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ABSTRACT

The tight correlation between supermassive black hole mass and host galaxy stellar mass (the BH-M*
relation) is a cornerstone of galaxy evolution, suggesting a fundamental co-evolutionary process. How-
ever, the physical mechanisms driving this relation and its potential diversity across different galaxy
populations and cosmic epochs remain debated, making it crucial to understand its dependence on
underlying physical processes for interpreting observations and refining theoretical models. Cosmo-
logical hydrodynamical simulations, while essential for studying galaxy and black hole co-evolution,
are computationally expensive, and the simulated BH-M* relation is highly sensitive to various input
physics, particularly feedback processes and cosmological parameters. Systematically exploring this
complex parameter space to isolate the impact of individual or combined parameters on the relation’s
properties (slope, normalization, scatter) is therefore challenging due to the sheer number of required
simulations. We address this challenge by leveraging an unprecedented dataset of cosmological hy-
drodynamical simulations that systematically vary key cosmological and feedback parameters. We
quantify the slope, normalization, and scatter of the simulated BH-M* relation across this extensive
parameter space, and by analyzing the resulting variations, we reveal the primary physical drivers
responsible for the observed diversity and identify secondary dependencies, thereby providing crucial
insights into the interplay between large-scale structure formation, baryonic physics, and black hole
growth.
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1. INTRODUCTION

The observed tight correlation between the mass of
supermassive black holes (SMBHs) residing at the cen-
ters of galaxies and the properties of their host galaxies,
such as stellar mass (Mgar) or velocity dispersion (o),
stands as a cornerstone of modern astrophysics (e.g.,
?7?77?). These scaling relations, particularly the black
hole-stellar mass relation (hereafter the BH-Mg,, rela-
tion), suggest a fundamental link and co-evolutionary
process between the growth of SMBHs and the forma-
tion and evolution of their host galaxies. Understanding
the origin and maintenance of these relations is crucial
for a complete picture of cosmic structure formation.

The existence of such tight correlations across a wide
range of galaxy masses and types implies that feedback
processes, driven by energy and momentum released
from accreting SMBHs (Active Galactic Nuclei, AGN)
and stellar processes (supernovae, stellar winds), play a
pivotal role in regulating both black hole growth and
star formation within galaxies. These feedback mecha-
nisms are thought to be essential for explaining observed
galaxy properties, such as the quenching of star forma-
tion in massive galaxies and the regulation of black hole
accretion itself.

The BH-M,., relation thus serves as a critical obser-
vational constraint for theoretical models of galaxy evo-
lution (Reines & Volonteri 2015; Zhu et al. 2020). Re-
producing the observed slope, normalization, and scatter
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of this relation is a key test for any successful model of
galaxy and black hole co-evolution.

While the average BH-Mg,, relation is well-
established observationally, there is significant scatter
around the mean relation, and evidence suggests po-
tential secondary dependencies on other galaxy proper-
ties like morphology, star formation rate (SFR), envi-
ronment, and redshift (Ding et al. 2019; Zhang et al.
2023; Pacucci & Loeb 2024). This observed diversity
hints that the relation is not purely universal but can
be modulated by the specific physical conditions and
evolutionary paths of individual galaxies.

Quantifying this diversity and identifying its physical
drivers is essential for moving beyond a simple aver-
age relation and understanding the complex interplay
of processes that shape galaxy and black hole growth.

Disentangling the effects that contribute to the scatter
and secondary dependencies requires theoretical tools
capable of following the coupled evolution of gas, stars,
dark matter, and black holes within a cosmological con-
text (Mayer et al. 2023; Valentini & Dolag 2025).

Cosmological hydrodynamical simulations have be-
come indispensable tools for studying the co-evolution
of galaxies and their central black holes from early cos-
mic times to the present day (Ni et al. 2024; Valentini
& Dolag 2025).

These simulations attempt to model the complex in-
terplay of gravity, hydrodynamics, radiative cooling,
star formation, stellar feedback, and black hole growth
and feedback within a ACDM universe (Valentini &
Dolag 2025).

By tracking the formation and evolution of galaxies
within their cosmological environment, these simula-
tions can naturally produce scaling relations between
black holes and their hosts, offering a theoretical frame-
work to interpret observations (Mayer et al. 2023; Ni
et al. 2024).

However, the results of these simulations, particularly
the properties of the simulated BH-Mg;,, relation, are
known to be highly sensitive to the specific implementa-
tions and parameterizations of sub-grid physics models,
most notably those describing stellar and AGN feedback
processes (Ding et al. 2019; Pacucci & Loeb 2024; Sturm
& Reines 2024).

Different feedback models, or even different parameter
choices within the same model, can lead to significant
variations in the slope, normalization, and scatter of the
simulated relation.

This sensitivity arises because feedback processes di-
rectly impact the supply of gas for star formation and
black hole accretion, as well as the expulsion of gas from

galaxies, thereby regulating the growth of both compo-
nents.

The precise way feedback energy and momentum are
coupled to the surrounding gas is often represented by
efficiency parameters in simulation models.

Furthermore, the BH-Mg;,, relation can also be in-
fluenced by cosmological parameters, such as the mat-
ter density (Qu,) and the amplitude of initial density
fluctuations (og). These parameters set the large-scale
structure of the universe and the growth history of dark
matter halos, which in turn dictate the environment and
merger history of galaxies (Sicilia et al. 2021).

Variations in cosmological parameters can affect the
rate at which galaxies assemble mass and accrete gas,
indirectly influencing both stellar and black hole growth
(Sicilia et al. 2021; Pacucci & Loeb 2024).

Therefore, the simulated BH-Mgq,, relation is a com-
plex outcome of the interplay between large-scale cosmic
structure formation and small-scale baryonic physics,
both of which are governed by the input parameters of
the simulation (Sicilia et al. 2021).

Systematically exploring the vast parameter space de-
fined by these feedback and cosmological parameters to
isolate their individual and combined impacts on the
BH- Mgy, relation is computationally prohibitive using
traditional methods (Maity et al. 2023).

These methods typically involve running a small num-
ber of simulations with fixed, distinct parameter sets,
making it difficult to map the continuous dependence of
galaxy properties on underlying physics (Vernardos &
Fluke 2013).

Comparing results from different simulation projects
(e.g., EAGLE, TllustrisTNG) is valuable but compli-
cated by differences in numerical techniques and the full
suite of sub-grid models employed.

A dedicated, systematic exploration within a single
simulation framework is required to rigorously quantify
parameter dependencies (Ciotti et al. 2022).

This work addresses this challenge by leveraging an
unprecedented dataset of cosmological hydrodynami-
cal simulations specifically designed to explore a wide
range of cosmological and feedback parameter varia-
tions within a consistent framework (Schaye et al. 2023;
Horowitz & Lukic 2025).

This dataset, generated through a systematic param-
eter study (Horowitz & Lukic 2025), provides a unique
opportunity to move beyond comparing a few distinct
simulation models and instead quantify the continuous
dependence of galaxy and black hole properties on un-
derlying physical parameters.

The extensive coverage of the parameter space al-
lows for a detailed investigation into how variations in



key feedback efficiencies (e.g., for supernovae and AGN)
(Valentini & Dolag 2025) and cosmological parameters
(Qm, 08) (Horowitz & Lukic 2025) collectively shape the
resulting BH- Mg, relation.

By analyzing this rich dataset, we can overcome the
limitations of traditional simulation comparisons and
perform a comprehensive mapping of the relation’s prop-
erties across the explored parameter space.

Our approach involves systematically analyzing the
BH- M., relation within each individual simulation run
(referred to as a “catalog” in our dataset).

For each catalog, we quantify the properties of the re-
lation, specifically its slope, normalization, and intrin-
sic scatter, using robust statistical methods (Sturm &
Reines 2024).

We focus on galaxies with detected black holes
(Mpy > 0), carefully considering the treatment of galax-
ies with zero black hole mass to avoid biasing our regres-
sion results, while also quantifying the black hole occu-
pation fraction as a complementary diagnostic (Zhang
et al. 2023; Sturm & Reines 2024).

To account for potential mass-dependent physics,
where different feedback mechanisms might dominate in
different mass regimes, we perform our analysis within
distinct stellar mass bins (Zhang et al. 2023).

This per-catalog analysis provides a set of quantitative
descriptors for the BH-Mg,, relation for each unique
combination of cosmological and feedback parameters
in our dataset (Ding et al. 2019).

Building upon the per-catalog analysis, we then treat
the measured properties of the BH- My, relation (slope,
normalization, scatter) as dependent variables that are
functions of the input cosmological and feedback param-
eters (Weller et al. 2023; Pacucci & Loeb 2024).

We employ multivariate statistical techniques, such as
regression analysis, to quantify the sensitivity of these
relation properties to variations in each parameter (Si-
cilia et al. 2021, 2022).

This allows us to build a quantitative model that de-
scribes how the BH-Mg,, relation changes as we vary
the underlying physics parameters (Weller et al. 2023;
Pacucci & Loeb 2024).

By analyzing the coeflicients or feature importance
metrics from these models, we can identify which pa-
rameters exert the strongest influence on the slope, nor-
malization, and scatter of the relation, and potentially
uncover interactions between parameters (Sicilia et al.
2021, 2022).

Through this systematic mapping, we aim to reveal
the primary physical drivers responsible for the diversity
observed in the simulated BH-M;,, relation across our
parameter space (Jahnke & Maccio 2011).
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We will quantify the relative importance of different
feedback channels (e.g., thermal vs. kinetic AGN feed-
back, different supernova feedback implementations)
and cosmological parameters in shaping the relation’s
characteristics (Pacucci & Loeb 2024,7).

Our analysis will provide crucial insights into how the
efficiency and implementation of baryonic feedback pro-
cesses, coupled with the large-scale cosmological envi-
ronment, conspire to establish and maintain the ob-
served scaling relations between black holes and galaxies
(Jahnke & Maccio 2011).

We will also investigate potential secondary depen-
dencies, such as the influence of star formation rate
on the relation, within the context of varying feedback
physics and across different mass regimes (Pacucci &
Loeb 2024,7; Chen et al. 2025).

The results of this study will provide a quantitative
link between the input physics of cosmological simula-
tions and a key observable property of galaxies (Pacucci
& Loeb 2024).

By identifying which parameters most strongly in-
fluence the BH-Mg;,, relation, our findings can guide
the development and calibration of future simulation
models, helping to refine the sub-grid physics prescrip-
tions necessary to reproduce observed galaxy popula-
tions (Zhang et al. 2023; Sturm & Reines 2024).

Furthermore, understanding the parameter depen-
dence of the simulated relation’s scatter and secondary
dependencies can aid in interpreting the diversity ob-
served in real galaxy populations and potentially con-
strain the underlying physical processes at play (Zhang
et al. 2023; Sturm & Reines 2024).

This work represents a significant step towards build-
ing a predictive theoretical framework for galaxy and
black hole co-evolution (Pacucci & Loeb 2024).

Looking ahead, the methodology developed here can
be extended to explore the parameter dependence of
other fundamental galaxy scaling relations, such as the
stellar mass-halo mass relation or the mass-metallicity
relation, within the same dataset (Giodini et al. 2013;
D’Onofrio et al. 2021).

Future work could also involve applying more so-
phisticated statistical or machine learning techniques to
model the complex, potentially non-linear dependencies
of galaxy properties on simulation parameters (Bahar
et al. 2022).

Exploring the redshift evolution of the parameter de-
pendencies would also provide valuable insights into how
the dominant physical processes shaping the BH- M.,
relation change over cosmic time, offering a more com-
plete picture of co-evolution across cosmic history (Gio-
dini et al. 2013; Bahar et al. 2022).



2. METHODS

The primary objective of this work is to systematically
quantify how the properties of the black hole-stellar
mass (Mpg—Mjgtay) relation in simulated galaxies vary
across a multi-dimensional parameter space encompass-
ing key cosmological and baryonic feedback parameters.
To achieve this, we leverage a unique dataset of cosmo-
logical hydrodynamical simulations and employ a multi-
step analysis methodology detailed below.

2.1. Simulation Data and Parameter Space

Our analysis is based on a suite of cosmological
hydrodynamical simulations, each representing a dis-
tinct point in a predefined parameter space (Schaye
et al. 2023). This suite includes variations in six key
parameters: two cosmological parameters, the mat-
ter density €2, and the amplitude of matter fluctua-
tions og, and four parameters governing baryonic feed-
back processes, specifically two parameters for stel-
lar feedback (Agni, Asnz2) and two for AGN feedback
(AaceN1, Aacn2) (Schaye et al. 2023; Wright et al.
2024). Each simulation run, referred to as a ’cata-
log’, provides a snapshot of the galaxy population at
a specific redshift (implicitly assumed to be a fixed
redshift for this analysis, likely z = 0 based on typ-
ical simulation outputs for scaling relations). The
dataset comprises galaxy-level properties, including stel-
lar mass (Mgtar), black hole mass (Mpy), and star for-
mation rate (SFR), for a large sample of galaxies across
all simulation catalogs (Schaye et al. 2023; Horowitz
& Lukic 2025). The total dataset is stored in two
main files: ‘galaxies full optimal.parquet‘ containing
galaxy properties and associated catalog parameters,
and ‘catalog params_ optimal.parquet’ listing the pa-
rameters for each catalog.

2.2. Data Preparation and Integration

The initial step involves loading and
preparing  the  simulation data  for  analy-
sis. We load the galaxy-level data from
‘galaxies_full optimal.parquet’ and the catalog-level
parameters from ‘catalog params_optimal.parquet’
(McGibbon & Khochfar 2023; Jung et al. 2024). To
manage the potentially large size of the galaxy cata-
log, we employ efficient data loading techniques, such
as chunked reading, to minimize memory footprint.
While the galaxy DataFrame is structured to already
include the parent catalog’s parameters, we perform
cross-checks to ensure data integrity and consistent as-
sociation of each galaxy with its specific simulation
parameters (Q,, os, Asni, Asn2, Aacni, Aacn?)
(McGibbon & Khochfar 2023; Jung et al. 2024). For

the subsequent analysis, we select only the essential
galaxy properties (Mstar, Mpn, SFR) and the six simu-
lation parameters, along with a unique catalog identifier
(‘catalog_number‘) (McGibbon & Khochfar 2023).

2.3. Treatment of Galaxies with Zero Black Hole Mass

A common characteristic of galaxy formation simula-
tions is the presence of galaxies with zero assigned black
hole mass (Mpy = 0). This can represent galaxies that
have not yet seeded a black hole, or cases where the
black hole mass is below the simulation’s resolution or
seeding threshold (Bhowmick et al. 2023; Ni et al. 2024;
Despali et al. 2025). Including these galaxies directly in
a log-space regression of the Mpy—Mgia, relation would
introduce a strong bias towards lower Mpy values, par-
ticularly at low stellar masses (Habouzit et al. 2021).

Therefore, our primary analysis focuses on the scaling
relation among galaxies with detected black holes (Ni
et al. 2024).

2.3.1. Ezxclusion from Regression

For the core analysis of the Mpy—Mgia relation’s
slope, normalization, and scatter, we exclude all galax-
ies with Mg = 0 (Reines & Volonteri 2015; Li et al.
2023). This approach is justified by the focus on char-
acterizing the relation where a black hole is present and
resolved, and by the large sample sizes available in each
stellar mass bin for galaxies with Mgy > 0 (Reines &
Volonteri 2015).

2.3.2. Black Hole Occupation Fraction

To provide context for the exclusion and to under-
stand the prevalence of black holes across the parame-
ter space, we perform a secondary analysis quantifying
the black hole occupation fraction. This is defined as
the fraction of galaxies in a given bin (e.g., stellar mass
bin, within a specific catalog) that have Mgy > 0 (Gallo
et al. 2023; Tremmel et al. 2024). We analyze how this
fraction varies with stellar mass and the simulation pa-
rameters (Tremmel et al. 2024; Burke et al. 2025).

2.3.3. Robustness Check (Optional)

As an optional robustness check, we may explore
the use of censored regression techniques (e.g., a To-
bit model) on a subset of catalogs (Martin & Mortlock
2024; Jing & Li 2024). This method can account for the
lower limit imposed by non-detections (Mpy = 0) and
provide an estimate of the relation parameters that in-
corporates these galaxies (Martin & Mortlock 2024; Jing
& Li 2024). However, given the computational cost and
the primary focus on the resolved relation, this is con-
sidered a supplementary analysis.



2.4. Galaxy Sample Stratification

To investigate potential mass-dependent variations in
the Mpup—Mg, relation and its dependence on simu-
lation parameters, we stratify the galaxy sample based
on stellar mass. Based on preliminary exploratory data
analysis (EDA) and physical considerations (e.g., tran-
sition from SN-dominated to AGN-dominated feedback
regimes) (Zhang et al. 2023; Sturm & Reines 2024;
Pacucci & Loeb 2024), we define three stellar mass bins:

o Low Mass: Myar < 10° Mg
« Intermediate Mass: 10° < M., < 1010 Mg
o High Mass: M, > 1010 M,

These bins are chosen to be well-populated across the
simulation suite and to potentially isolate different phys-
ical processes.

Additionally, we may perform further stratification by
star formation rate (SFR) to explore secondary depen-
dencies on galaxy activity. This could involve dividing
galaxies within each mass bin into quiescent and star-
forming populations based on a threshold in specific SFR,
(Vilella-Rojo et al. 2021; Murrell & Baldry 2025).

2.5. Per-Catalog Regression Analysis

The core of our analysis involves characterizing the
Mpu—Mjia, relation for each individual simulation cat-
alog (Ding et al. 2019; Zhang et al. 2023; Pacucci & Loeb
2024). For each catalog and within each defined stellar
mass bin, we perform the following steps:

1. Select galaxies belonging to the current catalog
and mass bin.

2. Filter this selection to include only galaxies with
Mgy > 0.

3. Fit a linear model in log-space using Ordinary
Least Squares (OLS) regression:

iMBH iwstar
log <> = a+ Plog ( )
O\ Mg 0\ M,

Here, [ represents the slope of the relation and
a represents the normalization (the intercept at
log;y Mgtar = 0, or more physically, log;, Mpu at
Mstar = 1 Mg) (Reines & Volonteri 2015; Chen
et al. 2025).

4. Record the best-fit values for the slope (8) and
normalization («).

5. Compute the intrinsic scatter of the relation
within this bin. This is quantified as the standard
deviation of the residuals (log;y MBH observed —
log1o MBH predicted) from the OLS fit.
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6. We flag results from bins with a small number of
galaxies (N < 20) as potentially unreliable due to
insufficient statistics.

This process yields a set of (8, a, scatter) values for each
catalog and each stellar mass bin, representing the char-
acteristics of the Mpg—Mgyar relation under that specific
set of simulation parameters (Zhu et al. 2020; Zhang
et al. 2023; Sturm & Reines 2024).

2.6. Mapping Relation Parameters Across Parameter
Space

Having characterized the Mpy—Mgar relation for each
catalog, we then analyze how the derived parameters (3,
«, scatter) depend on the six varied simulation param-
eters (Qm, ags, ASNI, ASNQ, AAGNI, AAGNQ) (Winkcl
et al. 2024; Chen et al. 2025).

2.6.1. Parameter Dependence Analysis

For each relation parameter (slope, normalization,
scatter) and each stellar mass bin, we treat the parame-
ter value as a dependent variable and the six simulation
parameters as independent variables. We employ multi-
variate analysis techniques to quantify these dependen-
cies (Recio-Blanco et al. 2005; Accurso et al. 2017).

e Multiple Linear Regression: We fit linear
models of the form P = ¢y + Z?:l ¢; X;, where P
is the relation parameter (5, «, or scatter), and X;
are the six simulation parameters. The coeflicients
¢; indicate the linear effect of each parameter on
the relation property. Standardized coefficients
can be used to compare the relative importance
of different parameters.

e Random Forest Regression: This non-linear
regression technique can capture more complex in-
teractions and non-linear dependencies. It also
provides a robust measure of feature importance,
indicating which simulation parameters are most
influential in determining the variation in the re-
lation properties.

e Partial Correlation Analysis: We compute the
partial correlation coefficient between each simu-
lation parameter and each relation property, con-
trolling for the effects of the other five simulation
parameters. This helps isolate the unique contri-
bution of each parameter.

2.6.2. Visualization

We visualize the dependencies using various plotting
techniques, including scatter plots showing the relation
parameter vs. individual simulation parameters (Kent
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2017; Lan et al. 2021), heatmaps illustrating correla-
tions (Kent 2017; Lan et al. 2021), and partial depen-
dence plots from the Random Forest analysis to show
the marginal effect of each parameter while averaging
over others (Lan et al. 2021).

2.7. Secondary Analyses

In addition to the core analysis of the Mgy—Mg;ar rela-
tion parameters, we conduct secondary analyses to pro-
vide a more complete picture (Pacucci & Loeb 2024;
Juodzbalis et al. 2024).

2.7.1. Black Hole Occupation Fraction

As mentioned in Section 2.3.2, we quantify the black
hole occupation fraction (foc) for each catalog and stel-
lar mass bin (Gallo et al. 2023; Tremmel et al. 2024).
We then analyze how fo.. depends on the simulation
parameters, particularly the feedback parameters, using
similar multivariate techniques as for the relation pa-
rameters (Tremmel et al. 2024). This helps understand
how the seeding and initial growth of black holes are
affected by the varied physics (Tremmel et al. 2024).

2.7.2. SFR Dependence

Within each stellar mass bin, we investigate whether
there is a residual dependence of the Mpy—Mgqa, relation
on galaxy SFR, after accounting for stellar mass. This
can be done by examining the residuals of the Mpy—
Mt fit as a function of SFR, or by including SFR as
an additional predictor in a multivariate regression for
Mgy within each mass bin (Pacucci & Loeb 2024).

2.8. Computational Implementation

Given the large number of simulation catalogs and
galaxies, computational efficiency is crucial. The per-
catalog analysis (Section 2.5) is inherently parallelizable,
as each catalog can be processed independently. We
leverage this by distributing the analysis across multi-
ple CPU cores (e.g., 8 cores) using parallel processing li-
braries such as ‘multiprocessing’ or ‘joblib‘ (Singh et al.
2013; Martin et al. 2018). Catalogs are processed in
batches to balance memory usage and CPU load. Effi-
cient data access, including chunked reading and caching
of intermediate selections, is employed to avoid memory
bottlenecks (Mighell 2010).

We profile the runtime of the analysis for a single cat-
alog and scale the approach to ensure the full suite can
be processed within reasonable time constraints.

2.9. Summary Workflow

The overall analysis workflow can be summarized as
follows:

1. Load and prepare the galaxy and catalog data,
selecting relevant features.

2. For each simulation catalog:
3. For each stellar mass bin:

4. Select galaxies in the current catalog and mass bin
with Mgy > 0.

5. Fit the log o Mpu vs. log;q Mstar relation using
OLS regression.

6. Record the slope, normalization, and scatter of the
fit.

7. Compute the black hole occupation fraction for the
bin.

8. Aggregate the relation parameters and occupation
fractions for all catalogs and bins.

9. Analyze the dependence of the relation parame-
ters and occupation fraction on the six simulation
parameters using multivariate regression and cor-
relation techniques.

10. Visualize the results and interpret the influence
of cosmological and feedback parameters on the
Mpyu—Msta, relation and black hole occupation.

This systematic approach allows us to map the diversity
of the Mpy—Mjgiar relation across the explored param-
eter space and identify the key physical drivers of its
variations (Pacucci & Loeb 2024; Juodzbalis et al. 2024;
Chen et al. 2025).

3. RESULTS

This section presents the results of our systematic in-
vestigation into the diversity of the black hole—stellar
mass (Mpu—Mstar) relation across a wide range of cos-
mological and feedback parameter space. We analyze a
suite of 1,000 simulated galaxy catalogs, each represent-
ing a unique combination of cosmological parameters
(Qn, os) and feedback parameters (A_SN1, A SN2
A_AGNI1, A__AGN2). Our goal is to quantify how the
slope, normalization, and scatter of the Mpy—Mgiar re-
lation, as well as the black hole occupation fraction, de-
pend on these underlying physical parameters.

3.1. overview and methodological recap

For each simulated galaxy catalog, we fit the linear re-
lation log,o(Mpu/Mg) = a+ Slogo(Mstar/Me) within
three distinct stellar mass bins: low mass (Mgar <
10° Mg,), intermediate mass (10° < Mgy < 100 M),



and high mass (Mgtar > 1010 Mg). The fitting is per-
formed only on galaxies hosting a black hole (Mpy > 0).
We determine the best-fit slope (8), normalization (c,
evaluated at log;g Mstar = 0), and intrinsic scatter
(measured as the standard deviation of the residuals in
log,o Mpn). We also quantify the black hole occupation
fraction in each mass bin for each catalog.

To understand the dependence of these relation prop-
erties (slope, normalization, scatter, occupation frac-
tion) on the six input catalog parameters (,,, os,
A SNI1, A SN2, A AGN1, A AGN2), we employ
both multivariate linear regression and random forest
analysis. Linear regression provides standardized coef-
ficients indicating the direction and relative strength of
linear dependencies, while random forest analysis pro-
vides a non-parametric measure of feature importance,
capturing non-linear effects and interactions. Uncer-
tainties on the fitted parameters are estimated via boot-
strapping.

3.2. diversity of the Mgy —Mstar Telation across mass
bins
3.2.1. distributions of slope, normalization, and scatter

The Mpu—Mgiar relation exhibits significant diversity
across the 1,000 simulated catalogs, with the character-
istics of the relation varying substantially depending on
the stellar mass range considered.

Low Mass Bin (Msar < 10° Mg ):—In the low mass
regime, the distribution of fitted slopes is centered
around a mean of 0.20 with a standard deviation of 0.09,
spanning a range from —0.07 to 0.58. The normalization
« has a mean of 4.26, a large standard deviation of 0.72,
and ranges from 1.24 to 6.54. The intrinsic scatter in
log,o Mpgm is relatively low, with a mean of 0.11 dex and
a standard deviation of 0.05 dex. The black hole occu-
pation fraction in this bin shows considerable variation
across catalogs, with a mean of 0.72 and a standard de-
viation of 0.13.

Intermediate Mass Bin (109 < Myar < 101 Mg ):—For
intermediate mass galaxies, the slope distribution shifts
towards steeper values, with a mean of 1.06 and a stan-
dard deviation of 0.42, ranging from 0.02 to 1.84. The
normalization « shows even greater diversity than in
the low mass bin, with a mean of —3.53 and a very large
standard deviation of 3.80, spanning from —10.6 to 6.05.
The distribution of « for this mass bin is illustrated in
Figure 1, highlighting the wide range of values obtained
across the parameter space. The intrinsic scatter in-
creases significantly compared to the low mass bin, with
a mean of 0.30 dex and a standard deviation of 0.06 dex.
Figure 2 shows the distribution of scatter values in this
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Distribution of Normalization («) for intermediate mass bin
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Figure 1. Histogram showing the distribution of the nor-
malization parameter « for the intermediate mass bin. The
distribution spans a wide range of values for «, indicating
large differences in this parameter for objects within this
mass range.

Distribution of Scatter for intermediate mass bin
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Figure 2. Histogram showing the distribution of Scatter
for the intermediate mass bin. The distribution is centered
around a value of approximately 0.32, with values ranging
from about 0.14 to 0.46. The spread of the distribution in-
dicates that a range of scatter values are found within this
mass bin.

bin, centered around ~ 0.32 dex. The occupation frac-
tion is higher and less variable, with a mean of 0.85 and
a standard deviation of 0.08.

High Mass Bin (Msar > 10" Mg ):—In the high mass
bin, the mean slope is 1.22 with a standard deviation
of 0.30, ranging from 0.03 to 2.07. The normalization
« continues to exhibit large variations, with a mean of
—4.85 and a standard deviation of 3.39, ranging from
—14.2 to 7.64. The intrinsic scatter is highest in this
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bin, with a mean of 0.40 dex and a standard deviation
of 0.14 dex. The occupation fraction is close to unity
and shows minimal variation, with a mean of 0.96 and
a standard deviation of 0.03.

3.2.2. physical regimes

The observed trends in slope, normalization, scatter,
and occupation fraction across mass bins suggest dis-
tinct physical regimes governing black hole and galaxy
growth. The shallow mean slope (~0.2) and rela-
tively high normalization at low stellar masses indicate
a regime where black hole growth is likely inefficient,
stochastic, or decoupled from stellar mass assembly,
possibly dominated by initial seeding conditions and
strong supernova (SN) feedback. As stellar mass in-
creases, the slope approaches or exceeds unity, consis-
tent with the tightly coupled coevolution observed in
more massive galaxies. The increasing scatter with stel-
lar mass, coupled with the large diversity in normaliza-
tion and slope across catalogs, points to a strong sensi-
tivity to the specific feedback and cosmological parame-
ters in the intermediate and high mass regimes. The rise
in occupation fraction with mass reflects the increasing
likelihood of a galaxy hosting a black hole as its poten-
tial well deepens and its formation history becomes more
conducive to black hole seeding and retention.

3.3. dependence on feedback and cosmological
parameters

We now detail the influence of the six input param-
eters on the properties of the Mpyg—Mgia, relation and
the occupation fraction, as revealed by multivariate lin-
ear regression and random forest analysis.

3.3.1. slope (B)

Low Mass Bin:—In the low mass bin, the slope [ is pri-

marily influenced by SN feedback (A_SN1) and AGN
feedback (A_AGN1). Linear regression shows positive
standardized coefficients for both (40.05 for A SN1,
+0.04 for A__ AGN1), indicating that stronger feedback
of either type tends to steepen the relation at low
masses. Random forest analysis confirms their impor-
tance, with A_ SN1 having the highest feature impor-
tance (0.41), followed by A__ AGN1 (0.29). Cosmological
parameters have weaker effects. The partial dependence
of the slope on these parameters is shown in Figure 3,
illustrating how varying A_ SN1 and A_ AGN1 across
their range leads to larger changes in  compared to
other parameters.

Intermediate Mass Bin:—The intermediate mass slope
is strongly dominated by A__AGNI1, which has a large
positive standardized coefficient (+0.37) and the highest
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Figure 3. Partial dependence plot showing the variation
of the slope 8 as a function of the percentile of different
cosmological and astrophysical parameters. Each line rep-
resents the partial dependence for a specific parameter, as
indicated in the legend, including cosmological parameters
like QO and og, and astrophysical parameters like A_ SN1,
A_SN2, A__AGNI, and A__AGN2. The plot reveals that
some parameters, such as A_ SN1, Q,,, and A_ AGNI1, ex-
hibit a strong dependence on their value, leading to large
differences in the resulting slope 8 across their range. Other
parameters, like A_ SN2, A_ AGN2, and os, show a weaker
dependence, resulting in smaller differences in (.

random forest importance (0.88). This is clearly shown
in the standardized linear feature importance plot (Fig-
ure 4), where A__ AGN1 stands out as significantly more
important than other parameters. This suggests that
stronger AGN feedback, particularly the mode parame-
terized by A_ AGNI1, drives a steeper Mpg—Mg,r rela-
tion in this mass range. A_SN1 and cosmological pa-
rameters have significantly smaller effects.

High Mass Bin:—In contrast to the intermediate bin,
A__AGNI1 has a dominant negative standardized coeffi-
cient (—0.22) and the highest random forest importance
(0.69) for the slope in the high mass bin, as seen in Fig-
ure 5. The partial dependence plot in Figure 6 further
illustrates this strong dependence on A AGN1. This
sign flip indicates a transition in the role of AGN feed-
back: while it promotes steeper slopes (likely by driving
black hole growth relative to stellar growth) at inter-
mediate masses, it leads to shallower slopes (possibly
by suppressing black hole growth or enhancing stellar
growth relative to black hole growth) at high masses.
A__SN1 and cosmological parameters are less influential.

3.3.2. normalization (o)

Low Mass Bin:—The normalization « in the low mass
bin is strongly negatively correlated with both A_ SN1
(standardized coefficient —0.38) and A_ AGN1 (—0.32).
This is supported by the feature importance plots (Fig-
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Figure 4. Standardized linear feature importance for the
slope (8) in the intermediate case. The figure shows the
relative importance of different parameters (Omega_m, osg,
A_SNI1, A_SN2, A__ AGN1, A__AGN2) in determining the
slope. A large difference in importance is observed, with the
parameter A__AGN1 showing significantly higher importance
compared to all other parameters.
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Figure 5. Figure showing the Random Forest feature im-
portance for the high slope (8). The importance of vari-
ous cosmological (,,, os) and astrophysical (Asni, Asnz,
Aacni, Aacnz) parameters is displayed. Large differences
in importance are evident, with Aagn1 being the dominant
feature, while others exhibit significantly lower importance.

ure 7 and Figure 8), which show A__SN1 and A_ AGN1
as the most important parameters for « in this mass
range. This means that stronger feedback, both SN and
AGN, tends to lower the normalization, resulting in less
massive black holes at a fixed stellar mass of 1 Mg. Q,,
also shows a negative correlation.

Intermediate Mass Bin:—A_AGN1 is the dominant
driver of normalization diversity in the intermediate
mass bin, with a large negative standardized coefficient
(—3.32). TIts overwhelming importance is evident in
the random forest feature importance plot (Figure 9)
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Figure 6. Partial dependence of the slope 5 on the per-
centiles of different parameters. The lines show how the value
of B changes when a specific parameter is varied across its
10th, 50th, and 90th percentiles, while other parameters are
held at their median values. Large differences in the slope 8
are observed for some parameters, such as A_ AGN1, while
others show smaller variations.
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Figure 7. Random Forest feature importance for the nor-
malization parameter « in the low regime. The bar chart
shows the relative importance of different cosmological and
astrophysical parameters (Omega_m, sigma_8, A_SNI,
A_SN2, A _AGNI1, A_AGN2) as determined by a Ran-
dom Forest model. Large differences in importance are seen,
with parameters A_ SN1 and A_ AGN1 showing significantly
higher importance compared to others like sigma_ 8, A_ SN2,
and A__AGN2.

and the partial dependence plot (Figure 10). Stronger
A__AGNI1 leads to significantly lower normalizations. og
and €, also contribute, with higher values generally
lowering a.

High Mass Bin:—Similar to the slope, the effect of
A__AGN1 on normalization flips sign in the high mass
bin, showing a large positive standardized coeflicient
(42.52). Tts dominance is again highlighted in the ran-
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Figure 8. Standardized linear feature importance for nor-
malization () in the low-« regime. Significant differences in
importance are evident across the parameters, with A_ SN1
and A__AGN1 being the most important, Omega_m and
sigma_ 8 moderately important, and A__ SN2 and A_ AGN2
having negligible importance.
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Figure 9. Random Forest feature importance for the nor-
malization parameter «. The figure displays the relative
importance of various cosmological and astrophysical pa-
rameters (Omega_ m, sigma_8, A__SN1, A_SN2, A_ AGNI1,
A_AGN?2) in predicting the value of & using a Random For-
est model. Large differences in importance are observed,
with the parameter A__AGN1 showing significantly higher
importance compared to all other parameters, which exhibit
very low importance.

dom forest feature importance plot (Figure 11). This
implies that stronger A_ AGN1 leads to higher normal-
izations at high masses, again suggesting a complex,
mass-dependent role for this feedback mode. og and
Q.. also have notable effects, with higher og tending to
increase o and higher €2, tending to decrease it.

3.3.3. scatter

Low Mass Bin:—The intrinsic scatter in the low mass
bin is primarily driven by A__SN1, which has a positive
standardized coefficient (+0.04) and the highest random
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Figure 10. Partial dependence of the normalization pa-
rameter a. The plot shows how a changes as each individ-
ual parameter (Qm, os, A_SN1, A_ SN2, A_AGNI, and
A_AGN2) is varied across its 10th, 50th, and 90th per-
centiles, while other parameters are held at their median.
A large dependence is observed for the parameter A_ AGN1,
where « varies significantly. In contrast, the parameters
Qm, os, A_SN1, A_ SN2, A__AGNI1, and A_ AGN2 show
relatively small dependence on «a.
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Figure 11. Random Forest feature importance for pre-
dicting the normalization parameter a. The figure shows
the relative importance of different cosmological and astro-
physical parameters (Omega_m, sigma_ 8, A_SN1, A_ SN2,
A_AGN1, A__AGN2) as determined by a Random Forest
model. A large difference in importance is observed, with
the parameter A_ AGN1 showing significantly higher impor-
tance compared to all other parameters.

forest importance (0.73), as shown in Figure 12 and Fig-
ure 13. The partial dependence plot (Figure 14) con-
firms the strong influence of A__ SN1 and (2,,, on scatter
in this regime. This is consistent with the expectation
that stochastic SN feedback introduces significant diver-
sity in the early growth phases of black holes in shallow
potential wells.
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Figure 12. Feature importance of various parameters for
predicting the scatter (low) using a Random Forest model.
Large differences in importance are observed. The parameter
A__SN1 shows the highest importance, followed by €2,,. The
other parameters (os, A__ SN2, A__AGNI1, and A__AGN2)
exhibit significantly lower importance.
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Figure 13. Standardized linear feature importance for var-
ious cosmological and astrophysical parameters, specifically
for the low scatter case. The parameters shown are Q,,, os,
and amplitudes for supernova (A_SN1, A_SN2) and AGN
(A_AGN1, A__AGN2) feedback models. Large differences in
importance are observed, with A_ SN1 showing the highest
importance, followed by Q.,. The other parameters exhibit
significantly lower importance.

Intermediate Mass Bin:—Both A__AGN1 and A SN1
contribute to the scatter in the intermediate mass bin.
A__AGNI1 shows the highest random forest importance
(0.44), suggesting it is a key driver of scatter in this
regime, potentially due to variations in the efficiency or
timing of AGN feedback relative to galaxy assembly.

High Mass Bin:—In the high mass bin, A_ SN1 and
A _AGNI1 remain important drivers of scatter, with
A_SN1 having a slightly higher random forest impor-
tance (0.31) than A__AGN1 (0.28). The standard-
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Figure 14. Partial dependence of the Scatter quantity on
the percentile of various cosmological and nuisance param-
eters. The plot shows how the Scatter changes as each pa-
rameter is varied across its distribution (represented by per-
centiles), while other parameters are held at their median
values. Large differences in Scatter are observed for the cos-
mological parameter 2, and the supernova amplitude pa-
rameter Agn1, indicating a strong dependence. In contrast,
the Scatter shows only small differences across the percentiles
of og, Asn2, Aacni, and Aagne, suggesting a weaker depen-
dence on these parameters.

Standardized Linear Feature Importance for Scatter (high)

0.08 A
& 0.06
=
<
=
S
540.04
g
=
0.02 A
0.00 T T T T T T
Omega_m sigma_8 A_SN1 A_SN2 A_AGN1 A_AGN2
Parameter

Figure 15. Standardized linear feature importance for scat-
ter (high). The importance of different parameters (Qp,, os,
ASN17 ASNQ7 AAGNl; AAGNQ) is displayed. Large differences
in importance are observed, with Axgn1 and Agni show-
ing significantly higher importance compared to Agns and
Aacne2. Qm and os have moderate importance.

ized linear feature importance (Figure 15) also shows
A AGNI1 and A SN1 as the most important parame-
ters for scatter in this bin. This indicates that both SN
and AGN feedback contribute to the diversity around
the mean relation even at high masses.

3.3.4. partial dependence and 2d interactions
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Partial dependence plots, such as those shown for
slope and normalization in Figures 3, 6, and 10, re-
veal non-linear relationships between feedback param-
eters and the properties of the Mpg—Mgar relation. For
instance, increasing A_ AGN1 can initially steepen the
slope and increase scatter, but these effects may saturate
or even reverse at very high feedback strengths, depend-
ing on the mass bin. Two-dimensional heatmaps (not
shown here) highlight interactions between parameters.
For example, the joint effect of A__ AGN1 and A_ AGN2
on the high mass slope and normalization is significant,
with the steepest slopes and highest normalizations of-
ten occurring when A_ AGN1 is high and A_ AGN2 is
low, suggesting that the relative balance between differ-
ent AGN feedback modes is crucial at high masses.

3.3.5. cosmological parameters

While feedback parameters are the dominant drivers
of diversity, cosmological parameters €2,, and og have
secondary but non-negligible effects. As seen in Figures
3 and 14, higher §,,, generally leads to lower normaliza-
tions and increased scatter across mass bins. Higher og
can either increase or decrease normalization depending
on the mass bin and interacts with feedback parameters
in complex ways, particularly influencing the normal-
ization and scatter in the intermediate and high mass
regimes.

3.3.6. summary of feature importance

In summary, the analysis clearly delineates the pri-
mary drivers of Mpy—Msiar relation diversity across
mass scales:

e Low Mass: SN feedback (A_SN1) is the domi-
nant factor influencing slope, normalization, and
scatter (Figures 3, 7, 8, 12, 13, 14).

o Intermediate Mass: AGN feedback (A__AGN1)
becomes the primary driver of slope and normal-
ization (Figures 4, 9, 10), with SN feedback still
contributing to scatter.

o High Mass: AGN feedback (A__AGN1) remains
dominant (Figures 5, 6, 11), but its effect on slope
and normalization reverses sign, indicating a tran-
sition from promoting black hole growth relative to
stellar mass to potentially regulating or suppress-
ing it. Both A_ SN1 and A_ AGN1 contribute sig-
nificantly to scatter (Figure 15).

Cosmological parameters play a modulating role, par-
ticularly affecting normalization and scatter at higher
masses.

3.4. black hole occupation fraction
3.4.1. trends with mass and feedback

The black hole occupation fraction, defined as the
fraction of galaxies hosting a black hole with Mgy > 0,
shows a strong dependence on stellar mass and feedback
parameters. It rises from a mean of ~0.72 in the low
mass bin to ~0.85 in the intermediate bin and nearly
unity (~0.96) in the high mass bin.

Crucially, the occupation fraction, particularly at
low and intermediate masses, is sensitive to feedback.
Stronger SN feedback (A_ SN1) significantly reduces the
occupation fraction in the low and intermediate mass
bins. This is consistent with scenarios where energetic
SN-driven winds can expel gas necessary for black hole
formation or early growth, or even eject nascent black
holes from shallow potential wells. AGN feedback has
a weaker effect on occupation at low mass but becomes
more relevant at higher masses, although its impact on
occupation is less pronounced than its impact on the
scaling relation properties for black hole hosts.

3.4.2. implications for black hole seeding

The incomplete occupation fraction at low stellar
masses and its strong dependence on feedback parame-
ters provide insights into black hole seeding mechanisms.
The results support models where seeding is not uni-
versally efficient in all halos, and where early feedback
processes, particularly from supernovae, can prevent or
suppress the formation or retention of black holes in low-
mass galaxies. The significant catalog-to-catalog varia-
tion in occupation fraction at low mass highlights that
the fraction of galaxies hosting a black hole is a sensitive
probe of the interplay between seeding physics and early
feedback.

3.5. secondary dependencies and sfr

While our primary analysis focused on the Mgy—Mggar
relation and its dependence on the six input param-
eters, we note that galaxy properties like star forma-
tion rate (SFR) are also influenced by feedback. In
our simulations, SFR shows a weak correlation with
Moy (r = 0.10) and is also affected by feedback pa-
rameters. Although we did not explicitly stratify the
Mpy—Mstar relation by SFR, the dominant influence of
feedback parameters on both Mpy and Mg, suggests
that the primary drivers of the My—Mji.,r relation di-
versity are the direct effects of feedback on black hole
and stellar growth, rather than indirect effects medi-
ated solely through SFR. Future work could explore the
Mpy—M.,—SFR fundamental plane across this param-
eter space.



3.6. comparison with observational constraints

Comparing our simulated results to observational con-
straints provides a crucial validation step. The mean
slopes (8 ~ 1.1-1.2) and scatters (~0.3-0.4 dex) in the
intermediate and high mass bins are broadly consistent
with the canonical Mpg—Mgiar relation observed in lo-
cal massive galaxies (e.g., Kormendy & Ho 2013; Mc-
Connell & Ma 2013). However, the simulated catalogs
exhibit a significantly wider range of slopes, normaliza-
tions, and scatters than typically reported from single
observational samples, particularly at low masses. This
suggests that the observed scatter and potential sec-
ondary dependencies in the real universe might be partly
attributable to variations in feedback efficiency and cos-
mological environment. The simulated occupation frac-
tions at high mass are consistent with observational in-
ferences of near-unity occupation in massive galaxies.
At low masses, the simulated occupation fractions are
lower and highly variable, aligning with recent observa-
tional efforts suggesting incomplete occupation in dwarf
galaxies (e.g., Greene et al. 2020).

3.7. synthesis and physical interpretation

Our results provide a comprehensive picture of how
feedback and cosmology shape the Mpy—Mgia, relation.
The diversity observed across the parameter space is
primarily driven by feedback, with a clear transition in
the dominant feedback mode and its effect from low to
high stellar masses. SN feedback is crucial in the low
mass regime, influencing both the scaling relation prop-
erties and the likelihood of a galaxy hosting a black hole.
AGN feedback becomes increasingly important at higher
masses, driving the slope and normalization, but its role
transitions from promoting relative black hole growth
at intermediate masses to potentially regulating or sup-
pressing it. Cosmological parameters modulate these
relations, highlighting the interconnectedness of bary-
onic and dark matter physics in galaxy evolution. The
sensitivity of the low-mass occupation fraction to feed-
back provides a direct link to black hole seeding physics,
suggesting that early feedback can be a critical factor in
determining whether a galaxy hosts a black hole. The
broad range of relation properties across the simulated
catalogs suggests that the observed scatter and potential
secondary dependencies in the Mpy—Msta, relation are
natural outcomes of variations in the underlying physical
processes governing galaxy and black hole coevolution.

4. CONCLUSIONS

This work presents the first systematic exploration
of the diversity of the black hole-stellar mass (Mpp—
Mstar) relation across a multi-dimensional parameter
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space encompassing key cosmological and baryonic feed-
back parameters in a large suite of hydrodynamical sim-
ulations. By quantifying the slope, normalization, and
scatter of the relation, as well as the black hole occupa-
tion fraction, for 1,000 distinct simulation catalogs, we
have mapped how these properties depend on variations
in Q,,, os, and parameters governing stellar and AGN
feedback (Asni, Asn2, Aacni, Aacnz)-

Our analysis, performed by fitting the Mgy—Mstar re-
lation in stellar mass bins (< 10° My, 10°-101° M,
> 10'° M) for galaxies with resolved black holes, re-
veals substantial diversity in the relation’s properties
across the explored parameter space. The mean slope
transitions from shallow (~ 0.2) at low stellar masses
to steeper (~ 1.1-1.2) at intermediate and high masses,
consistent with a shift in the dominant physical pro-
cesses governing black hole growth and galaxy evolution.
The intrinsic scatter in the relation increases with stel-
lar mass, from ~ 0.1 dex at low mass to ~ 0.4 dex at
high mass. The black hole occupation fraction rises from
~ 72% at low mass to nearly 96% at high mass, exhibit-
ing significant catalog-to-catalog variation, particularly
at lower masses.

Using multivariate regression and feature importance
analysis, we identified the primary drivers of this diver-
sity. Baryonic feedback parameters, especially the effi-
ciency of supernova feedback (Agni) and AGN feedback
(AagN1), are the dominant factors shaping the Mpy—
Mo relation and the occupation fraction. The influ-
ence of feedback is strongly mass-dependent: SN feed-
back is most impactful at low stellar masses, primar-
ily affecting the normalization, scatter, and occupation
fraction. AGN feedback becomes increasingly important
at intermediate and high masses, driving variations in
slope, normalization, and scatter. Notably, the sign of
the dependence on Axani flips between the intermediate
and high mass bins, suggesting a transition from AGN-
driven black hole growth and coevolution to AGN-driven
quenching and regulation of both black hole and galaxy
growth at the highest masses. Cosmological parameters
(Qn, og) play a secondary but non-negligible role, pri-
marily modulating the normalization and scatter of the
relation.

The sensitivity of the black hole occupation fraction
to feedback parameters, particularly the suppression by
strong SN feedback at low masses, provides crucial in-
sights into black hole seeding and early growth mech-
anisms. Our results support scenarios where energetic
feedback can prevent or delay black hole formation or
growth in shallow potential wells, leading to the incom-
plete and variable occupation fractions observed in the
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simulations and increasingly inferred for low-mass galax-
ies in the real universe.

Overall, this study demonstrates that the observed
diversity and intrinsic scatter in the Mpy—Mgia, rela-
tion are natural consequences of variations in the ef-
ficiency and implementation of baryonic feedback pro-
cesses within the cosmological context. The broad range
of scaling relation properties predicted by the simula-

tions highlights the importance of accurately modeling
feedback physics to understand black hole—galaxy coevo-
lution and provides a framework for interpreting obser-
vational constraints across different galaxy populations
and cosmic epochs. This work underscores the power
of large-scale parameter studies in simulations to disen-
tangle the complex interplay of physical processes that
shape fundamental galaxy scaling relations.
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