-z11’s host halo
mass to be ~ 3 x 1019M;, based on the stellar mass—halo mass rela-
tion from the empirical UNIVERSE MACHINE model of the halo—
galaxy connection (Behroozi et al. 2019). This halo mass scale
makes GN-z11 a candidate protocluster core, whose z = 0 descen-
dant could reach above 101 Mg,

In this paper, we present the SMBH properties at z 2 6 from
the empirical TRINITY model. We further put CEERS1019 and
GN-z11 in the context of TRINITY, and examine their consistency
with our predictions. TRINITY makes statistical connections be-
tween dark matter haloes, galaxies, and SMBHs from z = 0 - 10,
extending the empirical DM halo—galaxy model from Behroozi
et al. (2013). Specifically, TRINITY infers SMBH growth histories
as a function of halo/galaxy mass in a similar manner as apply-
ing the Sottan Argument (Softan 1982) to each halo/galaxy popu-
lation (see also Shankar et al. 2020). Compared to previous em-
pirical models, TRINITY includes joint constraints from a large
and diverse compilation of data. Specifically, the following data
are used to constrain the halo—galaxy connection: galaxy stellar
mass functions (SMFs), galaxy UV luminosity functions (UVLFs),
galaxy quenched fractions (QFs), galaxy specific star formation

rates (SSFRs), and cosmic star formation rates (CSFRs). Addition-
ally, the galaxy—SMBH connection is constrained by quasar lumi-
nosity functions (QLFs), quasar probability distribution functions
(QPDFs), active black hole mass functions (ABHMFs), and the
z = 0 bulge mass—black hole mass relations. To accommodate the
enormous joint constraining power of this dataset, TRINITY has a
more flexible parametrization than past approaches (e.g., Marconi
et al. 2004; Shankar et al. 2009, 2013; Conroy & White 2013. Last
but not least, TRINITY features more realistic modeling of AGN ob-
servables by including, e.g., black hole mergers and kinetic AGN
luminosities in the model.

Following Behroozi et al. (2013), TRINITY modeling starts
with population statistics from a dark matter N-body simulation.
The model then generates mock universes, each with different
galaxy and SMBH mass—growth rate distributions, as functions
of halo mass and redshift. Millions of mock universes are and
compared with real observations using a Markov Chain Monte
Carlo (MCMC) algorithm to converge on the range of halo—galaxy—
SMBH connections consistent with the real Universe.

The paper is organized as follows. In §2, we briefly intro-
duce the TRINITY framework. §3 covers the N-body simulations
and galaxy/SMBH connection. For full details about the TRIN-
ITY methodology, simulations, and datasets, we refer readers to
Zhang et al. (2023c). In §4, we present high redshift predictions
from TRINITY. §5 compares CEERS1019 and GN-z11 with TRIN-
ITY’s predictions, and discusses how future observations would
help constrain the demographics and growth histories of high red-
shift SMBHs. Finally, our conclusions are given in §6. In this work,
we adopt a flat ACDM cosmology with parameters (€, = 0.307,
Qp =0.693, h = 0.678, og = 0.823, ny = 0.96) consistent with
Planck results (Planck Collaboration et al. 2016). We use datasets
that adopt the Chabrier stellar initial mass function (IMF, Chabrier
2003), the Bruzual & Charlot (2003) stellar population synthesis
model, and the Calzetti dust attenuation law (Calzetti et al. 2000).
Halo masses are calculated following the virial overdensity defini-
tion from Bryan & Norman (1998).

2 METHODOLOGY

In §2.1, we explain the key aspects of the TRINITY high-
redshift halo—galaxy—SMBH connection that influence the predic-
tions in this work, and how they are constrained by our data com-
pilation. We then give a brief overview on TRINITY’s implementa-
tion in §2.2. For full details, we refer readers to §2 of Zhang et al.
(2023c).

2.1 Inferring the high-redshift halo—galaxy-SMBH
connection with TRINITY

As an empirical model, TRINITY infers the range of halo—
galaxy—SMBH connections that match our unique compilation of
galaxy+AGN data. Many predictions in this work come from the
following two aspects of this connection:

Firstly, the intrinsic M.—M, relation evolves only mildly with
redshift (see §4.1). The largest change occurs for low-mass galax-
ies (i.e., M, ~ 5% 10°Mg) which have lower SMBH masses at
higher redshifts; almost no change in SMBH masses with red-
shift occurs for larger galaxies with masses M, 2 5 X 10100,
This redshift evolution is mainly constrained by the combination
of QLFs, QPDFs, and the local Me—Myyge relation. Specifically,
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different redshift evolutions of the M,—M. relation produce differ-
ent average SMBH growth rates as functions of host galaxy mass
and redshift. Therefore, there is only one unique combination of a
redshift-dependent M.—M, relation and an AGN energy efficiency
that can simultaneously reproduce: 1) the probability distribution
of AGN luminosity as a function of galaxy mass and redshift, i.e.,
QPDFs; 2) QLFs; and 3) the local Me—Mpyge relation. For exam-
ple, a steeper Mo,—M. relation will not only violate the constraint
from the local Me—Myyge relation, but also induce faster growth of
SMBHs at fixed galaxy mass, and thus overproduce AGN activity
compared to observed QPDFs.

Secondly, the AGN Eddington ratio distribution becomes nar-
rower towards higher redshifts, along with increasing average Ed-
dington ratios. This is required by the ABHMFs from Kelly & Shen
(2013). With the redshift-dependent M,—M. relation and AGN duty
cycles constrained by QPDFs, QLFs, and the local Me—Myyge Te-
lation, lower Eddington ratios and/or broader Eddington ratio dis-
tributions will underpredict the number of SMBHs above certain
luminosity limits, i.e., ABHMFs, at higher redshifts.

Of note, the AGN data for constraining TRINITY spans a red-
shift range of z = 0 — 6.5. When making predictions for SMBHs
beyond z ~ 7, we are effectively examining the observational con-
sequences of a relatively non-evolving SMBH-galaxy relationship
at those redshifts. Hence, a failure of TRINITY to predict z > 6 ob-
servations would indicate different evolution in the SMBH-galaxy
mass relationship than that seen at z < 6. As we will show in §4.1
and §5.2, the SMBH properties of CEERS1019 and GN-z11 are
partly consistent with these extrapolations. The partial inconsis-
tency between TRINITY and these two AGNs does not impose
strong constraints on the current TRINITY model-i.e., the inconsis-
tency is not yet very statistically significant. As a result, further ob-
servations of high-redshift AGNs are needed to either confirm our
prediction, or otherwise provide stronger constraints on the TRIN-
ITY model.

2.2 Implementation overview

TRINITY makes self-consisitent and statistical halo—galaxy—
SMBH connections from z = 0 — 10. Instead of following indi-
vidual haloes across cosmic time like the UNIVERSE MACHINE
(Behroozi et al. 2019), TRINITY is built upon halo statistics from
N-body simulations. The halo—galaxy connection is made via
the SFR—Mj,c.x relation, where Mpeqx is the peak halo mass of
haloes throughout their assembly histories. With a given redshift-
dependent SFR—M e, relation, TRINITY calculates the average
star formation histories for different halo populations, and inte-
grates them over time to obtain average galaxy stellar masses (M)
as functions of redshift and halo mass. Average galaxy total stellar
masses are then converted into average bulge masses (Mpyge) With
a redshift-dependent but fixed Mpyige—M based on SDSS (Mendel
et al. 2014) and CANDELS (Lang et al. 2014) observations. We
parametrize the Me—Myyge relation as a redshift-dependent power-
law for all galaxies, i.e., SMBH hosts and non-hosts. The log-
normal scatter around the Me—Mpyge relation, oy, is a free pa-
rameter to be constrained in MCMC. We assume that oy is
redshift-independent, due to the lack of data to constrain its redshift
dependence. As shown in Zhang et al. (2023c), our results do not
change significantly if we instead parameterize the M,—M. rela-
tion as a power-law. SMBH occupation fractions are parameterized
as a sigmoid function of halo mass, which evolves with redshift.
Together, these choices fully parameterize the SMBH mass distri-
bution as a function of galaxy mass and redshift (P(Me|M.,z)). Av-
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erage black hole accretion rates (BHARSs) are calculated by com-
paring the average M, of the same halo population between two
consecutive snapshots. To forward model SMBH observables, we
convert average BHARs into AGN Eddington ratio distributions us-
ing parametrized AGN efficiency, duty cycles, and Eddington ra-
tio distribution shapes (i.e., P(Lpol|Me,M+,z)). Before comparing
predicted observables with real data, we also correct them for sys-
tematic effects like errors in stellar masses and SFRs from SED
fitting, and Compton-thick AGN obscuration. To get the posterior
distribution of model parameters, we compare predicted observ-
ables with the compiled data for ~ 2 million points in parameter
space with a custom made Metropolis Markov Chain Monte Carlo
(MCMC) algorithm (based on Haario et al. 2001). From this pos-
terior distribution, we obtain both the best-fitting model parameter
set given the observational constraints, as well as the uncertainties
in the halo—galaxy—-SMBH connection and AGN properties, e.g.,
efficiency and duty cycles. The whole parametrization of TRINITY
contains 54 free parameters.

2.3 Calculating SMBH statistics

In this work, we present various statistics of SMBHs at z 2> 6
from the best-fitting TRINITY model. Here, we briefly introduce
how we calculate them.

To calculate the median M.—M. relation for bright quasars
above a certain bolometric luminosity threshold (Lyg Jim ), We firstly
calculate the SMBH mass function at each given stellar mass and
redshift:

be (M0|M*aLbol > Lbol,lim’z) = Lm n (Mpeak’z)

f P(MO|M*,Z)P(M*|Mpeak,Z)
Lbollim
P(LbollMpeak,Z) dLboldeeak >
(D
where P (Lpo|My,2) is obtained by integrating the number density
of black holes emitting at the corresponding Eddington ratio:

P(LbollMpeaka Z) = fowp(nrad (Lbol, Ms) | M, Mpeakaz) X )
P(Ma|Mpeaic,2) dM .

We then calculate the median M, and the 16M-84" percentile range
from ¢e (M.lM*,Lb(,l > Lbnl,lim,z). The M.—M, relation for bright
quasars is then obtained by repeating this process for a series of M.
at fixed z.

Similarly, SMBH mass functions are convolutions of halo
mass functions and the conditional probability distribution of M,
given Mpeak:

¢ (M,,7) = j(; ®n (Mpeaksz)P(M0|Mpea.k,z)deeak P 3
where P(M.IMpeak,z) is the convolution of: 1) the probability dis-
tribution of M, given M., P(M.|M..z); and 2) the probability dis-
tribution of M. given Mpeak, P(M|Mpeax,2):

P(MalMpeai.2) = fo P(Mo|M., ) P(Mi|Mpeai: 2)dMs . (4)

The cosmic number density of SMBHs above a mass threshold
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M jim, ne(Me > M, Jim,2), is a convolution of P(M.IMpeak,z) and
the halo mass function ¢p(Mpeax):

ne(Me > M, jim,2) = jl;l P(M-|Mpeak’Z)¢h(Mpeakvz)deeak .
o lim
(5)
The differential number of SMBHs above M, jim per unit redshift,
dNe(Me > M, 1im,2)/dz, is then:

dN,.
dz

where dV/dz is the differential comoving volume per unit red-
shift, calculated based on the adopted cosmology (see §1). The
cumulative number of SMBHs above M, ji,, at above redshift z,
Neo(Me > M, Jim, > 2) is thus:

dv
(Me > Mo jim»2) = ne(Me > M, Jim,2) X d_Z s (6)

* dN., ’ ’
Ne(M,o > MO,lim,> 7)= f (M, > MO,limsZ dz' . (7)

: dz

3 SIMULATIONS AND DATA CONSTRAINTS
3.1 Dark Matter Halo Statistics

As noted in §2.2, TRINITY requires only halo population
statistics from dark matter simulations, as opposed to individual
halo merger trees. We use the peak historical mass (Mpe,k) halo
mass functions for central and satellite haloes from Behroozi et al.
(2013), for the cosmology specified in the introduction. These mass
functions are based on central halo mass functions from Tinker
etal. (2008), with adjustments to include satellite halo number den-
sities as well as to use Mpeax instead of the present day halo mass.
These adjustments were based on the Bolshoi & Consuelo simu-
lations (Klypin et al. 2011). We refer readers to Appendix G of
Behroozi et al. (2013) for full details. With these calibrations, the
halo statistics used in this work are suitable for studying the evolu-
tion of halos from 10'°M¢ to 1015 Mo,

Haloes grow by smooth accretion and halo mergers. For aver-
age halo mass accretion histories, we use the fitting formulae in Ap-
pendix H of Behroozi et al. (2013). For halo mergers, we fit merger
rates from the UNIVERSEMACHINE (Behroozi et al. 2019), with
full details and formulae in Appendix B of Zhang et al. (2023c).

In addition to statistical halo assembly histories, we also
use individual haloes from the MultiDark Planck 2 simulation
(MDPL2, Klypin et al. 2016) to study the evolution of z = 6 haloes
hosting SMBHs with M, > 10°Mg. The MDPL2 simulation as-
sumes Planck cosmology (Planck Collaboration et al. 2016), and
has a simulation box size of 1 Gpc/h. The mass of each dark matter
particle is 1.51 x 10° Mg /h, which enables the simulation to resolve
haloes down t0 Mpeax ~ 101 Mg. As we will show in this work,
the combination of the mass resolution and simulation box volume
makes MDPL2 suitable for studying the growth histories of haloes
hosting SMBHs with M, > 109M® at z ~ 6, as well as the descen-
dants of typical haloes hosting GNz-11 and CEERS_1019.

3.2 Observational Data Constraints

To constrain the 54 free parameters in TRINITY, we have orig-
inally compiled a diverse dataset including galaxy and SMBH ob-
servables. The galaxy data include: galaxy stellar mass functions
(SMFs), quenched fractions (QFs), cosmic star formation rates
(CSFRs), average specific star formation rates (SSFRs), and UV
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Figure 1. The comparison between the original TRINITY model (dashed
lines, Zhang et al. 2023c), the updated TRINITY model (solid lines), the
existing galaxy UVLF data (stars, Ishigaki et al. 2018; Oesch et al. 2018;
Bouwens et al. 2019, also see Table 8 of Zhang et al. 2023c), and the new
galaxy UVLFs from JWST (Harikane et al. 2023a). The difference between
the original and updated TRINITY models increases with redshift. See §3.2.

luminosity functions (UVLFs). Collectively, these data cover a red-
shift range of 0 < z < 10. The SMBH observables are: quasar lumi-
nosity functions (QLFs), quasar probability distribution functions
(QPDFs), active black hole mass functions (ABHMFs), the z = 0
Me—Myyge relation, and the observed M, distribution of high red-
shift bright quasars. These SMBH observables collectively cover a
redshift range of 0 < z < 6.5. These datasets are summarized in Ta-
bles 3-10 of Zhang et al. (2023c¢), and we refer readers to Appendix
C of Behroozi et al. (2019) and Appendix D of Zhang et al. (2023c)
for the details about the homogenization of galaxy and AGN data,
respectively.

Since its launch, JWST has found more high-redshift UV-
bright galaxies than predicted by theoretical models such as the
UNIVERSEMACHINE. A higher number density of high-redshift
galaxies likely implies more high-redshift SMBHs, which would
systematically change our prediction for the early Universe. We
thus added the 9 < z < 13 galaxy UVLFs from Harikane et al.
(2023b) to our previous data compilation, which includes only
galaxies confirmed with spectroscopy. In TRINITY, we calculate
galaxy UV magnitudes with a scaling relation between UV magni-
tudes and SFR, to get statistically equivalent results to the Flexible
Stellar Population Synthesis code (FSPS, Conroy & White 2013).
For full details of calculating galaxy UV magnitudes, we refer the
readers to Appendix B of Zhang et al. (2023c).

The addition of 9 < z < 13 galaxy UVLFs does not induce any
qualitative changes in the results presented by Zhang et al. (2023c),
Zhang et al. (2023a), or Zhang et al. (2023b). Quantitatively, it does
increase the number of UV-bright galaxies at z 2 9, and ultimately,
the galaxy masses at fixed halo masses. This increase in galaxy
number density and typical galaxy mass also leads to more SMBHs
at fixed SMBH masses, because the redshift-dependent Mo—M., re-
lation is unchanged with the addition of new galaxy UVLFs. As
shown in Fig. 1, this change in galaxy number density increases
towards higher redshifts, especially above z = 10. This is because
the new JWST UVLFs (solid circles) are largely consistent with
existing UVLFs in our data compilation (solid stars), but we lacked
constraints at z ~ 12 in the original TRINITY model. Without z ~ 12
constraints, the original TRINITY underproduced UV-bright galax-
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ies, leading to the larger difference at this redshift. The results pre-
sented in this work are based on the updated TRINITY model after
adding these 9 < z < 13 galaxy UVLFs to our data constraints. We
have also updated the plots in previous TRINITY papers here.

4 RESULTS

We present the offset between the z = 6 — 10 M,—M. rela-
tions for high redshift bright quasars vs. all SMBHs in §4.1, and
the cosmic abundance of very massive black holes (M, > 109M@
and IOIOM@) in §4.2. In §4.3, we show the z = 0 descendant mass
distribution of the z = 6 haloes hosting M, > 10° M, and 1090
SMBHs, and discuss the prospect of detecting these descendants in
the local Universe.

4.1 The biased M.—M. relation for bright quasars between
65z511

In Zhang et al. (2023a), we showed the median M.—M. re-
lation for bright quasars at z ~ 6, and concluded that overmassive
SMBHSs compared to the observed local M,—M. relation are con-
sistent with arising purely from selection bias against less massive
and thus fainter quasars. In Fig. 2, we extend our predictions to
even higher redshifts, i.e., 6 < z < 11. The solid lines denote the in-
trinsic (i.e., including active and inactive SMBHs) median M,—M.
relation at different redshifts. The non-solid curves are the M,—M.
relations for quasars above various bolometric luminosity limits,
which are labeled next to each line. Given their weak redshift de-
pendence, we only show these quasar M,—M, relations at z = 11 for
visual clarity. The shaded regions correspond to 1 — o log-normal
scatter of ~ 0.6 dex around these quasar M,—M., relations, which
includes: 1) the intrinsic scatter around the M¢—M, relation (~ 0.3
dex, according to the best-fit TRINITY model); and 2) the ran-
dom scatter around M, from virial estimates (0.5 dex, see, e.g.,
McLure & Dunlop 2004; Vestergaard & Osmer 2009). The scat-
ter is nearly luminosity-independent, so we only show the scatter
for the brightest quasars with log Ly > 48 and the deepest samples
with log Ly, > 45, also for clarity.

Similar to those at z ~ 6, the M,—M., relations for bright
quasars continue to be higher than the intrinsic relation for all
SMBHs. This is because at high redshifts, different SMBHs share
very similar Eddington ratio distributions (see §2.1). When selected
by bolometric luminosity, more massive SMBHs are brighter and
naturally over-represented in the sample. At fixed bolometric lumi-
nosity limits, the M,—M. relations for quasars barely evolve with
redshift, despite the evolution in the intrinsic Me—M. relation for
all SMBHs. This is because at fixed SMBH mass, the Eddington
ratio distribution evolves very mildly beyond z ~ 6. Thus, selecting
quasars by their luminosities yields similar SMBH masses across
different redshifts, which are more and more overmassive SMBHs
compared to the lower intrinsic M.—M.. relations towards higher
redshifts.

We also note that the typical M, for quasars depends only
weakly on host galaxy mass below log M. ~ 9.5. This is because,
on average (i.e., including their active and dormant phases), high-
redshift SMBHs grow at slightly below the Eddington rate, and
hyper-Eddington AGNss are very rare. This upper limit in Eddington
ratios translates into a lower limit in the typical M,, regardless of
host galaxy mass. For brighter quasars (e.g., log Ly = 48), the typ-
ical SMBH mass remains above 3 x 108 Mg, even for galaxies below
the same mass. This implies that if we detected any log Lyo > 48
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quasars in a M, < 3 x 108 My, galaxy, they either: 1) have Edding-
ton ratios much higher than predicted by TRINITY; and/or 2) they
are in the outsized black hole galaxy (OBG) phase (Agarwal et al.
2013; Natarajan et al. 2017).

Of note, when quantifying this luminosity dependence of the
Me—M. relation (i.e., the Lauer bias), we assume that every AGN
above those luminosity limits is included in the samples, with
SMBH mass measurements via virial estimates. In other words, we
do not account for the possibility that these AGNs may be hid-
den in the light from host galaxies. This assumption is more likely
to hold for brighter quasars. For fainter AGNS, e.g., log Lyo ~ 45,
stronger contamination from the host galaxies makes it more dif-
ficult to measure SMBH masses, even if the AGN luminosities
are technically above the limits of current instruments. As a result,
overmassive SMBHs would still be preferred among fainter AGNs
(see, e.g., Volonteri et al. 2023). It takes detailed modeling of high-
redshift galaxy and SMBH spectral energy distributions (SEDs) to
properly account for this bias, which we defer to a future work.
Therefore, our predicted Mo.—M, relations for fainter AGNs (e.g.,
with log Ly > 45) should be regarded as lower limits.

We also show the four new highest-redshift AGNs detected
by JWST, CEERS_00717 (Harikane et al. 2023a, the triangle),
CEERS1019 (Larson et al. 2023, the pentagon), UHZ1 (Bog-
dan et al. 2023; Goulding et al. 2023, the diamond) and GN-z11
(Maiolino et al. 2023a, the star) in Fig. 2. Since the SMBH masses
of CEERS_00717, CEERS_1019, and GN-z11 are estimated with
virial estimates, we adopt an M, uncertainty of 0.5 dex for these
three AGNs. The M, of UHZ1 was estimated from X-ray spectral
information, modeling jointly luminosity and obscuring column
density, and further assuming Eddington-limited accretion. Given
that SMBHs accreting at five times the Eddington rate have been
detected at similar redshifts (i.e., GNz-11), we adopt a higher M,
uncertainty of 0.7 dex (i.e., a factor of five) to reflect the uncer-
tainty in Eddington ratio. Galaxy mass uncertainties are directly
taken from these source papers. We note that the stellar masses
have in several cases been determined without including an AGN
component in the fit, and that the uncertainties in the star forma-
tion histories can give large systematic uncertainties (see, e.g., the
summary in Table 1 of Volonteri et al. 2023).

Compared to the brighter quasars with median log Ly ~ 47
compiled by [zumi et al. (2021), all these JWST AGNs have lower
SMBH masses. This is consistent with TRINITY’s prediction for
the luminosity-dependent bias (i.e., the Lauer bias) of the Me—
M, relation. At face value, the SMBH in CEERS_00717 seems
much more massive than TRINITY’s prediction for faint AGNs.
But given the substantial uncertainty in galaxy mass, we decide
to compare our predictions with CEERS_00717 after more precise
measurements of galaxy mass are available. We do note that both
CEERS1019 and GN-z11 lie above our M—M. relation for AGNs
with log Lyo > 45, at ~ 1.50 and ~ 0.80, respectively. This could
be due to: 1) small number statistics; 2) the aforementioned se-
lection bias due to smaller SMBHSs being harder to detect against
the host galaxy’s light; and/or 3) TRINITY underpredicting SMBH
masses compared to the real Universe. Further observations and
better characterizations of all selection biases are needed to ascer-
tain the nature of this difference. In §5.2, we compare CEERS1019
and GN-z11 with other 6 < z < 11 predictions from TRINITY.

Finally, we make a few remarks about UHZ1. Assuming Ed-
dington accretion, the M, of UHZ1 is more than 1 dex higher than
expected for AGNs above similar luminosities (log Lo = 45.7, the
dash-dotted line). But, at z 2 10, another super-Eddington AGN
has been found, i.e., GN-z11. If UHZ1 is in fact also accreting at a
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Figure 2. The observed median M,—M., relations for bright quasars se-
lected by different bolometric luminosity thresholds at z = 6 — 11. The
dashed, dash-dotted, dotted, and dash-double-dotted curves are the M,—
M., relations for bright quasars above different luminosity limits, which are
annotated next to each line. These M,—M, relations are nearly redshift-
independent, so we only show the ones at z = 10 for visual clarity. The
shaded regions are the 1 — o log-normal scatter (~ 0.6 dex) around the M,—
M., relations for bright quasars, which includes the intrinsic scatter around
the M—M, relation (~ 0.3 dex), as well as the typical random scatter in
M, from virial estimates (~ 0.5 dex). Since the magnitude of this scat-
ter is nearly luminosity-independent, we only show it for the brightest and
faintest quasars, for clarity. The solid lines of different colours represent the
intrinsic median M,—M. relations for all SMBHs at each redshift. UHZ1
(Bogdan et al. 2023; Goulding et al. 2023), CEERS_00717 (Harikane et al.
2023a), CEERS_1019 (Larson et al. 2023) and GN-z11 (Maiolino et al.
2023a) are shown in the diamond, the triangle, the pentagon, and the star,
respectively. M, uncertainties of 0.5 dex are assumed for CEERS_00717,
CEERS_1019, and GN-z11. For UHZ1, the upper uncertainty of M, is as-
sumed to be 0.5 dex, but the lower uncertainty corresponds to changing the
assumed Eddington ratio from 1 to 5, i.e., 0.7 dex. The galaxy mass uncer-
tainties for these four high-redshift AGNs are taken from the source papers.
We also show the z ~ 6 bright quasars with median log Lo ~ 47 compiled
by Izumi et al. (2021) in solid circles with error bars (~ 0.5 dex). See §4.1.

similar Eddington ratio, the resulting M, would be marginally con-
sistent with TRINITY predictions. A caveat of this argument is that
the current estimate of UHZ1’s luminosity (and thus M, as well) is
only a 1o~ lower limit from X-ray spectral fitting. Such values were
reported instead of the actual best-fitting values due to the strong
degeneracy between the intrinsic X-ray luminosity and gas column
density used in the fitting process. Thus, choosing higher intrinsic
luminosity values will push UHZ1 further away from TRINITY’s
prediction. This would imply that UHZ1 may be experiencing an
OBG phase, where the SMBH is not evolving in sync with the host
galaxy and could become more massive than the galaxy. If con-
firmed, such AGNs in OBGs will provide critical information for
future versions of TRINITY so that it can include these extreme ob-
jects.

4.2 Very massive black holes at z > 6

The top panel of Fig. 3 shows the redshift density of very
massive black holes (M, > 10° Mg and 10'9Mo), i.e., dN/dz, in
the whole observable Universe. The solid lines represent all (i.e.,
both active and dormant) SMBHs with intrinsic masses above these
thresholds. From z = 10 to z ~ 1 -2, dN/dz increases rapidly with
time due to high black hole accretion rates. Below z ~ 1 -2, dN/dz
decreases due to the combination of: 1) the decreasing observable
volume; 2) the decline in SMBH growth. The middle panel of Fig.
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Figure 3. Top Panel: The number of very massive black holes per unit
redshift in the whole observable universe (i.e., dN/dz). The solid lines
show results assuming no observational scatter in the measured black hole
masses, and the dashed lines show results assuming an observational scat-
ter of oyir = 0.5 dex, typical for virial estimates (see §4.2 for details). The
dotted lines show the numbers of SMBHs above the bolometric luminosity
limit shown in the bottom panel. Middle Panel: The cumulative number of
very massive black holes as a function of redshift. The shaded regions show
the 68% confidence intervals inferred from the model posterior distribution.
Bottom Panel: The bolometric luminosity limit to produce the dotted lines
in the top and middle panels, as a function of redshift. See §4.2.
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Figure 4. Total SMBH mass functions from z = 0 — 10. The shaded regions
show the 68% confidence intervals inferred from the model posterior dis-
tribution. See §4.2. This figure is reproduced from Zhang et al. (2023c) to
help readers understand the trends in Fig. 3.

3 shows cumulative numbers of very massive black holes at dif-
ferent redshifts in the observable Universe. Beyond the local Uni-
verse, virial estimates remain the only way to measure black hole
masses for large samples. These methods result in random scatter
of 0.4 —0.6 dex in observed black hole masses around the intrin-
sic values (McLure & Jarvis 2002; Vestergaard & Peterson 2006).
This scatter causes an Eddington bias (Eddington 1913), because
there are more low-mass black holes that can be upscattered than
high-mass black holes that can be downscattered. This elevates the
observed number of massive black holes above the true number, as
shown by the dashed curves in the top and middle panels of Fig. 3.
Overall, an observational scatter of 0.5 dex elevates observed mas-
sive black hole number counts by a factor of ~ 3 —40. This boost
in black hole numbers is stronger for more massive objects and/or
lower redshifts. This is because the massive end of the SMBH mass
function becomes steeper towards lower redshifts, as is shown in
Fig. 4. The steeper mass function leads to a larger population of
upscattered M, measurements, and thus a stronger boost in the
numbers of large SMBHs. With this Eddington bias, the cumula-
tive numbers of M, > 10%,10'9My SMBHs increase by six orders
of magnitude from z ~ 10 to z ~ 2.

According to TRINITY, a 10° Mg SMBH would be ~ 3 —4 dex
above the median M,—M, relation at z = 10 (the bottom right panel
of Fig. 2). The rarity of such SMBHs is also shown in the bottom
panel of Fig. 3: we expect to see only < 10 such SMBHs at z > 10
over the whole sky, whether they are active or not. Such rarity re-
sults from the extreme difficulty of growing a 10°My SMBH by
z ~ 10, which requires an appropriate combination of SMBH seed
mass, Eddington ratios, duty cycle, and AGN efficiency (Pacucci
& Loeb 2022). The detection of massive BHs at z 2> 10 will there-
fore provide stringent constraints on SMBH seeding mechanisms,
as well as their early growth histories. We will further compare the
possible progenitor masses and growth speeds of 10° My SMBHs
from Pacucci & Loeb (2022) and TRINITY in §5.3.

To better understand the SMBH detection capability of future
wide field surveys, we also made predictions of expected SMBH
numbers from the Legacy Survey of Space and Time (LSST) and
the Euclid wide survey. To calculate the bolometric luminosity lim-
its as a function of redshift, we adopted the magnitude limits from
Ivezi¢ et al. (2019) and Euclid Collaboration et al. (2022). We fur-
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ther convert observed magnitude limits in different wavebands (la-
beled in the bottom panel of Fig. 3) into bolometric luminosities, by
assuming: 1) that the bolometric correction to the rest-frame i-band
luminosity is 12 (Richards et al. 2006); and 2) the UV-to-optical
quasar SED is a power-law with a power-law index of «, = —0.44
(Vanden Berk et al. 2001). The luminosity limit as a function of
redshift is shown in the bottom panel of Fig. 3, and the differen-
tial (cumulative) number of massive black holes is shown in dotted
lines in the top (middle) panel of Fig. 3.

At 7 > 4, the vast majority of SMBHs with M, obs > 10° Mg
are active, so the bulk of these SMBHs are above the flux limits
of LSST and Euclid. We note that the number of SMBHs in Fig. 3
include both obscured and unobscured SMBHs. Given the uncer-
tainties in the obscured AGN fraction towards higher redshifts, we
opt not to show results for unobscured AGNs in Fig. 3, but only give
arough estimate: at these high luminosity limits (> 10* erg/s), we
expect ~ 40%(80%) of such SMBHs to be unobscured, based on
the obscured fractions as functions of AGN X-ray luminosity given
by Merloni et al. (2014) and Ueda et al. (2014). Below z ~ 4, mas-
sive black holes experience a significant decline in activity level.
Consequently, smaller and smaller fractions of massive black holes
at lower redshifts will lie above the flux limit of LSST.

4.3 Host halos of massive black holes at 7z = 6 and their
descendants at z =0

We show the distribution of host halo masses for SMBHs with
M. > 10° Mg (solid curves) and M, > 10'9M, (dashed curves) at
z = 6, in the top panel of Fig. 5. When using virial estimates to
measure M,, there is random scatter in the measured M, around
the intrinsic values. So, we also show the host halo mass func-
tions for observed M, > 10° My in blue and red curves, respec-
tively. In this comparison, we assume a random scatter of 0.5
dex in measured M,. This random scatter induces Eddington bias,
i.e., more lower-mass haloes hosting intrinsically smaller SMBHs
have their observed M. upscattered than the opposite. Thus, the
host halo mass function (HMF) is both enhanced in normalization
and shifted towards lower masses. The median host halo mass for
SMBHs with intrinsic My > 10°Mg is ~ 3 x 1012Mg, compared
to ~ 2x 10'2M for SMBHs with observed M, > 10°Mg. For
M, >10'9My SMBHs, their host haloes are typically ~ 5x 1012 Mg
and ~ 3 x 10'2Mg, for intrinsic and observed M,, respectively.
But overall, host haloes of M, > 10°(10'9)M, SMBHs only make
up ~ 10%(1%) of all the haloes (orange solid curve, calculated
from the MDPL2 simulation) at their respective median host halo
masses, which correspond to ~ 4.5 — 5.50 peaks in Gaussian ran-
dom fields (Eisenstein & Hu 1998; Diemer 2018). In such haloes,
gas reservoirs available for rapid SMBH growth could include cold
flows (e.g., Feng et al. 2014 and Latif et al. 2022), accretion trig-
gered by protogalaxy mergers (e.g., Li et al. 2007), or a combi-
nation of the two (e.g., Dubois et al. 2012). Observationally, we
expect to see overdensities of galaxies around the SMBHs in these
massive haloes (Wang et al. 2023). In future work, we will create
realistic mock galaxy+AGN catalogs to quantify the typical mag-
nitude and stochastic variance of galaxy overdensities around z = 6
quasars, and compare them with results from, e.g., the ASPIRE
(Wang et al. 2023) and EIGER (Kashino et al. 2023) surveys.

Ever since the discovery of SMBHs with M, > 10° M, there
have been studies investigating where their descendant SMBHs can
be found in the local Universe (e.g., Angulo et al. 2012; Fanidakis
et al. 2013; Tenneti et al. 2018). To address this question with
TRINITY, we follow each z = 6 halo in the MDPL2 simulation
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Figure 5. Top Panel: The host halo mass functions of SMBHs with in-
trinsic (blue lines) and observed (red lines) M, > 10° My (solid lines) and
M. > 10'°M,, (dashed lines) at z = 6, calculated by TRINITY. The orange
solid line is the z = 6 halo mass function from the MDPL2 simulation,
scaled down to 10% of the original value for ease of comparison. Bottom
Panel: The z = 0 descendant halo mass functions of the z = 6 haloes hosting
SMBHs with intrinsic (blue lines) and red (red lines) M, > 10° Mg (solid
lines) and M. > 10'°M¢, (dashed lines). They are calculated by following
individual haloes in the MDPL2 simulation across time, and weighting each
of them by the ratios between the host halo mass functions and the total halo
mass functions in the top panel. The orange solid line is the z = 0 halo mass
function in the MDPL2 simulation, scaled down by a factor of 100. See
§4.3.

down to z = 0, and examine their descendant halo masses. We
weight each progenitor—descendant pair by the fraction of halos
with the progenitor’s mass at z = 6 that would host a > 10°/10'0 Mg
SMBH. As shown in the bottom panel of Fig. 5, the descendant
HMFs are much broader than the progenitor HMFs. This is due
to the diversity in the assembly histories of individual haloes.
At z = 0, descendants with M.(z = 6) > 10°M, typically have
Mpeax ~3-Tx 10'% M. However, these haloes only make up < 1%
of the haloes at similar mass scales (the orange solid line). Com-
bined with the small comoving volume in the local Universe, we
would expect only ~ 1 such relic SMBH closer than z = 0.05. For
M.(z = 6) > 10'°M,, their host halo masses are similar to those
with Me(z = 6) > 109M@, but they are much rarer (i.e., a factor of
~30-100). This makes it even harder to find the descendant haloes
of these more massive high-redshift SMBHs in the local Universe.

5 DISCUSSION

In §5.1, we discuss the physical implications of the steeper in-
trinsic Mo—M, relation between 7 < z < 10 from TRINITY; In §5.2,
we compare CEERS_1019 and GN-z11 with more TRINITY pre-
dictions at 6 < z < 11; In §5.3, we compare the progenitor masses
and growth rates of > 10°Mg SMBHs at z ~ 9 from Pacucci &
Loeb (2022) with those from TRINITY; §5.4 discusses the con-
straining power of z = 6 — 10 quasar luminosity functions on the
halo—galaxy—SMBH connection.

5.1 Physical Implications of the M,—M, relation at z > 6
from TRINITY

According to TRINITY, the intrinsic Me—M. relation between
7 <z < 10 s relatively static, with the largest difference being that
the relation is mildy steeper at higher redshifts than at lower red-
shifts (see also Volonteri & Stark 2011). This means that SMBHs
are less massive than in local galaxies at fixed stellar masses be-
low 5x 10190 (§4.1). Physically, this redshift evolution implies
that SMBH growth in M, < 10'! Mg galaxies is modestly slower
than the host galaxy’s growth. Several physical mechanisms could
contribute to such limited growth: 1) strong supernova feedback in
low-mass galaxies preventing efficient SMBH accretion (as in, e.g.,
IustrisTNG, Dubois et al. 2015; Bower et al. 2017; Pillepich et al.
2018); 2) erratic motions of SMBHs due to shallow potential wells
(as in, e.g., Habouzit et al. 2017, Bellovary et al. 2019, and Dekel
et al. 2019, though c.f. Choksi et al. 2017); and 3) Feedback from
SMBHs themselves (e.g., as in ROMULUS, Tremmel et al. 2017).
Limited SMBH growth at z 2> 7 also implies that AGN are unlikely
to dominate the cosmic reionization of intergalactic medium, as
also suggested by, e.g., Finkelstein et al. (2019).

5.2 CEERS_1019 and GN-z11 in the context of TRINITY
5.2.1 SMBH mass and Eddington ratios

Fig. 6 shows the z = 10 bolometric quasar luminosity function
(QLF) decomposed into bins of SMBH mass (M., top panel) and
Eddington ratio (174q), predicted by TRINITY, which are relevant
to help better understand the measured properties of CEERS_1019
and GN-z11. At z ~ 10, the QLF peaks at around 10* erg/s. In ad-
dition, SMBHs with 6 <log M, <7 (top panel) and 0 < logng < 1
dominate the QLF at around 10% erg/s. Given that both GN-z11
and CEERS 1019 have bolometric luminosities of ~ 104 erg/s, their
masses (logM. ~ 6.2 and 6.94) and Eddington ratios (1;,q ~ 5.5
and 1.3) are consistent with TRINITY’s predictions (shown in the
solid and dashed vertical lines). We also note that in TRINITY,
7z~ 10 SMBHs grow at slightly below the Eddington rate, when
averaged over both their active and dormant phases. Consequently,
although GN-z11 is estimated to be accreting at a super-Eddington
rate, such fast accretion phases are likely intermittent. Two objects
are far from a statistically representative sample, so more detec-
tions and measurements of z > 9 SMBHs are needed to further
confirm/disprove our predictions on the dominant SMBH mass and
Eddington ratios for these z 2 8 AGNs.

5.2.2 Abundance of Me > 10°/10” My, SMBHs between
6<z<l1l

Fig. 7 shows the cumulative number of SMBHs above 10%M,
(blue curves) and 107 Mg (red curves) from z = 6 — 11. The solid
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Figure 6. Top Panel: The z = 10 bolometric quasar luminosity function
(QLF) decomposed into bins of different SMBH mass (M, ). Bottom Panel:
The z = 10 bolometric quasar luminosity function (QLF) decomposed into
bins of different SMBH Eddington ratio (M,). The solid and dashed ver-
tical lines represent the bolometric luminosities of CEERS_1019 and GN-
z11, respectively. The shaded regions show the 68% confidence intervals
inferred from the model posterior distribution. See §5.2.1.

curves represent the number of all (i.e., active+dormant) SMBHs
with intrinsic M, above these mass limits, whereas the dashed
curves denote the number of all SMBHs with observed M, above
the limits, assuming a random scatter of 0.5 dex in observed M,.
The dotted curves are similar to the dashed curves, but for SMBHs
above the bolometric luminosity limit of 10% erg/s. This limit has
been chosen to match the luminosities of CEERS1019 and GN-z11.
Similar to Fig. 3, these curves represent the numbers of SMBHs we
expect to find over the full sky. Compared to more massive SMBHs
in Fig. 3, the scatter in observed M, causes a smaller boost in the
number of SMBHs, i.e., a factor of ~ 1.5. This is because the total
BHMEF is flatter at the less massive end, which reduces the mag-
nitude of Eddington bias. According to TRINITY, we expect to
find ~ 6000 and ~ 1500 SMBHs with observed M, > 10°Mg and
107 My, at z > 10, respectively. However, only part of the underly-
ing SMBH populations are bright enough to be detected. Given the
nearly mass-independent Eddington ratio distributions from TRIN-
ITY, fewer less massive SMBHs will survive the same luminosity
limit. Consequently, when the luminosity limit is applied, the num-
bers of SMBH with M, > 10°Mg and 10’ M, at z > 10 decrease to
~ 600 and ~ 400 over the whole sky, respectively.
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Figure 7. The cumulative number of SMBHs with M, > 10°My (blue
curves) and M, > 10’ Mg (red curves). The line styles are the same as
in Fig. 3, but we adopt a constant luminosity limit of 10% erg/s in this
figure. The darker blue shaded region is the 68" percentile range (from
MCMC) for M, > 10° Mg, with no scatter in M, obs- The relative uncertainty
in the number of M, > 10’ My SMBHs (red solid curve) is very similar to
M, > 106M® SMBHSs, so we do not show its confidence intervals for vi-
sual clarity. and the lighter blue(red) shaded region is the the 68 percentile
range for M, > 10°M(10” M) above the bolometric luminosity of 10%
erg/s, with M, ops = 0.5 dex. See §5.2.2.

5.2.3  Host halos of CEERS1019 and GN-z11

In the top panel of Fig. 8, we show the host halo mass func-
tions of SMBHs with intrinsic (blue curves) and observed (red
curves) Mo > 10°M at z = 10.6 (solid curves) and M, > 107 Mg
at z = 8.7 (dashed curves). These redshifts and mass limits are cho-
sen to roughly match the observed properties of CEERS_1019 and
GN-z11. Similar to the host halo mass functions of M, > 10° M, at
z7=06(§4.3, Fig. 5), the difference between the red and blue curves
comes from the Eddington bias that upscatters undermassive halos
hosting intrinsically smaller SMBHs. GN-z11 is likely to be hosted
ina (2-3)x 10 My, halo, whereas CEERS1019’s typical host halo
mass is (3 —6) x 10! M. These host halo masses correspond to
2 7o peaks in Gaussian random fields at their respective redshifts,
making them candidates for protocluster cores. This means that the
typical host haloes for CEERS_1019 and GN-z11 are rarer than
the luminous quasars at z ~ 6 at their respective redshifts. We note
that our estimated host halo mass for GN-z11 is ~ 1 dex higher
than the one by Scholtz et al. (2023). Scholtz et al. made this es-
timate based on the stellar mass measurement by Tacchella et al.
(2023) and the stellar mass—halo mass relation from Behroozi et al.
(2019). However, TRINITY predicts that the AGN duty cycle in low
mass haloes are much lower. In other words, low mass haloes are
much less likely to host AGNs like GN-z11. These predictions are
driven by extrapolating the QPDFs from Aird et al. (2018) to high
redshifts. Therefore, TRINITY finds more massive host haloes for
GN-z11, despite the very similar galaxy mass—halo mass relations
atz > 10.

The bottom panel of Fig. 8 shows the z = 0 descendant halo
mass functions of haloes hosting M, > 10°Mg at z = 10.6 and
M, > 10" My at z = 8.7. These descendant halo mass functions are
calculated using the method introduced in §4.3. The typical de-
scendant halo masses for GN-z11- and CEERS_1019-like objects
are ~ (1 -3)x 10" Mo, although the distribution is broad, due to
the diversity in individual halo assembly histories. Similar to the
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Figure 8. Top Panel: The host halo mass functions of SMBHs with in-
trinsic (blue curves) and observed (red curves) M, > 10°M at z = 10.6
(solid curves) and M, > 10’ My, at z = 8.7 (dashed curves). Bottom Panel:
The z = 0 descendant halo mass functions of halos hosting ntrinsic (blue
curves) and observed (red curves) M, > 10°M, at z = 10.6 (solid curves)
and M, > 107 My, at z = 8.7 (dashed curves). The orange solid curve is the
total host halo mass functions z = 0, scaled down by a factor of 100. See
§5.2.3.

z = 0 descendants of z ~ 6 massive black holes, the descendants of
GN-z11- and CEERS_1019-like objects make up only < 1% of all
the haloes at similar mass scales. This makes them too rare to find
in the local Universe. Compared to the descendant halo mass of
GN-z11 obtained by Scholtz et al. (2023) based on the Millenium
Simulation (Springel et al. 2005; Chiang et al. 2013), our descen-
dant mass scale is lower by ~ 1 dex. This is because Scholtz et al.
(2023) chose to look at the average z = 10.6 progenitor halo masses
of z = 0 haloes above 10" My, and found that the average progen-
itor halo mass coincides with the halo mass estimate of GNz-11.
Due to the scatter in individual halo assembly histories, this is dif-
ferent from looking at the z = 0 descendant halo masses of halo
populations with certain masses at higher redshifts, and will lead
to a larger z = 0 descendant halo mass. In this work, we chose the
opposite method because it is more representative of the expected
descendant masses; the Scholtz et al. (2023) method is more appro-
priate for finding z = 0 objects whose typical progenitors look like
GNz-11.
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Figure 9. The average mass growth curves of GN-z11 (the blue solid
curve and circle), CEERS1019 (the red curve and circle), and a seed with
Mgeeq = 100M at z ~ 15 (the orange curve and circle), predicted by TRIN-
ITY. The blue dashed curve shows the mass growth history of GN-z11 as-
suming Eddington-limited accretion. The shaded regions reflect the statisti-
cal uncertainties in the MCMC process in TRINITY, given the existing data
constraints. See §5.2.4.

5.2.4 Potential descendants and progenitors of CEERS1019 and
GN-z11

To further understand the potential progenitors and descen-
dants of GN-z11 and CEERS_1019, we calculated the averagel
Eddington ratio as a function of M, and time, and calculated the
average mass growth curves (shown in Fig. 9 for: 1) GN-z11 (blue
solid curve); 2) CEERS_1019 (red solid curve); and 3) a seed of
100Mg at z ~ 15 (orange solid curve). The shaded regions repre-
sent the statistical uncertainties from the MCMC, which reflects
the uncertainty in the input observational constraints (see §2). In
other words, they quantify how uncertain the average mass growth
curves are given all the existing data constraints, but does not show
the scatter in the growth histories among individual SMBHs. The
blue dashed(dotted) curve shows the SMBH mass growth with a
constant Eddington ratio of 1(5).

The high Eddington ratios at z 2> 6 mean that SMBHs grow ex-
ponentially, although the e-folding time scale increases due to the
decline in Eddington ratio with time. Consequently, the uncertainty
in M, increases as we move away from the starting redshift. This
effect is the most significant for the 100M, seed, whose growth was
traced for more than 600 Myrs in one single direction. As a com-
parison, the average growth histories of GN-z11 and CEERS_1019
are only traced for at most ~ 450 Myrs in each direction. Atz ~ 10.5
and z ~ 8.7, the uncertainty in the 100M, seed’s descendant mass
does not cover either GN-z11 or CEERS_1019. By z = 6, the un-
certainty in its descendant mass is ~ 2 dex. This means that with
current observational constraints on TRINITY, the potential pro-
genitors of GN-z11, CEERS_1019 are unlikely to be as small as
100Mg at z ~ 15.

On average, SMBHs grow at above(below) the Eddington rate
above(below) z ~ 13. Thus, even though GN-z11 is accreting at five
times the Eddington rate at the time of observation, such fast accre-
tion episodes are likely intermittent (also see §5.2.1). This differ-

I Te., averaged over all active and dormant SMBHs of the same mass at the
same time
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ence between the average and the instantaneous Eddington ratio is
vital in estimating SMBH growth histories, given the exponential
nature of early SMBH growth. As shown in Fig. 9, a constant Ed-
dington ratio of 5 enables the fast mass buildup of ~ 10'°My, within
~ 120 Myrs. Conversely, it would take ~ 500 Myrs to achieve
the same amount of mass growth with the Eddington rate. The
drastically different SMBH growth histories also point to differ-
ent SMBH progenitor masses, e.g., the constant super-Eddington
growth implies the possibility of creating a GN-z11-like SMBH
from with 100M progenitor at z ~ 12, which is strongly disfa-
vored by the constant Eddington-limited scenario. In light of this,
it is critical to use more accurate estimates of average Eddington
ratios, rather than instantaneous values, when inferring potential
SMBH progenitor masses. Because it is not possible to measure
the average historical Eddington ratios for individual SMBH, it is
essential to have models like TRINITY that infer average Eddington
ratios for high-redshift SMBHs, based on as many data constraints
as possible.

We then discuss the potential seeding mechanisms for early
SMBHSs like GN-z11 and CEERS_1019. As can be seen from
Fig. 9, the typical z ~ 15 progenitor masses of GN-zI11 and
CEERS_1019 are ~ 103 — 10* My, although CEERS_1019 could
be descendants of seeds as small as ~ 300Mg at z ~ 15. Such a pro-
genitor mass range is consistent with the scenario where the seeds
are created via runaway mergers in nuclear star clusters (see, e.g.,
Devecchi et al. 2012; Lupi et al. 2014; Schleicher et al. 2022). In
addition, when SMBH seeds form in star clusters, their dynamics
are determined by the cluster mass rather than the seed mass, which
makes them less susceptible to erratic motions than PoplIl rem-
nants. Compared to PoplIl remnant seeds, they are thus also more
likely to stay in high gas density regions and experience consistent
growth as predicted by TRINITY. Consequently, we believe that if
the SMBHs are seeded at z ~ 15, the star cluster scenario is more
plausible for objects like GN-z11 and CEERS_1019, compared to
the Poplll remnant scenario. We also note that since the 68™ per-
centile range of GN-z11’s and CEERS_1019’s progenitor masses
cover ~ 10*Mq at z ~ 11 — 14, we cannot rule out the supermassive
star scenario that would produce such heavy seed SMBHs (see, e.g.,
Inayoshi et al. 2020 and the references therein).

5.2.5 AGN fraction among 6 < z < 11 galaxies

Fig. 10 shows the fraction of galaxies hosting AGNs with
bolometric luminosities above 10% erg/s, feal» as a function of
galaxy mass and redshift. These fractions include both obscured
(including Compton-thick obscured) and non-obscured AGNs. The
stochastic uncertainties in fgy at z = 6(z = 11) are shown in
blue(orange) shaded regions. We also show the galaxy masses
of GN-z11 and CEERS_1019 in red solid and dashed lines, re-
spetively.

At 72 6, foq is a strong function of galaxy mass, increasing
from < 1076 at M, ~ 10° M to ~ 100% at M. ~ 3x 10'9M. This
is an extrapolation based on quasar probability distribution func-
tions (QPDFs) from Aird et al. (2018), which requires AGN duty
cycle to be low in less massive galaxies. In addition, the AGNs in
Fig. 10 are selected with a fixed luminosity. The fact that lower-
mass galaxies host smaller SMBHs also naturally decreases the in-
cidence of such AGNs at the low-mass end. The high incidence
of AGN in massive galaxies suggests that it is essential to prop-
erly account for any AGN contribution when trying to characterize
high-redshift massive galaxies (Volonteri et al. 2017). On the flip

MNRAS 000, 1-15 (2020)

10°% I
E 1
10712 I /
3 1
310 ’ 2=6
S E i B
© 1077 ] 2=7
g 10 s 1 z=8
=) %3 I —
\7\ E 1 z=9
>, 10_5§ : z=10
9 E =
510762 : z=11
= 3 | GN-z11, z=10.6,
~i"10*% 1 Maiolino+2023
10-51 ! __. CEERS1019, z=8.7,
E 1 Larson+2023
-97] 1
10 T he g AT
M* [M(D]

Figure 10. The fraction of galaxies that host AGNs above the bolometric
luminosity of 10% erg/s as a function of galaxy mass (M,) and redshift.
The solid and dashed vertical lines denote the estimated galaxy masses for
Maiolino et al. (2023a) and Larson et al. (2023), respectively. For visual
clarity, we only show the 68" percentile ranges (from MCMC) for the 7 = 6
blue shaded region) and the z = 11 (orange shaded region) cases. See §5.2.5.

side, it also means that detections of high-redshift massive galaxies
that have not included AGN contributions likely need to be revis-
ited (e.g., Labbé et al. 2023). In the low-mass regime, it is statisti-
cally more acceptable to ignore potential AGN contributions when
characterizing galaxies. However, it is still essential to account for
AGN contributions when characterizing host galaxies of confirmed
AGNSs like GN-z11 and CEERS_1019. It also implies that GN-z11
and CEERS_1019 are rare cases where low-mass galaxies do host
bright AGNs, which might be in tension with observations given the
survey areas of JADES and CEERS (see also Maiolino et al. 2023b
for an estimate of AGN fraction). As mentioned in §5.2.2, in ad-
dition to a better understanding of galaxy mass measurements and
various selection effects, non-detection over a much bigger survey
area or a larger sample of low-mass galaxies with similar AGNs is
needed to confirm/disprove this prediction from TRINITY, as well
as provide valuable constraints on fg, at high redshifts.

5.2.6 Using CEERS_1019 and GN-z11 as constraints on
TRINITY

We conclude §5.2 by quantifying the constraint that
CEERS_1019 and GN-z11 can impose on the current TRINITY
model when added to the current data compilation. Given the uncer-
tainties in their host galaxy masses, we chose not to compare them
with the number density of AGNs hosted by similar-mass galaxies,
as in Fig. 10. Instead, we converted the detection of CEERS_1019
and GN-z11 into the cumulative number density of AGNs above
Lioi = 10% erg/s between z = 8§ — 12. To calculate the comoving
volume, we combined the survey areas of CEERS, GOODS-S,
and GOODS-N fields, which amount to 260 arcmin?. The fiducial
TRINITY model predicts ~ 0.15 AGNs above Ly = 10% erg/s be-
tween z = 8 — 12 in these fields. Using the two detected AGNs as
a lower limit and assuming Poisson statistics, this corresponds to a
X§>9 ~ 9.2. We added this additional number density constraint to
TRINITY, and reran the MCMC. We found that X§>9 is too small to
significantly change the posterior distribution of model parameters,
compared to the total thot ~ 760 from other data. In other words,
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this means that the constraint imposed by the AGN number density
from CEERS_1019 and GN-z11 is not strong enough to change the
empirical galaxy-SMBH connection that is already constrained by
all the other existing galaxy and SMBH data. This further confirms
that we need either non-detections of such high-redshift AGNs over
a larger volume and better host galaxy measurements to confirm
TRINITY’s predictions, or more detections per unit volume to pro-
vide strong enough constraints on TRINITY.

If future observations (with selection effects corrected) con-
firmed that the AGN fraction is indeed much higher for M, <
10° My, galaxies than predicted by TRINITY (Fig. 10), then TRIN-
ITY would likely have underestimated the following SMBH proper-
ties: 1) the typical SMBH masses; 2) typical AGN Eddington ratios;
and/or 3) AGN duty cycles in these low-mass galaxies. Physically,
this implies that high-redshift SMBHs in low-mass galaxies likely
grow faster and more consistently than their low-redshift counter-
parts, which is not captured by extrapolating low-redshift data with
the current parameterization. One possible solution to this tension
is to introduce new model parameters to describe the high-redshift
behavior of these SMBH properties that are not captured by the
current extrapolation. We will defer this exploration until we have
a sufficient number of z 2 8 AGNs with robust measurements of
host galaxy properties.

5.3 Constraints on the progenitor masses and growth rates of
> 10° M, SMBHs at z ~ 9

In this section, we compare the potential progenitor masses
and growth rates of > 10° Mg, SMBHs from Pacucci & Loeb (2022)
and TRINITY. Since the methodologies of TRINITY and the Monte
Carlo simulation by Pacucci & Loeb are very different, we will
only make qualitative statements on any differences, to avoid over-
interpretation. Pacucci & Loeb (2022) argued that the detection of
> 10°My SMBHs at z > 9 would strongly disfavour the PoplIl
remnant seeding mechanism, due to the insufficient time to grow
substantially within the Eddington limit. Based on their Monte
Carlo simulation, they conclude that the mean seed mass, Mgeed,
for > 10° Mo SMBHs at z > 9 is log Meeq = 5.34 at z ~ 25. Since
the TRINITY model starts at z ~ 15, it is impossible to extrapolate
towards higher redshifts with TRINITY. We thus opt to redo the
Monte Carlo simulation as described in Pacucci & Loeb (2022),
and compare the z ~ 15 progenitor masses of > 10° Mg SMBHs at
z 29 with TRINITY.

We find after this exercise that the z ~ 15 progenitor masses
peak around logM, ;.15 ~ 7. To calculate the z ~ 15 progeni-
tor masses from TRINITY, we make use of the predicted mass-
independence of the Eddington ratio at high redshifts. Specifically,
the z ~ 9 descendant of GN-z11 is predicted to have log M, ~ 7.5,
according to Fig. 9. Its z ~ 15 progenitor has a mass of log M, ~ 3.
Given that Eddington ratio is nearly mass-independent, a z ~ 15
SMBH must be at least log Mo ~3+(9—-7.5) =4.5 to reach 10° Mg
by z ~ 9. This is roughly 2.5 dex lower than the typical z ~ 15 pro-
genitor masses from Pacucci & Loeb (2022). Several factors could
lead to this difference: 1) Pacucci & Loeb (2022) adopted a flat
prior in log Mgeeq, Which is very different from the high-redshift
BHMFs inferred by TRINITY (see Fig. 4). Consequently, the mas-
sive seeds will be given much larger weights in Pacucci & Loeb
(2022) than in TRINITY; 2) In Pacucci & Loeb (2022), SMBHs are
not allowed to accrete at super-Eddington rates at any time. On the
contrary, SMBHs are predicted to accrete at super-Eddington rates
at z 2 10.5 in TRINITY, even when averaged over active and dor-

mant phases. This allows smaller SMBHs to grow into > 10° Mo
SMBHs by z 2 9 in TRINITY.

With constant or slowly changing Eddington ratios, SMBH
experience exponential growth:

1-€ At
Mo(1) = Mgeeq X exp(.‘Dr]T E) > 3)

where D is the AGN duty cycle, i.e., the fraction of time during
which SMBHs are accreting at an Eddington ratio 7. € is the AGN
radiative efficiency, At is the time interval between SMBH seeding
and the time of observation ¢, and fggq = 450 Myr. Since it is the
product of D, n, and (1 — €)/e that determines the growth rate, we
define:

1_
As@n{, ©)

so that
At
MJ() = Mseedxexp(/l_) , (10)
TEdd

and compare the average A values from TRINITY with the peak
value of the A distribution from the Monte Carlo simulation by
Pacucci & Loeb (2022). Among > 10° My SMBHs by z ~ 9, the 1
distribution from Pacucci & Loeb (2022) peaks at 4 ~ 8.5. In TRIN-
ITY, the average A decreases from ~ 60 at z ~ 15to ~ 8.8 by z ~ 9.
In other words, SMBHs in TRINITY grow significantly faster than
simulated by Pacucci & Loeb (2022). Given the similar AGN effi-
ciency and duty cycle values, this difference is mostly caused by al-
lowing/disallowing super-Eddington accretion in TRINITY/Pacucci
& Loeb (2022). As mentioned in the last paragraph, this difference
in growth rate directly affects the plausible progenitor masses for
> 10° Mo SMBHs by z ~ 9 and could give different implications
on SMBH seeding mechanisms. Our comparison here demonstrates
again the importance of characterizing early SMBH growth rates in
determining their seeding scenarios.

5.4 Constraining power of z 2> 6 quasar luminosity functions

As mentioned in §2.1, there is currently no z > 6.5 SMBH
data in the observational constraints for TRINITY. Therefore, our
predictions at z 2> 7 are effectively extrapolations based on SMBH
data at z < 6.5, in addition to galaxy data between 0 < z < 10.
Consequently, we see increasing statistical uncertainties towards
higher redshifts in many predictions (e.g., Figs. 3 and 4). However,
new instruments like JWST, Roman Space Telescope, and Euclid
will provide an unprecedented amount of z > 6.5 SMBH observa-
tions. Even before these new instruments, large ground-based tele-
scopes already give constraints on QLFs up to z ~ 7 (e.g., Matsuoka
et al. 2023). These high-redshift data will be vital for understand-
ing SMBH formation and evolution in the early Universe. In this
section, we demonstrate this by quantifying the constraining power
of z> 6.5 quasar luminosity functions (QLFs) on the halo—galaxy—
SMBH connection in TRINITY.

In the top panel of Fig. 11, we show the uncertainty in M, as
a function of M. and z from the fiducial TRINITY model, where
no SMBH data at z 2 6 were included to constrain our model. The
M, uncertainty is a quadratic sum of: 1) the statistical uncertainty
from the MCMC algorithm, which reflects the constraining power
of all the data points when their values and uncertainties are per-
fectly accurate; and 2) the typical systematic uncertainty in M,
mass measurement from virial estimates, i.e., 0.5 dex. Due to the
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lack of high-redshift SMBH data, the M, uncertainty increases sig-
nificantly towards higher redshifts at z = 6, reaching ~ 1 dex at
z~10and > 2 dex at z = 12.

We then added mock z = 6 — 10 QLFs to see whether/how
much these data can help constrain the halo—galaxy—-SMBH con-
nection at z 2 6. These QLFs are extrapolated based on the mod-
eling (global fit B) of z < 6 QLFs by Shen et al. (2020). These ex-
trapolated QLFs are based on obscuration-corrected lower-redshift
QLFs, so in principle include both obscured and unobscured AGNs.
We determine the upper and lower luminosity limits of the QLFs
assuming the characteristics of Roman High Latitude Wide Area
Survey (HLS, ~ 2000 deg?); and 2) the Euclid Wide Survey (EWS,
~ 14500 deg?). To calculate the minimum luminosities of the mock
QLFs, we convolved the quasar SED from Temple et al. (2021) with
the filter transmission curves, and compare the fluxes with the near
infrared magnitude limits of HLS (26.5 mag, Wang et al. 2022) and
EWS (24.5 mag, Euclid Collaboration et al. 2022). This yields min-
imum bolometric quasar luminosities of 1047 and 10%- erg/s for
HLS and EWS, respectively. We truncate the bright end of mock
QLFs at the luminosities where only one quasar will be detected
in the redshift-luminosity bins. This maximum luminosity value is
further capped at 10*® erg/s, which is the Eddington luminosity for
a 101°M, SMBH. For HLS (EWS), the maximum luminosity is
10*8 (10%8) erg/s at z = 6, and 106> (1047 erg/s at z = 10.

As shown by the bottom panel of Fig. 11, the z =6-10
QLFs from HLS will greatly reduce the M, uncertainty in the
early Universe. In particular, the total M, uncertainties are now
dominated by the virial estimate uncertainties in M, for haloes
with Mpeak > 1011 Mg at z < 10. This means that z = 6 — 10 QLFs
strongly constrain SMBH growth history between z = 6 — 10, when
they are combined with (the high-redshift extrapolation of) all the
other existing data included by TRINITY. z = 6 — 10 SMBH growth
histories are so strongly constrained that we can precisely calcu-
late z = 6 — 10 SMBH masses by rewinding the growth histories of
their z < 6 descendants. As such, our knowledge about z = 6 — 10
SMBH masses only depends on the accuracy of their z < 6 descen-
dant SMBH masses. We do not show the results with EWS, because
there is only very slight improvement from HLS to EWS. This im-
provement comes from the better sky coverage of Euclid, which
provides better statistics for bright quasars.

The inclusion of high-redshift QLFs also does not signifi-
cantly improve the constraints on early SMBH growth histories.
In Fig. 12, we show the average SMBH mass growth curves for
the same objects as in Fig. 9, but now with simulated z = 6 — 10
QLFs as additional constraints. The uncertainties in both progeni-
tor and descendant masses of these objects only decrease slightly.
This is because the redshift dependence of AGN Eddington ratio
distributions is already well constrained (see §2.1), and the addi-
tion of QLFs ends up mostly constraining SMBH mass. Nonethe-
less, we do caution that the high-redshift AGN Eddington ratios in
TRINITY are effectively extrapolated from low-redshift data. The
shaded regions shown in Figs. 9 and 12 thus only represent the sta-
tistical uncertainties from the MCMC process, but do not include
the systematic uncertainties from our input assumptions for such
extrapolations, e.g., the exact parameterization of Eddington ratio
distribution shape as a function of redshift.
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Figure 11. Top Panel: The uncertainty in black hole mass (M.,), as a
function of Mpeak and z, with no quasar luminosity function (QLF) con-
straints between z = 6 — 10. Bottom Panel: same as the top panel, but with
z=6—-10 mock QLF constraints from Roman High Latitude Wide Area
Survey (~ 2000 deg?). The uncertainties are the quadratic sums of the those
from MCMC process and the typical M, uncertainty from virial estimates,
which is 0.5 dex.
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Figure 12. Similar average SMBH mass growth curves to Fig. 9, but with
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Wide Area Survey. See §5.4.
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6 CONCLUSIONS

In this work, we updated the TRINITY model of the halo—
galaxy-SMBH connection, by adding the latest 9 < z < 13
galaxy UV luminosity functions from JWST to our galaxy+SMBH
data compilation. This additional constraint does not qualitatively
change results presented in previous TRINITY papers (Zhang et al.
2023c¢,a,b), but does increase the number of galaxies and SMBHs
at fixed masses beyond z ~ 9. With the updated TRINITY model, we
predict the z > 6 M,—M., relation for AGNs, the number density of
massive (Mo > 10° M) SMBHs, and the host halo mass of massive
SMBHs at z ~ 6. Key results are as follows:

e From 7 < z < 10, the median M.—M, relation for AGNs
(log Lpo) = 45) is biased higher than the intrinsic relation for all
SMBHs, due to Lauer bias. The M,—M. relation for quasars is also
roughly redshift-independent. z 2> 7 AGNs detected by JWST are
broadly consistent with our predicted M,—M, relation given their
AGN luminosities and mass measurement uncertainties. (§4.1, Fig.
2).

e The cumulative numbers of very massive (M, > 10%, 10'9M,)
black holes above a certain redshift over the whole sky increase by
six orders of magnitude from z ~ 10 to z 2 2, due to fast SMBH
growth. Below z ~ 2, the SMBHs numbers increase slowly, both be-
cause SMBH growth slows down and the comoving observable vol-
ume is less. Including observational scatter in measured M, inflates
the numbers of very massive black holes by a factor of ~ 3 —40 due
to Eddington bias. This overestimation is stronger for more massive
black holes at lower redshifts, where the SMBH mass functions are
steeper. (§4.2, Figs. 3-4).

e 7~ 6 bright quasars with M, > 10°/1019M,, are likely living
in haloes with Mpeax ~ (2—3)/(3=5)x 10'2 Mo, which are ~ 4.5 -
5.50 peaks in Gaussian random fields. The z = O relics of these
quasars are typically hosted by haloes with Mpeak 2, 3 X 104 M.
However, these host haloes only make up < 1% of all the haloes at
this mass scale, making it very difficult to find the relic SMBHs at
z~ 0. We expect to find only < 1 such relic SMBH within z < 0.05
(84.3, Fig. 5).

We also compared our predictions at z => 9 with the two
highest-redshift AGNs detected by JWST, GN-z11 (z = 10.6) and
CEERS_1019 (z = 8.7). Our main findings are:

e The SMBH masses and Eddington ratios of GN-z11 and
CEERS_1019 are consistent with TRINITY’s prediction that Ed-
dington to super-Eddington AGNs with 6 < logM, < 7 domi-
nate the quasar luminosity function at log Lyo ~ 45 and z ~9-10
(85.2.1, Fig. 6).

e The host halo masses are estimated to be ~ (2 —3) x 101 M
and ~ (3—6)x 101 Mg, for GN-z11 and CEERS_1019, respectively.
These halo masses correspond to 2 70~ peaks in the density field at
those redshifts, which are extremely biased regions of the Universe.
The z = 0 descendants of GN-z11 and CEERS_1019 are likely liv-
ing in (1 —3)x 10" M haloes, but they are also very rare, similar
to the local relics of z = 6 quasars (§5.2.3, Fig. 8).

e On average, SMBHs grow at above(below) the Eddington rate
above(below) z ~ 13. The predicted average growth histories make
GN-z11 a potential progenitor of z ~ 6 quasars with logMe 2 9,
which is less likely to be the case for CEERS_1019. Runaway
mergers in nuclear star clusters represent a viable SMBH seeding
mechanism for GN-z11 and CEERS_1019 (§5.2.4, Fig. 9).

e The fraction of galaxies hosting AGNs with bolometric lumi-
nosities above 10% erg/s, feal 1s a strong function of galaxy mass.

At z 2 6, TRINITY predicts that fy, increases from < 1076 at
M, ~10°Mg to ~ 100% at M., ~ 3 x 1010M, (§5.2.5, Fig. 10).

e The cumulative z = 8 — 12 quasar luminosity function calcu-
lated from CEERS_1019 and GN-z11 is not a strong enough con-
straint on the current TRINITY model to cause significant shifts in
the galaxy—SMBH connection. To impose a strong enough con-
straint on TRINITY, more detections of AGNs above Lpg = 10%
erg/s and/or better measurements of host galaxy mass would be
needed. Alternatively, non-detection of such AGNs over a larger
area would be necessary to confirm the prediction of AGN number
densities by TRINITY.

Finally, we showed that future 6 < z < 10 AGN data will pro-
vide significant constraints on the early halo—galaxy—-SMBH mass
connection. Specifically, z = 6 — 10 quasar luminosity functions
(QLFs) measured by future wide area surveys (e.g., the Roman
High Latitude Wide Area Survey and the Euclid Wide Survey) will
reduce SMBH mass uncertainty from ~ 1.0 dex to ~ 0.5 dex for
haloes with Mpeax > 101! Mg at z < 10. (§5.4, Fig. 11).

DATA AVAILABILITY

The parallel implementation of TRINITY, the compiled
datasets, and the posterior distribution of model parameters are
available online.
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