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ABSTRACT
In this work, we investigate how the central stellar metallicity ([Z/H]) of 1902 galaxies from the SAMI galaxy survey is related
to their stellar mass, M∗, and gravitational potential, Φ = log10

(
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)
− log10

(
A4
kpc

)
. In agreement with previous studies, we find

that passive and star-forming galaxies occupy different areas of the [Z-H]-M∗ plane, with passive galaxies having higher stellar
metallicity than star-forming galaxies at fixed mass. When investigating the relationship withΦ, however, we find that galaxies lie
on the same relation between [Z/H] andΦ regardless of star-formation rate, with a scatter of only 0.15 dex. We use the [Z-H]-M∗
and [Z/H]-Φ relations to constrain possible evolution in the mass-size plane, and build a simple toy model of galaxy evolution
to explain and understand our results. We are able to reproduce an offset in stellar metallicity between passive and star-forming
galaxies at fixed mass with a model containing instantaneous quenching, if the probability that this quenching happens depends
on both a galaxy’s mass and size. We therefore conclude that such a difference in metallicity cannot by itself be used as evidence
of slow quenching processes, in contrast to previous studies. We build on previous work to reiterate that the size of galaxies is
an essential quantity to consider when studying their stellar populations, and discuss how the [Z/H]-Φ relation from this work
may be used to infer stellar metallicities in large photometric studies without the need for expensive spectroscopic observations.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION

Galaxies in theUniverse can broadly be classified into two categories:
those which are currently forming stars and those which are not.
Understanding and quantifying exactlywhich physical processes play
a role in shaping this dichotomy is a fundamental goal of galaxy
evolution, but despite decades of work on the topic (e.g. Tinsley
1968; Larson et al. 1980; Dekel & Birnboim 2006; Peng et al. 2010;
Schawinski et al. 2014, among many others) a complete picture
remains out of reach.
In the most popular framework for discussing the life cycles of

galaxies, the idea of star formation "quenching" plays a central role.
This model envisions that the natural state of a galaxy is to be form-
ing stars at a rate which places it on the "Main-Sequence" of star-
formation (Noeske et al. 2007; Speagle et al. 2014; Renzini & Peng
2015). Internal or external process then act to stop the galaxy’s star
formation, causing it transition off the Main Sequence and join the
passive population. The question of "what leads to the division in
galaxy properties?" can then be reframed to instead ask "what causes
quenching?". A wide range of physical drivers of have been pro-
posed and investigated, including feedback from a galaxy’s central
black hole (Silk & Rees 1998; Magorrian et al. 1998; Di Matteo
et al. 2005), the effects of falling into a massive galaxy cluster (Gunn
& Gott 1972; Abadi et al. 1999), the secular evolution of stellar or-
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bits over cosmic time (Kormendy&Kennicutt 2004; Sellwood 2014)
and the occurrence of "compaction" events which increase a galaxy’s
central surface density (e.g. Sellwood Woo; Woo & Ellison 2019).

Finding direct evidence of quenching in an individual object by
catching such processes in the act is notoriously difficult, however,
since we lack the ability to study individual galaxies across cosmic
time. Another route to approach the problem is by studying a large
sample of galaxies and investigating the properties of the entire pop-
ulation as a whole. This was the approach taken by Peng et al. (2015,
hereafter P15) and Trussler et al. (2020, hereafter T20), who used the
stellar ages and metallicities of tens of thousands of galaxies from
the Sloan Digital Sky Survey (SDSS; York et al. 2000; Eisenstein
et al. 2011; Blanton et al. 2017) in the nearby Universe to conclude
that quenching processes must be slow in nature, with a quenching
timescale on the order of 4 Gyrs.

Key to their conclusions is the correlation between stellar mass
and stellar metallicity, and the fact that quiescent galaxies tend to
be more metal rich than star forming galaxies at fixed mass (P15;
T20). Previous studies have discussed that the size of a galaxy is
also an important parameter to consider when analysing its stellar
populations (e.g. McDermid et al. 2015; Scott et al. 2017), however,
and recent work by Barone et al. (2018), D’Eugenio et al. (2018)
and Barone et al. (2020) has quantified this fact: they find that the
metallicity of gas and stars in galaxies forms a tighter relationship
with a galaxy’s gravitational potential (Φ ∼ M∗/A) compared to the
relationship between metallicity and stellar mass alone. Their work
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begs the question of whether the difference in metallicity between
passive and star-forming galaxies at fixed stellar mass discussed by
P15 and T20 is still evident at fixed gravitational potential. Can
quenching processes which depend on both mass and size be used
to explain the diversity of galaxies we observe today in the local
Universe?
In this work, we build on the previous studies of Barone et al.

(2018); D’Eugenio et al. (2018) and Barone et al. (2020) and, for the
first time, investigate the correlations between stellar metallicity, stel-
lar mass and gravitational potential for a homogeneously-observed
sample containing both quiescent and star-forming galaxies (instead
of studying each class of galaxy separately). We then ask a similar
question to P15 and T20: what can we learn about the quenching
timescales of galaxies from these observations? One key difference
between our sample and that of P15 and T20 is that each galaxy
we study has a robust half-light radius measurement, allowing us to
investigate the roles of mass and size in regulating galaxy quenching
processes.
The outline of this paper is as follows. In Section 2 we describe

our sample of galaxies and briefly outline our method for measuring
stellar metallicities. In Section 3 we present our results and in Section
4 we discuss our findings, introducing a simple toy model of galaxy
quenching to reproduce the population of local galaxies in Section
4.3. In Section 5 we draw our conclusions. We assume a flat Λ cold
dark matter (ΛCDM) cosmolgy with ΩΛ = 0.7, Ω" = 0.3, and
�0 = 70kms−1Mpc−1. We also assume a Chabrier (2003) initial
mass function where necessary.

2 STELLAR POPULATION MEASUREMENTS AND
ANCILLARY DATA

The galaxies in our sample are drawn from data release 3 (DR3) of
the SAMI galaxy survey (Croom et al. 2021). SAMI DR3 provides
fully reduced datacubes for 3068 galaxies in the local Universe, se-
lected to have a redshift (I) less than 0.11 and a stellar mass between
7.8 ≤ log10 (M∗/M�) ≤ 11.8. The SAMI instrument (Croom et al.
2012) is mounted at the prime focus on the Anglo-Australian Tele-
scope that provides a 1 degree diameter field of view. SAMI uses
13 fused fibre bundles (Hexabundles,Bland-Hawthorn et al. 2011;
Bryant et al. 2011 with a high (75%) fill factor. Each bundle contains
61 fibres of 1.6′′diameter resulting in each IFU having a diameter of
15′′. The IFUs, as well as 26 sky fibres, are plugged into pre-drilled
plates using magnetic connectors. SAMI fibres are fed to the double-
beam AAOmega spectrograph (Sharp et al. 2006). AAOmega allows
a range of different resolutions and wavelength ranges. The SAMI
Galaxy survey uses the 570V grating at 3700-5700Å giving a reso-
lution of ' = 1730 (f = 74 km s−1), and the R1000 grating from
6250-7350Å giving a resolution of ' = 4500 (f = 29 km s−1).

We measure stellar population parameters as a function of radius
for each galaxy in the sample. A full description of these measure-
ments used in this work will be presented in a forthcoming paper
(Vaughan et al. in prep). We give a brief summary here. Firstly, the
blue and red arm spectra are joined together and convolved with a
Gaussian kernel (of variable width) such that the spectral resolution
is a constant value at all wavelengths. We then use the Voronoi bin-
ning algorithm of Cappellari & Copin (2003) to aggregate spectra
together such that their combined spectrum has a minimum signal-
to-noise (S/N) ratio of 20Å-1 in the V-band. Individual spaxels with a
S/N above 20 Å-1 are left unbinned. 181 galaxies lacked the required
S/N to create a single Voronoi bin and were discarded. In total, our
sample contains 81,087 individual Voronoi bins from 2887 galaxies.

We then use the penalised-pixel fitting code pPXF (Cappellari &
Emsellem 2004; Cappellari 2017) to fit the simple stellar popula-
tion (SSP) models of (Vazdekis et al. 2015) to the spectrum from
each Voronoi bin. In essence, pPXF finds the weighted sum of SSP
templates which best recovers the input galaxy spectrum. We also
include gas emission line templates corresponding to the Balmer se-
ries (HU HV and HW) as well as the atomic species [NII], [OIII],
[SII], and [OI]. We also use a multiplicative Legendre polynomial of
order 10 to correct for small differences in the shape of the observed
and template spectra. We perform the analysis twice, firstly with
the SSP spectra normalised such that the resulting stellar population
parameters are light-weighted and then again with the SSP spectra
normalised such that the results are mass-weighted.

For each Voronoi bin, we record the best-fit weighted average
stellar age and stellar metallicity (for both light-weighted and mass-
weighted quantities). At this stage, we remove from our sample any
galaxies which have fewer than four independent Voronoi bins or
have log10 (M∗/M�)< 8. This leaves us with 79,326 spectra from
1902 galaxies, which we call the "full sample". For every galaxy in
the full sample, we then infer the stellar metallicity at the very centre
of the galaxy (galacto-centric radius A = 0) by fitting a straight line to
the stellar age and metallicity measurements as a function of radius.
We perform this fit to all galaxies in the full sample simultaneously
by building a hierarchical Bayesian model, but have also ensured
that our results are unchanged if we simply fit the measurements as
a function of radius for each galaxy independently in the standard
manner (see Vaughan et al. in prep for details). For each galaxy in the
full sample we are therefore left with eight measurements: the age
and metallicity gradients and the central ages and metallicities for
both light-weighted and mass-weighted quantities. This paper is only
concerned with the mass-weighted central stellar metallicity values
of each galaxy; the remaining measurements are fully discussed in
Vaughan et al. (in prep).

For each galaxy, we also require a number of ancillary mea-
surements for our analysis. Stellar masses for each SAMI galaxy
were derived using the prescription of Taylor et al. (2011). Total
star formation rates (SFRs) were derived from HU flux measure-
ments by Medling et al. (2018), with an aperture correction applied
where appropriate. Finally, half-light radii were measured using the
Multi-Gaussian expansion method of Cappellari (2002) from high-
resolution A-band images of each object (D’Eugenio et al. 2021).

Finally, we also create a "central-only sample" by using the Galaxy
and Mass Assembly (GAMA) galaxy group catalogue (G3C) of
Robotham et al. (2011) to differentiate between galaxies which are
the most massive object in their dark matter halos ("centrals") and
those which are not ("satellites"). The goal of the central-only sample
is to create a sample of objects which have primarily undergone (or
will undergo) internal quenching processes (in contrast to quench-
ing processes which depend on environment, which predominantly
influence satellite galaxies: see e.g. Woo et al. 2017). We will use
this sample to compare to the quenching toy model presented in 4.3,
since the model does not include any prescription for environmental
quenching.

Plots of the mass-size and mass-SFR planes for the SAMI parent
catalogue and our samples are shown in Figure 1.

3 RESULTS

Themain results of this work concentrate on the relationship between
the central metallicity of galaxies and their gravitational potential,
and are presented in Figure 2.
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Figure 1. The mass-size plane (left) and mass-SFR plane(right) of our sample. Each panel shows the parent SAMI catalogue (black), the galaxies which form
our "full" sample (orange) and those which are part of the "centrals-only" sample (green). Histograms show the marginal distribution of each parameter. In the
mass-SFR plane, we also show the star formation rate "main sequence" from Renzini & Peng (2015) which we use to classify galaxies as star-forming, passive
or intermediate: star-forming galaxies are above the highest dotted line; quenched galaxies are below the lower dotted line; intermediate galaxies are between
the dotted lines.
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Firstly, we classify galaxies as being star-forming or passive us-
ing simple cuts in the mass-SFR plane. Following Renzini & Peng
(2015), we define the star-forming "main sequence" to be

log(SFR) = 0.76 log(M∗/M�) − 7.64 (1)

with a scatter around the relation of 0.3 dex. By finding the
difference between a galaxy’s measured star-formation rate (SFR)
and the SFR of a galaxy of the same mass on the main sequence
(ΔSFRMS), we separate galaxies into star-forming, intermediate (or
"green-valley") or passive in the following manner:

SF galaxies : ΔSFRMS > −0.6 (2)
Green − valley galaxies : −0.6 ≤ ΔSFRMS ≤ −1.6 (3)

Passive galaxies : ΔSFRMS < −1.6 (4)

In essence, we define star-forming galaxies to be within 2f (0.6
dex) of the main sequence; passive galaxies to be more than 5f
from the main sequence (1.6 dex); and intermediate galaxies to fall
between these two categories. Reasonable changes to these values
have no effect on our conclusions. Our full sample consists of 682
star-forming galaxies, 903 passive galaxies and 317 intermediate
galaxies.
We then show the results of our metallicity measurements as a

function of mass in the left hand panel of Figure 2, with SF galax-
ies coloured blue, passive galaxies shown in red and intermediate
galaxies in yellow. Quantitative results of fitting a straight line to the
star-forming and passive galaxies are shown in Table 1.
We confirm the well known result that passive and SF galaxies

occupy different areas of the mass-metallicity plane, and that passive
galaxies tend to bemoremetal-rich than SF galaxies at the samemass.
The straight line fits to the mass-metallicity relation are in excellent
agreement with the recent work of T20 and P15; like T20, we find
that, at a stellar mass of log(M∗/M�) = 10.3, the offset in metallicity
between star-forming and passive galaxies is 0.18 dex. We also find
that this difference in metallicity between star-forming and passive

galaxies is mass dependent, dropping to become negligible at the
high-mass end of our sample. Phrased another way, the stellar mass
of a galaxy is not enough on its own to predict its stellar metallicity;
its star-formation rate is also required.

The main new result of this work is shown in the right hand
panel of Figure 2, where we plot the mass-weighted central metal-
licity of each galaxy against its gravitational potential, Φ, where
Φ = log10

(
"∗
"�

)
− log10

(
A4
kpc

)
. This plot shows that the metallic-

ity difference between the average star-forming and passive galaxy
at fixed potential, rather than fixed mass, is much smaller. As first
discussed in Barone et al. (2018, 2020), stellar metallicity correlates
much better with gravitational potential than mass (as quantified by
the intrinsic scatter around the relation). Here, we show for the first
time that the distributions of star-forming and passive galaxies in
the metallicity-potential plane smoothly follow on from one another,
implying that knowing a galaxy’s potential is sufficient to infer its
stellar metallicity without knowing whether a galaxy is passive or
star-forming.

We show the best fit [Z/H]-Φ relation for all galaxies combined in
Table 1, and measure the standard deviation of the residuals around
this relation to be 0.16 dex. The six prominent outliers in Figure
2 at low metallicity all have high quality observations, containing
between 9 and 90 independent Voronoi bins each. Five of these
outliers show very low mass-weighted metallicity in their central
regions combined with higher metallicity outskirts, implying inter-
esting formation histories; perhaps a sustained period of accretion
of low metallicity gas fuelling central star-formation. For the sixth,
we measure low metallicity at all radii. We note that removing these
six galaxies from the residuals decreases the 1-f scatter around the
best-fit relation to 0.12 dex.

4 DISCUSSION

Many previous studies have discussed the correlations between a
galaxy’s stellar metallicity and its structural parameters, although
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Figure 2. Mass-metallicity (left) and gravitational potential-metallicity (right) relations for our SAMI galaxies. We separate our sample into passive, star-forming
and intermediate ("green valley") galaxies according to the definition in Renzini & Peng (2015). Outlying points are indicated by downward arrows. Dotted lines
show a straight line fit to the the passive and star-forming populations separately. The dot-dash lines shows a fit to all galaxies at once. The lower panels show the
residuals around the dot-dash lines as a function of stellar mass (left) and gravitational potential (right). The standard deviation of the residuals around the fit to
the Φ-[Z.H] relation is 0.15 dex, but this value is inflated by six outlying points; excluding these gives a more Gaussian distribution of f = 0.12 dex. The offset
between passive and star-forming galaxies in the mass-metallicity plane is almost identical to that measured in Trussler et al. (2020) and Peng et al. (2015). The
main result of this work is the right hand panel, which shows that all galaxies form a single sequence in the gravitational potential-metallicity plane, regardless
of their star-formation rate.
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Table 1. Results from the straight line fits to the mass-metallicity and
potential-metallicity planes for star-forming, passive and intermediate (’green
valley’) galaxies. We fit relations of the form [Z/H] = <(log10 (M∗/M�) −
10.3) + 2 for the mass-metallicity plane and [Z/H] = <(log10 (M∗/M�) −
log10 (A4/kpc) − 10.0) + 2 for the mass-potential plane. The difference in
metallicity between galaxies at fixed mass is in very good agreement with
Peng et al. (2015) and Trussler et al. (2020).

Mass Potential
< 2 < 2

Star-forming 0.37 ± 0.01 −0.10 ± 0.01 0.48 ± 0.01 −0.02 ± 0.01
Passive 0.28 ± 0.01 0.08 ± 0.01 0.45 ± 0.01 0.06 ± 0.01
Intermediate 0.42 ± 0.02 −0.05 ± 0.01 0.53 ± 0.02 0.01 ± 0.01
Combined 0.40 ± 0.01 −0.02 ± 0.01 0.53 ± 0.01 0.03 ± 0.01

predominantly in terms of velocity dispersion f (e.g. Trager et al.
2000; Thomas et al. 2005; Nelan et al. 2005; Graves et al. 2009a,b;
McDermid et al. 2015; Scott et al. 2017) rather than gravitational
potential as in this work.
The two quantities are obviously closely related; assuming galaxies

are virialsed, f2 ∝ "/'. We show this relationship between central
velocity dispersion, f, and Φ for the full sample in Figure 3, which
clearly shows the expected linear correlation for galaxies with f
greater than the SAMI instrumental resolution (of ≈ 50 kms−1). We
prefer to use the gravitational potential in this work to allow us to
extend Figure 2 to the lowest values of Φ in our sample, without the
complication of measuring velocity dispersion values close to (or
below) the instrumental resolution.
Barone et al. (2018) and Barone et al. (2020) were the first to

show quantitatively that stellar metallicities correlated tightly with
the purely photometric quantity Φ ∼ M/A4, and that this correlation
was tighter than for stellar mass alone. Their work concentrated first
on early-type galaxies and then on star-forming galaxies, however,
without drawing conclusions about a combined sample. Here, we
show for the first time that star-forming, intermediate and quiescent
galaxies all lie on the same relation in the [Z/H]-Φ plane.

The physical mechanism which drives this relation is not yet fully
understood, but is likely due to the relationship between gravitational
potential and the local escape velocity of the system (e.g. Franx
& Illingworth 1990; Scott et al. 2009, 2017). Galaxies with deeper
potential wells are more able to retain the metal-rich winds and ejecta
from massive stars which pollute their interstellar media, meaning
that their future generations of stars will be more metal rich than
those in galaxies with shallower potential wells.

The fact that galaxies in our sample follow a single [Z/H]-Φ re-
lation has interesting implications for large photometric surveys of
galaxies. Section 3 shows that stellar metallicity can be determined
solely from photometric observations of A4 andM∗ to a 1-f accuracy
of ≈ 0.15 dex, regardless of the galaxy’s star-formation rate.

To date, estimating stellar metallicities without spectroscopic in-
formation, using broad-band colours or via panchomratic spectral
energy distribution (SED) fitting, is notoriously unreliable. Many
SED fitting codes therefore treat stellar metallicity as a nuisance pa-
rameter or fix it at solar metallicity (e.g. Skelton et al. 2014, and see
the discussion in Conroy 2013). Other studies have shown that the
choice of different stellar population synthesis models gives differ-
ent results for the same input colours (Lee et al. 2007; Eminian et al.
2008; Conroy 2013).

Stellar masses, on the other hand, are much more straightforward
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Figure 3. The logarithm of the velocity dispersion of the central Voronoi
bin (f0) for each galaxy against the galaxy’s gravitational potential, Φ =

log10
(
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)
− log10
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)
. The expected linear relationship is clear for galax-

ies with f0 above the SAMI instrumental resolution of ≈ 50 kms−1.
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and robust outputs of SED fitting (due to the fortuitous degeneracies
which exist between dust, age, and metallicity: Bell & de Jong 2001;
Taylor et al. 2011). The [Z/H]-Φ relation could therefore allow for
the estimation of stellar metallicities for large catalogues of galaxies
without expensive spectroscopic observations for the first time. Fur-
thermore, whilst the correlation in Figure 2 has till now only been
investigated in the low-redshift Universe, further work calibrating
this relationship at higher redshift could allow for studies of stellar
metallicity over cosmic time (and see also Barone et al. in prep).

4.1 Implications for galaxy quenching

T20 and P15 use the difference in metallicity between star-forming
and passive galaxies at I = 0 to conclude that most galaxies in the
Universe undergo slow quenching ("starvation"). Their argument is
as follows. During the course of stellar evolution, the stars in a galaxy
will convert hydrogen and helium into more complex elements. A
fraction of the stars in a galaxy will return their metal content to the
interstellar medium (through supernovae or mass-loss from stellar
winds), which increases the galaxy’s overall gas-phase metallicity.
On the other hand, accretion of pristine gas from the galaxy’s halo
or cosmic filaments will tend to dilute a galaxy’s gas reservoir and
lower its metallicity. The balance of these two processes sets whether
a galaxy’s next generation of stars will tend to have a lower, higher
or similar stellar metallicity to previous generations.
If a galaxy’s supply of cold gas is quickly removed or star formation

is quickly suppressed, both of these processes are stopped and the
stellar metallicity of a galaxy after quenching is the same as when
quenching started. However, if star formation in the disc of a galaxy
is allowed to continue but accretion of low-metallicity gas is cut off-
i.e. the quenching is slow- this balance is upset and the galaxy’s
gas-phase metallicity is no longer being diluted. Generations of stars
formed during slow quenching will be of a higher metallicity than
before, and this process continues until the galaxy’s gas is exhausted.
Under this scenario, the galaxy’s stellar metallicity is much higher
after quenching than it was before.
T20 and P15 argue that galaxies evolve along the "main sequence"

in the SFR-M∗ plane and the star forming mass-metallicity relation

until slow quenching begins. During quenching, their SFR decreases
and their metallicity increases such that they eventually lie in the pas-
sive regions of the main sequence and the mass-metallicity relations.
This evolution leads to vertical or nearly vertical tracks in the mass-
metallicity plane, as a large increase in metallicity is accompanied
by only a small increase in stellar mass (P15; T20).

Our findings of a single [Z/H]-Φ relation for all galaxies, regardless
of star-formation rate, raises questions for this interpretation. Firstly,
Figure 2 shows the importance of having robust size measurements
for each galaxy. The near vertical motion in the mass-metallicity
plane proposed by P15 and T20 must also be accompanied by a
decrease in size for the galaxy undergoing quenching to remain on
the [Z/H]-Φ plot from Figure 2.

For an increase in metallicity of 0.2 dex and no change in stellar
mass, the straight-line fit from Table 1 implies that the potential
of the galaxy must change by ≈0.4 dex. For no change in stellar
mass, the half-light radius of a galaxy must therefore decrease by
0.4 dex (i.e. end up at ∼40% of its value before quenching began).
Such a reduction in size is not found in simulations of individual
galaxies undergoing quenching (e.g. Genel et al. 2018), nor in the
recent study of Croom et al. 2021 who investigated the effects of
disk-fading on star-forming galaxies and found a reduction in A4 of
≈ 10% (0.05 dex). Moreover, a number of studies have found that
recently quenched galaxies tend to have large radii (i.e. radii similar
to star-forming galaxies) when they join the passive population (so
called "progenitor bias": e.g. Cassata et al. 2013; Carollo et al. 2013;
Krogager et al. 2014).

We note that a key assumption underlying the argument of P15
and T20 is that today’s star-forming galaxies will end up evolving
into (i.e. occupying the same locus of points in the mass-metallicity
plane as) today’s quiescent galaxies. Whilst an appealing picture,
this is not necessarily the case. As discussed succinctly in Abramson
et al. (2016), it should be emphasised that none of the star-forming
galaxies in Figure 2 are the progenitors of the quiescent galaxies in
Figure 2; discussing evolutionary tracks in cross-sectional snapshots
of the Universe is fraught with difficulty.

4.2 Evolution in the mass-size plane

Our investigation of the mass-metallicity and potential-metallicity
planes allow us to constrain the ways in which galaxies evolve in the
mass-size plane as their stellar mass and radius increase. In order for
both the mass-metallicity and potential-metallicity relations to be as
tight as observed, the evolution of a galaxy’s gravitational potential
(and hence its growth in size as it grows inmass) can be inferred. Here
we make two important assumptions: that galaxies evolve along the
[Z/H]-Φ and [Z/H]-M∗ relations from Figure 2; and that the slopes
of these two relationships are unchanged over cosmic time.

This second assumption needs to be tested, by measuring Φ and
central stellar metallicity for galaxies at high redshift (e.g. see Barone
et al. 2021 in prep and the forthcoming MAGPI survey; Foster
et al. 2020). However, the fact that galaxies which are currently star-
forming follow the same [Z/H]-Φ relation as those which quenched
at higher redshift implies that this assumption is reasonable.

We now use the straight line fits from Section 3 to measure
the rate of change of [Z/H] in terms of both log10 (M∗/M�) and
log10 (Φ/M�kpc−1). We label these gradients <"∗ and <Φ respec-
tively. We have that

<Φ =
3 [Z/H]
3 log(Φ) =

3 [Z/H]
3 log("∗)

3 log("∗)
3 log(Φ) = <"∗

3 log("∗)
3 log(Φ) (5)
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and since log(Φ) = log(M∗) − log(A), we have that 3 log("∗)
3 log(Φ) =

(1 − 3 log(A )
3 log("∗) )

−1. Therefore

3 log(A)
3 log("∗)

= 1 −
<"∗

<Φ
(6)

This means that galaxies must evolve in size according to Equa-
tion 6, and we can estimate these values using our fits to Figure
2. We find that for star-forming galaxies Δ log10 (A/kpc) = 0.24 ±
0.03Δ log10 (M∗/M�). For quiescent galaxies, Δ log10 (A/kpc) =
0.37 ± 0.03Δ log10 (M∗/M�).

The evolution of star-forming galaxies in the mass-size plane as
they accrete gas and grow in mass and size can be modelled as
a power law, Δ log10 (A/kpc) ∼ UΔ log10 (M∗/M�). Our result for
star-forming galaxies is remarkably close to the slope of the mass-
size relation from van der Wel et al. (2014) for galaxies between
0.25 < I < 3, who find U ≈ 0.25. Further recent studies have
inferred U ≈ 0.3 from observations (van Dokkum et al. 2013) and
simulations (Zolotov et al. 2015), with other studies finding U ≈ 0.4
(Hirschmann et al. 2013) and U ≈ 0.15 (Genel et al. 2018).
On the other hand, the result for quiescent galaxies is much

shallower than the observed mass-size relation for passive objects
(0.37± 0.03 rather than ≈ 0.75 from van der Wel et al. 2014 or ≈0.5
from Mowla et al. 2019). We take this as evidence that our assump-
tion that galaxies evolve along the [Z/H]-Φ and [Z/H]-M∗ relations
is not true for passive galaxies, and that their evolution in mass and
size is decoupled from their [Z/H].
We note that we do not expect the central metallicity of passive

galaxies to vary much over time, since no new stars are being formed.
In fact, the mass and size evolution of passive galaxies becomes
dominated by major or minor mergers with the stellar population
simply evolving passively (the so-called "two-stage" evolution of
passive galaxies: e.g. Naab et al. 2009; Oser et al. 2010). Instead, the
majority of accreted matter is deposited at large radii, which leads
to steep tracks in the mass-size plane (e.g. van Dokkum et al. 2010)
but little influence on the central stellar populations (see Cappellari
2016 for a discussion).
Whilst this evolution in the mass-size plane will influence the

value ofΦ we measure, we note that major mergers with size growth
proportional to mass growth (U ≈ 1) will leave the measured gravi-
tational potential unchanged. Any evolution with a steeper mass-size
dependence (e.g. such as minor mergers with U ≈ 2, as discussed
in van Dokkum et al. 2010), combined with no change in [Z/H]
will push passive objects to the left of the [Z/H]-Φ locus. The fact
that passive galaxies tend to follow the same relation as star-forming
galaxies, however, may imply that most of their mass-size evolution
has been along tracks where U ≈ 1.
A simple test for this behaviour would be to investigate any resid-

ual trend in the [Z/H]-Φ relation with the redshift at which each pas-
sive galaxy in our sample quenched (measured by investigating their
star-formation histories). Under the assumption that galaxies which
quenched at high redshift are more likely to have undergone one or
several major mergers (with Δ log10 (A/kpc) ∼ 2Δ log10 (M∗/M�)),
these objects should preferentially lie to the left of the passive sample.

4.3 Quenching toy models

Wenow investigate whether we can reproduce our observations using
toy models of galaxy quenching. The aim of this Section is to inves-
tigate whether a model with almost instantaneous quenching- rather
than the slow quenching advocated by P15 and T20- can simultane-

Figure 4. The mass-size plane of the central galaxies in our sample. Star-
forming galaxies are shown in blue and quenched galaxies are shown in red.
The grey shaded region bounded by the dot-dashed lines show the regions of
the diagram where we assign galaxies a non-zero probability of quenching
during their next timestep. This region is comprised of a line of fixed surface
density (shallow dotted line) and a line of fixed gravitational potential (steep
dotted line).
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ously account for the distribution of galaxies in the mass-metallicity,
potential-metallicity and mass-size planes.

We build a simplemodel where star-forming galaxies grow inmass
and size and evolve in metallicity as they accrete gas and form new
stars. These galaxies then have a probability to quench at the start of
each timestep, with this probability (?@) depending on a combination
of their mass and their size. Once galaxies become quenched, they
stop their evolution and fix their values of mass, size and metallicity
until redshift 0.

We begin by assigning a formation redshift to each galaxy, which
is drawn from a uniform distribution between one and six. We next
assign galaxies a stellar mass.We use the results fromDavidzon et al.
(2017), who study the galaxy stellar mass function of star-forming
and passive galaxies out to redshift six. We use the results from
their "active sample" to draw stellar masses from a double Schechter
function at I ≤ 3 and a single Schecter function at I > 3.

We then place galaxies on the mass-size relation for star-forming
galaxies at the redshift of their formation, using measurements from
van der Wel et al. (2014). Next, we must assign each galaxy a stellar
metallicity. Measurements of the mass-metallicity relation at high
redshift are currently limited to studies of ionised gas emission lines.
We therefore make a further assumption; that the slope of the gravi-
tational potential-stellar metallicity relationship is the same at high-
redshift as it is at low redshift (i.e. that measured in Section 3).

We are then left with two free parameters; the intercept of this
relationship and the intrinsic scatter around the relation. We choose
an intercept of 0.03 dex to match the "combined" relation from Table
1, and an intrinsic scatter of 0.08 dex.

Galaxies are evolved forward in time using a timestep of 100 Myr,
from their formation redshift to today. To set the amount of stellar
mass formed at each timestep, we place star-forming galaxies on the
main sequence of star-formation at the appropriate redshift, using
the "consensus" relation from Speagle et al. (2014). Furthermore,
galaxies grow in size and metallicity according to the following
expressions:
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Mass, Size and Stellar Metallicity 7

Figure 5. A comparison between the data from our sample of SAMI central galaxies (top row) to simulated galaxies from our toy model of instantaneous
quenching (bottom row). The columns show the [Z-H]-M∗ relation (left), the [Z-H]-Φ relation (middle) and the mass-size relation (right). We find a very good
quantitative agreement between the two samples; in particular, we recover an offset between the metallicities of star-forming and passive galaxies at M∗=10.5 of
≈ 0.17 dex, the same value we observe for the SAMI centrals. This implies that the difference in metallicity between star-forming and passive galaxies at fixed
mass cannot, in isolation, be used as evidence of slow quenching.
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This evolution in [Z/H] as a function of gravitational potential
comes from the slope of the potential-metallicity relation measured
in Section 3, and the evolution in size as a function of mass matches
that derived in Section 4.2.

The final piece is the inclusion of quenching. Figure 4 shows the
mass-size plane of the galaxies in our central-only sample. A region
containing the majority of the quenched galaxies in the sample is
shown in grey. This region is bounded by three lines:

(i) log10 (M∗/M�)= 10, a line of constant stellar mass.
(ii) log10 (M∗/M�)- 2 log10 (A4/kpc) = 9.7, a line of constant

stellar surface density
(iii) log10 (M∗/M�)- log10 (A4/kpc) = 10.25, a line of constant

gravitational potential

In the model, if a galaxy grows in mass and size such that it crosses
these lines and moves to the shaded region of the mass size plane,
it is assigned a probability of quenching of ?quench = 0.1. Galaxies
outside the shaded region have ?quench = 0.

At the start of each timestep, we draw a random number on the
unit interval and compare with the above probability, ?quench, to
decide whether a given galaxy continues to form stars or becomes
quenched. If the galaxy quenches at a given timestep, it stops evolving
completely in mass, size andmetallicity; its values of these quantities
at the onset of quenching are frozen in place until redshift zero.
This model of galaxy quenching is effectively instantaneous (i.e.
completely shutting down star-formation on a timescale of 100Myrs),
unlike the slow quenching (on timescales of Gyrs) discussed in P15
and T20. We note that our choice of ?quench = 0.1 per timestep

implies that a galaxy in the shaded region of the mass-size plane has
a ≈ 70% chance of quenching after 1 Gyr (10 timesteps).

We create 104 galaxies and evolve them forwards from their initial
redshifts to today. We then compare quantitatively to the central-only
SAMI sample discussed in Section 2, in order to minimise the effects
of environmental quenching processes which are not included in our
model. This reduces our sample of SAMI galaxies to 365. We then
randomly sample 365 galaxies from our toy model with the same
mass function as our SAMI galaxies. Finally, we add reasonable
measurement uncertainties to our final model values; a 0.1 dex scatter
in stellar mass and size and a 0.05 dex scatter in [Z/H].

Our results are shown in Figure 5. The top row shows the observed
SAMI central galaxies and the bottom row shows results from our in-
stantaneous quenching mode. We plot three important relationships:
the mass-metallicity relation in the first column; the gravitational
potential-metallicity relation in the second panel; and the mass-size
relation in the third panel. Table 2 shows straight-line fits to the mass-
metallicity and potential metallicity relations for both star-forming
and quiescent galaxies in the model and the data, as well as fits to the
quiescent galaxies in the mass-size plane.

We find that this very simple model can produce an offset in stellar
metallicity between star-forming and quiescent galaxies at fixedmass,
implying that slow quenching is not the only way to result in this.
Our instantaneous quenching model recovers a difference of 0.17
dex between the metallicity of passive and star-forming galaxies at
a mass of log10 (M∗/M�)= 10.5, identical to that from the central-
only sample. The existence of this metallicity gap was used by P15
and T20 to conclude that most galaxies undergo slow quenching
processes, but this work shows that such a gap can exist even when
quenching is nearly instantaneous. Put simply, this is because the
average low-redshift star-forming galaxy with a given stellar mass of
M∗ will not evolve into the average low-redshift passive galaxy with
a stellar mass of M∗.
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Table 2. A comparison of straight-line fits to the mass-metallicity, potential-metallicity and mass-size planes for the SAMI centrals and intantaneous quenching
toymodel shown in Figure 5.We fit a relation of the form [Z/H] =<(log10 (M∗/M�)−10.5)+2 for themass-metallicity relation; [Z/H] =<(log10 (Φ/M�kpc−1)−
10) + 2 for the potential-metallicity relation; and log10 (A/kpc) = <(log10 (M∗/M�) − 10.5) + 2 for the mass-size relation.

Gradient (<) Intercept (2)
SAMI Centrals Model SAMI Centrals Model

Mass-Metallicity (quenched) 0.19 ± 0.02 0.16 ± 0.03 0.14 ± 0.01 0.11 ± 0.01
Mass-Metallicity (SF) 0.36 ± 0.02 0.26 ± 0.02 −0.03 ± 0.01 −0.06 ± 0.01
Potential-Metallicity (quenched) 0.32 ± 0.03 0.36 ± 0.06 0.11 ± 0.01 0.07 ± 0.02
Potential-Metallicity (SF) 0.45 ± 0.03 0.47 ± 0.02 −0.03 ± 0.01 0.01 ± 0.01
Mass-Size (quenched) 0.58 ± 0.03 0.67 ± 0.03 0.33 ± 0.01 0.34 ± 0.01

We also quantitatively recover the location of quenched galaxies
in the mass-size plane, and the behaviour of galaxies in the potential-
metallicity plane from in Figure 2 and Section 3. The model also
quite closely matches the slope of quiescent galaxies in the mass-size
plane, as well as the slopes of quiescent and star-forming galaxies in
the potential-metallicity plane.
We also note that the model does a good job of recovering the over-

all quenched fraction of galaxies, as well as the quenched fraction
of galaxies as a function of mass. In this sample of SAMI centrals,
53% of galaxies are quenched, compared to the 42% of galaxies in
our toy model which are quiescent. Figure 6 shows the distribution of
quenched (red points) and star-forming (blue points) galaxies against
stellar mass in the model (left panel) and in the SAMI data (mid-
dle panel). The black points show the fraction of galaxies that are
quenched in mass bins of width 0.25 dex.
We also perform logistic regression on the SAMI galaxies and

the model galaxies, using their stellar mass as an input. These are
shown by the curved lines in each panel. Logistic regression uses the
logistic function to model the binary outcome of whether a galaxy is
still star-forming or quenched, and is simply another way to compare
the quenched fractions as a function of mass between the model
and the data. Both the binned fractions and logistic curves show
that the model and the data agree well, although our model does
slightly underpredict the fraction of galaxies which are quenched at
log10 (M∗/M�)> 10.5.

4.3.1 Comparison with previous work

Anumber of previous studies have investigated quenching on popula-
tions of galaxies based on their evolution in M∗ and A4. These studies
tend to fall into two categories: those which have galaxies evolving in
the mass size plane before quenching at fixed velocity dispersion (or
equivalently, gravitational potential, M∗/A4), and those which find
that galaxies quench at fixed surface density (M∗/A24). van der Wel
et al. (2009), Cappellari et al. (2013), van Dokkum et al. (2015) and
Haines et al. (2017) can be broadly grouped into the former category,
whilst Barro et al. (2017) and Tacchella et al. (2015) belong to the
latter.
Chen et al. (2020) take this area modelling one step further and

consider the evolution of galaxies in the four dimensional space of
central surface density (Σ1), M∗, A4 and central black hole mass, M•.
Their work used a straight lines in the Σ1-M∗ plane which evolves
with redshift as a quenching boundary, which they translated to the
mass-size plane using the Seŕsic indices of quiescent galaxies. Their
key insight is showing that this quenching boundary in the Σ1-M∗
plane can be related to the total energy deposited into the galaxy halo
by the central black hole. Using such a model, Chen et al. (2020)
recover an impressive number of correlations and properties of the
galaxy population in the local Universe.

This study is the first to include stellar metallicity in a quenching
model based on mass and size. In contrast to previous studies, we
choose to use two different quenching boundaries in the mass-size
plane: one at fixed gravitational potential and one at fixed surface
density.

Using a boundary at fixed gravitational potential alone is unsatis-
factory, since it tends to lead to a hard vertical line dividing quenched
and star-forming galaxies in the [Z/H]-Φ plane. This is not observed
in the data, where there is a small overlap between the two popu-
lations at Φ ≈ 10.2. We also find that a fixed Φ boundary leads to
a steep slope in the [Z/H]-M∗ plane for the quiescent galaxies, as
well as too few quenched galaxies at low mass. This last point means
that the quenched fractions as a function of mass in Figure 6 are
not a good match. On the other hand, however, solely quenching as
a function of surface density leads to too many low-mass quiescent
centrals and a very flat slope in the [Z/H]-M∗ plane. We therefore
use a combination of the two to get the best match to our central-only
sample.

We should stress that this exercise is designed to show that a sen-
sible model using instantaneous quenching can be used to model
galaxies in the [Z/H]-M∗ plane, and to show that modelling stellar
metallicities in this way can be accomplished by using the relation-
ship between [Z/H] and gravitational potential. We do not aim to
conclude that our quenching boundaries in Figure 4 supersede all
others, or that this parameterisation of quenching should be taken
as exactly what happens in the Universe. It is clear that the parame-
ter space of possible such quenching models is very large, with the
possibility of including time varying quenching boundaries, different
functional forms of quenching probability (e.g. see Peng et al. 2010
and Lilly & Carollo 2016) and/or the inclusion of galaxy mergers
and environmental-based quenching. Expanding our simple model
in these ways is a topic for future work.

4.3.2 Implications

We find that our simple model of galaxy quenching which depends
on both the mass and size of a galaxy can recover the difference
in metallicity between star-forming and quiescent galaxies at fixed
mass, implying that such a difference alone cannot be used as evi-
dence of slow quenching processes. This is not to say that processes
which remove a galaxy’s halo of metal-poor gas are not important
quenching pathways; evidence for disk strangulation (and its more
extreme variant ram-pressure stripping) has been found in the local
Universe (e.g. Poggianti et al. 2017; Owers et al. 2019), at higher
redshifts (e.g. Maier et al. 2016, 2019; Vaughan et al. 2020) and in
simulations (e.g. De Rossi et al. 2015).

Our model also implies that merging processes are not necessarily
important in setting the slopes of the mass-size, [Z/H]-M∗ and [Z/H]-
Φ relations, since we recover these in a model that does not contain
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Figure 6. The quenched fraction of galaxies in our toy model of quenching (left) and our sample of SAMI centrals (middle). We show whether galaxies are
passive (red points, plotted at a H value around 1) or star-forming (blue points, at a H value around 0.0) as a function of their stellar mass. The points have had a
small random jitter added such that they don’t all lie on top of one another. Black points with error bars show the quenched fraction of galaxies in each bin of
stellar mass. The curved lines show logistic regression fits to the same data. The right panel compares the logistic regression fits for the SAMI centrals (red) and
the model galaxies (blue), showing the good agreement between the two.
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them. We do see a small differences in the intercept of the mass-
size plane for quiescent galaxies, with our model containing objects
which are ≈0.05 dex too small for their mass. Mergers would act to
move objects towards the upper right of the mass-size plane, helping
to close this gap.
The fact that our toy model of galaxy evolution recovers a number

of important results without major mergers is perhaps not too sur-
prising, since simulations have suggested that the rate of growth due
to major mergers (mass ratio greater than 1:10) contribute only 20%
of a galaxy’s overall mass growth (Wang et al. 2011; L’Huillier et al.
2012). Whilst major mergers are more important in high-density en-
vironments, it is clear that accreting gas from the cosmic web is the
predominant fuel source for most galaxies in the Universe.

5 CONCLUSIONS

This work builds on the studies of Barone et al. (2018), D’Eugenio
et al. (2018) and Barone et al. (2020) by investigating the corre-
lation between stellar metallicity ([Z/H]) and gravitational poten-
tial (Φ, derived from the photometric quantities M∗ and A4) for
a homogeneously-observed sample of galaxies. We use the SAMI
galaxy survey to measure central metallicity values for 1902 galax-
ies which also have robust stellar mass, half-light radius and star-
formation rate measurements, and build a simply toymodel of galaxy
evolution which has galaxies evolving in mass, size and [Z/H] to ex-
plain our findings. Galaxies in this model have a probability ?@
to undergo nearly instantaneous quenching (from main-sequence to
fully passive in under 100 Myrs).
Our findings are as follows:

(i) We recover the well-known offset between the metallicity of
star-forming and quiescent galaxies at fixed mass, with our results in
very good agreement with the previous work of Peng et al. (2015)
and Trussler et al. (2020).
(ii) We show for the first time that star-forming, passive and inter-

mediate ("green valley") galaxies lie on the same [Z/H]-Φ relation,
with passive galaxies preferentially being found at larger values of
Φ.
(iii) The ability to predict [Z/H] from purely photometric quanti-

ties to an accuracy of 0.15 dex may be useful for large photometric

surveys, providing an avenue to estimate stellar metallicities without
spectroscopic observations.

(iv) We make the assumption that the slope of the [Z/H]-M∗ and
[Z/H]-Φ relations do not evolve with redshift and show that the
gradients of the [Z/H]-M∗ and [Z/H]-Φ relations imply a relationship
between the rate of change of a galaxy’s stellar mass with respect to
its size. This relationship closely matches the slope of the mass-size
plane for star-forming galaxies, but is a factor of ≈ 2 too shallow for
passive galaxies. We take this as implying that star-forming galaxies
evolve along the mass-size, [Z/H]-M∗ and [Z/H]-Φ relations whilst
accreting gas and forming new stars, but that the evolution of mass
and size for quiescent galaxies is decoupled from their evolution in
[Z/H].

(v) In our toy model of galaxy evolution, choosing a quenching
probability which depends on a galaxy’s mass and size allows us
to quantitatively recover the slope of the [Z/H]-M∗, [Z/H]-Φ and
mass-size relations for our sample, as well as account for the offset in
metallicity between star-forming and passive galaxies at fixed mass.
We therefore conclude that this offset is not necessarily the result of
slow quenching, in contrast to the studies of Peng et al. (2015) and
Trussler et al. (2020).

This study adds to the collection of work which shows the im-
portance of accounting for galaxy size when investigating stellar
populations, and not only considering stellar mass. Future work to
investigate the [Z/H]-Φrelation of galaxies at higher redshifts (e.g
in the forthcoming MAGPI survey; Foster et al. 2020), as well as in
nearby low-mass galaxies and in cosmological simulations, will be
invaluable to understand how fundamental it is to the evolution of
galaxies in the Universe.
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