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ABSTRACT
We use the semi-analytic model (SAM) of galaxy formation and evolution sag coupled
with the multidark simulation MDPL2 to study the evolution of the stellar mass-
gas metallicity relation of galaxies (MZR). We test several implementations of the
dependence of the mass loading due to supernovae (SNe). We find that no evolution
in the normalization of the MZR is obtained unless we introduce an explicit scaling of
the reheated and ejected mass with redshift as (1+ z)β. The latter is in agreement with
results from the FIRE simulations, and it should encompass small scale properties of
the interstellar medium varying over time, which are not captured in SAMs, as well as
other energy sources in addition to SNe. Increasing β leads to stronger evolution of the
MZR normalization; β = 1.9 reproduces the observed MZR in the range 0 < z < 3.5.
A stronger redshift dependence of outflows reduces the levels of star formation at
earlier epochs with the consequent decrease of metal production. This leads to a slower
increase of the gas metallicity compared to the stellar mass build-up. The cold gas can
be contaminated either by receiving a direct injection of the material recycled by
stellar winds and SNe or by gas cooling. The relative role of each process for a given
stellar mass depends on the criterion adopted to regulate the fate of the recycled
material. However, modifying the metal loading of the outflows has mild impact on
the zero-point evolution and does not affect our conclusions.
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1 INTRODUCTION

The gas-phase oxygen abundance, or gas metallicity, is the
measure of the amount of oxygen relative to hydrogen in
the gas content of a galaxy. Observations show that metal-
licity correlates positively with stellar mass (Tremonti et al.
2004). This relation is known as the mass-metallicity rela-
tion (MZR) and provides valuable insight onto the impact
of the different physical processes that shape the formation
and evolution of galaxies. Dying stars produce metals that

? E-mail:fcollacchioni@fcaglp.unlp.edu.ar

are returned to the interstellar medium (ISM) via stellar
mass loss, resulting in enrichment (Zahid et al. 2012), while
gas dilution happens if inflows of pristine gas are present.
Thus, these competing mechanisms leave imprints on the
oxygen abundance that can be used to infer gas inflows (Za-
hid et al. 2014b; Lagos et al. 2016). Another important phys-
ical process that can affect the metallicity are galactic out-
flows, which can transport part of their metal to the galaxy
halo and beyond (Anglés-Alcázar et al. 2017).

A distinctive characteristic of the MZR is that at stel-
lar masses & 1010 M� the metallicity flattens to an almost
constant value (Tremonti et al. 2004). This effect has been
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attributed to galaxy downsizing (Maiolino et al. 2008), i.e.,
galaxies with higher stellar masses having their star forma-
tion rate (SFR) peaking at higher redshift, in which case the
pollution rate of the cold gas in massive galaxies has dropped
considerably compared to low mass galaxies, which are still
forming stars and injecting new metals onto the ISM. Zahid
et al. (2013) argue that the flattening can also be caused by
metallicities saturating at an oxygen abundance equivalent
to the yield produced by the stellar nucleosynthesis of stars
that have enough time to evolve and return all those metals
to the ISM. They go even further claiming that the satu-
ration is produced by the equilibrium between the returned
metals of dying stars (usually massive ones) and the metals
still contained in living stars (Zahid et al. 2014a).

Many authors have found that the MZR does evolve
in normalization, in a way that high redshift galaxies have
a lower oxygen abundance at fixed stellar mass (Erb et al.
2006; Maiolino et al. 2008; Nagao et al. 2008; Mannucci et al.
2009; Møller et al. 2013; Zahid et al. 2014a; Troncoso et al.
2014; Wu et al. 2016; Ly et al. 2016). It is thought that
the evolution of the MZR is a consequence of a complex
interaction between the infall of pristine gas towards the
galaxies, outflows of metal-rich gas, and mass loss from stars,
as it has been suggested from the observations of atomic gas
and its relation with metallicity (Bothwell et al. 2013; Brown
et al. 2018).

Another interesting feature of the MZR is the observed
scatter, even at z = 0, as galaxies of the same stellar mass
have a wide range of metallicities (1σ of ±0.3 dex), according
to the estimate done by Mannucci et al. (2010). These au-
thors found that introducing the SFR as an additional vari-
able led to a significant reduction of the scatter to 0.05 dex,
with higher metallicities being associated to lower SFRs at
fixed stellar mass. They were guided by the results obtained
by Ellison et al. (2008) which show that the MZR has a
mild negative correlation with the specific SFR (sSFR) for
galaxies with stellar mass M? . 1010 M�. At the same time,
Lara-López et al. (2010) introduce the concept of a Funda-
mental Plane that correlates the stellar mass, the gas-phase
metallicity and the SFR, which seems not to evolve with
time. This surface, called Fundamental Metallicity Relation
(FMR) by Mannucci et al. (2010), is of important interest
because it could explain the dispersion of the MZR and pro-
vide insight into the study of galaxies at high redshift due to
its invariance with time. However, the question of the role
of the SFR in the MZR is a contingent one.

Sánchez et al. (2013) did not find a correlation between
metallicity and SFR using integral field spectroscopy, argu-
ing that the FMR was an artefact of the fibre spectroscopy
used by previous work, which only sampled the central re-
gions of galaxies, giving an incomplete view of their global
metallicity. Brown et al. (2018) showed that depending on
the adopted metallicity and SFR calibrations, the correla-
tion between metallicity and SFR can go from being anti-
to positively correlated. Observations of atomic (HI) and
molecular (H2) hydrogen have been used to suggest that
the gas content may be more fundamental than the SFR
in determining the scatter of the MZR. On the same line,
Zahid et al. (2014a) used an analytical model of chemical
evolution to find that the relation between metallicity, stel-
lar mass and hydrogen gas mass does not evolve with time
for z . 1.6. Additionally, Zahid et al. (2014b) found ob-

servational evidence of the FMR evolution within the same
redshift range. Hence, they conclude that the invariance of
the FMR found by Mannucci et al. (2010) is attributed to
the method used to calculate SFRs, and favour the idea that
gas mass is a more fundamental property in the MZR. Both-
well et al. (2013); Hughes et al. (2013); Brown et al. (2018)
have shown that higher metallicities are associated to lower
gas fractions at fixed stellar mass. This naturally happens if
gas plays the dual role of increasing the gas fraction as well
as diluting the metals in the ISM as it inflows (Lara-López
et al. 2013).

To reproduce the MZR locally and at high redshift has
been proven to be a very challenging task for simulations.
Semi-analytic models (SAMs) such as galform (Cole et al.
2000; Bower et al. 2006; Gonzalez-Perez et al. 2014; Lagos
et al. 2012; Lacey et al. 2016) and l-galaxies (Springel
2005; Croton et al. 2006; Guo et al. 2011; Henriques et al.
2015) do not produce a MZR that displays the observed nor-
malization evolution (Guo et al. 2016). An explanation for
this behaviour might be that the metallicity of galaxies in
these SAMs grows at the same rate as the stellar mass, on
average. Nonetheless, using the semi-analytic model gaea
(GAlaxy Evolution and Assembly), Xie et al. (2017) con-
firmed an evolution of the MZR up to z ∼ 0.7 for all stellar
masses and up to z ∼ 2 for most massive galaxies (M? & 1010

M�), something that so far could not be achieved by SAMs,
which they attributed to a combination of their outflow
model and adopted star formation law.

Recent cosmological hydrodynamical simulations have
had more success reproducing the MZR relation and its evo-
lution. Davé et al. (2011) showed that changing the model of
stellar winds in their Smooth Particle Hydrodynamic (SPH)
code leads to different rates of MZR evolution due to the im-
pact this has on the interplay between gas inflows and out-
flows. More recently, Davé et al. (2017) show that their new
cosmological hydrodynamic simulation MUFASA displays
an MZR that evolves in normalization by 0.4 dex from z = 0
to z = 6. Other cosmological hydrodynamical simulations,
such as EAGLE (Evolution and Assembly of GaLaxies and
their Environments; Crain et al. 2015; Schaye et al. 2015)
show a similar magnitude of evolution (Guo et al. 2016; De
Rossi et al. 2017). In addition, Lagos et al. (2016) and De
Rossi et al. (2017) showed in EAGLE that the gas metallic-
ity is more fundamentally correlated with gas fraction than
SFR. Cosmological zoom-in simulations FIRE (Feedback in
Realistic Environments; Hopkins 2013) have also been able
to reproduce the evolution of the MZR normalization (Ma
et al. 2016), while discrepancies with observations become
more prevalent in the slope of the MZR.

From these results it becomes apparent that hydrody-
namical simulations are able to delay the metal enrichment
of the ISM of galaxies to a degree that SAMs have struggled
with. In this work we tackle this problem and investigate the
origin of the evolution of the MZR with the semi-analytic
model of galaxy formation and evolution sag (Cora et al.
2018, Paper I, hereafter), focusing on the impact produced
by different modelling of supernova (SN) feedback, and how
that changes the interplay between gas inflows/outflows.
sag features a detailed non-instantaneous recycling chem-
ical enrichment model in which several elements, including
oxygen, are followed individually. This makes sag an ideal
laboratory to perform this study.

MNRAS 000, 1–18 (2018)
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This paper is organized as follows. In Sec. 2, we give
a brief overview of the dark matter (DM) simulation we
use to couple with the semi-analytic model sag and of the
physics included in this model (Paper I), describing with
more detail the SN feedback model considered, and how the
chemical enrichment of the different baryonic components
is calculated. We present the predicted MZR at z = 0 and
at higher redshifts, and compare them with observations in
Sec. 3, showing that the model gives rise to evolution in the
normalization of the MZR1. In Sec. 4, we analyse the re-
sults of two additional versions of the sag model that differ
in the treatment of the reheated material by SNe with the
aim of identifying the physical driver of the MZR evolution
found in our reference model. We also demonstrate that the
explanation for the origin of the MZR zero-point evolution
remains valid when changing the fate of the recycled mate-
rial. We discuss our results and present our conclusions in
Sec. 5.

2 GALAXY FORMATION MODEL

Our galaxy formation model combines the semi-analytic
model of galaxy formation and evolution sag with a cos-
mological numerical simulation. Semi-analytic galaxies are
generated from merger trees built for all self-bound DM
structures. We use the MultiDark simulation MDPL22

(Klypin et al. 2016). Properties of the population of ‘Multi-
Dark Galaxies’ generated by sag are compared with those
of other SAMs in Knebe et al. (2017a). These galaxy cata-
logues are publicly available in the CosmoSim database3.

The MDPL2 simulation follows the evolution of 38403

DM particles with mass mp = 1.5 × 109 h−1 M� within a box
of side-length 1 h−1 Gpc, consistent with a flat ΛCDM model
characterized by the Planck cosmological parameters: mat-
ter density Ωm = 0.307, energy density ΩΛ = 0.693, baryon
density ΩB = 0.048, spectral index ns = 0.96 and Hubble
constant H0 = 100 h−1 km s−1 Mpc−1, with h = 0.678
(Planck Collaboration et al. 2014). DM haloes have been
identified with the Rockstar halo finder (Behroozi et al.
2013a), and merger trees were constructed with Consis-
tentTrees (Behroozi et al. 2013b). Main host haloes are
those detected over the background density and may con-
tain subhaloes. Thus, each system of haloes hosts central
and satellites galaxies as assigned by sag. Orphan satellites
are those galaxies that populate DM subhaloes that are no
longer identified by the halo finder, which usually happens
when satellite subhaloes fall deep in the potential well of a
larger halo (Elahi et al. 2018).

Our model sag is based on the version presented by
Springel et al. (2001), and was modified as described in Cora
(2006), Lagos et al. (2008), Tecce et al. (2010), Orsi et al.
(2014), Muñoz Arancibia et al. (2015) and Gargiulo et al.
(2015). The latest improvements implemented are detailed
in Paper I. The main physical processes included in sag are
the radiative cooling of hot gas within both main host haloes

1 Any time we mention MZR evolution we are referring to the

evolution of the normalization of this relation.
2 https://www.cosmosim.org
3 http://dx.doi.org/10.17876/cosmosim/mdpl2/007

and subhaloes (strangulation is replaced by gradual starva-
tion), star formation, feedback from SN explosions, growth
of central supermassive black holes (BHs) and the conse-
quent feedback from active galactic nuclei (AGN), and star-
bursts triggered by disc instabilities and/or galaxy merg-
ers. Starbursts contribute to the bulge formation with the
cold gas being consumed gradually as it is transferred to the
bulge. Stars formed in both quiescent and bursty modes give
place to stellar winds and SNe Type Ia and II that contribute
with different chemical elements that contaminate all bary-
onic components through recycling, reheating, ejection and
reincorporation processes; lifetime of SNe progenitors are
taken into account. Gradual starvation on satellite galax-
ies is modelled through the action of ram pressure stripping
(RPS) and tidal stripping (TS) on the hot gas halo. This gas
phase can also be reduced by gas cooling and ejection, while
it can be replenished by cold gas reheated by SN feedback
and the reincorporation of ejected gas. RPS and TS can also
affect the cold gas disc when it is not longer shielded by the
hot halo. Stellar mass from discs and bulges can also be re-
moved by TS. Values of ram pressure are consistent with the
position and velocity of satellite galaxies since we consider
a fitting formulae to estimate ram pressure as a function of
halo mass, halo-centric distance and redshift. This improve-
ment is complemented by the integration of the orbits of
orphan galaxies according to the potential well of the host
halo, taking into account mass loss by TS and dynamical
friction effects (Vega-Mart́ınez et al., in preparation). Thus,
our implementation of environmental effects presents two
important developments that are missing in previous SAMs
(Gonzalez-Perez et al. 2014; Lacey et al. 2016; Henriques
et al. 2017; Stevens & Brown 2017).

Since we are interested in studying how the metal en-
richment of the cold gas varies depending on the details of
SN feedback, we summarize the two variants of the mod-
elling of this process in Section 2.1 (see Paper I for more de-
tails). We explain the chemical model implemented in sag in
Section 2.2. Additionally, in Section 2.3 we describe the cal-
ibration of our model.

2.1 Modelling of SN feedback

SN feedback is a crucial process that regulates the SFR, re-
heating the cold gas from which stars are formed. In previ-
ous versions of sag, we assumed that the amount of reheated
mass produced by the SNe arising in each star-forming event
is

∆Mreheated =
4
3
ε
ηESN

V2
vir
∆M?, (1)

where η is the number of SNe generated from the stellar
population of mass ∆M? formed. ESN = 1051 erg is the en-
ergy released by a SNe, Vvir is the virial velocity of the host
(sub)halo and ε is the SN feedback efficiency (a free pa-
rameter of the model). The quantity ∆Mreheated is estimated
for each time-step of equal size in which the time intervals
between simulations outputs are subdivided to integrate dif-
ferential equations.

This scheme of SN feedback is modified in the current
version of sag with the purpose of satisfying observational
constraints at high redshift (Paper I) by adding new factors
that take into account an explicit dependence on redshift
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and an additional modulation with virial velocity, as sug-
gested by the cosmological hydrodynamical zoom-in FIRE
simulations (Muratov et al. 2015). Therefore, the feedback
scheme produces a reheated gas mass given by

∆Mreheated =
4
3
ε
ηESN

V2
vir
(1 + z)β

(
Vvir

60 km s−1

)α
∆M?, (2)

where the exponent α takes the values −3.2 and −1.0 for
virial velocities smaller and larger than 60 km s−1, respec-
tively. The efficiency, ε , and power-law slope of the redshift
dependence, β, are free parameters of sag.

The reheated gas is transferred from the cold to the hot
phase, i.e., part of the mass in the cold gas disc, which repre-
sents the ISM in our model galaxies, is heated and relocated
in the hot gas halo of the galaxy. Part of it returns after-
wards to the cold phase through gas cooling, a process that
takes place in both central and satellite galaxies. We found
that some hot gas must be ejected out of the halo reducing
the hot gas reservoir available for gas cooling in order to
avoid an excess of stellar mass at high redshifts (Guo et al.
2011; Henriques et al. 2013; Hirschmann et al. 2016). There-
fore, the new SN feedback model is complemented with the
ejection of hot gas mass. The ejected mass is calculated as

∆Mejected =
∆ESN − 0.5∆Mreheated V2

vir
0.5 V2

vir
, (3)

where ∆ESN is the energy injected by massive stars (Guo
et al. 2011). We model this energy in a way similar to the
modified reheated mass

∆ESN =
4
3
εejec

ηESN

V2
vir
(1 + z)β

(
Vvir

60 km s−1

)α
∆M? 0.5 V2

SN, (4)

where εejec is the corresponding efficiency, considered as a

free parameter of the model, and 0.5 V2
SN

is the mean kinetic
energy of SN ejecta per unit mass of stars formed, given by
VSN = 1.9 V1.1

vir
(Muratov et al. 2015).

With the aim of reproducing the observed evolution of
the galaxy stellar mass function at z > 1, the (sub)halo
needs to re-incorporate the previously expelled ejected gas
mass within a timescale that depends on the inverse of the
(sub)halo mass, Mvir (Henriques et al. 2013). In this way,
the reincorporated mass is given by

∆Mreinc = γ ∆Mejected
1010 M�

Mvir
, (5)

where γ is a free parameter that regulates the efficiency of
the process.

2.2 Exchange of mass and metals between
different baryonic components

The way in which the exchange of mass and metals between
the different baryonic components takes place is a key as-
pect in the interpretation of the results on the MZR evolu-
tion. The chemical model implemented in sag was originally
introduced by Cora (2006). Here, we provide a concise de-
scription adapted to the updated version of the model since
we now consider ejection and reincorporation of the hot gas
phase.

We assume that the hot gas always has a distribution
that parallels that of the main host dark matter halo, whose

virial mass, Mvir, changes between consecutive outputs of the
underlying simulation as a result of the hierarchical growth
of the structure. Initially, the mass of hot gas is given by
Mhot = fbMvir, where fb = 0.1569 is the universal baryon
fraction (Planck Collaboration et al. 2014). With this defini-
tion, we model the cosmological smooth accretion that takes
place onto main host haloes as their virial masses increase.
The accreted gas is assumed to have a primordial chemi-
cal composition (76 per cent of hydrogen and 24 per cent
of helium). Once a fraction of hot gas has cooled and star
formation and feedback processes are triggered, the mass of
hot gas available for cooling to the central galaxy of each
main host halo is calculated as

Mhot = fbMvir − M?,cen − Mcold,cen − MBH,cen

−
Nsat∑
i=1

(
M?,i + Mcold,i + MBH,i + Mhot,i

)
,

(6)

where M?, Mcold and MBH are, respectively, the total masses
of stars, cold gas and central BHs of each of the galaxies
contained within a given main host halo, either the central
or the Nsat satellites; for the latter, the total mass in the
remaining hot gas haloes is also discounted.

For a given mass of stars formed, ∆M?, the fraction of
stellar mass within a certain mass range is calculated by as-
suming an initial mass function (IMF), Φ(M). sag tracks
the mass losses of low, intermediate and high-mass stars
that take place through stellar winds and SN explosions.
In the latter case, the lifetime of SN progenitors is consid-
ered, thus relaxing the instantaneous recycling approxima-
tion. Stars contribute both recycled and newly synthesized
material that gives place to the chemical enrichment of the
gas phases and can result in an increase of the metallicity
of future generations of stars. The mass of the chemical ele-
ment j ejected by stars with masses in the range centred in
mk is given by

∆M j
ejk
= [RkX j + Y j

k
]∆M?, (7)

where X j is the solar abundance of element j, Rk is the

recycled fraction, and Y j
k

is the yield of element j; the two
latter quantities depend on the kth mass range. The recycled
fraction is given by

Rk =

∫ mu
k

ml
k

Φ(M)rkdM, (8)

where ml
k

and mu
k

depict lower and upper mass limits, and rk
is the difference between the mass mk of the star at birth and
its remnant mass after mass loss due to stellar winds and/or
SN II explosions. The yield of the newly formed chemical
element j is calculated as

Y j
k
=

∫ mu
k

ml
k

Φ(M)pj
k

dM, (9)

where pk represents the stellar yield of a chemical element
j produced by a star with mass within the range centred
around mk .

Due to the fact that SNe Ia do not leave remnants,
the corresponding ejected mass is estimated by a different
expression as

∆M j
ej(Ia)k

= ηIak m j
Iak
∆M? (10)

MNRAS 000, 1–18 (2018)
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where m j
Iak is the mass of species j ejected by each SN Ia, and

ηIak is the number of SN Ia per stellar mass (which depends
on the model adopted for this type of SN), both depend on
the mass interval centred in mk .

The material ejected through stellar winds and SN ex-
plosions constitutes the recycled mass, ∆Mrecycled = ∆Mej +
∆Mej(Ia), which is the result of the accumulated contribution
of all chemical elements ejected by stars in different mass
ranges (equations 7 and 10) at a given time determined by
the combination of the SFR of each galaxy and the return
time-scale of all sources considered. The newly synthesized
metals contained in ∆Mrecycled contribute towards enhancing
the chemical abundance of all baryonic components through
outflows and inflows.

The injected energy resulting from SN explosions re-
heats a fraction of the cold gas, referred to as reheated mass
(∆Mreheated given by equations 1 or 2, depending on the SN
feedback model used). This is transferred to the hot gas halo
as an outflow of chemically enriched gas with the cold gas
metallicity. The new SN feedback scheme allows the ejec-
tion and later reincorporation of the hot gas (∆Mejected and
∆Mreinc given by equations 3 and 5, respectively). Metal-
dependent cooling rates are taken into account to calculate
the amount of cooled gas, ∆Mcool, whose metallicity is de-
termined by the chemical abundance of the hot gas, and is
transported from this phase to the cold gas disc, feeding the
cold gas reservoir from which new stars are formed. In this
scenario, the variation of the mass of chemical element j
contained in a given baryonic component (hot gas, cold gas,
stars and reservoir of ejected gas) is given by

∆M j
hot = −∆Mcool A

j
hot + ∆Mreheated Aj

cold

+ frec,h
(
∆M j

ej + ∆M j
ej(Ia)

)
−∆Mejected Aj

hot + ∆Mreinc Aj
ejected, (11)

∆M j
cold = +∆Mcool A

j
hot − ∆M?Aj

cold(SF)

+ frec,c
(
∆M j

ej + ∆M j
ej(Ia)

)
− ∆Mreheated Aj

cold, (12)

∆M j
stellar = +∆M?Aj

cold(SF) − ∆Mrecycled Aj
star, (13)

∆M j
ejected = ∆Mejected Aj

hot − ∆Mreinc Aj
ejected, (14)

where Aj
B = M j

B/MB is the abundance of the chemical el-

ement j in the baryonic component B, with M j
B the mass

of element j contained in the component B of total mass
MB. The suffix B alludes to cold gas, hot gas, stars and
ejected gas. In the latter case, the abundance is a result
of the succession of ejection events that combines different

hot gas metallicities. The abundance Aj
cold(SF) represents the

mass content of element j in the cold gas at the time of
the birth of stars with total stellar mass ∆M?. The fraction
frec,x denotes the fraction of the recycled mass (combination
of recycled and newly synthesized chemical elements) that
is added into the hot (x = h) and cold (x = c) phases.

The fate of the recycled material, which contains met-
als that had been locked up in stars and newly synthesized
chemical elements, is determined by the relative amounts of
reheated and recycled mass. The latter can either be kept

within the cold gas disc or injected into the hot gas halo.
Both the reheated and recycled mass are a result of a single
process, SN explosions. We avoid the two-steps procedure in
which the recycled material is first completely diluted in the
cold gas and then a fraction of it is transferred to the hot
phase because of the energy injection. We consider that if
the reheated mass is smaller than the recycled mass, then a
fraction frec,h = ∆Mreheated/∆Mrecycled of the recycled material
is added to the hot gas halo, and the rest ( frec,c = 1 − frec,h)
remains in the cold gas disc (see third term of equations 11
and 12). On the contrary, if the reheated mass is higher
than the recycled mass, all of the latter is directly added to
the hot gas halo ( frec,h = 1 and frec,c = 0), meaning that it
has been completely reheated.

We also evaluate a variant of the sag model that con-
siders a simpler criterion to decide the fate of the recycled
mass. In this new scheme, the fraction of recycled material
that is added to the cold gas phase is proportional to the cold
gas fraction of the galaxy, i.e. the ratio between the cold gas
content and the sum of cold gas and stars. Thus, the frac-
tions involved in the third term of equations 11 and 12 are
replaced by frec,c = Mcold/(Mcold + M?) and frec,h = 1 − frec,c.

In any of these two schemes, the chemical elements con-
tained in the recycled mass are assumed to instantly mix
with the metals of the corresponding gas phase. Thus, the
cold gas enhances its metal abundance through two chan-
nels, namely, the direct contribution of recycled material
and the infall of enriched cooled gas, whose metallicity is
determined by the metallicity of the hot gas. At a certain
time, all the baryonic components have a uniform distribu-
tion of mass and metals, since sag does not track the radial
dependence of these quantities. The latter is a common fea-
ture of SAMs.

sag follows the abundance of eleven different chemical
elements (H, 4He, 12C, 14N, 16O, 20Ne, 24Mg, 28Si, 32S, 16Ca,
56Fe). We consider the stellar mass dependent yields pk spec-
ified in Gargiulo et al. (2015), estimated for a Chabrier IMF
(Chabrier 2003). We adopted the total ejected mass of so-
lar metallicity for all sets of stellar yields, assuming the so-
lar abundances of Anders & Grevesse (1989) with a solar
composition of Z� = 0.02. Including the stellar metallicity
dependence of the yields in the model has a very minimal ef-
fect on the galaxy properties studied here, while increasing
the computational expense of the model significantly. Re-
turn time-scales of material ejected by all sources considered
are obtained from the stellar lifetimes given by Padovani &
Matteucci (1993). Gas cooling rates are estimated consider-
ing the total radiated power per chemical element given by
Foster et al. (2012).

Unless otherwise stated, throughout the paper we re-
fer to the oxygen-to-hydrogen abundance of the interstellar
medium of galaxies in the model as gas metallicity. We calcu-
late this metallicity as 12+log(O/H), where O/H is the oxygen
mass in the gas relative to that of hydrogen. This definition
implicitly means we are calculating a gas mass-weighted oxy-
gen abundance, while in observations this measurement is
weighted by the luminosity of HII regions. This could intro-
duce some systematic differences between our measurement
and the observational one. However, since we are interested
in the evolutionary trends of the MZR, we use observations
only as a guidance and we do not attempt to correct our
measurement to mimic the observational one.
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Parameter sag

α 0.0402
ε 0.3299

εejec 0.02238

γ 0.0555
β 1.99

fBH 0.0605

κAGN 3.02 × 10−5

fpert 14.557

fhot,sat 0.2774

Table 1. Best-fitting values of the free parameters obtained with

the PSO technique for the sag model. These values define the
variant of the model to which we refer to as sagβ1.9.

2.3 Calibration of SAG and model definitions

The efficiency of the physical processes implemented in the
sag model is regulated by free parameters that are tuned
by imposing observed galaxy properties as constraints. The
calibration of sag is performed through the Particle Swarm
Optimization (PSO) technique (Ruiz et al. 2015) adopting a
set of five observational constraints defined in Knebe et al.
(2017b). We use the data compiled by Henriques et al. (2015)
for the stellar mass functions (SMF) at z = 0 and z = 2, data
presented by Gruppioni et al. (2015) for the SFR distribu-
tion function in redshift interval z ∈ [0.0, 0.3], data from
Boselli et al. (2014) for the fraction of mass in cold gas as
a function of stellar mass, and the combined datasets from
McConnell & Ma (2013) and Kormendy & Ho (2013) for
the relation between bulge mass and the mass of the central
supermassive BH.

The best-fitting values of the free parameters of sag are
shown in Table 1. These parameters are the star formation
efficiency (α), the efficiency of SN feedback (ε), those in-
volved in the new feedback scheme (Eq. 2, 4 and 5), i.e., the
efficiency of ejection of gas from the hot phase (εejec) and
of its reincorporation (γ), and the power-law slope of the
redshift dependence (β), the growth of super massive BHs
( fBH) and efficiency of AGN feedback (κAGN), the factor
that regulates the trigger of disc instabilities through the
presence of a perturbing galaxy within a certain distance
scale ( fpert), and the fraction of hot gas content of satellite
galaxies that determines the destination of the reheated cold
gas ( fhot,sat), so that if the hot gas reservoir drops below this
threshold, the reheated gas is transferred to the respective
central galaxy. The equations involving these parameters can
be found in Ruiz et al. (2015) and Paper I, together with a
description of the corresponding physical processes. Paper I
also presents the details of the procedure followed to cali-
brate sag onto the MDPL2 simulation and the behaviour of
statistics and relations followed by the properties of model
galaxies. The calibration of sag gives β = 1.99, a value higher
than the one suggested by Muratov et al. (2015, β = 1.3).
As discussed in Paper I, this value is a consequence of the
constraint imposed by the low mass end of the SMF at z = 2,
which gives rise to an underprediction of the cosmic star for-
mation rate density (SFRD) at high redshifts (see Sec. 4.2).
Model predictions, such as SFRD and the fraction of passive
galaxies as a function of stellar mass, halo mass and halo-
centric distance, are in better agreement with observational

data when adopting β = 1.3, while keeping the best-fitting
values of the rest of the free parameters obtained from the
calibration process. This variant of the model is referred to
as the model sagβ1.3 in Paper I.

The analysis of the calibrated model sag and the model
sagβ1.3 allows us to evaluate the impact of the different
strength of SN feedback at high redshifts on the develop-
ment of the MZR. We will refer to the former as sagβ1.9,
hereafter. We also analyse the influence of the changes intro-
duced in the modelling of the SN feedback itself by consid-
ering a version of sag in which the current feedback model
(Eq. 2) is replaced with the original prescription adopted
for this process (Eq. 1), suppressing ejection and reincorpo-
ration and keeping the same best-fitting values of the free
parameters of the calibrated model sag. We refer to this
run as sagβ0.0. Note that this label not only means that
the reheated mass loses the explicit redshift dependence but
it also indicates the lack of the additional modulation with
virial velocity of Eq. 2. In order to evaluate the impact of
the scheme adopted to decide the fate of the recycled mass
on the MZR evolution, we define a new variant of the model
in which the corresponding scheme in sagβ1.9 is replaced by
the simpler recipe that relies on the cold gas fraction; this
model is called sagβ1.9−Rec. The analysis of the results of
these four variants of the model help us to unveil the drivers
behind the absence or presence of evolution of the MZR.

Since the MZR involves the oxygen abundance in the
cold gas phase, we analyse the mass content of this chemical
element in the different baryonic components. Fig 1 shows
the mass of oxygen as a function of stellar mass at redshift
z = 0, z = 2.2 and z = 3.5 in the top, middle and bottom pan-
els, respectively, for galaxies generated by the sagβ1.9 model.
We separately track the oxygen mass in the hot gas phase
(solid line), in the cold gas phase (the thickest solid line), the
oxygen mass locked up in stars (the thinnest solid line) and
the total oxygen mass ever produced by the stars in galaxies
(dashed line). The latter is the sum over time of the oxygen
produced by the stars in the galaxy, ∆MO

ej +∆MO
ej(Ia) (involved

in Eqs. 11 and 12). Even though the ejected gas component
(Eq. 14) does contain some oxygen, we do not show it be-
cause it typically is several orders of magnitude lower than
the other baryonic components (the mean values of their
oxygen mass do not surpass the amount of ∼ 104 M� at
any redshift). This responds to the ejected mass component
generally being a small contribution to the baryon fraction,
except in low mass halos. The latter is a general behaviour
of semi-analytic models (Lagos et al. 2018).

Most of the oxygen mass produced by stars is located
in the hot gas phase, independently of the stellar mass and
redshift. However, when time goes by the difference between
the oxygen mass in hot and cold gas becomes smaller. In ad-
dition, for galaxies with M? . 1010.0−10.5 M�, the amount
of oxygen locked up in stars is lower than in the cold gas
phase, which is the opposite to what we obtain for galax-
ies of M? & 1010.0−10.5 M�. This inversion takes place in
massive galaxies as the mass of their cold gas reservoir be-
comes much smaller than their stellar mass (see the relation
between the cold gas fraction and stellar mass at z = 0 in
Fig. 3 of Paper I), which naturally leads to the amount of
oxygen contained in cold gas to be smaller than the oxygen
locked up in stars. Because the oxygen in the hot gas domi-
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Figure 1. Oxygen mass of SF galaxies for sagβ1.9 model as a
function of stellar mass at z = 0 (top panel), z = 2.2 (middle

panel) and z = 3.5 (bottom panel). The black dashed, the red
solid, the blue thickest solid and the green thinnest solid lines de-
pict, respectively, the mean values of the total amount of oxygen
produced by the galaxy through stellar nucleosynthesis, the oxy-
gen mass in hot gas, the oxygen mass in cold gas, and the amount
of oxygen locked up in stars. The 1σ dispersion is represented by

error-bars. At all redshifts, the majority of the oxygen mass is in
the hot gas phase.

nates the total amount of oxygen in the galaxy-halo system,
it is then expected that the exact evolution of the metallicity
of the hot gas could have a strong impact on the evolution
of a galaxy’s metallicity.
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Figure 2. MZR of SF galaxies for the model sagβ1.9 at z = 0. The
black thick solid line depicts the mean values of the relation with

their 1σ dispersion denoted by errorbars. The shaded regions

show the 2-dimensional histogram of the model galaxies. We also

show the best fit to observations of Maiolino et al. (2008) (green

dashed line), the mean values and 1σ scatter of observations by

Tremonti et al. (2004) (blue solid and dotted lines, respectively),

and the mean values from Andrews & Martini (2013) (filled purple

circles).

3 THE MASS-METALLICITY RELATION

We present the current MZR predicted by the model
sagβ1.9 and the evolution of this relation, comparing them
with several observational datasets.

3.1 Mass-metallicity relation at z=0

Fig. 2 shows the predicted MZR of star forming (SF) galaxies
at z = 0 in the sagβ1.9 model (shaded area). We define SF
galaxies as those whose specific SFR (sSFR), i.e., the ratio
between the SFR and stellar mass, is higher than 10−10.7 yr−1

(Paper I), following the criterion adopted in Brown et al.
(2017) for the analysis of satellite galaxies selected from the
Sloan Digital Sky Survey (SDSS) DR7.

Mean metallicity values for different stellar mass ranges
and the corresponding standard deviation are shown with
the thick solid line and error bars, respectively. We com-
pare the prediction of the model with the mean values of
the spectroscopic observations of Tremonti et al. (2004) and
Andrews & Martini (2013), and with the fit from Maiolino
et al. (2008). The latter is calibrated with the spectroscopic
observations of z = 0.07 galaxies by Savaglio et al. (2005),
of z = 2.2 galaxies by Erb et al. (2006), and their own spec-
troscopic observations of z = 3.5 galaxies. This fit is given
by

12 + log(O/H) = −0.0864(log M? − log M0)2 + K0, (15)

where log M0 and K0 are estimated at each redshift, as listed
in their table 5. In general, stellar masses in the obser-
vations are estimated assuming an IMF that differs from
the Chabrier IMF adopted by sag. Both Tremonti et al.
(2004) and Andrews & Martini (2013) adopted a Kroupa
IMF (Kroupa 2001). To allow a fair comparison with sag,
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we shift their stellar masses by −0.039 dex (Knebe et al.
2017a).

It is also interesting to stress the different methods and
calibrations that were used to measure the cold gas metal-
licity by these authors. Tremonti et al. (2004) use a pho-
toionization theoretical model that takes prominent emis-
sion lines to estimate a statistical metallicity. Maiolino et al.
(2008) also use photoionization models, but only for metal-
licities 12 + log(O/H) > 8.35. For lower values of metallicity,
they use a method in which the measurements are based on
the electron temperature of the gas. On the other hand, An-
drews & Martini (2013) use a direct method (also based on
the electron temperature) for their whole sample. As found
by Kewley & Ellison (2008), the offset on MZR measured
with different methods can be as large as 0.7 dex and may
interfere with both the shape and the zero-point of the MZR.
Hughes et al. (2013) emphasised the importance of using the
same method to obtain metallicities in order to avoid the
aforementioned discrepancies.

Acknowledging that measuring metallicities is not an
easy task, we analyse our model predictions of the MZR
at z = 0. sagβ1.9 produces a MZR with a steeper slope

than observed. At M? & 1010 M�, the model MZR agrees
with the observations within their errorbars. At M? . 1010

M�, sagβ1.9 slightly underpredicts the mean metallicities,
although still within the uncertainties.

3.2 Evolution of the Mass-Metallicity Relation

The MZR of SF galaxies at different epochs is shown in
Fig. 3 for model sagβ1.9 (shaded area). The thick solid line
denotes the mean metallicity values for each redshift, while
the thin solid line depicts the mean values of sagβ1.9 galaxies
at z = 0, for comparison. In both cases, errorbars correspond
to the 1σ scatter. We compare the model MZR with the
observational fits from Maiolino et al. (2008) at z < 3 and
from Troncoso et al. (2014) at z > 3. The fit introduced by
Maiolino et al. (2008) (equation 15) was later re-calibrated
by Troncoso et al. (2014) with the parameters log M0 and
K0 obtained from their own spectroscopic observations at
3 < z < 5 (their metallicity measurements are obtained from
the theoretical R23 method). Despite differences in the shape
and zero point of the MZR at z = 0, observations evidence
an evolution of this relation.

At z = 0.7 (top panel), we can see that there is a ten-
dency of the model MZR to evolve from the relation at z = 0
towards lower metallicities at fixed stellar mass. sagβ1.9 re-
produces a relation with a steeper slope (of ∼ 0.40) than ob-
served, however still within the uncertainties. On the other
hand, the model MZR at z = 2.2 (middle panel) has a slope
of ∼ 0.41 across the full stellar mass range shown, in good
agreement with the observations. At z = 3.5 (bottom panel),
the model MZR is in good agreement with the observations
at M? . 1010 M�; the slope of both observed and model
relations are similar (∼ 0.41). However, for M? & 1010 the
model MZR deviates from the observed one which is char-
acterized by a shallower slope.

Despite the tension between the model and the obser-
vations at z < 1, sagβ1.9 does reproduce the evolution of the
zero-point of the MZR until z . 3.5 (notice that the slopes
for all four redshifts are restricted to ≈ 0.40 − 0.41). The

7.0

7.5

8.0

8.5

9.0

9.5

10.0

1
2
+
lo
g(
O
/H

)

SAGβ1.9, z=0.7

SAGβ1.9, z=0
Maiolino et al. (2008), z=0.7
Maiolino et al. (2008), z=2.2
Troncoso et al. (2014), z=3.5

7.0

7.5

8.0

8.5

9.0

9.5

10.0

12
+
lo
g
(O

/
H
)

SAGβ1.9, z=2.2

8.0 8.5 9.0 9.5 10.0 10.5 11.0 11.5 12.0
log(M [M¯])

7.0

7.5

8.0

8.5

9.0

9.5

10.0

12
+
lo
g
(O

/
H
)

SAGβ1.9, z=3.5

101

102

103

104

105

106

101

102

103

104

105

106

101

102

103

104

105

Figure 3. MZR of SF galaxies generated by sagβ1.9 for z = 0.7
(top panel), z = 2.2 (middle panel) and z = 3.5 (bottom panel).

Shaded regions show the 2-dimensional histogram of the model

galaxies, while the black thick solid line represents the mean val-
ues of the relation with the corresponding 1σ scatter shown as

errorbars. For reference, each panel shows the z = 0 relation in

sagβ1.9 as thin solid line. In all cases, the best fits to the MZR
of Maiolino et al. (2008) at z = 0.7 and z = 2.2, and of Troncoso

et al. (2014) at z = 3.5 are shown as blue dotted, green dashed
and purple dashed-dotted lines, respectively.

redshift evolution of the MZR in SAMs has been reported
recently by Xie et al. (2017) but for a more restricted red-
shift range. They use an improved of the semi-analytic model
gaea (Hirschmann et al. 2016), modified to add a prescrip-
tion for the molecular gas fraction and the star formation
efficiency; the assumed values of model free parameters are
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Figure 4. MZR of SF galaxies at different redshifts for the sagβ1.9 (top left panel), sagβ1.3 (top right panel), sagβ0.0 (bottom left
panel) and sagβ1.9−Rec (bottom right panel) models. Different line styles represent mean values of the MZR at z = 0.0, 0.7, 2.2 and 3.5, as

indicated in the legend. The corresponding 1σ scatter is shown as shaded areas for z = 0 or errorbars, otherwise. The models with the

new SN feedback prescription show some level of evolution in their MZR, contrary to the sagβ0.0 model which shows no evolution at all.
The evolution of the MZR in the model sagβ1.9 (top left panel) is of the order of the one found observationally (see Fig. 3).

also changed. These improvements helped find a cosmic evo-
lution of the MZR up to z ∼ 0.7 for 108 . M? . 1012 M� and
up to z ∼ 2 for M? & 1010 M�. Instead, sagβ1.9 produces
an evolution of the MZR up to z ∼ 3.5 and z ∼ 2.2 for
M? . 1010.5 M� and M? & 1010.5 M�, respectively. Addi-
tionally, we study how changing the SN feedback modelling
and the fate of the recycled material alter the mass and
metal content of the different baryonic components affect-
ing the MZR, with the aim of understanding the origin of
its evolution.

4 THE ORIGIN OF THE MZR EVOLUTION

The aim of this work is to identify the key physical pro-
cesses that are responsible for the evolution of the MZR.
Paper I shows that the SN feedback modelling has a large
impact on the evolution of the cosmic SFR and the mass
assembly of galaxies, being strongly dependent on the value
the parameter β takes (Eq. 2). As this mechanism might

play an important role in the MZR evolution, we study re-
lated properties of the galaxy population generated by the
sagβ1.9, sagβ1.3 and sagβ0.0 models. The analysis of the
sagβ1.9−Rec model also allows us to evaluate the impact of
the fate of the recycled material.

4.1 Comparison of the MZR predicted by variants
of SAG

The MZR for SF galaxies at different redshifts predicted
by the sagβ1.9, sagβ1.3, sagβ0.0 and sagβ1.9−Rec models are
presented in the top-left, top-right, bottom-left and bottom-
right panels of Fig. 4, respectively. The lines show the mean
values of the relation for z = 0 (thick solid line), z = 0.7
(thick dashed line), z = 2.2 (thin dashed line) and z = 3.5
(thin solid line). Both the sagβ1.9 and sagβ1.3 models dis-
play a clear MZR evolution that is not seen in sagβ0.0. The
modifications introduced to the SN feedback modelling, de-
scribed in Sec. 2.1, drive the evolution of the MZR which is
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evident from the decrease of its zero-point with increasing
redshift. Although both sagβ1.9 and sagβ1.3 show evolu-
tion in their MZR, it is more pronounced for the former.
Considering the redshift range 0 ≤ z ≤ 3.5, the evolution
obtained for the normalization of the MZR is ∼ 0.44 dex for
sagβ1.9 and ∼ 0.28 dex for sagβ1.3. This difference in the
evolution is a consequence of a milder redshift-dependence
of the reheated and ejected mass in sagβ1.3 with respect to
sagβ1.9. On the other hand, the evolution of the MZR is
∼ 0.35 dex for the sagβ1.9−Rec model, a bit smaller than for
sagβ1.9, although the features of the SN modelling are the
same in both models. The change of the fate of the recy-
cled material has a mild impact on the degree of the MZR
evolution. This result leads us to conclude that the change
in the modelling of SN feedback is the main driver of the
MZR evolution. The way in which the recycled material af-
fects the hot and cold gas phases in model sagβ1.9 provides
a physical channel in which our model is able to reproduce
the observed MZR evolution (see Fig. 3). The reason of this
is analysed in detail in Section 4.3.

The slope of the MZR4 does not change significantly
over time in any of the models. For the redshift range
considered, the slopes are ∼ 0.42 − 0.44, ∼ 0.44 − 0.45, ∼
0.39−0.38, and ∼ 0.39−0.40 for sagβ1.9, sagβ1.3, sagβ0.0 and
sagβ1.9−Rec, respectively, where higher values correspond to
lower redshifts. A similar prediction was obtained by Ma
et al. (2016) from the analysis of the FIRE simulations, who
found that a common slope of ∼ 0.35 for redshifts in the
range z ∈ [0, 6] provides a good fit to their model results.
Note that the zero-point of their MZR evolves by ∼ 1 dex
within that redshift range, but it is of the order of the one
produced by sagβ1.9 when we restrict to the redshift range
analysed in our work. Guo et al. (2016) compared the pre-
dictions of the EAGLE hydrodynamic simulation and two
semi-analytic models, galform and l-galaxies, and found
that while the former displays a strong evolution in both
slope and zero-point of the MZR, the SAMs have a MZR
which hardly evolves with redshift.

4.2 Evolution of the cosmic density of cold gas
and SFR

The evolution of gas and metal content of the ISM leads to
the evolution of the MZR. Therefore, we focus on the cosmic
density of the cold gas, Ωcold, as a function of redshift, paying
special attention to the cosmic density of the hydrogen and
oxygen components of this phase (ΩH and ΩO, respectively).
The gas density is calculated as

Ωx =
ρx

ρc(z=0)
=

Mx/L3

ρc(z=0)
(16)

where ρc(z=0) = 2.77×1011 h2 M�Mpc−3 is the critical density
at z = 0 for our adopted cosmology, and ρx is the mass den-
sity of either the total cold gas (x=cold), or the hydrogen
(x=H) and oxygen (x=O) contained in the cold gas. The
mass density ρx is estimated by the ratio between the corre-
sponding total mass, Mx, in the simulation and the cube of

4 The slope of the MZR is estimated by applying the linear least
squares fitting technique to the stellar mass range M?[M�] ∈
[108, 1010.5], where the 1σ dispersion is low, as shown in Fig. 4.
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red solid line), the hydrogen contained in this phase (ΩH, green
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line) for model sagβ1.9. The cosmic density of the oxygen con-
tained in the cod gas for model sagβ1.3 is represented by a thin

grey dashed line. Filled black stars show the observed gas density
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squares) presented by Lagos et al. (2014). The modelled cosmic

density of hydrogen shows a good agreement with observations

through the redshift range considered (0 ≤ z ≤ 3.5).

the box side-length, L, of the underlying cosmological sim-
ulation.

Fig. 5 shows, for model sagβ1.9, the cosmic density
Ωcold (solid line), ΩH (dotted line) and ΩO (thick dashed
line) as a function of redshift. We compare our results with
the observations compiled by Lagos et al. (2014), in which
the gas density of both atomic (HI) and molecular (H2)
neutral hydrogen were studied. Since the cold gas in the
model is not split in these two components, the comparison
is made with the observed gas density resulting from the
sum of HI and H2. For the redshift range considered, ΩH
matches the observed cosmic density of hydrogen, HI + H2,
reasonable well. This agreement is not necessarily surpris-
ing as the sagβ1.9 model has been calibrated to match the
cold gas fraction at z = 0 (see fig. 3 in Paper I), among
other constraints (Section 2.3). The agreement of ΩH with
the observed HI + H2 is particularly good at z ≈ 0.5. For
lower/higher redshifts, the predicted cosmic density of hy-
drogen is underestimated/overestimated. This is consistent
with the discrepancies between model predictions and ob-
servations found in the evolution of the cosmic SFR density
(SFRD) for model sagβ1.9, as we show next.

Fig. 6 presents the evolution of the cosmic SFRD for the
sagβ1.9, sagβ1.3 and sagβ0.0 models. They are compared
with the data compiled by Behroozi et al. (2013c) and the
latest results of the combined GAMA/COSMOS/3DHST
from Driver et al. (2017). The three models show reason-
able agreement with the observations, specially at z < 2,
however there are some differences worth discussing. The
sagβ1.9 model underpredicts the SFRD at z & 2, and over-
predicts it at z . 0.5. This differences explain the aforemen-
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Figure 6. Cosmic SFR density as a function of redshift
for the models sagβ1.9 (solid line), sagβ1.3 (dashed line) and

sagβ0.0 (dotted line). Filled circles with error bars show the ob-

servations compiled by Behroozi et al. (2013c), while stars corre-
spond to recent results of Driver et al. (2017). In general, all three
models agree with the observations. Differences arise from the SN
feedback modelling (between sagβ1.9 and sagβ0.0) or different val-
ues of the parameter β associated to the new SN feedback model

(between sagβ1.9 and sagβ1.3).

tioned deviations from the observed values of ΩH (Fig. 5),
since star formation takes place from the cold gas reservoir.

The agreement between model predictions and ob-
servations improves, particularly at high redshifts, in the
sagβ1.3 model. This is expected since the parameter β, which
regulates the redshift dependence of the reheated and ejected
mass (Eq. 2 and 4, respectively), is fixed to a lower value in
sagβ1.3 compared to sagβ1.9. Therefore, the weaker effect of
SN feedback at higher redshifts in the sagβ1.3 model leaves
more cold gas available for star formation, leading to higher
SFRD in comparison with sagβ1.9. This effect is exacerbated
in the sagβ0.0 model, where gas reheating is equally efficient
at fixed SFR and circular velocity for any redshift, in con-
trast with the evolving efficiency of sagβ1.3 and sagβ1.9,
allowing significantly more SF at high redshift.

Fig. 7 shows the mean values of reheated mass as a func-
tion of stellar mass for central galaxies at redshifts z = 0, z =
0.7, z = 2.2 and z = 3.5 (top-left, top-right, bottom-left and
bottom-right panels, respectively) for the sagβ1.9 (solid line)
and sagβ0.0 (dashed line) models; shaded regions show the
corresponding 1σ dispersion. We focus on the sagβ1.9 and
sagβ0.0 models because they produce the largest and the
smallest evolution of the zero-point of the MZR, respec-
tively. We can see that the amount of reheated mass, at
fixed stellar mass, shows a mild dependence with redshift in
the sagβ0.0 model. On the contrary, sagβ1.9 shows that, at
fixed stellar mass, the amount of reheated mass decreases
strongly with decreasing redshift. This is expected from the
explicit redshift dependence introduced in the reheated mass
produced by the new feedback model (Eq. 2). This results
in higher amounts of reheated mass than sagβ0.0 at z & 2.2
and lower amounts at lower redshifts.

The lower values of SFRD at higher redshifts in the
sagβ1.9 model imply that the amount of metals injected by

evolved stars onto the ISM is smaller than in sagβ1.3 and
sagβ0.0. Indeed, the cosmic density of oxygen is lower in
sagβ1.9 than in sagβ1.3 at all redshifts; the latter is repre-
sented by a thin dashed line in Fig. 5. Besides, the rate of
metal enrichment also differs as shown by the different red-
shift dependence of ΩO in these models. We quantify this by
estimating the slopes of the Ωo−z relation for redshift ranges
below and above z ≈ 0.7, where the relation shows a break.
For z & 0.7, these slopes reach values of ≈ 0.015 and ≈ 0.028
for the sagβ1.9 and sagβ1.3 models, respectively. They be-
come larger for z . 0.7, being ≈ 0.28 and ≈ 0.32, respectively.
Applying the same analysis to ΩH, the slopes are ≈ 0.04 for
z & 0.7 and ≈ 0.35 otherwise, for both sagβ1.9 and sagβ1.3;
the cosmic densities Ωcold and ΩH are pretty similar in these
two models and thus, for clarity, we only show the latter for
sagβ1.3. We can see that, for a given redshift range, the dif-
ference between the slopes of ΩO− z and ΩH− z relations are
larger for sagβ1.9 than for sagβ1.3, which indicates that the
cold gas is contaminated in a more gradual way when the
efficiency of SN feedback is larger at higher redshifts. This
fact is translated in an appreciable evolution of the MZR.
This analysis supports the justification of the very little evo-
lution of the MZR predicted by the SAM variants discussed
by Hirschmann et al. (2016), which is attributed to the high
SFR and consequent rapid chemical enrichment of the cold
gas phase at high redshift, which results from the rather low
reheating and ejection rates at early times.

Thus, the decrease of the degree of evolution of the zero-
point of the MZR is directly linked to the progressive in-
crease in the SFRD at z & 2 as we reduce the strength of
the redshift dependence of the reheated mass from sagβ1.9 to
sagβ0.0. SN feedback, therefore affects the evolution of the
MZR through the role it has on the regulation of star forma-
tion, which in turn determines the amount of reheated gas
(equations 1 or 2) and the recycled mass containing newly
synthesized metals (equations 7 and 10). Since the metal-
licity of the cold gas is given by the relative proportion of
mass and metals returned to the ISM, it is the balance be-
tween inflows and outflows that transport mass and metals
between the different baryonic components (equations 11,
12 and 13) which helps to determine the degree of evolution
of the MZR.

4.3 Role of metal dilution in outflows

We have shown so far that the cold gas is contaminated more
gradually in time when the SN feedback effect is stronger at
higher redshifts, which gives place to a larger evolution of
the zero-point of the MZR. SN explosions not only inject en-
ergy into the ISM and intergalactic medium (IGM), but also
newly synthesized metals that are contained in the recycled
mass. We have also seen that the fate of the recycled mass
plays a part in determining the magnitude of the MZR evolu-
tion (see Section 4.1). According to the two possible schemes
adopted to regulate the mass transfer between baryonic com-
ponents (see Sec. 2.2), the fate of the recycled mass may
depend either on its relative proportion with respect to the
reheated mass (as in the sagβ1.9, sagβ1.3 and sagβ0.0 mod-
els) or on the cold gas fraction (as in the sagβ1.9−Rec model).
We refer to the former as recycling scheme 1 and to the lat-
ter as recycling scheme 2. We now analyse the way in which
these schemes influence the cold gas metallicity.
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Figure 7. Reheated mass of SF galaxies as a function of stellar mass at z = 0 (top-left panel), z = 0.7 (top-right panel), z = 2.2 (bottom-
left panel) and z = 3.5 (bottom-right panel). Black solid and blue dashed lines show the sagβ1.9 and sagβ0.0 models, respectively, while

the black and blue shaded regions show the corresponding 1σ scatter.

Fig. 8 shows the fraction of recycled mass that is
transferred directly to the cold gas, Mcold

recycled, with re-

spect to the total recycled mass, Mrecycled, i.e. f cold
recycled =

Mcold
recycled/Mrecycled, as a function of stellar mass for SF galax-

ies at z = 0 (top-left panel), z = 0.7 (top-right panel),
z = 2.2 (bottom-left panel) and z = 3.5 (bottom-right
panel), for the sagβ1.9 (solid line), sagβ0.0 (dashed line) and
sagβ1.9−Rec (dotted line) models, respectively. The different
schemes adopted to define the fate of the recycled mass pro-
duce completely opposite trends. The fraction of recycled
mass that is deposited in the cold gas phase increases with
increasing stellar mass in the recycling scheme 1, while it
decreases for more massive galaxies in the recycling scheme
2.

Both the sagβ1.9 and sagβ0.0 models, which adopt the

recycling scheme 1, have f cold
recycled ≈ 0 for low-mass galaxies

(M? . 1010 M�) because the reheated mass is larger than the
recycled mass for those galaxies in any model. This implies
that the newly synthesized metals are injected directly into
the hot gas halo. For galaxies with M? & 1010 M� at a given

redshift, the fraction f cold
recycled increases with increasing stel-

lar mass for both models, consistent with the fact that the
reheated mass decreases, as can be seen from Fig. 7, allowing
more recycled mass to be transferred to the cold gas directly.
For a given stellar mass within the more massive range, the
dependence on redshift of the fraction f cold

recycled differs be-

tween models characterized by different SN feedback. While
f cold
recycled progressively increases when redshift decreases for

sagβ1.9, the opposite behaviour is seen in sagβ0.0. The red-
shift dependence of the efficiency of SN feedback in the for-
mer produces less amount of reheated mass at lower redshift
(see Fig. 7), so that ≈ 80 per cent of the recycled mass ends
in the cold gas for the most massive galaxies at z = 0 in
sagβ1.9.

In the recycling scheme 2, f cold
recycled & 0.5 for low-mass

galaxies at any redshift. This fraction decreases for more
massive galaxies, approaching values close to zero for the
most massive ones, specially at low redshifts (z . 0.7). These
trends are a result of the dependence of cold gas fraction on
stellar mass, which is higher for less massive galaxies (see
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Figure 8. Fraction of recycled mass that is transferred directly to the cold gas phase with respect to the total recycled mass ( f cold
recycled =

Mcold
recycled/Mrecycled), as a function of stellar mass for SF galaxies at z = 0 (top-left panel), z = 0.7 (top-right panel), z = 2.2 (bottom-left

panel) and z = 3.5 (bottom-right panel). Black solid, blue dashed and orange dotted lines show results for the sagβ1.9, sagβ0.0 and

sagβ1.9−Rec models, respectively, while the black, blue and orange shaded regions represent the corresponding 1σ scatter.

fig. 3 in Paper I for the model sagβ1.9). Therefore, while
low-mass galaxies have cold gas mainly polluted by recy-
cled material that is kept in this reservoir, the low cold gas
fraction of massive galaxies produces a larger fraction of re-
cycled material to be ejected into the hot gas halo. Thus, the
cold gas of high-mass galaxies is chemically enriched mainly
through cooled gas. Although the gas cooling rate becomes
lower for more massive galaxies as a result of AGN feedback,
the contaminated cooling flow has an important impact on
the chemical enrichment of the cold phase because of the
low cold gas fraction of these galaxies.

The pollution of the cold gas takes place through two
channels, namely, the direct contamination of the cold gas
by recycled material that is directly injected onto this phase
(cases with high values of f cold

recycled), and gas cooling, which

contributes with a mass of cooled gas with a metallicity de-
termined by the one achieved by the hot gas halo (cases
with low values of f cold

recycled). For a given stellar mass, the rel-

ative importance of each channel depends on the recycling

scheme adopted. For the cases dominated by gas cooling,
the metallicity of the hot gas is a direct driver of the metal-
licity of the cold gas. Fig. 9 shows the mean value of the
hot gas metallicity, Zhot, as a function of stellar mass for
SF galaxies in the sagβ1.9 (solid line), sagβ0.0 (dashed line)
and sagβ1.9−Rec models, at different redshifts. The metallic-
ity Zhot is defined as the ratio between the mass of metals
contained in the hot gas phase and its total mass; it is nor-
malized by the solar value of Z� = 0.0196 (von Steiger &
Zurbuchen 2016). In all models, galaxies with higher stel-
lar mass are characterized by more chemically enriched hot
gas, except for galaxies with M? & 5 × 1010 M� at low red-
shifts (z . 0.7), for which the trend is inverted. Besides, the
dispersion of Zhot becomes quite large for this stellar mass
range, particularly for model sagβ1.9.

Focusing on the way the hot gas increases its metal-
licity, it can be seen that, regardless of stellar mass, the
hot gas of SF galaxies in the sagβ0.0 model is more chemi-
cally enriched than the hot component of those galaxies in
sagβ1.9 at high redshifts (z & 2.2). As the redshift decreases,
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Figure 9. Hot gas metallicity Zhot of SF galaxies as a function of stellar mass at z = 0 (top-left panel), z = 0.7 (top-right panel),
z = 2.2 (bottom-left panel) and z = 3.5 (bottom-right panel). Black solid, blue dashed and orange dotted lines show the mean values

for the sagβ1.9, sagβ0.0 and sagβ1.9−Rec models, respectively, while the black, blue and orange shaded regions show the corresponding

1σ scatter. In the top-left panel, the median hot gas metallicity is estimated for galaxies generated by sagβ1.9 binned in Mhalo ranges:
Mhalo[M�] ∈ [1012, 1013] (green triangles), Mhalo[M�] ∈ [1013, 1014] (red circles) and Mhalo[M�] ∈ [1014, 1016] (pink diamonds), which help

to interpret the wide dispersion in metallicity at high stellar mass. Stars represent observational results from Yates et al. (2017) after
conversion to the Zhot-M? plane.

there is a reversal of the trend, with sagβ1.9 displaying a
more polluted hot gas than sagβ0.0. Such a reversal is a re-
sult of the different rate of chemical enrichment of the hot
gas halo in these two models as the stellar mass of the as-
sociated galaxy grows. In sagβ1.9, the metallicity of the hot
gas increases more gradually than in sagβ0.0 because of the
progressive decrease of the reheated mass (outflows) with
decreasing redshift in the former model, specially for high-
mass galaxies (see Fig. 7), which gives rise to higher values
of f cold

recycled (see Fig. 8). Therefore, in sagβ1.9, the recycled

and newly synthesized metals that are injected into the hot
gas halo through outflows are less diluted in the mass carried
by them as redshift decreases. Moreover, the more gradual
increase of Zhot in sagβ1.9 is favoured by lower levels of SF
and, consequently, lower mass of metals produced at higher
redshifts with respect to either sagβ1.3 or sagβ0.0 (Figs. 5
and 6). The hot gas in model sagβ1.9−Rec reaches levels of

enrichment only slightly lower than in sagβ1.9, with pretty
similar dependence on stellar mass and redshift. This small
difference is consistent with the minor direct contribution
of recycled material received by this gas phase. In any case,
most of the oxygen produced by stars is deposited in the hot
gas, as shown by Fig. 1 for sagβ1.9.

All this analysis helps to disentangle the key physical
aspects in the evolution of the MZR. On one hand, we have
two models that differ in the modelling of SN feedback but
have the same recycling scheme, i.e. sagβ1.9 and sagβ0.0.
The former produces a zero-point evolution consistent with
observations, while the latter does not show any evolution
at all. Both of them present a fraction f cold

recycled that departs

from zero only for high-mass galaxies, pointing to the fact
that the contamination of the cold gas is mainly driven by
gas cooling. Hence, the key aspect that explains the evolu-
tion of the MZR is the rate at which the hot gas halo is
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chemically enriched. Both the mass of outflows and metals
produced are a direct consequence of the action of SN feed-
back.

On the other hand, the strong change in the trend of
the f cold

recycled−M? relation when the recycling scheme is mod-

ified has little effect on the evolution of the zero-point of
the MZR. Since this evolution is larger when the recycling
scheme 1 is adopted (≈ 0.44 for sagβ1.9) than when the re-
cycling scheme 2 is implemented (≈ 0.35 for sagβ1.9−Rec),
we can assert that the different degree of evolution between
sagβ1.9 and sagβ1.9−Rec is produced by the faster rate of
chemical enrichment suffered by the cold gas in the latter as
a result of the high values of f cold

recycled, specially for low-mass

galaxies, which reach higher values of cold gas metallicity.
For high-mass galaxies, gas cooling gains relevance and the
lower values of Zhot in sagβ1.9−Rec help to recover the flat-
tening of the high-mass end of the MZR (see bottom-right
panel of Fig. 4), in better agreement with observations.

4.3.1 On the features of the Zhot-M? relation

The relation between the hot gas metallicity and the stellar
mass is characterized by an inverted trend at high stellar
masses for z . 2.2 and a quite large scatter compared to
what is expected for the ICM. With the aim of understand-
ing these features of the Zhot-M? relation, we estimate the
median values of Zhot of SF galaxies in sagβ1.9 binned ac-
cording to the mass of the DM (sub)halo, Mhalo, they reside
in. Mhalo is given by the mass of each (sub)structure con-
tained within r200, which is the radius where the matter
density is 200 times that of the critical density of the uni-
verse, i.e., Mhalo = MDM(r200). The top-left panel of Fig. 9
shows the results for three ranges of halo mass, namely,
Mhalo[M�] ∈ [1012, 1013], [1013, 1014] and [1014, 1016]. As it
can be seen, the hot gas metallicity of galaxies inhabiting
haloes with lower mass is higher for high-mass galaxies, pro-
ducing a large dispersion. While galaxies in the lowest halo
mass bin drive the increase of the mean value of Zhot with
stellar mass, those galaxies with M? & 5 × 1010 M� residing
in the two most massive halo mass bins are responsible for
the decay of Zhot. Thus, both the scatter and the inversion
of this relation are strongly correlated with the halo mass.

The hot gas of central galaxies residing in the two more
massive halo mass bins represent the intragroup/intracluster
medium (ICM). It is found that the galaxy population with
M? & 1011 M� is dominated by centrals. Indeed, for the
haloes within the mass ranges Mhalo[M�] ∈ [1012, 1013],
[1013, 1014] and [1014, 1016], the corresponding percentage of
central galaxies with respect to the total number of galax-
ies (centrals plus satellites) selected according to this stellar
mass cut is ≈ 88, 94 and 97 per cent. Thus, the mean val-
ues of Zhot for different halo mass bins can be compared
with the observed metallicity of hot gas surrounding galaxy
groups and clusters presented by Yates et al. (2017, stars
in the top-left panel of Fig. 9), even though the whole sam-
ple of model galaxies includes also satellite galaxies. These
authors show the relationship between the mass-weighted
iron abundance within r500, Z̄Fe,500 and the hot gas temper-
ature T500 = T(r500) of the ICM for a homogenized dataset
of groups and clusters compiled from the literature, where
r500 is analogous to r200 but the matter density is 500 times

that of the critical density. The conversion of Z̄Fe,500-T500
to Zhot − M? is explained in the Appendix A. Considering
galaxies within haloes of mass Mhalo > 1013M�, which is the
mass range considered by Yates et al. (2017), we can see
that the hot gas metallicity predicted by the sagβ1.9 model
is in good agreement with observational data. However,
model galaxies with M? & 1011 M� within haloes of mass
Mhalo[M�] ∈ [1014, 1016] show an opposite trend, with de-
creasing Zhot for increasing stellar mass. We understand this
behaviour as due to the SAG model producing an artifi-
cially high merger rate in these galaxies at z < 2 (discussed
in detail in Paper I). Because of this, the hot haloes of cen-
tral galaxies acquire too much low metallicity gas from the
lower mass galaxies that are merging, resulting in metallic-
ity dilution. Similarly, Yates et al. (2017) point out that a
major process diluting the hot gas metallicity is the infall
of satellites in massive systems, which favours accretion of
pristine or low metallicity gas.

5 CONCLUSIONS

We have analysed the MZR predictions of the latest ver-
sion of the semi-analytic model of galaxy formation sag,
described in detail in Paper I. The latest improvements im-
plemented in sag include a robust model of environmental
effects through the action of RPS and TS coupled to the
integration of the orbits of orphan satellites, and a higher
efficiency of SN feedback at early times allowed by an ex-
plicit redshift dependence of the reheated and ejected mass.
The latter is inspired on the results of the hydrodynamical
simulation suite FIRE (Muratov et al. 2015). Paper I shows
that a variant of the model referred to as sagβ1.9 allows us
to achieve good agreement with observational results for a
large range of galaxy properties locally and at high redshift;
the SMF at z = 0 and z = 2, the SFR function, the scaling
relations between black hole and bulge mass, between the
cold gas fraction and stellar mass, between the stellar and
host halo mass, between the atomic gas content and stel-
lar mass and the evolution of the SFRD. In particular, the
detailed non-instantaneous chemical enrichment modelling
makes sag ideally suited to carry out the present work.

Reproducing the development of the MZR has been a
long standing problem for SAMs. The importance of the
study of the origin of this relation and the way in which it
evolves resides in the insights that it provides on the chemi-
cal enrichment of the cold and hot gas phases in connection
with gas inflows and outflows.

We summarize our conclusions as follows:

• A SN feedback model which gives rise to larger amounts
of reheated and ejected mass at higher redshifts allows us
to reproduce the observed evolution of the MZR normal-
ization. This evolution is found for a wide range of stellar
masses (108 M� . M? . 1012 M�) until z . 3.5 for the
model sagβ1.9, in which the new SN feedback recipe involves
an explicit redshift dependence (Fig. 2 and 3). The lack of
such dependence, as in the old SN feedback scheme, i.e. the
model sagβ0.0, prevents the MZR normalization from evolv-
ing (Fig. 4). We also find that the new SN feedback scheme
yields no evolution of the slope of the MZR.
• We experimented with the redshift dependence of the

reheated and ejected mass in the new SN feedback recipe
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(represented by the parameter β) and found that a larger β
directly translates into a stronger evolution of the MZR nor-
malization (≈ 0.44 dex). While the sagβ1.3 model, which has
β = 1.3, produces some evolution of the MZR normalization
(≈ 0.28 dex), it is not as pronounced as the one achieved by
the sagβ1.9 model, which adopted β = 1.99 (Fig. 4). Higher
values of the parameter β embody more violent effects of SN
feedback at high redshifts.

• Larger feedback effects at higher redshifts produce
larger discrepancies between the modelled and observed
SFRD, with the former being below recent data by a fac-
tor ≈ 3 (Fig. 6). Models with stronger SN feedback effect at
higher redshifts produce lower values of SFR, with the con-
sequence of a lower production of metals, as indicated by the
cosmic density of oxygen content of the cold gas (Fig. 5).

• Stronger SN feedback at higher redshifts leads to a de-
lay in the pollution of the hot gas. For a given stellar mass,
Zhot increases with decreasing redshift in the model sagβ1.9,
in contrast with the model sagβ0.0, in which Zhot practi-
cally remains the same throughout time at fixed stellar mass
(Fig. 9). The lower levels of metal enrichment of the hot
has halo at higher redshifts in sagβ1.9 are a result of the
lower values of SFR and the larger amounts of reheated mass
which dilute the metals injected in that gas phase (Fig. 7).
The slower increase of the hot gas metallicity compared with
the stellar mass build-up is finally translated as an evolution
of the MZR normalization, since part of the cold gas con-
tamination takes place through gas cooling.

• In our model, the metal pollution of the cold gas occurs
either through direct injection of recycled material into the
cold gas or by the gas cooling of enriched hot gas. For a
given stellar mass, the relevance of each process depends on
the criterion (recycling scheme) adopted to decide the fate
of the recycled material, i.e. cold or hot gas phase. When the
fraction of recycled mass that ends up in the cold gas phase is
defined by the ratio between the reheated and recycled mass
(as in the sagβ1.9, sagβ1.3 and sagβ0.0 models), gas cooling
is the main channel of pollution for low-mass galaxies (M? .
1010 M�) but losses importance as stellar mass increases.
The opposite trend is obtained when the fate of the recycled
mass is regulated by the cold gas fraction of galaxies (Fig. 8).

• The modelling of the metal loading of the outflows does
not affect our conclusions. An experiment in which the fate
of the recycled material is regulated by the cold gas fraction
(model sagβ1.9−Rec, recycling scheme 2), instead of being
driven by the amount of reheated mass as in sagβ1.9 (recy-
cling scheme 1), shows that the galaxy population exhibits
an evolution of the MZR normalization that is only slightly
smaller (≈ 0.35 dex) than our original model (Fig. 4). This
small difference is attributed to a faster enrichment of the
cold gas in sagβ1.9−Rec because of the predominant role of
direct metal injection onto this gas phase for low-mass galax-
ies.

Overall, with SAG we find that a stronger evolution of
the SN feedback effect is key in getting the expected evo-
lution of the MZR normalization, which has been a long
standing challenge for SAMs. Both the mass of outflows and
metals produced are a direct consequence of the action of SN
feedback. Thus, the evolution of the zero-point of the MZR
is mainly caused by the lower levels of star formation, and
consequent lower metal production, as a result of stronger

SN feedback at high redshift, with minor dependence on the
fate of the metals produced by stellar evolution and returned
via stellar winds and SNe. The explicit redshift dependence
involved in the estimate of outflows generated by SN feed-
back is interpreted as evolving aspects of the ISM not cap-
tured by the model, such as different redshift evolution of
local disc properties with respect to the circular velocity of
galaxies (Lagos et al. 2013; Creasey et al. 2013), or addi-
tional sources of energy (other than SNe) that may play an
important role (Hopkins et al. 2012).
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Muñoz Arancibia A. M., Navarrete F. P., Padilla N. D., Cora
S. A., Gawiser E., Kurczynski P., Ruiz A. N., 2015, MNRAS,

446, 2291
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temperature T500, we have to make two conversions based
on model results.

On one hand, to convert from Z̄Fe,500 to Zhot in the
observations, we apply the correlation between the hot gas
metallicity and the iron abundance of the hot gas that we ob-
tain internally in sagβ1.9. This is Zhot = 1.55 log(ZFe,SAG) +
1.92, which already takes into account the different solar
values used to normalize each of these quantities. We recall
that, in the model, Zhot has been normalized to the solar
value of Z� = 0.0196 (von Steiger & Zurbuchen 2016). The
iron abundance ZFe,SAG is referred to the same solar value
adopted by Yates et al. (2017). We then use observed values
of Z̄Fe,500 instead of ZFe,SAG as an entry in this relation to
obtain the corresponding Zhot.

On the other hand, we obtain a relation between stellar
mass and and gas temperature at r500 from model galaxies.
This radius is obtained from r200 (given in the simulation
outputs) by adopting an isothermal density profile. The hot
gas temperature of model galaxies, T500,SAG, is estimated fol-
lowing the procedure described in Yates et al. (2017, see their
sec. 2.3), in which the temperature at r200, T200, is needed.
This property is calculated by applying the conversion be-
tween virial velocity and temperature from Springel et al.
(2001),

T200 = 35.9 (Vvir/km s−1)2 K, (A1)

and plays a key role in the classification of galaxy environ-
ments (Yates et al. 2017). Groups are those haloes with tem-
perature kT200 < 2.5 kev (k being the Boltzmann’s constant),
while clusters are characterized by kT200 > 2.5 kev. Adopting
different temperature profiles for clusters and groups (given
by eqs. 6 and 8 from Yates et al. 2017), we estimate T500,SAG
for central galaxies, regardless their star formation state,
with the condition that their Mhalo ≥ 1013 M�, to make a
fair comparison with observations. Thus, the stellar mass of
central galaxies within haloes of observed gas temperature
T500 is obtained from the connection between T500,SAG and
M? found from the model.

This paper has been typeset from a TEX/LATEX file prepared by
the author.
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