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A B S T R A C T 

We present observational evidence for a stellar fundamental metallicity relation (FMR), a smooth relation between stellar mass, 
star formation rate, and the light-weighted stellar metallicity of galaxies, analogous to the well-established gas-phase FMR. 
We use the non-parametric software PPXF to reconstruct simultaneously the star formation and chemical-enrichment history of 
a representative sample of galaxies from the local MaNGA (Mapping Nearby Galaxies at Apache Point Observatory) surv e y. 
We find that (i) the metallicity of individual galaxies increases with cosmic time and (ii) at all stellar masses, the metallicity of 
galaxies is progressively higher, moving from the starburst region above the main sequence (MS) towards the passive galaxies 
below the MS, manifesting the stellar FMR. The scatter is reduced when replacing the stellar mass M ∗ with M ∗/R e (with R e 

being the ef fecti ve radius), in agreement with previous results using the velocity dispersion σe , which correlates with M ∗/R e . Our 
results point to starvation as the main physical process through which galaxies quench, showing that metal-poor gas accretion 

from the intergalactic medium/circumgalactic medium – or the lack thereof – plays an important role in galaxy evolution by 

simultaneously shaping both their star formation and their metallicity e volutions, while outflo ws play a subordinate role. This 
interpretation is further supported by the additional finding of a young stellar FMR, tracing only the stellar populations formed 

in the last 300 Myr. This suggests a tight co-evolution of the chemical composition of both the gaseous interstellar medium and 

the stellar populations, where the gas-phase FMR is continuously imprinted on to the stars o v er cosmic times. 

K ey words: galaxies: e volution – galaxies: formation – galaxies: star formation – galaxies: statistics – galaxies: stellar content. 
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 I N T RO D U C T I O N  

he intertwined co-evolution of the chemical composition of both
he gaseous interstellar medium (ISM) and the stellar populations
ithin a galaxy is go v erned by numerous physical processes.
hese processes include star formation via gravitational collapse
f baryonic clouds in the ISM (see e.g. Kennicutt & Evans 2012 for
 re vie w), nucleosynthesis of metals in stellar cores, supernovae
xplosions and stellar winds returning metals to the ISM (e.g.
aiolino & Mannucci 2019 ), (pristine) gas accretion from the

nterg alactic medium/circumg alactic medium (IGM/CGM), or gas
utflows caused by stellar winds, shocks, feedback from active
alactic nuclei (AGNs), and supernova feedback (e.g. Veilleux,
ecil & Bland-Hawthorn 2005 ). 
The metal content of stellar populations and ISM is therefore

ighly informative for galaxy evolution studies, because metallicity
defined as the fractional mass of metals relative to the mass of all
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aryons) carries the imprint of the physical processes driving the
aryon c ycle o v er cosmic times (see Maiolino & Mannucci 2019
or a re vie w). This sensiti ve interplay of physical processes leads
aturally to a set of observable scaling relations between galaxy
etallicity and other global galaxy properties. 
Previous studies have shown that both the stellar and gas metallic-

ties scale with stellar mass M ∗ (e.g. Tremonti et al. 2004 ; Gallazzi
t al. 2005 ), known as mass–metallicity relations (MZRs), stating
hat more massive galaxies are on average more chemically enriched
han lower mass galaxies. The gas MZR has been shown to hold to
t least z ∼ 3 . 3 (Sanders et al. 2021 ; Li et al. 2023 ), with growing
vidence that it holds up to z ∼ 10 (Nakajima et al. 2023 ; Curti et al.
024 ). These findings together suggest that the stellar MZR reflects
he imprint of the observed gas MZR on the stellar populations by
he baryon cycle over cosmic times. 

In addition to its primary dependence on M ∗, the gas metallicity
as been shown to depend on the recent star formation activity of
 galaxy (on the time-scale of ∼10 Myr), a relation known in the
iterature as the gas-phase fundamental metallicity relation (gFMR;
.g. Ellison et al. 2008 ; Mannucci et al. 2010 ; Curti et al. 2020 ;
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umari et al. 2021 ; Baker et al. 2023b ). These studies use either
tar formation rate (SFR), the specific SFR (sSFR = SFR/ M ∗), or
he distance to the star-forming (SF) main sequence (MS; � MS ) as a
uantitative metric for the recent star formation activity in galaxies 
see Salim et al. 2014 for a discussion). 

While the gFMR has been studied in detail in the literature, it is
o date unclear how and even if the gFMR leaves its imprint on the
tellar metallicity [see e.g. Pipino, Lilly & Carollo ( 2014 ), based on
he gas-regulator model by Lilly et al. ( 2013 ), for a discussion]. 

Peng, Maiolino & Cochrane ( 2015 ) present distinct stellar MZRs
or a binary classification into SF and quiescent galaxies in the Sloan
igital Sk y Surv e y (SDSS), showing that SF galaxies exhibit, on

verage, lower metallicities than their quiescent counterparts at fixed 
tellar mass. This trend is present across the whole stellar mass
ange, with the difference becoming more significant at the low 

nd of the galaxy mass function. Trussler et al. ( 2020 ) add ‘green-
alley’ galaxies as a third classifier and show that this population 
ollows an MZR with a normalization between SF and passive 
alaxies. Similar results are also found in large hydrodynamical 
osmological simulations, e.g. in EAGLE (Schaye et al. 2015 ), where 
e Rossi et al. ( 2018 ) find equi v alent trends in the MZR by splitting

heir sample into three bins of sSFR, or in semi-analytical models 
Fontanot et al. 2021 ). 

Scott et al. ( 2017 ), Li et al. ( 2018 ), and Neumann et al. ( 2021 )
urther show that spiral galaxies with typically younger stellar 
opulations have lower stellar metallicities compared to older early- 
ype galaxies at all stellar masses. 

Lu et al. ( 2023 ) used data from the Mapping Nearby Galaxies at
pache Point Observatory (MaNGA) surv e y (Bundy et al. 2015 ) to

how that galaxy stellar metallicity exhibits a continuous correlation 
ith stellar age at z � 0 . 1, a trend that Cappellari ( 2023 ) showed

o be already in place at z ≈ 0 . 8, using data from the LEGA-C
Large Early Galaxy Astrophysics Census) surv e y (van der Wel et al.
022 ). 
In this paper, we complement these previous studies by studying 
ZR as a function of recent star formation activity. Instead of

ocusing on stellar ages, which trace and average past star formation 
ctivity of galaxies o v er long time-scales, we study the stellar MZR
s a continuous function of SFR, similar to studies of the gas MZR,
hich established the existence of a gFMR. 
More concretely, in this work, we analyse stellar metallicities, re- 

o v ered using an astro-archaeological approach, as a function of two
arameters: (i) stellar mass ( M ∗) and (ii) distance of a galaxy from
he SF MS ( � MS ) – as our quantitative measure of the SF activity of a
alaxy – in a statistically significant number of observed galaxies. We 
how a ‘stellar fundamental metallicity relation’ (sFMR) analogous 
o the successful gFMR, as also proposed by Fontanot et al. ( 2021 ).
urther, we present observational evidence that the sFMR holds not 
nly for the cumulative stellar metallicity of all stellar populations 
i.e. av eraged o v er all cosmic times), but also when considering only
he youngest stellar populations, which were most recently formed in 
alaxies. 

The layout of this work is as follows. In Section 2 , we describe
he data and the techniques this study is based on. In Section 3 ,
e present the sFMR in MaNGA, the sFMR in IllustrisTNG, 

nd the FMR of the young stellar populations. In Section 4 , we
iscuss our results and present a literature comparison. In Sec- 
ion 5 , we summarize the main findings and conclusions of this
ork. 
Throughout this work, we assume a Salpeter ( 1955 ) initial mass

unction (IMF) and a Lambda cold dark matter ( � CDM ) cosmology
ith the following parameters: H 0 = 70 km s −1 Mpc −1 , �M 

= 0 . 3,
nd �� 

= 0 . 7. 
 DATA  A N D  DATA  PROCESSING  

.1 The MaNGA sample 

his work is based on spatially resolved spectroscopic data from the
aNGA surv e y (Bundy et al. 2015 ). The MaNGA surv e y is one

f the core programmes of the fourth-generation Sloan Digital Sky 
urv e y (SDSS-IV), pro viding spatially resolv ed spectroscopic data
or a sample of ca. 10 000 galaxies in the local Universe with redshifts
 � 0 . 15. For this work, we use Data Release 17 (DR17), the final
ata release of SDSS-IV (Abdurro’uf et al. 2022 ). 
MaNGA observed with 17 fibre-bundle integral field units that 

ary in fibre number from 19 fibres to 127. Two dual-channel 
pectrographs provide a wavelength coverage over 3600–10 300 Å
t a resolution of R ∼ 2000. MaNGA targets are selected using
SA (NASA-Sloan Atlas) redshifts and i-band luminosity to have 
 total stellar mass of M ∗ � 10 9 . 5 M �, to achieve a uniform radial
o v erage in terms of the ef fecti ve radius ( R e , where the sample co v ers
alaxies to 1.5 R e and 2.5 R e for the primary and secondary samples,
espectively), and to approximately achieve a flat distribution in 
tellar mass. For more details on the MaNGA surv e y, we would
ike to refer to the existing literature. Specifically to Drory et al.
 2015 ) for a description of the instrument, to Law et al. ( 2015 ) and

ake et al. ( 2017 ) for the target selection and observing strategy,
nd to Law et al. ( 2016 , 2021 ) and Yan et al. ( 2016 ) for the data
eduction. 

In this work, we leverage the high quality of MaNGA’s spatially re- 
olved spectra, to study stellar populations in galaxies at an unprece-
ented combination of high signal-to-noise ratio ( S / N ) and large 
ample size. This unique data set allows us to investigate physical
rocesses within nearby galaxies by combining astro-archaeological 
nd statistical approaches across a wide range of stellar masses, 
orphologies, and other distinctive galaxy characteristics. 

.2 IllustrisTNG 

n order to compare our MaNGA results with state-of-the-art cosmo- 
ogical simulations, we collect an analogous sample of simulated 
alaxies from the (100 cMpc) 3 volume run of the IllustrisTNG 

imulation suite (Marinacci et al. 2018 ; Naiman et al. 2018 ; Nelson
t al. 2018 ; Pillepich et al. 2018 ; Springel et al. 2018 ). More precisely,
e use the publicly available redshift z = 0 TNG100-1 SUBFIND

atalogue (Nelson et al. 2019 ) to extract stellar masses and mass-
eighted mean metal mass fractions of star particles (mass-weighted 

tellar metallicities). To ensure a consistent comparison with the 
aNGA field of view, all quantities are measured within twice 

he stellar half-mass radius for a given subhalo (i.e. galaxy). We
urther make use of catalogues provided by Donnari et al. ( 2019 )
nd Pillepich et al. ( 2019 ), to extract SFR values averaged over
0 Myr of the simulation to match the time-scale associated with
 α-based estimate of SFR in observations. We also convert M ∗

nd SFR from Chabrier to Salpeter IMF by dividing the catalogue
alues by constant factors of 0.61 and 0.63, respectively (Madau &
ickinson 2014 ). When normalizing metallicity by solar values we 
se the solar metallicity, defined as the bulk mass fraction of metals,
stimated by Asplund et al. ( 2009 ) of Z � = 0.0142, to ensure
onsistency with spectral fitting performed in MaNGA. 

.3 Distance from the star-forming main sequence 

or each galaxy in the entire MaNGA sample, we calculate its
istance from the SF MS as 

 MS = log 10 (SFR [M � yr −1 ]) − MS ( M ∗) , (1) 
MNRAS 532, 2832–2841 (2024) 
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M

Figure 1. M ∗–SFR diagram of our MaNGA galaxy sample, colour coded by 
the fraction of light originating from stellar population younger than 10 8 . 5 yr, 
f l , YP . Each hexagonal bin comprises at least 15 galaxies. The white line 
represents our best fit of the SF MS in MaNGA. 
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Figure 2. M ∗–SFR diagram of the galaxy sample in IllustrisTNG. The black 
dashed line represents the MS fit (equation 3 ), while the logarithmically 
spaced contour lines indicate the object density in the plane. In order to show 

the whole galaxy population, all subhaloes with SFR = 0 are assigned a 
nominally lo w SFR v alue by taking a random draw for their � MS from a 
normal distribution of N ( −2 . 5 , 0 . 1). 
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here 

MS ( M ∗) = −7 . 96 + 0 . 76 log 10 ( M ∗[M �]) (2) 

s our best fit of the SF MS, as presented in Fig. 1 . To perform
his fit, we consider only galaxies with log 10 (sSFR[1 / yr]) > −11 . 5,
nd perform a simple linear fit to all SF galaxies. For stellar
asses M ∗ and SFRs, we use the values provided by the PIPE3D
aNGA value-added catalogue from S ́anchez et al. ( 2016 ), which

re calculated from integration within the field of view of the data
ubes, without further aperture correction. The integrated SFRs from
IPE3D are based on the well-established H α calibration (Kennicutt
998 ), tracing star formation on short time-scales of ∼10 Myr. The
ntegrated H α flux is dust-corrected spaxel by spaxel based on the
almer decrement and the Cardelli, Clayton & Mathis ( 1989 ) dust
ttenuation law. 

In IllustrisTNG, we also calculate � MS with equation ( 1 ) for all
alaxies in the sample. To do that, we follow the method adopted by
onnari et al. ( 2019 ), performing a linear fit to converged median
FR values of all galaxies with non-zero SFR, in bins of 0.2 dex in
tellar mass, in the range 9 < log 10 ( M ∗/ M �) < 10 . 6. This yields an

S TNG of the form 

S TNG ( M ∗) = −6 . 28 + 0 . 63 log 10 ( M ∗ [M �]) , (3) 

hown as a black dashed line in Fig. 2 . We note that our definition of
S TNG has a shallower slope and a higher intercept than other studies

e.g. Donnari et al. 2019 ; Piotrowska et al. 2022 ). This discrepancy
esults from our choice of a different SFR averaging time-scale and
he applied conversion between Chabrier and Salpeter IMFs. 

.4 Spectral stacking and fitting 

or each MaNGA galaxy, we discard all the spaxels with a median
 / N < 1 per spectral pixel within the rest-frame wavelength range
000–4500 Å. Then, we bin the spatially resolved MaNGA data in
adial annuli (i.e. elliptical bins in the observed 2D projection of each
alaxy, taking the viewing angle into account) using an adaptive
cheme in order to ensure a high enough median S/N ( > 35) per
pectral pixel for our purposes (the reason for this approach is to be
onsistent with our radial gradient analysis – we will discuss radial
rends disco v ered with our methodology in a separate paper). 
NRAS 532, 2832–2841 (2024) 
The resulting binned spectra (summed without any weighting) are
hen fitted with our customized methodology, which is based on the

2 -minimization Penalized PiXel-Fitting ( PPXF ) code 1 (Cappellari
017 , 2023 ). To fit gas emission lines, we use Gaussians. To fit
he stellar continuum, we use a library of simple stellar population
SSP) templates coupled with a 10th-order multiplicative Legendre
olynomial. The SSP spectra are the synthetic spectra from the C3K
ibrary (Conroy et al. 2019 ) using the MIST (MESA Isochrones and
tellar Tracks) isochrones of Choi et al. ( 2016 ), solar abundances, a
alpeter IMF, and a resolution of R = 10 000. We use a total of 484
ynthetic SSP spectra uniformly spanning the full 2D logarithmic
rid of 44 ages and 11 metallicities from age SSP = 10 6 . 0 to 10 10 . 3 yr
nd [M/H] = −2.0 to 0.5, respectively. The large advantage of the
3K library is its expansion into young SSP ages in combination
ith its complete metallicity grid. 2 

By fitting the observed spectra simultaneously with a superposition
f SSPs and gas templates, we can reconstruct the complex formation
nd evolution history of the stellar system under consideration with
his ‘astro-archaeological’ approach, where we use the observed
emaining stellar populations as the ‘fossil records’ of the system’s
tar formation history (SFH). 

In more detail, our method, which we apply to each individual
aNGA galaxy in the selected sample (see Section 2.5 ), works as

ollows: 

(i) First, the sky emission lines in each spectrum are masked; the
emplates are broadened to match the wavelength-dependant spectral
esolution of the spectrum; and both the spectrum and the templates
re renormalized by the median flux per spectral pixel in the spectrum
o a v oid numerical issues, and to enable the use of regularization in
PXF , allowing to penalize non-smooth weight distributions (we use
 second-order regularization, see Cappellari 2017 , 2023 for more
etails). 
(ii) Then, an initial PPXF fit is performed with a small regulariza-

ion parameter of regul = 5 in order to estimate the intrinsic noise of
he spectrum and to exclude bad spectral pixels from the spectrum

https://pypi.org/project/ppxf/
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Figure 3. The global light-weighted sFMR in local galaxies from MaNGA. 
Each grey dot represents one galaxy. The diamonds represent the median 
integrated stellar metallicity in each � MS –M ∗ bin, while the error bars 
indicate the 16th and 84th percentiles. Each � MS –M ∗ bin comprises at least 
80 galaxies. 
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hat might bias the fit. We estimate the noise σ ( λ) in the spectrum
s a function of wavelength λ via a running average of the 16th and
4th percentile residuals within ±50 spectral pixels for each pixel in 
he spectrum. 

(iii) Next, we perform a 3 σ clipping on the spectrum. As the flux
f gas emission lines often exceeds the underlying flux of the stellar
ontinuum by multiple factors or even order of magnitudes, and with 
hat also their residuals are often substantially larger, gas emission 
ines are excluded from σ clipping. Typically, 1–3 per cent of spectral 
ixels are excluded by σ clipping. 
(iv) We fit the spectrum again with PPXF , excluding the σ -clipped 

ixels and using our updated noise estimate, again with regul = 5.
his initial PPXF fit with best-fitting solution y( λ) is the basis function
f our running bootstrapping method described in the next items. 
(v) We perform a residual-based bootstrapping by perturbing y( λ) 

ith the residuals ε( λ) = y( λ) − s( λ) of the initial fit: y ∗( λ) =
( λ) ± ε( λ′ ), where s( λ) is the observed galaxy spectrum and ε( λ′ )

s randomly chosen from all residuals within ±50 pixels for each 
pectral pixel. 

(vi) We fit the perturbed spectrum y ∗( λ) again with PPXF , this time
ithout regularization (regul = 0). 
(vii) We iteratively repeat steps (iv) and (v) 100 times. 
(viii) We average each grid point of the age–metallicity weight 

rid o v er all iterations to reco v er an SFH consistent with the intrinsic
oise of the spectrum. This method probes the sampling distribution 
f each individual SSP grid weight. 

One of the key advantages of our approach is that the fitted
eights of the 484 SSP templates are independent of one another 

apart from the little regularization we use to slightly smooth the 
eight distribution, see Cappellari 2017 for more details). Hence, 
ur reco v ered SFHs are non-parametric and do not depend on
ny assumption about the underlying physics of galaxy evolution. 
rucially, an y reco v ered scaling relation cannot hav e been introduced
y parametric assumptions about the shape of our fitted 2D SFHs. 
While this non-parametric astro-archaeological approach is ex- 

remely powerful, the analysis of its outputs has to be done with
tmost care. Depending on the S / N of a considered spectrum, the 
D shape of the reco v ered SFHs (e.g. due to the well-known age–
etallicity de generac y), and kno wn and unkno wn systematics, such

s dust obscuration, or flux calibration issues, we can trust returned 
SP weights to different degrees. To assess the stability of the SSP
eights, the bootstrapping methodology described abo v e is highly 

nstructive, as it returns a scatter distribution for each individual SSP
eight, as well as for any quantity derived from the weight grid;

.g. the light-weighted metallicity, given as the weighted average 
etallicity of all fitted SSPs. The thorough tests performed to assess

he validity and stability of our results discussed in this paper will
e discussed in detail in Looser et al. (in preparation). Our tests
howed that numerous interesting, ‘collapsed’ (i.e. av eraged o v er 
any galaxies and radial bins therein) quantities derived from a 

arge subsample of SSPs are highly reliable. 
To give an example of a collapsed quantity derived from the 

ull spectral fitting, Fig. 1 shows the fraction of total fitted light
temming from all SSPs younger than 10 8 . 5 yr, f l , YP , averaged over
ll galaxies with similar stellar masses and SFRs. Contributing to this
lot are all galaxies in the MaNGA subsample used in this work, see
ection 2.5 . The reader will note the small scatter in f l , YP between
eighbouring hexagonal bins, as well as the general agreement with 
hysical expectations between f l , YP and the location of galaxies on 
he SFR–M ∗ plane. 
.5 Sample selection 

or the purposes of this analysis, we only consider MaNGA galaxies
hat have an integrated median S / N > 35 per spectral pixel in the
avelength range 4000–4500 Å (in rest frame). This ensures the 

eliable inference of the quantities presented in this paper (see e.g.
arone et al. 2020 ). Further, we discard targets classified as AGN

n the BPT diagram and discard 20 galaxies for which our fitting
ethodology failed due to flux calibration or contamination issues. 
his results in the subsample of 7323 MaNGA galaxies used in this
ork. 
As can be seen in Fig. 1 , the selected sample densely populates both

he MS and the quiescent population (each hexagonal bin comprises 
t least 15 galaxies) o v er a wide range of stellar masses. 

In IllustrisTNG, we select all subhaloes of cosmological origin 
i.e. genuine structures with SubhaloFlag = 1, as opposed to 
purious SUBFIND algorithm identifications) with M ∗ > 10 9 M �, to
atch simulated and observed galaxy samples in mass. Additionally, 
e remo v e all satellite galaxies with dark matter mass fraction

ower than 10 per cent, to confidently eliminate subhaloes poten- 
ially misidentified with the SUBFIND algorithm (Genel et al. 2018 ;
illepich et al. 2018 ). These combined selection criteria yield a total
ample size of 17 206 individual galaxies. 

 T H E  STELLAR  F U N DA M E N TA L  

ETA LLI CI TY  R E L AT I O N  

.1 The light-weighted stellar fundamental metallicity relation 

n local galaxies from MaNGA 

n Fig. 3 , we present the global sFMR. For this purpose, we collapse
ur spatially resolved results into a global analysis, simply by 
umming the results o v er the annular bins in each galaxy. The stellar
etallicity of each galaxy 〈 [ M / H ] 〉 is defined as the light-weighted

verage metallicity of all SSPs fitted with the methodology described 
n Section 2.4 . Further, we split the selected sample of 7323 MaNGA
alaxies into six � MS bins, as indicated in the legend of Fig. 3 . In
ddition to the � MS binning, we apply an adaptive M ∗ binning in
ach � MS bin to create a � MS –M ∗ 2D binning of the sample with at
east 80 galaxies in each 2D bin. 
MNRAS 532, 2832–2841 (2024) 
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M

Figure 4. Global mass-weighted stellar FMR in IllustrisTNG. The diamonds 
show median mass-weighted stellar metallicity in each � MS –M ∗ bin, while 
the error bars correspond to the 16th and 84th percentiles of the associated 
Z ∗ distribution. Each of these bins comprises at least 40 galaxies and � MS 

bins are horizontally offset to impro v e figure clarity. He xagonal bins indicate 
the density of objects in the plane. 
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It is evident that different local � MS galaxy populations follow
ifferent MZRs, where the higher � MS populations are systematically
etal poorer than the more quiescent populations; at all stellar masses

nd between all � MS bins. While the MZR is steeply increasing for
ess massive systems in all � MS bins, a flattening is evident at the
igh-mass end for galaxies on and below the MS. In summary, we
learly identify a sFMR in our non-parametric SSP analysis of the
aNGA data, analogous to the well-known gFMR. 

.2 The mass-weighted stellar fundamental metallicity relation 

n IllustrisTNG 

n Fig. 4 , we present the stellar FMR extracted from the IllustrisTNG
osmological simulation. Similarly to our MaNGA analysis, we split
he simulated sample in ranges of � MS identical to Section 3 , and
ithin each � MS range, we further divide objects into bins of 0.25 dex

n M ∗. Each coloured diamond indicates a median value in a bin with
t least 40 galaxies, while error bars indicate the 16th and 84th
ercentiles of the Z ∗ distribution in said bin. Grey-scale hexagonal
ins indicate the density of objects in the plane. 
Fig. 4 shows a well-defined relationship between total stellar mass

f simulated galaxies and the average metallicity of their constituent
tars. The simulated sFMR evolves modestly by ∼0 . 3 dex over
.5 dex in M ∗, an evolution similar to that of the gFMR reported in
orrey et al. ( 2019 ), albeit with a smaller apparent scatter. Comparing

rends among individual mass bins, we find that all � MS bins follow
imilar trajectories in the M ∗–Z ∗ plane, which are vertically offset in
 direction of higher metallicity associated with the highest ne gativ e
eviation from the SF MS. This trend agrees well with our analysis
n Section 3 , ho we ver, appears less pronounced owing to the tight
ature of the simulated sFMR. 
At this point, we stress that one cannot compare the absolute values

f light-weighted stellar metallicities estimated in the observations
ith mass-weighted metal fractions calculated for stellar particles
ithin cosmological hydrodynamical simulations. As demonstrated

n Nelson et al. ( 2018 ), in the absence of full forward modelling
nd observation-like spectral fitting, stellar metallicities estimated in
NRAS 532, 2832–2841 (2024) 
imulations are offset to higher values with differences reaching up to
0 . 5 de x. Ev en if complex forward modelling is applied to simulate

bservations, the light-weighted metallicity values reco v ered from
imulated galaxies are likely to sho w quantitati ve de viations from
heir observed counterparts (see Appendix B ). On the other hand,

ass-weighted metallicities for local galaxies are unreliable due to
utshining and degeneracies between the oldest stellar populations
Appendix A ). For this reason, our main focus lies in a qualitative
omparison between relative trends in Z ∗, rather than its absolute
alues. 

To attempt a more direct comparison, the observed mass-weighted
FMR and the simulated light-weighted sFMR are presented in
igs A1 and B1 . A direct, quantitative comparison between observa-

ions and simulations is beyond the scope of this paper. 

.3 The fundamental metallicity relation in young stellar 
opulations 

n Fig. 5 , we present the FMR of the young stellar populations
n local galaxies, as reco v ered by our non-parametric methodology
escribed in Section 2.4 . The ‘young metallicity’ of each galaxy is
efined as the light-weighted average metallicity of all SSPs younger
han 10 8 . 5 yr. We use the same � MS –M ∗ 2D binning as in Section
 , with at least 80 galaxies in each bin. Analogous to the sFMR,
alaxies in different � MS bins follow different young SSP MZRs: at
ll stellar masses and between all � MS bins, the more SF populations
re systematically metal poorer than the more quiescent populations.
he young metallicity values are systematically higher than the

otal metallicity values for galaxies at all masses and distances
rom the MS, showing that we reco v er the expected chemical
nrichment of galaxies with cosmic time, at least qualitatively. This
erves as an independent validation of the methodology, because our
on-parametric approach allows any chemical evolution history. A
etailed study of the chemical enrichment of individual galaxies is
resently beyond the scope of this work. 
Quiescent galaxies show a ne gativ e mass–metallicity slope at high

tellar mass. Due to the very small amount of flux stemming from
oung SSPs in these massive, quiescent systems (as one arguably
xpects), see Fig. 1 , this particular trend likely cannot be trusted. A
etailed analysis of the reliability of the reco v ery of metallicity for
oung stellar populations will be presented in future work. 
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Ho we ver, if confirmed, the young sFMR consistently links the 
ime-scales between the well-established gFMR and the stellar FMR 

n local galaxies presented in this work. 

 DISCUSSION  

t is now a well-established result that younger galaxies (as measured 
y their average stellar ages) have systematically lower metallicity 
ompared to older galaxies (Scott et al. 2017 ; Li et al. 2018 ; Neumann
t al. 2021 ). Recently, it has been shown that stellar metallicities of
ocal galaxies show a continuous trend with age (Cappellari 2023 ), 
racing the complex SFH of galaxies over cosmic times. 

In this work, instead, we connected the chemical-enrichment 
istories of galaxies to their star formation activity in the recent past,
y presenting evidence for the existence of a stellar FMR, analogous 
o the well-known gas-phase FMR. This is evidence of the chemical 
volution of the ISM being imprinted on to the chemical evolution 
istory of the stars o v er cosmic times. In addition to connecting
he gas and stellar metallicities, we also ‘resolve’ the gap in stellar

etallicity between SF and quiescent galaxies. More concretely, we 
how that there is a continuous distribution of metallicities, which 
orrelates with the distance from the MS in both observed local 
alaxies in MaNGA and equi v alent simulated galaxy populations in 
llustrisTNG. 

Additionally, we find strong evidence that a stellar FMR also exists
n the young ( < 300 Myr) stellar populations of local galaxies, despite
hese populations being systematically more metal-rich than the older 
opulations. Thus, we find that our non-parametric star formation and 
hemical-enrichment histories require (i) the metallicity of individual 
alaxies to increase with cosmic time and (ii) the total metallicity 
o be progressively larger, moving from above the MS towards the 
assive galaxies. 

.1 The star v ation hypothesis 

eng et al. ( 2015 ) and Trussler et al. ( 2020 ) interpreted the ‘metal-
icity gap’ between local SF and quiescent galaxies as evidence for
o-called ‘starvation’, i.e. the continuation of star formation after 
he supply of low-enrichment gas has been interrupted. Starvation 
auses efficient enrichment of the ISM because – by definition – it 
equires repeated recycling of the SF gas without diluting it with 
o w-enrichment, ne wly accreted gas. The underlying assumption of 
he starvation hypothesis is that – eventually – low-metallicity/high- 
 MS galaxies will evolve in high-metallicity/low- � MS galaxies. 
dmittedly, we are comparing the metallicities of different � MS bins 

n the local Universe, corresponding to different galaxies that are not 
inked by progenitor–descendant relations in Figs 3 –5 . Ho we ver, if
e were to compare the stellar metallicities of quiescent galaxies to 

he metallicities of their SF progenitors, the gap would be even wider
Peng et al. 2015 ; Trussler et al. 2020 ). 

.2 The metal retention hypothesis 

n contrast to the starvation hypothesis, Vaughan et al. ( 2022 ) argue
hat the offset between the MZRs of SF and passive galaxies is

ostly due to their differing gravitational potential wells, for which 
hey use M ∗/R e as a proxy: everything else being equal, galaxies
ith higher M ∗/R e might be able to retain more metals by reducing
etal-loaded outflows. Indeed, analogously to Vaughan et al. ( 2022 ), 
e find that the scatter in the 〈 [ M / H ] 〉 –M ∗/R e relation is reduced

elative to the 〈 [ M / H ] 〉 –M ∗ relation (Fig. 6 , where R e is taken from
he PIPE3D MaNGA value-added catalogue; S ́anchez et al. 2016 ). 
e note that M ∗/R e ≡ 5 σ 2 
vir /G ≈ 5 σ 2 

e /G is equi v alent to the virial
stimate σvir of the stellar velocity dispersion σe ; this means that 
he reduced scatter going from M ∗ to M ∗/R e is also consistent with
re vious works, which sho wed that σe is better than M ∗ as a predictor
f stellar population properties (Kauffmann et al. 2003 ; Franx et al.
008 ; Cappellari 2011 ; Cappellari et al. 2013 ) like colour (e.g. Bell
t al. 2012 ; Wake, van Dokkum & Franx 2012 ), metallicity (Barone
t al. 2018 , 2020 , 2022 ), or both age and metallicity (McDermid et al.
015 ; Cappellari 2016 , 2023 ; Li et al. 2018 ; Lu et al. 2023 ). 
In particular, the three lowest � MS bins follow a nearly identical

 [ M / H ] 〉 –M ∗/R e relation. Ho we ver, the scatter we find between
ndividual � MS bins on or abo v e the MS is still significant and the
ffset between the most SF to the most quiescent bin only reduces
rom ca. 0.3–0.4 to 0.2–0.3 de x, when e xchanging M ∗ with M ∗/R e 

n the x -axis. The difference between our results and Vaughan et al.
 2022 ) is most likely due to the different samples used. Compared
o SAMI (Sydney-AAO Multi-object IFS), MaNGA contains more 
igh- M ∗ SF galaxies, enabling us to measure the metallicity of
assive galaxies on and above the MS. 
When considering M ∗/R e instead of M ∗, the metallicity offset

etween SF and quiescent galaxies reduces by ≈0.1 dex. Assuming 
hat M ∗/R e is a good proxy for the gravitational potential (as
roposed by e.g. Vaughan et al. 2022 ), the observed reduction in
catter going from the mass–metallicity to the potential–metallicity 
elation could be explained by the fact that M ∗/R e encapsulates
he capability of galaxies to retain metals (by resisting outflows). 
o we ver, the decrease in scatter by 0.1 dex is only 25 per cent of the

pread in metallicity between different � MS bins. This fact indicates 
hat – even though the capability of galaxies to retain metals by
re venting outflo ws is having an ef fect – other physical processes
re likely dominant in forming the stellar FMR. 

.3 The fundamental metallicity relations: correlating star 
ormation o v er long time-scales 

he gFMR connects star formation and gas metallicity on time-scales 
hat are at least as long as the time-scale probed by the SFR indicators
e.g. ≈10 Myr for H α). This is consistent with short-lived ‘episodic’
ccretion of gas, capable of lowering the metallicity of the ISM
MNRAS 532, 2832–2841 (2024) 
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nd increasing the SFR (e.g. S ́anchez Almeida et al. 2014 ; S ́anchez
lmeida 2017 ). The sFMR enables us to extend this correlation to a

ime-scale of order 1 / sSFR , because galaxies have to form enough
ew stars to change the total light-weighted metallicity, including
he extant stellar populations. This means that the FMRs are not
ue to short-lived ‘episodic’ accretion, but to long-lasting inflow of
ow-metallicity gas from the IGM/CGM, simultaneously fuelling star
ormation and keeping the ISM in a chemical-enrichment equilibrium
etween metal production and dilution. This finding is in agreement
ith theoretical models (see e.g. Forbes et al. 2014 for IGM accretion

nd Torrey et al. 2019 for CGM accretion). Our interpretation can
lso explain the gFMR, which is consistent with the existence of a
gas FMR’ (i.e. the relation between metallicity, stellar mass, and
as mass; Bothwell et al. 2013 ), and agrees with the observation
hat (central) galaxies lying below the MS have lower gas fractions
Saintonge et al. 2016 ; Tacconi, Genzel & Sternberg 2020 ; Baker
t al. 2023a – with star formation efficiency playing at most an equal
ole; Piotrowska et al. 2020 ). We also note that the existence of a
ong time-scale correlation for SF galaxies does not contradict the
resence of short-duration bursts (e.g. Wang et al. 2019 ), because
he two can co-exist (Caplar & Tacchella 2019 ; Tacchella, Forbes &
aplar 2020 ). 

.4 Star v ation dri v es galaxy quenching 

he anticorrelation between stellar metallicity and distance from the
S at all masses shows that galaxies increase their stellar metallicity

s the y leav e the MS. If this was not true, we should be observing low-
etallicity galaxies on their way to quiescence and in the quiescent

opulation, but this is not supported by observational evidence: the
 σ scatter of the quiescent stellar MZR is only ≈0.1 dex, inconsistent
ith a large population of local low-metallicity quiescent galaxies

ying 0.2–0.3 dex below it. The absence of such galaxies and
he independent observation of lower gas fractions below the MS
Saintonge et al. 2016 ; Baker et al. 2022 , 2023a ) suggest that galaxy
uenching is accompanied by starvation. 
The three � MS bins below the MS show very similar 〈 [ M / H ] 〉 –
 ∗/R e relations, with only a very small residual dependence on � MS 

red hues in Fig. 6 ). In contrast, the 〈 [ M / H ] 〉 –M ∗/R e relations of the
hree bins on or abo v e the MS still exhibit a strong dependence on
 MS (blue hues in Fig. 6 ). This difference suggests that different

hysical mechanisms set the stellar metallicities in SF and quiescent
alaxies. 

The galaxies below the MS are either quiescent or on their way to
uiescence; this means that they are not going to form a significant
mount of stars relative to their extant stellar mass, which in turn
eans that it is unlikely they are going to significantly change their

urrent stellar metallicity, which strongly correlates with M ∗/R e .
n the other hand, at all M ∗/R e , the metallicity of SF galaxies

nticorrelates with � MS . Recalling that � MS is primarily related
o the gas fraction, this observation suggests that for SF galaxies
tellar metallicity is set jointly by M ∗/R e (or by M ∗) and by the
pecific inflow rate of metal-poor gas. These systems are expected
o significantly increase their stellar mass; therefore, their stellar
etallicity will evolve during the starvation process. 
Coupled with independent strong evidence that quenching is

ausally connected to the integrated supermassive black hole feed-
ack (Piotrowska et al. 2022 ; Bluck, Piotrowska & Maiolino 2023 ),
he emerging scenario is one where AGN activity reduces and
ventually interrupts the inflow of cold gas to the galaxy. During
he extended phase of halted or significantly decreased accretion
f pristine gas from the CGM/IGM, galaxies continue to consume
as, form stars, and recycle gas via supernova explosions and stellar
NRAS 532, 2832–2841 (2024) 
inds, which enriches their ISM – out of which stars with higher
etallicities are born. During this long-lasting starvation process,

he galaxies continuously decrease their gas reservoirs and transition
hrough the different � MS bins, while increasing their average
etallicities – driven by the increase in metallicities of their youngest

tellar populations – until they run out of gas, cease forming stars,
nd end up on the red sequence. 

This process establishes the observed stellar FMR and the
 [ M / H ] 〉 –M ∗/R e –� MS relation in local galaxies. These relations
herefore pose constraints to the duration of quenching itself. 

 SUMMARY  

n this work, we use integral field spectroscopy from the local
aNGA surv e y coupled with a non-parametric SFH reco v ery
ethodology based on the full spectral fitting code PPXF , to connect

he stellar mass, SFR, and stellar metallicity of a representative
ample of local galaxies ( z < 0 . 15). 

(i) The main result of this work is the disco v ery of the stellar FMR,
nalogous to the well-established gas FMR. 

(ii) When we compare the observed sample of MaNGA galaxies to
n equi v alent population in IllustrisTNG, we find matching relati ve
rends in Z ∗ and M ∗. The absolute values are offset, however, due
o the intrinsic differences between methods employed in measuring
etal content in simulations and observations. 
(iii) Similarly to the o v erall stellar FMR, we find a young stellar

MR, when considering the average metallicity of only the SSPs
ounger than 10 8 . 5 yr in local galaxies. 
(iv) As stars continuously form from the gas in the ISM, we

ropose that the young stellar FMR and the total stellar FMR are both
 natural consequence of the gFMR (which is valid to at least z = 3),
hich continuously gets imprinted on the stellar populations o v er

osmic epochs. Hence, the stellar, the young stellar, and the gFMR
ll trace the same physical processes, imprinted into the baryonic
roperties of galaxies o v er cosmic time-scales, intermediate time-
cales, and time-scales of ca. 10 Myr, respectively. 

(v) The observed presence of a stellar FMR suggests that starva-
ion is the dominant mode through which galaxies quench. 

(vi) The ability of galaxies to retain metals, by hindering outflows
uring their starvation phase, which might be correlated with M ∗/R e ,
an partially explain the differences in MZRs between different
 MS bins. Ho we ver, e ven after incorporating this information, the
etallicity differences are still significant. 
(vii) The continuous accretion of metal-poor (or even pristine)

as on to SF galaxies, still ongoing in the local Universe, plays an
mportant role in forming all three, the stellar FMR, the young FMR,
nd the gFMR. The continuous accretion of metal-poor gas on to SF
alaxies – o v er cosmic epochs – simultaneously provides the fuel
or ongoing star formation and continuously dilutes the ISM, out of
hich new stars are formed. 

The existence of the stellar FMR leads to the conclusion that the
otal star formation of galaxies is correlated on long time-scales (at
east in the lo w-redshift Uni verse), and that the stellar metallicity of
ocal quiescent galaxies is largely set during quenching via starvation,
.e. a slow transition to quiescence due to the suppression of cold gas
ccretion. 
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Figure A1. The global mass-weighted sFMR in local galaxies from MaNGA. 
Each grey dot represents one galaxy. The diamonds represent the median- 
integrated stellar metallicity in each � MS –M ∗ bin, while the error bars 
indicate the 16th and 84th percentiles. Each � MS –M ∗ bin comprises at least 
80 galaxies. 
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Figure B1. The global light-weighted sFMR in a sample of TNG50-1 
galaxies selected to match the MaNGA sample selection criteria (Sarmiento 
et al. 2023 ). Each grey dot represents one galaxy. The diamonds represent the 
median-integrated stellar metallicity in each � MS –M ∗ bin, while the error 
bars indicate the 16th and 84th percentiles. Each � MS –M ∗ bin comprises at 
least 80 galaxies. 
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PPENDIX  A :  T H E  MASS-WEIGHTED  

TELLAR  FMR  

n Fig. A1 , we present the mass-weighted global sFMR. The mass-
eighted stellar metallicity of each galaxy 〈 [ M / H ] 〉 is defined as

he mass-weighted average metallicity of all SSPs fitted with the
ethodology described in Section 2.4 . In other words, Fig. A1 is

dentical to Fig. 3 , apart from mass weighting the SSP grid before
alculating the stellar metallicity of each galaxy. The observed
ass-weighted FMR is qualitatively similar to the mass-weighed

FMR predicted by IllustrisTNG, presented in Fig. 4 . None the
ess, we caution against the o v erinterpretation of the observed
ass-weighted stellar FMR, particularly against mass-weighted
etallicities inferred for individual galaxies. The old (and metal-

ich) SSPs are hard to constrain due to the faintness of these
tellar populations. This makes them susceptible to outshining by
he younger, brighter populations. Conversely, the fit may infer
purious old stellar populations, biasing the metallicity measurement.
n light-weighted quantities this is not an issue, as the oldest
emplates only contribute little to the fit and only marginally to the
nferred light-weighted SSP grid (typically less than 5 per cent).
o we ver, these untrustworthy populations may contribute con-

iderably to the mass-weighted SSP grid, making mass-weighted
uantities less reliable. The introduction of spurious old, metal-
ich populations in the PPXF fits explains the dominantly increased
ormalization of the mass-weighted sFMR in Fig. A1 compared to
ig. 3 . 

PPENDIX  B:  T H E  L I G H T- W E I G H T E D  

TELLAR  FMR  IN  T N G 5 0  

o further investigate discrepancies between the stellar FMR seen in
bservations and cosmological simulations, we use publicly available
atalogues of MaNGA-like mock-galaxy observations generated
rom the highest resolution run of the IllustrisTNG suite, TNG50-1,
erformed for a volume of (50 cMpc) 3 . In particular, we make use
f MaNGIA (Mapping Nearby Galaxies with IllustrisTNG Astro-
hysics) 2D stellar property maps (Sarmiento et al. 2023 ) to extract
lobal light-weighted mean metallicities for a sample of 10 000
alaxies selected from the simulation to match the MaNGA surv e y in
NRAS 532, 2832–2841 (2024) 
erms of mass, size, and redshift. Each mock galaxy observation was
roduced by assuming synthetic stellar templates based on the MaS-
ar (MaNGA Stellar Library; Yan et al. 2019 ), a uniform metallicity-
ependent dust screen model and CLOUDY templates for H II region
mission associated with SF gas cells. Each mock was then analysed
ith PYPIPE3D in a fashion identical to S ́anchez et al. ( 2022 ) to
enerate 2D maps of stellar properties including age, metallicity, and
inematics. 
In Fig. B1 , we present the light-weighted global sFMR in the
aNGIA mock galaxy catalogue in TNG50-1. Fig. B1 is identical

n spirit to Fig. 4 , ho we ver, both the sample of galaxies and
he metallicity estimates are replaced. In order to calculate � MS 

alues for the sample, we extract stellar masses and SFR values
v eraged o v er 10 Myr within twice the stellar half-mass radius for
ach MaNGIA galaxy. We then perform a linear fit to the MS,
ollowing methods described in Section 2.3 , arriving at an MS
t of MS ( M ∗) = −8 . 00 + 0 . 78 log 10 ( M ∗/ [ M �]), which is in close
orrespondence with the MS fit in the observed MaNGA sample in
quation ( 2 ). 

Fig. B1 shows a range in stellar metallicity offset to lower
alues with respect to Fig. 4 . This way, the FMR is shifted
loser towards the observations as seen in Fig. 3 , how-
ver, simulations remain concentrated around values higher than
hose observed in MaNGA. Similar to Fig. 4 , the simulated
MR is more compact than in the observations and differ-
nt ranges in � MS show significant o v erlap within their error
ars. 
Although a direct comparison between Figs B1 and 3 might

uggest potential physical differences between the chemical com-
osition of simulated and observed galaxy stellar contents, one
till needs to remain cautious about the challenges associated
ith modelling the measurable electromagnetic signal emitted by

tellar populations in cosmological simulations. With simulations
urrently lacking an explicit dust component and direct treatment
f the cold ISM, mock observation studies like those conducted
y Sarmiento et al. ( 2023 ) need to rely on a set of simplifying
ssumptions in order to estimate the impact of the ISM on the
ntrinsic stellar emission. These caveats, coupled with differences
n stellar parameter reco v ery among different continuum fitting
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pproaches, are not unlikely to yield quantitative differences in 
he inferred stellar FMR between observed and simulated galaxies. 
herefore, having explored the light-weighted approach in the mock 
NG50-1 observation catalogue, we decide to focus on a qualitative 
2024 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. This is an Open
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ext. 
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