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A B S T R A C T 

One of the most important questions in astrophysics is what causes galaxies to stop forming stars. Previous studies have shown 

a tight link between quiescence and black hole mass. Other studies have revealed that quiescence is also associated with 

‘starvation’, the halting of gas inflows, which results in the remaining gas being used up by star formation and in rapid chemical 
enrichment. In this work, we find the missing link between these two findings. Using a large sample of galaxies, we unco v er the 
intrinsic dependences of the stellar metallicity on galaxy properties. In the case of star-forming galaxies, stellar metallicity is 
primarily driven by stellar mass. Howev er, for passiv e galaxies, the stellar metallicity is primarily driven by the stellar velocity 

dispersion. The latter is known to be tightly correlated with black hole mass. This result can be seen as connecting previous 
studies, where the integrated effect of black hole feedback (i.e. black hole mass, traced by the velocity dispersion) prevents gas 
inflows, starving the galaxy, which is seen by the rapid increase in the stellar metallicity, and leading to the galaxy becoming 

passive. 
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 I N T RO D U C T I O N  

he chemical enrichment of galaxies is a powerful proxy of their
istory of star formation and of the evolutionary processes and mech-
nisms that have shaped them. This chemical enrichment is traced by
he ‘metallicity’, the ratio of heavier elements to the hydrogen and
elium content of either gas or stars. Metals are produced by stellar
ucleosynthesis, which are then released via supernova explosions
nd stellar winds, hence increasing the metallicity of the interstellar
edium (ISM; Maiolino & Mannucci 2019 ). Ho we ver, metallicity

lso traces other processes, such as inflows of low-metallicity gas
causing metal dilution) and outflows (often metal loaded; Origlia
t al. 2004 ; Chisholm, Tremonti & Leitherer 2018 ). 

Depending on the galaxy type and on the available data, the
etallicity in galaxies can be measured for the gas phase of the ISM

nd for the stellar population. Both of these metallicities follow well-
nown scaling relations with other galactic properties. Specifically,
etallicity is known to increase with the stellar mass of a galaxy,

p until M ∗ = 10 10 . 5 M � where it starts to plateau, in a relationship
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nown as the mass–metallicity relation (MZR; Tremonti et al. 2004 ;
ahid et al. 2017 ; Maiolino & Mannucci 2019 ). At fixed mass, the
etallicity is also observed to decrease with increasing star formation

ate (SFR; i.e. anticorrelate), leading to an o v erall three-dimensional
3D) relationship between the quantities, known as the fundamental
etallicity relation (FMR; Ellison et al. 2008 ; Mannucci et al. 2010 ;
aker et al. 2023b ; Looser et al. 2023 ). 
Other studies have found correlations between stellar metallicity

nd properties such as stellar velocity dispersion and stellar age
Li et al. 2018 ; Cappellari 2023 ), but have been unable to probe
ultiple quantities simultaneously; hence, they have been unable to

isentangle whether these correlations are intrinsic or indirect by-
roducts of other quantities. 
The advantage of studying stellar metallicities is that they can be

stimated for both star-forming and passive galaxies, whereas, due
o being calculated from emission lines, gas-phase metallicities can
nly accurately be obtained for star-forming galaxies (although see
lso Kumari et al. 2019 ). Star-forming galaxies and passive galaxies
ho w large dif ferences in stellar metallicity, with passive galaxies
aving larger values at a given stellar mass (Peng, Maiolino &
ochrane 2015 ; Trussler et al. 2020 , 2021 ). This is also seen as a
ontinuous sequence in Looser et al. ( 2024 ), where galaxies with
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Table 1. Number of galaxies contained within each SDSS sample once 
all cuts and matches have been made. Samples are star-forming stellar 
metallicities (SF Z sample) and non-star-forming stellar metallicities (NSF Z 
sample). We can see that there are many more passive galaxies than SF, hence 
the need to separate out these classes to properly explore the drivers. 

No. of galaxies log( M ∗/ M �) log(SFR / M � yr) Overdensity 

SF 16 505 9.0–11.6 −1.0 to 1.5 −1.2 to 2.1 
Q 37 241 9.6–11.7 −2.1 to 0 −1.2 to 2.7 
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 lower SFR (i.e. more passive) have higher stellar metallicity. 
his trend is interpreted as quenching via starvation, where galaxies 
uench because their gas supply (via inflows) is cut off (Peng et al.
015 ; Bluck et al. 2020 ; Trussler et al. 2020 ). Starvation implies that
he remaining gas of the galaxy is converted into stars in a closed-
ox manner, resulting in the metallicity rising steeply because it is
ot diluted from accreting (low-metallicity) gas. Howev er, ev en if
tarvation is identified as playing a key role in galaxy quenching, 
he causes of starvation and the associated quenching could not be 
dentified based solely on the metallicity analysis. 

Many different causes for the quenching of star formation have 
een proposed in the past, such as active galactic nuclei (AGN) 
eedback, morphological quenching, cosmic rays, magnetic fields, 
nd environmental effects (Man & Belli 2018 ). Of particular interest 
re the recent results of Piotrowska et al. ( 2022 ), Bluck et al. ( 2022 ),
nd Bluck, Piotrowska & Maiolino ( 2023 ), where they find that
he strongest link to quenching in a galaxy is the mass of the
upermassive black hole at the centre (this applies for central galaxies 
r massive satellites). This has led Bluck et al. ( 2022 ) to conclude
hat it is the integrated effect of black hole accretion feedback 
hat causes quenching. The proposed scenario, also supported by 
imulations (Zinger et al. 2020 ; Piotrowska et al. 2022 ), is that black
ole accretion heats the circumgalactic medium (via radio jets or 
utflo ws), hence pre venting accretion of cold gas and resulting in
elayed quenching via starvation. 
A key difficulty when investigating relationships between quan- 

ities that could cause quenching is that many of them are inter-
orrelated; hence, correlation between quiescence and some galaxy 
roperties does not necessarily imply causation. In the recent works 
iscussed earlier (Bluck et al. 2022 , 2023 , 2024 ; Piotrowska et al.
022 ), this issue was tackled by using machine learning (random 

orest, RF) and partial correlation techniques to disentangle direct 
nd primary connections from indirect relations induced by spurious 
onnections resulting from the fact that most galactic properties are 
ntercorrelated. The same issue applies also for the metallicity scaling 
elations: it is hard to separate intrinsic fundamental relationships 
rom secondary relations resulting from indirect by-products. Within 
his context, Baker et al. ( 2022 , 2023a , b ) and Baker & Maiolino
 2023 ) utilized multiple techniques to break these intercorrelations 
nd determine the fundamental dependences of gas-phase metallici- 
ies and other scaling relations. 

In this paper, we extend those studies to explore the intrinsic
ependence of stellar metallicity as a function of galactic proper- 
ies, finding the connection between the mechanism of quenching, 
tarvation, and the likely cause, integrated black hole feedback. 

In this paper, we assume that H 0 = 70 km s −1 Mpc −1 , �m 

= 0 . 3,
nd �� 

= 0 . 7. 

 DATA  A N D  SAMPLES  

.1 SDSS data 

e use data from the Sloan Digital Sk y Surv e y (SDSS) data release 7
Abazajian et al. 2009 ) MPA-JHU catalogue (Brinchmann et al. 2004 ; 
remonti et al. 2004 ). We then match this catalogue to another used

n Trussler et al. ( 2020 ), containing mass- and light-weighted stellar
etallicities fit by the spectral fitting code FIREFLY (Wilkinson et al. 

017 ). FIREFLY is a spectral fitting code that uses χ2 minimization 
sing a linear combination of simple stellar populations that vary in 
tellar ages and metallicities. The stellar population models used are 
hose of Maraston & Str ̈omb ̈ack ( 2011 ) as well as input spectra from

ILES (S ́anchez-Bl ́azquez et al. 2006 ) and a Kroupa initial mass
unction (Kroupa 2001 ). We also use mass-weighted halo masses 
nd central satellite classifications from Yang et al. ( 2005 , 2007 ) and
 v erdensities from Peng et al. ( 2010 ). We also match to a catalogue
f central velocity dispersions from the NYU value-added catalogue 
Blanton et al. 2005 ) and morphological parameters from Simard 
t al. ( 2011 ). We sigma clip the resulting data set to 3 σ to remo v e
utliers that could bias the RF or partial correlation coefficients. We
how the resulting sample for SDSS in Table 1 . This data set enables
s to explore the drivers of the stellar metallicity for a large number
f galaxies (15 000 + in each sample) while also being able to explore
any parameters of interest relating to each individual galaxy and 

ts environment. 

.2 MaNGA data 

e also use data from the Mapping nearby Galaxies at Apache Point
bservatory (MaNGA) surv e y (Bundy et al. 2015 ), which enables
s to also include accurately measured dynamical masses from Li 
t al. ( 2018 ) and kinematic measurements from Brownson et al.
 2022 ). We use stellar metallicities, stellar masses, central stellar
elocity dispersions, and SFRs from S ́anchez et al. ( 2016a , b ). This
ignificantly cuts down our sample statistics to around 1000 galaxies 
ach for the star-forming and passive samples, but enables us to
ontrol for these quantities that were unavailable in the larger SDSS
ample. 

.3 Definition of the sample 

egarding the SDSS data, in order to ensure reliable stellar metal-
icity measurements, we employ a strict median signal-to-noise cut 
f 20 per spectral pixel (as in Trussler et al. 2020 ). We also limit
he sample to those galaxies with reliable redshifts in the range
 . 02 ≤ z ≤ 0 . 085 to both reduce aperture effects (i.e. the projected
ize of the SDSS fibre should be larger than 1 kpc) and reduce the
ffects of cosmological evolution (again, as in Trussler et al. 2020 ). 

In both the SDSS and MaNGA samples, we divide our sample
f galaxies into star-forming and passive based on their distance 
rom the main sequence (MS, using the definition of Renzini & Peng
015 ). Star-forming galaxies are those with � MS ≥ −0 . 75, while
assive galaxies are those with � MS ≤ −0 . 75. This gives us 16 505
tar-forming galaxies and 37 241 passive galaxies. 

.4 Velocity dispersion and black hole masses 

e calculate the central velocity dispersion using the approach of 
orgensen, Franx & Kjaergaard ( 1996 ) and Bluck et al. ( 2016 ). To
riefly summarize, we use the equation 

c = σv ×
(

R bulge 

8 × R ap 

)−0 . 04 

, (1) 

here σc is the central (stellar) velocity dispersion, σv is the 
tellar velocity dispersion, R bulge is the bulge radius, and R ap is
MNRAS 534, 30–38 (2024) 
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M

Figure 1. The importance of various galactic properties in determining the stellar metallicity ( Z ) for star-forming (left-hand panel) and passive (right-hand 
panel) galaxies. The galactic parameters e v aluated are the stellar mass ( M ∗), the SFR, the central stellar velocity dispersion ( σc ), the gravitational potential 
(traced by φg = M ∗/r e ), a control uniform random variable ( R ), the o v erdensity of galaxies (1 + δ), and the halo mass ( M H ). The left-hand panel shows that for 
star-forming galaxies the primary dependence of stellar metallicity is on stellar mass via the MZR. Ho we ver, for passi ve galaxies (right-hand panel) the stellar 
metallicity dependence is almost purely on central velocity dispersion, which is know to tightly trace the black hole mass. 
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he aperture radius (for SDSS, this corresponds to the 1.5 arcsec 
bre). 
As pointed out by multiple works, the stellar velocity dispersion

s the quantity most tightly correlating with the black hole mass (see
e vie w in Kormendy & Ho 2013 ). So, when exploring the dependence
n stellar velocity dispersion we also show the corresponding black
ole mass calculated via the equation from Saglia et al. ( 2016 ), which
s given by 

 BH = 5 . 246 × log σc − 3 . 77 . (2) 

 DATA  ANA LY SIS  TO O L S  

.1 Random forest regression 

 RF is a collection of many different decision trees, each of which
ttempts to reduce a quantity called mean squared error (MSE, which
tself measures the quality of each split) which enables it to calculate
arameters’ importance in driving a target variable. One of the key
enefits of RF regression is that it can probe several intercorrelated
arameters simultaneously (allowing us to inv estigate man y param-
ters at once). It can also find non-monotonic relationships between
hem. Furthermore, RFs have previously been found to be able to
nd intrinsic dependences among many intercorrelated variables
provided the quantity the target truly depends on is included; Bluck
t al. 2022 ). The y hav e also been shown to be able to successfully
everse engineer simulations in Bluck et al. ( 2022 ) and Piotrowska
t al. ( 2022 ). We include the RF hyperparameters and the passive
alaxy sample MSEs of the test and training samples in Table B1 . 

.2 Partial correlation coefficients 

artial correlation coefficients (PCCs) allow us to take the correlation
etween two quantities A and B while controlling for any further
orrelation with quantity C. This means that if A and C are truly
NRAS 534, 30–38 (2024) 
orrelated, and B has a correlation with C, this correlation will not
ntroduce an unphysical observed correlation between A and B. This
s important to determine whether the relationships are intrinsic
r stem from relationships between other quantities that are not
onsidered. We use partial correlation coefficients to determine the
irection of any found relationship, i.e. as the RF only gives us their
mportances, the PCCs can tell us whether two quantities correlate or
nticorrelate. In addition to this, it can provide another, although less
owerful, method for visually checking the RF results. The ratios of
artial correlation coefficients can be used to define a gradient arrow
n a 3D diagram, or a two-dimensional (2D) diagram in which the
hird variable is colour-coded (Bluck et al. 2020 ; Baker et al. 2022 ): 

an ( θ ) = 

ρyz| x 
ρxz| y 

, (3) 

here θ is the arrow angle measured anticlockwise from the hori-
ontal while ρyz| x 

ρxz| y is the ratio of the partial correlation coefficients
etween the y -axis and colour-coded ( z -axis) quantities (while con-
rolling for the x -axis quantity), and between the x -axis and colour-
oded ( z -axis) quantities (while controlling for the y -axis quantity).
he gradient arrow then points in the direction of the greatest increase

n the colour-coded ( z -axis) quantity – it enables the dependence of
hat quantity on the x - and y -axis quantities to be identified visually,
hile the angle of the arrow enables it to be determined quantitatively.
s an example, if the x - and y -axis quantities contributed equally to
etermining the colour-coded quantity, we would expect an arrow
ngle of 45 deg. 

 RESULTS:  W H AT  D R I V E S  T H E  STELLAR  

ETA LLI CI TY?  

.1 The key parameters according to random forest regression 

ur primary analysis tool is the RF regression, as discussed in Section
.3 . In this case, the target feature is the stellar metallicity of a
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Figure 2. Central stellar velocity dispersion versus stellar mass colour-coded by median stellar metallicity for star-forming galaxies (left-hand panel) and 
passive galaxies (right-hand panel). The arrow angle points in the direction of the greatest increasing gradient of the stellar metallicity (i.e. it quantifies the 
colour-shading). The arrows and colour-shading gradients show that, in the left-hand panel for star-forming galaxies, increasing stellar metallicity is linked 
to increasing stellar mass (i.e. the arrow angle is closer to the horizontal), while in the right-hand panel for passive galaxies, the stellar metallicity is linked 
more to increasing central velocity dispersion (the arrow angle is closer to vertical than horizontal). This indicates that the stellar metallicity of star-forming 
galaxies shows a stronger dependence on stellar mass than central velocity dispersion, while for passive galaxies this is reversed. The right-hand axis gives the 
corresponding black hole mass when assuming that it is traced by the central velocity dispersion. 
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alaxy. The parameters that we explore are: stellar mass ( M ∗), SFR,
he gravitational potential as approximately traced by � g = M ∗/R e 

where R e is the circularized half-light radius in the r band), the mass
f the dark matter halo ( M H ), and the strength of the o v erdensity of
alaxies (1 + δ). 

Among the parameters we also include the central stellar velocity 
ispersion ( σc ). As already discussed, various authors have shown 
hat the central velocity dispersion is tightly linked to the central 
lack hole mass (Saglia et al. 2016 ; Piotrowska et al. 2022 ),
lthough we note that the central velocity dispersion might correlate 
ith the dynamical mass or gravitational potential. Ho we ver, later 
n we will discuss (and show) that neither dynamical mass nor 
ravitational potential appear to play a role in determining the stellar
etallicity . Finally , we also include a uniform random variable as a 

ontrol. 
We split the larger SDSS sample 50–50 into a training and test

ample. The RF is applied to the training sample to build a model
hich is then applied to the test sample to find the parameter

mportances. Errors for the parameter importances are calculated 
y bootstrap random sampling the RF regression 100 times – we 
hen take the 16th and 84th percentiles of the resulting distribution.

e compare the test and training sample’s MSEs to ensure that 
he model is not o v erfitting. F or the RF regression for the passive
alaxies, we find an MSE of 0.007 for the testing sample and 0.005
or the training sample. For the star-forming galaxies, it is 0.017 and
.013, respecti vely. This sho ws that there has been no significant
 v erfitting or underfitting. 
Fig. 1 is a bar chart showing the relative importance of the various

uantities in determining the stellar metallicities, as inferred from 

he RF analysis, for star-forming galaxies (left-hand panel, blue) 
nd passive galaxies (right-hand panel, red). For the star-forming 
alaxies, the stellar metallicity is primarily driven by stellar mass (i.e. 
he MZR) with a secondary contribution from the SFR (i.e. the FMR,
s in Looser et al. 2024 ). Ho we ver, for passi ve galaxies, the stellar
etallicity is primarily driven by the central velocity dispersion with 
 small secondary importance on M ∗ and SFR. Hence, the relative
mportance between stellar mass and central velocity dispersion 
hence, black hole mass, if traced by σc ) swap depending on whether
he galaxies are star-forming or passive. 

One key aspect to note is that we see little to no dependence on
 g = M ∗/R e , which is a proxy of the gravitational potential – this

ndicates the importance of σc is not simply linked to the gravita-
ional potential instead. Additionally, later on we use two smaller 
amples, but with spatially resolved spectroscopic information from 

he MaNGA surv e y (Bundy et al. 2015 ), for which the dynamical
asses and gravitational potential could be accurately estimated. 
hat analysis will show that neither the dynamical mass nor the
ravitational potential of the galaxy drive the stellar metallicity, while 
lso in that sample, central stellar velocity dispersion is the primary
river. 
Finally, Fig. 1 shows that there is no significant dependence of

he stellar metallicity on environment ( M H or (1 + δ)), for either the
tar-forming or passive galaxies. In Section 6 , we also verify that
his result holds also when separating the sample between central 
nd satellite galaxies. 

.2 Direction of the relationship – partial correlation 

oefficients 

e ne xt inv estigate more visually the observ ed dependence of stellar
etallicity on stellar mass and central velocity dispersion in star- 

orming and passive galaxies, respectively, by reducing the dimen- 
ionality of the problem, specifically using ‘simple’ 3D diagrams 
Bluck et al. 2022 ), which also allow us to assess the sign of the
elation, i.e. whether positive or negative, which is not possible via
he RF. 
MNRAS 534, 30–38 (2024) 
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M

Figure 3. Upper: stellar metallicity versus central stellar velocity dispersion binned by tracks of stellar mass, for star-forming galaxies (left, blue) and passive 
galaxies (right, red). Lower: stellar metallicity versus stellar mass binned by tracks of central velocity dispersion, again for star-forming (left, blue) and passive 
galaxies (right, red). The top axes give the corresponding black hole mass when assuming that it is traced by the central velocity dispersion. The left-hand 
plots show that the evolution in stellar metallicity for star-forming galaxies is primarily driven by stellar mass, while the right-hand plots show that for passive 
galaxies the stellar metallicity is primarily driven by central velocity dispersion (and, as we suggest in the text, by black hole mass). 
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Fig. 2 shows the central velocity dispersion versus stellar mass,
olour-coded by the median stellar metallicity in each bin for star-
orming galaxies (left-hand panel) and passive galaxies (right-hand
anel). The right-hand axis indicates the black hole mass under the
ssumption that it is traced by the velocity dispersion. The contours
how the underlying density distribution of galaxies, where each
uter density contour encloses 90 per cent of the galaxy population.
he arrow angle shows the direction of the steepest metallicity
radient (i.e. following the colour shading) and is calculated (from the
orizontal) by the ratio of the partial correlation coefficients between
he stellar metallicity, stellar mass, and central velocity dispersion.
or star-forming galaxies, the left-hand panel shows that both the
rrow and the colour-shading follow the stellar mass ( x -axis) more
han the central velocity dispersion ( y -axis) meaning that the primary
river in increasing the stellar metallicity of star-forming galaxies is
he stellar mass. Ho we ver, for passi ve galaxies, the right-hand panel
NRAS 534, 30–38 (2024) 
hows the opposite, where the stellar metallicity gradient traced by
he arrow and colour shading follow more closely the central velocity
ispersion ( y -axis) than the stellar mass ( x -axis). This confirms the
esult of the RF in a more visual way. More importantly, these
iagrams provide the direction of this correlation, i.e. for passive
alaxies the greater the central velocity dispersion, the greater the
tellar metallicity. 

We note that in these 3D diagrams we have reduced the dimen-
ionality of the problem by considering the dependence of the stellar
etallicity only on stellar mass and central velocity dispersion.
o we ver, this implies that the role of additional secondary parameters

SFR, φg , M H , (1 + δ)) is somehow taken and embedded in the
ependences on stellar mass and central velocity dispersion, and
his explains the fact that the partial correlation arrow and colour
hading in Fig. 2 does not exactly reproduce the (stronger) relative
ole of M ∗ and σ that one would expect from the RF analysis (Fig. 1 ).
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Figure 4. Stellar metallicity versus central stellar velocity dispersion for 
passive galaxies. The top axis gives the corresponding black hole mass when 
assuming that it is traced by the central velocity dispersion. The outer density 
contour contains 90 per cent of the galaxy population. The black squares show 

the median values in bins of central velocity dispersion with the errorbars 
corresponding to the 16th and 84th percentiles of the distributions in each 
bin. The red line is the best fit to these bins, showing the central velocity 
dispersion metallicity relation ( σZR), or equi v alent BHZR. 
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.3 The σc /black hole–metallicity relation for passi v e galaxies 

ig. 3 provides yet another visualization of these relative depen- 
ences, by showing 2D cuts of the 3D surface shown in Fig. 2 .
pecifically, Fig. 3 shows the stellar metallicity versus central 
elocity dispersion (lower axis) and the equivalent black hole mass 
upper axis) binned by tracks of stellar mass for star-forming (upper 
eft) and passive (upper right) galaxies, and stellar metallicity versus 
tellar mass binned by tracks of central velocity dispersion (lower 
eft and right, same format). The upper figures show that there is
 tight correlation between stellar metallicity and central velocity 
ispersion for passive galaxies, where the change in stellar mass 
etween the tracks barely affects the relationship. On the contrary, for
tar-forming galaxies the change in stellar mass results in a significant
ffset of the tracks. The lower figures show that this is reversed
or stellar metallicity versus stellar mass while binning in tracks 
f central velocity dispersion (or black hole mass). Summarizing, 
or star-forming galaxies at a given central velocity dispersion, 
he metallicity depends strongly on stellar mass, while at a given 
tellar mass the stellar metallicity depends little on central velocity 
ispersion. These dependences are swapped for passive galaxies: at 
 given central velocity dispersion the stellar metallicity does not 
epend on the stellar mass, while at any given stellar mass the stellar
etallicity depends strongly on central velocity dispersion. 
This result confirms that, for star-forming galaxies, we reco v er 

he standard MZR. Ho we ver, for passi ve galaxies, we find strong
vidence for a relation between central velocity dispersion and stellar 
etallicity ( σZR). 
We quantify this σZR with the following linear fit in loga- 

ithmic quantities: log( Z/ Z �) = [0 . 541 ± 0 . 027] log( σc / km s −1 ) −
1 . 107 ± 0 . 06]. Note that we have fitted the median bins of the
ZR so as to a v oid being hea vily biased by the o v erpopulated
entre of the contours. As mentioned previously, and as discussed 
urther in the next section, it is likely that this relationship with σc 

s actually tracing a relationship with black hole mass; therefore, 
e also fit a black hole mass–metallicity relation (BHZR), using 

he black hole masses calculated from σc . This gives log( Z/ Z �) =
0 . 103 ± 0 . 01] log( M BH / M �) − 0 . 716 ± 0 . 04. The best fit to the
ZR (and equi v alent BHZR) is shown in Fig. 4 . 

 W H AT  IS  σc T R AC I N G  – BLACK  H O L E  MASS  

R  G R AV I TAT I O NA L  POTENTIAL?  

ne important consideration is to properly analyse whether σc is 
racing black hole mass, as suggested by various works (Kormendy & 

o 2013 ; Saglia et al. 2016 ; Terrazas et al. 2017 ; Piotrowska
t al. 2022 ), or is in fact tracing the dynamical mass or underlying
ravitational potential. We conduct a test of this using ∼2000 galaxies 
rom the MaNGA surv e y with accurate dynamical masses (for more
etails, see Section 2.2 ). We use two different samples of dynamical
easurements. 
The first uses the dynamical masses from Li et al. ( 2018 ), which we

lso use to define the quantity φg = M dyn / r e (where r e is the half-light
adius), which is proportional to the gravitational potential. The upper 
anel of Fig. 5 shows the RF regression results for these galaxies.
e also use a similar sized sample of kinematic measurements from
rownson et al. ( 2022 ). In this case, the proxy for the (specific)
ravitational potential is taken as the quantity φg = V 

2 + 3 σ 2 , where
 is the rotation velocity and σ is the velocity dispersion. The lower
anel of Fig. 5 shows the RF regression results for this sample of
alaxies. The results for the two samples appear to agree, at least
ualitatively . Essentially , the star-forming sample shows a null result
although the stellar mass is still formally the most predictive quantity
or the stellar metallicity), likely due to the small sample size of
round 1000 galaxies, and in particular, the difficulty in measuring 
tellar metallicities for star-forming galaxies due to their weak stellar 
ontinuum and absorption lines. Ho we v er, the ke y insight comes
rom the passive sample. Clearly, σc is the primary driver of the
tellar metallicity, even with the addition of dynamical mass and 
oth definitions of φg . This shows that the dependence seen on σc is
ot a by-product of a dependence on the gravitational potential or the
ynamical mass; rather, we believe it is actually a direct dependence 
n black hole mass. 
We note that both the dynamical mass and φg are estimated within

 e , likewise the stellar metallicity. Therefore, if σc was simply tracing
ynamical mass and/or φg , then the latter two should be predicting
he stellar metallicity better, because they are measured within the 
ame region, but this is opposite to what was obtained by the RF
nalysis. 

Summarizing, the test performed in this section (although based on 
ower statistics than the SDSS DR7 sample) disfa v ours the scenario
hereby the stellar metallicity dependence on central velocity 
ispersion is simply tracing deeper gravitational potentials in more 
assive galaxies. Rather, this dependence, we believe, is due to the

lack hole mass itself, resulting from the integrated effect of AGN
eedback. 

 C E N T R A L S  VERSUS  SATELLITES  

e can explore whether these relations that we have found are the
ame for central and satellite galaxies, and/or there is any environ-
ental effect. This is another test of whether environment plays a

ignificant role. The differences between the stellar metallicities of 
entral and satellite galaxies have been highlighted previously in 
eng et al. ( 2015 ). We can probe whether this is the case by using
MNRAS 534, 30–38 (2024) 
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M

Figure 5. Importance of various galactic properties in determining the stellar metallicity for star-forming (left-hand panels) and passive (right-hand panels) 
galaxies for two samples from the MaNGA surv e y (Li et al. 2018 , top panels; Brownson et al. 2022 , bottom panels), for which spatially resolved spectroscopy 
provides accurate dynamical masses and gravitational potentials. Left-hand panels: star-forming galaxies; right-hand panels: passive galaxies. The following 
galactic parameters are considered: stellar mass ( M ∗), central velocity dispersion σc , SFR, the dynamical mass, a control uniform random variable (Random), 
gravitational potential traced by φg = M dyn / r e , and specific gravitational potential traced by φgs = V 

2 + 3 σ 2 . The left-hand panels show that for star-forming 
galaxies there is no clear primary dependence for the stellar metallicity, due to a combination of a small sample size and difficulty accurately measuring stellar 
metallicities of star-forming galaxies. Ho we v er, the ke y result is that for passiv e galaxies (right-hand panels) the dependence is almost purely on central velocity 
dispersion, even with the addition of the dynamical mass, and both definitions of the gravitational potential φg , all of which should better trace the gravitational 
potentials than the central velocity dispersion. 
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ur RF regression methodology. The first stage is to split the data set
nto central and satellite galaxies. We use a mass-weighted approach
or this, with central galaxies classified as the most massive galaxy
n their group (Yang et al. 2005 , 2007 ), with the remaining galaxies
eing classified as satellites. We also test using a light-weighted
lassification and find that it makes no significant difference. Fig. 6
hows the RF regression parameter importances, in exactly the same
orm as Fig. 1 , only this time with the star-forming and passive
amples split into central or satellite galaxies based upon whether
hey are the most massive galaxy in their group. Fig. 6 illustrates
NRAS 534, 30–38 (2024) 
hat the results remain unchanged regardless of central or satellite
lassification; i.e. again we find stellar metallicity is not driven by
nvironmental effects. Interestingly, this is different from what was
ound in Peng et al. ( 2015 ), which we attribute to being able to
nalyse almost all rele v ant parameters simultaneously with the RF,
hich was not possible in the case of Peng et al. ( 2015 ). 
On a first glance, this may seem surprising – there is plenty

f evidence that the quenching of satellite galaxies is linked to
nvironmental effects (Davies et al. 2019 ; Samuel et al. 2022 ).
o we ver, it has been shown recently that there appears to be a mass
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Figure 6. The parameter importances of various galactic properties in determining the stellar metallicity ( Z ) for star-forming (left-hand panel) and passive 
(right-hand panel) galaxies, split into central (blue or red, wider bars) or satellite galaxies (orange, thinner bars). The galactic parameters e v aluated are stellar 
mass ( M ∗), SFR, central velocity dispersion ( σc ), the gravitational potential ( φg ), a control uniform random variable (Random), o v erdensity (1 + δ), and halo 
mass ( M H ). We see from both panels that there is little difference between centrals and satellites. 
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ependence as to the quenching mechanisms of satellite galaxies 
see e.g. Goubert et al. 2024 ). Higher mass satellites would be
apable of quenching via integrated AGN feedback, while lower 
ass satellites would be quenched via environment (Goubert et al. 

024 ). Our finding that for the passive satellites in our sample,
 is driven by σc (or M BH ) supports this scenario as we are
rimarily probing the higher mass satellite population. This is due 
o our strict signal-to-noise requirement for obtaining reliable stellar 

etallicities. 

 SU M M A RY,  D ISCUSSION,  A N D  

NTER P R ETATION  

n summary, we have found that in star-forming galaxies the stellar
etallicity is driven primarily by the stellar mass in the MZR. This is

ikely tracing the integral of metal formation (as seen for gas-phase 
etallicities in Baker & Maiolino 2023 ): more massive galaxies have 

roduced a greater mass of stars, hence a greater amount of metals.
e also find a secondary dependence on SFR consistent with the 

tellar version of the FMR (Looser et al. 2024 ). Ho we ver, we have
isco v ered that for passive galaxies the stellar metallicity is driven
rimarily by central stellar velocity dispersion, in a σZR. We have 
hown that such a relation with σc is unlikely to be tracing a link with
ynamical mass or gravitational potential, and that it is most likely 
racing a relation with black hole mass. The black hole mass itself
rovides an indication of the integrated history of feedback associated 
ith black hole accretion, so this σZR, we believe, stems from the
lack hole quenching galaxies via halo heating (either pre ventati ve 
r delayed feedback), which suppresses gas accretion and results 
n ‘starvation’. Residual star formation during starvation results in a 
apid increase in metallicity as a consequence of closed-box evolution 
ithout any diluting inflows (Peng et al. 2015 ; Trussler et al. 2020 ). 
This result crucially bridges the previous gap between studies of 

he stellar metallicities, finding evidence for starvation being a key 
uenching mechanism, and the causal relation between central ve- 
ocity dispersion (a strong tracer of black hole mass) and quenching.
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he SDSS DR7 data are publicly available. The MaNGA data used
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ga-data/. The MPA-JHU catalogue is publicly available at https:
/ wwwmpa.mpa-garching.mpg.de/SDSS/ DR7/ . 
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PPENDI X  A :  RELI ABI LI TY  O F  σ A S  A  

RAC ER  O F  BLACK  H O L E  MASS  

nother question is exactly how reliable σc (the central stellar
elocity dispersion) is as a tracer of black hole mass. This has
reviously been explored in Piotrowska et al. ( 2022 ), where they
ound that out of stellar mass, bulge mass, and stellar velocity
ispersion it was the stellar velocity dispersion that most tightly
orrelated with the black hole mass (as obtained from the directly
easured black hole masses in Terrazas et al. 2017 ). 

PPENDI X  B:  R A N D O M  FOREST  

Y P E R PA R A M E T E R S  

able B1 shows the RF hyperparameters and the passive galaxy
ample MSEs of the test and training sample. 
f the test sample compared to training sample, the number of estimators, the 
ees, and the number of times the forest was bootstrapped for the percentiles. 

ax depth n times MSE test MSE train 

100 100 0.007 0.005 
100 100 0.008 0.005 
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