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A B S T R A C T 

The correlations between supermassive black holes (SMBHs) and their host galaxies still defy our understanding from both the 
observational and theoretical perspectives. Here, we perform pairwise residual analysis on the latest sample of local inactive 
galaxies with a uniform calibration of their photometric properties and with dynamically measured masses of their central 
SMBHs. The residuals reveal that stellar velocity dispersion σ and, possibly host dark matter halo mass M halo , appear as the 
galactic properties most correlated with SMBH mass, with a secondary (weaker) correlation with spheroidal (bulge) mass, as also 

corroborated by additional machine learning tests. These findings may fa v our energetic/kinetic feedback from active galactic 
nuclei (AGNs) as the main driver in shaping SMBH scaling relations. Two state-of-the-art hydrodynamic simulations, inclusive 
of kinetic AGN feedback, are able to broadly capture the mean trends observed in the residuals, although they tend to either 
fa v our M sph as the most fundamental property, or generate too flat residuals. Increasing AGN feedback kinetic output does not 
impro v e the comparison with the data. In the Appendix, we also show that the galaxies with dynamically measured SMBHs are 
biased high in σ at fixed luminosity with respect to the full sample of local galaxies, proving that this bias is not a by-product of 
stellar mass discrepancies. Overall, our results suggest that probing the SMBH–galaxy scaling relations in terms of total stellar 
mass alone may induce biases, and that either current data sets are incomplete, and/or that more insightful modelling is required 

to fully reproduce observations. 

Key words: black hole physics – galaxies: fundamental parameters – galaxies: nuclei – (galaxies:) quasars: supermassive black 

holes – galaxies: structure. 
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 I N T RO D U C T I O N  

upermassive black holes (SMBHs) appear to be ubiquitous in the 
ores of local galaxies measured with sufficient resolution. Their 
asses M bh correlate with their host g alaxy ph ysical properties 

uch as stellar velocity dispersion σ and bulge M sph or total galaxy 
tellar mass M gal (e.g. Ferrarese & Ford 2005 ; Beifiori et al. 2012 ;
ormendy & Ho 2013 ; McConnell & Ma 2013 ; Graham 2016 ; Saglia
t al. 2016 ). The very existence of these correlations suggests a
egree of co-evolution between SMBHs and their hosts. A number 
f physical processes such as gas accretion, cold flows, fly-bys, 
ergers, or secular instabilities may have all contributed to this 

o-evolution by promoting star formation and stellar mass growth in 
he host galaxies while triggering gas accretion and SMBH mergers 
n to the central SMBHs (e.g. Granato et al. 2004 ; Cattaneo et al.
006 ; Shankar et al. 2012 ; Menci et al. 2014 ; Fontanot et al. 2020 ),
lthough SMBHs may have also preceded the formation of their 
alactic hosts, at least at redshifts z � 5 (e.g. Hu et al. 2022 ; Ding
t al. 2023 ; Kokorev et al. 2023 ; Maiolino et al. 2024 ; Matthee et al.
024 ; Pacucci et al. 2023 ; Bogd ́an et al. 2024 ; Greene et al. 2024 ;
nayoshi & Ichikawa 2024 ; Li et al. 2025 ). 

Theoretical models suggest that SMBHs will eventually follow 

caling relations between SMBH mass and their host galaxy prop- 
rties, although the degree of coe v al e volution depends on the type
f physical processes regulating the mass growth of the two systems
e.g. Somerville & Dav ́e 2015 ; Byrne et al. 2023 ). Accreting SMBHs
hining as active galactic nuclei (AGNs) could launch powerful 
inds (e.g. Cano-D ́ıaz et al. 2012 ; Farrah et al. 2012 ; Cicone et al.
014 ; Carniani et al. 2016 ; Fiore et al. 2017 ; Musiimenta et al.
023 ) and/or jets that may potentially halt star formation in the
ost galaxies via removal/heating of the gas, self-regulating black 
ole growth, predicting a steep and tight correlation with stellar 
elocity dispersion M bh ∝ σα , with α ∼ 3 –5 (e.g. Silk & Rees 1998 ;
avaliere & Vittorini 2000 ; King 2003 ; Granato et al. 2004 ; Di
atteo, Springel & Hernquist 2005 ; Fabian 2012 ; Sijacki et al. 2015 ;
enci et al. 2023 ), or even a correlation with the potential well of the

ost galaxy of the type M bh ∝ M gal σ
2 (e.g. Hopkins et al. 2007a ),

lthough strong episodes of AGN feedback are not necessarily a 
trict pre-requisite to yield tight scaling relations between SMBHs 
nd their hosts (e.g. Granato et al. 2004 ; Angl ́es-Alc ́azar, Özel &
av ́e 2013 ). SMBH mergers could have also played a significant

ole in shaping SMBH–galaxy scaling relations. Repeated galaxy 
nd SMBH mergers could induce a linear relation preferentially 
etween SMBH mass M bh and host galaxy stellar mass M gal or M sph 

e.g. Jahnke & Macci ̀o 2011a ), modulating their scatter and redshift
volution (e.g. Robertson et al. 2006 ; Hirschmann et al. 2010 ), or
enerating breaks in particular in the M bh –M gal relation due to the
mpact of dry mergers, or in general mergers being more frequent 
t high masses and/or in specific galaxy subsamples (e.g. Graham 

023a , b , and references therein). The combined and different impact
f supernova and AGN feedback, respectively, dominating below 

nd abo v e the characteristic mass of M gal ∼ 3 × 10 10 M � can also
enerate breaks in the SMBH scaling relations (e.g. Cirasuolo et al. 
005 ; Shankar et al. 2006 ; Fontanot, Monaco & Shankar 2015 ), albeit
ounting evidence from observational and theoretical works points 

o a non-negligible role of AGN activity even in low-mass galaxies 
e.g. Penny et al. 2018 ; Arjona-Galvez, Di Cintio & Grand 2024 ;
ichang’a et al. 2024 ; Mezcua & Dom ́ınguez S ́anchez 2024 ). 
Despite intense theoretical and observational w ork undertak en 

n recent decades, the origin, shape, and evolution of the SMBH–
alaxy scaling relations remain largely poorly understood. Current 
alibrations of these relations are usually based on samples of inactive 
MBHs with robust dynamical mass measurements limited to around 
 hundred sources (e.g. Saglia et al. 2016 ; Sahu, Graham & Davis
019a ), orders of magnitude smaller than the samples adopted to
tudy the scaling relations controlling the structural and dynamical 
roperties of galaxies (e.g. Bernardi et al. 2011a , b ; Marsden et al.
022 ; Figueira et al. 2024 ). The calibrations of the SMBH scaling
elations based on AGN sources are extracted from significantly 
arger samples than those characterizing dynamically measured in- 
ctive SMBHs, but still provide different results, sometimes showing 
ignificant systematic offsets with respect to the local relations (e.g. 
eines & Volonteri 2015a ; Shankar et al. 2019 ; Farrah et al. 2023 ).
he pairwise residual analysis has been put forward by a series of
eminal papers as a powerful tool to dissect the most fundamental
elations between SMBH mass and their host galaxy properties, 
dding critical insight into the physical processes responsible for 
enerating these scaling relations. The correlations between residuals 
re, in fact, an efficient way of determining whether one variable Y is
irectly dependent on another variable X or whether the dependence 
riginates from a third variable Z. If Y depends e xclusiv ely on X, then
he residuals of the correlations with X should be uncorrelated. The
esidual analysis is characterised by at least three key features that
ake this an ideal method to study scaling relations, as demonstrated

y e xtensiv e Monte Carlo simulations (e.g. Bernardi et al. 2007 ;
opkins et al. 2007a ; Shankar et al. 2016 ; Shankar, Bernardi & Sheth
017 ; Marsden et al. 2020 ): (1) it clearly identifies the dependence
f SMBH mass on a single galactic variable, while fixing another
ne, thus a v oiding o v erinterpreting the dependence of SMBH on a
ariable in a direct relation; (2) it is as statistically robust as a direct
caling relation, providing equi v alent, if not tighter, constraints on the 
lopes; (3) it is less affected by potential biases that could distort the
ormalization of the direct scaling relations. Residuals are thus ideal 
or unveiling the strength of any underlying dependence of SMBH 

ass on, e.g. stellar velocity dispersion or ef fecti ve radius at fixed
otal/bulge stellar mass, therefore setting stringent constraints on the 

ost fundamental galactic property linked to SMBH. Alternatively, 
t may unveil the existence of any SMBH ‘fundamental plane’, where
he SMBH mass is linked to two (or more) galactic properties in equal

easure (e.g. Hopkins et al. 2007b ; Saglia et al. 2016 ). 
Previous work based on residual analysis applied to the local 

MBH dynamical samples available at the time, indicated a non- 
egligible correlation of SMBH mass on both stellar velocity 
ispersion and galactic stellar or even dynamical mass, possibly 
upporting the view of an underlying dependence of SMBH on the
alactic potential well of the type M bh ∝ M gal σ

2 (e.g. Hopkins et al.
007a ; Iannella, Greco & Feoli 2021 ). Other analyses carried out
n more recent and/or more uniform SMBH galaxy samples with 
etailed Monte Carlo quantification of the statistical uncertainties, 
till showed a hint for a possible SMBH fundamental plane relation,
ut with a significantly stronger and steeper dependence on stellar 
elocity dispersion and a weaker and flatter correlation with total 
ost galaxy stellar mass (e.g. Bernardi et al. 2007 ; Shankar et al.
016 ; Marsden et al. 2020 ). Residual analysis performed by Shankar
t al. ( 2019 ) on uniform local samples of type 1 AGN from van den
osch et al. ( 2015 ) and Ho & Kim ( 2014 ) confirmed these findings. 
Some preliminary tests performed on theoretical models inclusive 

f AGN feedback struggled to reproduce the strong residual with 
tellar velocity dispersion at fixed galaxy stellar mass (Barausse 
t al. 2017 ; Menci et al. 2023 ). Barausse et al. ( 2017 ) showed
hat their semi-analytic model, once tuned to reproduce the (mean) 
orrelation of black hole mass with velocity dispersion, was not 
ble to simultaneously account for the correlation with stellar mass, 
n line with what was also found by Sijacki et al. ( 2015 ) in the
MNRAS 541, 2070–2092 (2025) 
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llustris simulation, a possible signature of biases in the SMBH–
alaxy scaling relations. In addition, the residual analyses performed
y Barausse et al. ( 2017 ) on their semi-analytic model and the
orizon–AGN hydrodynamic simulation (Dubois et al. 2016 ), both

howed a weak correlation with galaxy stellar mass at fixed stellar
elocity dispersion. Menci et al. ( 2023 ), more recently, added a
ew physical treatment of AGN-driven winds in their semi-analytic
odel of galaxy formation, with outflow expansion and mass outflow

ates depending on AGN luminosity, halo circular velocity, and gas
ractions. From pairwise residual analysis they still found that the
odel predicts equally strong correlations of SMBH mass with stellar
ass, stellar velocity dispersion, and host halo mass, at variance with

ome of the empirical results discussed abo v e. 
The purpose of this paper is twofold. On the one hand, we will

e revisiting the pairwise residuals of SMBH scaling relations,
aking use of the latest SMBH–galaxy sample from Sahu et al.

 2019a ) with uniform measurements of the host galaxy and bulge
tellar masses, along with other photometric properties. On the other
and, we will also compare with two state-of-the-art hydrodynamic
imulations TNG and Simba with different implementations of
MBH growth and AGN feedback recipes and efficiencies. We will
how that the residuals on the new data clearly point to stellar velocity
ispersion, and even possibly to host halo mass, as the dominant
ost properties linked to SMBH, in line with some of the previous
laims. For completeness, we will also compare the residuals outputs
ith the predictions from a variety of machine learning regression

lgorithms that largely confirm the results of the residuals, although
ot providing the same level of information. In Appendix A , we will
lso revisit and confirm the existence of a bias between the local
MBH galactic sample and the larger comparison sample of local
alaxies. 

In what follo ws, where ver rele v ant, we will adopt a reference
osmology with h = 0 . 7, �m 

= 0 . 3, and �� 

= 0 . 7. The theoretical
odels may adopt slightly different choices of cosmological param-

ters, but these differences are small and do not affect any of the
esults presented in the next sections. Differences in stellar mass
stimates between models and data may be present, but they do not
ffect the residuals analysis, as further discussed below. 

 DATA  

.1 Obser v ational data 

n this work, we make use of the sample of local galaxies with
ynamical mass measurements of their central SMBHs by Sahu
t al. ( 2019c ), which in total comprises around 150 galaxies. Of
hese, following Sahu, Graham & Hon ( 2023 ), we retain 73 early-
ype galaxies (ETGs) and 28 late-type galaxies (LTGs), which
ave uniformly calibrated 3 . 6 μm Spitzer photometry and detailed
alaxy modelling and decompositions performed by Sa v orgnan &
raham ( 2016 ), Davis, Graham & Cameron ( 2019 ), and Sahu

t al. ( 2019b ). From these two samples, we further remo v e four
TGs, NGC1194, NGC1316, NGC5018, and NGC5128, which are
lassified as mergers by Kormendy & Ho ( 2013 ), and two LTGs,
GC4395 and NGC6926, which do not have secure SMBH mass
easurements. Our final SMBH sample is reported in Tables C1 and
2 . We convert all galaxy AB total absolute magnitudes to stellar
asses adopting as magnitude of the sun M 3 . 6 μm , � = 6 . 02 and a

onstant mass-to-light ratio at 3 . 6 μm of ( M/ M �) / ( L / L �) = 0 . 6 as
n Sahu et al. ( 2019c ). We note that, as accurately described by Forbes
t al. ( 2017 ), the mass-to-light ratio at 3 . 6 μm is highly insensitive to
etallicity, and only weakly to stellar ages, with a small uncertainty
NRAS 541, 2070–2092 (2025) 
f ±0 . 1 dex, further supporting our choice of a constant conversion
etween luminosity and stellar mass. We also stress that the exact
alue chosen for the (constant) mass-to-light ratio is irrelevant to
he residual analysis. To each galaxy we associate a stellar velocity
ispersion σ and associated error from the Hyperleda catalogue
Paturel et al. 2003 ), with values corrected to a common aperture of
.595 kpc/h. Following Sahu et al. ( 2019b ), we assign a 0.2 mag error
o magnitudes (N. Sahu, pri v ate communication), which translates
nto a 0.08 dex error in total galaxy stellar mass when ignoring any
rror in mass-to-light ratio. In addition, we will also study residuals
gainst stellar spheroidal mass, 1 ef fecti ve radius R e , and S ́ersic index
 , all taken from table A1 in Sahu et al. ( 2020 ). As no specific errors
ave been reported for ef fecti ve radii and S ́ersic indices, we assign to
hese galactic properties typical uncertainties of 10 per cent, noticing
hat moderate variations to these errors have minimal impact on the
airwise residuals. In Section 5 we also explore the residuals on the
ubsample of 41 galaxies from Sahu et al. ( 2023 ) with dark matter
alo mass measurements from Marasco et al. ( 2021 ). We assign to all
alo masses an error of 0.24 dex, which is the typical error reported by
arasco et al. ( 2021 ) for most of the galaxies in their sample. Some

TGs have quoted uncertainties significantly larger than 0.24 dex, but
f included in the residuals, would generate unrealistic values of the
earson correlation coefficient (larger than unity). In addition, Monte
arlo simulations based on random extractions of the data points,
ithout considering any measurement error but only fitting the raw
istribution of points at each iteration, pro vide v ery similar results to
he full residual analysis inclusive of the assumed statistical uncer-
ainties. We also performed various stability tests by recalibrating the
yperleda stellar velocity dispersion at different apertures following

he prescriptions from both Bernardi et al. ( 2017 ) and Cappellari et al.
 2006 ) finding that the residuals are stable against increasing the aper-
ure up to twice the spheroidal ef fecti ve radius quoted in Sahu et al.
 2020 ). 

.2 Hydrodynamical simulations 

e compare the data described in Section 2.1 , in terms of both
orrelations and residuals, with the predictions from state-of-art
ydrodynamical simulations that incorporate AGN feedback in two
ifferent ways and thus allow to probe the efficacy of these models in
etting the scaling relations between SMBHs and their host galaxies.

ore specifically, we make use of two simulations: TNG50-1 2 (e.g.
illepich et al. 2018 ; Springel et al. 2018 ; Nelson et al. 2019 ), and
imba M50N512 3 (Dav ́e et al. 2019 ). Comparison between observed
nd predicted SMBH scaling relations, sometimes also considering
airwise residuals, have been carried out previously by adopting
pecific semi-analytic and hydrodynamical models inclusive of both
hermal and kinetic AGN feedback modes (e.g. Hopkins et al. 2007a ;
arausse et al. 2017 ; Habouzit et al. 2021a , 2022a , b ; Menci et al.
023 ), albeit with previous versions of the SMBH data. 
TNG50-1 is the smallest, highest resolution simulation of Illus-

risTNG with a volume of (51 . 7 cMpc ) 3 containing 2160 3 dark matter
articles (of mass m DM 

= 4 . 5 × 10 5 M �) and 2160 3 gas cells (with
nitial baryon mass of m gas = 8 . 5 × 10 4 M �). This cosmological
 olume is ev olved using AREPO (Springel 2010 ) from z = 127 to
 = 0 with 100 publically available snapshots for z ≤ 20. The cos-
ological parameters of TNG50-1 are: �M 

= 0 . 3089, �b = 0 . 0486,

https://www.tng-project.org
http://simba.roe.ac.uk
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= 0 . 6911, h = 0 . 6774, n s = 0 . 9667, and σ8 = 0 . 8159. We will
imply refer to this simulation as TNG from here onwards. 

Simba M50N512 is the median box size of the Simba simulations
ith a volume of (50 h 

−1 cMpc ) 3 containing 512 3 dark matter 
articles (of mass m DM 

= 1 . 2 × 10 7 M �) and 512 3 gas elements
with initial baryon mass of m gas = 2 . 88 × 10 6 M �). This cos-
ological volume is evolved using GIZMO (Hopkins 2015 ) from 

 = 100 to z = 0 with 151 publically available snapshots for z ≤ 20.
he cosmological parameters of Simba are �M 

= 0 . 3, �b = 0 . 048,
� 

= 0 . 7, h = 0 . 68, n s = 0 . 97, and σ8 = 0 . 82. We will simply
efer to this simulation as Simba from here onwards. We stress
hat the slight difference in cosmological parameters adopted in 
he simulations and the reference data does not alter any of our
omparison tests in what follows. 

It is rele v ant to briefly note here the main key features character-
zing the accretion on to the central SMBH and AGN feedback in
he two reference hydrodynamical simulations (e.g. Habouzit et al. 
021b ). In TNG, the accretion on to the SMBH, which follows the
ondi–Hoyle–Lyttleton formalism (but without any ad hoc α-boost 
s included in other cosmological simulations), is kernel-weighted 
 v er neighbouring cells, ensuring that each accretion episode closely 
eflects the physical conditions of the gas in the central region of the
ost. The TNG simulation includes both thermal AGN feedback, 
here energy is deposited in the surroundings of the accreting 
MBH, and kinetic AGN feedback, where momentum is injected 

n the SMBH surroundings with a direction that is chosen at random
t each event, thus generating after a fe w e vents a nearly isotropic
inetic feedback. The Simba simulation also includes the Bondi–
oyle–Lyttleton model but only for hot gas abo v e 10 5 K, while
elow this temperature the accretion is torque-limited, originating 
rom the gas inflow rate driven by gravitational instabilities to the 
ccretion disc of the SMBH, following the formalism developed by 
opkins & Quataert ( 2011 ) and Angl ́es-Alc ́azar et al. ( 2015 ). The
GN outflows in Simba are bipolar along the angular momentum 

ector of the stellar disc, and particles are ejected randomly from the
lack hole accretion kernel with a velocity that varies according 
o the value of the Eddington ratio, mimicking the effects of
adiative- and jet-mode AGN winds (see Dav ́e et al. 2019 for full
etails). 
To pin down the putative impact of AGN feedback, we also make

se of the Cosmology and Astrophysics with MachinE Learning 
imulations (CAMELS), 4 which is a suite of different hydrody- 
amical simulations (e.g. Villaescusa-Navarro et al. 2021 , 2023 ). 
he simulations in CAMELS are organized into different suites . 
e use the TNG and Simba suites. The TNG suite is based on

he same subgrid physics as the original IllustrisTNG simulation. 
ikewise, the Simba suite is based on the same subgrid physics
s the Simba simulation. All simulations within CAMELS have 
 volume of (25 cMpc /h ) 3 with 256 3 dark matter particles and
56 3 gas resolution elements. The simulations span a range from 

edshift z = 127 to z = 0. The cosmological parameters for the sim-
lations are �b = 0 . 049 , h = 0 . 6711 , n s = 0 . 9624 , w = −1 , M ν =
 . 0 eV , �k = 0 . 0. Each suite in the CAMELS repository (TNG
nd Simba in our case) is further split into different sets . In
his paper, we used the Extreme (EX) sets, and in particular we
ocus on the EX1 set which represents simulation runs with very 
fficient AGN feedback with respect to the baseline simulations, 
amely with the AGN wind outflow rate increased by a factor of
00. 
 https://camels.readthedocs.io 

�

5

For further analysis, we used the CAESAR 

5 package to extract 
he necessary information from all the simulations except for TNG, 
hich uses SubFind (Springel et al. 2001 ) catalogues. In particular,
e extracted the following information: Black Hole mass, stellar 
ass, stellar velocity dispersion, stellar half-mass radius, central or 

atellite galaxy flags, host halo mass, and bulge-to-total ratio. In what
ollows, we will only retain the central galaxies in the simulations
ith a central black hole and a stellar mass M gal > 10 10 M �, to co v er
 stellar mass range similar to the data. In the CAESAR catalogue,
elocity dispersions are calculated for each particle mass type, gas, 
tellar , dark matter , black hole, baryonic, and total mass. For each
ass type the velocity dispersion in each coordinate axis is computed

s the standard deviation of the linear momentum along the chosen
xis, divided by the mean mass of the particles 

x = 

√ √ √ √ √ 

N ∑ 

i= 0 
( m i v i,x − 〈 mv x 〉 ) 2 

N〈 m 〉 2 . (1) 

From equation ( 1 ) we calculate the 3D stellar velocity dispersion,
3D , from which, by making the common assumption that the 
rbits are isotropic, we derive the 1D stellar velocity dispersion 
1D = σ3D / 

√ 

3 . By default, CAESAR calculates the stellar velocity 
ispersion from all stellar particles associated with a galaxy, and 
herefore, they are not strictly expressed in the same aperture as in
he data. We have checked, ho we ver, that restricting the calculation
f σ in the simulations to a radial distance from the centre equal
o the half-mass radius, or even to the aperture of the Hyperleda
ata base, has modest effects on σ with variations contained within 
 0 . 1 dex, in the range of interest to this work. Another possible

perture correction could be applied to σ following the full Jeans 
odelling as detailed in Appendix C of Marsden et al. ( 2022 ).
o we ver, this treatment would imply convolving with the full stellar
rofile of the simulated galaxies and may affect some of the residual
nalysis when considering velocity dispersions. In what follows, we 
ill thus only show results using the default σ1D from CAESAR, 
hich is in line with the methodology also followed by Thomas

t al. ( 2019 ). F or TNG, we e xtracted the same information from
he SubFind catalogues and auxiliary files, as we have done from
he CAESAR catalogues for the other simulations. Ho we ver, due
o the velocity dispersion listed in the SubFind catalogue being 
omputed for all particles associated with a galaxy, we recomputed 
he velocity dispersion for the stellar particles only using equation 
 1 ). Finally, we also verified that, in the region of overlap σ � 100
m s −1 , the stellar velocity dispersions computed from equation ( 1 )
re consistent, within 0.1 dex, with those in the iMaNGA mock
atalogue (Nanni et al. 2023 ), inclusive of all rele v ant observ ational
ffects. 

 M E T H O D  

he main aim of this work is to compute the pairwise residuals
etween black hole mass and a variety of galactic properties from
he latest data and models. The pairwise residuals are a technique
pecifically designed to isolate the underlying dependence of one 
ariable Y from the variable Z while keeping a third variable X 

fixed’. This step is achieved by computing the correlation between 
he residuals: 

 ( Y | X) ∝ � ( Z| X) , (2) 
MNRAS 541, 2070–2092 (2025) 

 https://caesar.readthedocs.io 

https://camels.readthedocs.io
https://caesar.readthedocs.io
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Figure 1. Top left: Scaling relation between SMBH mass M bh and total galaxy stellar mass M gal for local galaxies with dynamically measured masses of their 
central SMBHs. Top right: Identical to the top left panel but where only the bulge component of LTGs in the data is included. Bottom left: Corresponding scaling 
relation between SMBH mass M bh and galaxy stellar velocity dispersion σ (see the text for details) for local galaxies. Bottom right: Correlation between σ
and galaxy stellar mass M gal . Red circles and blue triangles in all panels refer, respectively, to early-type and LTGs. All the data are from Sahu et al. ( 2019a ). 
Solid, orange and green, dashed lines show the predictions from the TNG and Simba simulations, respectively. The simulations tend to align with the data in the 
M bh –M gal plane but significantly depart from them in the M bh –σ one. 
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here 

 ( Y | X) ≡ log Y − 〈 log Y | log X〉 (3) 

s the residual computed in the Y variable (at fixed X) from the log–
og-linear fit of Y ( X) versus X, i.e. 〈 log Y | log X〉 . Equation ( 2 )
alibrates the degree of correlation between Y and Z once the
orrelations in X of both variables Y and Z are effectively ‘factored
ut’; a perfectly null correlation between the � ( Y | X) and � ( Z| X)
esiduals would imply that an apparent correlation between Y and
 is actually a reflection of the underlying dependencies of Y 

nd Z on X. In contrast, a strong correlation between � ( Y | X)
nd � ( Z| X) would instead imply a minor role of X in setting
he correlation between Y and Z. Full details on the full pairwise
esidual analysis formalism which we follow in this work, inclusive
f the treatment of errors in the variables and the calculation of the
earson coefficient, are provided in Sheth & Bernardi ( 2012 ) and

n appendix B of Shankar et al. ( 2017 ). For each pair of variables
 and Z, the correlation between their linear residuals (Equation 3 )

s computed a 100 times, and at each iteration 5 per cent of the
bjects are remo v ed at random from the original sample. From the
omplete set of realizations, we then measure the mean slope and
ts standard deviation. At each iteration, when calculating in the
NRAS 541, 2070–2092 (2025) 
bserved data samples the intrinsic slopes and degree of correlations
n the residuals, we also take into account the measurement error on
ach point. Similarly to what we performed with the observational
ata, for the simulated outputs we follow a stochastic iterative method
o compute the residuals, where at each iteration we remo v e 5 per cent
f the sample, and then calculate the mean slope and Pearson
oef ficient. Ho we ver, in the latter case, when computing residuals
e do not include observational statistical uncertainties, instead, we

imply apply a linear fit to the simulated points to define the residual
t each iteration. In addition, in what follows, we also compare the
esults from the pairwise residual analysis with the outputs extracted
rom Machine Learning (ML) regression algorithms. We provide
etails on the latter methods directly in Section 4.3 . 

 RESULTS  

.1 Scaling relations 

e start in Fig. 1 by providing a broad comparison between
he scaling relations of local inactive galaxies with dynamically

easured SMBHs, from here onwards simply defined as the ‘SMBH
ample’, and the predictions from hydrodynamic simulations. For
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he latter, we here use the mean relations predicted by the reference
imba and TNG simulations 6 (green, dashed and solid, orange lines, 
espectively), we will further discuss below the impact of adopting 
ome variations of these simulations. The red circles and blue 
riangles in all panels refer to ETGs and LTGs, respectively. The 
op left panel of Fig. 1 shows the relation between SMBH mass as
 function of total galaxy stellar mass M gal , while in the top right
anel we only retain the stellar spheroidal component M sph of both 
TGs and LTGs. It is immediately interesting to note that in the
ata, in terms of total stellar mass, LTGs define a steeper M bh –
 gal relation than ETGs (top left panel), as already noted by Sahu

t al. ( 2019a ), while the correlation with SMBH mass becomes more
inear when only the stellar spheroidal component is retained, or 
t least the steepening is shifted to lower stellar masses (top right
anel). 
Both simulations align with the ETG data, while the LTGs lie 
ostly below the simulations’ predictions when total stellar mass 

s considered. It is rele v ant to note that this comparison is only
ualitative as the models have been mostly calibrated on local galaxy 
tellar mass functions from, e.g. Bernardi et al. ( 2013 ), which have
DSS photometries and specific choices of mass-to-light ratios that 
ay differ from the ones derived from the 3.6 μm photometry by
ahu et al. ( 2023 ). As discussed in Section 2.2 , aperture corrections in

he stellar velocity dispersions in the simulations are small and have 
 minor impact on the results in Fig. 1 as also noted by Marsden et al.
 2022 ). Nevertheless, other factors may affect the comparison with 
he local scaling relations of SMBHs, in particular in the M bh –M gal 

lane, such as the existence of possible biases, which we e xtensiv ely
iscuss in Appendix A . 
The left bottom panel of Fig. 1 reports the local SMBH sample

n the M bh –σ plane, compared with predictions from the Simba and 
NG simulations, similarly to the top panels. The TNG simulation 

ends to produce a slightly flatter relation at higher masses with 
espect to the distribution of the data, in line with what also found
y Li et al. ( 2020 , see their fig. 1), while the Simba simulation better
ligns with the data. In the bottom right panel of Fig. 1 , we report, for
ompleteness, the relation between σ and M gal in the data and in the
wo simulations. The Simba simulation again broadly aligns with the 
ata, while the TNG tends to predict � 0 . 1 dex systematically lower
ean stellar velocity dispersions at fixed stellar mass, as expected 

iven that the simulation is consistent with the M bh –M gal relation 
ut predicts somewhat lower velocity dispersions at fixed SMBH 

ass. We stress that alignment in the σ–M gal plane only ensures
nternal self-consistency between the model and the SMBH data 
ample, but not necessarily alignment between the model and the 
ntire local galaxy population if the SMBH sample is affected by 
election bias, as suggested in Appendix A . In other words, current
ata sets on SMBHs with dynamical mass measurements are still too 
parse to be used to securely discern among successful theoretical 
odels. Additional spurious numerical effects may also affect the 

omparison between models and data. For example, the simulated 
entral stellar velocity dispersions may be affected by resolution in 
ome galaxies and/or being artificially inflated by the contribution 
f dark matter particles (e.g. Schaye et al. 2015 ). Overall, Fig. 1
ro v es that comprehensively and simultaneously reproducing the 
caling relations of local SMBHs still represents a non-trivial task 
ven for some of the current state-of-the-art SMBH cosmological 
odels. 
 When computing the predicted mean relations we only retain bins inclusive 
f at least five galaxies. 

7

s
e

.2 Residual analysis 

n the previous Section 4.1 , we provided a broad comparison
etween available local data on galaxies with SMBH mass dynamical 
ass measurement and the predictions from two state-of-the-art 

ydrodynamic simulations. We now go deeper into the study of 
he SMBH scaling relations by analysing the pairwise residuals, 
ollowing the formalism described in Section 3 and in Shankar et al.
 2017 ). Fig. 2 shows the residual analysis for the SMBH sample,
istinguished in ETGs and LTGs as in the previous Figures. The left
anels refer to residuals as a function of stellar velocity dispersion

at fixed galaxy stellar mass M gal , while the bottom panels only
nclude ETGs. All panels in Figs 2 and 3 uniformly use stellar velocity
ispersion from the Hyperleda data base and thus we label it as σH 

.
s discussed in Section 3 , each residual plot reports the mean slope

nd standard deviation (magenta solid and dotted lines), along with 
ts Pearson correlation coefficient r and associated error, which we 
eport in the bottom right corner of each panel. In all panels we
lso include a direct linear fit to the residuals (black, dotted lines),
hich are usually very close to the outcome of the iterative method,
roving that the outcomes extracted from the residuals are robust 
gainst random statistical fluctuations, despite the relatively modest 
ize of the SMBH sample. 

From all panels, it is evident that the residual with stellar
elocity dispersion is significant, with a correlation coefficient of 
 ∼ 0 . 66 –0 . 75, stronger for the ETG subsample. The residual with
alaxy stellar mass at fixed σ is instead less significant, in line
ith what also found by Bernardi et al. ( 2007 ) and Shankar et al.

 2016 ), quantitatively demonstrating the fundamental importance of 
tellar velocity dispersion in driving the local SMBH–galaxy scaling 
elations. We repeat the e x ercise on the analysis of the residuals
ubstituting total with spheroid stellar mass in Fig. 3 . In this case we
nd, when considering both ETGs and LTGs (top panels), tentative 
vidence for a ‘fundamental plane’ of SMBHs, with SMBH mass 
eing correlated with both stellar velocity dispersion σ and spheroid 
tellar mass M sph in roughly equal strength. The residuals point to
 relation of the type M bh ∝ σ 2 . 2 M 

0 . 8 
sph , which is reminiscent of what

redicted by some hydrodynamic models (Hopkins et al. 2007a ), 
s a consequence of AGN feedback coupling SMBH mass with 
he binding energy of the host. Hopkins et al. ( 2007b ) also found
vidence of a fundamental plane-type relation in the local SMBH 

amples available at the time, although they were mostly referring to
otal galaxy stellar mass. 

The bottom panels of Fig. 3 show that, when considering the
ulge stellar mass of only ETGs, the correlation with stellar velocity
ispersion becomes even stronger, while the one with bulge mass 
ecomes flatter, suggesting a tilted fundamental plane, as also put 
orward by Hopkins et al. ( 2007b ). Ho we ver, in Fig. B1 we report
he results of the residuals with respect to σ and M sph extracted
rom the Saglia et al. ( 2016 ) SMBH sample, 7 which confirms a
trong and steep dependence of SMBH mass on stellar velocity 
ispersion, close to M bh ∝ σ 4 , but a significantly weaker correlation
ith spheroid stellar mass, therefore not supporting the existence of 
 fundamental plane-type relation, as also noted in Shankar et al.
 2016 ). The existence of a fundamental plane for SMBHs is thus not
et unambiguously confirmed, and in any case it is mostly evident
hen the spheroid and not the total stellar mass are considered. 
MNRAS 541, 2070–2092 (2025) 

 We checked that the residuals from the Saglia et al. ( 2016 ) sample still yield 
imilar results even when restricting to the galaxies in common with Sahu 
t al. ( 2023 ) and adopting their SMBH masses and stellar velocity dispersions. 
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Figure 2. Residual analysis for the local sample of galaxies with dynamically measured SMBH mass from Fig. 1 . Left panels: Residuals as a function of stellar 
velocity dispersion σ at fixed galaxy stellar mass M gal . Right panels: Residuals as a function of galaxy stellar mass at fixed stellar velocity dispersion. Top panels 
use the full galaxy sample, including LTGs, while bottom panels include only ETGs. The residual with stellar velocity dispersion is very significant, while the 
one with stellar mass is negligible at fixed σ , fully confirming the primary role of σ compared to total galaxy stellar mass. 
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In Fig. B2 , we also show the pairwise residuals applied to the
ahu et al. ( 2023 ) sample between SMBH mass and spheroid S ́ersic

ndex n (left) and spheroid half-light ef fecti ve radius R e (right) at
xed stellar velocity dispersion (top) and spheroidal mass (bottom).
hen fixing stellar velocity dispersion, mild and weak residual

orrelations are found with n and R e , but these completely disappear
hen calculating the residuals at fixed spheroid mass M sph (bottom
anels), further indicating that residual correlations between the
MBH mass and the structural properties of the host galaxy (or at

east its spheroidal component) are mostly induced by the underlying
orrelation between SMBH mass and stellar spheroidal mass, in line
ith the analysis carried out by Shankar et al. ( 2017 ). We note that

he anticorrelation with R e in the lower, right panel is only apparently
trong possibly induced by some random error, as the data points are
niformly scattered with negligible correlation, as also indicated by
he direct fit to the residuals (black, dotted line). In summary, the
esidual analysis applied to the latest local SMBH data sample with
ynamical mass measurements continues to support the dominance
f stellar velocity dispersion over total or even spheroidal stellar
ass as a more fundamental galactic property related to SMBH mass,

urther supporting the view that σ is a key property in the evolution
f galaxies (e.g. Bernardi et al. 2011a , b ; Bluck et al. 2020 ). 
Fig. 4 shows the comparison between the mean residuals derived

rom the SMBH sample (magenta, long–dashed lines; top panels of
ig. 2 ) and those predicted from the reference simulations Simba
NRAS 541, 2070–2092 (2025) 
nd TNG (see Section 2.2 ). For the simulations, stellar velocity
ispersions, which we label in the plots as σe to differentiate them
rom the ones from Hyperleda, are calculated using equation ( 1 ) o v er
ll the stellar particles associated to the host galaxy. The left panels
re the residuals with stellar velocity dispersion σ at fixed galaxy
tellar mass M gal , and the right panels plot the residuals with M gal at
xed σ . We find that the Simba simulation provides both residuals as
 function of σ and M gal very close to the data, in particular the one
ith σ , although the significance of these correlations may not be as

trong. The TNG simulation also provides a significant correlation
ith σ in reasonable agreement with the data. Both simulations

nterestingly predict a negligible correlation with stellar mass at fixed
tellar v elocity dispersion, ev en weaker than in the data. A stronger
orrelation between SMBH mass and stellar velocity dispersion may
e induced by the direct dynamical coupling generated by the kinetic
GN feedback incorporated in both simulations, which we briefly
iscussed in Section 2.2 , although this cannot be confirmed at this
evel of the analysis. 

Fig. 5 shows the same residuals as predicted by the simulations
ut with total stellar mass replaced by spheroidal stellar mass M sph .
n Simba (top panels), the dependence of residuals with M sph at fixed

are more significant than in the case of total stellar mass, while
he dependence of SMBH mass with σ at fixed M sph is noticeably
educed, with a low Pearson correlation coefficient of just r ∼ 0 . 2.
he TNG simulation continues to predict a significant correlation
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Figure 3. Same layout as Fig. 2 but only considering the spheroidal component of each galaxy. The residual with stellar velocity dispersion appears now equally 
significant to stellar mass, possibly hinting at the existence of a fundamental plane for the spheroidal component only. 
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ith σ at fixed M sph , and also with M sph at fixed σ , though flatter
han in the Sahu et al. ( 2023 ) data. In other words, within the remit
f the tests carried out in this work, the Simba simulation tends to
oint to stellar spheroidal mass as the most fundamental galactic 
roperty correlated with SMBH mass in central galaxies, while the 
NG w ould still f a v our σ as the galactic property most correlated

o SMBH mass. The residuals predicted by current state-of-the-art 
ydrodynamic simulations reported in Figs 4 and 5 depict SMBH–
alaxy scaling relations that, although not yet fully aligned with 
hat suggested by the current (and limited) data, are becoming 

ncreasingly closer to what observ ed, impro ving on previous compar- 
sons (e.g. Barausse et al. 2017 ). These hydrodynamic simulations, 
o we ver, do not suggest the existence of any dynamical fundamental
lane of SMBHs, fa v ouring a scenario in which the SMBH is closely
orrelated to only one single galactic variable, either M sph or σ , for
imba and TNG, respectively (see also the discussion in Menci et al.
023 ). 
On the assumption that the M bh –σ relation and its residuals are 
ostly driven by AGN feedback (e.g. Silk & Rees 1998 ; Granato

t al. 2004 ; Di Matteo et al. 2005 ; Robertson et al. 2006 ), we could
est whether an increase in the AGN kinetic feedback could steepen 
nd strengthen the relation with stellar velocity dispersion at fixed 
ulge mass, in better agreement with the data explored in this work.
n the top and middle panels of Fig. 6 we report, in the same format
s in Fig. 5 , the predicted residuals of, respectively, the Simba and
NG models with an AGN kinetic outflow increased by a factor 
f 100, the so-called ‘EX1’ simulation runs in CAMELS (Angl ́es-
lc ́azar et al. 2021 ). As discussed in Section 2.2 , the box of the
X simulations are significantly smaller than the reference ones, 
nd thus the statistical results may be less robust. Nevertheless, it
s intriguing to note that the residuals in both Simba and TNG are
eakly affected by the increase in the AGN feedback kinetic output,
enerating a similar or even weaker correlations with σ at fixed M sph .
ore notably, as shown in the bottom panels of Fig. 6 , the increase

n AGN kinetic output in both simulations inevitably reduces the 
MBH mass at fixed host galaxy stellar mass, more markedly for the
imba simulation, most probably induced by the self-regulation in 
MBH growth, which is reduced proportionally to the availability of 
as in the surrounding medium. 

.3 Machine learning algorithms 

n the previous sections, we have used pairwise residuals to define
he degree of linear correlation among several SMBH–galaxy scaling 
elations, finding that in the data σ appears as the most fundamental
roperty linked to SMBH mass. The aim of this Section is to
 xplore putativ e correlations among these variables by making use
f a variety of distinct and complementary approaches, based on 
achine learning (ML) algorithms. We immediately stress that none 

f the correlation tests performed in this Section provides the wealth
f information available from pairwise correlation residuals, which 
lso output the slopes and relative strengths of the correlations. 
MNRAS 541, 2070–2092 (2025) 
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Figure 4. Residual analysis in the same format as in the top panels of Fig. 2 , for the Simba (top panels) and TNG100 (bottom panels) simulations, as labelled, 
compared to the residuals extracted from the data (magenta dashed lines). Simulations predict weaker correlations with stellar velocity dispersion than in the 
data. 
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evertheless, the ones discussed here are useful complementary
pproaches to probe and confirm any degree of correlation. 

In Fig. 7 , we present the result of applying ML regression
echniques to both the observed and simulated data. Each regression
as been performed using only one variable in each case as a predictor
f M bh . In this way, we can test the predictive power of each variable
ndependently. As it is standard practice in ML regression analysis,
e report in the plots the value of the coefficient of determination R 

2 

hich indicates the quality of the fit by measuring the total variance
f the outcome as indicated by the predictor 

 

2 ( y, ˆ y ) = 1 −
∑ 

( y i − ˆ y i ) 2 ∑ 

( y i − ȳ ) 2 
, (4) 

here y i and ȳ correspond to the measured and average data values,
especti vely, while ˆ y i are the v alues predicted by a gi ven model.
he closer the coefficient of determination is to 1, the higher the
orrelation between the two variables, which indicates either a direct
ausal relationship between the variables or correlations through
ther intermediate variables. Values of R 

2 close to zero or ne gativ e
uggest, instead, no causal relationship between the variables. We
ote that the R 

2 coefficient of determination is different from the
earson correlation coefficient reported in the pairwise residuals.
he two statistical indicators are in fact not directly comparable to
ach other for several reasons: (i) they are characterized in different
ays, with r explicitly defined on both variables x and y, while R 

2 

xplicitly defined on the y variable and only implicitly on x via the
NRAS 541, 2070–2092 (2025) 
redicted value ˆ y , which depends on x; (ii) the parameter r assumes
 linear fit between x and y, while the ML regressions adopted here
o not follow any particular functional relation between variables,
llowing for any type of linear or non-linear relationship; (iii) the
efinition of r adopted in this work also includes measurement errors
n both variables (see full formalism in Sheth & Bernardi ( 2012 ) and
n Appendix B in Shankar et al. 2017 ). Despite these differences,
oth parameters provide a quantitative estimate of the degree of
orrelation strength among variables, and our aim here is only to test
hether, within a given set of observational or numerical data, the

wo statistical indicators point to the same variables as being more
r less correlated with the mass of the central SMBH. 
For each predictor, we show the regression results using different

echniques. This approach ensures the robustness of the results by
onfirming that they are independent of the details of any of the
pecific ML recipe adopted in the analysis. The selected algorithms
nclude a wide and diverse set of methodologies, including linear
nd non-linear methods, Bayesian approaches, ensemble meta-
pproaches combining different estimators, gradient optimisation,
tc. The techniques applied are the following: AdaBoost (Drucker
997 ), Random Forest (Breiman 1998 , 2001 ), Support Vector Ma-
hines with linear and non-linear kernels (Smola & Sch ̈olkopf 2004 ;
ong-En 2008 ; Chang & Lin 2011 ), Ridge Regression (Hoerl &
ennard 1970 ; Rifkin & Lippert 2007 ), Stochastic Gradient De-

cent (Zhang 2004 ; Tsuruoka, Tsujii & Ananiadou 2009 ; Bottou
012 ), Gradient Tree Boosting (Friedman 2001 , 2002 ), Bayesian



Scalings and residuals 2079 

Figure 5. Same format as Fig. 4 but replacing total with bulge stellar mass. Simulations predict different results between them and with the data, with TNG 

being closer to what expected from a correlation between SMBH mass and host binding energy. 
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idge Regression (MacKay 1992 ; Tipping 2001 ), Decision Trees 
Breiman et al. 1984 ), and K-nearest neighbours (Bentley 1975 ; 
ix & Hodges 1989 ; Omohundro 1989 ). All these techniques have
een implemented using the scikit-learn library (Pedregosa et al. 
011 ). The methodology applied is as follows. The data used in each
egression are pre-processed by scaling them between zero and one 
o facilitate the re gression. F or each re gressor, a grid search of its
ain hyperparameters is conducted in order to select those that obtain

he best result e v aluated by minimizing the mean squared error of
he regression. The regression fit and its e v aluation are carried out
y means of cross-validation with fivefolds. This implies that each 
egression is carried out five times in each case, using different parts
f the data to perform the fit and to e v aluate the result. This ensures
hat the choice of which part of the data is used to perform the
egression is not biasing the results, in line with the random selection
f data we performed when computing the pairwise residuals. In each 
ase, 80 per cent of the data is used for the regression and 20 per cent
or its e v aluation. The final result of the coefficient of determination
nd its error is calculated from the average and standard deviation of
hese five regressions. 

The top, middle, and bottom panels of Fig. 7 report the results of
he adopted ML algorithms, labelled on the y-axis, in terms of the R 

2 

arameter on the x-axis, applied, respectively, to the full data set of
he local SMBH sample (top panels of Fig. 1 ), the (reference) Simba
nd TNG simulations (with reference values for the AGN feedback 
fficiencies). The first clear result is that all the ML predictors agree
n finding a similarly significant correlation in the observational data 
etween M bh and σ and between M bh and M sph (top left and right
anels), supportive of a fundamental plane relation, with values of 
he coefficient of determination on a verage R 

2 ∼ 0 . 6, b ut not an
qually strong relation of M bh with total stellar mass M gal with an
verage R 

2 ∼ 0 . 3 (top, middle panel). These results are in line with
hat was concluded from the pairwise residuals in the top panels of
ig. 3 , where the Pearson coefficient was higher for the correlation
ith σ and M sph , but showing a significantly weaker correlation with
 gal at fixed σ (Fig. 2 ). We also found that when restricting the

nalysis to only ETGs, the ML algorithms continue to point to a
imilar correlation with M sph , with R 

2 ∼ 0 . 5 –0 . 6, and an even more
arked correlation with σ , with R 

2 ∼ 0 . 7, in line with what was
etrieved from pairwise residuals in the bottom panels of Fig. 3 . We
hecked that the ML algorithms point to much weaker correlations 
f SMBH mass with both bulge S ́ersic index and half-light radius,
ith an average R 

2 ∼ 0 . 3, a trend that, as suggested by Fig. B2 ,
ould be entirely ascribed to the underlying dependence of SMBH 

ass on M sph . Interestingly, the ML predictors do not identify any
lear correlation between M bh and σ or M gal in the Simba simulation
middle panels), but a moderate one between M bh and M sph (middle
ight panel), a result which is consistent with the pairwise residuals
nalysis performed in the top panels of Fig. 5 , which identified in
imba a noticeable correlation of SMBH mass with stellar bulge mass 
 sph at fixed σ . On the other hand, the TNG simulation, according to

he ML predictors, shows a strong, well-defined correlation between 
MNRAS 541, 2070–2092 (2025) 
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M

Figure 6. Same format as Fig. 4 but with increased AGN feedback efficiency (see the text for details). Bottom panels include the predicted SMBH–galaxy 
scaling relations in the new simulations as in the top panels of Fig. 1 . An increased AGN feedback efficiency tends to increase the significance of the residuals, 
at least in the Simba simulation, at the cost of a significantly lower normalization in the scaling relations. 
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 bh and σ with an average R 

2 ∼ 0 . 5, and, to a lesser extent with M sph ,
gain in line with what was concluded from the pairwise residuals
n the bottom panels of Fig. 5 . All in all, the ML tests agree with the
esults of pairwise residuals, pointing to M sph , in the case of Simba,
r σ and M sph , in the case of TNG, as the main galaxy properties
orrelated with the SMBH mass M bh . The ML algorithms adopted
ere do not, ho we ver, constrain the mathematical relation among
he different variables and are thus unable to pin down any specific
odel of, e.g. AGN feedback. 
NRAS 541, 2070–2092 (2025) 
 DI SCUSSI ON  

ne of the main results of this work is the evidence of a strong
orrelation between M bh and σ . This empirical result represents
 significant step forward in our understanding of the origin and
volution of SMBH scaling relations. The seminal work by Bernardi
t al. ( 2007 ) had pointed out via residuals the key role played by
he stellar velocity dispersion in the SMBH scaling relations, and
he residual analysis carried out by Shankar et al. ( 2016 ), Shankar
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Figure 7. Calculation of the degree of correlation as labelled by the R 

2 parameter, via a number of machine learning regression algorithms as listed on the left of 
the figure. Top, middle, and bottom panels refer to the results of the ML algorithms applied to the full data set of local galaxies with SMBH mass measurements, 
the predictions of the (reference) Simba and the TNG simulations, respectively. The left, middle, and right panels refer to the correlation with velocity dispersion 
σ , galaxy total stellar mass M gal , and galaxy bulge stellar mass M sph , respectively. The Simba simulation does not predict any strong correlation with any 
variable, except with M sph , while TNG predicts a correlation with σ comparable with what seen in the data and, to a lesser extent, also with M sph , in line with 
also derived from the pairwise residuals (see the text for details). 
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t al. ( 2017 ), and Marsden et al. ( 2020 ) confirmed this trend. The
xquisite photometric homogeneity achieved by Sahu et al. ( 2019a ) 
nd Davis et al. ( 2019 ) on the local SMBH sample, now allows for
 more accurate analysis of the residuals, providing further robust 
vidence for stellar velocity dispersion being more fundamental than 
otal stellar mass or other photometric galactic properties, as shown 
n Appendix B . 

We also found possible evidence for the existence of a fundamental 
lane between SMBH mass and stellar velocity dispersion and bulge 
tellar mass, of the type M bh ∝ σ 2 . 2 M 

0 . 8 
sph , broadly aligned with what

laimed by Hopkins et al. ( 2007b , see also Iannella et al. 2021 ). The
dynamical’ fundamental plane of SMBHs (not to be confused with 
he fundamental plane of SMBH activity by Merloni, Heinz & di 

atteo 2003 ) becomes more tilted when only ETGs are considered 
bottom panels of Fig. 3 ) and evidence for its existence is significantly 
eakened by the residual analysis performed on the SMBH sample 
y Saglia et al. ( 2016 ), which is also characterized by accurate stellar
pheroidal measurements (Fig. B ). Uniform and careful analyses on 
arger SMBH samples are required to unveil the actual existence of a
ynamical SMBH fundamental plane, possibly also taking advantage 
f uniform measurements of host properties and SMBH masses of 
ype 1, low/moderate luminosity AGN, which will soon become a 
eality with the Euclid (Euclid Collaboration: Y. Mellier et al. 2024 )
nd Vera Rubin LSST (Ivezi ́c et al. 2019 ) surveys. 
The pairwise residuals might fa v our AGN feedback as a key
river shaping SMBH galaxy scaling relations, either directly via 
he M bh –σ relation (e.g. Silk & Rees 1998 ), or via a tilted correlation
nvolving also spheroid stellar mass. A simultaneous correlation 
etween SMBH mass with both stellar velocity dispersion and 
tellar spheroid mass, if confirmed, could fa v our a two-phase SMBH
volution (e.g. Cook, Lapi & Granato 2009 ; Oser et al. 2010 ; Boco
t al. 2023 ), where SMBH’s growth within the proto-spheroid, also
ossibly triggered by a gas-rich major merger and regulated by AGN
eedback, could generate a tilted relation between SMBH mass and 
ost dynamical mass (e.g. Hopkins et al. 2007a ). The later phase of
alaxy evolution, which may include the formation of a surrounding 
tellar disc (e.g. Cook et al. 2009 ; Hopkins et al. 2009 ; Cook et al.
010 ), not necessarily linked with further growth onto the central
MBH, may loosen the correlation between SMBH mass and total 
alaxy stellar mass, as indeed suggested by current data. 

On the other hand, detailed hydrodynamic simulations such as 
imba, inclusive of cutting-edge implementations of AGN outflows, 
o not necessarily point to an AGN-driven origin of the SMBH
caling relations. Angl ́es-Alc ́azar et al. ( 2017 , see also Angl ́es-
lc ́azar et al. 2015 ) showed that the shape of the M bh –M gal relation

s largely independent of the strength of AGN feedback. Similar 
ormalizations and slopes are reco v ered in their simulations when
oving from a model with no AGN feedback to one with a strong
MNRAS 541, 2070–2092 (2025) 
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utflow characterized by 20 times the fiducial value (see their fig.
), with only a modest decrease in normalization by a factor of ∼ 2
n the latter model. Similar conclusions were also reached by Menci
t al. ( 2023 ) adopting a semi-analytic galaxy evolution model with
 new treatment of AGN-driv en winds. The y showed that all SMBH
caling relations are largely preserved in both normalization and
lope when including a significant AGN outflow component, which
ostly controls the dispersion around the relations. Angl ́es-Alc ́azar

t al. ( 2017 ) discussed that in their simulations SMBHs and galaxies
row in lockstep along the M bh –M gal relation, the normalization
f which is largely regulated by the parameters controlling the
hysics of accretion on to the central SMBHs. Dattathri et al. ( 2025 ,
nd references therein) have also discussed how the scaling with
alaxy stellar mass arises from the tight relationship between SMBH
ccretion rate and galaxy star formation rate inducing, in some
odels like the ASTRID simulation (Bird et al. 2022 ), a nearly

inear and redshift-independent M bh –M gal relation. 
The two state-of-the-art hydrodynamic simulations considered in

his work, Simba and TNG, which implement different prescriptions
or the SMBH gas accretion and AGN feedback (see Section 2.2 ),
lign with the previous theoretical studies discussed abo v e, showing
hat a correlation with galaxy stellar mass, or a steep correlation with
tellar velocity dispersion, are not necessarily a direct byproduct of
n underlying AGN feedback-regulated process. As highlighted by
e veral pre vious works (e.g. Barausse et al. 2017 ; Shankar et al. 2017 ;
enci et al. 2023 ), the apparent match between model predictions

nd data in the SMBH scaling relations may in fact sometimes
imply arise as a result of a combination of different factors (see
.g. Cavaliere & Vittorini 2000 and discussion and appendices in
hankar et al. 2017 ). Inspired by the pairwise residuals’ results,
e could write the global relation between SMBH mass M bh and
alaxy properties as M bh ∝ σβM 

α
sph ∝ σβ+ α γ , where γ comes from

he M sph ∝ σγ relation. The Sahu et al. ( 2023 ) SMBH sample yields
 correlation of the type M sph ∝ σ 3 . 5 , which in turn would imply,
hen combined with the slopes from the top panels of Fig. 3 ,
 bh ∝ σ 2 . 2 M 

0 . 8 
sph , or M bh ∝ σ 2 . 2 + 0 . 8 ×3 . 5 ∝ σ 5 . So the SMBH data

ay still yield a strong and steep correlation with stellar velocity
ispersion, but mostly as a byproduct of the additional correlation
ith the spheroidal component. By repeating the same e x ercise

or the Simba simulation, we would get M bh ∝ σ 1 + 0 . 8 ×3 . 8 ∝ σ 4 

nd for the TNG M bh ∝ σ 2 + 0 . 3 ×4 . 2 ∝ σ 3 . 3 , which are close to the
orrelations seen in the bottom left panel of Fig. 1 . In other words,
oth simulations could provide relatively steep M bh –σ correlations
ut for somewhat different reasons which are ultimately dictated by
he different physics implemented in the models. 

Pairwise residuals, more than the scaling relation themselves (e.g.
abouzit et al. 2021b ), have the potential to distinguish among the
ost successful models and ultimately reveal the underlying physics

egulating the co-evolution of SMBHs and their host galaxies. It is
hus vital to compare theoretical predictions with the data not only in
erms of absolute scaling relations but also in terms of their residuals
o pin down the true performance of a given model. The statistical
ests carried out in Fig. 7 via a variety of ML regression models,
argely support the results from the pairwise residuals, but they are
ess informative, thus caution needs to be applied when interpreting
ausality among variables just based upon the outputs of ML-based
egression algorithms (e.g. Bluck et al. 2020 ). 

A tight underlying connection between SMBH mass, stellar
elocity dispersion and bulge stellar mass, could still point to a
elf-regulated SMBH growth, where AGN feedback is controlled
y the potential well of its host (e.g. L ́opez et al. 2023 , and
eferences therein). In this context, one would then also expect a
NRAS 541, 2070–2092 (2025) 
orrelation between SMBH mass and host dark matter halo mass
 halo . Several authors have in fact found evidence for a tight

orrelation between stellar velocity dispersion and the large-scale
ircular velocity as traced by either dynamical models or HI rotation
urves measurements (e.g. Ferrarese 2002 ; Baes et al. 2003 ; Pizzella
t al. 2005 , see also Cirasuolo et al. 2005 ), which, if extrapolated,
ould indicate an underlying correlation with the host halo mass. 

To investigate this intriguing possibility using the unique power
f pairwise residuals, we have selected the subsample of 41 galaxies
rom the SMBH parent sample of Sahu et al. ( 2023 ) with dark matter
alo mass measurements from Marasco et al. ( 2021 ). The latter have
alo masses either derived from globular cluster dynamics coupled
ith assumptions on the host dark matter halo and stellar profiles

rom Posti & Fall ( 2021 ), or derived from the circular velocity of the
at part of the rotation curve converted into halo masses using the

inear relation M halo –v flat from Posti et al. ( 2019 , see appendix A in
arasco et al. 2021 for full details). Fig. 8 shows the residuals

f this subsample in terms of M halo at fixed σ and M sph (right
anels) and in terms of σ and M sph at fixed M halo (left panels). It
s evident that a significant correlation exists between SMBH mass
nd host halo mass, while the correlation with both σ and with
 sph are weaker at fixed halo mass which thus appears even more

orrelated with SMBH mass than either of the galactic variables,
ossibly because the latter are in turn controlled by the host halo
ass (analogously to the case of the residual in R e , the apparent

nticorrelation with M sph at fixed M halo is a by-product of some
andom errors and not significant, as demonstrated by the nearly
at direct fit to the residuals). For completeness, we also checked

he residual correlation between SMBH mass and potential well of
he spheroidal component W ∝ σ 2 M sph at fixed halo mass, finding
 very weak, slightly negative correlation with r ∼ −0 . 33, while
till a strong correlation with halo mass at fixed W , with r ∼ 0 . 66.
nterestingly, we do not detect any significant residual correlation
ith halo mass in Simba while a moderate correlation with halo
ass is found in TNG. Caution has to be taken in o v erinterpreting

he results in Fig. 8 as the halo mass measurements are still based
n some ad-hoc assumptions and the sample is nearly half of
he original one from Sahu et al. ( 2023 ), which is already quite
mall. 

Nev ertheless, the conclusions dra wn from Fig. 8 would also align
ith the independent results from some AGN clustering measure-
ents. Powell et al. ( 2022 ) have shown from forward modelling

f the Swift/BAT AGN Spectroscopic Surv e y that AGN clustering
easurements prefer models with a direct correlation between
MBH mass and host halo mass at fixed stellar mass, and their best-
tting M bh –M halo relation is in line with what retrieved from other
roups using independent clustering measurements and different
GN samples (e.g. Shankar et al. 2020a ; Alle v ato et al. 2021 ). On

he other hand, from pairwise residuals analysis we checked that the
imba and TNG simulations do not show any noticeable dependence
etween M bh and M halo at fixed σ ( r � 0 . 15), further corroborated
y the ML regression algorithms, which also point to a negligible
orrelation with M halo ( R 

2 � 0 . 25). 
Beyond host halo mass, other galactic properties have been put

orward in the literature along the years as potentially providing a
tronger correlation to SMBH mass than stellar velocity dispersion.
 or e xample, sev eral groups hav e remarked that in cored ellipticals
ne of the strongest correlations is between the size of the central
tellar core and SMBH mass, possibly as a result of the scouring
f stars by mergers of binary SMBHs (e.g. Rusli et al. 2013 , and
eferences therein). We verified from pairwise residuals that, indeed,
n the sample of ellipticals collected and studied by Rusli et al.
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Figure 8. Residuals as a function of σ , M sph , and M halo for the subsample of SMBHs from Sahu et al. ( 2023 ) with host dark matter halo mass measurement 
from Marasco et al. ( 2021 ). The residuals with host halo mass appear, respectively, stronger than those with σ and M sph at fixed halo mass. 
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 2013 ), also inclusive of NGC1272 from the latest work by Saglia
t al. ( 2024 ), the SMBH mass appears significantly more strongly
orrelated with core radius than with stellar velocity dispersion [taken 
rom the Hyperleda data base, for consistency with the analysis 
arried abo v e on the Sahu et al. ( 2023 ) SMBH sample]. Ho we ver,
his result mostly stems from the fact that the limited subsample 
f 24 cored galaxies with dynamical mass measurements of their 
entral SMBHs (most of which are already included in the Sahu 
t al. ( 2023 ) SMBH sample) is characterized by an o v erall poor
orrelation between SMBH mass and host galaxy stellar velocity 
ispersion. 
The possible o v erall dominance of stellar v elocity dispersion

or possibly host potential well or host halo mass or even core
adius) in driving the SMBH–galaxy scaling relations has profound 
onsequences in the way observers and modellers approach the study 
f the co-evolution of these two systems. The slope and normalization 
f the M bh –M gal relation must reflect the shape and evolution of the
 bh –σ , M bh –M sph , or M bh –M halo relations (e.g. Menci et al. 2023 ),

hus the interpretation of SMBH evolution only through the lens of the 
 bh –M gal plane may be incomplete, affected by large scatter and/or 

iases (see Appendix A ), and possibly even misleading. Terrazas 
t al. ( 2020 ) for example studied the effects of AGN feedback on
he M bh –M gal relation coupled to specific star formation rate, but 
tellar velocity dispersion and, possibly, spheroid stellar mass could 
epresent more robust variables to test recipes for AGN feedback 
oth observationally and theoretically. 
On a similar vein, observational evidence is accumulating for 
 significant evolution in the M bh –M gal relation, at least when
omparing similar types of galaxies at different epochs (e.g. Farrah 
t al. 2023 ), while new high-redshift measurements from local and
igh-redshift AGN from, e.g. JWST, are showing larger scatters 
nd/or non-trivial evolution (e.g. Reines & Volonteri 2015a ; Pacucci 
t al. 2023 ). As described by Maiolino et al. ( 2025 ), collectively the
ew JADES high- z SMBHs tend to better align with the local M bh –σ

elation (Maiolino et al. 2024 ; Juod ̌zbalis et al. 2024 ), suggesting
hat the latter is more fundamental, in line with the findings in this
ork, and has a relatively weak evolution (e.g. Shankar, Bernardi &
aiman 2009b ; Shen et al. 2015 ). Indeed, many studies carried
ut on serendipitous AGN samples tend to fa v our a much weaker
volution in both scaling relations (e.g. Shen et al. 2015 ; Suh et al.
020 ; Marsden et al. 2022 ; L ́opez et al. 2023 ; Zhuang & Ho 2023 ;
anaka et al. 2025 ), as also suggested by arguments based on the time

ntegrated emissivity of A GN con verted to SMBH mass densities via
 mean radiative efficiency (e.g. Shankar et al. 2009b ). It is also
nteresting to remark that SMBH accretion models based on the 
ime integration of empirical (mostly X-ray/IR based) Eddington 
atio distributions P ( λ ∝ L/M gal , z), continue to point to mean
 bh –M gal scaling relations significantly below those traced by local 

ynamically measured inactive SMBHs when adopting standard 
adiati ve ef ficiencies of � 10 per cent , further suggesting some
ensions in the demography of SMBHs in the M bh –M gal relation
e.g. Reines & Volonteri 2015b ; Yang et al. 2017 ; Shankar et al.
MNRAS 541, 2070–2092 (2025) 
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019 ; Carraro et al. 2020 ; Suh et al. 2020 ; Shankar et al. 2020a , b ;
arraro et al. 2022 ; Farrah et al. 2023 ; Terrazas, Aird & Coil 2024 ;
ou et al. 2024 ), which largely disappear when considering SMBH
ccretion models performed on the M bh –σ plane (e.g. Ricarte &
atarajan 2018a , b ; Marsden et al. 2022 ). 
SMBH mergers could also be playing a non-negligible role in

haping the SMBH-galaxy scaling relations (e.g. Hirschmann et al.
010 ; Jahnke & Macci ̀o 2011b ; Shankar et al. 2012 ; Zou et al.
024 ), but they must act in ways to preserve the M bh –σ relation
rst (e.g. Robertson et al. 2006 ), which is also the primary relation

hat should be considered when preparing galaxy-AGN mocks
e.g. Alle v ato et al. 2021 ). Our results also have implications for
he interpretation of the stochastic gra vitational wa ve background
xtracted from the 15-yr pulsar timing array (PTA) data set collected
y the North American Nanohertz Observatory for Gravitational
a ves (NANOGra v) collaboration (Afzal et al. 2023 ). As discussed

y Afzal et al. ( 2023 ), several SMBH binary populations are able
o reproduce both the amplitude and shape of the observed low-
requency GW spectrum (Sesana et al. 2016 ; Agazie et al. 2023 , and
eferences therein). Ho we ver, as pointed out by Lacy et al. ( 2024 ), the
eaks of the posterior distributions in Agazie et al. ( 2023 ) point to a
MBH mass density up to an order of magnitude larger than many of

he previous determinations of the local SMBH mass function (e.g.
arconi et al. 2004 ; Shankar et al. 2004 ; Tundo et al. 2007 ; Shankar,
einberg & Miralda-Escud ́e 2009a ; Shankar 2013 ; Shankar et al.

020a , b ; Sicilia et al. 2022 ). 
Liepold & Ma ( 2024 ) have recently attempted a new measurement

f the local SMBH function confirming the long-standing issue
f a systematic discrepancy between the SMBH mass densities
nferred from the M bh –M gal and M bh –σ relations, with the latter
sually providing a significantly lower value (Yu & Tremaine 2002 ;
hankar et al. 2004 ; Tundo et al. 2007 ; Shankar 2009 ). Shankar et al.
 2016 ) showed that this discrepancy could be reconciled in light
f a possible bias (see Appendix A ) that preferentially affects the
ocal M bh –M gal relation. Burke et al. ( 2024 ) also recently estimated a
ocal SMBH mass function consistent, at least at the high-mass end,
ith Liepold & Ma ( 2024 ) when adopting the M bh –M gal relation,

lthough significantly below it at lower SMBH masses. Liepold &
a ( 2024 ) suggested that the (higher) value of the SMBH mass

unction implied by the M bh –M gal relation should be preferred to the
ne arising from the M bh –σ relation, as the former is more consistent
ith the large masses of the SMBH binaries required by the PTA

ndependent measurements. Ho we ver, the pairwise residual results
rom this work would indicate that the M bh –σ relation is a more
olid tracer of SMBH mass, and thus a more secure route towards a
ore robust census of SMBHs. The residuals would thus suggest that
ore accurate models of the SMBH mass function and SMBH merger

ates should be anchored to the M bh –σ relation to provide a more
nsightful comparison with current and future GW measurements.
nterestingly, at present, the large masses of the SMBH binaries
erived from current PTA measurements are in tension with those
xtracted from the M bh –σ relation, as recently emphasized by
ato-Polito, Zaldarriaga & Quataert ( 2025 ), highlighting once more

he well-known systematic discrepancy between the SMBH mass
ensities inferred from the two scaling relations with stellar velocity
ispersion and stellar mass (e.g. Shankar et al. 2004 ; Tundo et al.
007 ; Liepold & Ma 2024 ; Burke et al. 2025 ). 

 C O N C L U S I O N S  

he apparently strong correlations between SMBH masses and their
ost galaxy properties carry the imprint of a possible co-evolution of
NRAS 541, 2070–2092 (2025) 
hese two systems. It is of vital importance to unveil the underlying
ature and significance of these correlations if we want to truly
dvance in our knowledge of the growth of SMBHs and their putative
mpact on to the mass, structural, and dynamical evolution of their
osts. In this work, we have collected the latest sample of local
alaxies from Sahu et al. ( 2023 ) with a uniform calibration of their
hotometric properties and with dynamically measured masses of
heir central SMBHs, analysed the scaling relations with pairwise
esiduals and ML regression algorithms, and compared the results
ith the outputs from two state-of-the-art hydrodynamic simulations,
imba and TNG. Our main results can be summarized as follows: 

(i) The latest local SMBH data with uniform photometric cali-
rations and accurate bulge-to-total decompositions, point to some
egree of correlation between SMBH mass M bh and their host galaxy
tellar velocity dispersion σ and stellar mass M gal . LTGs follow
 steeper M bh –M gal correlation than ETGs, while both ETGs and
TGs align better with spheroidal mass in the M bh –M sph relation.
he models broadly follow these trends (Fig. 1 ). 
(ii) The pairwise residuals confirm that M bh correlates more

trongly with σ than with total stellar mass M gal , spheroidal ef fecti ve
adius, or S ́ersic index (Figs 2 and B2 ). 

(iii) When the spheroid stellar mass is considered, the local SMBH
ample hints at a possible fundamental plane-type correlation of the
ype M bh ∝ σ 2 . 2 M 

0 . 8 
sph (Fig. 3 ), although this evidence is significantly

eakened when switching to the Saglia et al. ( 2016 ) SMBH sample
Fig. B1 ). 

(iv) The hydrodynamic simulations considered in this work, TNG
nd Simba, tend to align with the data in the residuals of M bh versus
at fixed M gal and predict a negligible correlation with M gal at fixed
(Fig. 4 ). 
(v) In addition, Simba fa v ours M sph as the galactic variable most

losely linked to SMBH mass, while TNG points to σ (Fig. 5 ).
ncreasing the AGN kinetic output in these simulations does not
hange these trends (Fig. 6 ). 

(vi) Another strong underlying correlation is found between M bh 

nd host halo mass M halo (Fig. 8 ), albeit on a significantly smaller
ample and with some assumptions on the deri v ation of the halo
asses. 
(vii) We show that the sample of local galaxies with dynamically
easured SMBHs is biased high in σ with respect to the (signifi-

antly) larger sample of local galaxies as measured in the 3.6 μm or
n the SDSS bands, especially towards lower luminosities (Fig. A1 ).

e discuss this important point in detail in Appendix A . 

Our results on pairwise residuals fa v our stellar velocity dispersion
nd host halo mass as more important global variables regulating the
onnection between SMBHs and their hosts. The comprehensive
odels explored here are able to broadly capture these trends,

lthough they still require extreme fine-tuning in their physical
rescriptions to simultaneously reproduce the observed SMBH
caling relations and their pairwise residuals, in particular with bulge
tellar mass M sph and possibly host halo mass M halo . Future models
nd data must continue to probe the strong link visible in the local
niverse between M bh , σ and potentially even host halo mass M halo ,
oth as a reference for SMBH mass measurements, as well as a more
obust probe of the evolutionary link between SMBHs and their hosts
nd the implied stochastic gravitational wave background. 
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ngl ́es-Alc ́azar D. , Özel F., Dav ́e R., Katz N., Kollmeier J. A., Oppenheimer

B. D., 2015, ApJ , 800, 127 
ngl ́es-Alc ́azar D. , Dav ́e R., Faucher-Gigu ̀ere C.-A., Özel F., Hopkins P. F.,
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Figure A1. Scaling relation between the galaxy stellar velocity dispersion and galaxy magnitude at 3.6 μm for the local sample of ETGs from the S 4 G sample 
with σ measurements from the Hyperleda data base (filled black circles and long-dashed lines), compared with the SMBH sample collected by Sahu et al. 
( 2023 ) at 3.6 μm sample with Spitzer photometry. The left panel only includes ETG galaxies from Sahu et al. ( 2023 ) and ETGs from the S 4 G sample with 
T-type < 1, while the right panel includes also the LTGs from Sahu et al. ( 2023 ) and T-type < 6 . 5 from the S 4 G sample. The SMBH sample has a tendency to 
be characterized, on average, by larger stellar velocity dispersions at fixed luminosity. 

Figure A2. Scaling relation between the galaxy stellar velocity dispersion 
and galaxy magnitude at 3.6 μm for the local sample of ETGs from the 
S 4 G sample with σ measurements from the Hyperleda data base (filled black 
circles and long-dashed lines). The coloured symbols mark the galaxies from 

the original samples adopted by Shankar et al. ( 2016 ) which are in common to 
both Hyperleda and the ETG S 4 G samples, namely from Beifiori et al. ( 2012 , 
green stars) and Sa v orgnan et al. ( 2016 , red stars), and some additional 
galaxies from Sahu et al. ( 2023 , blue stars). It is evident that the original 
sample adopted by Shankar et al. ( 2016 ) shows a sharp offset in stellar velocity 
dispersion at fixed magnitude, which is slightly reduced when including the 
new galaxies from Sahu et al. ( 2023 , blue stars). 
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s vital to pin down the true shape and time evolution of SMBH–
alaxy scaling relations (e.g. Shankar et al. 2016 ; Farrah et al. 2023 ).
hankar et al. ( 2016 ) also showed via extended Monte Carlo tests that
election effects are not expected to significantly impact the residual 
nalysis, which therefore represents a powerful tool to extract the 
ntrinsic correlations (in terms of slopes) between SMBH mass and 
alaxy properties. 

Following the seminal papers by Bernardi et al. ( 2007 ), G ̈ultekin
t al. ( 2011 ), and Morabito & Dai ( 2012 ), Shankar et al. ( 2016 )
ho wed that se veral local samples of galaxies with dynamically 
easured masses of their central SMBHs tend to show, on average, 

igher stellar velocity dispersions at fixed galaxy stellar mass than 
hat predicted by the mean distribution of galaxies in the SDSS 
alaxy sample. This result was derived by comparing the local sample 
f SDSS galaxies with four independent SMBH galaxy samples with 
istinct galactic photometries from Sa v orgnan et al. ( 2016 ), Beifiori
t al. ( 2012 ), L ̈asker et al. ( 2014 ), and McConnell & Ma ( 2013 ).
DSS galaxy stellar masses were derived from S ́ersic (Sersic 1968 )
lus exponential fits by Bernardi et al. ( 2014 ) and colour-dependent
ass-to-light ratios from Bell et al. ( 2003 ). To infer host galaxy

uminosities, Sa v orgnan et al. ( 2016 ) adopted 3.6 μm Spitzer images
ith S ́ersic profiles plus, wherever relevant, additional components 

uch as bars and rings. Shankar et al. ( 2016 ) also included in
heir analysis galaxies from the original McConnell & Ma ( 2013 )
ample with 3.6 μm luminosities derived from the S ́ersic plus
xponential fits by Sani et al. ( 2011 ). Beifiori et al. ( 2012 ) instead
xtracted homogeneous host galaxy luminosities from bulge-to-disc 
ecompositions of SDSS i-band images, from which Shankar et al. 
 2016 ) derived stellar masses using the same colour-dependent mass-
o-light ratios from Bell et al. ( 2003 ) self-consistently adopted for
he comparison SDSS galaxy sample. L ̈asker et al. ( 2014 ) extracted
alaxy K-band photometries from deep, high spatial resolution 
mages obtained from the wide-field WIRCam imager at the Canada–
rance–Hawaii–Telescope, and luminosities were then converted to 
tellar masses by Shankar et al. ( 2016 ) using an average standard
ass-to-light ratio. 
Sahu et al. ( 2023 ) criticized the Shankar et al. ( 2016 ) result of a

ystematic bias between SMBH and galaxy samples reducing it to 
 simple byproduct of systematic discrepancies in the stellar mass 
cales between SDSS galaxies and the SMBH galaxy samples, rather 
han induced by offsets in stellar velocity dispersion at fixed host
alaxy stellar mass. To support their claim, Sahu et al. ( 2023 ) focused
pecifically on the local sample of SMBHs by Sa v orgnan et al. ( 2016 )
t 3.6 μm, further enriched by Sahu et al. ( 2019b ), i.e. the one also
dopted in this work, and ignored the other local samples of SMBHs
ith different photometries included in Shankar et al. ( 2016 ) and

ummarized abo v e. To estimate the mean stellar mass correction
etween the stellar masses derived from 3.6 μm photometry and 
DSS imaging, Sahu et al. ( 2023 ) followed two steps. First, they

ook a sample of 43 galaxies in common between SDSS and the S 

4 G
ocal sample of galaxies with Spitzer photometry, and estimated a 

ean discrepancy of ∼ 0 . 2 dex between the two stellar mass systems.
he SDSS galaxy subsample they chose for this step had total galaxy
MNRAS 541, 2070–2092 (2025) 
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M

Figure A3. Left panel : Mean scaling between ef fecti ve radius and i-band magnitude extracted from the local MaNGA sample with NSA photometry (filled, 
red circles) against the Hon et al. ( 2022 ) data sets of local compact galaxies with the same NSA photometry (magenta stars). Right panel : Same format as the 
left panel but in the stellar velocity dispersion (rescaled to the Hyperleda aperture) versus i-band magnitude plane. The Hon et al. ( 2022 ) galaxies tend to be 
more compact than the average MaNGA galaxies and with slightly larger stellar velocity dispersion, in particular at bright luminosities. 
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uminosities derived by Hon et al. ( 2022 ) from the SDSS i band. Sahu
t al. ( 2023 ) then checked that the 37 galaxies in common between
he S 

4 G sample and the Sahu et al. ( 2019b ) SMBH samples have
ery similar photometry, and thus the same stellar mass correction
etween SDSS and S 

4 G could be applied between SDSS and the
ahu et al. ( 2019b ) SMBH sample, an offset which is sufficient

o remo v e an y apparent systematic offset (‘bias’) between the two
–M gal relations followed by the SMBH galaxy and SDSS samples.
The methodology followed by Sahu et al. ( 2023 ) makes the

undamental and untested assumption that the S 

4 G and local SMBH
amples follow the same identical stellar velocity dispersion-3.6 μm
uminosity relation, and thus the same stellar mass correction can be
pplied to both the S 

4 G and SMBH samples when comparing with
DSS galaxies. Ho we v er, we hav e v erified, that this is not the case.
e have cross-correlated the S 

4 G sample with the Hyperleda data
ase and the resulting sample is reported in Fig. A1 with grey, filled
quares. The left panel only includes S 

4 G ETGs with T-type ≤ 1 to
nclude S0/a and Ellipticals, as in the reference ETG sample from
ahu et al. ( 2023 ). It is clear that the ETG SMBH sample does not
trictly follow the distribution of the S 

4 G sample. The vast majority of
TGs below M i � −22 (approximately M gal ∼ 10 11 M �, using the
ahu et al. ( 2023 ) mass-to-light ratio at 3 . 6 μm of M �/ L � = 0 . 6)

ie abo v e the mean relation traced by the S 

4 G sample. To remark
his point, we show two linear fits to the Sahu et al. ( 2023 ) and S 

4 G
amples (solid magenta and long-dashed black line, respectively),
here we have assumed the same statistical errors on magnitude and

og σ of 0.2 mag and 0.1 de x, respectiv ely. The ETG SMBH sample
ends to be ske wed to wards larger stellar velocity dispersions, in
articular there are virtually no galaxies with SMBH masses below
00 km s −1 (horizontal dotted lines). 
The discrepancy between the S 

4 G and the SMBH samples be-
omes even more pronounced in the right panel of Fig. A1 where we
nclude all the LTGs of Sahu et al. ( 2023 ) and all the corresponding
 

4 G galaxies matched in morphology with T-type < 6 . 5, e.g. down
o Sc galaxies. The two samples reach an average offset of up
o ∼ 0 . 2 dex in log σ at fixed luminosity. In addition, the S 

4 G
ample with velocity dispersion measurements in the Hyperleda
atabase is around 1/4 of the original sample, and thus it could
uffer from incompleteness. We stress that the photometric systems
nd definitions of total host galaxy luminosity adopted in the S 

4 G
nd the Sahu et al. ( 2023 ) samples are not strictly identical and could
NRAS 541, 2070–2092 (2025) 
urther bias the comparison. A dedicated study tailored at applying
he same measurement techniques and assumptions in a (complete)
eference galaxy sample and the local SMBH sample is required to
ruly advance in our understanding of systematic biases in the SMBH
caling relations traced by the local sample of dynamically measured
MBHs. 
We also note that the subsample of SDSS galaxies chosen by Sahu

t al. ( 2023 ) to calibrate the galaxy stellar mass offset with the S 

4 G
ocal sample is not ideal, being itself biased with respect to the full
alaxy population as described by the MaNGA surv e y, being more
ompact at fixed host galaxy luminosity, and with a tendency to have
arger stellar velocity dispersion, especially at M i � −22 . 5, as seen
n Fig. A3 . 

It is true that with an increased size in the SMBH sample and more
ccurate photometry the offset in stellar velocity dispersion between
he SMBH sample compared to the galaxy sample is somewhat
educed, as also noted by Sahu et al. ( 2023 ). None the less, the offset
s still noticeable at lower luminosities, approaching � log σ ∼ 0 . 1
t M i � −22 when comparing the two full samples, and even larger
t fainter luminosities. Note that an offset of � 0 . 2 dex in log σ at
xed luminosity would correspond to a noticeable average offset

n SMBH mass of a factor of ∼ 5, if M bh ∝ σ 3 . 6 , as inferred from
he residual analysis presented in the top left panel of Fig. 2 . For
ompleteness, Fig. A2 compares the S 

4 G ETG-Hyperleda sample
ith the fraction of inactive ETGs with SMBHs in common to both
 

4 G and Hyperleda from the original SMBH sample collected by
hankar et al. ( 2016 , red stars), plus some galaxies from the SMBH
ample of Beifiori et al. ( 2012 , green stars) and some additional
alaxies with SMBH from Sahu et al. ( 2023 , blue stars). It is clear
hat, o v erall, the original sample adopted by Shankar et al. ( 2016 ),
rom Sa v orgnan et al. ( 2016 ), is clearly biased high in stellar velocity
ispersion at fixed luminosity. The addition of new galaxies from
ahu et al. ( 2023 ) tends to lower the mean offset compared to the
riginal sample adopted by Shankar et al. ( 2016 ). 
We conclude that a bias between the local SMBH sample and the

arger sample of galaxies without dynamical SMBH mass measure-
ents, persists in the form of an offset in stellar velocity dispersion

t fixed host galaxy luminosity, which is thus not a byproduct of
ifferent stellar mass-to-light ratios between the two samples. Such
n offset in stellar velocity dispersion at fixed luminosity was also
dentified by Bernardi et al. ( 2007 ), van den Bosch et al. ( 2015 ),
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nd, more recently, by Kormendy ( 2020 ), who reported in their
g. 2 a clear offset in σ at fixed L V for both core and coreless
alaxies. In addition, many local AGN appear to sit significantly 
elow the scaling relations of dormant SMBHs, as discussed by, e.g. 
eines & Volonteri ( 2015a ) and Shankar et al. ( 2019 ), when adopting

easonable assumptions for the virial factors, and it is evident even 
mong AGN samples calibrated with the same photometry as in the 
omparison galaxy sample. This result appears common to all local 
GN independently of their host galaxy morphology, although some 
ependence of the offset on the Eddington ratio may be present (e.g.
arrah et al. 2023 ). 
More recently, Byrne et al. ( 2023 ) adopted an alternative approach

o probe the existence of a selection bias in the SMBH mass-host
alaxy stellar mass relation by computing the SMBH masses in a 
ass-complete sample of 18 ETGs from the Virgo cluster. They were 

ble to extract SMBH masses in 11 out of the 18 galaxies, and thus, on
he assumption that the remaining galaxies with undetected SMBHs 
o not contain a SMBH, they were able to place a conserv ati ve
ower limit to the mean SMBH mass in their sample by dividing the
um of all their detected SMBH masses by 18 (instead of 11). They
laimed a mean lower limit of M bh = 3 . 7 × 10 7 M � for host galaxies
ith mean total stellar mass M gal = (1 . 8 ± 1 . 1) × 10 10 M �. At face
 alue, this v alue of the mean SMBH mass would be significantly
igher than what predicted by, e.g. Model I in Shankar et al. ( 2016 ,
heir equation 6). Ho we ver, there are se v eral cav eats to be considered
ere before drawing any definitive conclusion. First off, the results by 
hankar et al. ( 2016 ) were based on Monte Carlo simulations applied

o thousands of galaxies from the SDSS surv e y, and thus one would
eed to check the consistency between the (small) galaxy sample 
igure B1. Pairwise residuals as a function of stellar velocity dispersion at fixed sp
ample which only considers bulge stellar mass and central velocity dispersions m
ependence on stellar velocity dispersion confirming the results retrieved from th
Fig. 3 ). 
rom Byrne et al. ( 2023 ) with the much larger SDSS galaxy sample,
n particular on the σ–M gal plane. We verified that, when cross-
orrelating the 18 galaxies in the Byrne et al. ( 2023 ) sample with
he Hyperleda database, the latter yields an average log σHL ∼ 2 . 02,
hich, at face value, would be tentatively ∼ 0 . 1 dex higher than

he mean log σHL calculated by Shankar et al. ( 2016 ) at an average
tellar mass of M gal = 1 . 8 × 10 10 M �. Ho we ver, possible systematic
ifferences between the ATLAS dynamical mass measurements and 
he SDSS-based stellar masses from Shankar et al. ( 2016 ) prevent
 robust comparison between two samples. Secondly, several other 
ndicators and/or independent measurements of SMBH masses tend 
o point to lower masses, as also highlighted by Byrne et al. ( 2023 )
n their fig. 5, and as also stressed by Shankar et al. ( 2019 ). Last
ut not least, the Monte Carlo method put forward by Shankar
t al. ( 2016 ) did not include the larger SMBH sample by Sahu
t al. ( 2023 ) which, as we discussed abo v e, tends to show a lower
egree of bias, comparable to � log σ ∼ 0 . 1 dex at the mass scale
robed by Byrne et al. ( 2023 ), as suggested by the left panel of
ig. A1 . 

PPENDI X  B:  A D D I T I O NA L  R E L E VA N T  

A IRW ISE  RESI DUAL  C O R R E L AT I O N S  

ere, we present additional residuals derived for the Saglia et al.
 2016 ) SMBH sample, with accurate measurements of the stellar
elocity dispersion within the ef fecti ve radius and the stellar bulge
omponent (Fig. B1 ), along with additional residuals extracted from 

he Sahu et al. ( 2023 ) SMBH sample as a function of half-light
f fecti ve radius and S ́ersic index. 
MNRAS 541, 2070–2092 (2025) 

heroidal mass (left) and vice versa (right) for the Saglia et al. ( 2016 ) SMBH 

easured at the half-light radius. Even in this sample, we still find a stronger 
e Sahu et al. ( 2023 ) sample when considering only the bulge component 
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M

Figure B2. Pairwise residuals as a function of S ́ersic index n (left) and bulge ef fecti ve radius R e (right) at fixed stellar velocity dispersion (top) and spheroidal 
mass (bottom) for the Sahu et al. ( 2023 ) SMBH sample. We do not find any significant residual dependence of SMBH mass on any of these quantities when the 
underlying dependence on stellar velocity dispersion and/or spheroidal (bulge) mass is subtracted. 
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Table C1. Data for the 69 ETGs. σ and δσ have units of km s −1 . All magnitudes are AB at 3.6 μm. Both ef fecti ve 
radius and S ́ersic index are the ‘equi v alent’ measures from Sahu et al. ( 2020 ). 

Name log 
(

M BH 
M �

)
δ log 

(
M BH 
M �

)
log 

(
M sph 
M �

)
σ δσ R e ( ′′ ) n Distance (Mpc) Mag 

IC4296 9.04 0.09 11.47 327.3 5.4 41.1 3.82 40.7 −23.3 
IC1459 9.38 0.20 11.55 295.8 6.4 57.3 7.00 28.4 −23.4 
NGC0404 4.85 0.13 7.96 34.6 3.1 3.89 0.90 3.1 −17.3 
NGC0524 8.92 0.10 10.57 236.6 4.5 8.35 2.16 23.3 −22.2 
NGC0821 7.59 0.17 10.69 197.7 2.8 18.9 6.10 23.4 −21.5 
NGC1023 7.62 0.05 10.21 197.2 4.6 7.4 2.00 11.1 −21.5 
NGC1275 8.90 0.20 11.84 244.9 12.8 53.6 4.31 72.9 −24.2 
NGC1332 9.16 0.07 11.05 294.4 11.3 18.0 3.70 22.3 −22.2 
NGC1374 8.76 0.05 10.22 179.5 3.2 11.74 1.65 19.2 −20.8 
NGC1399 8.67 0.06 11.66 331.9 5.3 338.1 10.00 19.4 −23.7 
NGC1407 9.65 0.08 11.46 265.5 5.1 47.29 3.89 28 −23.3 
NGC1600 10.23 0.05 11.82 331.1 7.0 49.58 5.08 64 −24.1 
NGC2549 7.15 0.60 9.59 141.3 2.7 3.1 1.50 12.3 −19.9 
NGC2778 7.18 0.34 9.41 154.2 3.2 2.2 1.20 22.3 −19.7 
NGC2787 7.60 0.06 9.13 191.9 3.9 2.88 1.27 7.3 −19.5 
NGC3091 9.56 0.04 11.61 311.2 7.7 51.2 6.60 51.2 −23.6 
NGC3115 8.94 0.25 10.77 260.0 3.0 34.4 5.10 9.4 −21.6 
NGC3245 8.30 0.12 10.06 207.0 7.3 2.4 1.70 20.3 −21.1 
NGC3377 7.89 0.04 10.48 136.1 2.3 91.7 9.20 10.9 −20.8 
NGC3379 8.60 0.12 10.8 202.3 1.8 50.9 5.30 10.3 −21.5 
NGC3384 7.23 0.05 10.06 144.2 2.5 5.6 1.80 11.3 −21 
NGC3414 8.38 0.06 10.83 237.7 8.1 25.5 4.50 24.5 −21.7 
NGC3489 6.76 0.07 9.54 104.2 2.0 1.7 1.30 11.7 −20.3 
NGC3585 8.49 0.13 11.3 214.3 5.1 86.3 6.30 19.5 −22.8 
NGC3607 8.11 0.18 11.23 222.3 4.1 65.5 5.60 22.2 −22.7 
NGC3608 8.30 0.18 10.89 194.1 4.2 43.4 5.70 22.3 −21.8 
NGC3665 8.76 0.10 11.03 215.3 8.5 12.78 2.74 34.7 −22.7 
NGC3842 9.99 0.13 11.92 308.3 6.7 73.6 8.20 98.4 −24.4 
NGC3923 9.45 0.13 11.4 245.5 4.9 78.78 4.77 20.9 −23 
NGC3998 8.91 0.11 10.02 264.9 11.0 4.8 1.30 13.7 −20.8 
NGC4026 8.26 0.11 10.11 173.4 3.8 2.35 3.98 13.2 −20.4 
NGC4261 8.70 0.09 11.38 296.5 4.3 47.3 4.30 30.8 −23 
NGC4291 8.52 0.05 10.71 292.4 6.9 15.4 5.90 25.5 −21.3 
NGC4339 7.63 0.33 9.67 110.9 3.1 6.42 1.40 16.0 −20 
NGC4342 8.65 0.18 9.94 240.4 5.7 4.69 3.99 23.0 −20.2 
NGC4350 8.86 0.41 10.28 180.7 4.4 19.45 3.97 16.8 −20.9 
NGC4371 6.85 0.08 9.89 128.8 2.2 8.9 3.19 16.9 −21 
NGC4374 8.95 0.05 11.49 277.3 2.4 129.8 7.90 17.9 −23.3 
NGC4429 8.18 0.09 10.46 173.4 5.4 11.29 2.31 16.5 −21.8 
NGC4434 7.85 0.17 9.91 116.4 2.8 5.31 2.93 22.4 −20 
NGC4459 7.83 0.09 10.48 171.8 4.8 13.0 2.60 15.7 −21.3 
NGC4472 9.40 0.05 11.7 281.8 2.9 135.3 5.40 17.1 −23.8 
NGC4473 8.08 0.36 10.64 178.6 2.5 36.9 2.90 15.3 −21.4 
NGC4486 9.81 0.05 11.49 322.8 4.3 87.1 5.90 16.8 −23.3 
NGC4526 8.67 0.05 10.7 224.4 9.4 14.88 2.96 16.9 −22.1 
NGC4552 8.67 0.05 10.88 250.0 2.9 71.5 5.36 14.9 −21.9 
NGC4564 7.78 0.06 10.01 156.3 2.2 6.0 3.00 14.6 −20.2 
NGC4578 7.28 0.35 9.77 111.9 4.1 6.32 1.99 16.3 −20.1 
NGC4596 7.90 0.20 10.18 140.6 2.2 9.0 3.00 17.0 −21.4 
NGC4621 8.59 0.05 11.16 228.0 3.8 90.9 8.80 17.8 −22.5 
NGC4649 9.67 0.10 11.44 330.4 4.6 80.59 5.21 16.4 −23.1 
NGC4697 8.26 0.05 11.01 165.2 1.6 226.4 6.70 11.4 −22.2 
NGC4742 7.15 0.18 9.87 101.4 3.4 3.41 3.20 15.5 −19.9 
NGC4762 7.36 0.15 9.97 141.3 4.1 2.24 1.85 22.6 −22.2 
NGC4889 10.32 0.44 12.14 392.6 5.3 60.8 6.80 103.2 −24.9 
NGC5077 8.87 0.22 11.28 251.2 5.5 23.0 5.70 41.2 −22.7 
NGC5252 9.00 0.40 10.85 186.6 26.5 1.47 2.95 96.8 −23 
NGC5419 9.86 0.14 11.45 344.3 5.4 16.83 2.62 56.2 −24 
NGC5576 8.20 0.10 10.87 182.4 6.0 49.3 3.70 24.8 −21.7 
NGC5813 8.83 0.06 10.86 236.0 3.4 14.16 3.65 31.3 −22.6 
NGC5845 8.41 0.22 10.12 230.7 7.9 5.29 3.27 25.2 −20.3 
NGC5846 9.04 0.05 11.42 237.1 3.5 83.4 5.70 24.2 −23.1 
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Table C1 – continued 

Name log 
(

M BH 
M �

)
δ log 

(
M BH 
M �

)
log 

(
M sph 
M �

)
σ δσ R e ( ′′ ) n Distance (Mpc) Mag 

NGC6251 8.77 0.16 11.82 312.6 18.2 30.1 5.60 104.6 −24.1 
NGC6861 9.30 0.08 10.94 387.3 16.5 20.13 3.52 27.3 −22.1 
NGC7052 8.57 0.23 11.46 278.6 11.8 20.04 3.46 66.4 −23.2 
NGC7332 7.11 0.20 10.22 127.9 3.3 2.43 2.15 24.9 −21.6 
NGC7457 7.00 0.30 9.40 67.9 3.5 6.51 2.84 14 −20 
NGC7619 9.40 0.09 11.64 317.0 4.9 58.0 5.20 51.5 −23.7 
NGC7768 9.11 0.15 11.89 289.7 11.9 42.1 6.70 112.8 −24.2 

Table C2. Data for the 26 LTGs. σ and δσ have units of km s −1 . All magnitudes are AB at 3.6 μm. Both ef fecti ve 
radius and S ́ersic index are the ‘equi v alent’ measures from Sahu et al. ( 2020 ). 

Name log 
(

M BH 
M �

)
δ log 

(
M BH 
M �

)
log 

(
M sph 
M �

)
σ δσ R e ( ′′ ) n Distance (Mpc) Mag 

Circinus 6.25 0.11 10.12 148.0 18.0 23.13 1.80 4.2 −21.1 
IC2560 6.49 0.20 9.63 141.0 10.0 3.92 1.63 31.0 −21.2 
NGC0224 8.15 0.16 10.11 154.0 4.0 173.6 1.30 0.8 −21.8 
NGC0253 7.00 0.30 9.76 96.0 18.0 27.89 2.33 3.5 −21.3 
NGC1097 8.38 0.04 10.83 195.0 5.0 11.39 1.52 24.9 −23.1 
NGC1300 7.71 0.16 9.42 218.0 29.0 7.39 2.83 14.5 −20.3 
NGC1320 6.78 0.29 10.25 110.0 10.0 2.23 2.87 37.7 −21 
NGC1398 8.03 0.11 10.57 196.0 18.0 10.38 3.00 24.8 −22.6 
NGC2960 7.06 0.17 10.44 166.0 16.0 2.19 2.86 71.1 −21.7 
NGC2974 8.23 0.07 10.23 232.0 4.0 6.53 1.17 21.5 −21.4 
NGC3031 7.83 0.09 10.16 152.0 2.0 42.98 3.46 3.5 −21.1 
NGC3079 6.38 0.12 9.92 175.0 12.0 4.35 0.58 16.5 −21.2 
NGC3227 7.88 0.14 10.04 127.0 6.0 8.34 1.90 21.1 −21.5 
NGC3368 6.89 0.09 9.81 119.0 4.0 4.83 1.00 10.7 −21.2 
NGC3627 6.95 0.05 9.74 127.0 6.0 3.92 2.10 10.6 −21.5 
NGC4151 7.68 0.37 10.27 116.0 3.0 6.0 1.85 19.0 −21.1 
NGC4258 7.60 0.01 10.05 133.0 7.0 26.4 2.60 7.6 −21.3 
NGC4303 6.58 0.17 9.42 95.0 8.0 2.16 0.90 12.3 −20.7 
NGC4388 6.90 0.11 10.07 100.0 10.0 14.3 1.15 17.8 −20.6 
NGC4501 7.13 0.08 10.11 166.0 7.0 20.35 2.83 11.2 −21.2 
NGC4594 8.81 0.03 10.81 226.0 3.0 41.36 4.24 9.6 −22.1 
NGC4699 8.34 0.10 11.12 192.0 9.0 29.75 6.77 23.7 −22.8 
NGC4736 6.78 0.10 9.89 107.0 4.0 9.65 1.03 4.4 −20.4 
NGC4826 6.07 0.15 9.55 97.0 6.0 11.93 0.76 5.6 −20.6 
NGC5055 8.94 0.10 10.49 101.0 3.0 43.52 1.76 8.9 −21.6 
NGC7582 7.67 0.09 10.15 147.0 19.0 4.55 2.21 19.9 −21.5 
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