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1 INTRODUCTION

ABSTRACT

We study the oxygen abundance profiles of the gas-phase components in hydrodynami-
cal simulations of pre-prepared disc galaxies including major mergers, close encounters
and isolated configurations. We analyse the evolution of the slope of oxygen abundance
profiles and the specific star formation rate (sSFR) along their evolution. We find that
galaxy-galaxy interactions could generate either positive and negative gas-phase oxy-
gen profiles depending on the state of evolution. Along the interaction, galaxies are
found to have metallicity gradients and sSFR consistent with observations, on aver-
age. Strong gas inflows produced during galaxy-galaxy interactions or as a result of
strong local instabilities in gas-rich discs are able to produce both a quick dilution of
the central gas-phase metallicity and a sudden increase of the sSFR. Our simulations
show that, during these events, a correlation between the metallicity gradients and
the sSFR can be set up if strong gas inflows are triggered in the central regions in
short timescales. Simulated galaxies without experiencing strong disturbances evolve
smoothly without modifying the metallicity gradients. Gas-rich systems show large
dispersion along the correlation. The dispersion in the observed relation could be
interpreted as produced by the combination of galaxies with different gas-richness
and/or experiencing different types of interactions. Hence, our findings suggest that
the observed relation might be the smoking gun of galaxies forming in a hierarchical
clustering scenario.
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lish correlations between them. Mergers and interactions
can also contribute by modifying the gas properties, mix-

Observational results show that the cosmic star forma-
tion density increases from high redshift to around z ~
2 from where it starts to decline (Madau & Dickinson
2014). Several mechanisms contribute to the regula-
tion of the star formation activity in galaxies as a
function of time. Supernova and AGN feedbacks can
regulate the star formation activity in galaxies of
different masses (Scannapieco et al. 2008; Gibson et al.
2013; Anglés-Alcazar et al. 2014; Rosas-Guevara et al. 2015;
Crain et al. 2015; Tissera et al. 2016a; Muratov et al. 2017).
These mechanisms act on local and global scales modifying
the physical properties of the gas in condition to form stars,
mixing gas clouds of different metallicities and exchanging
material with the circumgalactic medium. Their joint ac-
tion can affect the evolution of galaxies properties such as
stellar mass, colours, metallicity, morphologies and estab-
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ing chemical elements and triggering strong star formation
activity (Sersic 1968; Tinsley & Larson 1978; Barton et al.
2000; Lambas et al. 2003; Woods et al. 2006; Ellison et al.
2010; Patton et al. 2011).

The chemodynamical properties of the stellar popula-
tions and the interstellar medium store important infor-
mation on the action of these processes along galaxy as-
sembly. It is well-known that the gas-phase abundance of
galaxies correlates with luminosity (e.g. Lequeux et al. 1979;
Dutil & Roy 1999) and stellar mass (e.g. Tremonti et al.
2004). In the Local Universe, negative metallicity profiles
are measured in disc galaxies, on average (e.g. Zaritsky et al.
1994; van Zee et al. 1998). Ho et al. (2015) report a cor-
relation with stellar mass so that low stellar-mass galax-
ies have metallicity profiles with steeper negative slopes
than massive galaxies. Recent results from CALIFA and
MaNGA surveys show a more complex dependence on stel-
lar mass (Sanchez et al. 2014; Pérez-Montero et al. 2016;
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Belfiore et al. 2017) that, in part, could be ascribed to the
larger galaxy samples. At high redshift, observations show
the existence of more positive gradients for stellar mass
galaxies (Stott et al. 2014; Wuyts et al. 2016). A correlation
between metallicity gradients and stellar mass can be un-
derstood within the context of an inside-out scenario for
disc formation where star formation rate and metal pro-
duction are mainly linked to the gas density on the discs.
Theoretical and numerical models for galaxy formation sup-
port this picture (Chiappini et al. 1997; Pilkington et al.
2012; Calura et al. 2012; Tissera et al. 2014). However, there
are other mechanisms which can alter or modify the gas-
phase metallicity abundances such as mergers and inter-
actions (e.g. Michel-Dansac et al. 2008) and SN feedback
(Gibson et al. 2013). When comparing results of simulations
run with different codes, it is important to bare in mind that
they resort to different subgrid physics (Scannapieco et al.
2012).

Observations of interacting galaxies show to have al-
most flat or even positive metallicity gradients of the
discs and low central abundances at a given stellar mass
compared to the mass-metallicity relation (Kewley et al.
2006; Michel-Dansac et al. 2008; Kewley et al. 2010). These
trends have been reproduced by numerical simulations which
showed the action of tidal fields capable of driving internal
instabilities that generate central low-metallicity gas inflows
(Rupke et al. 2010b; Perez et al. 2011; Torrey et al. 2012).
The formation of clumps in gas-rich discs (Bournaud et al.
2011; Perez et al. 2011; Tacchella et al. 2016) as well as low-
metallicity gas inflows along filaments (Ceverino et al. 2016)
could also contribute to modify the metallicity gradients.

Recently, Stott et al. (2014) combine the gas-phase
metallicity gradient (S(O/H)) with the sSFR of star-forming
galaxies, claiming the possible existence of a correlation be-
tween them, so that positive gradients would be associated
to higher star forming systems (high sSFR galaxies) based on
the results reported for interacting galaxies. These authors
speculate that mergers, interactions or efficient gas accre-
tion into the central regions might be responsible of this
correlation as these processes could trigger low-metallicity
gas inflows. For this analysis, they combined observations
of metallicity gradients estimated in wide range of redshifts.
From a numerical point of view, Tissera et al. (2016a, here-
after, T2016) observed that galaxies formed in hierarchi-
cal clustering universe have gas-phase metallicity slopes and
sSFR in good agreement with the observational relation re-
ported by Stott et al. These authors also studied simulated
galaxies with positive and very negative metallicity slopes
finding that both could be ascribed to effects of mergers and
close interactions which were able to trigger low-metallicity
gas inflows. Ma et al. (2017) reported a similar correlation
using a different numerical code and SN feedback model.
Previous numerical studies have showed how mergers and in-
teractions can trigger gas inflows if there is enough gas in the
systems (e.g. Barnes & Hernquist 1996; Mihos & Hernquist
1996; Tissera 2000) and how these gas inflows can affect
the metallicity gradients diluting the central abundances
(Perez et al. 2011; Rupke et al. 2010a) that might be en-
riched again by the new-born stars (Perez et al. 2011).

The reported S(O/H)-sSFR correlation suggests a close
relationship between the mechanisms that affect both the
star formation activity and the metallicity gradient at the

same time. T2016 showed the variation of the metallicity
gradients and the sSFR along a gas-rich major merger which
was used as illustration of the impact of this kind of violent
event in shaping a correlation between these parameters.
Considering that in a hierarchical clustering scenario, merg-
ers and interactions are common events in the life of galaxies
of different masses, it is then relevant to analyse the evolu-
tion of the S(O/H) and the sSFR in detail for different inter-
acting configurations with the purpose of investigate under
which conditions the S(O/H)-sSFR relation might be estab-
lished. Considering the variation in subgrid physics used in
numerical codes, this relation could provide another way to
constrains them.

In this paper, we studied the effects of mergers on
the gas distribution, star formation activities and gas-phase
metallicity gradients using at set of idealized simulations so
that the impact parameters and the initial conditions of the
mergers as well as the characteristics of the galaxies, such as
gas fraction, masses, are fully controlled. We analysed inter-
actions with different orbital parameters including orbital
configurations which produced mergers and fly-by events.
Gas-rich and gas-poor configurations are considered. The
isolated counterparts of the main galaxies have been also
run and analysed for comparison. We did not aim at cov-
ering all possible parameter space but to analyse key ones
which allow us to envisage a possible origin for a S(O/H)-
sSFR relationship.

This paper is organised as follows. In Section 2 we de-
scribe the main characteristics of the simulations and the
galaxy sample. In Section 3 we discuss the metallicity gradi-
ents and sSFR for simulated disc galaxies and confront them
with observations. Our main findings are summarised in the
conclusions.

2 NUMERICAL SIMULATIONS AND
SIMULATED GALAXIES

We use a set of simulated mergers, fly-by events and iso-
lated galaxies performed by using a version of the code P-
GADGET-3, which includes treatments for metal-dependent
radiative cooling, stochastic star formation (SF), chemical
enrichment, and the multiphase model for the ISM and the
SN feedback scheme of Scannapieco et al. (2005, 2006). This
SN feedback model is able to successfully trigger galactic
mass-loaded winds without introducing mass-scale parame-
ters or kicking gas particles, or suppressing hydrodynamical
interactions with surrounding particles, for example. As a
consequence, galactic winds naturally adapt to the poten-
tial well of the galaxy where star formation takes place.
The SN feedback model works within a multiphase
model for the ISM which allows the coexistence and ma-
terial exchange between the hot, diffuse phase and the cold,
dense gas phase (Scannapieco et al. 2006, 2008). Stars form
in dense and cold gas clouds and part of them ends their
lives as SNe, injecting energy and chemical elements into the
ISM. The thermodynamical and chemical changes are intro-
duced on particle-by-particle basis and considering the phys-
ical characteristics of its surrounding gas medium. The detail
description and tests of the multiphase medium and the SN
feedback are presented in Scannapieco et al. (2006). Briefly,
it is assumed that each SN event releases energy, which is dis-
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Table 1. Initial conditions for the simulated galaxies. Type of
event (merger, fly-by, isolated), relative rotation, gas fraction, en-
ergy per SN

Simulation  i(°) fgas Bsn Type

SIIT 0 0.20 0.5 Merger
SV 0 0.20 0.1 Merger
SVI 180 0.20 0.5 Merger
SIII-f50 0 0.50 0.5 Merger
SI 0 020 05 Flybye
SI-1 0 0.20 0.5 Isolated
SIII-f50-1 0 0.50 0.5  Isolated

tributed between the cold, dense and hot, diffuse phases. We
assume that 50 percent of the energy is injected into the cold
phase surrounding the stellar progenitor (the rest is injected
into the surrounding hot phase). Scannapieco et al. (2008)
reported this value to provide the best description of the
energy exchange with the ISM for their scheme. This energy
is thermalized instantaneously in the hot phase. Conversely,
the cold phase stores the injected energy in a reservoir un-
til the accumulated is enough to change the entropy of the
cold gas particle so that it joins its hot phase. Hence, it is a
self-regulated process and does not involved sudden changes
in kinetic energy. The mass-loaded galactic winds induced
by the SN model of Scannapieco et al. (2008) self-regulates
according to the potential wells of the galaxies.

We use the chemical evolution model developed by
Mosconi et al. (2001). This model considers the enrichment
by SNell and SNela adopting the yield prescriptions of
Woosley & Weaver (1995) and Iwamoto et al. (1999), re-
spectively. A set of 13 isotopes are followed in time such
as O'®. For this study we estimate the number abundance
ratios 12 + log(O/H) as a function of time. We will take
this abundance ratio to track the evolution of the metallicity
profiles. The distributions of chemical elements in the gas-
phase medium and the stellar populations of galaxies repro-
duce global observational results as shown by Tissera et al.
(2016a,b).

2.1 The simulated galaxies

To explore the evolution of the gradient (or slopes) of the
metallicity profiles and the sSFR during a galaxy-galaxy
interactions, we analysed a gas-rich major merger (50 per
cent gas in the disc component) and three of the gas-poor
mergers (20 per cent gas in the disc component) examined
by Perez et al. (2011). All of them involved two equal-mass
galaxies (1:1). In addition we analysed a fly-by event involv-
ing two similar mass galaxies (1:1) and run isolated versions
of the galaxies used in the gas-rich and gas-poor major merg-
ers. Table 1 provides the principal characteristics of these
events.

Each galaxy in the simulated mergers events is formed
by a dark matter halo of 1.29 x 10'2 Mg, a bulge and disc
components of 1.86 x 10'° Mg and 5.58 x 10'° My (gas
and stars), respectively. The gas-poor galaxy is resolved with
100000 dark matter particles of 6.43 x 10° Mg, 45000 star
particles of 1.5 x 10° Mg, in the disc and bulge components
and, initially, 50000 gas particles of 3 x 10° My in the disc
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components. The gas-rich galaxies are resolved with 200000,
100000 and 100000 initial particles, respectively. The gravi-
tational softenings adopted are 0.16 kpc for the gas particles,
0.32 kpc for dark matter and 0.20 kpc for the star particles.
The initial dark matter profiles are consistent with a NF'W
profile (Navarro et al. 1996) with a virial circular velocity of
160 kms™'. The discs components follow an exponential pro-
file with a scale-length of 3.46 kpc while the bulges are con-
sistent with a Hernquist profile. The analysed mergers have
elliptical orbits with a circularity parameter of € ~ 0.20 and
a pericentre distance of ~ 20 kpc. This configuration is con-
sistent with those obtained from cosmological simulations
(Khochfar & Burkert 2006).

We analysed a co-rotating (SIII) and a counter-rotating
(SVI) gas-poor configurations. And we also studied a version
of the co-rotating merger with a lower energy feedback to
assess at what extent this mechanism is affecting the results
(SV). The name of the galaxies are set following Perez et al.
(2011). These authors analysed in detail the evolution of the
metallicity gradients during the mergers but did not studied
the relation between the variation of the slopes and the SFR.
The same galaxy was used to build up the fly-by (SI) event.

The gas-rich merger (SIII-f50) has the same configu-
ration that the SIII run, being the gas fraction the only
difference. The galaxies of the gas-poor (SIII) and gas-rich
(SIII-f50) mergers were run in isolation for comparison. The
main parameters are summarised in Table 1.

An important aspect to take into account is that the
initial metallicity profiles of the disc galaxies have been set
ad hoc by adopting a typical value of disc galaxies consider-
ing observational results. In the case of the gas-poor galaxy,
the initial conditions has a metallicity slope of ~ —0.08 dex
kpc™!(Dutil & Roy 1999) with a central oxygen abundance
of 12 + log(O/H) = 9.2 (Tremonti et al. 2004). The gas-rich
galaxy has a steeper initial metallicity gradient of —0.1dex
kpc~! and the central abundance is determined so that they
are consistent with the mass-metallicity relation at z ~ 2
(12 + log O/H = 8.5, Maiolino et al. 2008). Hence, these
initial oxygen slopes should be taken only as indicative. The
relevant aspect to consider here is the change of the slope of
the abundance profiles as a function of the sSFR, along the
interactions.

3 METALLICITY GRADIENTS AND STAR
FORMATION OF THE DISC GALAXIES

In order to compute the 12 + log(O/H) abundance profiles,
concentric spherical shells of 1 kpc radius are adopted. We
consider gas particles dominated by rotation, disregarding
those that are part of galactic outflows with large velocities
perpendicular to the disc plane. We assume a inner cut-off
radius of 1 kpc which is approximately three times the max-
imum physical gravitational softening. For the maximum ra-
dius we adopted two different values: 9 kpc and 12 kpc. The
results do not change significantly but the dispersion of the
relations increases when the outskirts of discs are included,
particularly during the close interactions of galaxy pairs.
Hence, we focus on the results obtained by using a maximum
radius of 9 kpc while in Section 3.4 we discuss the impact of
incorporating the outer regions. Linear regressions were fit-
ted to these metallicity profiles to obtain both the zero point



4 Sillero et al.

and slope of metallicity gradient. We also calculate the star
formation rate, the stellar mass and gas inflows as a function
of time. For the latter, we search for the gas particles that
move inside each radial shell as a function of time.

This procedure is applied to each of the simulations
summarised in Table 1, in order to explore the existence
of a relation between the metallicity gradients and the star
formation activity.

3.1 Major mergers

In Fig. 1 we show the S(O/H)-sSFR relation calculated for
our four merger events: three of them correspond to the gas-
poor initial condition run with different orientation parame-
ters and SN feedback and the fourth one shows the relation
for the gas-rich merger. The different stages of the merger
evolution are depicted in different colours. As can be seen,
all of them start away from the S(O/H)-sSFR relation. In
the case of the gas-poor encounters, the S(O/H) does not
change although the gas is being consumed into stars. Only
when the galaxies are closer than ~ 20 kpc, there is an larger
increase in the sSFR and a sudden flattening of the metal-
licity slopes. This occurs at about 0.1 — 0.15 Gyr after the
first passage. As a consequence, galaxies start defining a cor-
relation that resembles closely the observed one reported by
Stott et al. (2014). This behaviour is very similar to that of
run SVI, where the interacting galaxies are counter-rotating.

The trend is not strongly affected by the strength of
the SN feedback as shown by run SV which has five times
lower SN energy per event. This is due to the combina-
tion of the deep potential well of the simulated systems
and the quiescent star formation activity produced by the
low gas fraction and the injection of SN energy in the ISM
(Scannapieco et al. 2008). However, a weaker SN feedback
leads to a higher star formation activity since there is less
gas heated up or ejected wind.

For the gas-rich encounter, the sSFR is larger during
the first stages due to the larger gas fraction available in the
system, even when the galaxies are far away (i.e. distance
between the centre of masses larger than ~ 100 kpc). This
star formation activity is fed by internal instabilities which
formed clumps (Perez et al. 2011). The triggering of the SFR
is produced all over the disc where clumps are formed, lead-
ing to a more negative slope since the gas density is higher
in the inner regions and star formation scheme is directly
linked to the gas density. Only when the two galaxies are
very close, the quick change of slope towards positive values
set the galaxies well on the observed relation.

In all runs, the on-set of the relation is clearly linked to
the sudden change of metallicity slopes and sSFR associated
to the close encounter at the same time. Previous works on
galaxy-galaxy interactions (e.g. Barnes & Hernquist 1996;
Tissera 2000; Rupke et al. 2010a) have shown the efficiency
of these mechanisms to drive gas inflows, which transport
low metallicity material to the centre, diluting the metal-
licities in the inner regions and triggering starbursts. This
process has also taken place in our simulations as discussed
in detailed in Perez et al. (2011). Here, we go further in the
analysis of the effects of gas inflows on both the metallicity
gradients and the star formation activity.

3.2 Fly-by event and isolated galaxies

Figure 2 shows the S(O/H)-sSFR relation for one of the
galaxy pair in the major fly-by event (see Table 1). In this
galaxy, the metallicity gradient is not significantly modified
along the interaction while the sSFR shows some variations.
On average the sSFR varies mildly with time. This suggests
that fly-by events are not able of developing strong inflows
capable of increasing the star formation activity and modi-
fying the metallicity slopes at the same time.

Similarly, Fig. 3 shows the S(O/H)-sSFR relation for the
isolated gas-poor (upper panels) and the isolated gas-rich
(lower panels) systems. For gas-poor galaxy, the evolution
of this relation is very similar to the fly-by event.

However, the gas-rich galaxy is able to produce a sig-
nificant change in both the metallicity slope and the sSFR.
The regulation of the star formation activity in the gas-rich
galaxy is produced by the formation of the clumps and the
action of the SN feedback as it occurred in the first stages
of the SIII-f50-1. The effects of both processes was discussed
in details by Perez et al. (2013). In this simulation, after
the gas is consumed the star formation activity declines and
there is no other mechanisms which can trigger gas inflows
to feed a new starbursts as in the case of the galaxy interac-
tions. As the clumps migrate to the central region, the new
stars form from a more chemically-enriched ISM. As a conse-
quence, the metallicity gradient becomes slightly flatter and
increases its zero point. Hence the S(O/H)-sSFR relation is
only reached at the final stages. By comparing the evolution
of the sSFR in SIII-f50 and SIII-f50-1, we can see that the
interactions produce an important effect in the modulation
of the star formation activity. We know that the interactions
are able to redistribute the gas-phase component and to pro-
duce gas inflows which feed the central star formation activ-
ity. These runs suggest that the effects are more global in the
sense that as the gas is shocked and tunnelled into to central
regions, it is prevented to form stars, delaying the star for-
mation activity until it is in condition to form stars again.
Otherwise, the cold gas is transformed into stars very effi-
ciently in clumps. Stronger SN feedback would help to mod-
ulate this process in a similar fashion (Perez et al. 2013).
The important aspect to consider is that both simulations
(SIII-f50 and SIII-f50-I) have been run with the same initial
conditions and the same SN feedback parameters. Hence the
differences in their evolution relays on the presence of a com-
panion. It is common to think that interactions are efficient
to trigger star formation activity but they might also be im-
portant to modulate it during the long-range approach, by
mixing and disturbing the gas-phase components, which is
not longer in condition to form stars.

3.3 Gas inflows

The previous analysis suggests that if a correlation exists
between S(O/H) and sSFR, it is more likely to be established
during a period of strong star formation activity triggered
by violent gas inflows. In order to quantify this scenario, we
study the gas inflows, the metallicity of the infalling gas and
the metallicity of the gas-phase component as a function of
time for three examples: the SIII, SI and SI-I. Having in
mind that these three simulations describe the evolution of
the same galaxy in two different types of interaction (i.e.
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Figure 1. Mean slope of the gas-phase oxygen abundance profiles as a function of the sSFR (left panels) and both quantities as a
function of time (middle panels: gas phase oxygen slope; right panels: sSFR) for the simulated galaxies in the gas-poor simulations: SIII
(co-rotating configuration), SVI (counter-rotation configuration) and SV (co-rotation configuration and weaker SN feedback) and the
gas-rich one (SIII-f50; see Table 1). The colours denote the different stage of interaction: before the first pericentre (blue), before the
apocentre (green) and before the second pericentre (red). The vertical lines denote the times of the first pericentre (dotted lines), the
apocentre ( dotted-dashed lines) and the second pericentre (dashed lines). For comparison, in the left panels we included the observational
results from Rupke et al. (2010a, isolated galaxies: open squares, mergers: filled squares), Queyrel et al. (2012, black, open triangles),
Jones et al. (2013, black, open rombus), Jones et al. (2015, black, inverted triangles), Stott et al. (2014, black, crosses) and the linear

regression reported by Stott et al. (2014, solid line).

major merger and fly-by) and in isolation, these three runs
highlight the effects of the presence of companion on the gas
evolution.

Gas inflows are estimated as the new gas mass identified
within concentric radial shells at a given time. We define the
ratio between the gas mass in the inflows and the gas mass
in the radial shell before the inflow (Minfiows/Mbin). Note
that as the galaxies approach each other, two processes can
take place: contraction without shell-crossing or gas inflows
producing shell-crossing. During the former, we expect an
increase of the gas inflows in all the shells, in a similar fash-
ion, while a genuine gas inflows will produce changes in se-
lected shells, principally, the inner ones (Barnes & Hernquist
1996).

MNRAS 000, 1-11 (2017)

In Fig. 4 we show the metallicity of the gas in a given
radial shell (upper panel), the metallicity of the infalling
gas (middle panels) and the gas-mass fraction participating
in the inflow (lower panels) for the SIII (first column), SI
(second column) and SI-I (third column).

In the first stages of evolution until the first pericentre,
there are very weak changes in the metallicity gas distribu-
tions. In the case of SIII, we can see the presence of gas
inflows nearby the pericentre which transport lower metal-
licity gas, diluting the chemical abundances in the central
regions as expected. The change in the slopes and sSFR is
directly related to this low-metallicity gas inflows.

On the other hand, in SI there is only a weak inflow af-
ter the close passage (the closer distance between the centre
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Figure 2. Mean slope of the gas-phase oxygen abundance profiles as a function of the sSFR (left panels) and both quantities as a
function of time (middle panels: gas phase oxygen slope; right panels: sSFR) for the simulated gas-phase for galaxies in a fly-by event
(see Table 1). For comparison, in the left panel we include the observational results as given in Fig. 1.
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Figure 3. Mean slope of the gas-phase oxygen abundance profiles as a function of the sSFR (left panels) and both quantities as a
function of time (middle panels: gas phase oxygen slope; right panels: sSFR) for the simulated gas-phase for the gas poor (upper) and
the gas-rich (lower) isolated galaxies (see 1). For comparison, in the left panels we include the observational results as given in Fig. 1.

of masses is around 1.1 Gyr). In SI-I there are no impor-
tant gas inflows, only a change in the global distribution
of gas which gets slightly more concentrated without shell-
crossing. From this figure it is clear that in order to change
significantly the metallicity slope, a gas inflow representing
more than ~ 30— 35 per cent of the mass in the radial shell
is needed. And that such inflow must be sudden and brief.
Otherwise the gas feeds the star formation activity smoothly
over time and the new enriched material will be smoothly in-
corporated to ISM, producing no correlated changes between
the involved parameters. According to our simulations, vi-
olent inflows are mainly produced during mergers. In our
simulations, fly-bys and isolated galaxies are not efficient
mechanisms to do this. Gas-rich disc galaxies might be able
to produce the same effects via the formation of clumps as we
show below. In these simulations gas inflows fed by filaments
are not considered. However, they have been shown to be
efficient at transporting low-metallicity gas into the galax-
ies (Ceverino et al. 2016) that might help the formation of
clumps (Tacchella et al. 2016, and references therein).

We estimate the fraction of gas mass associated to the

inflows as a function of time for all our runs. We found that
the systems which get to the S(O/H)-sSFR relation are those
that experience gas inflows larger than ~ 30 — 35 per cent
in short timescales, less than ~ 0.2 Gyr. Most of the strong
inflows occurred within approximately ~ 0.1 Gyr. We de-
fine the inflow rate as the ration between the infalling gas
within the central 5 kpc and the time interval over which it
occurs, (Min/tin). Then the inflow efficiency are estimated
by dividing by the gas mass already present with the central
region, Mio¢. Our findings suggest that at least an inflow
efficiency of ~ 70 Gyr~! is required to produce a simultane-
ous change in metallicity gradients and star formation rates.
This can be clearly seen from Fig. 5 where we show the gas
inflows onto 5 kpc central region of all primary galaxies of
our simulations. The gas inflows for the fly-by runs extend
over larger periods, almost as continuous infall, producing
no important change in the metallicity profile. As a conse-
quence, the infalling gas has time to be transformed into
stars and to smoothly enrich the remaining material. Only
at ~ 1.3 Gyr there is a feeble peak in the inflows which last
less than ~ 0.1 Gyr and is larger than 25 per cent which can
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Figure 4. Time evolution of median 12 + log(O/H) (upper panels ), the median metallicity of the infalling gas (middle panels) and
the mass fraction of gas inflows (lower panels) estimated in concentric radial shells for runs SIII (left panels), SI (middle panels) and

SI-I(right panels).

be associated to a weak increase in the sSFR (see Fig. 2).
In the case of the isolated run of the same galaxy, there is a
smooth increase over more than ~ 1 Gyr, producing an in-
crease in the metallicity without modifying the metallicity
gradient.

These simulations illustrate clearly our findings: an im-
portant low-metallicity gas inflow occurring over a short
time can set a galaxy on the S(O/H)-sSFR relation. If there
is a larger gas fraction in the discs then internal instabili-
ties might also set the galaxy on the relation but they have
to be very efficient to produce the change in both the sSFR
and the slope of the metallicity profiles at the same time. Ex-
tended mild SFR activity over time and over the whole discs
is not efficient enough to produce a change in the metallic-
ity slopes as indicated by our simulations. In this case the
S(O/H) are preserved and the galaxies moved horizontally
in the S(O/H)-sSFR plane.

Finally we would like to note, that in the case of the
galaxy-galaxy mergers, after the second pericentre, the outer
regions of the discs might get contributions from the inner
regions as the galaxy structure distorted (e.g while spiral
arms are opened and deformed). During these stages, there
might also be mass exchange between the two galaxies that
produces signals of gas inflows in outskirts of the galaxies.
These inflows do not reach the central regions but they con-
tribute with mildly enriched material in the external regions.
These regions might also receive contributions from accreted
gas via galactic fountain as detected by Perez et al. (2011).
These effects can be separated from those related to inner
gas inflows, if mass intervals are used instead of radial shells.
By doing so, variations due to coherent re-arrangement of
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material (compression or expansion) are not considered and
only those which produce shell mixing are unveiled. We have
done these estimations finding trends which are in agree-
ment with the results presented here. We choose to show
radial shells in order to compare with the results from previ-
ous works (Perez et al. 2011, 2013). In the following section,
we will analyse the effects on incorporating the outskirts
of interacting discs in the determination of the metallicity
profiles.

3.4 The metallicity gradients in the outer parts

It is well known that, at z ~ 0, the outskirts of the disc
galaxies have the metallicity gradients which do not fol-
low the extrapolated linear relation of the inner parts (e.g.
Sénchez-Menguiano et al. 2016). This departure from a lin-
ear profile in the sense that outer parts are more gas-enriched
than expected, is also reproduced in the cosmological sim-
ulations of T2016 and in the pre-prepared merger events
Perez et al. (2011). The latter work also showed how the
outer parts of galaxies are more easily disturbed during the
interaction while fed by recycled material. In Fig. 6 (left
panel) we show the metallicity gradients as a function of
time for runs SIII and SI-I, for illustration purposes. This
figure shows clearly the difference between the evolution of
the gas-phase metallicity gradients in both situations. We
recall that the initial conditions of each galaxy of these sim-
ulations are the same, differing only in the fact that SIII
system describes a merger event of two equal-mass galaxies
and SI-I follows the evolution of one of these galaxies in iso-
lation. A break in the metallicity profiles originates between
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Figure 5. Time evolution of median 12 + log(O/H) and the gas inflows onto the central region (within 5 kpc) for all simulations. The
dotted lines represent the pericentre and the dotted-dashed lines the apocentre positions.

the first and the second pericentre and is produced by both
the spiral arms which get distorted and the accreted mate-
rial that is ejected after the starbursts triggered during the
first approach. In the case of the isolated galaxy, there is a
monotonically increase of the metallicity at all radii as new
stars formed without modifying the global profile. The flat-
tening of the metallicity profiles in the outskirts of galaxies
have been reported by observations of spiral galaxies (e.g.
Sénchez-Menguiano et al. 2016, and references therein). Our
simulations show how the exchange of material by the two
mentioned physical mechanisms can explain the break of the
metallicity profiles in the outskirts of disc galaxies

To test the impact of including the outer parts in the es-
timation of the metallicity gradients, in Fig. 6 (right panel)
we compare the S(O/H) obtained from the linear regression
performed within two different radial ranges: [2—9] kpc and
[2 — 12] kpc. In this figure (right bottom panel), we plot
the [2 — 9] kpc slope against the [2 — 12] kpc one. As can
be appreciated, the gradients are quite similar for SIIT and
SI-I before the first close passage. After that the SIII shows
steeper metallicity gradients in the inner regions ([2 — 9]
kpc) along the whole interaction until the merger. When
the galaxies are very close (after the apocentre) the flatten-
ing of the metallicity gradient estimated in the range [2—12]
kpc is clear. In Fig. 6 (left upper panel) we show the rela-
tive change between the slopes. The differences of the slopes
in SIII are produced by the joint effects of the opening of
spiral arms and the recycled material via galactic fountain.
Hence, it is very important to be aware of the impact of
these effects if these regions are included in the estimations
of the metallicity profiles. This might be an important issue
to consider for the determination of metallicity gradients,
particularly at high redshift where galaxies might be even
more affected by gas inflows and mergers. It is also impor-
tant to note that these pre-prepared merger events are not
enough to understand the complexity of the origin and evo-
lution of the metallicity gradients in a cosmological context
but they give a clearer description of the effects of individual
processes.

4 DISCUSSION: COMPARISON WITH
COSMOLOGICAL SIMULATION

The analysis presented above involves a set of hydrodynami-
cal simulations of isolated and interacting pre-prepared disc
galaxies of similar masses. Hence it is interesting to com-

pare them with those obtained from galaxies that formed
in a full cosmological framework. For this purpose, we re-
sort to the numerical results reported by T2016 who stud-
ied the chemical abundance profiles of the gas-phase disc
components in relation to the star formation activity of the
galaxies simulated in a hierarchical universe consistent with
a ACDM scenario. The cosmological simulation takes into
account other environmental effects such as gas infall along
filaments or minor accretions which are not considered by
the pre-prepared initial conditions analysed in the previ-
ous sections. These processes can affect the metallicity gra-
dients by redistributing chemical elements in the gaseous
phase (e.g. Tissera et al. 2016a; Ma et al. 2017). The com-
parison with a cosmological simulation is done to assess at
what extend the effects of the galaxy-galaxy interactions can
still be present in a more complex, scenario for galaxy for-
mation. This cosmological simulation has been reported to
produce galaxies with sizes and angular momentum content
comparable to observations as shown in Pedrosa & Tissera
(2015). The chemical abundances and star formation activ-
ity of the disc components are analysed in detail by T2016.
These authors report that the simulated metallicity gradi-
ents are in agreement with the observational trends between
the slopes of the metallicity profiles and the galaxy stellar
masses (Ho et al. 2015) and between the metallicity slopes
and the sSFRs (Stott et al. 2014). The cosmological simu-
lation of T2016 and our pre-prepared simulations were run
with the same version of P-Gadget-3 which used the same SN
feedback model (i.e. energy and chemical feedback). The nu-
merical resolution of the simulations are similar (slightly bet-
ter in the pre-prepared merger). Hence, the comparison be-
tween the metallicity gradients can be done on equal bases.
The pre-prepared mergers allow us to better separate the
effects of interactions and the presence of companions. Al-
though cosmological simulations provide more realistic as-
sembly histories, the non-linear evolution of the structure
makes it more difficult to disentangle the action of differ-
ent physical mechanisms. Hence the confrontation of results
from both types of simulations opens the possibility to get
a further insight into this relation.

In Fig 7, the results from T2016 are shown as the light
blue (green, red) contours at z ~ 0 (1,2) which enclose 90,
70, 50, 30 and 20 per cent of the galaxies. The results for
SIII, SI, and SIII-f50 are also displayed in this figure (upper,
middle and lower panels). The gas-rich simulation has the
larger dispersion as shown in Fig. 3 although the values are
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Figure 6. Left panel: Time evolution of the metallicity gradients for the SIII event (upper panel) and the isolated counterpart (SI-I,
lower panel). Right panel: Slope of the metallicity gradients estimated in the range [2 — 9] kpc versus those measured in the range [2 —12]
kpc for the SIIT simulations and and SI-I (middle and right lower panels) The upper left panel shows the relative differences between
them. The different colours denote different stages of evolution during the interaction (see Fig.1).

within the range predicted by the cosmological simulation
and obtained from the available observations. In the case
of galaxies simulated in a cosmological framework, they all
have experienced mergers and interactions. The result of this
evolutionary scenario is the formation of disc galaxies whose
gas-phase components show metallicity gradients in global
agreement with observations.

As reported in the previous sections, it is also clear
that negative metallicity gradients can be generated dur-
ing gas-rich mergers that are likely responsible of the nega-
tive gradients detected in the cosmological simulations at
higher redshift (T2016). From an observational point of
view, metallicity gradients are measured as a function of
redshift and showing a large dispersion with no clear trend
(e.g. Wuyts et al. 2016). We also know few cases of nega-
tive metallicity gradients at z > 1 obtained through grav-
itational lensing (Yuan et al. 2011; Jones et al. 2013, 2015;
Leethochawalit et al. 2016). Although the determination of
global metallicities and metallicity gradients are affected by
uncertainties which make it difficult to draw a robust conclu-
sions, there is a increasing database of metallicity gradients
available for comparison with models. In Fig 7 we show the
observational data gathered up to z ~ 2.6, which yields a
Pearson correlation factor of r = 0.39 (p = 5.4 x 107%).

MNRAS 000, 1-11 (2017)

For the observational data of Wuyts et al. (2016) we obtain

= 033 (p = 54 x 107*) and for the rest of the data
r=0.49 (p = 1.7 x 107°). Although metallicity gradients at
high redshift have larger error bars, the statistical signal is
significant.

Our results predict a correlation between the metallic-
ity gradients and the sSFR produced by the effects of violent
inflows which link together their evolution. The large disper-
sion found in this correlation reflects the variation in galaxy
properties and their environment as a function of redshift
as can be seen from the trends reported by T2016 in a cos-
mological context. Moreover, similar trends have been also
found by Ma et al. (2017) using a set of simulated zoom-in
galaxies run with a different code and SN feedback model
(Fig 7)

5 CONCLUSIONS

Gas inflows produced during galaxy-galaxy interactions or
as a result of strong internal instabilities can produce both
the rapid dilution of the central metallicity of the gas-phase
and the quick increase of the sSFR, setting a correlation
between metallicity gradients and sSFR Stott et al. (2014).
Our findings suggest that the correlation is established when
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Figure 7. Comparison of the metallicity slopes and sSFR ob-
tained from a A-CDM hydrodynamical simulation (Tissera et al.
2016a) and those measured in the pre-prepared simulations: SIII
(upper panel), SI-I (middle panel) and SIII-f50 (lower panel). The
light blue (green, red) contours enclose 90, 70, 50, 30 and 20 per
cent of the simulated disc galaxies at z ~ 0 (1, 2) in the cosmolog-
ical simulation. The black symbols represent observational data
(see Fig.1 for details) and grey and yellow symbols are the obser-
vational data obtained by Wuyts et al. (2016) and the simulated
sample performed by Ma et al. (2017) respectively (z ~ 0: trian-
gle; z ~ 1: stars; z ~ 2: diamond). The error bars in the right
bottom corner of each panel represent the median of the errors
by redshift interval.

galaxy-galaxy interactions are efficient mechanism to trigger
gas inflows involving more than 35 per cent of the existing
gas mass in the central regions during a time interval less
than ~ 5 x 10% yr.

We also found that isolated gas-rich galaxies can set a
similar correlation between the metallicity gradients and the
sSFR as a consequence of the formation of clumps where the
star formation activity is efficiently triggered. For our gas-
rich simulation, Perez et al. (2013) determined that one per
cent of the clump mass per free-fall time was converted into
stars, producing bound systems with high probability of sur-
vival Krumholz & Dekel (2010). The formation of clumps

is proportional to the gas density and they migrate from
the outer into to the inner parts carrying lower metallic-
ity material). This process could be also contribute to set
a correlation between the metallicity gradients and sSFR,
principally at high redshift, where gas-rich discs are more
frequent (Ceverino et al. 2016; Molina et al. 2016).

A galaxy with approximately uniform star formation
activity will consume its gas reservoir in a more regular
fashion, producing an extended star formation activity and
a slow enrichment of the gas-phase which does not change
the metallicity gradient significantly. Such system would not
evolve according to this relation but move horizontally as the
sSFR decreases with a smaller dispersion than in the cases
of the gas-rich simulations. Nevertheless, the simulated re-
lations are within observed range of parameters.

The comparison with the cosmological results from
T2016 are in good agreement showing that a hierarchical
clustering scenario provide favourable conditions for the ex-
istence of the S(O/H)-sSFR correlation. With the increase
of database of galaxies with well-determined chemical abun-
dances in the local and high-z (Wuyts et al. 2016), such a
correlation might indeed be present, albeit with a large dis-
persion. The origin of the dispersion may reside in the com-
bination of physical mechanisms triggering star formation in
either violent or smooth fashions.
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