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ABSTRACT
We investigate the mass–metallicity relations for the gaseous (MZRgas) and stellar components
(MZRstar) of local star-forming galaxies based on a representative sample from Sloan Digital
Sky Survey Data Release 12. The mass-weighted average stellar metallicities are systematically
lower than the gas metallicities. This difference in metallicity increases towards galaxies with
lower masses and reaches 0.4–0.8 dex at 109 M� (depending on the gas metallicity calibration).
As a result, the MZRstar is much steeper than the MZRgas. The much lower metallicities in
stars compared to the gas in low-mass galaxies imply dramatic metallicity evolution with
suppressed metal enrichment at early times. The aim of this paper is to explain the observed
large difference in gas and stellar metallicity and to infer the origin of the mass–metallicity
relations. To this end we develop a galactic chemical evolution model accounting for star
formation, gas inflow and outflow. By combining the observed mass–metallicity relation for
both gas and stellar components to constrain the models, we find that only two scenarios are
able to reproduce the observations. Either strong metal outflow or a steep initial mass function
(IMF) slope at early epochs of galaxy evolution is needed. Based on these two scenarios, for
the first time we successfully reproduce the observed MZRgas and MZRstar simultaneously,
together with other independent observational constraints in the local Universe. Our model
also naturally reproduces the flattening of the MZRgas at the high-mass end leaving the MZRstar

intact, as seen in observational data.

Key words: galaxies: evolution – galaxies: fundamental parameters – galaxies: star forma-
tion – galaxies: stellar content.

1 IN T RO D U C T I O N

Metallicity is a key parameter for understanding galaxy evolution
as it plays an important role in many fundamental galactic physical
processes, such as star formation, gas cooling and collapse, stellar
evolution and dust formation. To measure the metal abundance of
various astrophysical objects, different techniques are proposed. A
widely used metallicity proxy is oxygen abundance measured from
emission lines in star-forming regions of galaxies. Since oxygen is
the most abundant heavy element, the oxygen abundance is a good
approximation to the total metal abundance. For non-star-forming
regions without emission lines in the spectra, absorption lines and
stellar population models are employed. Generally, the metallicity
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obtained from emission lines refers to the gas component, while the
metallicity determined from stellar continuum and absorption line
fitting refers to the stellar component.

A correlation between the stellar mass (or luminosity) and
gas metallicity of star-forming galaxies was found decades ago
(Lequeux et al. 1979) according to which massive galaxies have
higher gas metallicities. Later studies (e.g. Tremonti et al. 2004;
Kewley & Ellison 2008) have confirmed this relation with large
galaxy samples from the Sloan Digital Sky Survey (SDSS; York
et al. 2000). Besides the dependence on stellar mass, other studies
have found further dependences of gas metallicity on other physi-
cal properties at a given mass, such as specific star formation rate
(sSFR; Ellison et al. 2008), star formation rate (SFR; Lara-López
et al. 2010; Mannucci et al. 2010; Andrews & Martini 2013) and
stellar age (Lian et al. 2015). These higher dimensional relations
could provide additional constraints to the processes that regulate
the metal enrichment in galaxies. In addition to gas metallicity,
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also the stellar metallicity of galaxies is found to correlate with the
stellar mass (e.g. Gallazzi et al. 2005; Panter et al. 2008; Thomas
et al. 2010), suggesting the mass–metallicity relation (MZR) already
existed at early epochs of galaxy evolution (Savaglio et al. 2005; Erb
et al. 2006; Maiolino et al. 2008; Yuan, Kewley & Richard 2013).

The MZR is one of the most important global scaling relations
of galaxies that sets strong constraints on models of galaxy for-
mation and evolution. Although the mass–metallicity relation for
gas (MZRgas) and stars (MZRstar) have been observationally estab-
lished for a long time, their physical drivers are still under debate.
Many explanations have been proposed. One explanation for the
MZRgas is metal-enriched gas outflow induced by supernova explo-
sions (Larson 1974; Tremonti et al. 2004; Kobayashi, Springel &
White 2007; Scannapieco et al. 2008). Galaxies of lower masses are
expected to be more efficient in removing the freshly enriched gas
owing to the shallower gravitational potential well. Alternatively,
a dilution effect caused by metal-poor gas inflow could also po-
tentially decrease metallicities at the low-mass end of the MZRgas

(Dalcanton, Yoachim & Bernstein 2004; Davé et al. 2010), as-
suming a longer time-scale for the inflow in lower mass galaxies.
Another possibility is a mass-dependent star formation efficiency
(SFE; Brooks et al. 2007; Calura et al. 2009). In this scenario,
more massive galaxies are more efficient in converting their gas
reservoirs into stars that results in lower gas-to-stellar mass ratios
and higher metal abundance. Based on a chemical evolution model,
Calura et al. (2009) found that the MZRgas could be naturally repro-
duced by a lower SFE in less massive galaxies. Lastly, variations
in the initial mass function (IMF) are proposed as another possible
factor that could play a role in establishing the MZRgas (Köppen,
Weidner & Kroupa 2007). This plethora of different explanations
with various mass-dependent galaxy properties for the MZRgas sug-
gests the presence of degeneracies between the parameters that
regulate metal enrichment in the interstellar medium (ISM) of star-
forming galaxies.

Most studies on chemical enrichment in galaxies focus on the gas
and stellar metallicities separately. However, the simultaneous study
of both sets stringent constraints on galaxy chemical evolution.
The stellar metallicity carries information about the early epochs of
chemical enrichment in galaxies, while gas metallicity reflects more
recent evolutionary processes. The degeneracy between the driving
parameters of the MZR can therefore be broken by studying gas and
stellar metallicity simultaneously. In general, average stellar metal-
licities in galaxies are found to be lower than gas metallicities at all
masses, with the largest discrepancy at low mass (González Del-
gado et al. 2014). Recent attempts to explain this discrepancy have
failed. Using the semi-analytic model L-GALAXIES, combined with
a state-of-the-art galactic chemical evolution model, Yates, Kauff-
mann & Guo (2012) were able to reproduce the MZRgas of local
star-forming galaxies but predicted a stellar metallicity significantly
higher than the observation. De Rossi et al. (2017) found similar
results based on a high-resolution cosmological hydrodynamical
simulation of EAGLE. Clearly, the challenge is to reproduce the rela-
tively low average stellar metallicity at a given gas metallicity.

Prompted by this challenge, we construct a simple galactic chem-
ical evolution model. To better understand the role played by the
various processes in the metal enrichment history of galaxies, we
are looking for scenarios that reproduce the MZRgas and the MZRstar

simultaneously. The paper is organized as follows. In Section 2 we
introduce the sample selection and determination of gas and stellar
metallicity in galaxies from the SDSS. Then we explain the ingre-
dients of the chemical evolution model and extensively explore its
parameter space in Section 3. In Section 4 we show the finely tuned

models that match the observation. We also give a discussion in
Section 5 and a final summary in Section 6. Throughout this paper,
we adopt the cosmological parameters with H0 = 70 km s−1 Mpc−1,
�� = 0.70 and �m = 0.30.

2 O B S E RVAT I O NA L DATA

2.1 Sample selection

We select a sample of local star-forming galaxies from the SDSS
Data Release 121 (DR12; Alam et al. 2015) with the following cri-
teria: (1) reliable stellar mass measurements and M∗ > 109 M�;
(2) redshift range of 0.02 ≤ z ≤ 0.05 to ensure mass complete-
ness; (3) high sSFR, log(sSFR) > −0.6 log(M∗/M�) − 4.9, in or-
der to select star-forming galaxies; (4) signal-to-noise ratio (SNR)
of strong emission lines (including H β, [O III] λλ4959, 5007, Hα,
[N II] λ6584) above 5; (5) not classified as composite or active galac-
tic nuclei (AGN) objects by the demarcation of Kewley et al. (2001)
in the BPT diagram (Baldwin, Phillips & Terlevich 1981). To quan-
tify the robustness of the mass estimate, we use the difference
between the 84th and 16th percentiles of the stellar mass estimate
as the error and require the error to be less than 0.3 dex. Galaxies
with stellar mass below 109 M� usually show relatively low qual-
ity in the continuum of their SDSS spectra. It is more difficult to
reliably derive the stellar metallicity from the spectra continuum
with low SNR. The mass cut at 109 is empirical but the result will
not change significantly if we adopt a different mass cut. The final
sample consists of 4633 galaxies.

Fig. 1 shows the galaxy distribution in the mass versus sSFR
diagram (left-hand panel) and mass versus u − i colour diagram
(right-hand panel). Black data points represent SDSS galaxies with
0.02 < z < 0.05 and M∗ > 109 M�, while the blue points are the
galaxies selected here. The dashed line indicates the sSFR criteria
for star-forming galaxies that are designed to best separate the two
main galaxy populations based on visual inspection. It can be seen
that most of the selected galaxies occupy the blue cloud star-forming
region in the mass–colour diagram, suggesting the sSFR cut for se-
lecting star-forming galaxies is robust. We also test a constant sSFR
cut and find our conclusions are independent on the details of this
selection criteria. The estimates of stellar mass and SFR are taken
from the MPA-JHU value-added catalogue (Kauffmann et al. 2003;
Brinchmann et al. 2004) named ‘galSpecExtra’ in SDSS DR12. A
Kroupa IMF (Kroupa 2001) is assumed in deriving the mass and
SFR. We use the emission line measurements from the catalogue
named ‘galSpecLine’ in SDSS DR12 that are derived by MPA-
JHU spectroscopic reanalysis described in Tremonti et al. (2004)
and Brinchmann et al. (2004). Stellar absorption has been taken
into account in measuring the emission line fluxes by fitting the
spectra continuum with a stellar population model. We correct for
the galactic internal extinction using the Balmer decrement method
and adopting the Milky Way extinction law (Cardelli, Clayton &
Mathis 1989).

2.2 Metallicity determination

2.2.1 Gas metallicity

There are many methods proposed to determine the gas metallic-
ity of emission line galaxies (Kewley & Ellison 2008; Maiolino

1 http://www.sdss.org/dr12/
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Origin of MZ relation in SF galaxies 1145

Figure 1. Galaxy distribution in mass versus sSFR (left-hand panel) and mass versus u − i colour diagram (right-hand panel). Black data points represent
SDSS galaxies with 0.02 < z < 0.05 and M∗ > 109 M�, and blue points are the galaxies selected here. The dashed line indicates the sSFR criteria used to
select star-forming galaxies.

et al. 2008). Among them, the so-called ‘Te’ method is consid-
ered to be one of the most reliable methods. To obtain the elec-
tron temperature, two excitation lines of the same ion are needed.
The most widely used pair of excitation lines are [O III] λ4363
and [O III] λ5007. However, the [O III] λ4363 line is usually weak,
hence a number of empirical methods calibrated to the Te method
have been proposed. These empirical methods use a single or
a combination of strong emission line ratios for the calibra-
tion. Some of the most widely used ones are the ‘N2 method’
([N II] λ6584/Hα; Pettini & Pagel 2004), the ‘O3N2 method’
(([O III] λ5007/H β)/([N II] λ6584/Hα); Pettini & Pagel 2004) and
the ‘R23 method’ (([O II] λ3727+[O III] λλ4959, 5007)/H β; Pilyu-
gin & Thuan 2005). Rather than calibrating to the metallicity deter-
mined by the Te method, some other studies use similar emission
line ratios but calibrate to the theoretical photoionization model
(McGaugh 1991; Kewley & Dopita 2002; Kobulnicky & Kew-
ley 2004). Large discrepancies of up to 0.7 dex have been found
between the derived metallicities by different calibrations (Shi
et al. 2005; Kewley & Ellison 2008). The physical origin of this
discrepancy is still not fully understood. In this work, consider-
ing the large discrepancy in different gas metallicity calibrations,
we adopt the empirical ‘N2’ method calibrated by Pettini & Pagel
(2004) and the theoretical ‘R23 method’ calibrated by Kobulnicky
& Kewley (2004) to derive the gas metallicity. The empirical N2
method is only valid for −2.5 < log([N II] λ6584/Hα) < −0.3. We
have also tested another empirical gas metallicity calibrator ‘O3N2’
from Pettini & Pagel (2004), and most of our results derived from the
N2 method are also valid when using the O3N2 method. It is worth
noting that, according to the comparison of these gas metallicity
calibrations in Kewley & Ellison (2008), the empirical N2 calibra-
tion gives almost the lowest estimate of gas metallicity, while the
theoretical R23 method gives the highest estimate.

Fig. 2 shows the distribution of star-forming galaxies selected in
Section 2.1 in the mass versus gas metallicity diagram. The MZRgas

from the empirical N2 and the theoretical R23 methods is shown
in cyan and blue colours, respectively. The light shaded regions in-
dicate the 16th–84th percentiles of the distributions, while the dark
shaded regions represent the error of the median value at a given
mass. To compare with the literature, we include the MZRgas of
local star-forming galaxies compiled by Kewley & Ellison (2008)

Figure 2. Mass–metallicity relation for the gaseous component of local
star-forming galaxies with gas metallicity determined by various methods.
The green dotted line represents the MZRgas from the empirical N2 method
by Pettini & Pagel (2004), while the blue solid line indicates the relation
from the theoretical R23 method by Kobulnicky & Kewley (2004). Light
shaded regions indicate the 16th–84th percentiles of the distributions, while
dark shaded regions represent the error of median metallicity at a given
mass. The same relations in the literature compiled by Kewley & Ellison
(2008) are included with gas metallicity calibrations from Tremonti et al.
(2004) (T04) and Pettini & Pagel (2004) (O3N2-PP04).

that use the empirical O3N2 methods from Pettini & Pagel (2004)
and the theoretical method from Tremonti et al. (2004). It can be
seen that the empirical methods give a much lower metallicity than
the theoretical methods. The empirical N2 method and theoretical
R23 method give the lowest and highest metallicity values, respec-
tively. We can also see that the trend of more massive galaxies
having higher gas metallicity is independent of the metallicity de-
termination method. It is interesting to note that the MZRgas flattens
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Figure 3. Mass–metallicity relation for the stellar component of local star-
forming galaxies selected as detailed in Section 2.1. Similar to Fig. 2,
the solid line and light shaded region indicate the median and 16th–84th
percentile of the mass-weighted stellar metallicities, respectively. The dark
shaded region shows the 1σ error of median stellar metallicity in each mass
bin. The green dashed line represents the light-weighted MZRstar. Black
dash–dotted line denotes the MZRstar of star-forming galaxies derived by
Peng et al. (2015).

at M∗ > 1010 M�. This is true for all metallicity determination
methods (see fig. 2 in Kewley & Ellison 2008).

2.2.2 Stellar metallicity

Stellar metallicity is an important observable as it carries informa-
tion about the early chemical enrichment history of galaxies and
provides additional constraints on the chemical evolution model.
Also the stellar metallicity of a galaxy is a difficult measurement to
make, because of the well-known degeneracy between age, metal-
licity and dust when analysing galaxy spectra. Yet, modern ad-
vancements in stellar population modelling and improvements in
the quality of observational data have led to significant progress
in the analysis of stellar population parameters, allowing robust
measurements of metallicity to be obtained for large statistical sam-
ples. In this work, we use the full spectral fitting code FIREFLY
(Wilkinson et al. 2015, 2017; Goddard et al. 2017) and the stel-
lar population models of Maraston & Strömbäck (2011), with a
Kroupa IMF (Kroupa 2001) to derive stellar metallicity. FIRE-
FLY uses a χ2 minimization technique to fit single stellar popu-
lation (SSP) models to an input galaxy spectrum. The code uses
an iterative algorithm to combine arbitrarily weighted linear com-
binations of SSPs, in order to find the best-fitting model given
the data and employs minimal priors, allowing maximal explo-
ration of the parameter space. This has been shown to be a good
way to accurately recover the properties of galaxies. The velocity
dispersions needed as input to FIREFLY are adopted from the MPA-
JHU catalogue, which are in good agreement with the measurements
by Thomas et al. (2013). We adopt the mass-weighted mean stel-
lar metallicity as obtained from FIREFLY. The other outputs of
FIREFLY, such as stellar mass, are also consistent with literature
(Wilkinson et al. 2015).

Fig. 3 shows the MZRstar of our sample and comparison with the
literature. Similar to Fig. 2, the light red shaded region indicates
the 16th–84th percentile of mass-weighted stellar metallicity, while
the dark red shaded region represents the error of median stellar
metallicity in each mass bin. The green dashed line represents the
light-weighted MZRstar for comparison. Light-weighted metallici-
ties are generally higher than mass-weighted metallicities, as young
populations tend to be more metal rich in the composite populations
derived by FIREFLY (see also Goddard et al. 2017). For compar-
ison, we also include the MZRstar of star-forming galaxies raised
by Peng, Maiolino & Cochrane (2015) where the metallicity mea-
surements were taken from Gallazzi et al. (2005). It can be seen
that the MZRstar derived by FIREFLY is in good agreement with
the relation in Peng et al. (2015). In a related study we present the
direct comparison with literature metallicity measurements for the
full galaxy population and find a good agreement of the MZRstar

using FIREFLY (Goddard et al., in preparation).
Similar to the gas metallicity, we find a positive correlation

between stellar metallicity and galaxy mass, with more massive
galaxies having higher stellar metallicity on average, albeit some
considerable scatter as shown in Fig. 3. A similar MZRstar has
been found for local galaxy population including passive galax-
ies (Gallazzi et al. 2005; Panter et al. 2008; Thomas et al. 2010;
Johansson, Thomas & Maraston 2012) using early released SDSS
data. Relevant for the present study, it turns out that the mass-
weighted MZRstar is much steeper than the MZRgas. Since light-
weighted stellar metallicity reflects the last stellar generations, it
is flatter with mass and closer to the gas metallicity compared to
the stellar-weighted stellar metallicity. This agrees with the find-
ing by González Delgado et al. (2014) from Calar Alto Legacy
Integral Field Area (CALIFA) Integral Field Unit (IFU) survey
that the metallicities of the younger populations are higher and
match the gas metallicity. Since the chemical evolution model pre-
dicts the intrinsic and not light-weighted metallicity, we shall use
the mass-weighted determinations.

2.3 Gas and stellar metallicity comparison

In Fig. 4 we directly compare the gas metallicity measured by the N2
and R23 methods with the mass-weighted stellar metallicity. To en-
able a direct comparison between gas and stellar metallicity, we nor-
malize the gas oxygen abundance to solar oxygen abundance. Since
the stellar metallicity derived by FIREFLY is calibrated based on a
solar metal abundance of 0.02, for a fair comparison, we adopt the
corresponding solar oxygen abundance of 12 + log (O/H) = 8.83
(Anders & Grevesse 1989). Adopting the updated solar metallicity
and oxygen abundance from Asplund et al. (2009) will enhance both
the gas and stellar metallicity by ∼0.14 dex. Therefore the relative
difference between the gas and stellar metallicity, from which our
main result is derived, is not significantly affected by the absolute
value of solar abundance.

It should be noted that the gas and stellar metallicity are both
measured from the SDSS fibre spectra that typically cover the cen-
tral region of nearby galaxies. The two metallicity measurements
are comparable since they reflect the properties of the same region
of galaxies, but they may not represent the integrated properties
of galaxies. As star-forming galaxies usually show a negative gra-
dient in both gas and stellar metallicity (Lian et al., in prepara-
tion), correcting the aperture effect will end with slightly lower gas
and stellar metallicity measurements. Since the stellar metallicity
gradient is typically steeper in more massive galaxies, the correc-
tion effect will be more significant in stellar metallicity of massive
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Figure 4. Comparison between the gas and stellar metallicity of local star-forming galaxies (see Section 2.1 for details on the selection). Gas metallicities
derived by the N2 and R23 methods are shown as cyan and blue colour, respectively. The mass-weighted MZRstar is shown in red colour. The light shaded
regions indicate the 16th and 84th percentiles, while dark shaded regions represent the error of median metallicity.

star-forming galaxies. As a result, the aperture-corrected MZRstar is
expected to be flatter than the MZRstar directly derived from fibre
spectra. To quantitatively determine the aperture effect and study
the spatial distribution of gas and stellar metallicity of galaxies, one
need to use integral field spectroscopy data that is the subject of our
next paper in preparation.

From the comparison we can see that star-forming galaxies usu-
ally have higher metallicities in the ISM compared to what is locked
in stars, which is consistent with the result from CALIFA (González
Delgado et al. 2014). Also, it is interesting to note that this differ-
ence is mass dependent, changing from 0.8 dex (0.4 dex) at 109 M�
to 0.4 dex (0 dex) at 1011 M� based on gas metallicities derived by
the R23 (N2) method. In other words, the MZRstar of star-forming
galaxies is much steeper than the MZRgas. The gas metallicity de-
rived through the N2 method is systematically lower than the light-
weighted stellar metallicity by ∼0.1 dex. Since the metal enrichment
history of galaxies is generally monotonous, it is natural to find a
higher metallicity in the ISM than in the stars. Therefore, this oppo-
site pattern found here when adopting the N2 method to derive gas
metallicity suggests that the N2 method possibly underestimates the
intrinsic metallicity in gas of star-forming galaxies.

Generally, the stellar metallicity carries information about the
early epochs of chemical enrichment in galaxies, while the gas
metallicity reflects more recent evolutionary processes. Therefore,
a much higher metallicity in the ISM than in stars implies a dra-

matic metallicity evolution with extremely low metallicity at the
early evolutionary epochs of galaxies, i.e. metal enrichment at early
epochs must be substantially suppressed. The mass dependence of
the difference between gas and stellar metallicity suggests that this
metallicity evolution is also mass dependent and strongest in the
lowest mass galaxies.

The trend of gas metallicity with stellar mass has been reproduced
by semi-analytical galaxy evolution models (e.g. Calura et al. 2009;
Yates et al. 2012) and hydrodynamical simulations (Guo et al. 2016;
De Rossi et al. 2017). However, the MZRstar predicted by these
models does not match the observed relation. The models gener-
ally overestimate stellar metallicities, and predict a flatter slope
for the MZRstar than is observed. In the next section, we will ex-
plore possible physical scenarios that can explain the gas and mass-
weighted stellar metallicity in star-forming galaxies using a full
galactic chemical evolution model.

3 C H E M I C A L E VO L U T I O N MO D E L

3.1 Model ingredients

3.1.1 Gas content

The chemical evolution of a galaxy is closely related to the evolution
of its gas content, which is driven by many fundamental processes,
including gas accretion from the halo, gas outflow through feedback
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and galaxy internal star formation activity. The time evolution of
the gas content in a galaxy can be described by the following basic
equation (Tinsley et al. 1980):

Ṁg = −ψ + Ṁej,g + Ṁ inf − Ṁout. (1)

Here ψ is the SFR and Ṁej,g denotes the mass ejection from inter-
mediate and massive stars back into the ISM. The last two variables
represent the inflow and outflow rates.

In the present study we adopt a single inflow process with an in-
flow rate declining exponentially with cosmic time. Two parameters
are needed to describe this inflow rate: the initial strength Ainf and
the declining time-scale τ inf. To parametrize the galactic outflow in
the model, we define a quantity fout that represents the mass fraction
of stellar ejecta that are expelled from the galaxy. No interaction
of the outflow with the ISM in the galaxy is assumed. Very high
resolution simulations show that heated particles are enriched (Mac
Low & Ferrara 1999; Creasey, Theuns & Bower 2015), this result
qualitatively agrees with the metal-enriched outflows assumed in
our models.

The SFR of a galaxy was found to be proportional to its gas con-
tent leading to a universal star formation law. A widely applied star
formation law is the ‘Kennicutt–Schmidt (KS) law’ calibrated by
Kennicutt (1998) between the surface densities of the SFR and the
gas as

∑
SFR = Aks (

∑
gas /M� pc−2)nks M� yr−1 kpc−2. Aks rep-

resents the KS law coefficient that is found to be 2.5 × 10−4 in
Kennicutt (1998). For the sake of simplicity, the parameter Aks in
our model is scaled to the original value of 2.5 × 10−4. The param-
eter nks denotes the exponent of the KS law that is 1.4 in Kennicutt
(1998). To better understand the role played by the star formation
law in the chemical evolution model, we allow both the coefficient
and power-law index to vary in the model. We adopt a constant
effective radius of 5 kpc for galaxies of different masses in order to
calculate the surface density from integrated properties. Adopting
a different size will affect the derived surface density of gas and
thus the SFE that could also be tuned by the initial inflow strength,
coefficient of KS law. Therefore, we fix the size of galaxies in the
model to minimize the number of model parameters. With the de-
scription of gas inflow, gas outflow and SFR, we are able to predict
the final galaxy stellar mass for a given initial inflow strength. The
star formation history of the model galaxy then follows from the
above equation. Hence, the final stellar mass of a model galaxy is
mainly determined by the initial inflow strength Ainf and further
regulated by the inflow time-scale τ inf. Higher galaxy masses are
generally obtained through higher values for the parameter Ainf.

3.1.2 Metal abundance

Non-primordial elements are synthesized during the life cycle of
stars and ejected at the late stages of stellar evolution through stellar
winds, planetary nebulae (PN) or supernova (SN), depending on the
mass of the star on the main sequence. Similar to the gas content, the
equation for the time evolution of each metal element, after applying
our definition of outflow, can be written as (Tinsley et al. 1980)

Ṁi = −ψ Zi + Ṁej,i + Ṁ inf Zinf,i − fout Ṁej,i . (2)

Here Zi denotes the abundance of element i in the ISM, while Zinf,i

denotes the abundance in the gas inflow. We assume pristine gas
inflow and set Zin,i to be 0. Ṁej,i represents the mass ejection rate of
element i from stars, and fout represents the mass fraction of stellar
ejecta that will be driven out of the galaxy by galactic outflows.

In this work we consider metal production by asymptotic giant
branch (AGB) winds, Type II and Type Ia supernova (SN-II and

SN-Ia). Following the prescriptions given by Tinsley et al. (1980),
the mass ejection rate of element i by these processes is

Ṁej,i(t) =
∫ 7 M�

0.85 M�
MAGB

i (M,Z0)ψ(t − τM )φ(M)dM

+ A′k
∫ τ0.85 M�

τ8 M�
M Ia

i ψ(t − τ )DTD(τ )dτ

+ (1 − A)
∫ 16 M�

7 M�
M II

i (M,Z0)ψ(t − τM )φ(M)dM

+
∫ Mmax

16 M�
M II

i (M,Z0)ψ(t − τM )φ(M)dM. (3)

The first term accounts for the mass ejected by AGB stars, while
the second term denotes the contribution of SN-Ia with an analytic
delay-time distribution (DTD) adopted from Maoz, Mannucci &
Brandt (2012). The coefficient A represents the percentage of stars
in the mass range 3–16 M� that end their lives with SN-Ia. We
adopt a value of 0.028 for A that is similar to that commonly used in
the literature (Greggio 2005; Arrigoni et al. 2010). The other coef-
ficient A′ is slightly different from A, representing the percentage of
stars at full mass range that are SN-Ia progenitors. These two coef-
ficients are related by A′ = A f3–16 (Arrigoni et al. 2010), where f3–16

represents the number fraction of stars that have masses between
3 and 16 M�. The coefficient k in the second term represents the
number of stars of a 1 M� SSP. The third and fourth term describe
the mass ejected by SN-II after subtracting those stars ending in
SN-Ia. The mass loss from these stellar objects is assumed to be
ejected at the end of the lifetimes of the stars. The lifetime table
for different masses of stars based on stellar tracks of the Padua
library is taken from Portinari, Chiosi & Bressan (1998). For the
IMF, we adopt a bimodal function with different slopes at low and
high stellar masses:

φ(M) =
{

aM−α1
∗ if M∗ < 0.5 M�,

bM−α2
∗ if M∗ > 0.5 M�.

The slopes at the low (α1) and the high (α2) mass ends are set
to be free parameters in the model. The fiducial values of α1 and
α2 are 1.3 and 2.3 according to the Kroupa IMF (Kroupa 2001),
respectively. An IMF with α1 > 1.3 is usually called bottom-heavy,
while an IMF with α2 > 2.3 is called a top-light.

It should be noted that the mass ejection in equation (2) includes
the unprocessed metals and the newly synthesized metals. The for-
mer component is the metals that were locked into the progenitor
star when it formed and therefore are related to the metallicity at
the moment of formation. The latter component indicates the metals
synthesized during the lifetime of the star commonly known as the
effective yield. For AGB winds, we take the metallicity-dependent
effective yield table calculated by Ventura et al. (2013) and calculate
unprocessed metals according to the metallicity when the progeni-
tor of an AGB star is formed. We also test the model with alternative
AGB yields by Marigo (2001). We could verify that the difference
in AGB yields does not affect the model results significantly, since
SN-II ejecta dominate the metal enrichment at most times. For SN-
II, we adopt the metallicity-dependent total mass ejection proposed
by Portinari et al. (1998) who utilized the SN nucleosynthesis model
by Woosley & Weaver (1995). The unprocessed metals are already
included using the metallicity of the grid. The yields of individ-
ual elements by SN depend strongly on nucleosynthesis models
(Thomas, Greggio & Bender 1998, 1999), but this dependence is
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less relevant for the total metallicity discussed here. For SN-Ia, we
adopt the widely used spherically symmetric ‘W7’ models with the
yield tabulated by Iwamoto et al. (1999). Unlike the AGB winds
and SN-II, the yield of SN-Ia is independent of the initial mass
and metallicity of the progenitor star. The mass ejected by SN-Ia
is a constant of 1.3 M�. Because of the uncertainties of the nature
of SN-Ia progenitors (Greggio 2005), many empirical DTDs are
proposed to match the observed SN-Ia rates (Strolger et al. 2004;
Matteucci et al. 2006; Maoz et al. 2012). In this work, we adopt the
power-law DTD proposed by Maoz et al. (2012). To account for a
possible time delay in the mixing of stellar ejecta with the ISM, we
introduce a further parameter tdelay.

To summarize, we have eight free parameters in our chemical
evolution model.

(i) The coefficient and exponent of the KS law, Aks and nks.
(ii) The initial inflow strength, Ainf and its declining time-scale

τ inf.
(iii) The outflow fraction fout.
(iv) The IMF slope at the low-mass and high-mass ends, α1 and

α2.
(v) The time delay for the metal mixing tdelay.

We assume that only stellar ejecta leave the galaxy in the outflow
without interaction with the ISM of the galaxy. Since the metallic-
ity of the stellar ejecta is usually much higher than the metallicity
of the ISM, allowing other gas in the ISM leave the galaxy will
not significantly enhance the effectiveness of suppressing the metal
enrichment by the outflow. Considering the kinematic energy in
the AGB winds, it may not be adequate to allow AGB winds out
of the galaxy. We therefore also explore models with AGB winds
excluded from the outflow presented in the discussion section. In
the following subsection, we will explore the parameter space of
these parameters to understand the role they play in the chemical
evolution model. In addition, we also explore a possible time depen-
dence of these parameters in our model. As we will show later, this
time dependence turns out to be necessary to explain the dramatic
metallicity evolution observed in low-mass star-forming galaxies.

3.2 Exploring the parameter space

As we mentioned above, there are eight free parameters in our
chemical evolution model. Here we provide a brief analysis of
how these parameters affect the metal enrichment and the poten-
tial degeneracies between them. The ultimate aim is to identify
which parameter combination is likely to reproduce the discrep-
ancy in gas and stellar metallicity observed in star-forming galaxies
(Section 2.3). For simplicity, we only consider a single inflow pro-
cess as scenario for the mass assembly of star-forming galaxies.
As will be shown later, a single inflow process is adequate to ex-
plain most of the observations, such as the MZR and the mass–SFR
(main sequence) relation. Multiple inflow episodes may be needed
to reproduce more detailed structure of galaxies, such as the thick
and thin discs of the Milky Way (Chiappini, Matteucci & Gratton
1997). The time span of the model is set to be the age of the uni-
verse, 13.7 Gyr, with a grid step size of 0.1 Gyr. To compare with
the observed gas and mass-weighted stellar metallicities, we adopt
the final oxygen abundance as the model gas metallicity and the
mass-weighted metallicity of the composite stellar population at
different ages as the model stellar metallicity. The stellar mass of
an SSP component of the composite populations at any epoch is
the current mass in stars at that epoch, accounting for the loss of
massive and intermediate-mass stars due to stellar evolution.

Table 1. Parameter value of the fiducial chemical evolution model.

Aks nks Ainf τ inf fout tout α1 α2 tdelay

(M� yr−1) (Gyr) (Gyr) (Gyr)

1 1.5 3.16 10 0 0 1.3 2.3 0

A fiducial model is adopted with the parameter setting listed
in Table 1. When exploring each parameter, the other parameters
are set to be identical to the fiducial model. The fiducial model
is a typical accretion box model with KS law parameters set to
be the original value, IMF set to be bimodal Kroupa IMF and no
outflow. The final stellar mass of the fiducial model is 1010.25 M�.
The parameters are assumed to be constant with time. We will
also explore models with time-dependent parameters. In the time-
dependent model, we fix the value of the parameter at redshift 0 to
be identical to the fiducial model while setting the initial value at
the beginning as free.

3.2.1 Star formation description

The first two parameters we discuss are the coefficient (Aks) and the
exponent (nks) of the KS law. An important quantity determined by
the KS law is the SFE, i.e. the SFR per mass unit of gas. The SFE
is positively correlated to Aks and aks. Since the metal production
is directly related to the star formation activity, the metallicity of
a galaxy, i.e. the mass or number ratio between chemical elements
and gas, should be sensitive to the variation of the SFE. Therefore,
the two parameters of the KS law will affect the model metallicity
through changes of the SFE.

Fig. 5 shows the time evolution of the gas metallicity, the stellar
metallicity and the SFR for various values of Aks shown as solid
lines. The red solid line represents the predictions of the fiducial
model with the parameters listed in Table 1. It can be seen that
the difference between today’s gas and stellar metallicities in the
fiducial model is <0.1 dex, hence much smaller than what is found
in observations. In the models with high Aks, both the gas and the
stellar metallicities increase rapidly at early times and then begin to
saturate and barely change at later times. The final gas and stellar
metallicities are relatively high with no significant difference be-
tween them. In contrast, in the model with low Aks, the enrichment
of metals is suppressed with low gas and stellar metallicities. Since
with lower Aks fewer stars are formed at early times, the final stel-
lar metallicity is still close to the gas metallicity with a difference
less than 0.4 dex. This difference may be large enough to match the
lower limit of the observed metallicity difference when adopting
the gas metallicity derived through the N2 method. However, such
a low Aks (1 per cent of the original value) would imply a star forma-
tion law that deviates substantially from the KS law, which seems
contrived. Moreover, in the scenario of varying Aks, the change of
gas metallicity is similar to the stellar metallicity and it is difficult to
reproduce the distinctive dynamic range of gas metallicity (0.3 dex)
and stellar metallicity (0.8 dex) simultaneously. It is worth noting
that the final gas metallicity does not change significantly when
Aks increases from 0.1 to 1. This suggests that the gas metallicity
becomes insensitive to the variation of the SFE at high SFE.

In the time-dependent scenario we assume that Aks increases
linearly with cosmic time. The dashed lines in Fig. 5 show the
metal enrichment and star formation histories predicted by such
a time-dependent chemical evolution model. The initial value of
Aks, Aks,i, is shown in the legend. At early times, the gas and stellar
metallicities are suppressed owing to the low value of Aks. However,
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Figure 5. Evolution of gas metallicity, stellar metallicity and SFR as predicted by our chemical evolution model. Solid lines are models with a star formation
law coefficient Aks constant with time, while dashed lines are models with time-dependent Aks in which we vary the initial star formation law coefficient Aks,i.
Different colours represent the models with varying Aks and Aks,i as shown in the legend. The values of other parameters are fixed to the fiducial model of
Table 1. The red dashed line cannot be seen due to overlap with the solid red line.

Figure 6. Similar to Fig. 5 except that the varying parameter is the star formation law exponent, nks (solid; constant with time) and nks,i (dashed; time
dependent).

at late times, both the gas metallicity and the stellar metallicity
increase rapidly with the increasing Aks and reach a similar value to
the fiducial model. Although a dramatic evolution of the SFE (i.e.
a lower SFE at early times) could lead to a dramatic evolution of
metallicity (i.e. a lower metallicity at early times), the number of
stars formed at early times in low-metallicity environments will also
be dramatically reduced. This cancels the lower metallicity effect
and hence leaves the mass-weighted stellar metallicity virtually
unchanged.

Fig. 6 shows the evolution of the metallicity and the SFR predicted
by models with varying nks (solid) and varying nks,i (dashed). It
can be seen that both the metal enrichment history and the star
formation history change with varying nks and nks,i in a similar way
as with varying Aks and Aks,i (Fig. 5). This is due to the fact that Aks

and nks regulate the metal enrichment processes through the same
parameter, SFE. Similar to the models with varying Aks in Fig. 5, the
models with varying nks may be able to reproduce the metallicity
difference when adopting the gas metallicity derived through the
N2 method, but they cannot easily reproduce the dynamic range of
gas and stellar metallicities simultaneously.

3.2.2 Gas inflow

The evolution of gas metallicity, stellar metallicity and SFR as
predicted by chemical evolution models with variable initial inflow

rate Ainf and inflow time-scale τ inf is shown in Fig. 7. It turns out that
the gas and stellar metallicities increase with a higher inflow rate,
especially at early times. However, the final gas metallicity hardly
changes with Ainf increasing from 0.1 to 1 M� yr−1. This confirms
our interpretation that the variation of gas metallicity caused by a
variation in SFE is negligible when SFE is high. These features are
similar to those found in Fig. 5 with varying Aks, and Fig. 6 with
varying nks. We note that the SFE in our chemical evolution model
is actually regulated by three parameters: the star formation law
coefficient Aks, the exponent nks and the inflow rate Ainf. This is the
reason why we find similar trends of the metal enrichment history
and the star formation history with changes of these parameters. A
high degree of degeneracy between these parameters ought to be
expected in models reproducing the observed gas metallicity.

In terms of inflow time-scale, although the star formation his-
tory changes significantly with varying τ inf, the metal enrichment
history does not change significantly. With an inflow time-scale
of 1 Gyr, the model predicts a gas metallicity that is higher by
∼0.3 dex compared to the fiducial model, and a stellar metallicity
that barely changes. Nevertheless, the largest difference between
the late time gas and stellar metallicities achieved by varying τinf

is ∼0.4 dex, which barely matches the lower limit of the observed
value. Moreover, the much higher gas metallicity when adopting
a low τinf would require other extreme scenarios to match the
observation.
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Figure 7. Similar to Fig. 5 but varying initial inflow strength Ainf (solid) and time-scale (dashed).

Figure 8. Similar to Fig. 5 but varying the metal outflow fraction fout (solid) and the transition time tout (dashed).

3.2.3 Gas outflow

Fig. 8 shows the variation in metal enrichment history and star for-
mation history induced by changing the outflow fraction fout (solid
lines). Here we assume that the outflow contains all stellar ejecta,
including the material ejected by AGB winds. We will discuss the
effect of excluding the AGB winds from the outflow in the Discus-
sion section. As expected, models with a higher outflow fraction
give lower gas and stellar metallicities. However, the difference be-
tween gas and stellar metallicity remains below 0.3 dex. The star
formation history changes slightly for the different outflow frac-
tions. With higher fout, the SFR tends to be slightly lower due to
the lower gas mass resulting from the fact that less stellar ejecta are
recycled back to the ISM.

Since the star formation history changes slightly with different
fout, a dramatic evolution of the outflow fraction with strong outflow
at early times could possibly reproduce the lower stellar metallicity
relative to the gas metallicity. The dashed lines in Fig. 8 represent the
time-dependent outflow model. We use a modified linear function
to describe the time evolution of the outflow fraction as illustrated in
Fig. 9. Before a transition time point tout, the initial outflow fraction
fout,i is set to be 100 per cent. The gas and stellar metallicity are zero
during this period. After the transition at time point tout, the outflow
fraction begins to decrease linearly to the present value fout,p. It can
be seen that the gas metallicity at late epochs increases more rapidly
than the stellar metallicity. As a result, the difference between the
gas and stellar metallicity reaches 0.6 dex when tout = 6 Gyr, i.e.

Figure 9. Schematic plot to illustrate the function adopted for the time
evolution of the metal outflow fraction. The initial metal outflow fraction
fout,i, present metal outflow fraction fout,p and the transition time tout are
marked in the plot.
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Figure 10. Similar to Fig. 5 but varying the IMF slope at the low-mass end α1. Solid line shows the model with time constant α1, while dashed lines are for
models with time-dependent α1 in which we change the initial IMF slope α1i.

Figure 11. Similar to Fig. 5 but varying the IMF slope at high-mass end α2. Solid line shows the model with time constant α2, while dashed lines are for
models with time-dependent α2 in which we change the initial IMF slope α2i.

the outflow fraction is 100 per cent for the first 6 Gyr. Since the
outflow fraction is assumed to be 100 per cent before tout, the metal
enrichment process is entirely suppressed before this time point.
With higher tout, the metal enrichment process is suppressed for a
longer time. Thus, more stars form in an extremely low metallicity
environment at early epochs, the lower will be the mass-weighted
stellar metallicity at late times. The gas metallicity, instead, could
easily catch up after tout, and thus is not highly dependent on this
parameter. The time-dependent outflow model with a strong outflow
at early times is therefore the first scenario that could possibly
reproduce the observed gas and stellar metallicity at the same time.

3.2.4 IMF

We further explore a chemical evolution model with varying IMF
slope at the low-mass end (α1) and at the high-mass end (α2) as
shown in Figs 10 and 11, respectively. Similar to the other param-
eters, solid lines indicate the time-constant model, while dashed
lines are for models assuming a time-dependent IMF slope. It can
be seen that the model with steeper IMF slope both at the low-mass
end (bottom-heavy IMF) and at the high-mass end (top-light IMF)
predicts lower gas and stellar metallicities. This can be understood
as massive stars dominate the metal production. A steeper IMF
slope implies a lower number of massive stars, therefore, a lower
efficiency in metal production and hence lower metallicity. How-
ever, because both gas and stellar metallicity are very sensitive to

the IMF slope, changing the IMF slope alone does not produce a
large enough difference between gas and stellar metallicity.

Since steepening the IMF slope lowers the metallicity efficiently
while not changing the star formation history significantly, we can
expect a model with a steep IMF at early times but a normal IMF
at late times to produce a much lower metallicity in the stars than
that in the gas. The dashed lines in Figs 10 and 11 show such a
time-dependent IMF model. In this model, the IMF slope changes
linearly with time and becomes a bimodal Kroupa IMF at the present
epoch. The initial IMF slope α1i and α2i are set to be free parame-
ters. As expected, the models with a steeper initial IMF slope either
at the low-mass or the high-mass end predict a stellar metallicity
significantly lower than the gas metallicity. Despite dramatic vari-
ations in stellar metallicity, the gas metallicity tends again to catch
up at late epochs. Therefore, we consider a time-dependent variable
IMF with a steep slope at early times as a further effective scenario
to explain the observed metallicity properties of local star-forming
galaxies.

3.2.5 Mixing delay

In the previous models we assume instantaneous mixing of the
metals in the ISM. In this section we explore chemical evolution
models with a delayed mixing of the stellar ejecta instead. Fig. 12
shows chemical evolution models with various delay-times tdelay for
the mixing. It is interesting to note that the gas metallicity barely
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Figure 12. Similar to Fig. 5 but varying the time delay tdelay (solid) and tdelay,i (dashed) in the mixing the stellar ejecta with the ISM.

changes while the stellar metallicity tends to be slightly lower in
models with longer (initial) time delay. With a time delay of 4 Gyr,
the difference in gas and stellar metallicity reaches ∼0.4 dex that
is close to the lower limit of the observed value. By exploring the
chemical evolution of the Milky Way in [Mg/Fe] versus [Fe/H],
however, Thomas et al. (1998) found that a model with a time delay
of the order of 108 yr matches the observational data best. As we can
see from Fig. 12, this order of time delay only introduces a difference
between gas and stellar metallicity similar to the fiducial model.
Therefore, we conclude that a time delay in metal mixing below
1 Gyr cannot be the origin of the observed metallicity difference
between stars and gas.

3.3 Summary of the modelling approach

After exploring the variation of several parameters in our chemical
evolution model, we now proceed to discuss possible degeneracies
between them. The KS law coefficient Aks, the power-law index nks

and the initial inflow strength Ainf all regulate the metal produc-
tion by changing the SFE and therefore affect the gas and stellar
metallicities in similar ways. We find that the variation of these pa-
rameters does not generate the discrepancy between gas and stellar
metallicity observed in local star-forming galaxies. Since the ob-
served dynamic range in the gas metallicity measurements is much
narrower than the range in stellar metallicity, these three parameters
could only contribute to the residual gas metallicity variation. The
other inflow parameter, inflow time-scale, is mainly constrained
by the mass–SFR relation and therefore does not introduce further
degeneracies.

The other three parameters explored are the outflow fraction fout

and the IMF slope at the low-mass end α1 and the high-mass end α2.
All three directly regulate the metal production without affecting
the star formation history. These parameters, together with late-time
outflow fraction and IMF slope, are degenerate in gas metallicity.
Therefore, the MZRgas can be generated by a combination of any
of these parameters. The time delay tdelay in the mixing of the
stellar ejecta with the ISM, instead, does not affect the late-time gas
metallicity and does not introduce any significant variation in the
stellar metallicity. As we discussed above, a time-dependent outflow
fraction or IMF slope, instead, are both successful in reproducing
the observed difference in gas and stellar metallicity. Therefore,
the outflow transition time tout and the early-time IMF slopes (α1i,
α2i) are the major parameters under consideration to reproduce the
observations.

4 R ESULTS

In the previous sections we explored the model parameter space
and discussed the potential degeneracies. In spite of the large range
of model parameters, it turns out to be surprisingly difficult to
reproduce the observed large difference between gas and stellar
metallicities. Hence, the final model is relatively well constrained.
Among all the parameters, we only find two scenarios that are able
to explain the observations, i.e. either a strong metal outflow or a
steep IMF slope at early times in the chemical enrichment history.
In this part we first illustrate how the normal chemical evolution
models with parameters invariable with time fail to reproduce the
observations and then introduce the two successful models that
invoke a time dependence on the model parameters. We fix the KS
law power index to be 1.5 that is close to the value of 1.4 found in
Kennicutt (1998).

Fig. 13 shows the predicted MZR for a series of fiducial mod-
els with varying inflow strength Ainf. The dynamic range of galaxy
stellar mass is obtained through adopting a range of different initial
inflow strengths Ainf. More massive galaxies have a higher Ainf. It
can be seen that the normal accreting box model predicts higher
metallicities both in the gas and in stars, as well as much flat-
ter MZRs compared to the observations. The chemical evolution
model with normal parameter settings (i.e. KS star formation law,
Kroupa IMF and no outflow) is too efficient in metal production
and therefore yields metallicities that are too high.

As suggested in the literature, there are three possible scenarios
that are capable of explaining the MZRgas. One scenario uses a mass-
dependent SFE, assuming that more massive galaxies have a higher
SFE and therefore higher gas metallicities (Brooks et al. 2007;
Calura et al. 2009). Alternatively or additionally, stronger outflows
in less massive galaxies due to the lower gravitational potential
well can produce the MZRgas. Lastly, less massive galaxies would
be less metal rich, if their stellar populations are characterized by
steeper IMF slopes. Based on these three scenarios, we tune our
chemical evolution model to match the observed gas metallicity
relation as derived through the R23 and N2 methods as shown by
solid lines in Figs 14 and 15, respectively. The parameters adopted
for the models in Figs 14 and 15 are shown in Table 2. The grey
shaded region indicates the 16th and 84th percentiles, while the
black shaded region indicates the error of the median metallicity
in each mass bin. As expected, the models based on these three
scenarios are all equally successful in reproducing the observed
MZRgas. The exact values of the model parameters depend on the
choice of gas metallicity calibration.
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Figure 13. Comparison of the predictions from the fiducial accreting box chemical evolution model with observations in MZRgas and MZRstar.

Figure 14. Comparison of the predictions from chemical evolution model that are tuned to match the observed MZRgas. There are three effective ways to
reproduce the MZRgas by introducing a mass-dependent SFE, mass-dependent outflow strength or mass-dependent IMF. The predictions of these three models
are shown in different colours as indicated in the legend. The gas metallicity is derived from the R23 method.

Despite the good match in gas metallicity, however, these models
are not able to reproduce the observed MZRstar. When adopting
the gas metallicity derived through the R23 method, the models
that reproduce the observed MZRgas predict a stellar metallicity
systematically higher than the observed value in the whole mass
range (Fig. 14). The MZRstar predicted by these models also tends
to be flatter compared to the observation. When the gas metallicity
is measured through the N2 method, which leads to much lower
metallicities than the R23 method, the models can in principle re-
produce the observed value of stellar metallicity but still are not
able to match the correct slope of the MZRstar (Fig. 15).

In addition to this, the very low gas metallicities derived from the
N2 method lead to parameter choices that are not well supported
by observations. For the scenario of a mass-dependent SFE, the
coefficient of the KS law is required to be as low as 1 per cent of
the value calibrated by Kennicutt (1998), in order to reproduce the
(relatively low) N2 gas metallicities. Within the other scenarios
either unrealistically strong outflows or an extremely steep IMF are

needed to reach the relatively low gas metallicity observed. This
seems inconsistent with the finding of only minor outflows in local
star-forming galaxies (Concas et al. 2017) and the only mild IMF
variations at the low-mass end (Bastian, Covey & Meyer 2010). On
top of this, more massive early-type galaxies tend to have a steeper
IMF (if any IMF variation at all) (e.g. Conroy & van Dokkum 2012;
La Barbera et al. 2013), which is opposite to the trend required here
to reproduce the low N2 gas metallicities in low-mass galaxies.
To summarize, chemical evolution models with time-independent
parameters are not able to reproduce the observed MZRgas and
MZRstar simultaneously.

4.1 Best-fitting models

In this section, we present the best-fitting chemical evolution mod-
els that reproduce both MZRs simultaneously. We add the mass–
SFR relation as a further observational constraint to the model. We
seek best-fitting models that reproduce simultaneously today’s gas
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Figure 15. Similar to Fig. 14 but adopting gas metallicity derived by the empirical N2 method.

Table 2. Parameter value of the normal chemical evolution models in Figs 13–15. Parameter values in the square brackets are for the
models of lowest and highest galaxy masses, respectively.

Models Aks nks Ainf τ inf fout α1 α2 tdelay

(M� yr−1) (Gyr) (Gyr)

Fiducial 1 1.5 [0.20, 15.85] 10 0 1.3 2.3 0
Model-SFE-R23 0.06 1.5 [0.50, 17.78] 10 0 1.3 2.3 0
Model-out-R23 1 1.5 [0.25, 11.22] 10 [0.56, 0.01] 1.3 2.3 0
Model-IMF-R23 1 1.5 [0.16, 11.22] 10 0 [2.30, 1.40] 2.3 0
Model-SFE-N2 0.08 1.5 [0.63, 25.12] 10 0.6 1.3 2.3 0
Model-out-N2 1 1.5 [0.32, 15.85] 10 [0.82, 0.54] 1.3 2.3 0
Model-IMF-N2 1 1.5 [0.20, 14.13] 10 0 [2.76, 2.28] 2.3 0

metallicity, stellar metallicity and SFR in star-forming galaxies as
a function of galaxy mass. For simplicity, here we focus on the gas
metallicity derived through the R23 method. We will discuss the
effect caused by the choice of gas metallicity calibration method in
the Discussion section.

4.1.1 Variable metal outflow

As we show in Section 3.2, a model with a high metal outflow
fraction at early times successfully produces the much lower metal-
licity of the stellar component. To match the observed MZR and
mass–SFR relations, we generate a series of models with a range of
initial inflow strengths Ainf tuning the other parameters Aks, τ inf, fout

and tout, as a linear function of Ainf (hence galaxy mass). Here the
metal outflow is time dependent and the AGB wind is assumed to be
included in the outflow. Fig. 16 shows the comparison between the
predictions of these models with the observations in MZRgas (gas
metallicities from the R23 method), the mass-weighted MZRstar and
the mass–SFR relation. The dashed line represents the observed me-
dian MZRs. The light and dark shaded regions indicate the 16th and
84th percentiles and the error of the median metallicities, respec-
tively. The evolution of the resulting metallicity, stellar mass, SFR,
inflow rate and outflow fraction is illustrated in Fig. 17. The adopted
parameter ranges are shown in Table 3.

From Fig. 16 it can be seen that the model with time-dependent
outflow fraction successfully reproduces the observed MZRgas,
MZRstar and mass–SFR relations. In this model, the steep MZRstar

is driven by a mass-dependent tout. Less massive galaxies have

higher tout values, i.e. higher average metal outflow rates at early
times and therefore lower average stellar metallicity. This solu-
tion seems plausible astrophysically, since the gravitation well is
expected to be shallower at early times, particularly in low-mass
systems. In this scenario, the relatively flat MZRgas is also mainly
driven by the mass-dependent tout. The mass-dependent Ainf, hence
mass-dependent SFE, further contributes to the slope of MZRgas.
It is worth noting that the flattening of MZRgas at the high-mass
end is also well reproduced in our model. This is because the gas
metallicity becomes saturated in massive galaxies due to the gen-
erally high SFE. To understand the underlying physics, including
potential environmental effects, that drive the time-dependent out-
flow, a high-resolution hydrodynamical simulation may be needed
that is beyond the scope of this work. As to the origin of the mass–
SFR relation, the mass-dependent inflow time-scale with higher τ inf

in lower mass galaxies naturally produces the main-sequence rela-
tion. This is consistent with the ‘downsizing’ scenario in which less
massive galaxies are less efficient in converting gas into stars and
therefore forming stars on a longer time-scale compared to more
massive objects (e.g. Cowie et al. 1996; Thomas et al. 2005, 2010;
Noeske et al. 2007).

4.1.2 Variable IMF model

A model with time-dependent IMF slope is also able to match the
metallicity observations as discussed in Section 3.2. Similar to the
outflow model, we generate a series of models with a range of
Ainf to reproduce the dynamic range in stellar mass of the galaxy
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Figure 16. Comparison between the finely tuned variable outflow model with the observed MZRgas, mass-weighted MZRstar and mass–SFR relation. Dotted
lines represent the median of the distribution, while the shaded regions denote the 16th–84th percentiles. The dark shaded regions indicate the error of median
metallicities at a given mass.

sample. Other parameters are tuned as a function of Ainf to match
the MZRgas, MZRstar and mass–SFR relation. Figs 18 and 20 show
the resulting models with varying initial IMF slope at the low-mass
end α1i and at the high-mass end α2i, respectively. The parameter
settings of these two variable IMF models are included in Table 4.
Figs 19 and 21 show the evolution of metallicity, stellar mass, SFR,
inflow rate and outflow fraction as predicted by the variable IMF
models.

It can be seen that the models with mass-dependent initial IMF
slope fit the MZRgas and the MZRstar equally well. In this variable
IMF scenario, less massive galaxies are assumed to have a steeper
initial IMF slope, either at the low stellar mass end or at the high
stellar mass end. The late-time IMF is fixed to the bimodal IMF with
slopes at the low-mass and at the high-mass ends equal to the Kroupa
IMF (Kroupa 2001). As we can see from Fig. 10, the variation in the
initial IMF slope changes the gas metallicity (even though much less
than the stellar metallicity) comparable to the dynamic range of the
observed gas metallicities in star-forming galaxies. Therefore, the

mass-dependent initial IMF slope, if adopted to explain the MZRstar,
additionally drives the MZRgas.

4.1.3 Outflow versus IMF

Observations at high redshift will be instrumental to distinguish
between the two successful scenarios presented here. From the
evolution of the galaxy properties in Fig. 16 it can be seen that
the variable outflow model predicts a mild evolution in zero-point
and slope of the MZRgas for the last several Gyr with a much
stronger evolution at early epochs. The variable IMF model, instead,
predicts a much more dramatic evolution of the MZRgas at recent
epochs (Figs 19 and 21). This difference in the cosmic evolution
of the MZRgas between our two successful scenarios shows that the
additional consideration of the redshift evolution of gas metallicity
will shed further light on the actual origin of the MZRgas, which
will be subject of a future paper.
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Figure 17. Evolution of metallicity, stellar mass, SFR, inflow rate and metal outflow fraction as predicted by the variable metal outflow models in Fig. 16.
The prediction for galaxies at different stellar masses is shown with different colours as indicated by the legend in the top right-hand panel.

Table 3. Parameter ranges of the variable metal outflow model in Fig. 16.

Aks Aks,i nks nks,i Ainf τ inf fout,i
a% fout,p

b tout α1 α1i α2 α2i tdelay

(M� yr−1) (Gyr) (Gyr) (Gyr)

0.50 0.50 1.5 1.5 [0.20, 25.11] [40, 6.6] 100 0 [9, 0.5] 1.3 1.3 2.3 2.3 0

Notes. aInitial outflow fraction.
bPresent outflow fraction.

5 D ISCUSSION

5.1 Models in the literature

Several flavours of chemical evolution models have been used in the
literature to study the origin of the observed MZRs (e.g. Thomas,
Greggio & Bender 1998; Calura et al. 2009; Spitoni, Vincenzo &
Matteucci 2017), including combinations with cosmological semi-
analytical models (Yates et al. 2012) or cosmological hydrody-
namic simulations (Guo et al. 2016; De Rossi et al. 2017). Most
of the previous chemical evolution models focused on explain-
ing either the gas metallicity or the stellar metallicity of galaxies.
Calura et al. (2009), for instance, studied the MZRgas of local galax-
ies separated by morphological type using a full chemical evolu-
tion model. By reproducing the MZRgas for different galaxy types,
the authors interpret this relation as a natural result of a mass-
dependent SFE, irrespective of galaxy morphological type. Less
massive galaxies are less efficient in star formation and therefore
more metal poor. This is consistent with the ‘model-SFE’ models
presented here in Section 4 (Figs 14 and 15). However, it should
be noted that a chemical evolution model with a mass-dependent
SFE alone is not able to reproduce both the MZRgas and MZRstar

simultaneously.

Spitoni et al. (2017) investigated the MZRstar of star-forming and
passive galaxies as derived by Peng et al. (2015) using an analytical
chemical evolution model. The authors obtained predictions for gas
mass, total mass and metallicity of a galaxy by solving a set of differ-
ential equations for these quantities. The observed MZRstar is well
reproduced by their analytical chemical evolution model adopting
a mass-dependent outflow rate. The outflow rate is assumed to be
proportional to the SFR, and the proportionality factor is assumed
to be mass dependent. Hence in this model, the mass loading factor,
i.e. outflow rate per SFR, is higher in less massive star-forming
galaxies. In fact it is plausible that a galaxy with a higher outflow
rate has a lower stellar metallicity. This trend can also be seen in
Fig. 9 of this paper where stellar metallicity is lower for the model
with higher late-time outflow fraction. However, we show that the
higher late-time outflow fraction also leads to a lower gas metal-
licity comparable to the stellar metallicity. As we show in Fig. 4,
the observed gas metallicity in star-forming galaxies is much higher
than their stellar metallicity, though. Therefore, we conclude that a
mass-dependent outflow rate that is constant with time is not able to
reproduce the observed gas and stellar metallicities simultaneously.

In addition to studies focusing on gas or stellar metallicity sepa-
rately, there are several attempts in the literature to reconcile these
two metallicity phases within one single chemical evolution model.
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Figure 18. Comparison between the observation and the finely tuned variable IMF model for the MZRgas, mass-weighted MZRstar and mass–SFR relation.
Here we tune the initial IMF slope at low-mass end.

Based on the semi-analytical model, L-GALAXIES, combined with
chemical evolution descriptions, Yates et al. (2012) generated a
sample of model galaxies that recovers the observed MZRgas and
mass–SFR relation (Lara-López et al. 2010; Mannucci et al. 2010).
However, the model overestimates the stellar metallicities, in par-
ticular at the low-mass end (Yates et al. 2012). In other words the
model cannot reproduce the gas and stellar metallicities simulta-
neously, and the predicted MZRstar is too shallow. De Rossi et al.
(2017) find similar results using the high-resolution hydrodynamic
simulation EAGLE. The model successfully reproduces the observed
gas metallicity at all masses but again overestimates the stellar
metallicity particularly of low-mass galaxies. It should be noted
that the observed stellar metallicities used in the comparisons above
are taken from Gallazzi et al. (2005) and Panter et al. (2008) where
passive galaxies are also included. Considering the large difference
in the stellar metallicity between star-forming and passive galaxies
(∼0.4 dex at 109.5 M�; Peng et al. 2015), the discrepancy between
observation and predictions by these models would be larger when
focusing on star-forming galaxies.

5.2 Uncertainties in gas metallicity

The key observable used in this work to constrain the chemical
evolution model is the large difference between the gas and stellar
metallicities. Therefore our results rely on how well the gas and
stellar metallicities are measured.

It is well known that gas metallicities derived by different strong
emission line calibrations are not consistent and show large discrep-
ancies (see Kewley & Ellison 2008 for a detailed discussion). The
MZRgas obtained with different metallicity indicators, as a result,
deviate from each other. To check whether our results depend on the
choice of the gas metallicity indicator, we repeat our analysis (orig-
inally based on the theoretical R23 method) using gas metallicities
obtained through the empirical N2 method.

Fig. A1 in Appendix A shows the resulting variable IMF model
that matches the MZRgas, MZRstar and mass–SFR relation. Since the
empirical N2 method gives a much lower gas metallicity than the
other theoretical methods, one of the following parameter settings
is required based on the discussion in Section 3.2 to match the
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Figure 19. Evolution of metallicity, stellar mass, SFR, inflow rate and outflow fraction as predicted by the variable IMF models of Fig. 18.

gas metallicity: an extremely low Aks (∼1 per cent of the original
value of Kennicutt 1998) or a strong late-time outflow fraction
of ∼70 per cent or a steep present IMF slope with α1 ∼ 2.5 or
α2 ∼ 2.8. Here we choose the model with an outflow fraction of
∼70 per cent. However, these parameters appear extreme and seem
to lack observational evidence in the local Universe where no clear
signature of galactic outflow (Concas et al. 2017) or steep IMF
(Bastian et al. 2010) is found in local star-forming galaxies. Hence
generally we prefer the higher gas metallicities obtained from the
theoretical R23 method.

A consequence of the lower gas metallicities is that the differ-
ence between gas and stellar metallicities decreases. However, as we
show in Section 4, even adopting the gas metallicity derived through
the N2 method, the chemical evolution model with normal parame-
ter settings still fails to match the correct slopes of the MZRgas and
MZRstar simultaneously. Hence, the general conclusion of this paper
remains unchanged, and scenarios with either time-dependent metal
outflow rates or time-dependent IMF slopes are still needed. The
detail of the model parameters are affected, though. The absolute
value of α1i is slightly lower than in the variable IMF of Fig. 20, for
instance. Therefore, we conclude that although the absolute param-
eter values of our models will vary, the trends we find in variable
outflow and variable IMF models are robust against the various gas
metallicity calibrations.

5.3 Uncertainties in stellar metallicity

The intrinsic uncertainty in the observed stellar metallicity is mainly
caused by the well-known degeneracy between the stellar metallic-
ity, stellar age and dust extinction. Despite the notable scatter in the
MZRstar, however, it should be noted that we should be more care-
ful about any factors that could induce systematic offset in stellar
metallicity.

Nebular emission that originates from ionized gas around young
and massive stars consist of not only line emission but also contin-
uum emission. The strength of nebular continuum emission depends
on the ionization radiation field and the metallicity of the gas. In the
star-forming galaxies, the spectra continuum is a combination of
the continuum emission from stars and ionized gas. Therefore, it is
expected that the intrinsic equivalent width (EW) of the absorption
lines will be higher than the observed value. Since the stellar metal-
licity derived from absorption lines is positively correlated with
the line strength, the underestimation in the absorption lines will
result in an underestimation of stellar metallicity (Alonso-Herrero
et al. 1996).

Recently, Byler et al. (2017) analysed the nebular emission under
different environments in detail using stellar population synthesis
models. From fig. 12 in their paper, we can see that, regardless of the
gas metallicity, the nebular continuum emission is negligible (less
than 1 per cent by eye) compared to the stellar continuum emission
when the age of the SSP is above 0.01 Gyr. The typical age of the
galaxies in our sample with a median of 4.98 Gyr is much higher
than this limit. Moreover, we use a full spectra fitting algorithm that
utilizes not only the absorption lines but also the continuum shape
to constrain the stellar metallicity. Therefore we conclude that the
stellar metallicity used in this work is not affected by the nebular
continuum contamination and our results are robust.

5.4 Outflows without AGB winds

We assume the galactic outflow of metals to consist of stellar ejecta
from SN-II, SN-Ia and AGB winds. SNe release energies large
enough to expel the ejecta from a galaxy. AGB winds, instead, are
less energetic, and will not be able to drive galactic mass loss by
themselves. Hence our model implies that AGB ejecta are dragged
along with the galactic outflow generated by SNe. To test whether
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Figure 20. Similar to Fig. 18 but showing the IMF model with variable IMF slope at the high-mass end.

Table 4. Parameter ranges of the variable IMF models of Figs 18 and 20.

Models Aks Aks,i nks,i nks,i Ainf τ inf fout tout α1 α1i α2 α2i tdelay

(M� yr−1) (Gyr) (Gyr) (Gyr)

α1 0.5 0.5 1.5 1.5 [0.22, 22.39] [40, 6.6] 0 0 1.3 [6, 3] 2.3 2.3 0
α2 1.6 1.6 1.5 1.5 [0.20, 19.95] [40, 6.6] 0 0 1.3 1.3 2.3 [5, 2.75] 0

this assumption affects our analysis, we also explore chemical evo-
lution models where AGB winds are not included the outflow.

Fig. B1 in Appendix B shows the evolution of gas and stellar
metallicities and the SFR as predicted by models with varying metal
outflow fraction excluding AGB winds. It turns out that the final gas
and stellar metallicities do not change significantly for scenarios
with both time-constant and time-dependent outflow rates. This is
due to the fact that the metal production of a galaxy is dominated
by enrichment through SN-II. If AGB winds are excluded from the
galactic outflow, the final gas metallicity remains unchanged while
the final stellar metallicity increases only slightly by ∼0.1 dex. The
conclusions of this paper remain unchanged.

6 C O N C L U S I O N S

In this work we investigate the gas and the mass-weighted stel-
lar metallicities of local star-forming galaxies. We select a sam-
ple of local star-forming galaxies from SDSS DR12 and mea-
sure gas metallicities using the empirical N2 method and the the-
oretical R23 method, as well as mass- and light-weighted stel-
lar metallicities derived from full spectral fitting. The latter is
done using the code FIREFLY (Wilkinson et al. 2015, 2017)
that fits a full array of single burst stellar population models
(from Maraston & Strömbäck 2011) and retains individual and
linear combinations of solutions, without adopting any particular
prior in the star formation history. Metallicity is output as both
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Figure 21. Evolution of metallicity, stellar mass, SFR, inflow rate and outflow fraction as predicted by the variable IMF models in Fig. 20.

light-weighted and mass-weighted. It turns out that the mass-
weighted stellar metallicities of star-forming galaxies are much
lower than their gas metallicities. The difference reaches ∼0.8
for galaxies with 109 M� when using gas metallicities obtained
through the theoretical R23 method, and ∼0.4 dex when using gas
metallicities obtained through the empirical N2 method. Even more
interestingly, this discrepancy between gas and stellar metallicities
is mass dependent with larger offsets in lower mass galaxies. In
other words, the MZRgas is much flatter than the MZRstar. Since
gas metallicity represents the current metal abundance of a galaxy
while stellar metallicity carries information about metal enrichment
at early epochs, a much lower stellar metallicity implies significant
metallicity evolution with much lower metal abundances at early
times.

To investigate the origin of the MZRgas and MZRstar of star-
forming galaxies, we construct a simple galactic chemical evolution
model. There are eight free parameters in the model: the coefficient
and index of the KS star formation law, Aks, aks, the initial inflow
strength, Ainf, with the declining time-scale, τ inf, the outflow frac-
tion, fout, the IMF slope at the low stellar mass end, α1, and at the
high stellar mass end, α2, and finally the time delay in mixing of
stellar ejecta with the ISM, tdelay. For each parameter, we explore
the parameter space to investigate potential degeneracies, and the
ability to reproduce the MZRgas and MZRstar. As far as the gas
metallicity is concerned, the degeneracy is strong as most of these
parameters affect the gas metallicity significantly. The observed
stellar metallicity, instead, cannot be matched easily by a simple
variation of these parameters. To match the significant suppression
of metal enrichment at early times as implied by the data, we ex-
plore chemical evolution models imposing a time dependence of
these parameters. We find that models with a strong metal outflow
or a steep IMF slope at early times in the evolution of a galaxy
succeed in explaining the observed large difference between the gas
and stellar metallicities.

To directly compare the model with observations, we generate a
series of models with a range of inflow strengths Ainf matching the
dynamic range of stellar mass of the galaxy sample. We then modify
other parameters at a given Ainf to match the SFR, the gas and the
stellar metallicities at a given galaxy mass. We find that models with
a strong time dependence of either the metal outflow fraction or the
IMF slope match the observations very well. Either enhanced metal
outflows or steeper IMF slopes at early times, particularly in low-
mass galaxies, are required to match the observed difference in gas
and stellar metallicities. This is the first time that the MZRgas and
MZRstar of galaxies are reproduced simultaneously by a chemical
evolution model.

In the ‘best-fitting’ outflow model, low-mass galaxies tend to
have a later outflow transition time tout and hence stronger metal
outflows on average. This is astrophysically plausible since the
gravitational potential well is shallower for galaxies with lower
masses and at early epochs. In the ‘best-fitting’ IMF slope model,
low-mass galaxies are required to have a steeper initial IMF slope
with α1i ∼ 4.3 or α2i ∼ 4.3 at 109 M� at early epochs to efficiently
suppress the metal enrichment. It should be noted that in addition to
the MZRgas and MZRstar, the mass–SFR relation is also reproduced
by the two scenarios. In these two scenarios, the stellar metallicity of
galaxies is driven by the average metal outflow fraction or average
IMF slope. As a result, the MZRstar is regulated by a mass-dependent
average metal outflow fraction or average IMF slope. In contrast,
the gas metallicity is driven by more recent evolutionary processes.
Any mass dependence of these processes, such as a mass-dependent
recent metal outflow fraction, will result in the observed MZRgas.

As the gas metallicities obtained from the empirical N2 method
are considerably lower than the ones obtained from the theoretical
R23 method, the discrepancy between gas and stellar metallicities
reduces and it is easier for the models in principle to match gas
and stellar metallicities simultaneously. However, as we discuss in
this paper, the slopes of the two relationships are still different, and
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models with time-dependent metal outflow or IMF slope as dis-
cussed are still required, even if the relatively low gas metallicities
from empirical calibrations are adopted. On top of this, our chemical
evolution model tends to overpredict gas metallicities when com-
pared to N2 gas metallicities. To still fit the observations, extreme
parameter settings such as unrealistic low SFEs or strong present
outflow or steep present IMF slope need to be adopted, which can
be taken as an indication in favour of the higher gas metallici-
ties obtained from the theoretical calibrations like the R23 method.
Clearly, further theoretical work and observational constraints are
needed to break the degeneracy in the model parameters. The in-
clusion of observational constraints both spatially resolved and as a
function of cosmic time will be subject of future papers.
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A P P E N D I X A : G A S M E TA L L I C I T Y B Y N 2 M E T H O D

Fig. A1 shows the model tuned to match the MZRgas by the N2 method, MZRstar and mass–SFR relation. For an example, we only show one
effective model with a variable IMF slope at high-mass end. The parameter ranges are listed in Table A1.

Figure A1. Similar to Fig. 20 but showing the MZRgas by the N2 method and the finely tuned variable IMF model.

Table A1. Parameter ranges of the variable IMF model that matches the MZRgas with the N2 method in Fig. A1.

Aks Aks,i nks nks,i Ainf τ inf fout tout α1 α1i α2 α2i tdelay

(M� yr−1) (Gyr) (Gyr) (Gyr)

0.28 0.28 1.5 1.5 [0.20, 25.12] [40, 6.6] 0.60 0 1.3 1.3 [3.5, 2.1] 2.3 0
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A P P E N D I X B: O U T F L OW W I T H O U T AG B W I N D S

Fig. B1 shows the evolution of metallicities and SFR predicted by the model with various outflow fraction in which the AGB winds are
excluded.

Figure B1. Predicted evolution of gas metallicity, stellar metallicity and SFR by the chemical evolution model with different outflow fraction fout and transition
time tout. Here the mass ejecta by AGB winds are excluded from the galactic outflow and hence remaining in the galaxy.
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