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Abstract

The relation between the masses of supermassive black holes (SMBHs) and their host galaxies encodes
information on their mode of growth, especially at the earliest epochs. The James Webb Space Telescope (JWST)
has opened such investigations by detecting the host galaxies of active galactic nuclei (AGN) and more luminous
quasars within the first billion years of the Universe (z = 6). Here, we evaluate the relation between the mass of
SMBHs and the total stellar mass of their host galaxies using a sample of nine quasars at 6.18 < z < 6.4 from the
Subaru High-z Exploration of Low-luminosity Quasars survey with NIRCam and NIRSpec observations. We find
that the observed location of these quasars in the SMBH-galaxy mass plane (logMpy/M; ~ 8-9;
log My/M_, ~ 9.5-11) is consistent with a nonevolving intrinsic mass relation with dispersion (0.80)33 dex)
higher than the local value (~0.3-0.4 dex) of their more massive descendants. Our analysis is based on a forward
model of systematics and includes a consideration of the impact of selection effects and measurement
uncertainties with an assumption on the slope of the mass relation. While degeneracies between parameters
persist, the best-fit solution has a reasonable AGN fraction (2.3%) of galaxies at z ~ 6 with an actively growing
UV-unobscured black hole. In particular, models with a substantially higher normalisation in Mgy would require
an unrealistically low intrinsic dispersion (~0.22 dex). Consequently, our results predict a large population of
AGN at lower black hole masses, as are now just starting to be discovered in focused efforts with JWST.

Unified Astronomy Thesaurus concepts: AGN host galaxies (2017); Scaling relations (2031); Supermassive black
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holes (1663); High-redshift galaxies (734); Early universe (435)

1. Introduction

The James Webb Space Telescope (JWST; J. Rigby et al.
2023) has opened the landscape of the early Universe and the
formation of the first supermassive black holes (SMBHs;
K. Inayoshi et al. 2020; M. Volonteri et al. 2021). Deep JWST
survey fields routinely find SMBHs with a mass estimated to
be Mgy ~ 10 M, (e.g., M. Onoue et al. 2023; A. Lupi et al.
2024) and identified as little red dots in many cases (e.g.,
J. E. Greene et al. 2024; R. Maiolino et al. 2024a; J. Matthee
et al. 2024; D. D. Kocevski et al. 2025). In particular, an even
lower-mass (Mpy ~ 10° M) black hole may lurk in GN-z11 at
z = 10.6 (R. Maiolino et al. 2024b). It is imperative to
understand their growth history and relation to the more
massive black holes at z ~ 6, which are observed as luminous
quasars.

Astronomers have been making remarkable breakthroughs
with JWST in the study of quasars and their massive host
galaxies at high redshift. Starlight from quasar host galaxies is
now often detected at z > 6 (X. Ding et al. 2023; M. A. Stone
et al. 2023, 2024; M. Yue et al. 2024; R. Li et al. 2025c;
M. Onoue et al. 2025). This is a giant leap from the pre-JWST
era, when one could routinely study the stellar properties of
hosts only to z ~ 2 (K. Jahnke et al. 2004; M. Mechtley et al.
2016; X. Ding et al. 2022a) or in a handful of lensed cases
(C. Y. Peng et al. 2006) and mergers (R. Decarli et al. 2019) at
higher redshifts.

The Subaru High-z Exploration of Low-luminosity Quasars
(SHELLQs) sample (e.g., Y. Matsuoka et al. 2022), con-
structed from the wide and deep imaging survey with Subaru’s
Hyper Suprime-Cam (H. Aihara et al. 2018; S. Miyazaki et al.
2018), is playing an important role in bridging the gap between
luminous quasars (Myy < —25) and the fainter JWST-
discovered AGN (Myy > —22) at z ~ 6. Based on JWST
follow-up with NIRCam, the hosts of SHELLQs quasars have
high stellar light fractions (up to 70% in F356W; X. Ding
et al. 2023, 2025) that enable robust measurements of galaxy
sizes (0.6-3.0 kpc) and stellar masses (M, > 1010M®) with a
typical precision of 0.3 dex. With NIRSpec, black hole masses
are determined to be between 10”® and 10°' M., based on the
broad (FWHM > 2000kms~') Balmer emission lines
(X. Ding et al. 2023; Y. Matsuoka et al. 2025; M. Onoue

et al. 2025, in preparation). Furthermore, these observations
reveal that some quasar hosts exhibit poststarburst signatures
(i.e., Balmer absorption lines, Balmer breaks, and lack of
spatially extended Ha emission; M. Onoue et al. 2025)
suggesting that quasar activity may be tied with quenching in
the early Universe.

The relation between black hole mass, Mgy, and host stellar
mass, M,, over cosmic time depends on the connections
between the physics of galaxy and black hole growth.
Hydrodynamic simulations of galaxy formation vary in their
prediction of the relative mass growth of SMBHs and their
host galaxies, likely due to differences in black hole seeding,
modeling of black hole accretion, and feedback prescriptions
for stars, supernova and active galactic nuclei (AGN;
M. Habouzit et al. 2022). Observationally, there appears to
be little deviation from the local Mgy—M, relation up to
z ~ 2.5 (e.g., M. Cisternas et al. 2011; Y. Shen et al. 2015;
M. Sun et al. 2015; X. Ding et al. 2020a; J. Li et al. 2021;
T. S. Tanaka et al. 2025). However, our current best estimates
on the evolution of the mass relation at high redshift depends
on accurate accounting of selection biases, measurement
uncertainties, and our relatively limited knowledge of the
Eddington rate distribution at high redshifts. Even if the
systematics are under control, there remains a degeneracy
between the evolution rate and the intrinsic scatter, even with
the large samples compiled from wide-field ground-based
studies up to z ~ 1 (J. Li et al. 2021). Pushing observational
studies to higher redshift (z ~ 6), closer to their formation
epoch, offers much promise, since hydrodynamic simulations
show larger deviations (M. Habouzit et al. 2022), even though
similar biases and selection effects are still present (e.g.,
A. Schulze & L. Wisotzki 2014; J. Li et al. 2025b) and seen in
Atacama Large Millimeter/submillimeter Array studies based
on dynamical masses for their hosts (e.g., T. [zumi et al. 2019;
J. Li et al. 2022; F. Wang et al. 2024).

The initial results from JWST on AGN and quasars at z = 4
provide new insights into the mass relation. To date, the
majority of observed AGN and quasars at high z (e.g.,
R. Maiolino et al. 2024a; M. Yue et al. 2024; B. L. Jones et al.
2025; M. A. Marshall et al. 2025; Y. Sun et al. 2025a) with
measured stellar masses have black hole masses higher than
predicted from the local mass relation (J. Kormendy &
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L. C. Ho 2013; A. E. Reines & M. Volonteri 2015;
J. E. Greene et al. 2020). This is anticipated when considering
the effects of selection biases mentioned above. X. Ding et al.
(2023) find that the first two quasars with detected hosts at
z > 6 lie in a region of the Mgy—M,, plane, as expected when
assuming the local relation and proper treatment of selection
effects. For lower-luminosity /mass black holes found by
JWST at high z, Mgy/M, has been claimed to lie above the
local relation (F. Pacucci et al. 2023; R. Maiolino et al. 2024a).
This has been interpreted as a sign of a “heavy seed” formation
channel, likely required to explain many of the individual
observed cases. However, it has been demonstrated by J. Li
et al. (2025b) that selection effects are important even at lower
masses when inferring the intrinsic relation, which requires
detailed modeling of the expected underlying population of
SMBHs and their host galaxies, in the absence of detected
systems on or below the local relation. Recently, J. Li et al.
(2025a) have demonstrated that such a predicted population of
AGN with lower-mass black holes is found in massive
galaxies with JWST spectroscopy. S. Geris et al. (2026)
further identified a population of low-mass black holes in low-
mass galaxies at 3 < z < 7 located within the scatter of the
local relation by stacking deep NIRSpec spectroscopy. Similar
cases are being revealed in star-forming main-sequence
galaxies at 4 < z < 6 from the ALPINE/CRISTAL surveys
using the JWST NIRSpec integral field unit (IFU; A. L. Faisst
et al. 2025, in preparation; W. Ren et al. 2025).

Here, we report on the relation between the mass of SMBHs
and their host galaxies at z > 6 using a Cycle 1 JWST program
that observed 12 low-luminosity quasars from the SHELLQs
program (GO 1967; PI: M. Onoue). NIRCam imaging provides
the host galaxy detection after careful modeling and subtrac-
tion of the quasar emission, while spectroscopy with NIRSpec
enables a measure of the black hole mass from the velocity-
broadened Balmer emission lines. The details of each of these
efforts are fully reported separately (X. Ding et al. 2025;
M. Onoue et al. 2025, in preparation). We use the local black
hole to host galaxy mass relation of all galaxy types from
J. E. Greene et al. (2020) based on dynamically measured
black hole masses as a basis for comparison with the high-
redshift results. This relation is treated as representative of the
overall black hole population in the local Universe. The local
relations established for AGN (e.g., A. E. Reines & M. Volonteri
2015) are likely biased toward lower-mass black holes due
to an additional AGN duty-cycle-dependent selection bias
(A. Schulze & L. Wisotzki 2011; J. Li et al. 2025a) and
are therefore not used in our comparison. Throughout this work,
we use a Hubble constant of Hy = 70 km s ' Mpc~' and
cosmological density parameters €2, = 0.3 and 2, = 0.7. We
assume a G. Chabrier (2003) stellar initial mass function to infer
the host galaxy masses.

2. Data and Measurements
2.1. Sample Selection

Twelve quasars were selected from an early sample of 50
low-to-moderate-luminosity (M450 > —26 mag) SHELLQs
quasars discovered by Subaru’s Hyper Suprime-Cam (HSC;
H. Aihara et al. 2018) over 650deg’, spectroscopically
confirmed from ground-based observations (mainly by their
Lya emission; Y. Matsuoka et al. 2016, 2018b, 2018a), and
included in the luminosity function reported in Y. Matsuoka

Silverman et al.

[ parent sample
101 Cycle 1

o B N W & U O N

5.8 6.0 6.2 6.4 -26 =25 -24 =23 =22 =21

completeness

4_’;.0 45.5 46.0 4é.5 _21': 8 6.0 6.2
log Lpol (€rg s71) z

Figure 1. Properties of the Cycle 1 sample as drawn from SHELLQs
(Y. Matsuoka et al. 2018c): redshift, absolute UV magnitude, bolometric
luminosity, and selection completeness as a function of absolute magnitude
and redshift.

et al. (2018c). The properties of these quasars are listed in
Table 1 of X. Ding et al. (2025) and shown in Figure 1 along
with the selection completeness, ranging from 42% to 86%.
Their redshifts are between 6.18 and 6.40, on the high end of
the parent SHELLQs sample (Y. Matsuoka et al. 2022). These
quasars were chosen to have faint absolute magnitudes
(=24 < M 450 < —21) to minimize the challenge of detecting
the host galaxy under the emission from an unresolved bright
point source. For this study, we remove the three faintest
quasars with My4s50 = —22 (HSC J091140152, HSC J1146
—0005, and HSC J15124-4422), since they were added to the
JWST program with a different selection from the brighter
targets, i.e., not from the sample of Y. Matsuoka et al. (2018c).
The final sample has nine quasars with —24 < M{459 < —23. For
each, we have made an assessment of the completeness
(bottom right panel of Figure 1), with respect to being selected
from HSC photometry as a high-z quasar by a Bayesian criterion,
using a large mock sample with Sloan Digital Sky Survey
(SDSS)-like quasar spectra, a modified Lya equivalent-width
distribution to match HSC quasars, and intergalactic medium
absorption as fully detailed in Section 3.4 of Y. Matsuoka
et al. (2018c¢).

2.2. Stellar and Black Hole Masses with JWST

NIRCam and NIRSpec observations of these nine
SHELLQs quasars were taken in Cycle 1 as fully described
by X. Ding et al. (2023, 2025) and M. Onoue et al. (2025). The
primary aim was to measure the stellar mass of the host galaxy
using NIRCam and the mass of the black hole responsible for
the quasar emission with NIRSpec.

NIRCam images of each quasar are taken in the F356W
(Arest ~ 0.488 pum) and F150W (A5 ~ 0.206 pum) filters. The
pixel scales are 070315 (F356W) and 070153 (F150W). For
each image, the emission is fit using Galight (X. Ding et al.
2021) with a two-component model, representing the quasar
and its host galaxy. The quasar component is based on a
characterization of the point-spread function (PSF; X. Ding
et al. 2025), while the host galaxy is represented as a Sérsic
function. Briefly, the host galaxies are detected in the F356W
filter for all nine quasars based on satisfying three conditions: a
host-to-total flux ratio greater than 3% (based on extensive
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simulations of quasar+host decomposition), signal-to-noise of
the host (>2), and improvement in the Bayesian information
criterion (ABIC > 50) when including the host component in
the modeling (X. Ding et al. 2025). The host-to-total ratios
vary from ~4% to ~69%. Six of the nine quasars are also
detected in the F150W filter and are significantly fainter with
lower signal-to-noise ratios. Uncertainties on the best-fit
parameters are assessed by varying the method and stars used
to construct the PSF model.

We infer the host stellar mass by fitting the available
photometry with SED models through the software package
GSF (T. Morishita et al. 2019), which results in the range of
10”>~"' M. Eight of the nine quasars hosts have photometry
in two filters (F356W and F150W) that bracket the Balmer
break at their redshifts. For J2236+0032, the host is observed
with eight filters, thus providing an accurate assessment of the
underlying stellar population (M. Onoue et al. 2025) that lends
weight to the robustness of the results for those with only two
filters. Upper limits are used for those with nondetections in
F150W. In addition to a chosen G. Chabrier (2003) initial mass
function, the spectral energy distributions are mainly depen-
dent on stellar age, metallicity (Z), and dust attenuation (Ay).
Typical stellar mass errors are 0.35dex, encompassing the
uncertainties in these parameters (age, Z, and Ay), and are each
reflective of errors in the host photometry resulting from
varying the method of 2D decomposition as mentioned above.
The three quasars with single-band detections in F356W are
used here with larger uncertainties (~0.4-0.5 dex) on their
stellar masses as reported in X. Ding et al. (2025), who provide
a full description of the assumptions on the parameters and
their uncertainties.

NIRSpec observations with a fixed slit and G395M grating
(R =~ 1000; 2.87 pm < Agps < 5.27 pm) provide a wealth of
spectral information for understanding the physical nature of
quasar emission and, if detected, the underlying host galaxy. We
model the continuum and emission lines to measure the velocity
widths of the broad Balmer emission lines, Ha and HS. Here,
we use the single-epoch virial method to determine black hole
masses based on HG (M. Vestergaard & B. M. Peterson 20006),
the same method that is used for local scaling relations. The
resulting black hole masses are found to be in the range of
Mgy = 1052 M, for all objects in the sample®® except one at
Mgy = 1072 M., as shown in Figure 2. The uncertainties are
at the level of 0.4 dex (Y. Shen et al. 2024), which is taken into
consideration in our analysis described below.

3. Method to Account for Selection Biases and
Measurement Uncertainties

There are numerous works (e.g., T. R. Lauer et al. 2007;
T. Treu et al. 2007; A. Schulze & L. Wisotzki 2011, 2014)
highlighting the potential for strong biases in SMBH-host
galaxy mass relations when using AGN in flux-limited
samples, particularly those extending to high redshifts. Here,
we follow the recent procedure described by J. Li et al.
(2025b) to infer the underlying Mgy—M,. relation from the
observed data points. Recently, studies have begun to apply
such corrections for selection effects when evaluating the

30 For one quasar (JO217-0208), R. Marques-Chaves et al. (2025) claim that
the broad lines are due to an outflow rather than emission from the AGN
broad-line region. Even so, we include this object in our quasar sample.
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Figure 2. Top: black hole mass (Mgy) versus stellar mass (M) of the host
galaxy for the nine SHELLQs quasars. The best-fit relation (black line) and
uncertainty (1o; shaded area) are indicated and incorporate selection biases
and measurement uncertainties. Local relations of J. E. Greene et al. 2020
(G20) and J. Kormendy & L. C. Ho 2013 (KH13) are also indicated, along
with the high-z assessment of F. Pacucci et al. 2023 (P23) using JWST AGN in
CEERS (D. D. Kocevski et al. 2025) and JADES (R. Maiolino et al. 2024a).
The inset plot displays the location of the observed quasar sample with respect
to our best-fit relation with shaded areas marking the intrinsic scatter (10-30).
Bottom: best-fit inference on model parameters (normalization, scatter of the
linear mass relation, and AGN fraction) with the slope fixed to 1.61. The
normalization of the G20 relation is indicated by the vertical red line in the top
panel, while the local intrinsic dispersion of massive local galaxies (K. Giiltekin
et al. 2009; J. Kormendy & L. C. Ho 2013; J. E. Greene et al. 2020;
V. N. Bennert et al. 2021) is shown by the red vertical band in the top middle
panel.

intrinsic mass relation (J. Li et al. 2021, 2022; F. Pacucci et al.
2023; Y. Sun et al. 2025b; T. S. Tanaka et al. 2025).

We briefly describe the procedure for determining the
likelihood distributions on model parameters descriptive of the
intrinsic mass relation at high redshift while referring the
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reader to J. Li et al. (2025b) for the details. A forward model of
the intrinsic linear Mpy—M, relation in log space is
implemented with constraints from the observed values of
Mgy, M, and their number counts within the survey area. Our
modeling requires key distribution functions describing the
underlying true galaxy and black hole populations.

Explicitly, a functional form of the conditional probability
distribution for detecting a quasar is constructed as a function
of the observed stellar mass, black hole mass (assuming
Gaussian uncertainties), bolometric luminosity, emission-line
width, active unobscured AGN fraction, and redshift (see
Equation (4) in J. Li et al. 2025b). First, we start with an
analytic form of the stellar mass function of galaxies as a
function of redshift from M. Shuntov et al. (2025). SMBHs are
connected to galaxies through the Mpy—M, mass relation,
which is described by its slope (), normalization («), and
intrinsic scatter (o). We parameterize the linear mass relation
following J. E. Greene et al. (2020) as

log Mgu/M:, = o + (3 log (Ms«/ M) + o, (D

where My = 3 x 10'° M, and o is the intrinsic Gaussian
scatter, i.e., not including measurement errors. The Eddington
rate distribution function (ERDF) provides the means to assign
a likelihood distribution to the bolometric quasar luminosity,
which then determines whether an individual quasar is
luminous enough to be included in the SHELLQs sample.
We implement the lognormal ERDF at z ~ 6 provided by
J. Wu et al. (2022), which peaks at log Aggq ~ —1.0 with a
scatter of ~0.4. The unobscured broad-line AGN fraction
indicates the population of galaxies with actively accreting
SMBHs following the assumed ERDF and selection as
UV-unobscured quasars by SHELLQs. To be conservative,
we constrained this fraction (p,cive) to be less than 5%
assuming a flat prior, motivated by recent clustering-based
estimates of the duty cycle of SHELLQs quasars (~1.9%;
J. Arita et al. 2023). Adopting higher values (e.g., up to ~20%)
based on recent studies of JWST optically selected broad-line
AGN (Y. Harikane et al. 2023; R. Maiolino et al. 2024b;
J. Li et al. 2025b) would shift the recovered intrinsic mass
relation (Section 4) further downward in the Mgy—M,, plane to
avoid overproducing detectable quasars. Nevertheless, this
does not affect our conclusion that a large population of low-
mass black holes is likely missed (Section 4).

The selection function is mainly based on the quasar
limiting luminosity, above which a photometrically selected
quasar would be targeted for spectroscopic follow-up. A range
in luminosity (46 < log Ly /(erg s~1) < 46.2) is imposed that
is representative of the Cycle 1 sample (Figure 1). Bolometric
luminosities are computed using a correction factor from
G. T. Richards et al. (2006) with Ly, = 9.26 Lsioo. There is a
further restriction on the broad-line widths to be greater than
2000 km s~ . Equations (5)—(7) in J. Li et al. (2025b) give the
formulation for calculating the selection function, the bivariate
distribution function of observed masses with measurement
uncertainties, and the derivation of the observed mass relation,
expected from the modeling given the selection function.

The modeling procedure presented by J. Li et al. (2025b)
requires a comparison of the model-predicted number counts
of detectable quasars, within the observed stellar mass ranges,
with the actual detected numbers (i.e., ensuring the proper
normalization) to determine the best-fit model assuming
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Poisson likelihood. We first apply a kernel density estimate
to our sparse stellar mass distribution (corrected using the
incompleteness in Figure 1) to estimate the number of quasars
in the following stellar mass bins: logMy/M, < 9.5,
9.5 < logMy/M,, < 10.0, 10.0 < logMy/M,, < 10.5,
10.5 < logMy/M,, < 11.0, and log My/M., > 11.0, yielding
0.7,2.7,3.4,3.9, and 1.1 sources, respectively. Since the Cycle
1 sample represents only a subset of quasars detected by
SHELLQs, we further use the bolometric luminosity function
of SHELLQs quasars, converted from the UV luminosity
function in Y. Matsuoka et al. (2018c) assuming
Lyo1 = 3.81 X L4509 (G. T. Richards et al. 2006), to estimate
the total number of quasars at logLyo, ~ 46.1 (units of
erg sfl). This results in a correction factor of ~1.4 (i.e., ratio
of true quasars to those observed by JWST). In our fitting
procedure, we assume that these missing objects follow the
same Mpgy—M , relation as those in the Cycle 1 sample. Lastly,
we refrain from merging samples from the literature with
widely different selection functions, which are a challenge to
model simultaneously.

4. Results

The top panel of Figure 2 shows the location of the nine
SHELLQs quasars in the Mgy—M,, plane. Their masses mostly
span an interval of 8 <logMpy/M, <9 and
9.5 < logMy/M., < 11. Similar to most quasar-selected
samples at high redshift (e.g., M. Yue et al. 2024), the
observed values fall above the local mass relations; i.e., their
black hole masses are higher, given the stellar masses of their
host galaxies. Their location is similar to where the two
SHELLQs quasars were first reported in X. Ding et al. (2023)
as observed by JWST. However, the observed sample is
affected by selection biases and is thus not representative of
the intrinsic distribution without additional inference. As
demonstrated below, a proper modeling of the selection effects
and measurement uncertainties provides insight into the
underlying intrinsic population.

Our aim here is to use the observed sample and our forward-
modeling procedure (J. Li et al. 2022, 2025b) with selection
biases and measurement uncertainties incorporated to infer the
underlying intrinsic mass relation between SMBHs and their
hosts. As done in J. Li et al. (2025a), we sample the
conditional probability distributions, described in Section 3,
using emcee (D. Foreman-Mackey et al. 2013) to determine
the most likely Mgy—M . relation, primarily the normalization
(c) and scatter (o) from Equation (1). Given the limited size
and dynamic range in black hole mass of the SHELLQs—JWST
sample, we fixed the slope (5) to 1.61—the value of the local
relation reported in J. E. Greene et al. (2020)—since the slope
is unconstrained in our fitting and tends to hit the upper limit
when left free.

In the bottom panel of Figure 2, the results are presented
from the forward modeling of the Mpy—M, relation. The
likelihood distributions of each parameter are reported from
left to right along the bottom axis: (1) normalization («) of the
linear relation, (2) dispersion (o) in the mass ratio, and (3)
fraction of galaxies (puciive) hosting UV-unobscured broad-
line AGN.

Based on the fixed slope, the best-fit intrinsic Mgy—M,
relation at z > 6 is shown by the black line and shaded area in
Figure 2 (top panel), which has a normalization (a) of
7.38°0% at M.y = 3 x 10'° M. This is consistent with the
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local relation of J. E. Greene et al. (2020) based on all galaxy
types’’ while falling below the Mgu—Mpyee relation of
massive bulge-dominated galaxies from J. Kormendy &
L. C. Ho (2013). This result is inconsistent with the
intrinsically overmassive relation of F. Pacucci et al. (2023),
shown by the dashed purple line, which is based on less
massive galaxies having 7.5 < logMy/M. < 10 and
6.5 < logMpy/M,, < 8. We note that adopting a flatter slope
in the fitting, such as the value from the J. Kormendy &
L. C. Ho (2013) relation (6 = 1.17), does not affect our main
conclusion, although it results in a significantly poorer fit.

Our model constrains the intrinsic scatter of the Mgy—M,
relation to be 0.807)33 dex. If we increase the uncertainties to
0.45 dex on average to our black hole mass measurements, the
best-fit scatter increases to 0.85 dex. We compare the
dispersion at high z with that of massive (log My 2 11)
galaxies at low z, which are likely the descendants of the high-
z quasars. The scatter, now determined at z > 6, is significantly
higher than local massive galaxies (0.3-0.4 dex; K. Giiltekin
et al. 2009; J. Kormendy & L. C. Ho 2013; J. E. Greene et al.
2020; V. N. Bennert et al. 2021) and low-redshift AGN,
considering spheroid (V. N. Bennert et al. 2021) or total stellar
(M. C. Bentz & E. Manne-Nicholas 2018; A. E. Reines &
M. Volonteri 2015) masses. We note that J. E. Greene et al.
(2020) report a higher intrinsic scatter of 0.65 £ 0.05 when
including lower-mass galaxies down to ~10' M_, which
warrants further investigation on the appropriate local scatter
for comparison to high-z estimates, which is beyond the scope
of this work.

As a consistency check on the model of our best-fit mass
relation for an assumed ERDF, we successfully reproduce the
distribution of the observed sample in both the Mgy—M, and
Mpgy—Eddington ratio planes (Figures 3(a) and (b)). Our model
constraint on the number counts of UV-unobscured quasars
results in agreement with the luminosity function of Y. Matsuoka
et al. (2018c) as shown in Figure 3(c). This is then reflected in
the best-fit unobscured active fraction (p, ;. = 2.3715%) of
UV-unobscured quasars, which generally agrees with the duty
cycle measured through clustering analysis of quasars at z > 6
(J. Arita et al. 2023; A.-C. Eilers et al. 2024).

As a result, the fact that the observed SHELLQs quasars lie
above the local relation in the Mgy—M, plane is due to the
dispersion in the intrinsic mass relation and the effects of
selection and measurement uncertainties. While the observed
quasars do have such high mass ratios individually, selection
makes them biased tracers of the underlying global population
that has lower mass ratios.

However, there are considerable degeneracies between the
parameters shown by the confidence intervals in the bottom
panels of Figure 2. For instance, a higher normalization results
in both a lower scatter (middle left panel) and lower AGN
fraction (bottom left panel). Due to the limited sample size, the
AGN fraction is poorly constrained within our chosen bounds
(bottom right panel). While a peak is apparent in the AGN
fraction at low values (<0.01), such a low value is unlikely
since the scatter would be forced to be very low (~0.2).

To further illustrate these effects, we show a similar set of
panels in Figure 4 for the case that requires a higher
normalization (i.e., forcing a high black hole mass solution)

5! We consider the J. E. Greene et al. (2020) relation for all galaxy types
appropriate for comparison since many of the hosts at z > 6 resemble disklike
galaxies (X. Ding et al. 2025).
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Figure 3. Model comparison to the observed sample. (a) Bivariate mass
distribution (10—30 contours). The red curve and blue triangles show the mean
mass relation of the observed model distribution and the observed data for the
nine SHELLQs quasars, respectively. The recovered intrinsic mass relation is
shown by the dashed line. (b) Observed distribution in the Mgy versus
Eddington ratio plane with the model prediction (16—3¢ contours). (c) Best-fit
model luminosity function compared to that from Y. Matsuoka et al. (2018c).

by simply setting a prior on the lower bound of « to match the
local value of massive ellipticals from J. Kormendy &
L. C. Ho (2013). For this experiment, the slope (0) is fixed
to that of the J. Kormendy & L. C. Ho (2013) relation (1.17),
which is close to the best-fit value when the slope range is
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Figure 4. Same as Figure 2 but with the intrinsic mass relation forced to be
larger than the J. Kormendy & L. C. Ho (2013) relation (i.e., the overmassive
case) and the slope fixed to 1.17. As shown, this case demands a mass relation
with very little dispersion (0.22, even less than the local relation) and a very
low AGN fraction (0.6%); therefore, this solution is not preferred.

limited to the values spanned by various local relations
(~0.98-1.61; J. Kormendy & L. C. Ho 2013; J. E. Greene
et al. 2020; X. Ding et al. 2022b). The best-fit result (top panel
of Figure 4) is consistent with our observed quasars and closer
to the best-fit relation of F. Pacucci et al. (2023). However, this
comes with two consequences: the scatter (0 = 0.22701% dex)
and AGN fraction (P, = 0.6703%) are significantly lower
than the above model shown in Figure 2, in order to avoid
overproducing large numbers of detectable quasars that are not
observed. Intuitively, this trend can be understood as follows.
With a higher normalization that falls closer to the observed
data, the intrinsic scatter will be lowered, since the differences
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Figure 5. Best-fit value and 1o confidence interval of the intrinsic mass ratio
(red data point) relative to the local J. E. Greene et al. (2020) relation for the
ensemble of nine SHELLQs—-JWST quasars. The observed mass ratios for the
individual quasars are shown as blue stars. The results from five cosmological
hydrodynamic simulations and semianalytic models at log My/M., ~ 10.5 are
indicated (M. Habouzit et al. 2021; S. Dattathri et al. 2025) between the 16th
and 84th percentiles.

between the two are effectively reduced. As mentioned above,
this covariance between the scatter and normalization is clearly
seen in the bottom panels of Figure 2. Furthermore, this effect
is amplified by the fact that some of the scatter in the data is
the result of measurement uncertainties in Mgy and M,,.

In this scenario with a higher normalization, a low intrinsic
scatter of 0.22 dex is unlikely since this value is lower than
measured locally (~0.3-0.4 dex). A higher intrinsic dispersion
is expected at higher redshifts simply from cosmic averaging
(i.e., the central limit theorem) in merger scenarios (K. Jahnke
& A. V. Maccio 2011). With the likelihood of a higher
intrinsic dispersion and probably an actual AGN fraction
above 1% (e.g., J. Arita et al. 2023), we conclude that the
intrinsic mass relation at z ~ 6 is unlikely to be highly elevated
from the local relation.

4.1. Comparison to Simulations

The high-redshift Universe offers an early environment to
disentangle the physical processes responsible for the growth
of SMBHs and their host galaxies. The observational data at
z > 6 may be used to discriminate between the importance of
various input physics implemented in cosmological simula-
tions, including the seeding of black holes, their subsequent
growth, and feedback processes for supernovae and AGN.
With this in mind, we compare our results in Figure 5 with
four cosmological simulations of galaxy and black hole
growth, namely, ASTRID (Y. Ni et al. 2022), TNG300,
(A. Pillepich et al. 2018), Horizon-AGN (M. Volonteri et al.
2016), and EAGLE (J. Schaye et al. 2015), as well as the Dark
Sage semianalytic model (A. R. H. Stevens et al. 2016, 2018).
Since these simulations do not have a sufficiently large volume
to produce black holes with masses comparable to those
powering the most massive high-redshift quasars, our
comparison is necessarily based on an extrapolation from
lower-mass black holes.

The mass ratios vary by 1 to 2 dex across the different
simulations and semianalytic models, highlighting the lack of
consensus on whether black holes are, on average, more or less
massive at high redshift compared to low redshift. In other
words, the offsets indicate whether black hole growth proceeds
more rapidly or more slowly than the assembly of their host
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galaxies at early cosmic times. Comparison with observations
of high-redshift quasars can therefore diagnose a combination
of physical processes such as black hole initial mass and
growth and feedback processes from supernovae and AGN.

Simulations such as ASTRID show an Mgy—M, relation
that remains relatively unchanged in both normalization and
shape with redshift. Black holes and their host galaxies evolve
in a similar manner across different redshifts. In contrast,
models like Horizon-AGN exhibit smaller mass offsets at
lower redshift, which can be attributed to galaxies growing
more rapidly than their central black holes at later epochs. For
TNG300, the growth of black holes in low-mass galaxies is
more strongly suppressed at high redshift compared to low
redshift due to the modeling of supernova feedback. This
results in an increase in the mass ratios as redshift decreases.

In Figure 5, we compare the black-hole-to-stellar-mass
ratios of our individual quasars (observed; blue stars) and the
intrinsic mass ratio (red circle and error bar) to the simulations
at log My/M,, ~ 10.5 (including inactive black holes) and up
to z ~ 6 (M. Habouzit et al. 2021; S. Dattathri et al. 2025). The
16th—84th percentile ranges indicate the intrinsic scatter in the
mass offset for each model. As shown, the variations in the
mass ratio between the models are generally similar to the
observed 1o confidence interval on our best inference on the
intrinsic mass ratio at z > 6. It is worth highlighting once again
how closely our measurement matches that of the local relation
of J. E. Greene et al. (2020). As evident, a larger observed
sample at z 2 6 is needed along with the inclusion of lower-
redshift samples (e.g., X. Ding et al. 2020b, 2022b;
T. S. Tanaka et al. 2025) to place substantive constraints on
current simulations and models.

5. Summary

A determination of the evolution in the intrinsic mass
relation between SMBHs and their host galaxies is needed to
understand the coupling and mutual influence on their growth.
While much effort has been achieved at lower redshifts
(z < 2), the Universe at z > 6 represents early phases of
SMBH growth, likely more sensitive to the initial conditions
(i.e., seeding and feedback mechanisms).

Toward this goal, we use a sample of nine quasars at z > 6
from the SHELLQ)s survey, observed with JWST, in conjunc-
tion with an established forward-modeling approach to account
for selection biases and measurement uncertainties to assess
the intrinsic mass relation between SMBHs and their host
galaxies. Black hole masses are based on NIRSpec observa-
tions of the broad Balmer lines (M. Onoue et al. 2025, in
preparation), while the stellar masses of their host galaxies are
measured from the 2D decomposition of NIRCam images
(X. Ding et al. 2023, 2025). We assume that the observed
location of these nine quasars in the Mpgy—M, plane is
representative of the larger sample of SHELLQs quasars from
Y. Matsuoka et al. (2018c). Our forward modeling of the
relation between SMBHs and their hosts depends on knowl-
edge of the stellar mass function of galaxies and the Eddington
rate distribution. Output parameters are the normalization ()
and scatter (o) of the intrinsic mass relation along with the
AGN fraction (p,cive)- The slope (8) of the mass relation is
fixed to the local value of 1.61 (J. E. Greene et al. 2020) due to
the small sample over a limited range in mass.

Based on our best understanding of the data and selection
effects, we find that the intrinsic mass relation between
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SMBHs and their stellar mass is unlikely to be elevated much
above the local mass relation. Rather, observational selection
effects and measurement uncertainties result in the observed
offsets seen in the Mgy—M, plane. Based on a fixed slope in
the mass relation, the intrinsic relation at z > 6 is consistent
with the local relation of J. E. Greene et al. (2020), which may
indicate a scenario where SMBHs and the total stellar mass of
their host galaxies grow in tandem.

Interestingly, the dispersion (0.807033 dex) in the mass
relation at z > 6 is higher than the local value (~0.3-0.4 dex)
of their likely more massive descendants. Evolution in the
dispersion has not been seen in studies at lower redshifts,
particularly based on a large SDSS quasar sample at z < 1 with
Subaru’s Hyper Suprime-Cam (o = 0.25°003 dex; J. Li et al.
2021) and AGN at 1 < z < <2 with JWST (6 = 0.387 547 dex;
T. S. Tanaka et al. 2025). This new result may support a
noncausal connection between galaxies and their SMBHE, i.e.,
a natural outcome of cosmic averaging due to mergers
(K. Jahnke & A. V. Maccio 2011). However, there is
uncertainty on the level of scatter (along with the normal-
ization) due a degeneracy with the active fraction, which
requires better constraints. Furthermore, we recognize that the
dispersion in mass relations is dependent on galaxy type; thus,
these conclusions depend on the choice of the local samples
employed. A more focused analysis based on these results and
others will be presented in T. S. Tanaka et al. (2025, in
preparation).

With a nonevolving mass relation, our analysis supports the
prediction of J. Li et al. (2025b) for the existence of a large
population of lower-mass black holes to be discovered with
deeper spectroscopy or different observing strategies. J. Li
et al. (2025a) find lower-mass black holes, consistent with the
local mass relation, in a search of the JWST archive of high-z
massive galaxies with NIRSpec spectroscopy. S. Geris et al.
(2026) further identified a population of low-mass black holes
located within the scatter of the local relation. Also, W. Ren
et al. (2025) identify candidates below the local relation based
on NIRSpec IFU observations of typical star-forming galaxies
from the ALPINE-CRISTAL survey. These are likely just the
start in expanding the parameter space in black hole and
galaxy mass for larger samples of SMBHs with JWST, which
will allow the slope to be measured directly, thus placing
tighter constraints on the normalization and intrinsic scatter of
the mass relation.
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