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ABSTRACT

In most galaxies, the central black hole accounts for no more than a percent of the total mass in stars. Recently, however, extremely
overmassive black holes (OMBHs) with ratios of 10% have been reported in dwarf galaxies at z < 1 and at cosmic dawn (z > 5.5) by
JWST. Both findings have been interpreted as signatures of the still mysterious origins of supermassive black holes. Accordingly, it is
thought that most of the black hole mass was built at birth rather than through accretion. Here, we show that among evolved galaxies,
OMBHs are also present, indicating that OMBHs are not a signature unique to black hole formation channels. The first large-area sky
survey of the eROSITA X-ray telescope on board SRG identified 200 quasars by their luminous hard X-ray radiation. These quasars
signpost rapidly growing black holes. Complementary optical spectroscopy from the Sloan Digital Sky Survey and archival UV to
IR photometric data combined with galaxy-quasar decomposition techniques allowed us to make unbiased estimates of cosmological
distances, black hole masses, and host galaxy stellar masses. We securely identified a sample of OMBHs with BH-to-host ratios of
more than 5%, which may have undergone exponential accretion spurts lasting about a billion years. Our survey identified a high space
density of at least 4/Gpc3 of OMBHs near cosmic noon. This indicates an accretion channel disconnected from the stellar population
that causes strong deviations from galaxy scaling relations. This channel is currently not part of galaxy evolution models. The identified
channel, if applicable also for the first billion years of cosmic time, might explain JWST active galactic nuclei without requiring them
to signify imprints of a black hole seeding mechanism.

Key words. galaxies: evolution – quasars: supermassive black holes

1. Introduction
The supermassive black hole (SMBH) population living at the
centers of galaxies grows in mass via accretion disks that shine
as active galactic nuclei (AGN; Burbidge et al. 1959, 1964;
Lynden-Bell 1969; Lynds & Sandage 1963; Salpeter 1964;
Woltjer 1959; Zel’dovich & Novikov 1964). However, accre-
tion fueling is stochastic (Hickox et al. 2014; Schawinski et al.
2015), so black hole growth can lead or lag star formation.
Overmassive SMBHs, where the ratio of black hole to total
stellar mass M•/M⋆ is four to ten times higher than in typi-
cal quiescent galaxies, have been found in AGN samples (e.g.,
Reines & Volonteri 2015; Trakhtenbrot et al. 2015). With similar
ratios, in dwarf galaxies (M⋆ ∼ 109M⊙, z < 1) seven overmas-
sive AGNs with M• ∼ 108 M⊙ have recently been reported
⋆ Corresponding author: johannes.buchner.acad@gmx.com

(Mezcua et al. 2023) and interpreted as dormant remnants of
SMBH formation in the first half billion years of the Universe.
These remnants likely evolved in isolation as galaxy mergers are
rare and tend to realign systems with scaling relations (Jahnke
& Macciò 2011). It is now possible to start probing cosmic
dawn thanks to JWST, which has revealed several exception-
ally overmassive AGN at M• ∼ 107 M⊙ and M⋆ ∼ 108 M⊙
(Harikane et al. 2023; Pacucci et al. 2023; Maiolino et al.
2024). All of the above results benefit from luminous AGN
emission preferentially pinpointing more massive black holes
(Lauer et al. 2007). This is in part because the luminosity
distribution at any black hole mass is steeply declining (Aird
et al. 2012; Bongiorno et al. 2012), making it rare for mod-
erately massive black holes to reach high luminosities (Lauer
et al. 2007; Merloni et al. 2010). This selection effect of lumi-
nous AGN makes them a useful tool to study extreme galaxies.
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A complication in identifying overmassive SMBHs is that large
samples of black hole masses are almost exclusively estimated
from single-epoch spectra, a method empirically calibrated at
z < 2.5 from Hβ (Peterson 1993; Peterson & Wandel 2000) or
MgII broad emission lines (McLure & Jarvis 2002). Due to
unknowns in geometry, orientation, and the virialized fraction,
mass estimates carry a systematic uncertainty of about a factor
of three (Shen et al. 2024) that needs to be carefully consid-
ered. Those systems effectively identified as highly overmassive
SMBHs have been interpreted as being in an efficient growth
phase linked to how seed black holes become supermassive.
In this work, overmassive black holes (OMBHs) are defined as
M•/M⋆ > 5%, ten times above local galaxy scaling relations.

This paper is structured as follows: in (Section 2), we present
a luminous X-ray AGN selection with a remarkably high success
rate in identifying OMBHs, based on high spectral completeness
giving black hole mass measurements (Section 3.1) and reliable
stellar mass estimation (Section 3.2). The OMBH sample of
eight objects is characterized in (Section 4). We quantify the
biases of the OMBH selection with simulations in (Section 4.2),
including the systematic uncertainties from single-epoch black
hole mass measurements. In (Section 4.3) we emphasize that
unlike other works, our Hβ black hole masses at z = 0.3–1
lie within the distribution where single-epoch masses were
calibrated in terms of moderate Eddington ratios, black hole
mass, and redshift. In (Section 4.4), we compare our results to
local galaxy samples, AGN samples at cosmic dawn, cosmic
noon, and the local Universe. In (Section 4.5), our survey reveals
the highest minimum space density of OMBHs yet inferred from
AGN surveys, providing an important bridge to the local OMBH
galaxy population. In (Section 5), we discuss our results,
the reasons for the comparatively high selection efficiency
(Section 5.3), their reliability, and their completeness
(Section 5.1); and we interpret a comparison to cosmic
dawn OMBH samples (Section 5.4). Finally, (Section 5.2)
presents potential evolutionary tracks for becoming an OMBH
at z = 0.3–1 and their subsequent evolution. We assumed a
Planck Collaboration VI (2020) cosmology, and magnitudes are
in AB unless stated otherwise.

2. Sample

We selected luminous AGNs from a wide-area X-ray survey con-
ducted by eROSITA, an imaging X-ray telescope on board Spectr-
Roentgen-Gamma (SRG), sensitive in the 0.2–5 keV energy
range (Predehl et al. 2021). The eROSITA full equatorial depth
field (eFEDS) is a 140 deg² extragalactic field surveyed by
eROSITA in 2019 (Brunner et al. 2022) with rich multiwave-
length photometric datasets (Salvato et al. 2022). The parent
sample of 246 point-like X-ray sources detected in the 2.3–5 keV
band contains, after removing stars, 200 AGNs (Nandra et al.
2025). This parent sample has also been the subject of optical
spectroscopic follow-up campaigns with the Sloan Digital Sky
Survey (SDSS; Gunn et al. 2006; Smee et al. 2013; Kollmeier
et al. 2017; Kollmeier & The SDSS-V Collaboration 2025) IV
and V, yielding secure AGN identifications with high (80%)
completeness.

Most of the parent sample lies in the z = 0–1 redshift range
(88%) and has rest-frame, absorption-corrected X-ray luminosi-
ties of L0.5–2 keV = 1043–45 erg/s. The hard sample sources form
the bulk of our selection robustness analysis.

To increase the completeness in the field, we also considered
sources detected in the 0.5–2.3 keV eFEDS survey described in

Liu et al. (2022) and Salvato et al. (2022). We analyze these
eFEDS-main sources in the same fashion as the eFEDS-hard
sources. However, for modeling the selection function, the hard
sample is preferable due to its reduced sensitivity to absorp-
tion and to additional soft X-ray emission components (Waddell
et al. 2024). Throughout this work we plot eFEDS-hard sources
in purple and eFEDS-main sources in pink, and use circles for
measurements and triangles for upper or lower limits.

3. Methods

3.1. Black hole mass estimate

Black hole masses were estimated from optical spectra. The
SDSS spectra were fit with PyQSOFit (Guo et al. 2018) as
described in Wu & Shen (2022). The Hβ full width at half
maximum (FWHM) and 5100 Å monochromatic luminosities
were converted into black hole masses with coefficients from
Vestergaard & Peterson (2006). Following Wu & Shen (2022),
we discarded unreliable fits by requiring a line flux signal-to-
noise ratio of larger than two, a line luminosity within the
L = 1038–48 erg/s range, and that at least half of the pixels in
each line complex remain after masking telluric-affected wave-
lengths. Fig. 1 shows three example spectra of very massive
black holes from the eFEDS-hard sample. For comparison, in
Appendix B, Fig. B.3 shows examples of lower mass black holes.
Fig B.1 and B.2 show example spectra from the eFEDS-main
sample, which were treated in the same way (see Aydar et al.
2025, 2026). In these figures, the first step was continuum mod-
eling (upper inset), which as described in Wu & Shen (2022)
combines a power law, polynomial components, and a Fe II
template (1000–3500 Å and 3685–7484 Å). No host galaxy com-
ponent was included because in these quasar-dominated spectra,
this could cause systematic errors. After continuum model sub-
traction, each line complex (bottom insets) was modeled with
up to three broad components (FWHM>1400 km/s), a rest-frame
narrow component (blue, FWHM<1400 km/s), and additional
contaminating lines (see Wu & Shen 2022). Narrow lines are at
the same systemic velocity; for example, in the Hβ window, the
velocity offset of the [O III] line centers is tied to the velocity
offset of the narrow Hβ line component. The broad components
were then combined to measure the total FWHM. We visually
inspected the spectral fits for the modeling of the continuum
around the lines and non-Gaussian line shapes. A few cases with
poor or unphysically complex fits to the host continuum were
discarded (Nandra et al. 2025), as in these cases the spectral line
parameters are expected to be unreliable. Mass estimates with
statistical uncertainties smaller than 0.3 dex were retained.

Our single-epoch mass estimates have a systematic uncer-
tainty of 0.45 dex, as derived from reverberation mapping cam-
paigns (e.g., Shen et al. 2024). This uncertainty stems in part
from limited knowledge of the broad-line region geometry and
the fraction of the line emission attributable to virialized motion.
This systematic affects virtually all studies of M⋆ − M• at sub-
stantial redshifts. Additional to that, JWST studies extrapolate
the z < 2.5 reverberation mapping campaign calibrations to z> 6,
well beyond the original luminosity and mass range, whereas
this work lies mostly within the calibration regime. Section 4.3
below shows a comparison to direct black hole measurements
efforts. The line asymmetries we find are largely within the dis-
tribution of the line shapes in reverberation mapping campaigns.
However, in part due to the high signal-to-noise of our spec-
tra, we find evidence of boxy and double-peaked broad lines in
some of our sources. In the local Universe, double-peaked broad
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Fig. 1. Optical spectral fits of ID 133 (top panel), 1136 (middle panel), and 32 (bottom panel), our three OMBH quasars from the eFEDS-hard
sample. The title gives the SDSS ID, position, and redshift assumed during fitting. After continuum modeling (upper inset), each line complex
(inset) is modeled with up to three broad components, which are combined when measuring the total FWHM.
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lines appear more commonly in massive galaxies (Ward et al.
2025) and thus are expected to be more common in the central
engines of massive black holes. Whether the single-epoch mass
estimate uncertainty is a function of the broad line profile is still
unclear, in part because reverberation mapping samples are too
small to robustly test for such an effect. The effect of the sys-
tematic uncertainty of single-epoch black hole mass estimates is
addressed below with simulations.

We focus on Hβ masses as they have the highest reliability.
For source IDs 32 and 133, the mass inferred from Mg II agrees
closely with that from Hβ; for the others it is within the expected
scatter (e.g., for IDs 1136 and 45, the Mg II masses are lower
by a factor of 2.5). The black hole masses are in the range of
M• ∼ 108–9.5 M⊙ and the Eddington ratios are between 1% and
100% (Nandra et al. 2025).

3.2. Total stellar mass estimate

Measuring host stellar masses is challenging in systems with
rapid black hole growth. The tracer of the stellar mass, the host
galaxy spectral energy distribution (SED), is entangled with the
broad SED of the luminous AGN. To overcome biases in M⋆
estimates, Buchner et al. (2024, B24 hereafter) proposed a new
Bayesian SED analysis method, GRAHSP (Genuine Retrieval of
the AGN Host Stellar Population). The approach uses a flex-
ible AGN model. This avoids a failure mode of overly rigid
AGN that cannot fully match the data, leading the galaxy tem-
plate to compensate for the remaining mismatches and thereby
bias the inferred stellar mass to high values in luminous AGN.
In this work, we follow the GRAHSP priors for AGN, galaxy,
and attenuation parameters as described in B24 for their eFEDS
analyses. Briefly, the galaxy component is modeled as a stan-
dard stellar population model (using Bruzual & Charlot 2003;
Chabrier 2003) of solar metallicity with a τ-delayed, expo-
nentially declining star-formation history, attenuated by Small
Magellanic Cloud-like dust (Prevot et al. 1984), with energy-
conserving infrared reemission (Dale et al. 2014). The AGN is
modeled with a power law for the big blue bump, augmented
with line emission features (including Fe II), and a cold and hot
dusty torus component. As this work focuses on broad line AGN,
we set the nuclear AGN attenuation (E(B-V)-AGN parameter)
to a low value (0.01) when the lower 2σ error bar of the line
width of the Hβ, Hα, MgII or CIV broad component lies above
1500 km/s. In any case, the total attenuation parameter E(B-V)
of the system is free to vary. We refer the reader to B24 for more
details.

We enhance the GRAHSP SED fitting with a new
morphology-independent spatial decomposition technique
which we call extended flux lower limits (EFLL). For each
AGN, we compare LS10 optical photometry fluxes extracted
in apertures1 of radii of 0.5, 0.75, 1, 1.5, 2, 3.5 and 5 arcsec
against the expectation from a point source matched in nor-
malization in the 0.5 arcsec annulus. We assume a Gaussian
Point Spread Function (PSF) model with the nominal seeing
for the relevant source and band. In our tests, this agrees well
with the PSF observed in stars near to the AGN, and we get
consistent results with either method. After subtraction, from
the observed aperture photometry in the 5 arcsec bin, we obtain
an estimate for the extended flux. We propagate the Gaussian
uncertainties arising when matching the central flux and from

1 The centroid positions are from LS10 source detection, which per-
forms multi-source source position and radial profile fitting on sky
patches, see Dey et al. (2019).

the 5 arcsec aperture flux. Finally, we use the mean µb,EFLL and
uncertainty σb,EFLL of the residual (extended) flux as a lower
limit during SED fitting on the galaxy component alone, with
an additional upper limit likelihood term. GRAHSP can ingest
asymmetric Gaussian priors on any model parameter and model
flux predictions through the provided input file. For example,
the column prior_GALflux_decam_r (and _errlo/_errhi) sets the
mean µ (and lower/upper standard deviation σr,+/σr,−) for the
galaxy flux alone in the decam r band. If σr,+ > 0 and σr,− > 0,
this modifies the likelihood L with an additional term:

ln L′ = ln L −
1
2

{(
galfluxr − µr

)2 /σ2
r,+ if galfluxr ≥ µr(

galfluxr − µr
)2 /σ2

r,− if galfluxr < µr
.

Here galfluxr is the galaxy SED model flux in the r band, and we
set µr = µr,EFLL, σr,− = σr,EFLL. Thus, during SED fitting, this
gives low probability (highly negative log-likelihood, high chi-
square values) for fit proposals that lack sufficient host galaxy
flux in the band. On the other hand σr,+ is set to an arbi-
trary large number to make the likelihood term vanish when
the lower limit is fulfilled (galfluxr ≥ µr). We repeat the vali-
dation test of Section 7.3 of the GRAHSP paper and compare
the stellar masses estimated with the EFLL to masses from
spatially decomposed estimates from higher resolution Hyper-
SupremeCam data by Li et al. (2024), and find consistency.
For about half of that validation sample, uncertainties are sub-
stantially reduced, often yielding informative stellar mass upper
limits.

For the parent sample considered in this work, we use Rain-
bowLasso (B24) to extract 5 arcsec diameter aperture-matched
photometry from various surveys. This includes GALEX near-
UV (NUV Bianchi et al. 2017), optical from DESI Imaging
Legacy Survey DR10 (LS10 hereafter, based on DECam optical
imaging and WISE IR; Dey et al. 2019; Zenteno et al. 2025), and
near-infrared data from Vista Hemisphere Survey (McMahon
et al. 2013) and UKIDSS (Lawrence et al. 2007). We incorporate
EFLL constraints only in bands that meet RainbowLasso qual-
ity criteria and for which extended flux is detected (µb,EFLL > 0).
The hard X-ray band luminosity is used as a prior on 5100Å
luminosity as described in B24. Fitting the data with GRAHSP
yields a host galaxy stellar mass M⋆ estimate. GRAHSP reports
2σ uncertainties.

Figure 2 illustrates the EFLL technique. The optical and
near-infrared fluxes indicate a flat spectrum, which is degener-
ate between galaxy and AGN light. The UV data (top left panel
in Figure 2) is of low significance, giving only a lower limit. The
X-ray luminosity would be tightly constrained, but due to conver-
sion uncertainties do not tightly constrain the optical luminosity
and thus do not constrain the host galaxy. The infrared pho-
tometry is blended with a nearby source, and therefore deemed
untrustworthy. Instead, RainbowLasso derives a conservative
upper limit based on the sum of all components. This leaves a
relatively short wavelength window of measurements available
for the SED decomposition, and therefore a good case where
spatial information can be helpful. The EFLL constraints are
shown as purple upward-pointing triangles in Figure 2. In the z
band, the flux lower limit is closest to the total flux measurement
and thus the most constraining. Proposed SED solutions where
the purple curve falls below the purple upward pointing triangle
are rejected during sampling. The posterior distribution of the
galaxy component (purple shaded band) are small, although in
this case, the Balmer break from g to r is also suggestive of a
galaxy-dominated spectrum.
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3.3. Lauer bias simulations

Flux-limited AGN samples of black holes incur selection effects
(e.g., Lauer et al. 2007; Merloni et al. 2010). We create a simu-
lation to demonstrate the effects on our sample. In this section
we only use the hard X-ray sample (>2 keV), where the selection
function modeling is less affected by obscuration and additional
soft X-ray emission components (Waddell et al. 2024).

Starting with a galaxy population model, we assign black
hole masses following Kormendy & Ho (2013) for quiescent
galaxies and Greene et al. (2020) for star-forming ones, fac-
toring in relation scatter. For the evolving galaxy population
model, we adopt Schechter mass functions and quiescent frac-
tions from Ilbert et al. (2013). Next, we trigger some galaxies to
be AGN. We use a power-law Eddington ratio distribution (c.f.,
Kelly et al. 2013; Georgakakis et al. 2017) with the normalization
adjusted to match our redshift distribution. We converted AGN
properties (luminosity, redshift, obscuration) to observed 2.3–5
keV fluxes assuming a log-uniform column density distribu-
tion, a constant X-ray bolometric correction of 25 for simplicity
and the UXClumpy obscurer model (Buchner et al. 2019). The
eFEDS sensitive area selection function (Brunner et al. 2022)
was applied to mimic observed samples. Our simulated sample
agrees with the observed sample in its luminosity and red-
shift distribution. The effect of single-epoch black hole mass
estimates is modeled by adding 0.45 dex in scatter to M•.
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All three sources are AGN dominated, in agreement with the optical
spectra in Figure 1. On top of the panel, photometry filter transmission
are drawn. The lower panel shows fit residuals. The bottom-right inset
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4. Results

4.1. Identification of overmassive black holes

In the top-left corner of Figure 5, we identify three systems that
are about ten times above the local scaling relation of Kormendy
& Ho (2013), with eFEDS-hard catalog ID 133, 1136 and 32.
Figures 3 and 4 show the SED fits. The stellar mass upper limit is
reliable: Conservatively converting the total z- or W1-band flux
using an old-galaxy template yields similar stellar mass upper
limits. Thus, regardless of AGN modeling details, the stellar
mass cannot be substantially higher. Further below, we charac-
terize the physical properties of these OMBHs in more detail.
However, first we present results indicating that these sources
are expected and the selection is robust.

4.2. Lauer bias simulations

We simulated the expected sample based on scaling relations
and the evolving galaxy population. To validate the simulation,
the stellar mass and black hole mass distribution of 1000 simu-
lated systems is shown as black circles in Figure 5. Quiescent and
star-forming galaxies contribute roughly equally across the M⋆
range. At higher M⋆, the simulations show more M• > 109.5 M⊙
than the observed sample. This arises from the assumed larger
scatter in the star-forming scaling relation.

The gray circles in Figure 5 show the effect of adding 0.45
dex single-epoch mass scatter to the 1000 simulated sources,
which we oversample by a factor of 5. The median mass ratio is
M•/M⋆ = 1%. We then scale our simulated number of sources to
200 to gain estimates appropriate the eFEDS-hard sample. In our
realistic simulations, 17 out of 200 systems have M• > 5%M⋆.
These are often at high stellar masses, because the simulations
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Fig. 4. Same as Figure 3, but for ID 1136 (top panel) and 32 (bottom
panel), two of the three OMBH quasars from the eFEDS-hard sam-
ple. The stellar mass posterior (violet band in the main panel shows the
galaxy component) is wide and essentially an upper limit. Both sources
are AGN dominated, in agreement with the optical spectra in Figure 1.

produce a stellar-mass distribution that is more right-skewed
than the observed one. If we correct for this by reweighting
the simulated sample by 1/M⋆, the stellar mass distributions
match, then 15 out of 200 systems are expected at observed
M• > 5%M⋆. Half have an intrinsic (before black hole mea-
surement uncertainties) of M• > 1.9%M⋆, i.e., four times above
the ratio typical of quiescent galaxies. Twelve percent have an
intrinsic ratio (without single-epoch mass systematic scatter) of
M• > 5%M⋆, i.e., one out of eight are comparable in ratio to
NGC1277 or NGC4486B.

Finally, we comment on the behavior at the low stellar mass
end. As in other simulations (Pacucci et al. 2023; Li et al.
2025a), the black hole mass distribution is squeezed there by the
intrinsic rarity of very massive black holes and the high lumi-
nosity threshold. A further contributing factor is that in this mass
regime, quiescent galaxies are rare, and the scaling relations of
star-forming galaxies are steeper than unity there (Greene et al.
2020) (see Fig. 7). Comparing data to simulations, the most
outstanding system is ID 133 at the top left of Figure 7.

4.3. The sample lies within M• calibration distribution

This section highlights that for identifying OMBHs we oper-
ate within the distribution where the single-epoch (SE) mass
estimates are calibrated and most reliable. Figure 6 shows that
the redshift distribution of the eFEDS sample with Hβ mass
estimates ranges from z = 0–1, due to the SDSS spectro-
graph wavelength range. Black diamonds, pentagons and squares
in Figure 6 represent reverberation mapping (RM) campaigns
(Peterson et al. 2004; Hu et al. 2021; Yue et al. 2024), which
cover the same redshift range. The y-axis shows the Edding-
ton ratio computed for all points in this plot as λEdd = BC ×

λ

√
Lλ(5100Å)FWHM(Hβ)2 with a bolometric correction of

BC=9.26 (following Shen et al. 2011; Richards et al. 2006).
Each RM-mass symbol is connected to the corresponding single-
epoch mass, indicating the typical scatter. As noted previously,
the scatter increases toward higher λEdd (Peterson et al. 2004; Hu
et al. 2021; Yue et al. 2024).

Figure 7 presents the optical images of our parent sample of
eROSITA hard X-ray selected quasars in the eFEDS 140 deg2 sur-
vey area (Brunner et al. 2022; Salvato et al. 2022; Nandra et al.
2025) positioned on the M•–M⋆ plane. On this plot, the systems
are centered at their black hole mass and stellar mass estimate.
In case of upper limits on the stellar masses, the cut-outs are left-
ward pointing triangles. Sources with statistical errors larger than
1 dex in stellar mass or 0.3 dex in black hole mass are excluded.
We find a wide distribution, which is consistent with the popula-
tion of star-forming and quiescent galaxies in combination with
their respective mass scaling relations (blue and orange), when
considering their intrinsic scatter (Reines & Volonteri 2015;
Greene et al. 2020), black hole mass measurement scatter and
the Lauer bias. In the top left of Figure 7 above the dashed line
we identify three systems (ID: 133, 1136, 32; details in Table 1)
with 2 sigma lower limits on the mass ratio of M•/M⋆ > 5%,
which is ten times above the local quiescent galaxy scaling rela-
tion (Kormendy & Ho 2013; Greene et al. 2020). In one of the
three cases, the source is not merely a blue point source, but it
shows either spatial extent, and another shows reddened colors
(see Appendix C for radial profiles), indicative that the source is
not entirely dominated by an unobscured accretion disk. Addi-
tionally, from the same survey area, but only detected in the
soft eROSITA X-ray band, we identified five additional OMBH
quasars (details in Table 1). They are shown without IDs in
the top left of Figure 7), also well above the quiescent scaling
relation. These five systems have similar properties to the three
hard sample sources, with only one showing a potential nearby
neighbor. The comparison to star-forming galaxies (Greene et al.
2020) is also interesting, because their cold gas may power lumi-
nous AGN somewhat more efficiently (Bongiorno et al. 2012;
Aird et al. 2019). In that case, our eight systems lie more than
4σ above the scaling relations of star-forming galaxies (Reines
& Volonteri 2015). The systems are even more extreme in com-
parison to the steeper relation of local AGN (Reines & Volonteri
2015), which features a similar scatter and already contains the
single-epoch mass uncertainty. Our eight AGN are extreme sys-
tems, likely the tail of the galaxy population in black hole mass
to stellar mass ratio at these redshifts.

4.4. Comparison to literature samples

A closer comparison to other OMBHs is shown in Figure 8.
Our OMBHs (purple and pink triangles in Fig. 8) at z < 0.8
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gray dashed line indicates the threshold for our
definition of OMBHs, M•/M⋆ > 5%.

Table 1. OMBHs (M•/M⋆ > 5%) found in eFEDS.

Hard sample ID RA Dec z M• M⋆ LX

deg deg M⊙ M⊙ erg/s
J2000 log log log

133 143.7766 3.7543 0.43 8.9 <10.0 44.344.4
44.2

1136 129.7403 4.2407 0.82 9.5 <10.7 44.444.5
44.2

32 143.8258 2.0710 0.65 9.6 <10.9 45.145.1
45.1

45 139.6952 -0.9914 0.36 9.3 10.410.7
10.1 44.144.2

44.1

Main Sample ID RA Dec z M• M⋆ LX

33 130.2953 2.4978 0.33 9.3 9.410.2
8.3 44.344.3

44.3
689 137.8299 3.1981 0.72 9.0 <9.9 44.244.3

44.2
583 136.5168 1.1873 0.80 9.4 8.910.4

5.3 44.544.6
44.5

553 143.6169 1.3336 0.70 9.1 <10.3 44.544.5
44.4

3276 134.9522 0.8836 0.63 9.2 10.010.4
9.3 43.843.9

43.7

Notes. OMBHs (M•/M⋆ > 5%) found in the eFEDS-hard survey (top) and eFEDS-main survey (bottom). The column give the optical coordinates,
redshift, black hole mass, stellar mass and 0.5–2 keV rest-frame AGN luminosity. ID 45 is a candidate OMBH. The M⋆ errors and upper limits are
2σ. LX error bars are 1σ.

cover the same mass ratios as those found in the first half bil-
lion years (orange points). Our distribution of measurements is
limited to stellar masses of M⋆ > 1010 M⊙. However, the stel-
lar mass upper limits are also consistent with dwarf galaxies.
Figure 8 also shows dwarf-galaxy OMBH samples.

The detection of black holes with M•/M⋆ ∼ 10%, far exceed-
ing the average values of local scaling relations, has prompted
debates about extraordinary growth histories. Meanwhile, over-
massive black holes found in dwarf galaxies are often considered

dormant remnants of black hole seeding (Volonteri 2010; Greene
et al. 2020). However, this scenario is less feasible for our
OMBHs in massive, z < 1 galaxies with M⋆ ≥ 1010 M⊙. These
galaxies have undergone numerous galaxy–galaxy interactions
(Buchner et al. 2019), and the black hole mass has evolved sub-
stantially beyond the initial seed mass. Therefore, it is more
plausible that a different mechanism is responsible for the build-
up of OMBHs. The presence of another mechanism, however,
may erode support for the black hole seed interpretation for
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both nearby dwarf galaxies and distant galaxies observed by
JWST.

Figure 9 compares our OMBHs to local non-AGN galax-
ies. The distribution are of similar range, in M•, M⋆ and
M•/M⋆. The aforementioned local OMBH remnants NGC1277
and NGC4486B are visible near the 5% dashed line. Figure 10
compares our sample to other AGN samples. Similar objects
as those in our survey have been found previously. However,
these used much wider area surveys, an important distinction
discussed further below.

4.5. A high space density

A main result of this work, the abundance of the OMBH popula-
tion, is presented in the upper panel of Figure 11. The systematic
survey defining our parent sample allows the cosmic occurrence
rate of these systems to be quantified, which is at least 8 per
0.5 Gpc−3 (purple point in the top panel of Figure 11), adopting
the cosmological volume to redshift 1 of the eROSITA eFEDS
survey. This space density is higher than the results of Li et al.
(2021a), who found 10 overmassive systems in the approximately
1200 deg2 HSC-WIDE survey in the z = 0.2–0.8 redshift inter-
val (≈4 Gpc−3; 4σ significance by a score-ratio test (Gu et al.
2008)). For comparison at similar stellar masses, we consider the
EIGER JWST follow-up (Yue et al. 2024; Stone et al. 2024) of
6 z ∼ 6 quasars with optical magnitudes of m1450Å <
24.4mag AB. The space density of such luminous quasars is
3 Gpc−3 (Willott et al. 2010), and they find half of their follow-up
sample (3/6) to be overmassive above M•/M⋆ > 5%. While the
space densities are uncertain, currently we infer a 96 times higher
space density (14σ significance with the same test) of OMBHs:
3/(0.5 Gpc3) vs. (3/6)/(3 Gpc3). Our eight sources allowed us
to put a conservative, 3σ lower limit on the space density of

Table 2. Space density constraints of OMBHs.

Constraint Threshold Space density

Observed M•,SE/M⋆ > 5% >4.2 Gpc−3

Intrinsic M•,intr/M⋆ > 2.5% >2.1 Gpc−3

Notes. Space densities inferred in this work before and after accounting
for single-epoch black hole mass scatter. Space densities are 3σ lower
limits.

>4.2 Gpc−3 (Jeffrey-Poisson rate estimate Barker 2002). Con-
sidering the scatter in single-epoch masses halves the number
density and loosens threshold to M•/M⋆ > 2% (Section 4.2),
where the final estimate is 8 Gpc−3 with a 3σ lower limit of
2.1 Gpc−3. The estimates are listed in Table 2.

Our space density estimate is much higher than previous
AGN samples, many at higher redshifts (see top panel of Fig-
ure 11). It is important to stress that all AGN samples give only a
lower limit on the OMBH population, of which only a subset
indicate their presence as AGN in some wavelengths. There-
fore, we can compare efficiencies of selection techniques, but not
conclude an evolution over cosmic time from the comparison.

The black point in the top left corner of Figure 11 shows
the space density of the two galaxies NGC1277 or NGC4486B
within a local 100 Mpc radius. This implies an abundant dormant
OMBH population not apparent as AGN, and is not at odds with
the minimum OMBH space densities we derive.

Some of our OMBH population may be descendants of high-
redshift Universe OMBHs that have recently been reactivated.
However, the much higher space density makes this explanation
currently unlikely for all OMBHs. Instead, the higher abundance
suggests that the channel for creating or maintaining OMBHs
has remained intact over cosmic time, and may have been active
in a non-negligible fraction of galaxies at cosmic noon.

5. Discussion

In this work, we identified eight OMBHs in a 140 deg2 eROSITA
X-ray survey field. This implies a higher minimum space density
of OMBHs at z = 0.3–1 than could be established previously
with AGN surveys. In this section, we first discuss the relia-
bility and completeness of the selection in Section 5.1. Next,
we discuss evolutionary scenarios that could have created these
eight OMBHs. Comparisons to other samples are discussed in
terms of selection efficiency Section 5.3 and mass distributions
Section 5.4, in particular to the early Universe.

5.1. Selection reliability and completeness

Our results suggest that, considering the Lauer bias and selec-
tion effect (see Section 4.2), the observed distributions are not
in conflict with existing scaling relations. In this work, we high-
light that among rapidly accreting black holes, overmassive ones
are not rare (see Section 4.5). This suggests that there is an
evolutionary process (see next section) capable of maintaining
overmassiveness over cosmic time or creating new OMBHs.
Our results empirically bolster the modeling analysis of Li
et al. (2025a) suggesting mechanisms unique to high-redshift
Universe or black hole seeding may not be needed to create
OMBHs.

In our simulated Universe of M• > 5% M⋆ systems, only 1–
10% of them are X-ray detectable. This suggests that the total
space densities of OMBHs may be one or two orders of mag-
nitude higher than the space density of OMBH quasars inferred

A11, page 8 of 20



Buchner, J., et al.: A&A, 713, A11 (2026)

1010 1011

Total Stellar Mass [M⊙]

107

108

109

B
la
ck

H
ol
e
M
as
s
H
β
[M

⊙
]

1σ
2σ

3σ

4σ

5σ

active nuclei

active
galaxies

passive
galaxies

eROSITA X-ray quasars

10”

( 50-80 ckpc)

5%

1
3

4

7

23

28

29

30

32

33

34

37

38

39

43

44

45

48

51

54

55

56

57

71

75

76

80

82

101

105

107

110

113

114117

120

121

122

125

132

133

135

145

151

156

169

192

194
206

214

216

235

237

252

263

264

267

288

303

323

329
340

358
367

384

385

395

436

450

540

545

626

632

774

784

1058

1136

1137

1161

1492

1536

1911

2010

3376

4444

5546 5842

6932

10285

1
Fig. 7. Optical cutout (grz LS10 10′′ radius) for each X-ray quasar placed on the M•–M⋆ plane. The orange dashed line shows the local galaxy
scaling relations of elliptical galaxies and bulges (Kormendy & Ho 2013). For gas-rich systems the relation lies further to the bottom right, with
star-forming galaxies (dark blue line) (Greene et al. 2020) and local optical AGN Reines & Volonteri (2015) (light blue line). From the 1σ scatter of
the local AGN relation (light blue shaded region), our overmassive systems (M•/M⋆ > 5%, dotted line) on the top left lie four standard deviations
(4σ) away. Left-ward pointing triangles are upper limits in stellar mass. Sources with IDs are from the eFEDS-hard sample, and the remaining five
are from the eFEDS-main sample.

in this work. Indeed, the black point in the top left corner of
Figure 11, although based only on two objects, suggests a local
OMBH space density that is two orders of magnitude higher than
our AGN-based measurement.

5.2. Evolution scenarios

We can ponder what is needed to create our M•/M⋆ ∼ 10% sys-
tems at late cosmic times. We choose as a starting point the
observed M•–M⋆ relation of quiescent galaxies. While a much

more massive galaxy could have been stripped of its stars, none
of the three OMBH quasars show clear signs of tidal distor-
tions or nearby massive sources, so we leave this hypothesis
for future work. We thus assume the lift above the relations
is growth by accretion, which is reasonable as these systems
are accreting now, as witnessed by their high X-ray luminosi-
ties. As a fiducial starting point, we consider M⋆ = 1010.5 M⊙
and assume negligible evolution in M⋆. Thus, we try to iden-
tify a BH growth process to grow a M• ∼ 108 M⊙ SMBH by
∆M• ≈ 109 M⊙.
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Because the instantaneous accretion rate may not be repre-
sentative of an individual system’s accretion history, we consider
the typical sample luminosities and the galaxy evolution phase
that our eROSITA selection probes: L0.5–2 keV ∼ 1043 erg/s or
L2–10 keV ∼ 1043.4 erg/s (Nandra et al. 2025). These can be con-
verted into a bolometric luminosity (Marconi et al. 2004) of
Lbol ∼ 3 × 1044 erg/s. Thus, assuming a radiative efficiency of
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Herschel far-infrared selected luminous AGN at z=0–3 (Dong & Wu
2016) are shown as red crosses. The X-ray type 1 sample at cosmic noon
of Tanaka et al. (2025) is shown with purple circles.

ϵ = 10% yields a black hole mass accretion rate of Ṁ ∼ 4 ×
107 M⊙/Gyr. At constant mass accretion rate, twice the age of
the Universe would be needed to build such black holes, obvi-
ously a nonsensical result. Instead of constant mass accretion
rates, constant Eddington ratios λ can be assumed. Then, with
the Salpeter e-folding time τS ≈ 45Myr, the time to grow by
a factor of 10 is τ = (τS /λ) ln 10 ≈ 0.1 Gyr for λ = 100%, the
maximum of the parent sample reported in Nandra et al. (2025),
and τ ≈ 1 Gyr for λ = 10% (median). These growth spurts can
be interrupted by periods without growth, so that τ refers to the
“on” time. For a scenario where the black hole outgrows the host
galaxy mass, star formation and stellar mass accretion should be
negligible. Thus we assumed an isolated galaxy that is not under-
going a star burst. During the same timescales, stellar population
growth on the main sequence is negligible at this cosmic epoch
(Speagle et al. 2014). From this, we conclude that eROSITA
identifies exponential growth spurts of black holes lasting about
a billion years. Figure 11 illustrates this AGN-driven pathway
to OMBHs with the large orange arrow. Among the non-AGN
galaxies in Kormendy & Ho (2013), two OMBHs with ratios near
10% stand out, NGC4486B and NGC1277. In this work, we use
the latest black hole and stellar mass determinations (Comerón
et al. 2023; Tahmasebzadeh et al. 2025). Our systems may be the
missing link progenitors to nearby galaxies with such extreme
mass ratios of 3–10% (gray dotted line in Figure 11).

The channel leading to our OMBHs may apply at other cos-
mic times, too. It is plausible that the JWST-observed OMBH
quasars within a Gyr after the Big Bang are created in the same
way (right orange arrow in Figure 11), starting at mass ratios
expected from scaling relations. In this scenario, overmassive-
ness is not due to a high mass at birth, but built up after, without
lock-step galaxy growth. When starting from a seed mass of 1
to 10 000 M⊙, a major observational and theoretical unknown is
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and NGC1277, which feature M•/M⋆ ratios of 3–10%. Galaxy mergers and self-regulation would regress the M•/M⋆ (gray arrows) to typical ratios
(0.5%). Our systems are similar to those in the early Universe (right-hand side Stone et al. 2024; Übler et al. 2023; Harikane et al. 2023; Maiolino
et al. 2024; Yue et al. 2024; Juodžbalis et al. 2026), but we find the highest cosmic space density (see top panel), suggesting persistent creation of
OMBHs by accretion over cosmic time. Grey symbols (Merloni et al. 2010; Suh et al. 2020; Li et al. 2023; Mountrichas 2023; Sun et al. 2025) cover
either higher redshifts (z=1–3) than our sample or not as high M•/M⋆ ratio sources. Blue boxes indicate low redshift works (Reines & Volonteri
2015; Li et al. 2021a; Zhang et al. 2023) finding moderate M•/M⋆ ratios. Redshifts are illustrative only. The literature comparison was focused on
M⋆ > 109 M⊙.

whether fueling at substantial Eddington accretion ratios can be
maintained across the first billion years to transition seeds into
the 109–10 M⊙ black holes seen as AGN (Inayoshi et al. 2020;
Volonteri et al. 2021; Fan et al. 2023). Special circumstances can
be at play, as only a minuscule fraction of seeds needs to succeed
(Menou et al. 2001; Buchner et al. 2019). If the systems found
here have started from or below galaxy scaling relations, they
may have an analogous, sustained accretion history at substan-
tial Eddington fractions. These are worth studying in more detail
to shed light on the growth of seeds. The constraints in the pre-
vious paragraph show that this occurs in at least 4/Gpc3, which
we can compare to the cosmic population of massive galaxies
(M⋆ > 1010M⊙) (Ilbert et al. 2013). This shows that at least
one in a million galaxies succeeds in maintaining such a growth
spurt.

At odds with simulations, our results indicate that long excur-
sions from self-regulation are permitted to the AGN and realized

in nature. Current galaxy evolution simulations can reproduce
local scaling relations through calibration (Habouzit et al. 2021;
Dolag et al. 2025), but their shape and evolution depend on the
assumed black hole feeding and feedback physics. In virtually all
simulations, however, the scatter is narrower than in observations
(e.g., Habouzit et al. 2021). Figure 12 shows the simulations of
EAGLE, Horizon-AGN, Illustris and TNG from Habouzit et al.
(2021), Magneticum (Dolag et al. 2025) and ASTRID (at z=2
Weller et al. 2023). Our OMBHs lie outside the range produced
in this simulations. OMBHs akin to NGC4486B and NGC1277
are also not produced in these simulations (Habouzit et al. 2021;
Dolag et al. 2025; Weller et al. 2023). This is not primarily
because of limited simulation volume, but because the accre-
tion and feedback models tightly link the star-formation rate and
black hole accretion with the galaxy’s gravitational potential.

A key element in modern galaxy evolution models
is feedback from supermassive black holes to suppress
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Fig. 12. Black hole – stellar mass distribution produced in simulations
at z=0 (taken from Habouzit et al. (2021) for Illustris, TNG, Horizon-
AGN, EAGLE, and Simba, from Dolag et al. (2025) for Magneticum
and Weller et al. (2023) for ASTRID). For each simulation, the polygon
shows the full range of black hole masses at a given stellar masses for
the redshift z=0 snapshot. As in Figure 9), our data points are pink and
purple symbols, while local galaxies are in black. Three OMBHs (pink
left-pointing triangles) lie in the white area, and thus outside the range
produced in any of the simulations, at lower stellar masses at black hole
masses of M• ≳ 109 M⊙.

star-formation in massive galaxies (Haehnelt et al. 1998;
Haehnelt & Kauffmann 2000; Kauffmann & Haehnelt 2000;
Volonteri et al. 2003; Wyithe & Loeb 2003; Cattaneo et al. 2005;
Di Matteo et al. 2008; Hopkins et al. 2008; Somerville et al.
2008; Booth & Schaye 2009; Croton 2009; Sijacki et al. 2009;
Steinborn et al. 2015; Rosas-Guevara et al. 2016; Weinberger
et al. 2017). The implemented models vary, but by construction
tend to be most effective in the most massive black holes. For
example, in models where feedback is proportional to the accre-
tion rate, the Eddington limit is less stringent for overmassive
black holes than for under-massive black holes. A small amount
of gas ingested by an OMBH may thus be efficiently converted
into a burst of feedback that suppresses star formation galaxy-
wide (Fabian 1999; Granato et al. 2004; King 2003; Silk & Rees
1998), thus keeping the black hole at high M•/M⋆ ratios. It is
not clear whether, once sufficiently overmassive, black holes can
return to the otherwise tight scaling relations.

Even if such systems are the tail of a wider distribution
as previously discussed in the literature for JWST (Pacucci
et al. 2023; Li et al. 2025a), they may hold the key to under-
standing the conditions for long-term persistent accretion. Our
systems with r band magnitudes of 17–19 AB make detailed
investigations feasible. The eROSITA all-sky survey likely holds
more than an order of magnitude more of such OMBHs. There
may be additional OMBHs in the obscured population, which,
while perhaps in the X-ray sample, would need black hole mass
measurements other than through optical broad lines.

5.3. Selection efficiency in comparison with other samples

We studied a parent sample of 200 luminous AGN at redshifts
z < 1 and found three galaxies with black holes that are overmas-
sive compared to local galaxy scaling relations. In contrast, all
262 type 1 SDSS AGN of Reines & Volonteri (2015) at z < 0.1

had a black hole mass to stellar mass ratio (M•/M⋆) of less
than 1%. The difference between the two groups (three OMBHs
versus none) is not statistically significant based on a Wald log-
ratio test. Another study with comparable efficiency to ours is
Poitevineau et al. (2023), who report that among the 42 lumi-
nous radio AGN, five have M•/M⋆ > 2%. However, they use less
reliable SDSS pipeline emission line width measurements, and
when inspecting three of the five within the SDSS DR16 cata-
log of more careful line measurements by Wu & Shen (2022),
the black hole masses of the same lines are 0.43, 0.21, and
0.93 dex lower than listed in the original paper. The study by
Mezcua et al. (2023) of 1161 broad-line selected dwarf galax-
ies identified seven with unusually massive black holes, but only
three have a mass ratio ∼ 10%. This matches our findings, but
their parent sample was five times larger, and therefore the selec-
tion efficiency is significantly lower (p < 0.02, 2.06σ, with the
same test as above). Our high success rate of identifying OMBHs
may be due to high effective luminosity threshold on the parent
AGN sample combined with high spectroscopic completeness.

Our parent eFEDS-hard sample, unlike type-1 samples that
focus on unobscured AGN, includes both unobscured and
obscured AGNs with column densities up to NH ∼ 1023.5 cm−2

(Liu et al. 2022; Waddell et al. 2026). Our report of three detec-
tions of M•/M⋆ > 5% is thus noteworthy when compared to
type-1 samples that require broad lines. The recent X-ray based
work by Tanaka et al. (2025) identified only one OMBH in their
<1 deg2 survey areas, while our 140 deg2 survey allowed us to
put constraints on number densities. Due to our conservative cuts
and observing limitations, our parent AGN sample (as any other
sample) may contain more OMBHs yet to be identified.

5.4. Comparison with other AGN samples

In this section, we compare our findings with other AGN sam-
ples, starting at higher redshifts. The orange markers in Figure 8
are a compilation from the SHELLQ sample (Matsuoka et al.
2016; Silverman et al. 2025) and JWST (Harikane et al. 2023;
Ding et al. 2023; Übler et al. 2023; Maiolino et al. 2024; Stone
et al. 2024; Yue et al. 2024; Juodžbalis et al. 2026). We also
have comparable stellar-mass upper limits (empty symbols) to
those found by Stone et al. (2024). These samples have indi-
cated systems with high black hole to stellar mass ratios (above
10%), raising questions about their growth and formation ori-
gins. Our sample at z = 0–1 (purple markers) closely resembles
the distribution of these high-redshift samples.

The far-infrared AGN sample by Dong & Wu (2016) (red
crosses in Figure 10) also shares this distribution, revealing an
OMBH population at redshifts 0.5–3.5. Our median black hole
mass is above the average in SDSS type-1 selections at com-
parable redshifts (Li et al. 2021b), although both samples share
a similar range. When comparing our AGN sample to the low-
redshift Universe, there are similarities in distribution to local
elliptical galaxies (black dots in Figure 9). Late-type galaxies
show higher masses due to extra components such as spiral arms
(Kormendy & Ho 2013; Greene et al. 2020). Samples favor-
ing smaller black holes, such as SDSS type 1 AGN and water
megamasers (green diamonds; Greene et al. 2016) appear lower
down in Figure 10. Our sparse data here suggest that only mas-
sive black holes pass the X-ray flux threshold due to power-law
Eddington ratio distributions.

The overall distribution of stellar mass and black hole mass
depends on sample selection. A high flux limit restricts samples
to luminous AGNs, partly explaining differences in black hole
size between our sample and those observed by JWST. Pacucci
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et al. (2023) reported elevated JWST z > 6 black holes, but
Li et al. (2025a) found the differences could be due to selec-
tion biases rather than intrinsic discrepancies. Such selection
effects are also captured by our simulations (Section 3.3 and
4.2). Interestingly, different selection methods (broad optical
lines, infrared, X-ray) find similar distributions, suggesting that
OMBHs are not linked uniquely to one phase of AGN obscu-
ration (?). This finding is limited to moderate extinction levels
because broad lines are required for the determination of black
hole masses. Our results suggest that high-redshift conditions or
unique black hole seeding processes are not required to account
for OMBHs (Stone et al. 2024).

6. Conclusions

We present a survey that revealed eight OMBHs with M•/M⋆ >
5%, ten times higher black hole masses than the typical ratio in
elliptical galaxies. Compared to other studies, these black holes
stand out:

– We estimate a high space density of OMBH AGN of
16+9.7
−6.4/Gpc3;

– Our yield of identifying OMBHs, 8 in 140 deg2, is high-
est compared to any previous AGN survey, thanks to high
spectroscopic completeness;

– Our simulations suggest that the total space density of
OMBHs is at least an order of magnitude higher;

– For reliable stellar masses M⋆, we use the GRAHSP SED-
fitting code, which is uniquely unbiased to the presence of a
bright, unobscured AGN. We also introduce a new method
for incorporating surely spatially extended flux from pho-
tometry data as a lower limit on the galaxy component in the
SED fitting, without incurring the systematic uncertainties
of parametric image analysis;

– For reliable black hole masses M•, we use the most reliable
of the single-epoch estimators, Hβ. The effect of scatter from
single-epoch M• estimation and flux limit is quantified with
simulations, indicating that at least half of our objects are
intrinsically at M•/M⋆ > 2%;

– Comparable OMBHs cannot be found in current cosmologi-
cal simulations;

– A plausible evolutionary process is exponential growth by
sustained gas supply to the black hole over a billion years.
Super-Eddington growth is not required, and the current
accretion luminosities are below their Eddington luminosity;

– We speculate that such asynchronous growth should be con-
sidered in the first billion years as a process that contributes
to lifting black holes well above the relation.

Several of our black hole mass measurements are from lines
with slight asymmetries and boxy shapes. Future reverberation
mapping campaigns (such as SDSS-V) may reveal whether line
shape information can refine mass estimates or its uncertain-
ties. Future work will focus on characterizing these low-redshift
OMBH quasars and their evolution in more detail.
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Appendix B: Optical spectra

In this section, we present further spectral plots, in the same style
as fig. 1. Figure B.1 and fig. B.2 show the five OMBHs from
eFEDS-main. For comparison, fig. B.3 gives optical spectra of
AGN not selected as AGN.

Appendix C: Higher-resolution imaging

The eFEDS area has also benefited from observations by the
HyperSupremeCam (HSC) survey. Image cut-outs of our over-
massive eFEDS-hard systems are shown in Fig. C.1, C.2, C.3,
and C.4. We use a floodfill algorithm to enforce monotonic flux
decrease from the center, to avoid confusion by unrelated neigh-
bors. We searched for an excess of the source surface brightness
in comparison to the PSF image surface brightness matched
in the inner-most annulus. This nonparametric analysis sug-
gests extended galaxy emission for ID 32, and for the additional
candidate ID 45. ID 133 and 1136 are point-like.

HyperSupremeCam imaging is not used in the main analysis
because the long exposures of HSC optimal for studies of the
distant Universe cause many eROSITA sources to saturate (see
Salvato et al. 2022). We will analyze the HSC images in more
detail in an upcoming paper.
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Fig. B.1: As in fig. 1, but for two OMBH quasars from the eFEDS-main sample (top: eFEDS-main ID 583, bottom: eFEDS-main ID
33). Both show very massive black holes through broad Hβ lines.
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Fig. B.2: Optical spectra of three OMBHs in the eFEDS main catalog (top: eFEDS-main ID 3276, middle: eFEDS-main ID 689,
bottom: eFEDS-main ID 553). All show very massive black holes through broad Hβ lines.
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Fig. C.1: HyperSupremeCam high-resolution images of ID 32.
Each row represents a filter. The first column shows (only for
illustration) shows a wide cutout downloaded from the LS10
server (for y, the grz RGB image is shown). The second col-
umn shows a 7.2′′-wide image cut-out with a logarithmic color
scale. White areas have negative flux. The third column shows
a cleaned image after enforcing a monotonic decline from the
center. The circles indicating apertures of diameters 1, 1.5, 2, 3,
4, 5.7, 8.4, and 11.8′′. The fourth column is the PSF image. The
fifth column shows catalog aperture fluxes (gray error bars and
dashed), cleaned image (black) and PSF (red) matched in nor-
malization at the center. The black curve exceeds the red curve,
indicating an extended source.
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Fig. C.2: Same as Fig. C.1, but for ID 133.
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Fig. C.3: Same as Fig. C.2, but for ID 1136.
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Fig. C.4: Same as Fig. C.2, but for ID 45. The image shows an
extended host galaxy. The black radial profile is well above the
PSF expectation (red curve).
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