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1 INTRODUCTION

ABSTRACT

We study the gas phase metallicity (O/H) and nitrogen abundance gradients traced by star-
forming regions in a representative sample of 550 nearby galaxies in the stellar mass range
10°-10'"> M with resolved spectroscopic data from the Sloan Digital Sky Survey IV Map-
ping Nearby Galaxies at Apache Point Observatory survey. Using strong-line ratio diagnostics
(R23 and O3N2 for metallicity and N202 for N/O) and referencing to the effective (half-light)
radius (R.), we find that the metallicity gradient steepens with stellar mass, lying roughly flat
among galaxies with log (M,/M@) = 9.0 but exhibiting slopes as steep as —0.14 dex R.! at
log (M, /M@) = 10.5 (using R23, but equivalent results are obtained using O3N2). At higher
masses, these slopes remain typical in the outer regions of our sample (R > 1.5R.), but a
flattening is observed in the central regions (R < 1R.). In the outer regions (R > 2.0R,), we
detect a mild flattening of the metallicity gradient in stacked profiles, although with low signif-
icance. The N/O ratio gradient provides complementary constraints on the average chemical
enrichment history. Unlike the oxygen abundance, the average N/O profiles do not flatten out
in the central regions of massive galaxies. The metallicity and N/O profiles both depart signif-
icantly from an exponential form, suggesting a disconnect between chemical enrichment and
stellar mass surface density on local scales. In the context of inside-out growth of discs, our
findings suggest that central regions of massive galaxies today have evolved to an equilibrium
metallicity, while the nitrogen abundance continues to increase as a consequence of delayed
secondary nucleosynthetic production.

Key words: galaxies: evolution — galaxies: fundamental parameters — galaxies: ISM.

Mao & White 1998), where cold gas may undergo further gravita-
tional collapse, leading to star formation (Kennicutt 1998). Ener-

The current theoretical framework of galaxy evolution requires
galaxies to be continuously fed by cosmological gas accretion
on to their host dark matter haloes (Fraternali & Binney 2008;
Sanchez Almeida et al. 2014). Halo gas subsequently cools and
contributes to the growth of the disc (White & Rees 1978; Mo,
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getic feedback from stars and active galactic nuclei (AGN) is needed
in order to self-regulate star formation on galactic scales and to re-
produce the overall properties of the observed galaxy population at
z ~ 0 (Croton et al. 2006; Bower et al. 2006; Schaye et al. 2014;
Vogelsberger et al. 2014).

Decades of observational work have now demonstrated the ubiq-
uitous presence of galactic winds, affecting all phases of the inter-
stellar medium (ISM; Heckman et al. 2000; Martin 2005; Veilleux,
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Cecil & Bland-Hawthorn 2005; Tremonti, Moustakas & Diamond-
Stanic 2007; Feruglio et al. 2010; Sturm et al. 2011; Cano-Diaz
et al. 2012; Maiolino et al. 2012; Cicone et al. 2014), both in the
local Universe and at high redshift. The relation between the dif-
ferent outflowing gas phases, however, remains ill-characterized,
together with the eventual fate of the gas — which may be either lost
to the intergalactic medium (IGM) or remain bound in the galaxy
halo. The self-regulation of star formation in galaxies therefore ap-
pears to be a complex problem, critically dependent on a tightly
coupled network of exchanges of matter and energy between the
different phases of the galaxy’s ISM and the hot halo gas, which are
challenging to observe and simulate (e.g. Oppenheimer et al. 2010).

Metals are direct products of stellar nucleosynthesis, thus making
chemical evolution studies a powerful complementary approach to
understanding star formation and gas flows in and out of galaxies.
The radial distribution of metals in galaxies is of particular inter-
est because of its direct relation to the unknown radial profile of
gas accretion, which in term drives the inside-out growth of discs
(Larson 1976; Matteucci & Francois 1989; Boissier & Prant-
zos 1999; Pezzulli & Fraternali 2016). Models of the metallicity
gradient, which typically assume a simple radial dependence of the
accretion rate (leading to inside-out growth) and no radial flows are
capable of reproducing the observed metallicity gradients (Chiap-
pini, Matteucci & Romano 2001; Fu et al. 2009). Individual models,
however, vary substantially in their most fundamental predictions.
Some models, for example, predict a steepening of the metallicity
gradients with time (Chiappini, Matteucci & Romano 2001; Mott,
Spitoni & Matteucci 2013), while others predict the opposite (Moll4,
Ferrini & Diaz 1997; Prantzos & Boissier 2000; Fu et al. 2009; Pilk-
ington et al. 2012b). Observations of high-redshift galaxies may
provide more direct evidence regarding the time evolution of the
metallicity gradients (Jones et al. 2013; Wuyts et al. 2016). Current
studies, however, are still limited to small sample sizes.

Alternatively, abundance ratios of elements of different nucle-
osynthetic origin can be used to gain further insight into the history
of star formation and chemical enrichment in galaxies. The ratio
between oxygen (mostly produced on short time-scales by mas-
sive stars dying as core-collapse supernovae) and iron (mostly pro-
duced on long time-scales by Type la supernovae) or nitrogen (pro-
duced by low- and intermediate-mass stars; Renzini & Voli 1981;
Vincenzo et al. 2016) can be used as probes for the average time-
scale of star formation in a stellar system.

Observationally, it is well known that in the local Universe disc
galaxies present a negative metallicity gradient (Vila-Costas &
Edmunds 1992; Oey & Kennicutt 1993; Zaritsky, Kennicutt &
Huchra 1994; van Zee et al. 1998; Moustakas et al. 2010). Only re-
cently, however, sufficiently large samples of galaxies have become
available to securely quantify the slope of the metallicity gradient
(Moran et al. 2012; Sanchez et al. 2014; Ho et al. 2015; Pilyugin,
Grebel & Zinchenko 2015; Sanchez-Menguiano et al. 2016) and
study its dependence on other galactic properties. Earlier studies,
based on long-slit spectroscopy, suffered from poor spatial sam-
pling and difficulty in excluding regions that are not dominated by
ionization from massive stars. Integral field spectroscopy (IFS) of
star-forming galaxies, as demonstrated by the a new generation of
IFS galaxy surveys (Rosales-Ortega et al. 2010; Sanchez et al. 2014;
Pérez-Montero et al. 2016; Sanchez-Menguiano et al. 2016), has
been shown to be an ideal tool to circumvent these difficulties and
provide accurate measurements of chemical abundances over the
whole optical extent of nearby galaxies. Recent results from the
CALIFA survey (Sanchez et al. 2012a) have demonstrated the ex-
istence of a characteristic negative oxygen abundance gradients in
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nearby galaxies (Sdnchez et al. 2014) and have started to explore the
dependence of the metallicity gradient on stellar mass and other sec-
ondary parameters (Pérez-Montero et al. 2016; Sanchez-Menguiano
et al. 2016).

In this work, we present a new study focusing on the shape of the
gas phase oxygen and nitrogen abundance gradient in the nearby
Universe, based on IFS data from the Sloan Digital Sky Survey
IV (SDSS 1V; Blanton et al., 2017) Mapping Nearby Galaxies at
Apache Point Observatory (MaNGA; Bundy et al. 2015) survey.
Our aim of this work is to provide a statistically robust reference for
modellers aiming to reproduce the evolution of abundance gradients
by providing an accurate anchor point for the low-redshift Universe.
Unlike previous work in this area, the MaNGA galaxy sample is
approximately flat in stellar mass and its simple selection function
makes it possible to perform accurate volume corrections, making
this the first study of the metallicity gradient in nearby galaxies to
use a representative sample of nearby galaxies over the entire mass
range 10°~10'"° M. Moreover, this work represents a significant
increase in sample size with respect to previous studies, as we derive
metallicity gradients for a total of 550 nearby galaxies.

This work is structured as follows. In Section 2, we introduce
the MaNGA sample, data and the adopted spectral fitting proce-
dure. In Section 3, we discuss our approach for determining the gas
phase oxygen and nitrogen abundances and the effect of resolution
(‘beam-smearing’) and inclination on the measured abundance gra-
dients. In Section 4, we investigate the shape of the oxygen and
nitrogen abundance gradients and their dependence on other galac-
tic properties, while in Section 5 we discuss possible sources of
systematic error affecting our inference. In Section 6, we discuss
our findings in the context of previous studies of the shape of the
metallicity gradient, while in Section 7 we discuss the results in light
of the theoretical picture of disc formation and chemical evolution.
Finally we conclude in Section 8.

Throughout this work, we use a A cold dark matter cosmology
with Qy = 0.3, Q4 = 0.7 and Hy = 70km~! s~! Mpc~!.

2 THE DATA

2.1 The MaNGA data

MaNGA (Bundy et al. 2015) is the largest IFS survey of galaxies
to date, aiming to observe a representative sample of 10 000 nearby
galaxies in the redshift range 0.01 < z < 0.15 by 2020. The core
of the MaNGA instrument (Drory et al. 2015) consists of a set
of 17 hexagonal fibre bundle integral field units (IFUs) of various
sizes (ranging from a 19-fibre IFU, 12 arcsec on sky diameter, to a
127-fibre IFU, 32 arcsec on sky diameter), simultaneously deployed
across the 3° diameter field of view of the SDSS 2.5 m telescope
at Apache Point Observatory (Gunn et al. 2006). The MaNGA
instrument suite also includes a set of 12 seven-fibre minibundles
used for flux calibration (Yan et al. 2016a) and 92 single fibres used
for sky subtraction. All fibres are fed into the dual beam BOSS
spectrographs covering the wavelength range from 3600 to 10 300
A with a spectral resolution R ~ 2000 (Smee et al. 2013).

The MaNGA galaxy target sample is drawn from an extended
version of the NASA-Sloan catalogue (NSA v1_0_1;' Blanton
et al. 2011), and is selected in order to fulfil a number of design
criteria motivated by the core science goals of the survey (Yan
et al. 2016b). MaNGA covers galaxies out to a fixed distance in
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terms of effective radius (R.), with two-third of the targets selected
to be covered out to 1.5 R, (the ‘primary+’ sample) and one-third
of the targets to 2.5 R. (the ‘secondary’ sample). The MaNGA
parent sample is uniformly distributed in i-band absolute magnitude,
as a proxy for stellar mass (Wake et al., in preparation). At each
i-band magnitude, the MaNGA primary and secondary samples are
selected to be volume limited within a prescribed redshift range.
MaNGA observations are carried out during dark time and a
set of galaxies is observed until a threshold S/N value is reached
(Yan et al. 2016b). A three-point dithering pattern is used during
observations to compensate for light loss and create a uniform point
spread function (PSF; Law et al. 2015). The MaNGA data used
in this work was reduced using version v1_5_1 of the MaNGA
reduction pipeline (Law et al. 2016). The wavelength calibrated, sky
subtracted and flux calibrated MaNGA fibre spectra (error vectors
and mask vectors) and their respective astrometric solutions are
combined to produce final datacubes with pixel size set to 0.5 arcsec.
The median PSF of the MaNGA datacubes is estimated to have a
median full width at half-maximum (FWHM) of 2.5 arcsec.
Stellar masses and other photometric properties for the MaNGA
sample are taken from the extended NSA targeting catalogue, un-
less otherwise stated. The NSA stellar masses are derived using a
Chabrier (2003) initial mass function (IMF) and using the KCORRECT
software package (version v4_2; Blanton & Roweis 2007) with
Bruzual & Charlot (2003) simple stellar population models.

2.2 Spectral fitting

Physical parameters of the continuum and the emission lines are
obtained via a customized spectral fitting procedure described in
Belfiore et al. (2016b, Section 2.2). In short, we fit the continuum
using a set of simple stellar population models (Vazdekis et al. 2012)
and the emission lines with a set of Gaussians, one per line. To
increase the ability to fit weaker lines, the velocities of all lines are
tied together, thus effectively using the stronger lines to constrain the
kinematics of the weaker ones. In the case of the [O 1] A14959,5007
and [N ] Ar6548,83 doublets, their dispersions are tied together
and their amplitude ratios are fixed to the ratios of the relative
Einstein coefficients. Examples of the data products obtained with
this procedure have been presented in Belfiore et al. (2016b).

The reddening of the nebular lines is calculated from the Balmer
decrement, using the H o /H S ratio and a Calzetti (2001) attenuation
curve with Ry = 4.05. The theoretical value for the Balmer line
ratio is taken from Osterbrock & Ferland (2006), assuming case B
recombination (H« /H 8 = 2.87). We note that the use of extinction
curve of Cardelli, Clayton & Mathis (1989) (or the modification by
O’Donnell 1994) with Ry = 3.1 yields very similar results for the
3600-7000 A wavelength range considered in this work. In order to
obtain a reliable extinction correction, we select only spaxels with
S/N > 3 on both He and H 8.

2.3 The galaxy sample

We select galaxies from a parent sample of 1392 galaxies observed
by MaNGA within the first ~2 yr of operation, corresponding
to the publicly available SDSS data release 13 (DR13; Albareti
et al. 2016). Following the revised galaxy classification scheme
proposed in Belfiore et al. (2016b), we classify galaxies accord-
ing to their emission line properties based on the [S u]/H « versus
[Om]/H g Baldwin—Philips—Terlevich (BPT; Baldwin, Phillips &
Terlevich 1981; Veilleux & Osterbrock 1987; Kewley et al. 2001)
diagram as follows.
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Figure 1. The MaNGA sample used in this work in the redshift—M, plane.
The full MaNGA DR13 sample is plotted in grey, while galaxies selected
for the study of gas-phase metallicity [SF and cLIER galaxies, b/a > 0.4 and
9.0 < log (M,/M¢)) < 11.5] are plotted in blue circles (primary+sample)
and red triangles (secondary sample). The redshift and stellar mass distri-
butions for the full sample used in this work are shown as blue histograms.

(i) Line-less galaxies: no detected line emission [equivalent
width (EW) of (Ha) < 1.0 A within 1.0 R.].

(ii) Extended LIER galaxies (eLIER): galaxies dominated by low
ionization emission-line regions (LIERSs) at all radii where emission
lines are detected. No evidence for star-forming regions.

(iii) Central LIER galaxies (cLIER): galaxies where LIER emis-
sion is resolved but located in the central regions, while ionization
from star formation dominates at larger galactocentric distances.

(iv) Star-forming galaxies: galaxies dominated by star formation
in the central regions and at all radii within the galaxy disc.

For the remainder of this work, we select galaxies with the fol-
lowing properties.

(1) Classified as star forming or cLIER based on the excitation
classification from Belfiore et al. (2016b), i.e. galaxies that display
star formation at some, or all, radii.

(i1) Major to minor axis ratio (b/a) greater than 0.4, to exclude
highly inclined systems.

(iii) 9.0 <log (M,/M¢) < 11.5 primary+ and secondary sample
MaNGA galaxies.

(iv) Interacting and merging galaxies are excluded since both
observations and simulations confirm that interacting and merging
galaxies have systematically flatter metallicity gradients due to gas
mixing (Kewley et al. 2010; Rich et al. 2012). In particular, we
exclude galaxy pairs, defined as galaxies within the SDSS spec-
troscopic catalogue with projected separation <70 kpc and line-of-
sight velocity difference of <500kms~'. In order to exclude late-
stage mergers, where the small separation between the two galaxies
prevents SDSS from having spectroscopic coverage of both galax-
ies, we make use of the visually classified merger catalogue from
the Galaxy Zoo merger project (Holincheck et al. 2016). We exclude
galaxies with a merger probability pperger > 0.4.

Fig. 1 displays the position of the selected MaNGA galaxies in the
redshift-mass plane, with the full DR13 sample also displayed in
grey. As discussed in Section 2.2, MaNGA observes larger, hence
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generally more massive, galaxies at higher redshifts, in order for
these galaxies to be covered to the appropriate galactocentric dis-
tance with the available IFUs. For the same reason, the secondary
sample targets are always observed at higher redshift with respect
to primary+ sample targets of the same luminosity.

After applying the cuts described above to the MaNGA DR13
sample, we obtain a sample of 550 galaxies (334 from the pri-
mary+sample and 216 from the secondary sample, in blue circles
and red triangles in Fig. 1, respectively) for which we derive gas
phase metallicity gradients.

3 MEASURING GAS PHASE METALLICITY

3.1 Identifying star-forming regions

The formation of new stars in galaxies can be traced by obser-
vations of H i1 regions, where photoionization equilibrium is main-
tained by radiation from embedded hot massive O and B stars. Apart
from classical, discrete H 1 regions, galaxies are observed to con-
tain low surface brightness diffuse ionized gas (DIG), sometimes
also referred to as warm ionized gas (Reynolds 1984; Hoopes &
Walterbos 2003; Oey et al. 2007; Zhang et al. 2017). The ionization
and energetics of DIG are a subject of active research. A combina-
tion of radiation leaking from classical H 1 regions, massive stars
in the field and radiation from hot evolved stars may all be required
to reproduce the observed properties of the DIG (Oey & Kenni-
cutt 1997; Hoopes & Walterbos 2003; Zhang et al. 2017). In partic-
ular, spectroscopic studies of the DIG in the Milky Way (Reynolds
etal. 1995; Madsen, Reynolds & Haffner 2006) and external galax-
ies (Rand, Kulkarni & Hester 1990; Rossa & Dettmar 2003; Kaplan
et al. 2016; Zhang et al. 2017) demonstrate that DIG shows emis-
sion line ratios typical of LIERs, thus requiring a combination of
a lower ionization parameter and a harder ionization field than Hu
regions. Since metallicity diagnostics are calibrated on H 1 region
models, it is necessary to minimize the contribution of DIG when
measuring chemical abundances from emission line ratios.

Hu regions have typical sizes of tens to a few hundreds parsecs
and are thus not resolved by MaNGA (at the median redshift of 0.03
the MaNGA PSF FWHM corresponds to 1.5 kpc). In this work, we
make use of diagnostic line ratios to separate star-forming regions
(which are assumed to be collections of unresolved H 11 regions) and
DIG. In particular, we exclude regions that are not classified as star
forming using the [S n]/H « versus [O m]/H g BPT diagram and the
Kewley et al. (2001) demarcation line. As demonstrated in Belfiore
et al. (2016b), this criterion successfully excludes extra-planar and
interarm regions in star-forming galaxies.

Previous work has also demonstrated that there exists a tight re-
lation between diagnostic line ratios and EW (H«) in emission,
in the sense that LIERs have EW (H&) < 3 A in emission (Cid
Fernandes et al. 2011; Sanchez et al. 2015; Belfiore et al. 2016b).
After applying the BPT cut described above and also requiring
S/N > 3 on the metal lines required to measure chemical abun-
dances, only 0.3 per cent of spaxels considered have EW (H«a) < 3
A and 3 percent have EW (Ha) < 6 A. The exclusion of these
spaxels from further analysis does not change any of the subse-
quent results presented in this paper.

3.2 Measuring chemical abundances

The gas phase metallicity (mass fraction of all heavy metals) is
generally traced through the oxygen abundance, as oxygen is the
most abundant heavy element by mass in the ISM. Following the
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convention in the field, in this paper we use the terms ‘gas phase
oxygen abundance’ and ‘metallicity’ interchangeably.?

Observationally, the most reliable way to measure gas phase oxy-
gen abundance, at least in the subsolar regime, is by determination
of the electron temperature of the nebula (the so-called 7. method;
Pagel et al. 1992; Izotov et al. 2006) via detection of weak auro-
ral lines (i.e. [Omr] A4363, [N11] A5755). These lines, however, are
~100-1000 times fainter than H §, and thus generally undetected
at the typical depth of MaNGA and other comparable spectroscopic
surveys (like the legacy SDSS spectroscopic survey). In the absence
of direct temperature measurements, strong-line diagnostics ratios
can be calibrated, either empirically (via samples of Hu regions
with direct method abundances) or theoretically (making use of
photoionization models), to obtain an indirect estimate of the gas
phase metallicity.

Despite recent advances (Dopita et al. 2013; Perez-Montero 2014;
Blanc et al. 2015; Asari et al. 2016; Curti et al. 2017), reliably mea-
suring the gas metallicity from strong emission line ratios remains
a difficult problem in observational astrophysics. Different calibra-
tions, even when based on the same diagnostics ratios, can give
results differing by up to 0.6 dex (Kewley & Ellison 2008; Lopez-
Séanchez et al. 2012; Pena-Guerrero, Peimbert & Peimbert 2012).
It is beyond the scope of this work to resolve the abundance scale
problem. In order to illustrate the results obtained using different
metallicity calibrations, in this work we make use of two indepen-
dent metallicity calibrators.

(1) The (Pettini & Pagel 2004, PP04) metallicity calibration based
on the O3N2 index, defined as

[Om]A5007/H B

[Nu]r6584/Ha M

O3N2 = log
This index has the advantage of varying monotonically with metal-
licity and of relying on line ratios that are very close in wavelength,
thus minimizing the uncertainty due to the extinction correction or
imperfections in the flux calibration. The calibration is empirical
in nature and is anchored to the abundances of 137 Hu regions (of
which six are derived by detailed photoionization models, and the
others via the direct method) and suffers from a possible systematic
uncertainty in the supersolar metallicity regime. It should also be
noted that, since [N u] and [O 1] originate from ions with a large
difference in ionization potential, this diagnostic ratio is systemat-
ically affected by variations in the ionization parameter (see e.g.
Blanc et al. 2015), which are not calibrated. Moreover, the calibra-
tion assumes a one-to-one relation between the nitrogen and oxygen
abundance, which is not necessarily a good assumption in presence
of complex star formation history or gas flows (Henry et al. 2000;
Belfiore et al. 2015; Vincenzo et al. 2016).

(ii) The calibration from Maiolino et al. (2008, M08), based on
the R23 parameter,

R3 = ([0 1]213726, 28 + [0 m]124959, 5007)/H B. )

The MOS8 calibration is a hybrid one. At low metallicities
(12+log(O/H) < 8.4), it is empirically calibrated through the T,
method; in this metallicity range, the 7. is deemed reliable (not
suffering significantly from temperature fluctuation effects), while
models struggle to reproduce the strong-line ratios. At high metal-
licities (12+log(O/H) > 8.4), the calibration is linked to the models

2 Note, however, that this use of the term metallicity is in contrast to the
general use of the term in stellar astrophysics, where Fe abundance is often
taken as a metallicity proxy.



of Kewley & Dopita (2002); in this metallicity range, the 7.-based
metallicities are thought to be biased low as a consequence of tem-
perature fluctuation effects, while photoionization models repro-
duce the line ratios reasonably well.

In the high metallicity range, the MO8 calibration gives similar
abundances to those obtained using the calibration used by Tremonti
et al. (2004) and the calibration of R23 presented by Kobulnicky
& Kewley (2004, KKO04), which solves recursively for metallicity
and ionization parameter.® This calibration is more sensitive than
O3N2 to possible inaccuracies in the extinction correction, due to
the large difference in wavelength between [O 1] AA3726,28 and
the other two lines. This calibration, however, is not sensitive to
changes in the N/O ratio.

The derivation of the N/O abundance ratio from the [N]
A16548,6584 to [O 1] AA3726, 29 line ratio (N202) is subject to
smaller systematics than the measurement of the gas phase oxygen
abundance. The advantage of using this line ratio lies in the similar
ionization potential of oxygen and nitrogen, which guarantees that
N*/O" = N/O to high accuracy (Vila-Costas & Edmunds 1993;
Thurston, Edmunds & Henry 1996). Pagel et al. (1992) provides a
convenient formula to relate N* /O to the N202 calibrator, which
has been verified theoretically using a five-atom calculation

logNt/0™) = log(N202) + 0.307 — 0.02 log tx
—0.726log tn, ', 3)

where fy, is the [N 1] nebular electron temperature, which is as-
sumed to be the same as the [O1] temperature (Stasifiska 1990;
Garnett 1992). For the purposes of this work, we estimate 7y, using
the calibration provided by Thurston et al. (1996) that relies on R23.
The N/O abundance ratios obtained with this calibration are equiva-
lent to the ones obtained using the more recent Pilyugin, Vilchez &
Thuan (2010) method, based on a similar set of strong-lines ratios.
All results are unchanged if we choose to use the Pilyugin et al.
(2010) calibration instead.

3.3 The effect of spatial resolution

Observed metallicity gradients can be systematically affected by the
‘beam-smearing’ effect of the PSF. This effect is increasingly impor-
tant at higher redshift and for marginally resolved galaxies (Yuan,
Kewley & Rich 2013; Mast et al. 2014; Stott et al. 2014; Wuyts
et al. 2016) and also affects the measurement of the metallicity gra-
dient at the typical resolution of the MaNGA data. In the MaNGA
survey, galaxies are observed out to a fixed galactocentric radius in
units of R., hence MaNGA bundles of different sizes have systemat-
ically different R. /PSF ratios: larger bundles afford more resolution
elements per R.. By virtue of the MaNGA target selection, to first
order there is no correlation between the galaxy brightness (or stel-
lar mass) and the size of the bundle it has been allocated. This
means that, on average, R./PSF does not depend on stellar mass
within the MaNGA sample (see also Section 5.2). This conclusion
does not hold if one is interested in physical distance, i.e. kpc/PSF,
which depends systematically on mass within the MaNGA sample,
as more massive galaxies are observed at higher redshift.

In Fig. 2 bottom panel, we show the distribution of the R./PSF
ratio for the MaNGA sample used in this work (red histogram). The

3 In fact, the dependence of R23 on the ionization parameter is relatively
small on the upper branch of the R23—O/H relation (Kewley & Dopita 2002;
Blanc et al. 2015), which is where most of the MaNGA data lies.
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Figure 2. Top: histogram of the ratio of the effective radius of MaNGA
targets and the MaNGA PSF (FWHM). The red histogram represents the
full MaNGA sample used in this work, while the blue histogram represents
the volume-corrected distribution. Since MaNGA observes galaxies to a
fixed galactocentric distance in units of R. independently of the galaxy
brightness, the volume correction does not introduce a large change in the
underlying distribution. The coloured vertical lines represent the median
values of R./PSF for the whole sample (R./PSF = 2.3) and for bundles
of different sizes (19-fibre: 1.3, 37-fibre: 1.7, 61-fibre: 2.2, 91-fibre: 2.8,
127-fibre: 3.5). Bottom: the effect of inclination and beam-smearing on the
model metallicity gradient, computed from a projected 3D exponential flux
model for two emission lines. Solid lines refer to a face-on disc (i = 0°)
while dashed lines are for i = 60°. Lines of different colour represent the
effect of varying R./PSF, as detailed in the legend.

median R, /PSF is 2.3 (varying from 1.3 for the 19-fibre bundles to
3.5 for the 127-fibre bundles). Applying a volume correction (blue
histogram) does not have a large effect on the R. /PSF distribution,
since R./PSF is to first order independent of galaxy brightness by
selection.

In order to study the effect of beam-smearing in a model situa-
tion, we construct a 3D model of an exponential disc with vertical
scaleheight corresponding to an oblateness of ¢ = 0.13, as assumed
in Section 3.4. We then rotate the model to different inclinations
(i=0°,30°45° 60°, 75°) and generate 2D on-sky projections by
summing the flux along the line of sight. For each projection, we
convolve the resulting 2D image with a Gaussian PSF with FWHM
corresponding to R./PSF = 1.5, 2.0, 3.0, 4.5, in order to cover the
range of parameter space relevant to the MaNGA data. Since metal-
licity is a function of line ratios, we perform this procedure for two
different flux maps (corresponding in this example to the [N ] and
[Om] lines) chosen to generate a metallicity gradient with a slope

MNRAS 469, 151-170 (2017)



156  FE Belfiore et al.

of —0.1 dex R !. Since R, is the only spatial scale in the problem,
the beam-smearing effect depends only on the ratio between R.
and the resolution element (R./PSF) and the assumed slope of the
metallicity gradient.

Fig. 2, bottom panel, shows the effect of beam-smearing on the
metallicity gradient for the i = 0° (solid lines) and i = 60° (dashed
lines) model. The colour of the lines represents different amount
of beam-smearing, while the black lines represent the result from
using the unconvolved 2D projected models. From this simulation,
we conclude that

(i) the effect of beam-smearing is increasingly important at
smaller galactocentric radii for all inclinations.

(ii) Even with no beam-smearing, in this simple model, incli-
nation generates a flattening of the metallicity gradient, since flux
from different galactocentric radii is summed when the model is
projected in the plane of the sky. A residual dependence of the
mass—metallicity relation on inclination, likely caused by this ef-
fect, is indeed observed in SDSS single-fibre abundances (Tremonti
et al. 2004). Our toy model does not take into account differential
extinction, which would further attenuate the flux from the central,
metal-rich regions and produce an even more significant flattening
of the metallicity gradient.

For each of the models produced, we fit a linear metallicity gra-
dient and study the effect of inclination and beam-smearing on the
recovered slope for models of different inclinations as a function of
R./PSF. Since the central regions of galaxies are the most affected
by beam-smearing, we attempt a fit to the recovered metallicity
gradient in two different radial ranges: (1) between 0.5 and 2.0 R,
and (2) over the whole considered radial range (0.0-2.0 R.).

As expected, we observe a systematic flattening in the metallicity
gradient with decreasing R./PSF and also with increasing inclina-
tion, even for large values of R./PSF. This remark motivates the
exclusion of highly inclined systems (b/a < 0.4, or i > 68°) in this
work. Moreover, the inclusion of the central regions (R < 0.5R.)
in a linear fit to the metallicity gradient causes a significant sys-
tematic flattening of the derived slope. We therefore recommend
the exclusion of the central regions in order to recover the intrinsic
metallicity gradient in the MaNGA sample. The systematic bias in
the recovered metallicity gradient with respect to the true gradient
increases for steeper model gradients (in units of dex R '), but the
qualitative conclusions of this sections remain valid.

The toy model presented above does not aim to reproduce the
details of the nebular emission in real galaxies. Several important
factors are not taken into account, including the clumpy and non-
uniform flux distribution of line emission, the effect of dust (and thus
of differential extinction across the galaxy disc) and the systematic
change in the property of line emission from classical H 11 regions
to the diffuse ISM (Zhang et al. 2017). The latter effect, in particu-
lar, implies that star-forming regions are increasingly contaminated
by lower surface brightness DIG as the physical resolution of the
observations is degraded. These possible systematic effects should
be taken into account when comparing the results derived in this
work with observations derived at much higher spatial resolution.
Further analysis of the resolution effects in the MaNGA sample is
presented in Section 5.2.

3.4 Deriving the abundance gradient

Following the classification of spaxels as star forming (Section 3.1),
the gas phase metallicity is derived using the calibrations described
in Section 3.2 for each spaxel in which the relevant line ratios
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are detected with S/N > 3. To determine the radial abundance
gradient, we calculate the deprojected distance of each spaxel. The
inclination (i) is derived from the measured semi-axis ratio (b/a) by
assuming a constant oblateness of ¢ = 0.13 (Giovanelli et al. 1994)
according to

2 _ 2
cos?(i) = M. 4
1—¢?
We have checked that the inclinations measured in this way are
consistent with those derived from a thin disc modelling of the
MaNGA velocity field, as further discussed in Appendix A.

The choice of the correct scalelength to normalize the abundance
gradient in disc galaxies is not obvious. We seek a definition of
scalelength that is both robust and physically motivated. To this
aim, we adopt the elliptical Petrosian effective radius (henceforth
R.), which is the most robust measure of the photometric properties
of MaNGA galaxies provided by the NSA catalogue. We discuss
in Section 5.1 the effect of choosing a different normalizing radial
scalelength.

For each galaxy, we compute the benchmark metallicity gradient
in the radial range 0.5-2.0 R., unless otherwise stated (although
not all galaxies are covered to 2.0 R.). This radial range is used
to minimize the effects of inclination and beam-smearing on the
gradient measurements (see Section 3.3), but also in light of the
fact that significant deviations from a linear fit are observed at both
smaller and larger radii (Sdnchez et al. 2014; Sanchez-Menguiano
et al. 2016).

In order to fit a straight line model to the metallicity gradient,
we derive the azimuthally averaged metallicity in radial bins of 0.1
R. and perform an unweighted least-squares linear fit. A gradient is
not computed for galaxies with less than four valid metallicity data
points in this radial range 0.5-2.0 R.. The errors on the metallicity
gradient are derived by a bootstrapping analysis. The residuals from
the initial line fit are drawn randomly and with replacement and
applied to data, which is then refitted with a straight line model. For
each galaxy, the process is repeated 1000 times and the standard
deviation of the bootstrapped gradient is taken to be the formal
erTor.

4 THE SHAPE OF THE OXYGEN AND
NITROGEN ABUNDANCE GRADIENTS

4.1 The mass dependence of the metallicity gradient

Fig. 3 (top left) shows the dependence of the metallicity gradient
on stellar mass. The metallicity gradient is measured in the radial
range 0.5-2.0 R, with the MO8 R23 calibration. Individual gradients
are plotted as grey points, while the median metallicity gradient in
0.25 dex bins of stellar mass is plotted as red points with associated
errors on the mean.

We observe that the slope of the oxygen abundance gra-
dient becomes increasingly negative with stellar mass, going
from roughly flat at log(M,/M@) = 9.0 to —0.14 dex R.'
at log(M,/Mp) = 105. In the stellar mass range
9.0 < log(M,/M¢) < 10.5, the relation between the slope of the
gradient and log (M,) is well fitted by a straight line with negative
slope (red dashed line). Galaxies of higher mass show an inversion
of this trend, displaying shallower, but still negative gradients.

In Fig. 3 (top left), we also show the histogram distribution of
all the measured gradients (red) and the derived distribution after
applying the volume weights (blue), thus representing our inference
for the gradient distribution in a volume-limited sample. The mean



0.2
. 1 sample
o |= = vol. corr
E 0.1 -
= Ly —
¥  0.0f kI —
= < ]
2 it o i
2 —-0.1 f2h 4 L i
3 S .
o ~‘~
> —0.2 el e
k= A —m
S = =
£-03 1 F
£
-0. |
6.0 9.5 10.0 10.5 11.0 11.5
Log(M, /M) NSA
9.1 .
— 10.75-11.00
log(M., /M) — 10.50-10.75
IS 10.25-10.50
SO RS 10.00-10.25
9.75-10.00
9.50-9.75
8.9 — 925950
T 9.00-9.25
S
‘8’18.8 /)
5 ﬁ»/\_
8.7
8.6
830 05 1.0 15 2.0 25 3.0

RIR.]

SDSS IV MaNGA — abundance gradients 157
0.2
< 71 sample
g 0.1 ] [ vol. corr
T o
% ool —
S B el sl
§-01 '-"‘!‘\!-_ 2 —
- St Qg —
© FRht Kty —
; -0.2 | B
S
© -0.3
[
£ [
—0.6
.0 9.5 10.0 10.5 11.0 11.5
Log(M, /M) NSA
= 10.75-11.00
8.8 log(M. /Mo) — 10.50-10.75
= 10.25-10.50
10.00-10.25
8.7 9.75-10.00
9.50-9.75
— 9.25-9.50
g — 9.00-9.25
O 8.6}
g -
=
o~
a5
8.4 \-—V/-\;
8.3 . . . .
0.0 0.5 1.0 1.5 2.0 25 3.0

RIR.]

Figure 3. Top: the metallicity gradient (measured in the radial range 0.5-2.0 R.) using the MO8 calibration based on R23 (left) and the PP04 calibration based
on O3N2 (right) as a function of stellar mass. The red points represent the median measurements in 0.25 dex stellar mass bins with corresponding errors.
The red dashed line is a straight line fit to the median gradient as a function of mass for log (M,/M¢)) < 10.5. The histogram on the right represents the
distribution of metallicity gradients for the full sample (red) and for a volume weighted sample (blue). Bottom: the shape of the metallicity gradient (using the
MOS8 calibration based on R23, on the left, and PP04 calibration based on O3N2, on the right) in 0.25 dex mass bins from log (M, /M@) = 9.0-11.0. For each

mass bin, the shaded region represents the error on the median gradient.

and scatter of the metallicity gradient distribution for the MaNGA
sample is © = —0.08 and o = 0.12 using the MO8 calibration. In
the case of a volume-limited sample (in the stellar mass range 10°—
101 M@), low-mass galaxies, which display flatter gradients, are
preferentially up-weighted, thus causing an overall flattening of the
volume-averaged metallicity gradient, which we infer to have mean
and scatter u = —0.06 and o = 0.12. An equivalent trend between
metallicity gradient and stellar mass is observed using the PP04
metallicity calibration based on O3N2 (see Fig. 3, top-right panel).
With this calibration, the mean and scatter of the metallicity gradient
for the MaNGA sample is © = —0.08 and 0 = 0.10 (u = —0.07
and o = 0.10 after volume correction).

In Fig. 3 (bottom), we show the stacked profiles for the metallic-
ity gradient (using the M08 R23 and the PPO4 O3N2 calibrations,
respectively) for galaxies of different stellar masses. The profiles
are obtained by computing the robust estimate of the median profile
(using Tukey’s biweight; Beers, Flynn & Gebhardt 1990) and stan-
dard deviation within each mass bin. Shaded regions represent the
error on each stacked profile, which takes into account the number
of galaxies contributing at each radius. For each mass bin, a profile
is computed only if more than 12 galaxies have a valid measured
profile at that radius.

The mass—metallicity relation is responsible for the zero-point
vertical offset between the different profiles. Aside from the vertical

offset, the figure highlights the differences in shape of the metallicity
profiles for galaxies of different stellar masses. In particular, we
observe that

(i) Galaxies with log (M, /M) < 9.5 have flatter profiles than
higher mass galaxies in the full radial range probed by our obser-
vations.

(ii) Galaxies with log (M, /M¢) > 10.5 show a flattening in the
central regions (R < 0.5R.). While these are the regions of the
metallicity profile most affected by beam-smearing, they are also
flatter with respect to the inner regions of lower mass galaxies. Since
R./PSF does not depend on mass, the observed flattening is highly
significant in a differential sense.

The same qualitative features regarding the shape of the metal-
licity profile are observed by making use of the PP04 metallicity
calibrator, despite the differences in normalization of the oxygen
abundance scale.

The choice of radial range considered has an effect on the mea-
sured slope of the metallicity gradient, especially for higher mass
galaxies, as they show strongly flattened profiles out to 1.0R.. A
steeper slope of the metallicity gradient is naturally obtained if a
larger fraction of the central regions is excluded from the linear fit
for high-mass galaxies.
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Figure 4. Metallicity profiles for all the individual galaxies in the sample considered in this work (grey lines), subdivided into stellar mass bins. For each
bin (mass range shown in the top-right corner of each panel), the median profile is shown as a thick coloured line and the linear fit to the profile in the
0.5 < R/R. < 2.0 radial range is shown as a dashed red line. The number of galaxies in each mass bin is shown in the bottom-right corner of each panel. The

analysis is presented for both the M08 and PP04 metallicity calibrators.

In order to demonstrate the distribution of observed metallic-
ity profiles, we plot in Fig. 4 the metallicity gradients (grey lines)
obtained for individual galaxies in four mass bins (masses shown
in the top-right corner of each panel). The coloured lines corre-
spond to the median profile in the mass bin, while the red dashed
line corresponds to the best-fitting linear model for the metallic-
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ity gradient in the radial range 0.5 < R/R. < 2.0. The num-
ber of galaxies in each mass bin is shown in the bottom-right
corner, and the distributions are shown for both the MO8 and
PP04 metallicity calibrations. In general, the individual profiles
are rather smooth, with no evidence for large breaks in metallic-
ity. Deviations from a linear profile in the metallicity gradient are
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Figure 5. The slope of the metallicity gradient as a function of axis ratio (b/a, from elliptical Petrosian photometry), R./PSF (FWHM), as a measure of the
beam-smearing effect, concentration (Rg/Rso) and sSFR (Gyr~!) using the MO8 metallicity calibrator based on R23. The red dashed lines are a linear fit to
the binned data (red data points with error bars). The blue solid lines in the lower panels are the expected metallicity gradient for each bin if stellar mass was
the only driving parameter, predicted using the relation between the metallicity gradient and stellar mass from Section 4.1.

difficult to study in individual galaxies, due to the large scatter,
and are most evident in mass stacks, as discussed further in Sec-
tion 4.4.

4.2 Dependence of the metallicity gradient on secondary
parameters

In Fig. 5, we study the dependence of the metallicity gradient in the
radial range 0.5-2.0 R, on several secondary parameters.

Using the current sample selection, the metallicity gradient has
a weak negative dependence on inclination (parametrized by the
elliptical Petrosian axis ratio, b/a) and a negative dependence on
the number of PSF FWHM within one R, (top panels in Fig. 5). By
fitting a straight line relation between the slope of the metallicity
gradient and b/a, we obtain that the gradient steepens by 0.03 dex
R.! going from b/a of 0.4 to face-on galaxies. Performing the
same procedure with the PSF/R. dependence, we obtain that the
gradient steepens by 0.08 dex R;!' going from 1.5 to 3.5 PSF/R,
(corresponding roughly to the expected resolutions for the 19-fibre
and the 127-fibre bundles, respectively).

In the bottom panels of Fig. 5, we show the dependence of the
metallicity gradient on galaxy concentration (a proxy for the bulge
fraction, defined as Roy/Rsp, where R are Petrosian radii contain-
ing 90 and 50 per cent of the light, respectively) and specific star
formation rate (sSSFR = SFR/M,). The SFR is calculated from the
extinction-corrected H o emission for the whole galaxy, according
to the method in Belfiore et al. (2017). The data shows a posi-
tive correlation of metallicity gradient with concentration, in the
sense of more highly concentrated galaxies having flatter gradi-
ents. The dependence between metallicity gradient and sSFR is flat

for log(sSFR) > —1.5 Gyr™!, but galaxies with lower sSFR show
remarkably flatter metallicity gradients.

Both concentration and sSFR correlate with stellar mass, in the
sense that galaxies with higher concentration and lower sSFR also
have higher stellar mass. In order to test the relation of these sec-
ondary parameters with the metallicity gradient, it is necessary to
control for the effect of stellar mass. Making use of the observed
relation between stellar mass and metallicity gradient, for each bin
in concentration or sSFR, we calculate the slope of the metallicity
gradient expected from its median stellar mass. The resulting pre-
dicted slopes are plotted as blue solid lines in the lower panels of
Fig. 5. This exercise demonstrates that stellar mass is consistent with
being the main driving parameter of the metallicity gradient for low
concentrations and high sSFR galaxies [C < 2.6, log(sSFR) > —1.5
Gyr~'], but galaxies of high concentration and low sSFR show flat-
ter gradients than that expected from the stellar mass dependence
alone.

We have checked that the deviations from the expected gradient
observed for high concentration and low sSFR galaxies persist when
using the PP04 O3N2 calibration.

4.3 The mass dependence of the N/O ratio gradient

Fig. 6 (top) shows the dependence of the log(N/O) gradient (mea-
sured in the radial range 0.5-2.0 R.) on stellar mass. Individual
gradients are plotted as grey points, while the median gradient in
0.25 dex bins of stellar mass is plotted in red symbols, with asso-
ciated errors. The distribution of log(N/O) gradients for the whole
sample (red) and for a volume-corrected sample (blue) are plotted
as a histogram on the right-hand panel of Fig. 6, demonstrating that
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Figure 6. Top: the log(N/O) gradient (measured in the radial range 0.5-2.0 R. using the Pagel et al. 1992 calibration based on N202) as a function of stellar
mass. The red points represent the median measurements in 0.25 dex stellar mass bins with corresponding errors. The red dashed line is a straight line fit to
the median gradient as a function of mass. The histogram on the right represents the distribution of log(N/O) gradients for the full sample (red) and for a

volume-weighted sample (blue). The volume-weighted distribution is fitted

with a Gaussian with mean of —0.16 dex R;! and o = 0.09 dex R;!. Bottom: the

shape of the 1og(N/O) gradient in 0.25 dex mass bins from log (M, /M) = 9.0-11.0. For each mass bin, the dashed region represents the error on the median

gradient.

the log(N/O) gradient is slightly steeper than the average metallicity
gradient, and is affected by similar scatter [mean log(N/O) gradient
of —0.07 dex R ! with scatter of 0.09 dex]. In contrast to the metal-
licity gradient, the log(N/O) gradient is observed to steepen with
stellar mass over the whole observed stellar mass range. The steep-
ening represents, however, only a modest effect (—0.02 dex R
per dex in stellar mass).

Contrary to the behaviour of the metallicity gradient, the log(N/O)
abundance ratio does not flatten in the innermost regions of massive
galaxies (Fig. 6, bottom), where a flattening of the oxygen abun-
dance gradient is observed. In fact, we detect a steepening of the
N/O ratio gradient in the inner regions of the most massive galaxies
in the sample, as further discussed in Section 4.4.

4.4 The behaviour at small and large radii

In this section, we focus on a quantitative comparison of the changes
in slope of the metallicity and N/O gradients for galaxies of different
masses as a function of radius.
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To do so, we define three radial ranges 0.0-0.5, 0.5-2.0 and
2.0-3.0 R., respectively, and study both the distribution of the metal-
licity profiles in individual galaxies and the results from a stacking
analysis in stellar mass bins. We stack metallicity profiles in four
stellar mass bins 0.5 dex wide (Fig. 7). Each profile is normalized
to the median value of all profiles in that bin at 1.0 R., in order to
mitigate the effect of the mass—metallicity relation. We then fit each
profile with a straight line in the three different radial ranges con-
sidered (shown as red, black and blue dashed lines in Fig. 7, left).
The slopes obtained from fitting the stacks are compared with the
distributions obtained by fitting individual galaxy profiles shown as
histograms in Fig. 7. The red, black and blue histograms correspond
to the radial ranges 0.0-0.5, 0.5-2.0 and 2.0-3.0 R., respectively.
The slopes obtained from fitting the stacks are shown as horizon-
tal dashed lines and their value and uncertainty is quoted in the
bottom-right corner of each panel.

This analysis demonstrates that inner regions of massive galaxies
[log (M, /M) 10.5-11.0] have flatter O/H profiles than the same
regions of less massive galaxies. In particular, while for the highest



9.1 y
— 10.50-11.00
log(M, /M) 10.00-10.50
. 9.50-10.00
- ~
o H — 9.00-9.50

12+log(O/H)
®
©

9
o

8.6 . . . . .
0.0 0.5 1.0 15 2.0 25 3.0
R[R.]
-0.6 . . T
log(M 4 /M) — 10.50-11.00
- 10.00-10.50
’ 9.50-10.00
— 9.00-9.50
-0.8}
.
N
~
-0.9
4 >
Z-10 e
D
e}
-1.1
-1.2
-
-13} -
=~
0.0 05 1.0 15 2.0 25 3.0

R[R.]

SDSS IV MaNGA — abundance gradients 161

0.5 9:00-9.50 9.50-10.00  10.00-10.50  10.50-11.00
< 0.1 1 F \ b
=
To
0.0
x
[3)
k= -
-~ -
g -0.1 {1 F -
2 - -
© e -
o
2 -0.2
2
[
9]
£ -03 1 1 1 1
-0.02+0.04 -0.08+0.02 -0.12+0.03 -0.04+0.04
-0.01+0.01 -0.08:+:0.00 -0.15+0.00 -0.13+0.00
0.09+0.07 -0.05+0.02 -0.10+0.03 -0.02+0.04
_04 L L L L L L L
0O 10 20 300 10 20 300 10 20 300 10 20 30
N. galaxies N. galaxies N. galaxies N. galaxies

9.00-9.50 9.50-10.00 10.00-10.50 10.50-11.00

"1

o

~

x .

[

]

=

c

g

9 ]

©

s

(=]

o

) ]

=

D

o

=1

-0.3 ] ] ]
-0.08+0.03 -0.11+0.02 ~0.16+0.02
-0.07+0.00 -0.07+0.00 -0.10+0.00 -
0.04+0.09 0.02+0.02 -0.04+0.02 -0.07+0.02
-0.4

0 10 20 300 102030400 10 20 300 10 20 30
N. galaxies N. galaxies N. galaxies N. galaxies

Figure 7. Top-left: stacked metallicity profiles in four stellar mass bins and straight line fits in three radial ranges: 0.0-0.5 R. (red), 0.5-2.0 R, (black) and
2.0-3.0 Re (blue). Top-right: histogram distributions of the slope of the metallicity gradient measured in three different radial range, 0.0-0.5 R, (red), 0.5-2.0
R. (black) and 2.0-3.0 R, (blue), for the four mass bins (mass of the bin indicated above each panel). The slopes obtained from fitting the stacks are also shown
as dashed lines, and their values and error is reported in the bottom-right corner of each panel. Bottom: same as the top panels, but for the N/O profiles.

mass bin the slope in the inner region is marginally consistent with
being flat, for lower mass galaxies the slope in the inner regions is
statistically consistent with that measured in the 0.5-2.0 R, range.

At large radii, a flattening of the metallicity gradient with respect
to the value 0.5 < R/R. < 2.0 is detected for log (M, /M¢@) > 9.5,
although with varying degrees of significance. In particular, for
galaxies in the mass bins log (M, /M) = 9.5-10.0 and 10.0-10.5,
the gradient at large radii is still negative and only marginally flatter
than in the 0.5 < R/R. < 2.0 radial range. For the lowest stellar
mass bin, the metallicity gradient at large radii is slightly inverted,
although with low significance. The observed distribution of the
slopes of the metallicity gradients at large radii (as shown in the
histograms of Fig. 7 right) are broad, highlighting the advantage of
using the stacked profiles. Applying a volume correction to these
distributions only has a small effect in each mass bin, since the
volume corrections are mass-dependent.

The behaviour of the log(N/O) ratio gradient with mass and radius
is shown in the bottom panels of Fig. 7. Similar to the metallicity
gradient, the log(N/O) gradient flattens at large radii, with the middle
two mass bins showing the most significant flattening with respect
to the slope in the 0.5 < R/R. < 2.0 radial range. In contrast to
the metallicity gradient, the log(N/O) ratio gradient steepens in the

inner regions of galaxies with increasing mass. This steepening is
especially evident for log (M, /M) > 10.5.

4.5 The relation between oxygen and nitrogen abundance

In Fig. 8, we show the relation between metallicity (using the MO8
calibration) and the N/O ratio. All the valid spaxels in the MaNGA
data have been divided in eight bins of 0.25 dex according to the
total stellar mass of the galaxy. For each mass bin, spaxels have
been subdivided according to galactocentric distance (normalized
to Petrosian R.) in eight radial bins. For each radial bin, the median
log(N/O) is plotted as a function of median metallicity (different
colours indicate the different stellar mass bins). For each stellar
mass, the innermost radial bin (0.0-0.25 R.) is plotted with a filled
circle and the outermost radial bin (1.75-2.0 R.) with a star. Repre-
sentative errors bars are plotted for these bins.

The derived relation between O/H and N/O agrees with previ-
ous work, showing a superlinear dependence of nitrogen on oxy-
gen abundance at supersolar metallicity. A plateau is expected at
log(N/O) ~ —1.4 for lower metallicities, which are however not
well represented in the MaNGA data. Fig. 8 also confirms the re-
sults of previous sections, by demonstrating the flattening of both
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Figure 8. The relation between log(N/O) and metallicity [12+log(O/H)] as a function of both stellar mass and radius. The radial profiles in both metallicity
and N/O are stacked in stellar mass bins of width 0.25 dex. The coloured solid lines represent the location of the stacked radial profiles in the log(N/O) versus
12+log(O/H) plane, with circles representing the innermost radial bin (0.0-0.25 R.) and the stars representing the outermost radial bin (1.75-2.0 R.).

N/O and O/H gradients at lower stellar masses [particularly evident
for the 9.0 < log(M, /M) < 9.25 bin]. The flattening of the metal-
licity gradient in the inner regions of massive galaxies, which is
however not accompanied by a flattening of the N/O ratio, is also
evident [e.g. in the 10.75 < log(M, /M) < 11.00 bin, which shows
an increase in N/O but not O/H moving towards the inner radii].

The key result from Fig. 8 is that the scatter in the O/H ver-
sus N/O relation correlates with galaxy mass. In particular, at
a fixed local O/H, outer regions of more massive galaxies have
higher N/O than inner regions of less massive galaxies, at least for
log (M,/M@) > 9.5. Possible physical processes responsible for
this effect are discussed in Section 7.3.

5 SOURCES OF SYSTEMATIC ERROR

In this section, we discuss possible sources of systematic error in
the determination of chemical abundances and their radial gradients
in the MaNGA data.

5.1 The choice of radial scalelength

Throughout this work, we have used the Petrosian effective radius
as the normalizing scalelength to measure metallicity gradients.
From a theoretical perspective, however, the disc effective radius
(or equivalently the scalelength of the exponential disc) may rep-
resent the preferred length-scale for normalizing the metallicity
gradients. The distinction is important because our sample contains
bulge+disc systems, and the presence of a bulge affects the mea-
sured Petrosian (or Sérsic) effective radius by making it smaller
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than the disc effective radius. This effect is particularly important
at high masses, where the bulge represents a more significant mass
component in galaxies. Observationally, however, the determination
of disc effective radius is less robust than the Petrosian radius de-
termination for the MaNGA sample as bulge—disc decompositions
are often not unique, and bulges of ~ kpc size may be marginally
resolved at the MaNGA median redshift.

In order to test the effect of using a disc-only effective ra-
dius, we cross-matched the MaNGA sample with the Simard et al.
(2011) catalogue of bulge—disc decompositions based on the SDSS
photometry.* We obtain a positional match for 516 out of the 550
galaxies in our sample. From the Simard catalogue, we extract the
r-band disc-only effective radii for our sample.

In Fig. 9 (left), we compare the NSA Petrosian and Simard et al.
(2011) disc-only effective radii, colour-coding galaxies according to
the bulge/total (B/T) ratio (blue for B/T < 0.2 and red for B/T > 0.5).
We note that the disc effective radii are always larger than the
elliptical Petrosian effective radii, with the difference increasing
as a function of stellar mass at fixed B/T. Moreover, higher B/T
galaxies have a larger difference between the disc-only and elliptical
Petrosian effective radii.

In Fig. 9 (right), we show the dependence of the metallicity gra-
dient on stellar mass obtained if the disc-only effective radius from
Simard et al. (2011) is used instead of the galaxy-wide Petrosian
effective radius as a normalization for the distance. We confirm the

4 We use the version of the catalogue where the bulge Sérsic index is fixed
atn =4.
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dashed line is a straight line fit to the median gradient as a function of mass for log (M, /M) < 10.5. The histogram represents the distribution for the MaNGA

sample (red) and for a volume-weighted sample (blue).

qualitative trends observed in Section 4.1: a log-linear decrease of
the gradient slope with stellar mass, and a flattening of this relation
for log (M,/M¢) > 10.5. However, in contrast to the results from
Section 4.1, the slope of the metallicity gradient does not flatten
again for the highest mass galaxies but remains roughly constant at
~—0.16 dex Rj.. Moreover, for all masses the derived gradients
are steeper than those obtained normalizing by the Petrosian radius,
as expected since the Petrosian radius is systematically smaller than
the disc effective radius.

For log (M,/M@) < 10.5, the median metallicity gradient as a
function of mass is well fitted by a straight line relation between the
metallicity gradient [Alog (O/H)] and stellar mass for the M08 cal-
ibration, of the type A log(O/H) = a +b log(M.,/M¢). We obtain
best-fitting parameters a = 0.15 (£0.02) and b = —0.14 (£0.02).

To facilitate comparison with previous work making use of no
radial normalization, we present in Appendix B the results obtained

by calculating the metallicity gradient in units of dex kpc~'.

5.2 The effect of spatial resolution

To further the discussion in Section 3.3, in this section we take an
empirical approach to quantifying the effect of spatial resolution on
the measurement of the metallicity gradient in the MaNGA sample
by considering subsamples differently affected by beam-smearing.

First, we consider measuring the metallicity gradients for a sub-
sample of galaxies with R./PSF > 2.0. This cut selects 61 per cent
of the sample (338 galaxies), but biases the selection as it preferen-
tially excludes galaxies observed with the two smallest fibre bundles
(19 and 37-fibre IFUs). Selecting MaNGA galaxies based on IFU
size generates a surface brightness bias (Wake et al., in preparation),
since at fixed luminosity MaNGA only observes a narrow redshift
range (see Fig. 1). Within this redshift range, galaxies observed
with larger bundles have lower surface brightness, since they have
larger effective radii on the sky. Aware of this potential bias, we
perform the same analysis presented in Section 4.1 and measure the
metallicity gradient using the MO8 calibration on this subsample of
well-resolved galaxies. The resulting slopes of the metallicity gra-
dient and stacked metallicity profiles as a function of stellar mass
are presented in Fig. 10. We observe the subsample of galaxies with
R./PSF > 2.0 has steeper gradients than the whole sample, but the

effect is small and within the statistical error for all mass bins. We
note that galaxies with R./PSF > 2.0 in the lowest mass bin show
a marginally inverted gradient. On the right-hand panel of Fig. 10,
we show the stacked metallicity profiles for the R./PSF > 2.0 and
demonstrate that this subsample reproduces the main features ob-
served for the whole sample. Namely, we further confirm that the
flattening of the metallicity gradient in the central regions of massive
galaxies is not due to beam-smearing effects.

We further test the effect of beam-smearing on our results by
comparing the metallicity gradients obtained using the primary and
secondary samples separately. Both these two MaNGA subsamples
are selected to be representative of the local galaxy population,
with the secondary sample observing galaxies to larger galactocen-
tric distance and thus affording fewer resolution elements per R..
However for both samples, the MaNGA selection uses all bundles
sizes at each luminosity (or stellar mass), thus affording a roughly
constant number of resolution elements per effective radius as a
function of stellar mass. This fact is demonstrated by the left-hand
panel of Fig. 11, which shows the median R, /PSF as a function of
stellar mass for the primary and secondary samples, respectively.
The resulting median slopes of the metallicity gradient as a function
of stellar mass for each subsample and for the full MaNGA sample
are plotted in the right-hand panel of Fig. 11, demonstrating that
the secondary sample leads to slopes that are statistically consistent
with the primary sample for almost every mass bin.

In conclusion, the observed trend between the shape of the metal-
licity gradient and stellar mass appears robust to the effect of
resolution.

6 COMPARISONS TO PREVIOUS WORK

6.1 The metallicity gradient in nearby galaxies

6.1.1 The slope of the metallicity gradient in other IFS surveys

Recent IFS observations of nearby galaxies (Rosales-Ortega
et al. 2011; Sanchez et al. 2012b, 2014; Ho et al. 2015; Pérez-
Montero et al. 2016; Sanchez-Menguiano et al. 2016) have pro-
vided large data sets suitable for studying the shape of the metal-
licity gradients in the nearby Universe. To illustrate the source of

MNRAS 469, 151-170 (2017)



164  F Belfiore et al.

0.2

11 M08

0.1

e
T
.
Ho-#—eo—i
T4
i if
’
’

0.0f "1-.% 2 O
-0.1+ *\T‘"\:. ¥ %

-0.3 pR 2

o all e
e R./PSF>2 ~4

) 9.5 10.0 10.5 11.0 11.5
Log(M, /M) NSA

metallicity gradient [dex R,

91 R./PSF > 2
— 10.75-11.00
logM/Ms) 19501075
9.0 &m 10.25-10.50
10.00-10.25
9.75-10.00
9.50-9.75
8.9 — 9.25:9.50
T — 9.009.25
Iz
)
8.8
o
+ /
8.7
. e
85 .
0.0 05 10 15 2.0 25 3.0

RIR.]
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dashed lines represent the best fits for the range 9.0 < log(M, /M) < 10.5.

possible differences with previous work, we compare our results
with Sanchez-Menguiano et al. (2016, SM16), one of the latest stud-
ies of abundance gradients based on the CALIFA survey (Sdnchez
etal. 2012a), based on a final sample of 129 galaxies. SM 16 obtains
an average metallicity gradient of —0.11 & 0.07 dex R_! using the
PP04 calibration (but a lower value of —0.08 £ 0.09 dex R;! when
considering only Hu regions identified via a clump-finding algo-
rithm). This result is comparable in both average slope and scatter
with the one presented in this work (—0.08dex R for both the
R23 and O3N2 calibrations), although in case of the directly com-
parable method for selection of star-forming spaxels SM 16 reports
a slightly steeper gradient.

In order to draw a fair comparison, it is important to note that
CALIFA observes more nearby galaxies with a larger IFS bun-
dle, thus resulting in an average of ~11 resolution elements per
R. (using the effective radii for the sample used in SM16 and an
FWHM of 2.5 arcsec for CALIFA, as described in Garcia-Benito
et al. 2015). The CALIFA data is thus much less affected by beam-
smearing than the data used in this work (which has an average
PSF/R. = 2.3). A further important difference between this work
and SM16 is that the CALIFA sample is not representative for
galaxies of log (M, /M) < 9.65, because of the adopted diameter-
selection strategy (Walcher et al. 2014). This difference in sample
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selection between the CALIFA and MaNGA samples may lead to a
significant discrepancy when comparing the median gradients if, as
shown in Section 4.1, the metallicity gradient has a dependence on
stellar mass. In particular, the larger number of low-mass galaxies
in the MaNGA sample is likely to be a significant contribution to the
shallower gradient measured by MaNGA with respect to CALIFA.
This effect is further accentuated if we apply a volume-correction
to the MaNGA sample.

6.1.2 The stellar mass dependence of the metallicity gradient

This work presents a clear detection of a non-linear dependence
of the metallicity gradient on stellar mass in the nearby Uni-
verse (equation 4.1). This dependence was not clearly detected in
the previous, smaller samples, although hints in this direction were
already present in the literature (Vila-Costas & Edmunds 1992;
Zaritsky et al. 1994; Garnett et al. 1997). More recently, Pérez-
Montero et al. (2016) make a marginal detection of the dependence
between the O/H and N/O gradients and stellar mass, qualitatively
similar to the one observed in this work. Namely, they observe a
trend towards shallower gradient for both log(O/H) and log(N/O)
for low-mass (late-type) galaxies. Additionally, for log(O/H) [but



not log(N/O)] they also observe a trend towards shallower gradients
for high-mass (early-type) star-forming galaxies.

As an aside, we note that the results from Gonzilez Delgado
et al. (2015) for the stellar metallicity gradients derived from full
spectra fitting of the CALIFA data point towards the existence of
a similar mass trend as presented in this work (see their figs 12
and 13 for a direct comparison). Namely, Gonzalez Delgado et al.
(2015) obtain the steepest gradients for log (M, /M) ~ 10.5 and a
gradual flattening for galaxies of lower and higher mass. Goddard
et al. (2017) reach similar conclusions based on a full spectral
fitting analysis of the MaNGA data. Namely, they detect a general
steepening of the mass-weighted stellar metallicity gradient with
stellar mass.

We note that the results presented in this paper apply only to
star-forming galaxies. Early-type galaxies are found to have dif-
ferent metallicity gradient profiles (Gonzalez Delgado et al. 2015;
Pastorello et al. 2015; Goddard et al. 2017), which are more strongly
influenced by the merger history of the system and the accreted stel-
lar component (Coccato et al. 2011; Greene et al. 2015).

6.1.3 The shape of the metallicity gradient at small and large radii

We confirm, with larger statistics than that in previous work, the
change in shape of the metallicity gradient as a function of ra-
dius and mass, namely a flattening at small radii for higher mass
galaxies and a mild flattening at large radii especially evident for
log(M,/M@) > 10.0. These features were already detected in
smaller samples of galaxies by previous work (Belley & Roy 1992;
Bresolin et al. 2009; Werk et al. 2010, 2011; Rosales-Ortega
et al. 2011; Bresolin, Kennicutt & Ryan-Weber 2012) and con-
firmed by the extensive studies presented by the CALIFA collabo-
ration (Rosales-Ortega, Arribas & Colina 2012; Sanchez et al. 2014;
SM16). In addition to confirming the change in shape of the metal-
licity gradient, in this work we also present evidence for the flatten-
ing of the N/O ratio gradient at large radii and the steepening of the
N/O in the central regions of massive galaxies.

It is interesting to note that studies using both CALIFA and
MaNGA data have highlighted a correlation between metallicity
and local stellar mass surface density (Rosales-Ortega et al. 2012;
Séanchez et al. 2014; Barrera-Ballesteros et al. 2016) and have in-
terpreted galaxy metallicity gradients as a direct result from such
a correlation. However, our results clearly show that the stellar
surface density cannot be the only driver of metallicity, since the
metallicity profiles we observe deviate from exponentials in both the
inner regions of massive galaxies and the outer regions of galaxies
of all masses. In the case of the inner regions of massive galax-
ies, the presence of the bulge complicates a direct comparison be-
tween metallicity and the disc mass profile. The flattening of the
metallicity gradient at large radii, however, may imply a deviation
from the relation between mass surface density and metallicity ob-
served across the inner regions of the disc. As discussed further in
Section 7, the fact that the flattening of the metallicity gradient at
large radii is not consistent with a ‘local’ relation between metal-
licity and stellar mass surface density may be explained invoking
feedback processes that lead to the redistribution of metals from the
inner to the outer regions.

6.2 Abundance gradients in the Milky Way

A direct comparison of our result with the oxygen abundance gra-
dients measured in the Milky Way is a difficult task for a variety of
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reasons, including (1) the use of different tracers and calibrations,
often tracing different elements, (2) the presence of substantial dust
obscuration in the Milky Way disc, (3) the uncertainty on the galac-
tocentric distance of the measured tracers and on the Milky Way
scalelength itself.

With regards to metallicity tracers, studies of the present epoch
abundance gradient in the Milky Way have been carried out us-
ing Hn regions (via measurements of optical emission lines, radio
recombination lines and collisionally excited lines, leading to some-
what discrepant results, see e.g. Henry & Worthey 1999; Rudolph
et al. 2006; Blanc et al. 2015), O/B-type stars (Smartt & Rolle-
ston 1997; Rolleston et al. 2000), Cepheids (Luck et al. 2003;
Pedicelli et al. 2009; Lemasle et al. 2013; Genovali et al. 2014),
open clusters (Magrini et al. 2009; Yong, Carney & Friel 2012) and
planetary nebulae (Maciel & Quireza 1999; Stanghellini et al. 2006).
The results of these studies lead to metallicity gradients generally
in the range —0.03 to —0.08 dex kpc™'.

Given their young ages (<200 Myr) and their accurate distance
measurements, Cepheids are generally considered the best trac-
ers of the present-day chemical make-up of the Galaxy. Using the
largest available compilation of Cepheid abundance data, Genovali
et al. (2014) obtain an abundance gradient of —0.06 dex kpc~! or
—0.18 dex R ! using the Milky Way scalelength from Bovy & Rix
(2013).> We can compare this measurement with the gradient pre-
dicted from a galaxy of the mass of the Milky Way [assumed here
to be log (M, /M) = 10.8; Bovy & Rix 2013 based on the results
of this work using the disc-only effective radius (Section 5.1) that is
—0.17 dex R_". Considering the systematics involved and the large
scatter in the metallicity gradient observed in our sample at each
stellar mass, we consider these values to be in excellent agreement.

Studies of the abundance gradient in our Galaxy based on dif-
ferent tracers point towards the possibility of a flattening of the
metallicity gradient at large radii (R > 10kpc, see e.g. Pedicelli
et al. 2009 using Cepheids, Vilchez & Esteban 1996 using H 1 re-
gions or Magrini et al. 2009 using open clusters), although this claim
is contested by other authors using the same tracers (see e.g. the dis-
cussion in Stasifiska et al. 2012). Using the scalelength from Bovy
& Rix (2013), the observed flattening in the Milky Way metallicity
gradient would occur at ~2.8 R, a larger galactocentric distance
than the flattening detected in this work for R > 2.0 R.. Unfortu-
nately, MaNGA data does not cover the radial range R > 3 R., so
we are currently unable to demonstrate whether the mild flattening
detected in this work carries on at even larger radii. Interestingly, in
the Milky Way a flattening is also reported for the N/O ratio from
studies of H 11 regions (Vilchez & Esteban 1996).

7 DISCUSSION

7.1 Chemical evolution models and ‘inside-out’ growth

Chemical evolution studies have provided some of the earliest evi-
dence in support of the theoretical framework of disc formation in
the cosmological framework and ‘inside-out’ growth (Chiosi 1980;
Matteucci & Francois 1989; Boissier & Prantzos 1999; Chiappini
et al. 2001), since the difference in assembly time across the galac-
tic disc naturally produces a metallicity gradient. The inside-out
growth scenario is further supported by observations of colour
gradients (Bell & de Jong 2000; Muiloz-Mateos et al. 2007) and

5 Genovali et al. (2014) measure [Fe/H], so the quoted gradient is also
affected by the radial dependence of the [O/Fe] ratio.
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spectroscopically inferred age profiles of disc galaxies (Pérez
etal. 2013; Gonzélez Delgado et al. 2015; Ibarra-Medel et al. 2016).

It is important to note that other factors beyond the radial vari-
ation in assembly time can play a crucial role in determining the
metallicity gradient. As demonstrated by Goetz & Koeppen (1992)
from a purely analytical perspective, metallicity gradients can also
be generated by a radial dependence of the metal yield (which, as-
suming that nucleosynthetic physics is universally constant, implies
achange in the stellar IMF) or a radial dependence of the star forma-
tion efficiency (SFE = SFR/M _rmgas). Leaving aside any possible
IMF variation, different assumptions regarding the radial variation
of the SFE have been investigated by classical chemical evolution
models. These differences in the parametrization of the SFE are not
merely a technical detail: they are at the core of the different pre-
dictions for the time evolution of the metallicity gradient presented
in the literature. In particular, models where the SFE is assumed
constant as a function of radius generally predict a steepening of
the metallicity gradient with time (Matteucci & Francois 1989;
Chiappini et al. 2001), while models that assume a decrease of the
SFE with radius generally predict a flattening with time (Boissier
& Prantzos 1999; Molla & Diaz 2005, although this distinction is
not always so clear cut, see e.g. the discussion in Mott et al. 2013).

On top of these effects, radial flows and gas recycling from the
hot halo (which is dependent on the overall efficiency of ejective
feedback) can act to flatten (or, albeit for rather contrived choices
of parameter, steepen) pre-existing metallicity gradients (Lacey &
Fall 1985; Schonrich & Binney 2009; Pezzulli & Fraternali 2016).
Recent progress in semi-analytical modelling (Fu et al. 2009) and
hydrodynamical simulations performed in a cosmological context
(Pilkington et al. 2012a; Gibson et al. 2013) have demonstrated the
fundamental role that metal recycling via galactic fountains has on
the metallicity gradient. These effects of feedback and recycling
ought to be more extreme in low-mass galaxies, where outflows
play a larger role in regulating the star formation and gas supply.

It is beyond the scope of this work to revisit the predictions of
classical chemical evolution models in light of the new observations
presented here. We wish, however, to comment on the fact that the
clear detection of a steepening of the metallicity gradient with stel-
lar mass (between 0.5 and 2.0 R.) has important consequences for
our understanding of the time evolution of metallicity gradients. In a
simple model of chemical evolution, chemical enrichment, time and
mass growth are tightly linked. In this sense, lower mass galaxies can
be interpreted as the ‘progenitors’ of the higher mass star-forming
galaxies (note that this equivalence is only true in a limited sense,
since the physical conditions of low-mass high-redshift galaxies
are assumed to be different from the low-redshift equivalents). In a
simple inside-out growth model (with no radial flows and no wind
recycling) and an SFE profile that decreases as a function of radius
(as observed in local galaxies; Leroy et al. 2008), the metallicity
gradient should initially (i.e. in low-mass galaxies) be steep, as star
formation occurs primarily in the central regions, and subsequently
flatten, as star formation proceeds in the outer regions of the disc.
Moreover, in this scenario, the flattening should occur ‘inside-out’,
with central regions reaching their equilibrium metallicity earlier
than outer regions (see Section 7.2 and next subsection), as is in-
deed observed in this work. Hence, some contribution from ejective
feedback may be necessary to reproduce the flat abundance gradi-
ents observed in the lowest mass galaxies in our sample. In these
galaxies, the shallower gravitational potential well may favour the
launching of large-scale galactic winds, reducing the amount of low
angular momentum gas that turns into stars in the central regions of
the disc (Brook et al. 2012).
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7.2 Interpreting the shape of the metallicity gradient

It is a general property of chemical evolution models accounting
for infall, star formation and outflows to evolve towards an equi-
librium metallicity at late times. The concept of an equilibrium
chemical abundance has been discussed extensively in recent liter-
ature focusing on the study of ‘bath-tub’ chemical evolution mod-
els (Davé, Finlator & Oppenheimer 2011; Lilly et al. 2013; Peng,
Maiolino & Cochrane 2015; Belfiore, Maiolino & Bothwell 2016a).
In these models, the flattening of the mass—metallicity relation at
high masses (Tremonti et al. 2004) and the flattening of the metal-
licity gradient in the central regions of massive galaxies can be
ascribed to the general behaviour of evolved systems to reach an
equilibrium abundance at late times, corresponding to low gas frac-
tions. Given the time delay between the production of oxygen and
nitrogen, the nitrogen abundance keeps increasing even if the global
metallicity reaches an equilibrium value, resulting in the different
behaviours of the oxygen and N/O gradients in the central regions
of massive galaxies. Interestingly, gradual dilution of the ISM in
the central regions of massive galaxies is predicted by some mod-
els (Yates & Kauffmann 2014) and might contribute to explaining
the observed flattening and/or marginal inversion of the metallicity
gradient in the very central regions of the most massive galaxies in
our sample, while not affecting our conclusion for the N/O ratio.

The flattening of the metallicity gradients at large galactocen-
tric radii deserves a more detailed discussion. The outer regions of
galaxies are an ideal laboratory to study disc assembly at the current
epoch, since these regions are characterized by extreme conditions:
high gas fractions, long dynamical time-scales and low stellar sur-
face density. These properties indicate that outer disc regions are
relatively un-evolved, a realization that stands in contrast with the
relatively high observed chemical abundances (8.7 < 12+log(O/H)
< 8.9, for the M08 R23 calibration). Indeed, our data shows that at
large radii the profiles of galaxies of different masses tend to con-
verge to a common metallicity, similar in value to the metallicity
observed throughout the disc of the low-mass galaxies in our sam-
ple. This value of metallicity is much higher than the metallicity
floor of ~1 percent Z¢,, found in metal-poor galaxies in the local
Universe (Izotov et al. 2006; Morales-Luis et al. 2011), which is
expected to be set by direct accretion of gas from the cosmic web at
z~ 0 (Arnaud et al. 1994; Danforth & Shull 2005; Sanchez Almeida
et al. 2014).

The common metallicity observed in the MaNGA data at large
radii may reflect the fact that chemical enrichment initially happens
quickly, especially for systems with ahigh SFE (see e.g. fig. 5 in Vin-
cenzo et al. 2016). Outer discs, however, are likely characterized by
low SFE and previous work has argued against the self-enrichment
scenario, pointing out that the current level of star formation is
insufficient to explain the observed high abundances, even when
extrapolated back for a Hubble time (Bresolin et al. 2012).

As an alternative to in situ production, metals in the outer re-
gions of the disc may originate from the highly enriched regions
of the inner disc through either radial flows or re-accretion of en-
riched coronal gas. In the enriched infall scenario, the observed
metals at large radii are most likely the result of a ‘wind recycling’
process, where the halo gas is progressively enriched by outflows
from the more star-forming inner regions of the disc, cools and
falls back on to the disc over an ~1 Gyr time-scale, as predicted
in recent hydrodynamical simulations (Oppenheimer et al. 2010;
Armillotta, Fraternali & Marinacci 2016; Christensen et al. 2016;
Muratov et al. 2016). This scenario, however, does not provide a
natural interpretation of the common metallicity observed in



MaNGA galaxies at large radii. Further modelling of galactic foun-
tains and their effect of chemical abundances may help to shed more
light on this question.

7.3 The N/O ratio gradient

The nucleosynthetic origin of nitrogen is more complex than that
of oxygen. At low metallicity, nitrogen is assumed to be produced
with a yield that does not depend on metallicity (so called ‘primary’
nucleosynthetic origin). At higher metallicity, however, nitrogen is
synthesized by low- and intermediate-mass stars, with a yield pro-
portional to the initial metallicity of gas from which these stars
form (‘secondary’ nucleosynthetic origin). The metallicity depen-
dence of the nitrogen yield, combined with the time delay due to the
lifetime of its stellar progenitors, is responsible for the non-linear
relation between O/H and N/O, observed in nearby H i1 regions (Al-
loin et al. 1979; Vila-Costas & Edmunds 1993; Henry, Edmunds &
Koppen 2000), integrated spectroscopy of local and high-redshift
galaxies (Pérez-Montero et al. 2012; Masters, Faisst & Capak 2016;
Vincenzo et al. 2016; Strom et al. 2017) and IFS spectroscopy of
local galaxies (Pérez-Montero et al. 2016), including this work.

Chemical evolution models taking into account stellar lifetimes
and metallicity-dependent yields predict that the nitrogen abun-
dance radial gradient ought to be steeper than that for O/H. The
prediction is a direct consequence of the time delay between oxygen
and nitrogen production, causing the difference in the production
rate of nitrogen between the inner and the outer regions of the disc
to be even larger than that for oxygen (Matteucci & Francois 1989).
Another important prediction of modelling the N/O ratio is that the
position of systems in the O/H versus N/O plane depends on the
ratio of current to past star formation, or, in the context of a self-
consistent chemical evolution model, on the SFE (Moll4 et al. 20006;
Vincenzo et al. 2016). Lower SFE delays the production of nitrogen
at fixed oxygen abundance, thus causing low SFE regions to lie at
higher N/O at fixed O/H.

The results from Section 4.5 can thus be interpreted as a con-
sequence of the different SFE between the central and the outer
regions of discs. For example, in Fig. 8§ we observe that the central
regions of galaxies in the mass range log (M, /M) = 9.5-9.75 have
the same oxygen abundance as the outer disc (R = 1.75-2.0 R,) of
galaxies in the mass range log (M, /M) = 10.5-10.75. However,
the N/O ratio corresponding to the outer disc of the higher mass bin
is ~0.15 dex higher. This effect can be ascribed to a systematically
lower SFE in the outer discs.

Metal redistribution via wind recycling, which we have already
considered in the context of the flattening of the O/H gradient at
large radii, may also have an effect in the N/O versus O/H plane.
Indeed, higher N/O ratios in the outer disc of massive galaxies can
also be interpreted as a consequence of the pollution of galaxy
outskirts with some amount of high metallicity, high-N/O gas from
the central regions. Upon mixing with the lower metallicity gas
at larger radii, the metallicity of the infalling gas is significantly
diluted, while its N/O ratio only decreases slightly in mixing because
of the highly non-linear relation between O/H and N/O (see e.g. the
models presented in Koppen & Hensler 2005; Belfiore et al. 2015).
In this case, the N/O ratio acts as a tracer of the original metallicity
of the gas polluting the outer regions. Further modelling, taking into
account the combined effect of radial variations in SFE and metal
redistribution will be needed in order to fully exploit the information
encoded in the O/H versus N/O plane.
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8 SUMMARY AND CONCLUSIONS

We have investigated the gas phase metallicity and nitrogen abun-
dance gradients for a sample of 550 local galaxies, spanning the stel-
lar mass range 10°~10'' My, by exploiting IFS from the SDSS-IV
MaNGA (DR 13). We select star-forming regions based on the [S 11]
BPT diagram and the Kewley et al. (2001) demarcation line. Metal-
licity is calculated making use of the strong-line calibration of MO8,
based on R23, and PP04, based on O3N2. The N/O ratio is estimated
from the N202 ratio following the calibrations proposed by Pagel
et al. (1992) and Thurston et al. (1996). The effect of galaxy incli-
nation and spatial resolution effect have been taken into account, by
excluding galaxies highly inclined (>60°) and by focusing on the
metallicity gradients outside the central 0.5 R.. We summarize the
main findings below.

(1) The metallicity gradient (in the radial range 0.5-2.0 R.) is flat
for low-mass galaxies (M, < 10°° M), steepens for more massive
galaxies until M, ~ 10'%> M) and then flattens slightly again for
even more massive systems. This behaviour is confirmed when using
the disc-only effective radius as a radial scalelength, and is robust
to the effects of resolution. The gradient of the N/O abundance ratio
shows a very mild steepening as a function of galaxy mass over the
whole mass range considered.

(ii) The most massive galaxies (M ~ 10"! M) are characterized
by a flattening of the metallicity gradient in the central (R < 1.0R.)
regions, corresponding to a steepening of the N/O ratio gradient in
the same radial range.

(iii) A mild flattening of the metallicity gradient is observed for
R > 2 R, especially evident in stacked profiles of galaxies with
masses >10' M. Such a flattening at large radii is also observed
in stacked profiles of the N/O ratio profile.

(iv) We find a secondary dependence of the metallicity gradient
on concentration and sSFR for galaxies of high concentration (C
> 2.6) and low sSFR [log(sSFR) < —1.5 Gyr~'], in the sense
that galaxies of higher concentration and lower sSFR have flatter
gradients than expected from their stellar mass.

(v) Spatially resolved regions follow the expected relation be-
tween N/O and O/H. The scatter in this relation is found to depend on
radius. At fixed O/H, outer regions of massive discs have higher ni-
trogen abundance N/O than the central region of low-mass galaxies.

We have discussed the likely interpretation of these trends and
their implications for our understanding of disc formation and chem-
ical evolution. Specifically, we find that

(1) the flattening of the metallicity gradient in massive galaxies,
and especially in central regions, can be explained as a consequence
of metallicity having reached the equilibrium value, generally at-
tained in evolved, gas-poor systems.

(ii) The flat gradient observed in low-mass galaxies supports the
need for strong feedback, gas mixing and wind recycling in low-
mass systems.

(iii) Wind recycling and lower SFE can in combination explain
the relatively high abundances observed at large radii and the po-
sition of regions in the outer disc in the N/O versus O/H diagram.
Neither scenario, however, naturally explains why metallicities at
large radii tend to a common value [12+log(O/H) ~ 8.6-8.8 us-
ing the R23 calibration]. Further abundance data at large radii and
future hydrodynamical simulations including chemical enrichment
may help shed more light on this issue.

Overall, this work emphasizes that the quality of the chemical
abundance data from large IFS surveys like MaNGA allows us to
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go beyond the description of abundance gradients as simple expo-
nential profiles. The deviations from an exponential profile observed
in the inner and outer regions of galaxies provide crucial new con-
straints for chemical evolution models and their implementation in
hydrodynamical simulations, particularly on the relative strength of
feedback and wind recycling.
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APPENDIX A: THE DETERMINATION OF DISC
INCLINATION

In this work, the inclination of the disc is derived from the axis
ratios (b/a) obtained by performing elliptical Petrosian photometry
(from the NSA catalogue). In order to estimate the effect of errors
on the inclination on the metallicity gradient, we use the toy model
galaxy described in Section 3.3. We set up models with different
inclinations (0°, 30°, 45°, 60°, 75°) and recover the slope of metal-
licity gradient assuming the measured inclination is affected by a
Gaussian error of 10°. The resulting difference between the true and
measured slope of the metallicity gradient after 1000 noise realiza-
tions are computed. Even though the distributions have a positive
tail (i.e. a tail where the inferred slope is flatter than the measured
one), their median agrees with zero (no systematic difference be-
tween measured and true slope) to better than 0.01 dex R;'. We
therefore conclude that random errors on the inclination consis-
tent with those expected from the photometric determination do not
affect the results presented in this paper.

A more serious concern is represented by possible system-
atic biases in the determination of b/a. For low-mass galax-
ies [log(M./M@p) < 9.5], the axis ratio can be ill-defined
due to clumpiness, lopsidedness and generally weak continuum
heavily contaminated by line emission. At the high-mass end
[log (M, /M) > 10.5], on the other hand, the bulge becomes a con-
cern, as light from the central spheroidal component may bias the
measurement of the disc b/a. In order to prove that these effects do
not bias the inclinations measured from photometry for our sample,
we have compared the Petrosian inclinations with the inclinations
derived by fitting a thin-disc model to the gas velocity field (details
in Westfall et al., in preparation). Fig. A1 shows the comparison
between the kinematic and Petrosian inclinations, demonstrating
that the two estimates of inclination are in good agreement over
the whole mass range, despite significant dispersion (~16° at the
low-mass end to ~19° at the high-mass end). We conclude that
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Figure Al. The difference between the inclination calculated from elliptical
Petrosian photometry and that obtained from fitting the gas kinematics with
a thin-disc model (see Westfall et al., in preparation). The black points show
the median in 0.25 dex mass bins, with the respective standard deviation
represented by the error bars.
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Figure B1. Same as Fig. 3, but calculating the metallicity gradient in units
1

of dex kpc™".
the systematic median difference between Petrosian and kinematic
inclination is always small (<6°), even in low-mass systems.

APPENDIX B: THE METALLICITY GRADIENT
IN UNITS OF DEX/KPC.

To facilitate comparisons with previous work on abundance gra-
dient that did not adopt any scalelength normalization, we present
in this appendix the results obtained measuring the metallicity gra-
dient in units of dex kpcfl. We warn the reader, however, that
dropping any radial normalization introduces a strong dependence
of beam-smearing on stellar mass, hence making it more difficult
to interpret mass trends in the MaNGA data. Moreover, since in
MaNGA galaxies are observed out to a fixed radial distance in units
of R., galaxies of different masses are covered to different physical
distances. Hence in this appendix, the metallicity gradient is fitted
with a straight line over the whole available radial range, as it is not
clear how to self-consistently define an ‘inner’ and ‘outer’ disc in
terms of physical distance across the wide stellar mass range we are
studying.

The results, summarized in Fig. B1, demonstrate that sev-
eral features of the analysis presented in this work remain valid
when metallicity gradients are measured in units of dex kpc~!'.
Namely, gradients for log (M,/M¢g) ~ 9.0 are flat or marginally
inverted, the metallicity gradient steepens with stellar mass until
log (M, /M@) ~ 10.5, while becoming flatter again, but still nega-
tive, for higher masses. The change in shape of the metallicity gradi-
ent as a function of radius and mass is also evident in the metallicity
stacks (lower panel of Fig. B1), with higher mass galaxies show-
ing a clear flattening in the central regions and intermediate-mass
galaxies displaying a flattening at large radii.
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