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ABSTRACT
JWST has revealed the apparent evolution of the black hole (BH)–stellar mass (𝑀BH–𝑀∗) relation in the early Universe, while
remaining consistent the BH–dynamical mass (𝑀BH–𝑀dyn) relation. We predict BH masses for 𝑧 > 3 galaxies in the high-
resolution thesan-zoom simulations by assuming the 𝑀BH–𝑀dyn relation is fundamental. Even without live BH modelling, our
approach reproduces the JWST-observed 𝑀BH distribution, including overmassive BHs relative to the local 𝑀BH–𝑀∗ relation.
We find that 𝑀BH/𝑀∗ declines with 𝑀∗, evolving from ∼0.1 at 𝑀∗ = 106 M⊙ to ∼0.01 at 𝑀∗ = 1010.5 M⊙ . This trend reflects
the dark matter ( 𝑓DM) and gas fractions ( 𝑓gas), which decrease with 𝑀∗ but show little redshift evolution down to 𝑧 = 3, resulting
in small 𝑀∗/𝑀dyn ratios and thus overmassive BHs in low-mass galaxies. We use Prospector-derived stellar masses and
star-formation rates to infer 𝑓gas across 48,022 galaxies in JADES at 3 < 𝑧 < 9, finding excellent agreement with our simulation.
Our results demonstrate that overmassive BHs would naturally result from a fundamental 𝑀BH–𝑀dyn relation and be typical of
the gas-rich, dark matter-dominated nature of low-mass, high-redshift galaxies. Such overmassive, rapidly growing BHs may
strongly influence the earliest stages of galaxy formation.

Key words: galaxies: high-redshift – galaxies: active – galaxies: haloes – dark matter

1 INTRODUCTION

Supermassive black holes (BHs) appear nearly ubiquitous within the
nuclei of local galaxies (Heckman & Best 2014; Greene et al. 2020).
Their properties are tightly correlated with the properties of their
host galaxies, which, alongside direct evidence for dramatic feed-
back driven by active galactic nuclei (AGN; Cicone et al. 2012, 2014;
Maiolino et al. 2012; Genzel et al. 2014), has been taken as evidence
for a co-evolution of BHs and their host galaxies (Kormendy & Ho
2013; Greene et al. 2020). An abundance of models have explored this
co-evolution through the lens of galaxy and BH mergers and feedback
processes which jointly regulate star formation and BH accretion (Si-
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jacki et al. 2009; Volonteri 2010; Valiante et al. 2016; Inayoshi et al.
2020; Koudmani et al. 2022; Bennett et al. 2024). However, the ori-
gins and early evolution of BHs remains uncertain, particularly in
the context of the extreme BH masses (𝑀BH ≳ 109 M⊙) required to
explain the luminous quasars already in place at 𝑧 ≈ 6 (Bañados et al.
2018; Wang et al. 2020; Fan et al. 2023). Various mechanisms have
been proposed to facilitate the growth of such massive BHs at early
cosmic times, including heavy seeding scenarios, the rapid merging
of light seeds, super-Eddington accretion, and “dark seeding” (Fer-
rara et al. 2014; Banik et al. 2019; Inayoshi et al. 2020; Xiao et al.
2021; Sassano et al. 2023; Narayan & Quataert 2023; Schneider et al.
2023; Jiang et al. 2025; Shen et al. 2025b).

The study of the high-redshift BHs has recently been revolution-
ized by the James Webb Space Telescope (JWST), which has revealed
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an abundance of AGN in the early Universe (Kocevski et al. 2023,
2024; Übler et al. 2023, 2024b,a; Harikane et al. 2023; Perna et al.
2023, 2025; Larson et al. 2023; Maiolino et al. 2024a,c,b; Matthee
et al. 2024; Greene et al. 2024; Juodžbalis et al. 2024a,b; Scholtz et al.
2023). These AGN have been identified through various approaches,
including photometric selection (Furtak et al. 2023; Juodžbalis et al.
2023; Onoue et al. 2023; Yang et al. 2023; Barro et al. 2024) and
the use of new emission line diagnostics appropriate for the low-
metallicity, high-redshift regime (Scholtz et al. 2023; Mazzolari et al.
2024b,a; Chisholm et al. 2024). Of particular interest are those AGN
that have been identified as Type 1 through their broad Balmer line
emission (Kocevski et al. 2023; Übler et al. 2023; Harikane et al.
2023; Maiolino et al. 2024a,c; Tripodi et al. 2024). Through the use
of local virial relations, it has been possible to calculate the single-
epoch BH masses, 𝑀BH, for this subset of AGN (Kocevski et al. 2023;
Übler et al. 2023; Harikane et al. 2023; Maiolino et al. 2024c; Taylor
et al. 2024; Tripodi et al. 2024; Juodžbalis et al. 2025), though the
reliability of such measurements is debated (Juodžbalis et al. 2025;
Naidu et al. 2025; Rusakov et al. 2025). For many of these objects,
careful spectral and imaging decomposition has been carried out to
measure the stellar mass, 𝑀∗, of the host galaxy (Harikane et al.
2023; Maiolino et al. 2024c; Juodžbalis et al. 2025).

The measurement of BH and host galaxy masses for faint sources
at early cosmic epochs has facilitated the testing of BH-galaxy scaling
relations at lower masses and higher redshifts, which has revealed an
apparent evolution of the 𝑀BH–𝑀∗ relation. Nearly all host galaxies
measured at 𝑧 > 3 with stellar masses below 109 M⊙ show BHs
which are overmassive compared to local 𝑀BH–𝑀∗ relations by at
least 1−2 dex (Übler et al. 2023, 2024a; Harikane et al. 2023; Kokorev
et al. 2023; Carnall et al. 2023; Pacucci et al. 2023; Maiolino et al.
2024a,c; Furtak et al. 2024; Juodžbalis et al. 2024b; Natarajan et al.
2024). While selection bias certainly plays a role in this offset, as
more massive black holes are easier to detect (Juodžbalis et al. 2024b;
Li et al. 2025), the existence of such overmassiveness could have
key implications on the BHs early seeding and growth mechanisms
(e.g. Schneider et al. 2023). Interestingly, for a subset of the JWST-
discovered AGN where it has been possible to measure the dynamical
mass of the host, 𝑀dyn, they are largely consistent with the locally
derived 𝑀BH–𝑀dyn relation (Maiolino et al. 2024c). This finding
indicates on one hand that the selection effect on the broad-lines
flux cannot entirely explain the offset on the 𝑀BH–𝑀∗ relation (as
otherwise the same large offset would be seen in the 𝑀BH–𝑀dyn
plane), on the other hand, and may indicate that the 𝑀BH–𝑀dyn
relation is more fundamental (Maiolino et al. 2024c).

In this work, we take a semi-empirical approach to understand the
origin of overmassive BHs in the early Universe. We analyze galaxies
from the thesan-zoom simulations (Kannan et al. 2025), which are
high-resolution simulations with a state-of-the-art resolved interstel-
lar medium (ISM) model. Importantly, the thesan-zoom simulations
do not include a live BH model, so we calculate the expected BH
masses for each galaxy assuming that the local 𝑀BH–𝑀dyn relation
is fundamental. Using this assumption, we aim to investigate, even
without any input BH physics, whether overmassive BHs naturally
arise from the evolution of the 𝑀∗–𝑀dyn relation. We show that
overmassive BHs result from standard galaxy formation physics and
a fundamental 𝑀BH–𝑀dyn relation, which has important implica-
tions for the early co-evolution of galaxies and their BHs.

This work is organized as follows. In Section 2 we outline the
thesan-zoom simulations and our method to calculate BH masses.
In Section 3, we show the predicted distribution of BH masses and
how they relate to the baryonic and dark content of galaxies. Finally,
in Section 4 we present our main conclusions.

2 METHODS

2.1 The thesan-zoom project

This work employs the high-resolution zoom-in thesan-zoom sim-
ulations. A full description of the thesan-zoom simulations is re-
ported in Kannan et al. (2025), however we outline the key features
here. The thesan-zoom simulations were carried out with the arepo-
rt code (Kannan et al. 2019), a radiation hydrodynamics extension
of the moving-mesh code arepo (Springel 2010). These simulations
employ a state-of-the-art model designed to resolve the multi-phase
ISM (Marinacci et al. 2019; Kannan et al. 2020; Zier et al. 2024),
allowing us to study processes within galaxies, which are generally
not well treated within large-scale cosmological simulations em-
ploying an effective equation-of-state approach to the ISM (Pillepich
et al. 2018). The thesan-zoom simulations employ a “zoom-in” tech-
nique to re-simulate regions of the thesan parent volume (Kannan
et al. 2022; Smith et al. 2022; Garaldi et al. 2022, 2024). When in-
flowing, the time-varying radiation field from the parent volume is
injected at the edge of the zoom-in region, allowing radiative feed-
back from neighboring galaxies to impact the thesan-zoom galaxies.
thesan-zoom simulations have been used to study the high-redshift
star-forming main sequence and burstiness (McClymont et al. 2025a),
galaxy-scale star-formation efficiencies (SFEs; Shen et al. 2025a), the
impact of reionisation on galaxies (Zier et al. 2025a), the formation
of Population III stars (Zier et al. 2025b), galaxy size evolution (Mc-
Clymont et al. 2025b), and cloud-scale SFEs (Wang et al. 2025).

Halo catalogs were generated with the friends-of-friends (FOF) al-
gorithm (Davis et al. 1985). Self-gravitating subhalos were identified
within the FOF groups with the SUBFIND-HBT algorithm (Springel
et al. 2001, 2021). In this work, we only consider central galaxies,
which we define as the most massive galaxy within a FOF group.

2.2 Inferring black hole masses in thesan-zoom

The thesan-zoom simulations do not include a live BH model. We
therefore calculate 𝑀BH by hand using galaxy properties and ob-
served scaling relations. Selecting 𝑀BH based on the 𝑀BH–𝑀∗ re-
lation is inappropriate, given that we are investigating its evolution.
Instead, we assume that the relationship between 𝑀BH and 𝑀dyn
is fundamental. The 𝑀BH–𝑀dyn relation is robust even for JWST-
observed AGN which are overmassive relative to their 𝑀∗ (Maiolino
et al. 2024c). The 𝑀BH–𝑀dyn relation (and the related 𝑀BH-velocity
dispersion relation) may arise due to the accretion rate being mod-
ulated by the bulge gravitational potential and BH feedback, where
the BH grows until it is massive enough to launch winds which clear
surrounding gas (King & Pounds 2015; Marsden et al. 2020).

We measure 𝑀dyn by summing the stellar, gas, and dark mass
within the stellar half-mass radius and multiplying by two, approxi-
mating the observationally traced 𝑀dyn. We calculate 𝑀BH from the
𝑀BH–𝑀bulge relation of Kormendy & Ho (2013)

𝑀BH
109 M⊙

= 0.49
(
𝑀bulge

1011 M⊙

)1.16
, (1)

where, as in Maiolino et al. (2024c), we are assuming that 𝑀bulge ≈
𝑀dyn in the elliptical galaxies on which their relation is based, as
they have very little gas content. We neglect the dark matter con-
tribution to 𝑀dyn, which may contribute ∼10–40% in early type
galaxies (Cappellari et al. 2006, 2013; Gerhard 2013). A relation
calibrated including this contribution could decrease the calculated
𝑀BH by ∼0.05–0.2 dex. There is an intrinsic scatter of 0.29 dex in
this relation (Kormendy & Ho 2013), and thus we randomly draw the
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Figure 1. The masses of BHs compared to their host galaxies, where 𝑀BH is calculated from 𝑀dyn assuming a universal 𝑀BH–𝑀dyn relation (see text for
details). Red contours show the log-scaled distribution of thesan-zoom galaxies. The solid blue line shows the median trend, whereby the 𝑀BH/𝑀∗ ratio evolves
from ∼0.1 at 𝑀∗ = 106 M⊙ to ∼0.01 at 𝑀∗ = 1010.5 M⊙ . Blue errorbars show the 16th–84th percentile scatter. Golden circles show 𝑀BH for JWST-observed
AGN at 𝑧 ≈ 4 − 11 (Übler et al. 2023, 2024a; Harikane et al. 2023; Kokorev et al. 2023; Carnall et al. 2023; Maiolino et al. 2024a,c; Furtak et al. 2024;
Juodžbalis et al. 2024b; Natarajan et al. 2024), with dashed golden lines connecting candidate merging BHs. Grey triangles show QSOs at 𝑧 ≈ 5 − 7 (Ding et al.
2022; Stone et al. 2024; Yue et al. 2024). Dashed red lines follow constant 𝑀BH/𝑀∗ of 1, 0.1, and 0.01. We show best fit relations of 𝑀BH–𝑀bulge for local
early type galaxies (solid black; Kormendy & Ho 2013) and 𝑀BH–𝑀∗ for local disk galaxies (dashed black; Reines & Volonteri 2015). Even without including
any BH physics, our approach well reproduces JWST-observed BH and host galaxy masses, including overmassive BHs at low 𝑀∗. We plot results following
the same method for low-mass and bulge-dominated galaxies in TNG50, which show a similar trend at 𝑧 = 3 and evolve to the local elliptical relation at 𝑧 = 0.

BH masses 1000 times from a 𝜎 = 0.29 dex Gaussian distribution
around the relation. We verified that there are no systemic changes in
trend and only a moderate increase in scatter by sampling from the
intrinsic scatter. We use the same 𝑀∗ for galaxies as we use in the
dynamical mass calculation (i.e. the total stellar mass).

2.3 Observations and SED fitting

To understand the plausibility of the gas fractions we find in simu-
lated galaxies, we infer gas fractions for a sample of observed high-
redshift galaxies. To infer these gas fractions we use fits first presented
in Simmonds et al. (2024), which are derived with the spectral en-
ergy distribution (SED) fitting code Prospector (Johnson et al.
2019, 2021), on the full JWST Advanced Deep Extragalactic Survey
(JADES; Eisenstein et al. 2023a,b; Bunker et al. 2024; D’Eugenio
et al. 2025) photometry set in the Great Observatories Origins Deep
Survey North and South (Giavalisco et al. 2004). We calculate gas
masses using the Tacconi et al. (2018) relation, which gives 𝑀gas/𝑀∗
as a function of the specific star-formation rate (sSFR), 𝑀∗, and 𝑧.
We use their 𝛽 = 2 fit with a Speagle et al. (2014) star-forming main
sequence (SFMS), and we calculate the offset from the SFMS using
the same SFMS. The Tacconi et al. (2018) relation is calibrated on
galaxies with log(𝑀∗ [M⊙]) = 9.0−11.8 at 0 < 𝑧 < 4, and therefore
measurements of the gas mass outside this range are extrapolations.

3 OVERMASSIVE BLACK HOLES

3.1 The black hole–stellar mass relation

In Fig. 1 we show the distribution of BH masses as a function of
stellar mass in three redshift bins. There is no clear redshift evolu-

tion at a fixed stellar mass down to 𝑧 = 3, although the scatter does
seem to increase with redshift. Our BH masses cover the distribution
of those observed with JWST in low stellar mass (𝑀∗ ≲ 109 M⊙)
galaxies at 𝑧 > 3. Importantly, low stellar mass galaxies show signif-
icantly more overmassive BHs relative to the local 𝑀BH–𝑀∗ relation
compared to their higher-mass counterparts, with the median ratio
evolving from 𝑀BH/𝑀∗ ≈ 0.1 at 𝑀∗ = 106 M⊙ to 𝑀BH/𝑀∗ ≈ 0.01
at 𝑀∗ = 1010.5 M⊙ . This trend is in general agreement with obser-
vations, where the locally calibrated 𝑀BH/𝑀∗ relation is seen to fail
more dramatically for lower stellar masses (Maiolino et al. 2024c),
although it should be noted that there are few constraints locally be-
low 𝑀∗ ≲ 109.5 M⊙ . Still, at higher stellar masses (𝑀∗ ≳ 1010 M⊙),
our calculated BH masses fall in the region occupied by quasars.

The Kormendy & Ho (2013) relation sets the minimum BH mass
at a given stellar mass for our semi-empirical approach, as this is
the BH mass we would calculate even if the only contribution to the
dynamical mass is from stars (i.e., the galaxy is devoid of gas and dark
matter). That the Kormendy & Ho (2013) relation sets a rough lower
limit means that our agreement at higher stellar masses is difficult
to judge. This is further complicated by the choice of radius within
which to compute 𝑀dyn. For local galaxies, scaling relations between
BHs and their host galaxies are seen to be strongest when only the
spheroidal or bulge component is used (Kormendy & Ho 2013). We
have implicitly assumed that the stellar-half mass radius exclusively
covers a spheroid-like component, and while this is likely valid for
most of the thesan-zoom galaxies, it may break down for the most
massive galaxies at 𝑧 = 3 if an extended disk begins to form, leading
us to overestimate the BH masses for the most massive galaxies.

For comparison, we include results from the TNG50 simulations
(Nelson et al. 2019; Pillepich et al. 2019). We follow the same pro-
cedure as for thesan-zoom, and only include central galaxies with
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Figure 2. Baryonic and dark matter mass content of galaxies as a function of stellar mass. Contours show the log-scaled distribution of thesan-zoom galaxies
and the lines show the median trends in redshift bins. Left: 𝑓DM decreases with 𝑀∗. We compare to high-redshift observational results from de Graaff et al.
(2024), finding that thesan-zoom galaxies have somewhat higher 𝑓DM, although this may be due to overestimated gas masses in de Graaff et al. (2024) (see right
panel). Our 𝑓DM values are consistent with the 𝑧 ≈ 1 sample of Sharma et al. (2021), except for the highest mass bin at 𝑀∗ ≳ 1010.5. There is a weak trend of
increasing 𝑓DM with redshift. TNG50 at 𝑧 = 0 shows somewhat lower 𝑓DM at higher 𝑀∗, whereas 𝑓DM is significantly lower for higher masses at 𝑧 = 3. Right:
𝑓gas decreases with 𝑀∗, showing excellent agreement with high-redshift galaxies in JADES. We also show 𝑓gas from de Graaff et al. (2024), which are higher
than both the JADES median and the low-redshift results from the xGASS survey (Catinella et al. 2018). TNG50 shows lower 𝑓gas for all 𝑀∗ at 𝑧 = 0 and lower
𝑓gas for higher 𝑀∗ (𝑀∗ ≳ 109.5) at 𝑧 = 3. The median lines show that thesan-zoom 𝑓gas values tend to be higher at lower redshifts, contrary to expectations.
We attribute this to a population of galaxies with 𝑓gas ≈ 0 at higher redshift, which is caused by galaxies ejecting their ISMs during the burst-quench cycle. The
median lines, excluding this population, show no redshift evolution and lie on the plotted 3 < 𝑧 < 6 line, in agreement with the lack of evolution in JADES. The
combination of decreasing 𝑓DM and 𝑓gas with 𝑀∗ leads to an increasing 𝑀∗/𝑀dyn ratio, and therefore decreasing 𝑀BH/𝑀∗ ratio, with 𝑀∗.

𝑀∗ > 107 M⊙ . There is a publicly available catalog of morphological
decompositions for TNG50 for galaxies with 𝑀∗ > 109 M⊙ (Zana
et al. 2022). While this catalog does not give the information needed
to calculate the dynamical masses of the bulge, it does allow us to
restrict our sample to bulge-dominated galaxies, where the thick and
thin disks comprise less than 25% of the stellar mass. At 𝑧 = 3,
TNG50 shows a comparable relation to thesan-zoom, whereas by
𝑧 = 0 the inferred BH masses have decreased rapidly. At higher
masses at 𝑧 = 0, bulge-dominated galaxies in TNG50 scatter around
the local elliptical relation, as expected.

3.2 Baryonic and dark mass content

Given BH masses are calculated directly from the dynamical masses
of our galaxies, it is simple to identify the cause of the extreme
𝑀BH/𝑀∗ ratios at low stellar masses: the dynamical masses of
low stellar mass galaxies must be dominated by non-stellar mat-
ter. In the left panel of Fig. 2 we show the dark matter fraction,
𝑓DM, as a function of stellar mass in three redshift bins. The dark
matter fraction is calculated within the stellar half-mass radius as
𝑓DM = 𝑀DM/(𝑀DM + 𝑀gas + 𝑀∗). The evolution of 𝑓DM with red-
shift appears weak at a fixed stellar mass, which agrees with the
weak, if any, redshift evolution of BH mass shown in Fig. 1. The
dark matter fraction decreases with increasing stellar mass, which
is in general agreement with the observed trends, although our dark
matter fractions are notably ∼0.2 higher than those from de Graaff

et al. (2024). This does not necessarily indicate an issue with the
thesan-zoom dark matter fractions as the sample of de Graaff et al.
(2024) comprises only six galaxies (including one galaxy with non-
physical 𝑓DM < 0), and given that the gas mass in these galaxies
may be overestimated (see the high gas fraction in the right panel of
Fig. 2), which would systemically bias the dark matter fractions low.

In the right panel of Fig. 2 we show the median gas fraction, 𝑓gas,
of thesan-zoom galaxies. The values are provided in Tab. 1. The gas
fraction is also calculated within the stellar half-mass radius as 𝑓gas =
𝑀gas/(𝑀gas + 𝑀∗). Similarly to the dark matter fraction, the gas
fraction decreases with stellar mass, however, it shows a noticeably
sharper decrease. The median trend at 3 < 𝑧 < 6 is in good agreement
with the observationally derived gas fractions, however, the trends
indicate that the gas fractions decrease with redshift, contrary to
our expectation and to the observational results, which show no
evidence of redshift evolution from 𝑧 = 3 to 𝑧 = 9. This apparent
redshift evolution is exclusively due to a population of galaxies with
𝑓gas ≈ 0. If we calculate the median trends while excluding galaxies
with 𝑓gas < 0.2, then the redshift evolution disappears and the median
trend for each redshift bin lies on the 3 < 𝑧 < 6 line shown in Fig. 2.
We attribute galaxies with 𝑓gas ≈ 0 to those that have ejected their
ISM during the burst-quench cycle. Galaxies in this state are more
prevalent at higher redshifts due to increasingly bursty star formation
(McClymont et al. 2025a). Low mass galaxies with extremely low gas
fractions are generally not observable due to their low SFR, which
explains why such galaxies are not present in our analysis of JADES
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−0.13 0.9+0.07

−0.9 0.94+0.05
−0.17 0.83+0.14

−0.83 0.98+0.01
−0.01 0.98+0.01

−0.01
6.75 0.85+0.12

−0.13 0.9+0.06
−0.79 0.91+0.07

−0.13 0.85+0.11
−0.85 0.94+0.04

−0.16 0.71+0.25
−0.71 0.96+0.01

−0.01 0.95+0.01
−0.01

7.25 0.83+0.13
−0.14 0.87+0.08

−0.83 0.9+0.07
−0.13 0.79+0.15

−0.79 0.91+0.06
−0.14 0.81+0.13

−0.81 0.92+0.01
−0.01 0.91+0.01

−0.01
7.75 0.83+0.12

−0.14 0.79+0.13
−0.75 0.9+0.06

−0.13 0.7+0.21
−0.7 0.88+0.06

−0.08 0.69+0.22
−0.69 0.86+0.01

−0.01 0.83+0.01
−0.01

8.25 0.82+0.1
−0.13 0.72+0.16

−0.67 0.89+0.05
−0.11 0.6+0.26

−0.6 0.86+0.07
−0.04 0.64+0.29

−0.64 0.78+0.01
−0.01 0.73+0.01

−0.01
8.75 0.78+0.1

−0.1 0.69+0.15
−0.45 0.87+0.06

−0.1 0.62+0.23
−0.59 0.7+0.01

−0.01 0.64+0.01
−0.01

9.25 0.76+0.09
−0.09 0.57+0.17

−0.41 0.87+0.03
−0.07 0.51+0.23

−0.45 0.62+0.01
−0.01 0.58+0.02

−0.02
9.75 0.8+0.05

−0.08 0.61+0.14
−0.22 0.79+0.03

−0.04 0.31+0.17
−0.3 0.56+0.01

−0.01 0.54+0.04
−0.03

10.25 0.71+0.05
−0.04 0.48+0.09

−0.21 0.49+0.01
−0.01 0.4+0.05

−0.07
10.75 0.66+0.05

−0.06 0.34+0.08
−0.17 0.33+0.03

−0.03 0.34+0.01
−0.09

Table 1. Gas and dark matter fractions for thesan-zoom galaxies in 0.5 dex stellar mass bins. The errors on the simulation gas fractions represent the 16th − 84th

percentile scatter. Bins are only included where we have at least 10 galaxies. We also show the median gas fractions for JADES galaxies, derived from our
Prospector SED fitting and the Tacconi et al. (2018) gas fraction scaling relation. The errors on JADES gas fractions are the bootstrap uncertainties, resampling
from measurement errors in SFR, 𝑀∗, and 𝑧 with replacement 1000 times. We enforce a minimum error of 1%.

galaxies, although “mini-quenched” galaxies, which show evidence
of star formation but little nebular emission, could plausibly have
such low gas fractions (Looser et al. 2024).

Interestingly, the observed gas fractions in JADES galaxies and
our measured fractions in thesan-zoom galaxies (excluding galax-
ies with extremely low gas fractions) show no clear evidence of
redshift evolution at 𝑧 > 3. In Fig. 2, we also show results from the
xGASS survey of gas fractions in bins of stellar mass. For galaxies
with 𝑀∗ ≲ 109.5 M⊙ , the local gas fractions agree with those we
measure at 𝑧 > 3 in JADES and in the thesan-zoom simulation.
However, at 𝑀∗ ≳ 109.5 M⊙ we find significant disagreement, with
𝑓gas ≈ 0.6 in JADES and thesan-zoom at 𝑀∗ = 1010 M⊙ , compared
to 𝑓gas ≈ 0.25 in xGASS. It appears that higher mass galaxies show
significant evolution at 𝑧 < 3, whereas low mass galaxies do not.
This is plausibly due to the increased fraction of quenched galaxies
at 𝑧 ≈ 0, which are predominantly more massive and have low gas
fractions. To gain further insight into the evolution down to 𝑧 = 0, we
also show 𝑓gas and 𝑓DM from TNG50. We followed the same proce-
dure as for thesan-zoom, and we do not enforce a bulge-dominated
selection for this comparison. TNG50 shows consistently lower 𝑓gas
across the stellar mass range, and lower 𝑓DM at higher stellar masses,
indicating evolution of the 𝑀∗ − 𝑀dyn relation. We note, however,
that 𝑓DM is aperture-sensitive, and even tends to increase at ex-
tremely high stellar masses (𝑀∗ ≳ 1011 M⊙) in IllustrisTNG (Lovell
et al. 2018). To calculate 𝑀BH for IllustrisTNG galaxies, an even
smaller aperture would likely be appropriate to reflect the bulge ra-
dius, which would further reduce 𝑓DM, particularly at higher stellar
masses. Interestingly, at 𝑧 = 3, TNG50 shows similar 𝑓DM and 𝑓gas
as thesan-zoom, except at 𝑀∗ ≳ 109.5 M⊙ , where both are lower.

We now consider whether both high dark matter and high gas
fractions are crucial ingredients for producing overmassive BHs, or
whether either is sufficient to produce overmassive BHs alone. If
we recalculate our 𝑀BH vs 𝑀∗ relation (shown in Fig. 1) but now
assume that all gas is instantly converted to stars, we find that the
median trends fall by ∼1 dex as galaxies are shifted to the right of the
plot. However, given that ∼90% of the dynamical mass contribution
is from dark matter, if the systems were instead baryon dominated
(i.e., the dark matter was removed), then the calculated BH masses
would also fall by∼1 dex. Therefore, we conclude that both high dark
matter and high gas fractions are required to generate a distribution

of dynamical and stellar masses which reproduce the observed BH
masses using our approach.

4 DISCUSSION AND CONCLUSIONS

We have shown that we can reproduce the observed distribution of
BH masses at 𝑧 > 3 as a function of stellar mass by assuming that
the locally measured 𝑀BH–𝑀dyn relation is fundamental. With this
assumption, the overmassive properties of BHs on the 𝑀BH–𝑀∗
diagram arise because low-mass galaxies in the early universe are
gas-rich and dark matter-dominated, and so they show low 𝑀∗/𝑀dyn.
An interesting implication of our results is that we expect ratios of
𝑀BH/𝑀∗ ≈ 0.05 to be typical for high-redshift galaxies. This implies
that BHs grew rapidly in the earliest stages of galaxy formation, and
potentially had an important impact on their nascent host galaxies.
We note that our semi-empirical model does not take into account
the seeding of BHs. However, a fundamental 𝑀BH–𝑀dyn relation
implies that, regardless of seed mass, the BH would quickly accrete
material to lie on this relation (within some intrinsic scatter).

If the 𝑀BH–𝑀dyn relation is indeed fundamental, it is curious that
such a relation does not track the stellar mass-halo mass relation.
This implies that in the earliest stages of galaxy formation, gas can
collapse sufficiently to accrete onto the central BH, but not to form a
commensurate number of stars to produce a comparably high stellar
to BH mass ratio. The divergence of stellar and BH mass indicates
fundamental differences in the regulation of star formation and BH
accretion, which become apparent at low masses and early times.
While our assumption of a fundamental 𝑀BH–𝑀dyn relation appears
consistent with observations thus far, that observed BH masses may
be revised in the future. However, we note that if BH masses are
revised to match the local 𝑀BH–𝑀∗ relation, this would require that
the 𝑀BH–𝑀dyn breaks down, which itself would have important
implications for the early growth of BHs.

While the thesan-zoom simulations terminate at 𝑧 = 3, it is in-
teresting to consider the implications for BHs in local dwarf galax-
ies. Assuming a fundamental 𝑀BH–𝑀dyn relation, we would expect
overmassive BHs in local gas-rich dwarfs, similar to their higher
redshift counterparts. Confirmation of AGN in local dwarf galaxies
is challenging due to the faintness of broad lines and the concern for
contamination by supernovae and stellar winds (Izotov et al. 2007).
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Regardless, among the candidates sources reported in the literature,
there are indeed indications of overmassiveness at 𝑀∗ < 109.5 𝑀⊙ .
For example, among the four local dwarf AGN candidates re-
ported by Izotov & Thuan (2008), one has 𝑀BH/𝑀∗ ≈ 0.026 at
log(𝑀∗ [M⊙]) = 8.4 ± 0.4, despite the large uncertainties in its
stellar mass (Burke et al. 2021). The other three candidates have
𝑀∗ = 109−10 M⊙ and are more consistent with the local relation. In
addition, Hatano et al. (2024) reported an overmassive dwarf AGN
candidate, J1205, with 𝑀BH/𝑀∗ ≈ 0.022 at log(𝑀∗ [M⊙]) ≈ 6.84,
and the potential overmassiveness of the dwarf AGN candidate, SBS
0335-052E, at log(𝑀∗ [M⊙]) ≈ 7.7, and interestingly this AGN
shows Balmer line absorption, which is similar to many JWST-
observed AGN (Trefoloni et al. 2024). More recently, Lin et al. (2025)
present a sample of 19 broad-line AGN selected from local green pea
galaxies at 𝑧 ≈ 0.1 − 0.3, which show ubiquitous overmassiveness
compared to the local relation with 𝑀BH/𝑀∗ up to 0.04.

On the other hand, many local dwarfs are gas-poor, which
presents interesting prospects for the prediction of the masses of
their BHs depending on their star-formation histories, assuming that
the 𝑀BH–𝑀dyn relation was fundamental as these galaxies grew. If
most of the gas from these galaxies was ejected during the last star-
formation event, rather than converted into stars, then we may expect
their BHs to be overmassive even relative to their dynamical mass, as
in this case it would be impossible for them to obey the 𝑀BH–𝑀dyn
relation at all times. However, if most of their gas was converted into
stars and accreted onto their BH, we would expect them to lie on
the 𝑀BH–𝑀dyn relation. This scenario, whereby star formation in
dwarfs ceased primarily via starvation, is perhaps more likely (e.g.
Katz et al. 2020; Rey et al. 2025). In either case, comparison of BH
masses between gas-rich and gas-poor dwarfs would be illuminating.

Finally, we must caveat our results by noting that the lack of a live
BH model prevents us from directly exploring the co-evolution of
galaxies and their BHs. While it is remarkable that observations can
be reproduced without live BH physics, it is vital to explore more
directly the co-regulation of BH and stellar mass growth through
feedback at high redshift. This is especially true given the large
𝑀BH/𝑀∗ ratios which our results indicate are typical in the early
Universe. The thesan-zoom model offers a promising avenue to
explore this topic given that star formation in these simulations is
extremely bursty (McClymont et al. 2025a) and that these starbursts
tend to be centrally concentrated (McClymont et al. 2025b), raising
the prospect of efficient BH feeding during compact starburst events.
We anticipate future studies exploring the co-evolution of galaxies
and their BHs in the early Universe through the incorporation of live
BH modelling within the thesan-zoom framework.
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