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ABSTRACT

We use the EAGLE simulations to study the oxygen abundance gradients of gas discs in
galaxies within the stellar mass range [10°3, 10'%8] _ Mg at z = 0. The estimated median
oxygen gradient is —0.011 £ 0.002 dex kpc~', which is shallower than observed. No clear
trend between simulated disc oxygen gradient and galaxy stellar mass is found when all
galaxies are considered. However, the oxygen gradient shows a clear correlation with gas
disc size so that shallower abundance slopes are found for increasing gas disc sizes. Positive
oxygen gradients are detected for ~40 per cent of the analysed gas discs, with a slight higher
frequency in low-mass galaxies. Galaxies that have quiet merger histories show a positive
correlation between oxygen gradient and stellar mass, so that more massive galaxies tend to
have shallower metallicity gradients. At high stellar mass, there is a larger fraction of rotational-
dominated galaxies in low-density regions. At low stellar mass, non-merger galaxies show a
large variety of oxygen gradients and morphologies. The normalization of the disc oxygen
gradients in non-merger galaxies by the effective radius removes the trend with stellar mass.
Conversely, galaxies that experienced mergers show a weak relation between oxygen gradient
and stellar mass. Additionally, the analysed EAGLE discs show no clear dependence of the
oxygen gradients on local environment, in agreement with current observational findings.

Key words: galaxies: abundances — galaxies: evolution —dark matter.

and stellar mass. With increasingly available data, it became clear

1 INTRODUCTION

In the Local Universe, galaxy discs are known to have oxygen abun-
dance gradients in their interstellar medium (ISM) that are (nega-
tive) steeper with decreasing luminosity (e.g. Lequeux et al. 1979;
Zaritsky, Kennicutt & Huchra 1994) and stellar mass (e.g. Sdnchez
et al. 2013, 2014; Ho et al. 2015), i.e. the central abundances are
larger than those in the outer regions. However, recent results from
the MaNGA survey show a weaker relation between metallicity gra-
dients and stellar mass (Belfiore et al. 2017), with a trend for smaller
and higher mass galaxies to have flatter metallicity gradients than
reported in previous observations. This apparent tension between
results obtained from different surveys and data sets shows that we
are still far from knowing the relation between metallicity gradients

* E-mail: patricia.tissera@unab.cl

that there is a large variety of metallicity gradients as a function of
stellar mass. This is also the case at high redshift where galaxies
are reported to have flat/positive (e.g. Queyrel et al. 2012; Troncoso
et al. 2014) as well as negative (e.g. Yuan et al. 2011; Swinbank
et al. 2012; Jones et al. 2013) abundance gradients (Carton et al.
2018). An important issue to consider is that the determination of
abundances is very sensitive to the adopted metallicity indicator
and the spectral resolution (e.g. Kewley & Ellison 2008; Marino
et al. 2013; Mast et al. 2014), so caution is always advised when
comparing results from different surveys.

The formation of galaxies in the current cosmological paradigm
is a complex and non-linear process (White & Rees 1978). As
gas cools and collapses within the potential well of galaxies, stars
form and evolve, injecting energy and/or chemical elements into
the ISM at different stages of evolution. The new-born stars lock
part of the enriched material into long-lived stars while the rest
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is mixed into the ISM. Within this context, if galaxy formation
proceeds in an inside-out fashion, negative metallicity gradients
are naturally generated (e.g. Prantzos & Boissier 2000). How-
ever, other mechanisms can alter or modify the metallicity gra-
dients such as galactic fountains, gas inflows (e.g. Amorin et al.
2012; Molla et al. 2016), galaxy—galaxy interactions (e.g. Rupke,
Kewley & Chien 2010; Sillero et al. 2017), ram-pressure, tidal
stripping, amongst others. Together they imprint chemo-dynamical
patterns which can be used to unveil the main processes re-
sponsible for their origin and evolution (e.g. Bland-Hawthorn &
Freeman 2003).

Hydrodynamical simulations are a powerful tool to understand
how metallicity gradients arise and evolve in disc galaxies, since
the chemical enrichment of baryons can be tracked as galax-
ies are assembled in a cosmological context (e.g. Mosconi et al.
2001; Kawata & Gibson 2003; Kobayashi, Springel & White 2007;
Wiersma et al. 2009b). The implementation of baryonic physics
relies on subgrid modelling with free parameters that need to be
calibrated. Hence, the confrontation of the simulated chemical abun-
dances to observations not only provides a mean to understand their
origin, but also a stringent route to set constraints on the models
(e.g. Tissera, White & Scannapieco 2012; Aumer et al. 2013; Gib-
son et al. 2013). Important results, which are complementary to
those of numerical simulations, are provided by analytical chemo-
dynamical (e.g. Matteucci & Greggio 1986; Moll4, Ferrini & Diaz
1997; Chiappini, Matteucci & Romano 2001) and semi-analytical
models (e.g. Cora 2006; De Lucia et al. 2014). These approaches
yield negative metallicity gradients in discs if the gas cools and
collapses while conserving the angular momentum (Calura et al.
2012; Moll4 et al. 2017).

Previous studies using numerical simulations agree on the fact
that an inside-out disc formation scenario leads to negative metal-
licity gradients (e.g. Calura et al. 2012; Gibson et al. 2013; Tissera
et al. 2016). Pilkington et al. (2012) find that the radial dependence
of the star formation efficiency as a function of time sets the metal-
licity gradients for a given subgrid physics. Enhanced SN feedback
and high gas fraction have been shown to be related to the setting
of positive metallicity slopes as gas can be ejected from the inner
regions where the star formation activity tends to be stronger (e.g.
Gibson et al. 2013; Ma et al. 2017). Tissera et al. (2016) report that
their simulated gaseous discs show a correlation between metallic-
ity gradients and stellar masses that agrees with the observational
results so that smaller galaxies tend to show a larger variety of
metallicity slopes (Ho et al. 2015).

Positive metallicity slopes (i.e. lower central abundances than in
the outskirts) in the ISM of discs are generally reported to be asso-
ciated with galaxy—galaxy interactions in observations (e.g. Molina
et al. 2017) as well as in simulations (e.g. Rupke et al. 2010; Tis-
sera et al. 2016; Ma et al. 2017). Observations have shown that
the central metallicities of galaxies in close interactions are lower
than those in isolation, at least during certain stages of evolution
(Kewley, Geller & Barton 2006; Ellison et al. 2008; Michel-Dansac
et al. 2008; Di Matteo et al. 2009; Kewley et al. 2010). Numerical
simulations find that mergers and interactions are efficient mecha-
nisms to trigger inward gas flows (e.g. Barnes & Hernquist 1996;
Tissera 2000; Pedrosa & Tissera 2015; Lagos et al. 2018). This
gas inflows can dilute the central gas metallicities if disc galaxies
have initially negative metallicity gradients. In fact, hydrodynam-
ical simulations find a clear trend for galaxies in close pairs to
exhibit lower central metallicity compared to galaxies in isolation
during the first passage but then, the increase of gas in the central
regions triggers new starbursts which, in turn, enrich the ISM and
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regenerate negative profiles (Perez et al. 2006; Rupke et al. 2010;
Perez, Michel-Dansac & Tissera 2011; Torrey et al. 2012; Sillero
et al. 2017; Bustamante et al. 2018).

Until recently the simulated samples that have been used to study
metallicity gradients have been limited to those of galaxies selected
from small cosmological volumes or zoom-in systems. The EAGLE
project (Schaye et al. 2015; Crain et al. 2015) provides an opportu-
nity to study a large simulated sample of metallicity gradients in a
cosmological context. EAGLE galaxies have been shown to repro-
duce a variety of observational relations at different scales such as
the colour—magnitude relations, the neutral gas content or the clus-
tering properties (e.g. Trayford et al. 2015; Lagos et al. 2015; Artale
etal. 2017; Crain et al. 2017). The mass—size relation is reproduced
as part of the subgrid calibration of the EAGLE simulations at z =
0 (Schaye et al. 2015). These simulations are also able to reproduce
the observed size evolution (Furlong et al. 2015).

Regarding disc formation, Zavala et al. (2016) show that the
stellar disc components in EAGLE preserve their specific angular
momentum content as they formed from gas that conserved the spe-
cific angular momentum, in global agreement with the standard disc
formation model (Fall & Efstathiou 1980). If bulges and discs are
considered together then a net angular momentum loss is expected
since stars in the spheroidal components formed from gas that lost
specific angular momentum (Obreja et al. 2013; Pedrosa & Tissera
2015; Stevens et al. 2017; Lagos et al. 2018). Due to the complex
assembly history of the structure in a hierarchical scenario, galaxies
are subject to different processes that can redistribute the angular
momentum content of baryons such as mergers, tidal stripping, bar
formation, outflows, and stellar migration. Therefore, it is the net
balance between losses and gains by the different galaxy compo-
nents that finally matters (e.g. Sales et al. 2012; Pedrosa & Tissera
2015; Genel et al. 2018).

The relation between stellar mass, metallicity, and star formation
in EAGLE simulations has been analysed by De Rossi et al. (2017).
These authors find results in global agreement with observations,
although a weaker redshift evolution of the mean abundances as
a function of stellar mass is reported. The o-abundances of mas-
sive galaxies are analysed by Segers et al. (2016), showing that
observed trends are globally reproduced. Mackereth et al. (2018)
examine the elemental abundances of the disc stars of EAGLE’s L*
galaxies, finding that abundance patterns similar to those revealed
by the SDSS-III/APOGEE survey (see e.g. Hayden et al. 2015) are
uncommon. They conclude that the Milky Way’s abundances and
formation history are unlikely to be representative of the broader
population of similarly massive, disc-dominated galaxies.

In this paper, we focus on the analysis of the oxygen abun-
dance gradients of the star-forming gas in the discs of central
galaxies' identified in the 100 Mpc volume EAGLE simulation
(Ref-L100N1504) at z = 0. This simulation includes the effects of
stellar and active galactic nucleus (AGN) feedback. Our EAGLE
galaxy sample comprises 592 galaxies with discs that are defined
by at least 1000 baryonic particles. The analysed galaxies covered
a wide range of morphologies and are located in different local
environments.

This paper is organized as follows. In Section 2, we describe the
main characteristics of the simulations and the galaxy sample. In
Section 3, we discuss the metallicity gradients and star formation
rate (SFR) of the simulated disc galaxies and confront them with

'We define central galaxies as the most massive galaxies within the virial
halo. The rest of the galaxies within the virial radius are taken as satellites.
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observations. In Section 4, we explore the physical mechanisms
determining the metallicity gradients. Our main findings are sum-
marized in Section 5. Appendices A and B discuss the impact of
numerical resolution and the impact of varying the SN feedback.

2 THE EAGLE SIMULATIONS

We use cosmological simulations that are part of the EAGLE
project,”> which comprises a set of cosmological hydrodynami-
cal simulations with variations in volume, numerical resolution,
and galaxy formation subgrid models. Here, we only give a brief
overview of the simulations and subgrid physics modelling. Exten-
sive descriptions can be found in Schaye et al. (2015) and Crain
et al. (2015). The EAGLE simulations were carried out with a ver-
sion of the parallel hydrodynamic code GADGET-3 (Springel 2005).
The modifications to the hydrodynamic solver and time stepping
are referred to as ANARCHY (Schaller et al. 2015).

The initial conditions are consistent with the Planck Cosmol-
ogy parameters (Planck Collaboration 12014): 2, = 0.693, Q,, =
0.307, 2, = 0.04825, oy = 0.8288, h = 0.6777, ny = 0.9611, and
Y = 0.248 where Q2,, Q.. and 2, are the average densities of mat-
ter, dark energy, and baryonic matter in units of the critical density
z = 0, oy is the square root of the linear variance, / is the Hubble
parameter (H, = h 100 km s71), ng is the scalar power-law index of
the power spectrum of primordial perturbations, and Y is the pri-
mordial mass fraction of helium. The subgrid physics parameters
were calibrated to reproduce the galaxy mass function at z = 0.1
and the observed sizes of the galaxies today in the so-called ref-
erence model (Schaye et al. 2015). In addition, other variations in
the subgrid physics have been explored as presented in Crain et al.
(2015).

The largest EAGLE simulation (Ref-L100N1504) has a comov-
ing cubic volume of 100 Mpc in linear extent. The setup of the
initial conditions provides a mass resolution of 9.7 x 10° Mg for
dark matter and an initial mass of 1.81 x 10° M for baryonic parti-
cles. The gravitational calculations between particles are computed
with a Plummer equivalent softening length of 2.66 comoving kpc
limited to a maximum physical size of 0.70 kpc. In Table 1, we
summarize the main parameters of the simulated used in this work.

2.1 Subgrid physics

In this section, we summarize the main characteristics of the subgrid
modelling. Full details and discussions are given by Schaye et al.
(2015). The radiative cooling and photoheating implementations are
described in Wiersma, Schaye & Smith (2009a). The radiative rates
are calculated on an element-by-element basis for an ionized gas in
equilibrium in the presence of an ionizing UV/X-ray background
and the Cosmic Microwave Background. Eleven elements (H, He,
N, O, C, Ne, Mg, Si, S, Ca, and Fe) are tracked individually, with
yields described by Wiersma et al. (2009b). The radiative cooling
and heating rates are computed with the software CLOUDY (Ferland
et al. 2013). Collisional ionization equilibrium and non-ionizing
background are assumed prior to reionization.

Star formation is implemented stochastically following the model
of Schaye & Dalla Vecchia (2008), accounting for a metallicity-
dependent star formation density threshold, n; (Schaye et al. 2010),

2The reader is referred to http://eaglesim.org, http:/eagle.strw.leidenuniv.nl
for a global description of the project, access to movies and images and to
the data base of galaxies are described in McAlpine et al. (2016).

MNRAS 482, 2208-2221 (2019)

of

—0.64

* __ —1 -3 Z

n*=10"'cm — , (D
i 0.002

to capture the transition from a warm, atomic to a cold, molecular
phase (Schaye 2004). The SFR reproduces the empirical Schmidt—
Kennicutt law which is written in terms of a pressure law. A pressure
floor is assumed as a function of density, P o p?*", for gas with
Y et = 4/3. With this value of y g, the Jeans mass, and the ratio of
the Jeans length to the SPH kernel length are independent of density,
preventing spurious fragmentation due to a lack of resolution. Star-
forming gas particles are stochastically selected to become star
particles which represent a simple stellar population formed with a
Chabrier (2003) initial mass function.

Stellar mass losses and metal enrichment due to stellar evolu-
tion are modelled as described in Wiersma et al. (2009b). The
model tracks the nucleosynthesis and enrichment of the 11 ele-
ments mentioned above by three evolutionary channels: (1) AGB
stars, (2) supernova (SNe) Type Ia, and (3) massive stars and core-
collapse SNe. Stellar evolutionary tracks and yields follow Porti-
nari, Chiosi & Bressan (1998), Marigo (2001), and Thielemann,
Nomoto & Hashimoto (1993). The abundance evolution is sensitive
to the particular choice of yields.

The stellar feedback is treated stochastically, following the ther-
mal injection method described in Dalla Vecchia & Schaye (2012).
The fraction of the available energy from core-collapse SNe, fi,,
injected into the ISM depends on the local metallicity and density
as

fth — fth, in + fth,max - ﬁh,min S (2)

(o))

0.1Z¢g nH,0

where Z is the metallicity, ny v 1S the density of the star particle
inherited from the parent gas particle, and Z) = 0.0127 is the solar
metallicity. The parameters ny ¢ and n, are calibrated to reproduce
the galaxy mass function at z = 0.1 and the sizes of galaxies today.
The amount of energy available is injected 30 Myr after the birth of
the stellar population. Neighbouring gas particles are stochastically
selected to be heated by a fixed temperature difference of AT =
1075 K.

Black holes with mass ngeq = 1.48 x 10° Mg, are placed in the
centres of haloes with mass greater than 1.48 x 10'° M), using
the BH seeding method of Springel (2005). Black holes can grow
through merger events and gas accretion. The accretion rates are
computed as the modified Bondi—-Hoyle accretion rate of Rosas-
Guevara et al. (2015) and Schaye et al. (2015). To modulate the
Bondi-Hoyle accretion rate in high circulation flows, a viscosity
parameter is introduced. The accretion rates are also limited by
the Eddington rate. Similar to the feedback from star formation,
AGN feedback is treated stochastically and thermally. The AGN
feedback parameters have been calibrated to reproduce the stellar
mass galaxy function and the scaling relation between stellar mass
and the mass of the central black hole for galaxies observed in the
Local Universe.

2.2 The simulated galaxies

In this work, we analyse the disc components of galaxies selected
from the Ref-L100N1504 simulation by using the SUBFIND algo-
rithm (Springel 2005; Dolag et al. 2009). Only central galaxies
defined as the more massive system within a given halo are anal-
ysed (i.e. no satellite galaxies have been included). The simulated
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Table 1. Main properties of the analysed EAGLE simulations and the values of the relevant subgrid parameters that differ between them. Columns show: (1)
name, (2) box size, (3) initial baryonic particle number (the same number of dark matter particles was used), (4) initial baryonic and (5) dark matter particle
mass, (6) comoving and (7) maximum proper gravitational softening, (8) ny, o and (9) n,, determine the characteristic density and the power law, respectively, of
the density dependence of the available SN energy feedback from star formation (see equation 2), (10) fin min and (11) fin max are, respectively, the asymptotic
minimum and maximum values of the fraction of energy feedback from star formation (see equation 2).

Name L N me mpm Ecom Eprop nH,0 Ny flh,min flh,max
(cMpc) Mp) Mp) (ckpc) (pkpc) (em™3)

Ref-L100N1504 100 15043 1.81 x 10° 9.70 x 10° 2.66 0.70 0.67 2/In 10 0.3 3.0
Ref-L025N0752 25 7523 2.26 x 10° 1.21 x 10° 1.33 0.35 0.67 2/In 10 0.3 3.0
Recal-L025N0752 25 7523 226 x 10° 1.21 x 10° 1.33 0.35 0.25 1/In 10 0.3 3.0
WeakFB-L025N0376 25 376 1.81 x 10° 9.70 x 10° 2.66 0.70 0.67 2/In 10 0.15 1.5
StrongFB- 25 376 1.81 x 10° 9.70 x 10° 2.66 0.70 0.67 2/In 10 0.6 6.0
L025N0376

galaxies are decomposed dynamically into a bulge and a disc com-
ponent following the method and criteria described by Tissera et al.
(2012). The stellar (gas) discs are defined by star (gas) particles with
& = J/J, max(E) > 0.5, where J, max(E) is the maximum angular
momentum along the main axis of rotation, J,, over all particles at
a given binding energy, E.

Only those galaxies that have more than 1000 baryonic particles
and more than 100 star-forming gas particles in the disc components
are considered for the estimations of the metallicity profiles. The
final EAGLE sample comprises 592 gas discs.

A set of properties of the selected galaxies are estimated such as
the SFR and specific SFR (sSFR), the disc stellar half-mass radius
(R3&), the half-mass radius of the gaseous discs (Rf; ), and the total
half-stellar mass radius (RY;). These parameters are estimated by
considering particles within 1.5 rg.> The stellar mass of the bulge
and disc components identified by the dynamical decomposition
described above are used to define the stellar disc-to-total mass ratio,
D/T. The EAGLE simulation Ref-L100N1504 yields galaxies with
large variety of galaxy morphologies. We analysed the metallicity
gradients of the discs components regardless of galaxy morphology.
When needed, we assume D/T = 0.5 to separate rotation-dominated
from dispersion-dominated galaxies.

To determine the metallicity profiles of the simulated gas disc
components, we use the oxygen abundances of the star-forming gas.
The oxygen profiles are weighted by the SFR of the contributing re-
gions to improve the realism of the comparison with observations.
Observationally, the metallicity of star-forming galaxies is deter-
mined by adopting different diagnostics and calibrations defined in
terms of strong line emissions ratios (Kewley & Ellison 2008). It
is important to bare in mind that the set of observations we use to
confront the simulated results might adopt different diagnostics and
calibrations. For this reason, we take the results of Belfiore et al.
(2017) as the main observational reference for the comparison with
observations.

A linear regression is fitted within the radial range [0.5, 2]RS}"
to estimate the slope (V(o/m).* For illustration purposes, we show
in Fig. 1 examples of the gri-band mock images of disc galaxies

3The galaxy radius rgal is defined as the radius that enclosed 83 per cent of
the stellar mass of a system identified by the SUBFIND algorithm (Springel
2005). This radius mimics the isophotal 25 assuming an M/L = 1 (e.g.
Tissera et al. 2010).

4Note that the metallicity dispersion at a given radius is quite large
(~ dex), probably due to the stochasticity related with the star formation
and feedback modelling and inefficient metal-mixing within the simulated
ISM.

Figure 1. Face-on gri-band mock images of galaxies with negative (left-
hand panels) and positive (right-hand panels) gas-phase oxygen gradients of
their disc components. Images are taken for the Ref-L100N 1504 simulation
from the EAGLE data base (McAlpine et al. 2016).

with positive (right-hand panels) and negative (left-hand panels)
metallicity gradients taken from the EAGLE data base (McAlpine
et al. 2016) and as described in Trayford et al. (2017).

A local galaxy density indicator is calculated to analyse the metal-
licity gradients as a function of the environment using the count-
in-cell (CC) method. The simulated volume is divided into cubic
volume cells of 0.5 Mpc on a side, centred at each galaxy of the
sample. Then, the number of galaxies with stellar mass (M, ) larger
than 10° M, in each cell is counted, defining Ncc. This method pro-

MNRAS 482, 2208-2221 (2019)

610z Aienuep G| uo Jasn AjISIaAIlun S8100|\ uyor [00diaAI Aq 62211 L S/8022/2/28F/1orNSqe-a|olLe/Seluw/wod dno-olwapeoe//:sdiy Wwolj papeojumo(]



2212 P B. Tissera et al.

0.5 Low-density regions
04 E _ High-density regions E

o o
N w
LLAALELAL) LU
1 1

m
’

Frequency

o o
o -

o
o
o
N
o
~
o
[e))

0.8

0.20F 7

0.15F E

0.10f

Frequency

0.05F
0.00t

9.5 10.0 105 11.0 115
I-0910 Mstar [Md

0.25
0.20F ]
0.15F

0.10f

Frequency

0.05F
0.00L [N

-0.200 -0.113 -0.025 0.063 0.150
V. om [dex kpc™]

Figure 2. Distributions of D/T ratios (upper), stellar masses (middle), and
metallicity slopes, Vo/n) (lower) for the discs of the EAGLE galaxies in
the two defined environments: low-density (Ncc < 2; cyan line) and high-
density (Ncc > 2; magenta lines) regions. The distribution of the total
sample has been included in each panel (black line). In the lower panel, the
best Gaussian fits to the both simulated distributions are also shown.

vides similar results to the fifth neighbour density estimators. We
note that similar trends are found when using the dark matter haloes
instead. Low-density and high-density environments are defined by
adopting Ncc = 2 as threshold. Most of the analysed disc galaxies
are located in low-density regions (84 per cent). The rest of these
galaxies are distributed in groups with 3-23 galaxy members.

As can be seen in the upper panel of Fig. 2, the EAGLE galaxies
are able to reproduce the observed morphology-density dependence
with most of the dispersion-dominated galaxies located in groups
(Dressler 1980). Recall that we analyse the V(o/u) of gas discs in
central galaxies of different morphological types (i.e. different D/T
ratios).

The middle panel of Fig. 2 displays the distribution of the galaxy
stellar masses in the two defined local environments. As expected,

MNRAS 482, 2208-2221 (2019)
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Figure 3. Median oxygen abundance slopes for the star-forming gaseous
disc components as a function of stellar mass of the selected EAGLE galaxies
(black line). The shaded areas are defined by the first and third quartiles.
The horizontal shaded line denotes V(o/n) = 0.

there is a trend for higher stellar mass galaxies to be located in the
high-density environments while less massive ones tend to be in
low-density regions. Unfortunately, there is only a narrow stellar
mass range that is sampled simultaneously in both local environ-
ments. Hence, our estimations should be taken only as indicative.

In the bottom panel of Fig. 2, the Vo, distributions are shown
as a function of local environment. There is no significant statis-
tical difference between them, although a small displacement of
the V(o/m) to more positive values can be seen in low-density re-
gions. Gaussian fits to the Vo, distributions yield mean values
of —0.007 and —0.003 dex kpc™! (widths of 0.022 dex kpc™') for
the high- and low-density subsamples, respectively. The bootstrap
medians are —0.009 & 0.002 and —0.026 4= 0.005 dex kpc~! for
galaxies in low- and high-density regions, respectively. The median
V(o/m) for the whole disc samples is —0.011 £ 0.002 dex kpc ™. The
differences between the medians and the Gaussian fit estimations
are due to the existence of a tail towards more negative V(o/u) in
high-density regions, which are not well represented by a Gaussian
fit.

3 DISC METALLICITY GRADIENTS

In Fig. 3, we show V(g/u) of the gas discs as a function of the
stellar mass of the selected EAGLE galaxies. As can be seen, there
is no clear trend between the V(o) and My,,. The simulated me-
dian V(o) are slightly above the observational values reported for
galaxies in the Local Universe (black symbols). In particular, we
estimate an offset of ~—0.02 dex kpc™! at ~10'%% M, with respect
to the MaNGA results reported by Belfiore et al. (2017, see also
Appendix A for a discussion on the robustness of this result against
numerical resolution). The simulated relation shows more negative
metallicity gradients at the low and the higher stellar mass ends
where the scatter increases. From Fig. 3, we can see that there is
a significant fraction of oxygen profiles with positive V(o u, in the
EAGLE discs (i.e. lower central abundances). We find 42 per cent
and 30 per cent of positive V(ou) in galaxy discs located in low-
and high-density regions, respectively. Discs with positive oxygen
slopes also contribute to establish a weak mean trend with stellar
mass by increasing the scatter of the V(o/y) at a given stellar mass.
This trend seems at odds with some observations (e.g. Zaritsky et al.
1994; Rupke et al. 2010; Ho et al. 2015). However, recent results by
Belfiore et al. (2017) from MaNGA survey show a significant con-
tribution of positive abundance slopes. We note that these authors
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Figure 4. Median oxygen abundance slopes for the star-forming gaseous disc components as a function of disc size of the selected EAGLE galaxies. Left-hand

panel: Median values are shown as a function of stellar (R;tf‘;r) and gas (Rg?;

T .

) half-mass radius (green line and cyan lines, respectively) and the galaxy stellar

half-mass radius (R,; magenta line). The shaded areas are defined by the first and third quartiles. Additionally, the relation for galaxies with positive metallicity
gradients in the disc components is shown (black dashed line). Right-hand panel: Median oxygen abundance slopes as a function of Ri?; for galaxies grouped

according to D/T ratios.

also find an increase of the median V(g ) for low and high stellar
mass galaxies that is not detected in the EAGLE discs.

For comparison, observational results from Zaritsky et al. (1994,
open triangles), Rupke et al. (2010, open diamonds), Ho et al. (2015,
open circles), and Belfiore et al. (2017, filled squares) are included.

In the left-hand panel of Fig. 4, we show V(g i) as a function
of galaxy size, considering RY; (magenta line), RS (green line),
and RE; (cyan line). As can be appreciated from the figure, there
is a clear correlation between Vo, and RS so that more negative
Vio/n are found in galaxies with more compact gas discs. The
scatter of the relation increases for decreasing disc size. Conversely,
discs with positive V(i) show no trend with RSy (black dashed
line). Hence, the correlation is set only by discs with negative V(o,m).
This trend can be interpreted as the results of an inside-out disc
formation where the systems grow outwards while the star formation
moves progressively to the disc outskirts, enriching the ISM and
flattening the abundance profiles. The larger the gas discs, the flatter
the metallicity gradients (Prantzos & Boissier 2000), if the discs are
not disturbed (by a bar or mergers, for example). Conversely, there
is no clear correlation between V(o,n) and RY; or RS

By using the D/T ratio as an indicative of galaxy morphology,
we find a trend for discs in dispersion-dominated galaxies (D/T
< 0.3) to show a clear trend between V(o) and RS;. As can be
seen from the right-hand panel of Fig. 4, the smaller the galaxy, the
steeper negative V(g ) it has. Disky galaxies (D/T > 0.3) show a
shallower relation. This suggests that the latter have been able to
enrich more efficiently the ISM while the formers have less evolved
disc components.

4 WHAT PHYSICS DETERMINES
METALLICITY GRADIENTS?

To explore how the V(o/p) are determined in the EAGLE discs, we
analyse possible dependences of V(o/y) on other galaxy properties
as a function of stellar mass. For this purpose, the original sample
is divided into a high and a low stellar mass subsamples, adopt-
ing My, = 10'%° M, as a threshold. Within each mass subsample,
discs are grouped according to the disc V(on) (i.e. negative or pos-
itive values). We find a slightly larger fraction of positive V(o) in
the low-mass subsample, 0.43 £ 0.06, than in the high-mass one,
0.33 £ 0.06 (bootstrap errors are given).

In Fig. 5, the distributions of D/T ratios, R;}}", SFRs, and sSFRs
for discs with positive (magenta lines) and negative (blue lines)
V(o in the low (solid lines) and high (dashed lines) mass subsam-
ples are shown. As can be seen from the first panel, there is a larger
fraction of high-mass galaxies with D/T < 0.3 while low stellar
mass galaxies show a clear peak at D/T ~ 0.5. The D/T distribution
of massive galaxies is more uniform.

The second panel of Fig. 5 shows the distributions of R3{#™ which
are consistent with more massive galaxies having slightly larger
discs R (Furlong et al. 2015). However, no clear differences in
the size distributions are found for galaxies with positive or negative
V(o/m in a given stellar mass interval (according to a KS test). The
third panel of Fig. 5 shows the expected trend for massive galaxies
to have higher SFRs. The distributions of massive galaxies with
positive V(o ) are slightly displaced towards lower SFR compare
to those with negative V(o ). Smaller galaxies with positive and
negative V(o,n) show no differences in the sSFR distributions as
can be seen in the fourth panel.

The KS tests performed over these distributions provide no statis-
tical differences, with only a weak signal for massive galaxies with
positive Vo) to be less active. Recall that, as shown in Fig. 4,
there is a strong dependence of V(o on RS

4.1 Disc assembly and merger history

In order to get further insight in the origin of the characteristics of
the abundance profiles, in this section, we explore a set of properties
related to the history of disc assembly the EAGLE discs.

First, we calculate the cumulative fraction of the stellar mass
formed as a function of stellar age for discs in each of the subsam-
ples used in the previous section. We define 7°° as the lookback
time (Gyr) when the last 30 per cent of the stellar populations was
formed in each disc. This parameter aims at capturing the recent star
formation activity that might be related with injection of chemical
elements and/or the triggering of outflows, which could affect the
chemical abundances profiles on the discs in the recent past.

Fig. 6 shows the 7% distributions for the four analysed subsam-
ples. As can be seen, high-mass galaxies formed their 30 per cent
youngest stellar population earlier than low-mass galaxies by
~1—1.5 Gyr. Within each mass subsample, discs with negative
metallicity slopes have typically younger stellar populations than

MNRAS 482, 2208-2221 (2019)
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Figure 5. Stellar mass-weighted distributions of D/T ratios (first panel),
R‘;‘f‘;“ (second panel), SFR (third panel), and sSFR (fourth panel) for
Mo < 10103 Mg (solid lines) and M, > 10105 Mg (dotted lines) galax-
ies with positive (magenta lines) and negative (blue lines) oxygen abundance
gradients.
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Figure 6. Distributions of lookback times corresponding to the formation
of the youngest 30 per cent of stars for high (dashed lines) and low (solid
lines) stellar mass galaxies with discs exhibiting positive (magenta lines) and
negative (blue lines) gaseous oxygen abundance slopes. Discs with negative
oxygen gradients tend to have more recent star formation activity.

those with positive metallicity slopes. The differences are statisti-
cally significant according to a KS test, although they are larger
for the low-mass galaxies (KS tests: p = 0.09 and p = 0.19, with
a similar deviation 20.30, for the low- and high-mass subsamples,
respectively). Hence, positive metallicity gradients are associated
with discs that have more active star formation ~1.5 Gyr ago, on
average, while negative metallicity slopes tend to be related with
galaxies that have more recent star formation activity.

The stellar and AGN feedback play an important role in the
regulation of the star formation activity by heating the dense gas
clouds, quenching star formation. Additionally, metal mass-loaded
outflows can be triggered, removing material from the galaxies
that can modify the chemical patterns. Considering that oxygen is
released on short time-scales (~107 yr), significant fractions of the
a-elements could have been transported outwards by galactic winds
(Oppenheimer et al. 2017; Machado et al. 2018). If the feedback
mechanisms eject material preferentially from the inner regions of
galaxies then, the mean central oxygen abundances should be lower
in discs with positive V(o than those with negative V(ou). Even
more, if the ejection of enriched material in the central regions were
the dominant mechanism, we would expect the outer regions of the
discs to have the same level of enrichment regardless of V(o) (i.e.
positive or negative V(o/m)). Secular evolution will also work in the
same direction by driving inwards less-enriched gas from the outer
regions of the discs, diluting the central metallicities (e.g. Di Matteo
etal. 2009; Perez et al. 2011; Sillero et al. 2017). Conversely, similar
central abundances and different levels of enrichment in the outer
parts would imply different gas accretion histories in the outskirts,
with significant contribution of enriched material in those discs with
positive slopes at z = 0.

Therefore, to assess if the metallicity gradients are consistent
with a decrease of the central metallicity (independently of the
physical mechanisms responsible for such effect), in the upper panel
of Fig. 7, we show the central oxygen abundance for discs with
positive (magenta, dashed lines) and negative (blue, solid lines)
Vo/m- The lower panel shows the oxygen abundance at twice the
stellar disc effective radius. It is clear that the metallicities of the gas
in the disc outskirts are similar for both types of systems. However,
discs with positive abundance gradients have systematically lower
level of enrichment in the central regions. As mentioned above, the
opposite trend would be expected if positive gradients were built
mainly as a result of significant accretion of enriched material in the
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Figure 7. Central gaseous oxygen abundance for discs with positive (ma-
genta, solid lines) and negative (blue dashed lines) metallicity profiles (upper
panel) and the gaseous oxygen abundance at twice the stellar half-mass ra-
dius of the discs (lower panel).

disc outskirts. This suggests the action of either secular evolution
and/or the stellar and AGN feedback to remove enriched gas from
the central regions. The analysis of the EAGLE set of simulations
with the same initial conditions but with different SN feedback
energy yield a trend to have more positive slopes for higher SN
energy released per event in low-mass galaxies (see Appendix B).

For the purpose of estimating the possible contribution of re-
accreted material to the discs that was first directly heated by feed-
back mechanisms, we search for the disc stars formed from gas that
was previously heated up by more than 107 K (see Section 2). In
Fig. 8, we show the fractions of disc stars formed from heated gas
particles, located in the inner and outer regions of the discs as a
function of V(g,n). The inner and outer regions have been defined
by using the R}" as a threshold. As can be seen from this figure, the
contribution of re-heated gas is larger in the central regions than in
the outskirts of discs. There is a slight trend to have large fraction
in the central regions of discs with negative metallicity gradients.
This heated and enriched gas contributes to reinforce the formation
of negative metallicity gradients. In the outer regions, the fractions
are less than 5 per cent. Hence, the re-accretion of enriched material
ejected by feedback mechanisms is not contributing significantly in
the outer parts of the discs, supporting the conclusions drawn from
Fig. 7.

The gas depletion times (tpep, = (M(HI) + M(H2))/SFR) pro-
vide an estimate of the importance of the star formation activity in
relation to the gas availability of the system. To estimate them, we
use the HI and H2 masses (M(HI) + M(H2)) calculated by Lagos
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Figure 8. Median fraction of the stellar mass that was formed from directly
heated and enriched gas that, later on, was re-accreted to contribute to the
formation of the inner (red, dot—dashed line) and outer (blue, dot—dashed
line) regions of the discs as a function of the oxygen abundance gradients.
The shaded areas encompasses the 25 and 75 percentile.
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Figure 9. Distributions of the depletion times estimated using the HI and
H2 gas mass estimated by Lagos et al. (2015) for high (dashed lines) and low
(solid lines) stellar mass galaxies with discs exhibiting positive (magenta
lines) and negative (blue lines) oxygen abundance slopes.

etal. (2015) by applying the model of Krumholz (2013).% As can be
seen from Fig. 9, massive galaxies have shorter neutral gas depletion
times than lower stellar mass galaxies as a result of their higher gas
surface densities. Interestingly, within each mass interval, galaxies
with negative V(o/n) tend to have longer depletion times (KS tests:
0.43, p = 0.18 and 0.9, p = 0.22 for the low- and high-mass sub-
samples, respectively). This is consistent with the fact that these
galaxies have been able to extend their star formation activity to
more recent times. We note that the differences are stronger for
more massive galaxies.

From the previous analysis, we find that discs with negative
Vio/m tend to have formed stars more actively in the recent past,
have slightly higher contribution of stars formed from heated gas by
feedback in the central disc regions and longer depletion times than
those with positive V(o,n). The comparison of the inner and outer
levels of enrichments of discs with positive and negative V(o/n is
consistent with the action of mechanisms that diluted the central
abundances in discs with positive V(on).

5Similar relative trends are found if the star-forming gas is used to estimate
the depletion times.

MNRAS 482, 2208-2221 (2019)
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Figure 10. Median ratio between the gas surface density X spgas and the
young stellar surface density ¥ as a function of r/ R for EAGLE discs
with positive (magenta lines) and negative (blue lines) gaseous oxygen
abundance slopes. The profiles are shown for high (dashed lines) and low
(solid lines) mass galaxies. The thin lines denote the first and third quartiles.

As clearly shown in Fig. 3, the EAGLE discs have median neg-
ative gradients that do not vary significantly as a function of stellar
mass when all galaxies in the analysed sample are considered. How-
ever, they are shallower than observed. To understand the origin of
this overall weak median metallicity gradient (see the lower panel of
Fig. 2), in Fig. 10 we show the ratio of the star-forming gas surface
density (Xsrgas) to the stellar surface density of stars younger than
2 Gyr (Xg,) for discs with high and low stellar mass and within
each subsample, for those with negative and positive metallicity
gradients, as a function of r/RSf{". As can be seen the median ra-
tios are close to unity as a function of radius, implying similarly
high and similar efficiency to transform the available gas into stars
regardless of the location of the star-forming regions in the discs.
This trend suggests that the oxygen content in the ISM is built up
quickly, resulting in flat oxygen profiles (e.g. Pilkington et al. 2012;
Moll4 et al. 2017). This efficient star formation activity provides
an interpretation to the overall weak (negative/positive) metallicity
gradients found in the EAGLE discs.

It is important to note that there is a large spread in the star-
forming gas-to-stellar surface density ratios that accounts for a wide
variety of individual behaviours determined by each evolutionary
history, as can be seen from Fig. 10 (thin lines denote the first and
third quartiles).

4.2 The role of mergers and the environment

For the selected EAGLE galaxies, we estimate the mass and time of
merger events with relative stellar mass ratios larger than 1:10. In
Fig. 11, we show V(o u) as a function of stellar masses for galaxies
that had merger events and those that did not (hereafter, non-merger
galaxies). Galaxies that had mergers (larger than 1:10 mass ratio)
represent 40 per cent of the sample while the non- mergers galaxies
comprise 35 per cent.® Galaxies with quiet assembly histories show
weak trend with stellar mass. This trend is robust against numerical
resolution as can be seen from Appendix A, where we show and dis-
cuss results for the high-resolution Recal-LO25N0752 simulation.
In Fig. 11, we also display the relation for those galaxies with
D/T > 0.5 and gas fraction larger than 15 percent (dashed line).

5The merger events have been identified using the available snapshots of the
simulations.

MNRAS 482, 2208-2221 (2019)

These galaxies follow the relation for non-merger galaxies and are
more comparable to spiral galaxies for which observational results
are commonly reported (Ho et al. 2015, and references therein).
However, we note that the stellar mass range analysed in observa-
tions extends to lower stellar masses which are not well resolved
in the Ref-L100N1504 simulation. To extend the analysis to lower
masses, a similar study is performed on the Recal-L025N0752,
finding that the simulated trend continues down to ~10°2 M, (see
Appendix A). If a stellar mass threshold of 10" M, is assumed, we
estimate median Vo) of —0.010 £ 0.002 and —0.015 £ 0.005 for
the high and low stellar mass subsamples, respectively. The change
of the slopes is consistent with observational results in the sense that
smaller galaxies tend to have more negative gradients, on average,
although the difference in simulations is marginal.

For comparison with other simulations, in Fig. 11, we have also
included the V(o) reported by Tissera et al. (2016) and Ma et al.
(2017). Both works find steeper negative metallicity gradients. The
main differences between these works originate in the different
subgrid physics that affects the regulation of the star formation
activity and the mixing of chemical elements (see Section 1).

In Fig. 12, we show V(i) as a function of the environment.
The value Ncc = 0 corresponds to isolated galaxies within the
500 kpc cube volume, according to the adopted criteria discussed
in Section 2. As can be seen from this figure, there are no clear
variations with local environment. The small decrease towards more
negative metallicity gradients for larger groups is produced by a
larger contribution of more massive dispersion-dominated galaxies
located in denser environments. These galaxies have small-size disc
components (Fig. 4). The variations between the median gradients
as a function of environment are within the standard deviations.

The median values for galaxies with D/T > 0.5 are included in
Fig. 12 (green triangles). They also show no trend with Ncc. To
better compare with the recent observational findings by Sanchez-
Menguiano et al. (2018), the normalized metallicity gradients are
additionally shown (open blue squares). Our results agree with ob-
servations that reports no clear effects associated with variation in
the global environment (red solid circles). However, as mentioned
before, a larger galaxy sample covering the same mass range in
different environments is required to improve this analysis.

4.3 Normalized oxygen gradients

Observational results suggest the existence of a characteristic metal-
licity gradient when the abundance profiles are normalized by a
scale length related to the size of the galaxies (e.g. Sdnchez et al.
2013). Because the size of galaxies correlates with stellar mass, the
renormalization of the metallicity profiles by the effective radius
(dex rgg; ) removes such a trend.

As discussed above, on the one hand, V(o) shows no clear trend
with stellar mass, except for non-merger galaxies that have weaker
Vio/n) for more massive galaxies. On the other hand, the relation
between galaxy size and stellar mass is well reproduced by the
EAGLE galaxies (Schaye et al. 2015). The stellar disc scale lengths
R show a correlation with stellar mass albeit slightly weaker
(Tissera et al. in preparation) than that reported for CALIFA disc
galaxies by Sdnchez-Blazquez et al. (2014).

We estimate the normalized V(o 1, within the same radial range
[0.5, 2]R3%" used in the previous section. The normalization has
been also done by using RY;. Fig. 13 shows the distributions of the
normalized V(o) for the two defined environments (we applied the
same criteria explained in Section 2). As can be seen from the figure,
the normalized oxygen gradients are in general shallower than those
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Figure 11. Median abundance gradients estimated for the star-forming disc components as a function of the stellar mass of the EAGLE galaxies. Galaxies
which experienced no mergers determine a correlation between the oxygen abundance gradients and the stellar mass (green lines). Those which have had a
merger (more massive than 1:10) are displayed separately and determine a flat relation (magenta line). The relation determined for galaxies with D/T > 0.5
and total gas fraction larger than 0.15 is also shown for comparison (black line). The shaded areas are defined by the first and third quartiles. The horizontal
dashed line denotes V(o,uy = 0. For comparison observational results from Zaritsky et al. (1994, open triangles), Rupke et al. (2010, black diamonds), Ho et al.
(2015, open circles), and Belfiore et al. (2017, filled squares) are included. We also include the simulated results by Tissera et al. (2016, blue solid circles) and
Ma et al. (2017, green filled triangles) for metallicity gradients of discs simulated with different numerical codes and subgrid physics.
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Figure 12. Median oxygen abundance gradients (dex kpc~!) as a function
of Ncc for all analysed discs (blue triangles) and for discs with D/T > 0.5
(green triangles). Median normalized gradients (dex/ R;}"}r) are also included
(open blue triangles). Individual gradients for the simulated discs are shown
(small black circles). For comparison, the mean normalized metallicity gra-
dients reported by Sdnchez-Menguiano et al. (2018) are also included (red
filled circles; MS2018).

reported for the CALIFA galaxies by Sdnchez et al. (2013). In both
panels, we include the best Gaussian fits to the V(g distributions
in low- and high-density regions. As can be seen, distributions
are slightly displaced towards more positive values for discs in low-
density regions (see Table 2 for a summary of the fitting parameters).
The Gaussian fits to the total distributions yield centred values at
—0.03 dex R for both of them. However, the standard deviations
are narrower when the abundance profiles are normalized by RY;.
In Fig. 14, the normalized gradients as a function of stellar mass
are displayed. As can be seen from this figure there are no clear
trend with stellar mass in agreement with observations. The scatter
of V(o) normalized by Rl is significant smaller as mentioned
before. This is expected considering that there is a clearer corre-
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Figure 13. Distribution of the normalized metallicity gradients of the star-
forming gas in the analysed EAGLE discs by using the R3§" (upper panel)
and R;rff (lower panel), in the two defined environments [low density (Ncc <
2): cyan lines and high density (Ncc > 2): magenta lines] as given in Fig. 2.
The two solid lines represent the best Gaussian fits to each distribution. The
total distributions of simulated metallicity gradients are also included (black

solid lines).
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Table 2. Parameters of the Gaussian fits to the normalized V(o) distribu-
tions of galaxy discs in low (Ncc < 2) and high (Ncc > 2) density regions.

V(O/H) Ncc Height V(O/H) central o X2
Ncc > 2 0.10 —-0.07 0.19 0.0004
dex/R&  Nec<2 0.1 —0.03 0.17  0.0004
All 0.11 —0.03 0.18 0.0001
Ncc > 2 0.12 —0.06 0.14  0.0003
dex/RT Nec<2 013 —0.02 0.14  0.0001
All 0.13 —0.03 0.14  0.0001
[ N _..  Nomergers [dex/R,;]
- --- N [dex/R, ]
0.4} e N i
— L All disc [dex/Ry;']
T L Belfiore et al. (2017)
£ 02F .
x L
2 L
= 0.0F B
3 [ ]
> L
-0.2F B
-0.4[ .

9.5 10.0 10.5 11.0
L0910 Mstars [Md

Figure 14. Median oxygen gradients of the star-forming gas in discs as a
function of stellar mass normalized by RS (black lines) and R;[ff (magenta
lines). Similar relations for galaxies with no mergers are also included
(dashed lines). For comparison, the observational results from Belfiore et al.
(2017) are included (black squares).

lation between this scale length and galaxy stellar mass. Similar
behaviours are found for non-merger galaxies. In agreement with
observational results, the relation between V(o,n) and stellar mass
is no longer present in the normalized gradients.

For comparison, the observational distribution of normalized
slopes reported by Sdnchez et al. (2013) is included (black, dashed
line).

5 CONCLUSIONS

We analysed the oxygen abundance gradients of the star-forming
gas in discs of 592 central galaxies, identified in the Ref-
L100N1504 simulation of the EAGLE project. We studied them
as a function of stellar masses, recent merger history, gas rich-
ness, and global environment. We also analysed the high-resolution
Recal-L0O25N0752 and a suite of smaller volume runs with different
subgrid physics (see Appendices).
Our main results can be summarized as follows:

(1) The median oxygen gradients of the EAGLE discs are
negative,—0.011 4 0.002 dex kpc™!, albeit shallower than observed.
The negative slopes are a consequence of the global inside-out disc
assembly. We find no clear trend of Vg, with stellar mass (Fig. 3).

(ii) The V(o/m) is found to correlate with the scale length of the gas
discs so that shallower slopes are measured in larger discs (Fig. 4).
Small gas discs show a larger variety of V(o) with most disc
negative gradients in dispersion-dominated galaxies (Rosito et al.
in preparation). The correlation is found to be mainly determined
by discs with negative V(o) while discs with positive V(o,u, show
no trend with gas scale length.

MNRAS 482, 2208-2221 (2019)

(iii) There is a significant fraction of galaxies with positive disc
Vio/m (~40 per cent). These galaxies show important star formation
activity ~1.5 Gyr before those with negative gradients at a similar
stellar mass (Fig. 6). Analysing the gas abundances of the inner
and outer parts of discs, we find evidence suggesting the action
of the stellat/AGN feedbacks that preferentially removes metal-
rich gas from the central regions (Fig. 7). Secular evolution may
also contribute by diluting the central abundances. There is a weak
trend for galaxies with positive V(o,n) to prefer low-density regions
(Figs 2 and 13).

(iv) The contribution to the formation of the discs and the abun-
dance gradients of material previously heated up by stellar/AGN
feedback, and later on re-accreted, is small in the analysed discs
(below 10 per cent, on average). However, we detect slightly larger
contributions of re-accreted material in the central regions of discs
with negative V(o) than in those with positive ones. In the outer
regions of discs, this contribution is smaller (about 5 percent on
average) and similar for all discs, regardless of their oxygen slopes
(Fig. 8).

(v) The weak metallicity gradients measured in the EAGLE discs
can be ascribed to the overall high star formation efficiency detected
in the discs (regardless of radius (Fig. 10). The gas with physical
conditions suitable for forming stars is transformed efficiently along
the discs. Therefore, oxygen profiles converge quickly to a weak
metallicity gradient, on average. However, there is significant dis-
persion that reflects the large variation in the star formation histories
of the discs.

(vi) Galaxies with quiet merger histories show a positive trend
between V(o) and stellar mass so that lower mass galaxies tend to
have steeper metallicity gradients, on average (Fig. 11). Non-merger
galaxies tend to be rotational-dominated (D/T > 0.5). However, at
low stellar masses, there is a significant contribution of interme-
diate morphologies (0.3 < D/T < 0.5). These galaxies tend to be
located in low-density environments. The normalization of the oxy-
gen profiles by the disc scale length tends to remove the trend,
in agreement with observations (Fig. 14). These findings suggest
that the large variety of gas-phase oxygen gradients at a given stel-
lar mass reported by observations might originate in the fact that
galaxies with different assembly histories are considered together.

(vii) No clear differences in the gas disc Vo,n) are found between
galaxies located in groups and in isolation, in agreement with recent
observational results (Fig. 12). However, we note that the analysed
disc sample does not cover the same mass range in all environments.
Hence, a larger and higher resolution galaxy sample is needed to
analyse this effect in more detail.
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APPENDIX A: ASSESSMENT OF NUMERICAL
RESOLUTION EFFECTS

The analysis presented in this work is based on the galaxies iden-
tified in the 100 Mpc cubic volume (Ref-L100N1504). The se-
lected sample comprises gas discs with a large variety of V(oi). As
discussed in Section 2, a minimum number of particles has been
adopted to diminish resolution problems in the estimation of the
metallicity profiles. In order to further check the effects of resolu-
tion, we also estimate the V(g in the high-resolution run of 25
Mpc box size, Recal-L025N0752 (see Table 1). This simulation has
approximately an order of magnitude higher numerical resolution
than Ref-L100N1504, allowing us to both check the robustness of
the results against resolution and explore if smaller galaxies (M <
10%3 M) follow the same trends.

We identify and measure the oxygen profiles of the disc com-
ponents in Recal-L025N0752, applying the same criteria used for
Ref-L100N1504, therefore extending the mass range down to ~10°
MO. In Fig. A1, we show V(o,n) as a function of stellar mass (black
line). The gradients have been rescaled by —0.03 dex kpc~!. This is
the difference estimated between the median simulated Vo, and
the observed one by Belfiore et al. (2017) at 210'%> M. The sim-
ulated relation shows a trend consistent with observations in the
sense that high-mass galaxies tend to have gas discs with shallower
Vo -

To compare results from Recal-L025N0752 with those obtained
for Ref-L100N1504, in Fig. A1 we also show the median relation for
galaxies in Ref-L100N1504 in low-density environment (cyan line;
the relation has also been rescaled by —0.03 dex kpc~!). To improve
the comparison, we estimate the local environment of galaxies in
Recal-LO25N0752, adopting the same stellar mass threshold used
for Ref-L100N1504. We find that all selected galaxies in Recal-
L025N0752 belong to low-density regions, Ncc < 2. Hence, the

relations are consistent so that smaller galaxies show more negative
metallicity gradients, although discs in Recal-L0O25N0752 tend to
have slightly flatter gradients.

APPENDIX B: THE EFFECTS OF SN
FEEDBACK

The EAGLE project includes a set of simulations run with the same
initial conditions in a 25 Mpc box side volume, adopting differ-
ent SN feedback energies: Ref-L025N0376, StrongFB-L025N0376,
and WeakFB-L025N0376 (see Table 1). This set allows the assess-
ment of the effects of varying the injected SN energy per event on
the galaxy properties and, particularly, on the oxygen profiles. The
variation of the energy injected by SNe has an impact on the gas
fraction as well as on the stellar mass of galaxies as the star for-
mation activity can be delayed to later times. Additionally, higher
SN energy will also increase the impact of outflows triggered by
starbursts. Both the regulation of the star formation activity and the
transport of material out of the galaxy affect the chemical abundance
patterns of the discs (Gibson et al. 2013).

The D/T ratio can be also affected by variations in the SN feed-
back. This is relevant for our analysis since we are selecting discs
with a minimum number of 1000 baryonic particles and 100 star-
forming gas regions (Section 2). When these conditions are applied,
only nine galaxies are selected in WeakFB-L025N0376. This is
probably the result of an earlier efficient transformation of gas into
stars that did not leave enough material in the discs. In the case of
StrongFB-L025N037, as reported by Crain et al. (2017), galaxies
have slightly larger HI gas mass at a given stellar mass. In Fig. B1,
we show the D/T distributions for the three runs. As can be seen,
there are more galaxies dominated by dispersion in the WeakFB-
L025N0376 and StrongFB-L025N0376 than in Ref-L025N0376.

Itis also important to note that the galaxies in the Ref-L025N0376
have total and stellar disc sizes that correlate with stellar mass in
agreement with observations (see also Furlong et al. 2015). How-
ever, the stellar discs in StrongFB-L025N0376 have sizes with the
opposite trends: high-mass galaxies tend to have smaller stellar discs
by a factor of approximately 3 compared to those in Ref-L025N0376
and WeakFB-L025N0376.

o Hoetal (2015)

A Zaritsky et al. (1994) E
ox Rupke et al. (2010) -
m Belfiore et al. (2017)

0.10 .
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Figure Al. Median V(o) estimated for the star-forming disc components as a function of the stellar mass of the EAGLE galaxies in for the Recal-
L025N0752 run (black solid lines). For comparison, the simulated relation for the discs in low-density environments of the Ref-L100N1504 are also shown
(cyan lines). The simulated relations have been rescaled by —0.03 dex kpc~! to match the mean observed values reported by Belfiore et al. (2017) at
~10103 M. The shaded area are defined by the first and the third quartiles. The horizontal dashed line depicts V(o/uy = 0.
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Figure B1. Upper panel: Mass-weighted distribution function of the D/T
ratios for the analysed galaxies in Ref-LO25N0376 (blue solid line),
WeakFB-L025N0376 (green dotted line), and StrongFB-L025N0376 (ma-
genta dashed line). Lower panel: Depletion times as a function of stellar
mass for the same set of galaxies.

We estimate the depletion time (i.e. Tpep = M,,s/SFR) as a func-
tion of stellar mass for the galaxies in the three runs. As can be
seen from Fig. B1, there is trend for smaller galaxies to have longer
depletion times regardless of SN energy adopted for feedback. How-
ever, at a given stellar mass, galaxies in StrongFB-L025N0376 are
currently more efficiently forming stars. This is due to the high
star-forming gas density (i.e. the combination of higher gas masses
and small disc sizes).
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Figure B2. Median V(o,n) estimated for the star-forming disc components
and the corresponding median values as a function of the stellar mass of the
EAGLE galaxies in Ref-L025N0376 (blue solid line and circles), WeakFB-
L025N0376 (green line and circles), and StrongFB-L025N0376 (magenta
line and circles). The horizontal dashed line depicts V(o,/n) = 0. Observations
have been included as in Fig. 3.

For the purpose of our work, we are interested in assessing how
the V(o/m) change with the SN feedback. In Fig. B2, we show the
Voym as a function of stellar mass for the three runs. WeakFB-
L025N0376 have discs with Vo, that agree well with the obser-
vations as in the case of those in Ref-L025N0376. In the case of the
StrongFB-L025N0376, there is a change in the relation: more pos-
itive V(o,n) are found in low-mass galaxies (Fig. B2). The opposite
trend can be seen in WeakFB-L025N0376. However, we acknowl-
edge the fact that the number of galaxies in these samples are small.

The trends found in this analysis suggest that for enhanced SN
feedback, there are more positive V(o,m) in smaller galaxies, in
agreement with previous works (Gibson et al. 2013). This indicates
that SN feedback is playing a role in shaping the relation between
Vio/m and stellar mass. Stronger feedback can delay the star forma-
tion to lower redshift (Crain et al. 2017), producing systems with
more gas available to form stars at later times. On the other hand,
smaller galaxies will experience stronger SN-driven outflows be-
cause of the lower potential well, increasing the possibility to have
positive gradients.
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