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ABSTRACT

The large population of broad-line Active Galactic Nuclei (AGN) observed with the James Webb Space Telescope
(JWST) at z = 4 opens a new window onto the black hole—galaxy connection in the first Gyr of cosmic history. We
use the JADES survey-level dataset and develop a forward-modeling Bayesian framework that explicitly accounts for
broad Ha detectability, ensuring that selection effects are incorporated into the likelihood function. With this approach,

we constrain the black hole-stellar mass (Mpu—M,) relation to be log Mpn = —4.0679:3) + 1.17155¢ log M., with an

intrinsic orthogonal scatter of oint = 0.63’_"8111 dex. The slope and normalization are/consistent with local determinations,

indicating that the average scaling was already established by z ~ 4-6. This suggests that the primary evolution of the
relation occurs in its dispersion rather than in its mean normalization. In contrast, the substantially larger intrinsic
scatter relative to the nearby Universe reveals a wider diversity of black hole-galaxy growth histories, likely driven by
bursty accretion, delayed feedback, and differences in merger or seeding histories. Future JWST samples will be crucial
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C. 1. Introduction
o

I Supermassive black holes (SMBHs), with masses ranging
from 10° to over 10'° M), are ubiquitously found at the
centers of massive galaxies (Kormendy & Ho 2013; Reines
& Volonteri 2015) both in the local and high-z Universe.

—auA wealth of observational evidence has established that the
growth of SMBHs is closely linked to the formation and evo-
lution of their host galaxies. This co-evolution is supported
by tight empirical correlations between SMBH mass and
large-scale galactic properties such as stellar mass, bulge
luminosity, and velocity dispersion (Magorrian et al. 1998;
Ferrarese & Merritt 2000; Gebhardt et al. 2000). These cor-
relations are thought to originate from a combination of in-
= terconnected physical mechanisms that operate during the
active phases of galaxy and black hole growth. In partic-
ular, both the SMBH and its host galaxy are believed to
accrete gas from a common reservoir, resulting in a cou-
- = pled evolution of their mass assembly histories (Di Matteo
= ot al. 2005; Hopkins et al. 2006). Simultaneously, feedback
'>2 from the active galactic nucleus (AGN) can inject energy
and momentum into the surrounding interstellar medium,

B in the form of radiation, winds, or relativistic jets, thereby
regulating star formation and SMBH accretion (Harrison
2017). This self-regulating cycle is expected to play a key
role in shaping the observed scaling relations and to drive
the joint evolution of SMBHs and galaxies over cosmic time.
Although the scaling relations between SMBHs and

their host galaxies are well established in the local Universe,
their evolution at earlier cosmic epochs remains poorly con-
strained. Different studies have begun to trace these rela-
tions to intermediate redshifts (z ~ 1 — 3), finding hints

of mild evolution, with SMBHs appearing somewhat over-
massive relative to their hosts at fixed stellar mass (Merloni

et al. 2010; Bennert et al. 2011; Ding et al. 2020). However,
observational limitations and selection biases still hamper
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to test whether this increased scatter is a persistent feature of the high-redshift Universe.

a consistent picture across cosmic time, especially beyond
the peak of BH and galaxy growth. In particular, it is still
unclear whether the same correlations hold at z 2 4, when
both BH accretion and star formation were rapidly evolv-
ing (Madau & Dickinson 2014; Aird et al. 2015). With a
few noticeable exceptions (e.g. Juodzbalis et al. 2025b), at
these redshifts direct dynamical measurements of SMBH
masses are not feasible, as the angular resolution required
to resolve stellar or gas kinematics in galaxy nuclei ex-
ceeds current instrumental capabilities (e.g., Kormendy &
Ho 2013; Greene et al. 2020). Instead, BH masses are typi-
cally inferred using single-epoch virial estimators based on
the widths of broad emission lines and the continuum lu-
minosity, under the assumption that the gas motions in the
broad-line region (BLR) are dominated by the gravitational
potential of the SMBH (Vestergaard & Peterson 2006; Shen
2013). These virial relations are calibrated against local
reverberation-mapped AGN (Kaspi et al. 2000; Cho et al.
2023; Dalla Bonta et al. 2025), yet their validity at high
redshift remains uncertain due to possible changes in BLR
structure, ionization conditions, and accretion properties.
Among the available diagnostics, the Ha line is of particular
interest because it provides one of the most reliable virial
mass estimators, being less affected by non-virial compo-
nents and dust extinction compared to UV lines such as
C1v or Mg11 (e.g., Greene & Ho 2005). However, detect-
ing and accurately decomposing the broad Ha emission at
z > 4 is challenging, since the limited spectral quality often
hampers a clean separation between the broad and nar-
row components (Carnall et al. 2023; Matthee et al. 2024).
As a result, current samples may be biased toward the
most luminous Ly, = 10*2 erg s~!, high-accretion SMBHs
Amdd 2 0.5 (Maiolino et al. 2024), while a large fraction
of the AGN population could remain below the detection
threshold. Flux-limited selection further amplifies these ef-
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fects through Lauer bias (Lauer et al. 2007), potentially dis-
torting the observed Mpy-M, distribution relative to the
intrinsic one. Quantifying and correcting for these selection
effects is therefore essential to recover unbiased scaling re-
lations and to trace SMBH-galaxy coevolution at cosmic
dawn.

JWST observations now enable rest-frame optical spec-
troscopy of AGN at z > 4 (Gardner et al. 2023), allow-
ing simultaneous measurements of host stellar masses and
virial BH masses from broad Ha and H/3 emission. Several
studies have therefore begun to place the first empirical
constraints on the Mpy—M, relation at early cosmic times
using spectroscopically confirmed broad-line AGN samples
(Harikane et al. 2023; Kocevski et al. 2023; Maiolino et al.
2024; Matthee et al. 2024; Juodzbalis et al. 2025a). How-
ever, these samples remain heterogeneous and are often lim-
ited by small-number statistics, spectral quality, and obser-
vational biases that favor the most luminous sources.

A recent attempt to address this challenge was pre-
sented by Pacucci et al. (2023), who compiled a sample of
spectroscopically confirmed broad-line AGN at z = 4 and
derived a My—M, relation while accounting for basic ob-
servability thresholds. Their analysis suggests that SMBHs
at high redshift appear overmassive compared to local ex-
pectations, potentially hinting at early rapid BH growth.
However, the limited sample size (20 objects) may re-
strict the statistical robustness of the inferred relation, and
the treatment of selection effects—while innovative—may
not fully capture the complex, multivariate detectability of
broad-line components. Building on this approach, a simi-
lar truncated-likelihood analysis applied to a substantially
larger JWST-selected sample (Jones et al. 2025) yielded re-
sults broadly consistent with that study, suggesting that
the inferred offset is not driven solely by limited statis-
tics but may depend sensitively on the adopted treatment
of selection effects. Other studies have proposed that the
seeming overmassiveness may instead result from observa-
tional biases alone (Li et al. 2025). Similarly, population-
based modeling of high-redshift quasar samples has shown
that a normalization consistent with the local relation, com-
bined with a large intrinsic scatter, can naturally repro-
duce the observed AGN population without invoking sys-
tematically overmassive black holes (Silverman et al. 2025).
Complementary stacking analyses (Geris et al. 2025) have
revealed previously undetected low-mass black holes with
typical stellar-to-black hole mass ratios of ~ 1073, consis-
tent with local scaling relations (Reines & Volonteri 2015;
Greene et al. 2020). These detections indicate that current
flux-limited samples miss part of the population and fur-
ther motivate a careful treatment of selection biases. Such
a framework is essential to recover unbiased estimates of
the scaling relation from flux-limited high-redshift samples.

In this work, we develop a forward-modeling frame-
work to infer the Mpy—M, relation at z = 4 while ac-
counting for selection effects in broad-line AGN samples.
In Sec. 2, we describe the construction of mock Ha spectra
based on physical input parameters, and the derivation of
detectability maps through spectral fitting under realistic
noise conditions. These maps serve as selection functions
in a truncated-likelihood formalism, which we use to fit a
parametric Mgy—M, relation to a JWST-selected sample of
broad-line AGN. Our results are presented in Sec. 3, where
we assess whether the observed offset from the local relation
reflects a true evolution or is consistent with observational
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Fig. 1. Example of spectral fitting for a mock Ha emission line.
Top panel: synthetic data (black diamonds) overlaid with the
single-Gaussian fit (red line) and the double-Gaussian fit (blue
line). Bottom panel: residuals for the single-Gaussian (red)
and double-Gaussian (blue) models, normalized to the noise
RMS. In this case, the broad component is correctly identified
with ABIC = 52.

biases. Finally, in Sec. 4, we discuss the implications of our
findings in the broader context of SMBH—-galaxy coevolu-
tion, including recent JWST results, current models of early
black hole growth, and the observational strategies needed
to further constrain the scaling relations at high redshift.

2. Methods

In this section, we describe the procedure adopted to gen-
erate synthetic Ha spectra and to assess the detectabil-
ity of AGN signatures under varying physical conditions.
Throughout this analysis, we consider only unobscured,
broad-line (type 1) AGN, excluding sources where the broad
component is hidden by nuclear obscuration. Our approach
is based on a forward-modeling framework in which the
emission-line profiles are derived analytically from the un-
derlying galaxy and BH properties, allowing us to quantify
how observational selection affects the recovery of broad-
line components. In practice, we define the bias as the vari-
ation in detection probability of the broad Ha component
across the (log My, log Mpp) plane, which is the parameter
space where the intrinsic scaling relation is measured. The
bias is computed by sampling a four-dimensional grid in
black hole mass, stellar mass, Eddington ratio, and star for-
mation rate (see Sec. 2.3 for ranges), and evaluating for each
point the fraction of realizations in which a broad compo-
nent is recovered under realistic noise conditions. This pro-
vides an empirical estimate of the selection function, which
we later incorporate into a truncated-likelihood model to
correct the inferred Mpy—M, relation for incompleteness.
Although this estimate is necessarily approximate, it cap-
tures the dominant dependence of detectability on host and
BH properties, and its validity is verified through recovery
tests presented in Sec. 3.2. By explicitly modeling this bias,
we can assess whether the apparent lack of low-mass BHs
at high redshift reflects a true physical evolution or results
from observational selection effects.
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2.1. Mock Ho: spectra

We generated mock emission-line spectra centered on the
Ha line (6563 A) following a procedure similar to the one
outlined in Chakraborty et al. (2025, see their Sec. 5). We
model both the narrow and the broad component as Gaus-
sian functions. The physical properties of the two compo-
nents were computed directly from four input free param-
eters: black hole mass (Mpg), black hole accretion rate in
units of the Eddington rate (Agqq), stellar mass of the host
galaxy (M,), and star formation rate (SFR).

To determine the narrow component, we assumed that
its luminosity scales linearly with the star formation rate
of the host galaxy following the calibration by (Kennicutt
& Evans 2012):

LW — 186 x 10*! x SFR ergs™'. (1)
We derived the width of the narrow component from
the gas velocity dispersion, o4yn, computed from the dy-
namical mass of the host galaxy. Following previous studies
(Maiolino et al. 2024; Uebler et al. 2024), we adopted:

K(TL) K(Q) O—gyn Rcff
£ 2 2l ©)

which we inverted to obtain oqy,. The effective radius Reg
was derived from the stellar mass using the empirical M, —
Reg relation by Allen et al. (2025). We fixed the structural
parameters to K(n) = 8.06 and K(q) = 1.02, correspond-
ing to a Sérsic index of n = 1 and an axis ratio of ¢ = 0.73,
consistent with typical star-forming disk galaxies at high
redshift (e.g., van der Wel et al. 2022). The resulting dis-
persion o4yn, was then used as the Gaussian standard de-
viation of the narrow mock Ha component in each mock
spectrum.

To model the broad component, we adopted the empir-
ical relation used to study the emission of the broad-line
regions in AGN. The integrated flux of the line was based
on the line luminosity derived from the optical continuum
luminosity linking the 5100 A monochromatic luminosity
and the broad Ha luminosity, as defined in (Reines et al.

2013):
1.157
) erg s_l7

where the 5100 A luminosity was computed as Lsigg =
fovol * Lpot, assuming a bolometric correction factor fpo =
0.1 (Lusso et al. 2012). The bolometric luminosity was
estimated from the BH mass and Eddington ratio as
Lbol = /\Edd LEdd = /\Edd (126 X 1038 MBH/M@)ergsfl.
The width of the broad component (FWHM) was obtained
by inverting the virial relation (Reines et al. 2013):

Mayn =

L5100
10%erg s—1

Lpread = 5 x 1042< (3)

log (MBI _ 664 0.471 o
°g<M@)— oD g(l()4g)
FWHMy, 04,
R 4

To simulate NIRSpec data observations with a spectral res-
olution of AN/ & 2700, each synthetic spectrum was con-
volved with the line spread function of the instrument and

sampled with a spectral channel of 40 km/s. We then added
Gaussian white noise to each synthetic spectrum. We gen-
erated two datasets: a deep dataset with a noise level of
6x102 ergs™ cm~2 A1, matching the depth of the deep-
est observations in the JADES survey (Maiolino et al. 2024;
Curtis-Lake et al. 2025; Scholtz et al. 2025), and a shallower
dataset with a noise level of 2.4 x 10720 ergs™ cm=2 A1,
representative of typical JWST observations to date, used
to assess the effect of increased noise on the detectability
of faint broad emission-line components. The latter case
was included to explore a more conservative observational
scenario, since the JADES survey generally provides high
signal-to-noise spectra, while our compiled sample spans a
broader range of data quality and is intended to support a
methodology applicable to heterogeneous JWST datasets.

2.2. Spectral fitting and broad-line detectability

Following the same approach adopted in observational stud-
ies, each mock Ha spectrum was fitted with two line pro-
file models: (i) a single-Gaussian profile that represents the
narrow component alone, and (ii) a double-Gaussian profile
that adds a putative broad component.

The fits were performed with the
scipy.optimize.curve_fit routine, assuming Gaus-
sian errors with a root-mean-square (RMS) equal to the
noise levels described in Sec. 2.1. For a set of best-fit
parameters p we define the log—likelihood as:

()

where F; and M;(p) denote the observed and model flux
densities in the i-th spectral channel, respectively, and we
compute the Bayesian information criterion (BIC)

BIC = —2InL+kInN, (6)
where k is the number of free parameters and N the number
of spectral channels.

A Dbroad component was considered significantly de-
tected when at least one of the following conditions was
satisfied:

(i) ABIC = BlCgingle — BICqouble > 10, which indicates
very strong statistical preference for the two-component
model over the single-Gaussian fit, according to the scale
of Kass & Raftery (1995);

(i) Osingle > 204dyn (see Sec. 2.1).

This dual criterion was designed to provide a conser-
vative yet physically motivated selection. The ABIC > 10
condition ensures that adding a broad component yields
a statistically significant improvement to the fit. The sec-
ondary constraint, based on the line width, requires that the
measured oOgingle €xceeds twice the gas velocity dispersion
(Osingle > 20dyn). This condition ensures that the observed
broadening cannot be explained by the host galaxy’s kine-
matics alone and effectively excludes systems where the line
width could be produced by dynamically hot gas in mas-
sive star-forming galaxies rather than by black hole-driven
emission. Cases that do not satisfy either condition are
classified as non-detections. The analysis is restricted to
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type 1 (unobscured) AGN, and we therefore do not model
additional incompleteness due to nuclear obscuration of the
broad-line region.

To illustrate our fitting procedure and detection crite-
ria, we show in Fig.1 a representative example of a mock
spectrum with an embedded broad Ha component. The top
panel compares the single- and double-Gaussian fits to the
synthetic data, while the bottom panel displays the resid-
uals for both models. In this example, the two-component
fit provides a significantly better match to the data, with
a ABIC = 52. The broad component is unambiguously re-
covered in this case, with the double-Gaussian fit strongly
preferred over the single-component model.

2.3. Parameter space and detectability mapping

To quantify the conditions under which AGN broad-line
emission is detectable, we built a four-dimensional grid of
physical parameters, covering:

— M, = 108-102 M,

— SFR = 0.1-200 M yr—!
— Mgy = 10°-10'° Mg
AEdq = 0.1-1

We sampled the Mpp—M, space with a 50 x 50 loga-
rithmic grid. For each grid point, we generated 100 realiza-
tions by randomly selecting values of Agqq and SFR within
their allowed ranges, assuming uniform distributions in log-
space. For each realization, a synthetic Ha spectrum was
created and processed through the spectral fitting and de-
tection procedure described in Sec.2.2.

We then computed, for each point on a grid of inde-
pendently sampled Mgy and M, values, the fraction of re-
alizations in which the broad Ha component was success-
fully detected according to the criteria defined in Sec.2.2.
This quantity, which we refer to as the detection probabil-
ity, ranges from 0 (never detected) to 1 (always detected),
and describes how detectability varies across the Mpg—M,
plane.

This process was repeated for the two different noise
levels, corresponding to 1x and 4x the continuum RMS
measured in a representative JADES source (ID=73488; see
Sec. 2.1). The final results are two bi-dimensional maps,
each representing the average detectability of the AGN
broad-line component as a function of stellar mass and
black hole mass, under different observational conditions.
Fig. 2 illustrates these bi-dimensional detectability maps,
highlighting how the observability of broad-line AGN varies
with black hole and stellar mass under different noise con-
ditions. These maps provide a direct visual insight into the
regions of this parameter space where AGN signatures are
likely to be recovered, and where they are suppressed due
to host galaxy properties or limited sensitivity.

These detectability maps are not only informative for
understanding the observational limitations of broad-line
AGN detection, but also play a fundamental role in the
statistical modeling of the Mpy—M, relation. Specifically,
they define the effective selection function imposed by our
detection criteria and observational noise levels, acting as
a truncation surface in the multi-dimensional parameter
space. As a result, any inference on the intrinsic Mgy — M,
relation must account for the incompleteness bias within
the parameter space specific regions of the Mpy—M, plane.
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In the next section, we incorporate these maps into
a truncated likelihood framework to derive unbiased esti-
mates of the parameters governing the black hole—stellar
mass relation.

2.4. Bayesian inference of the Mgg-M, relation

To infer the intrinsic scaling relation between black hole
mass and stellar mass, we adopt a Bayesian framework that
explicitly incorporates the observational selection bias de-
scribed in Sec.2.3. Specifically, the detectability maps de-
rived from our simulations define, for each level of obser-
vational noise, a visibility boundary in the Mpy—M, plane
below which broad Ha components are unlikely to be re-
covered. This implies that the observed sample of AGN is
effectively censored, and any inference of the underlying
scaling relation must correct for this truncation in the like-
lihood function.

We model the relation as a log-linear scaling with in-
trinsic scatter:

log Mgx = a + 3 log (M,), (7)

where the free parameters of the model are the normal-
ization «, the slope [, and the intrinsic scatter oing, .
The intrinsic dispersion is defined in the direction orthog-
onal to the best-fitting relation rather than vertically in
log M. We include observational uncertainties on both
coordinates, adopting a fixed error of 0.4 dex on log M,,
following Juodzbalis et al. (2025a), and a conservative un-
certainty of 0.4 dex on log Mgy, consistent with typical
errors associated with single-epoch virial mass estimates
(see, e.g., Trefoloni et al. 2025). For each observed galaxy,
the likelihood incorporates Gaussian measurement uncer-
tainties on both coordinates, treats the intrinsic scatter as
a free model parameter, and is truncated according to the
detectability boundary. The detectability map is interpo-
lated into a smooth function log Mgy = f(log M, ), which
provides the minimum detectable log My at a given stellar
mass. Since our detectability analysis yields two represen-
tative boundaries corresponding to different noise regimes,
we adopt a simplified scheme to account for the hetero-
geneous data quality of the compiled sample. For sources
lying below the more conservative (higher-noise) boundary,
the lower-noise limit is applied. For sources lying above it,
the truncation boundary is randomly assigned to one of the
two limits with equal probability. While an ideal treatment
would require computing an observation-specific detectabil-
ity threshold for each source, such a level of detail is not
feasible for the full set of current JWST observations. This
approach therefore provides a flexible and conservative ap-
proximation of the effective selection function across the
sample.
The log-likelihood for a single data point is then

N a2 .
Inl = Z { — %1n(27rgii) _ %UJ_,Z

2
i=1 L.

—In [1 - @(dL’C““ )] }
Ol + Osoft

where d; ; is the orthogonal distance of the i-th data
point from the relation, O'iﬂ' = sin’fo2 + 0052905 -
2p0,0y sinf cosf + o2, is the effective variance along the

(8)
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orthogonal direction (with 6§ = arctanf), and d, cus; is
the orthogonal distance to the detectability boundary. We
assume independent measurement uncertainties on log M,
and log My, such that the covariance term vanishes and
we set p = 0. Here, o501, = 0.3 acts as a softening factor that
prevents an abrupt cutoff at the detectability boundary. Its
value was empirically calibrated through our mock-recovery
tests (see Sec. 3.2), ensuring a faithful reproduction of the
input scaling relations. The last term normalizes the Gaus-
sian likelihood above the detectability threshold and en-
sures that the inference is not biased by truncation effects.

Posterior sampling is performed using the emcee
(Foreman-Mackey et al. 2013) MCMC sampler with 32
walkers and 20,000 steps per walker. The first 5,000 steps
are discarded as burn-in. We adopt a combination of hard
bounds and Gaussian priors on the model parameters.
Specifically, the parameters are restricted to the ranges
a € [-12,0], B8 € [-4,4], and oy € [0.2,2.0] dex. The
adopted prior centers are motivated by the normalization
and slope reported for local SMBH-galaxy scaling rela-
tions (e.g., Kormendy & Ho 2013; Reines & Volonteri 2015),
while the relatively large dispersions are chosen to ensure
weakly informative priors that do not dominate the infer-
ence. Within these ranges, we impose Gaussian priors on «,
B and oyy, namely' a ~ N (—4.0,2.0), oin ~ N(0.5,0.7),
and 3 ~ N(1.1,0.3).

We validate our implementation with two consistency
checks: first, by fitting mock data drawn from a known
Mgu—M, relation, where we show that our pipeline man-
ages to recover the input parameters within the 68% credi-
ble intervals; and second, by disabling the truncation term
in the likelihood, which reproduces the standard uncor-
rected fit. The resulting posterior distributions and best-fit
relation are presented in Sec.3.

3. Results

In this section, we present the results of our detectabil-
ity analysis and the inferred Mpy—M, relation at z 2 4.
We begin by examining how the observability of broad Ho
components varies across the parameter space of black hole
and galaxy properties. We then use these results to test
the biases on the Mpp—M, diagram introduced by NIR-
Spec observations. Finally, we incorporate the detectability
maps into a truncated-likelihood framework when fitting
the Mppg—M, relation. This approach allows us to obtain
constraints on the slope, normalization, and intrinsic scat-
ter of the scaling relation while properly accounting for se-
lection biases.

3.1. Detectability mapping

Fig. 2 shows the detectability map of broad Ha emis-
sion as a function of black hole mass and stellar mass.
Each cell of the grid represents the average detection rate
over 100 realizations with randomly sampled values of SFR
and Agqq within the ranges defined in Sec. 2. The color
scale encodes the detection probability (Pget), from 0%
(black) to 100% (yellow). The right panel corresponds to
the deeper configuration, adopting the lower noise level of
6 x 1072Lerg s71 ecm™2 A ~!, representative of the JADES

Y N(u, o) denotes a normal distribution with mean p and stan-
dard deviation o.

data. The left panel shows the more conservative setup, as-
suming the higher noise level of 2.4 x 1072° erg s~! cm™2
A ~1. The map reveals a gradual transition between de-
tectable and non-detectable regimes, rather than a sharp
threshold. In regions just above the detection boundary,
broad-line components are only recovered in a subset (~
30%) of realizations, typically those with higher Agqq or
lower host galaxy SFRs. This reflects the underlying de-
generacy in parameter space: the detectability of broad
Ha emission does not depend solely on BH mass or the
host galaxy properties, but on their combined effect. Since
each cell of the map represents the average over multi-
ple realizations with different parameters, broad compo-
nents are recovered only under favorable conditions. The
uneven distribution of these favorable configurations across
the Mpy—M, plane gives rise to the overall gradient in de-
tectability and sets the overall structure of the transition
between detectable and undetectable regions described be-
low.

At fixed stellar mass, detectability increases steeply with
black hole mass. In the low-mass regime (M, < 101° M),
even relatively small BHs (Mg ~ 10°~7 M) can be re-
liably detected, as the Ha emission associated with the
host galaxy is weaker and broad-line features stand out
more clearly. In contrast, at higher stellar masses (M, 2
10 Myg,), the detection threshold shifts upward: only the
most massive BHs (Mpy > 10® Mg) remain detectable,
while those with log(Mpn/Mg) < 7.5 become increasingly
difficult to recover due to the stronger and broader host-
galaxy component. This counterintuitive behavior arises be-
cause more massive galaxies have higher gas velocity dis-
persions, making the broad component of small BHs com-
parable to the narrow component associated with the host
galaxy, and thus difficult to disentangle the two components
in the line fitting.

The two panels of Fig. 2 also illustrate how the de-
tectability boundary, shown as solid yellow contours cor-
responding to fqet = 0.1, responds to different noise as-
sumptions. The right panel corresponds to the deeper case
(1 x RMS), while the left panel adopts a four times higher
noise level (4 x RMS), representative of a shallower obser-
vational setup. As the noise decreases, the boundary shifts
toward lower Mpy and M,, expanding the region where
broad-line components can be reliably detected. This high-
lights the strong dependence of broad-line detectability on
observational depth. At the high-mass end (log Mpu /Mg 2,
8.5), the detectability remains close to (100%) across the
full stellar-mass range, indicating that massive black holes
are consistently recovered regardless of host properties.

3.2. Testing the recovery of local scaling relations

To identify observational biases in recovering the stel-
lar—black hole mass relation, we conducted a controlled ex-
periment using mock galaxy populations drawn from es-
tablished z = 0 scaling relations. Specifically, we adopted
a well-established local M,—Mpgy relation with its intrin-
sic dispersion and generated mock samples of galaxies by
randomly drawing objects from the corresponding underly-
ing distributions in the stellar mass range between M, =
108 Mg and M, = 10115 Mg, mimicking JADES obser-
vations. We performed this test twice, adopting the rela-
tions of Reines & Volonteri (2015) and Kormendy & Ho
(2013), respectively. For each relation, we assigned SMBH
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Fig. 2. Detectability of broad Ha emission across the M,—Mpu parameter space, for two different noise levels. Each pixel

represents the average detection rate across 100 realizations with randomly sampled SFR and Agqqa. The color scale ranges from
0% (black) to 100% (yellow). The right panel assumes the lowest noise level (1x the RMS of JADES source 73488), while the
left panel corresponds to the highest noise level (4x RMS). The gold continuous line indicates the detection threshold at each
sensitivity, showing how reduced noise broadens the observable regime. Colored dashed lines represent M,—Mpp relations derived

in previous works.

masses by sampling from a Gaussian distribution centered
on the corresponding relation, with intrinsic scatter consis-
tent with the literature values (0.24 dex for Reines & Volon-
teri, 0.3 dex for Kormendy & Ho), noting that these values
refer to the vertical scatter in log Mgy, whereas our model
defines the intrinsic dispersion orthogonally to the relation.
We do not treat the Greene et al. (2020) relation explicitly,
as it is consistent with Reines & Volonteri in normalization
and probes a similar region of the black hole-stellar mass
plane. We therefore expect our results to be qualitatively
similar.

We then applied the detectability cut derived from our
simulations (Fig. 2, yellow and white dashed lines), cor-
responding to the two noise levels considered. Since the
JADES sample contains sources lying below the contour re-
sulting from the higher noise, the most conservative thresh-
old alone would not capture the observed distribution. To
ensure a statistically meaningful comparison, we generated
a sufficiently large mock sample and iteratively increased
its size until 50 simulated measurements lay above the de-
tectability threshold?. We therefore combined both criteria,
adopting the (4x) line for objects above it and the (1x) line
for those below, so as to better reproduce the selection in
the real data. Each panel in Fig.3 shows the input rela-
tion (green or red), the full sample (gray points), the post-
cut detectable objects (blue), and the resulting fits using
a truncated likelihood method (green, as in Sec. 3.3). The
results clearly show that, independently of whether the un-
derlying population follows the Reines & Volonteri (2015)
relation (right panel) or the Kormendy & Ho (2013) re-

2 This number is chosen to be comparable to the size of the ob-
served sample (~40 objects) and slightly larger to reduce small-
number fluctuations in the MC realizations.
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lation (left panel), our methodology recovers the original
trend within the statistical uncertainties after applying the
detectability threshold (see Appendix~A for the full poste-
rior distributions). In both cases, the post-cut population
remains broadly consistent with the input relation, and the
fitting methods reproduce the correct normalization and
slope within the associated errors.

This experiment, therefore, validates our inference
framework: the controlled tests demonstrate that our
methodology can reliably recover the input relations within
the expected uncertainties. We are thus confident that the
approach can be robustly applied to the JADES sample to
probe the scaling relation at high redshift.

3.3. Inferring the Mpy-M, relation

Here, we present the inference of the Mpy—M, scaling
relation using the broad-line AGN sample compiled by
(Juodzbalis et al. 2025a) from the JADES spectroscopic
survey. We restrict the analysis to sources identified within
the uniform survey observations, excluding individually tar-
geted or follow-up pointings, in order to retain a homoge-
neous and statistically representative population and en-
able a consistent modeling of the selection function and line
detectability. The parent catalog already incorporates pre-
viously reported objects from other JWST programs (e.g.
Early Release Observations; Harikane et al. 2023), which
are treated consistently within the same framework. This
choice yields a more homogeneous and statistically repre-
sentative population, avoiding cherry-picked observations
and enabling a consistent modeling of the detectability of
broad Ha emission across the dataset. Fig.4 shows the dis-
tribution of sources in the Mgy-M, plane, overlaid with
several reference relations (Kormendy & Ho 2013; Reines
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Fig. 3. Recovery test of local scaling relations under our detectability model. Each panel shows a mock sample of ~50 galaxies
drawn from a known Mpu—M, relation with intrinsic scatter (gray points), together with the subset of objects lying above the
detectability threshold (blue points). The left panel adopts the Kormendy & Ho (2013) relation, while the right panel assumes
the lower-normalization relation of Reines & Volonteri (2015). In the latter case, the blue and green lines largely overlap and are
therefore nearly indistinguishable. The orange dashed curves indicate the detectability boundaries. Solid green and red lines show
the input relations, whereas the solid blue lines represent the best-fit relations obtained with our truncated-likelihood model. The
blue dotted lines show the best fit obtained without accounting for truncation, and the blue dashed lines indicate the mean result
over 50 realizations of our model. In both cases, our method successfully recovers the input relation within the uncertainties.

& Volonteri 2015; Pacucci et al. 2023). Each source is as-
sociated with one of the two detection thresholds derived
from the maps described in Sec.2. The two orange dotted
curves illustrate the dynamic detectability cut adopted in
our analysis, combining the thresholds corresponding to dif-
ferent noise levels as motivated in Sec.2.

The best-fitting relation obtained with the truncated-
likelihood model (Sec.2), shown as the solid blue line, lies
significantly above the low-normalization relation of Reines
& Volonteri (2015, green dashed), and is instead consistent
within the uncertainties with the local Kormendy & Ho
(2013, red dashed) relation. At the same time, it remains
slightly below the high-redshift trend proposed by Pacucci
et al. (2023, magenta dashed). Overall, this result indicates
that the inferred scaling relation is consistent with the local
normalization reported by Kormendy & Ho (2013), which
predicts relatively massive black holes, with no evidence
for a further increase at high redshift. Adopting instead the
lower-normalization relation of Reines & Volonteri (2015)
would imply a positive offset relative to the local reference.

To quantify the inferred relation, we adopt a linear pa-
rameterization of the form log Mgy = « + Blog M,, with
intrinsic scatter (oin) defined in the direction orthogonal
to the relation. The posterior distributions for these pa-
rameters, obtained from our MCMC analysis, are shown in
Fig.5. We find:
log My = —4.067029 + 1.1770 95 log M, (9)
with an intrinsic orthogonal scatter of oy, = 0.6370717.

The corner plot shows the joint and marginal posterior
distributions of the model parameters. The vertical dashed
lines mark the values corresponding to two widely used lo-
cal relations: Kormendy & Ho (2013, red) and Reines &
Volonteri (2015, green). The posterior median slope and
normalization («) are nearly identical to those of the Ko-
rmendy & Ho (2013) relation, indicating excellent agree-
ment with this local calibration. In contrast, the best-fit
slope is significantly steeper than that predicted by Reines
& Volonteri (2015), which implies a flatter trend and lower

normalization. The main difference with respect to local
measurements is instead observed in the intrinsic scatter
(0int), which is substantially larger than that inferred at
low redshift. This suggests that the evolution of the Mpy-
M, relation at z = 4 is not driven by a systematic shift
of the mean relation, but rather by an increase in its dis-
persion. The enhanced scatter points to a broader diversity
in the growth histories of SMBHs and their host galaxies,
consistent with a less settled phase of black hole galaxy
co-evolution in the early Universe.

The top-right panel shows the posterior distribution of
the black-hole-to—stellar mass ratio, R, /x = Mpn /M,. The
median value, log R,/, ~ —2.5, lies between the expec-
tations from local relations and high-redshift predictions,
with a 68% credible interval spanning [—2.8,—2.2]. This
relatively wide range reflects the large intrinsic scatter and
illustrates the diversity of BH-to-host mass ratios at early
cosmic times. The posterior distributions also show mini-
mal degeneracy between 5 and o, demonstrating that the
data constrain both the slope and the intrinsic dispersion.
The inclusion of detectability cuts in the likelihood ensures
that the recovered normalization is not artificially boosted
by selection effects, representing a key improvement over
previous analyses that neglected modeling detectability ef-
fects.

Overall, this analysis provides a statistically robust
characterization of the Mpy-M, relation at z 2 4, consis-
tent with local scaling laws in slope and normalization, but
with clear evidence for increased intrinsic scatter compared
to the nearby Universe.

4. Discussion

Motivated by the larger intrinsic dispersion we infer at
z ~ 6, we discuss the physical mechanisms that broaden
the Mpp—M, relation at early times. The variance of the
relation is expected to arise from three main contributions:
stochastic BH accretion and feedback, the hierarchical as-
sembly of galaxies through mergers, and any residual diver-
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Fig. 4. Black hole-host galaxy scaling relation for the Juodzbalis et al. (2025a) sample. The solid blue line indicates our best-
fitting Mu—M,. relation obtained with the truncated-likelihood method. The shaded blue region represents the intrinsic scatter
(oint) of the relation, not the uncertainty on the mean relation. For comparison, we show the local relations of Kormendy & Ho
(2013, red dashed) and Reines & Volonteri (2015, green dashed), as well as the high-redshift relation proposed by Pacucci et al.
(2023, magenta dashed). The two orange dashed curves mark the dynamic detectability thresholds adopted in our analysis (Sec. 2).
The red star marks the stacked measurement from Geris et al. (2025), obtained by combining ~ 600 JWST/NIRSpec spectra,
which probes individually undetected, low-luminosity AGN and provides a representative constraint on the low-mass end of the
relation. Overall, our inferred relation lies well above the low-normalization trend of Reines & Volonteri (2015), is consistent with
the Kormendy & Ho (2013) determination, and remains slightly below the Pacucci et al. (2023) prediction.

sity in the initial BH seed masses. At high redshift all three
mechanisms contribute positively to the variance, naturally
producing a larger intrinsic scatter even in the absence of

a systematic offset from the local relation reported by Ko-
rmendy & Ho (2013).

At early epochs the intrinsic dispersion of the Mgy—M,
relation is expected to be dominated by BH growth. Cos-
mological simulations show that stochastic accretion and
feedback provide the largest contribution to the variance of
Mpy at fixed stellar mass, dominating the intrinsic scat-
ter at z > 3 (Zhu & Springel 2025). At these epochs, cold
gas fractions are high and accretion proceeds in short, in-
termittent episodes characterized by large Eddington ratios
(AEdd = 0.5) and luminous duty cycles of only ~ 105~ yr
(Hopkins et al. 2005; Sijacki et al. 2015; Habouzit et al.
2022). Because gas inflow to the nuclear (< 100 pc) re-
gion is regulated by local cooling and dynamical instabili-
ties rather than by the global galaxy potential (Ciotti et al.
2010; Gaspari et al. 2013; Anglés-Alcazar et al. 2017), the
instantaneous BH growth rate can vary by orders of mag-
nitude on Myr timescales even among galaxies with similar
stellar masses. Consequently, BHs of similar stellar mass
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undergo markedly different recent growth histories, tem-
porarily appearing over-massive or under-massive relative
to the mean relation and thereby increasing the intrinsic
dispersion.

In contrast to accretion-driven variability, hierarchi-
cal merging acts primarily as a statistical averaging pro-
cess that progressively reduces the intrinsic dispersion of
the relation. In the absence of significant gas accretion,
repeated mergers simply add BH and stellar masses, so
that successive assembly events tend to wash out object-
to-object differences and drive the population toward the
mean value of the relation. Idealized merger-only models
show that the scatter decreases systematically with the cu-
mulative number of mergers (m), approximately following
Omrg (M) > oini(m + 1)~%/2 with a ~ 0.4-0.6 over a broad
range of merger histories, largely independent of the initial
distribution or mass ratios (Hirschmann et al. 2010). For
typical merger counts m < 50, this scaling implies a reduc-
tion of the intrinsic scatter by a factor of ~ 2, such that a
present-day dispersion of ~ 0.3 dex naturally corresponds
to ~ 0.5-0.6 dex at z ~ 3—6. At high redshift, where galaxies
have experienced only a limited number of assembly events,
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Fig. 5. Posterior distributions of the parameters describing the Mpu-M, relation. The panels show the marginalized one- and
two-dimensional posteriors for the normalization «, slope 3, and intrinsic orthogonal scatter oins, as obtained from the MCMC
analysis. Blue lines mark the posterior medians, while red and green dashed lines indicate the values corresponding to the local
relations of Kormendy & Ho (2013) and Reines & Volonteri (2015), respectively. Contours in the 2D panels enclose the 68% and
95% credible regions. The additional histogram in the top-right corner shows the posterior distribution of the black-hole-to—stellar
mass ratio, Re/. = Mpn/M,, with the shaded area marking the 68% credible interval. The comparison highlights that while the
inferred slope and normalization are consistent with local scaling relations, the intrinsic scatter is significantly larger, indicating
that the dominant evolution at z 2 4 lies in the dispersion of the relation rather than in its mean trend.

this population-wide averaging remains inefficient, and the
Mpy—M, relation therefore retains a comparatively large
intrinsic scatter.

A third contribution to the intrinsic dispersion is set
by the initial conditions of the BH population. If BHs are
seeded over a broad mass range (~ 102-10°, M; Madau
et al. 1998; Ferrara et al. 2014; Lupi et al. 2014), this di-
versity directly establishes a non-zero scatter in Mpy al-
ready at formation, independently of subsequent growth.
In this sense, the seed mass distribution acts as an initial
variance floor: even galaxies with identical stellar masses
may begin with systematically different BH masses sim-
ply because they originate from different seeds. Numerical
experiments show that this imprint can represent a non-
negligible fraction of the total scatter at early times, before
accretion-driven regulation and repeated assembly events
have had time to dominate the evolution (Zhu & Springel
2025; Bhowmick et al. 2025). As a result, during the first
< 1 Gyr of cosmic time, residual seed-to-seed differences
can still contribute appreciably to the observed dispersion,
while at later epochs their impact becomes progressively
subdominant. Measurements of the high-redshift intrinsic
scatter therefore offer a direct probe of the breadth of the
underlying seed mass function.

5. Comparison with previous works

Several recent studies have investigated the evolution of
the Mgp—DM, relation in the JWST era. In this section, we
compare our results with the most relevant works, focusing
in particular on how different treatments of observational
selection effects impact the inferred scaling relations. A key
aspect of our approach is the explicit forward modeling of

the Ha detectability, which enables a quantitative assess-
ment of how detection biases shape the observed distribu-
tion of broad-line AGN in the (log M,, log Mpy) plane.

A recent analysis of JWST-identified broad-line AGN
at 3 < z < 7 has investigated the Mpy—M, relation
within a Bayesian truncated-likelihood framework (Jones
et al. 2025), building on earlier methodological develop-
ments (Pacucci et al. 2023). This study is methodologi-
cally similar to ours in several respects, including the use
of single-epoch virial black hole mass estimates based on
the broad Ha line and an explicit attempt to account for
observational selection effects, making it a natural point of
comparison. A key difference, however, lies in the model-
ing of the selection function. In that analysis, the trunca-
tion of the likelihood is implemented through a fixed lower
threshold in black hole mass, motivated by the sensitivity of
JWST to broad Ha emission. In contrast, our analysis mod-
els the detectability of the broad Ha component explicitly
through forward modeling, resulting in a selection function
that varies continuously across the (log M, log Mpg) pa-
rameter space. Because the detectability of broad emission
lines depends on multiple physical properties, such as host
galaxy mass and accretion state, a fixed lower mass thresh-
old represents a simplified approximation that can bias the
inferred relation.

The two studies also adopt partially different samples.
While our primary analysis is based on an independent
dataset, we have carried out a direct comparison by in-
corporating the sources from (Jones et al. 2025) into our
compilation and removing duplicate objects. Applying our
forward-modeled selection function to this combined sam-
ple yields an inferred Mpy—M, relation that remains con-
sistent with our baseline results within the uncertainties
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Fig. 6. Comparison between different inferences of the
Mpu—M, relation obtained from the same dataset. Dark red
points show the sample of broad-line AGN analyzed in (Jones
et al. 2025), with representative uncertainties. The solid dark
red line indicates the best-fit relation reported in that work,
while the dashed black line shows the relation inferred using an
alternative truncated-likelihood approach (Pacucci et al. 2023).
The solid blue line and shaded region represent the median and
16th—84th percentile credible interval of the relation inferred in
this work by applying our forward-modeled selection function to
the same sample. The orange dashed curves indicate the effec-
tive detection boundaries adopted in our analysis. The shaded
region reflects the uncertainty on the mean relation and does
not include the intrinsic scatter.

(@ = —4.17+ 0.5, 8 = 1.15 £ 0.1, oy = 0.76 & 0.1). This
comparison is shown in Figure 6, which illustrates how dif-
ferent treatments of observational selection lead to differ-
ent inferred normalizations of the relation, even when ap-
plied to the same underlying data. Overall, this comparison
suggests that the apparent evidence for overmassive black
holes and strong evolution of the Mygy—M, relation at high
redshift is closely linked to the adopted selection model,
underscoring the importance of a detailed and physically
motivated treatment of line detectability.

A complementary perspective is provided by the
population-based forward-modeling study of Li et al.
(2025), which investigates the Mpy-M, relation at 4 < z <
7 by explicitly accounting for selection effects, measurement
uncertainties, and the underlying distributions of galaxy
mass and AGN accretion properties. Despite the substan-
tially different modeling strategy, their analysis similarly
finds that the observed population of apparently overmas-
sive black holes can be interpreted as the detectable upper
envelope of an underlying mass relation broadly consistent
with the local normalization, with a large population of
lower-mass black holes remaining undetected. Compared to
Li et al. (2025), our study is based on a larger and more ho-
mogeneous spectroscopic sample from JADES and directly
models the detectability of broad Ha emission at the object
level. Encouragingly, the two approaches yield consistent
results within the uncertainties, both favoring an intrinsic
Mpy-M, relation at high redshift that is broadly consistent
with that observed in the local Universe. In particular, Li
et al. (2025) infer a vertical intrinsic scatter of 0.977552 dex
in log Mpy at fixed M, in the low-mass regime, remarkably
similar to the vertical scatter implied by our orthogonal
intrinsic dispersion, oy = 0Oingy/1 + 2 =~ 0.96 dex. This
quantitative agreement reinforces the interpretation that
the observed Mpy-M, population at high redshift can be
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explained by a relation with substantial intrinsic scatter
combined with selection effects, rather than by a system-
atic evolution of the mean relation.

A further complementary comparison comes from the
population-based analysis of Silverman et al. (2025), which
focuses on constraining the intrinsic scatter of the Mpy—
M, relation at high redshift. In that work, the joint ef-
fects of the stellar mass function, Eddington ratio distribu-
tion, AGN duty cycle, and observational selection are mod-
eled to reproduce the observed properties of high-redshift
quasars. Their results show that models with a normaliza-
tion broadly consistent with the local Mpy—M, relation
and a large intrinsic scatter can naturally reproduce the
observed quasar population, without requiring a systemat-
ically elevated black hole mass normalization. While Sil-
verman et al. (2025) focus on a smaller sample of lumi-
nous, massive quasars at z > 6, our analysis is based on a
larger and more heterogeneous spectroscopic sample from
JADES that primarily probes lower-mass black holes and
host galaxies. The two datasets therefore probe complemen-
tary regimes in BH and stellar mass. Despite differences in
sample selection and modeling strategy, both analyses reach
consistent conclusions: the apparently overmassive SMBHs
relative to their host galaxies can be explained as the result
of selection effects acting on an underlying mass relation
broadly consistent with the local normalization, provided
that the intrinsic scatter is large (see also Roberts et al.
2026).

6. Conclusions

We have presented a statistically rigorous determination of
the Mpp—M, relation at z 2 4, based on a sample of broad-
line AGN from the JADES survey and a selection-aware
modeling framework. By combining detectability maps with
a truncated-likelihood MCMC fit, we explicitly account for
the non-uniform probability of detecting broad Ha emis-
sion. This approach allows us to mitigate selection effects
that can bias black hole mass estimates at fixed host stel-
lar mass, leading to a more reliable characterization of the
underlying relation.

Our main result is that the inferred slope and normaliza-
tion of the relation are consistent with the local determina-
tion of Kormendy & Ho (2013), and significantly above the
lower-normalization relation of Reines & Volonteri (2015).
The best-fit relation lies below the high-redshift trend pro-
posed by Pacucci et al. (2023). Crucially, however, we find
clear evidence for a much larger intrinsic scatter than in lo-
cal studies, in agreement with recent works (Li et al. 2025;
Silverman et al. 2025). This suggests that the dominant
form of evolution in the Mpy-M, connection at early cos-
mic times is not a systematic shift of the mean relation, but
rather an increase in dispersion. A higher scatter naturally
points to a greater diversity in SMBH and galaxy growth
pathways in the young Universe, where co-evolutionary pro-
cesses are expected to be more stochastic and less tightly
coupled than at low redshift.

Methodologically, our analysis demonstrates the im-
portance of explicitly incorporating detectability effects
into scaling-relation studies. By combining mock complete-
ness maps with a truncated-likelihood framework, we show
that it is possible to recover unbiased constraints even
from small, heterogeneous samples. This approach can be
straightforwardly extended to future deep spectroscopic



F. Ziparo et al.: A Selection Aware View of Black Hole-Galaxy Coevolution at High Redshift

surveys, and will be essential for deriving robust constraints
on SMBH—galaxy scaling laws in the high-redshift regime.

Finally, we note that our results are based on a rela-
tively small sample, and uncertainties remain significant.
Larger samples of broad-line AGN at z > 4, combined with
improved stellar mass estimates and complementary rest-
UV diagnostics, will be required to confirm the increased
scatter and to map its evolution with redshift. Upcoming
JWST programs, together with future facilities such as Fu-
clid, the Roman Space Telescope, will provide the necessary
data to refine these constraints.

In summary, our findings suggest that the Mpy-M, rela-
tion was already in place by z ~ 4 — 6 at a level consistent
with the local Kormendy & Ho (2013) relation, but with
substantially larger intrinsic scatter.
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Fig. A.1l. Posterior distributions of the parameters from the
mock recovery test based on the Kormendy & Ho (2013) rela-
tion. Panels show the marginalized one- and two-dimensional
posteriors for «, B, and o. Blue lines mark the posterior me-
dians, while red dashed lines indicate the input values of the
Kormendy & Ho (2013) relation. Contours in the 2D panels en-
close the 68% and 95% credible regions. The input parameters
are accurately recovered, confirming the reliability of the fitting
procedure.

Appendix A: Posterior distributions from the
recovery tests

In Sect.~3.2 we presented the controlled experiments in
which mock samples were generated from the Reines &
Volonteri (2015) and Kormendy & Ho (2013) relations
and subjected to the same detectability cuts adopted for
the JADES data. The main text demonstrated that the
truncated-likelihood fitting approach is able to recover the
input relations within the quoted uncertainties. Here we
complement those results by presenting the full posterior
distributions of the model parameters, displayed in Fig. A.1
and Fig. A.2.

For the Kormendy & Ho (2013) case (input o = —4.05,
B = 1.16, oiny = 0.20), the recovered posteriors are fully
consistent with the true values. The slope § is very well re-
produced, while the normalization o shows broader uncer-
tainties, as expected for samples of ~ 50 objects spanning
a limited mass range. Importantly, o, is accurately recov-
ered, with only a minor systematic overestimate of ~ 40.1
dex, which is insufficient to explain the substantially larger
scatter measured in the data. A similar result is obtained
for the Reines & Volonteri (2015) case (input @ = —4.1,
B = 1.05, oint = 0.16). Again, the slope is well constrained
around the input value, the normalization is consistent but
with large error bars, and the scatter oy is retrieved es-
sentially without bias.

These tests highlight two key points: first, the method-
ology does not introduce systematic shifts in either slope or
normalization, although the latter remains the most weakly
constrained parameter. Second, and most crucially for our
science case, the scatter oy, is robustly recovered even after
applying stringent detectability cuts. This result underpins
our main finding that the intrinsic scatter of the Mpy—M,
relation at z 2 4 is more than a factor of two larger than
in the local Kormendy & Ho (2013) relation. The increase
in scatter therefore reflects genuine astrophysical diversity
rather than an artifact of the inference framework.
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Fig. A.2. Posterior distributions of the parameters from the
mock recovery test based on the Reines & Volonteri (2015)
relation. The panels show the marginalized one- and two-
dimensional posteriors for the normalization «, slope 3, and
intrinsic scatter oint obtained from the MCMC analysis. Blue
lines mark the posterior medians, while green dashed lines indi-
cate the input values of the Reines & Volonteri (2015) relation
used to generate the mock sample. Contours in the 2D panels
enclose the 68% and 95% credible regions. The recovered poste-
rior distributions match the input relation within the statistical
uncertainties.
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