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ABSTRACT

We characterised the oxygen abundance radial distribution of a sample of 102 spiral galaxies observed with VLT/MUSE using the
O3N2 calibrator. The high spatial resolution of the data allowed us to detect 14345 Huregions with the same image quality as with
photometric data, avoiding any dilution effect. We developed a new methodology to automatically fit the abundance radial profiles,
finding that 55 galaxies of the sample exhibit a single negative gradient. The remaining 47 galaxies also display, as well as this negative
trend, either an inner drop in the abundances (21), an outer flattening (10), or both (16), which suggests that these features are a
common property of disc galaxies. The presence and depth of the inner drop depends on the stellar mass of the galaxies with the most
massive systems presenting the deepest abundance drops, while there is no such dependence in the case of the outer flattening. We find
that the inner drop appears always around 0.5 r., while the position of the outer flattening varies over a wide range of galactocentric
distances. Regarding the main negative gradient, we find a characteristic slope in the sample of @g;y = —0.10 + 0.03 dex/r.. This
slope is independent of the presence of bars and the density of the environment. However, when inner drops or outer flattenings
are detected, slightly steeper gradients are observed. This suggests that radial motions might play an important role in shaping the
abundance profiles. We define a new normalisation scale (“the abundance scale length”, ro,y) for the radial profiles based on the
characteristic abundance gradient, with which all the galaxies show a similar position for the inner drop (~0.5ro/u) and the outer
flattening (~1.5 ro/n). Finally, we find no significant dependence of the dispersion around the negative gradient with any property of
the galaxies, with values compatible with the uncertainties associated with the derivation of the abundances.
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1. Introduction

The study of the gas-phase chemical composition of spiral
galaxies has proven to be an important tool to improve our
knowledge of the evolution of these complex systems. Mod-
els for the formation of spiral galaxies agree on a scenario
based on an inside-out growth of the discs as a result of
the increased timescales of the gas infall with radius and
the consequent radial dependence of the star formation rate
(Matteucci & Francois 1989; Boissier & Prantzos 1999). In this
context, the analysis of the spatial distribution of chemical
abundances provides strong constraints for the main parame-
ters describing these chemical evolution models (Koeppen 1994;
Edmunds & Greenhow 1995; Tsujimoto et al. 1995; Moll4 et al.
1996, 1997; Prantzos & Boissier 2000; Chiappini et al. 2001;
Molld & Diaz 2005; Fu et al. 2009; Pilkington et al. 2012).

Article published by EDP Sciences

Consistent with this inside-out paradigm, observational stud-
ies on the gas metallicity from Huregions have found the pres-
ence of negative radial gradients across the discs of nearby
galaxies (Searle 1971; Comte 1975; Smith 1975; Martin & Roy
1992; van Zee et al. 1998, among many others). It was only
found decades later that this radial distribution may present
some deviations from this simple negative gradient, namely a
decrease of the abundance in the innermost regions and a flatten-
ing of the gradient in the outer parts (e.g. Belley & Roy 1992;
Martin & Roy 1995; Vilchez & Esteban 1996; Roy & Walsh
1997). Despite the wide variety of mechanisms proposed to ex-
plain the presence of these features (such as radial migration,
Minchev et al. 2011, 2012; or satellite accretion, Qu et al. 2011;
Bird et al. 2012), their origins are still unclear.

This line of research significantly benefited from the de-
velopment of integral field spectroscopic (IFS) techniques that
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allowed for better characterisation of the abundance distribution
in galaxies thanks to the two-dimensional field-of-view (FoV)
of these instruments. The first IFS studies that analysed statis-
tically the properties of the Huregions were presented by the
PINGS project (Rosales-Ortega et al. 2010), with the disadvan-
tage of being limited to a dozen nearby galaxies. The use of
these techniques on “survey mode”, that offers the opportunity
to carry out these studies on large samples of galaxies, was
crucial to reach meaningful statistical results (Moustakas et al.
2010; Richetal. 2012; Sanchez et al. 2012b, 2014; Ho et al.
2015; Sanchez-Menguiano et al. 2016b; Zinchenko et al. 2016;
Belfiore et al. 2017).

For instance, studies using data from IFS surveys have al-
lowed us to find that spiral galaxies in the Local Universe present
a characteristic abundance gradient when normalised to a phys-
ical scale of the discs (Sanchez et al. 2012b, 2014). Ho et al.
(2015), based on the use of simple chemical evolution models,
proposed that this common gradient was the result of common
gas and stellar surface density profiles under the co-evolution
of gas, stars, and metals during the mass growth of disc galax-
ies. IFS surveys have also allowed us to find a relation be-
tween the inner abundance drop presented in spiral galaxies
and the galaxy mass, being this feature more common in more
massive galaxies (Sdnchez-Menguiano et al. 2016b). Regarding
the study of azimuthal abundance variations in spiral galaxies,
Zinchenko et al. (2016) suggested that there is no significant
global azimuthal asymmetry in the oxygen abundance distribu-
tion, establishing a limit of ~0.05 dex for these asymmetries,
although works analysing in detail individual galaxies indicate
otherwise (Sdnchez-Menguiano et al. 2016a; Vogt et al. 2017).

However, despite the great advantages and scientific legacy
that these instruments offer, they also present some limitations.
Most of them do not have the sufficient spatial resolution needed
to resolve small morphological structures of the galaxies such
as the individual H nregions. Mast et al. (2014) showed that the
loss of spatial resolution reduces significantly the number of de-
tections of these star-forming regions. This fact hampers a good
characterisation of the distribution of their properties across the
galaxy extent and, according to the authors, can even lead to er-
roneous results.

The advent of new instruments with high spatial res-
olution like Gemini Multiobject Spectrograph (GMOS;
Allington-Smith et al. 2002) or Optically Adaptive System for
Imaging Spectroscopy! (OASIS) has allowed us to overcome
these limitations in the Local Universe. However, the limited
FoV of these instruments reduces the collection of data to
particular regions of nearby galaxies or forces us to move to
high redshift to observe the entire extent of galaxies, to the
detriment of the effective physical spatial resolution.

In this regard, the development of Multi Unit Spectroscopic
Explorer (MUSE; Bacon et al. 2010) has meant a new revolution
in the progress of IFS by combining a large FoV with high spatial
resolution, helping us to go further in the study of the gas-phase
spatially resolved chemical distribution. These two characteris-
tics combined allow us to increase the number of Huregions
detected in individual galaxies with respect to previous studies
and better trace their distribution across the galaxy discs. More-
over, thanks to the high spatial resolution, unprecedented in two-
dimensional spectroscopic studies, we can avoid any dilution ef-
fect in the detection of the Hmrregions and segregate them with
the same quality as with photometric data. This way, we can

! http://cral.univ-1lyonl.fr/labo/oasis/present/
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carry out a better characterisation of the oxygen abundance ra-
dial distribution, which is the purpose of this work.

The capabilities of MUSE data for these types of studies
were already demonstrated in a pilot project analysing the ra-
dial abundance gradient of NGC 6754 (Sanchez et al. 2015).
There, the authors constructed one of the largest catalogue of
Huregions with available spectroscopic information in a single
galaxy up to date, comprising 396 individual ionised sources,
and used it to derive the radial abundance gradient of the galaxy.
Since then, new works on the gas-phase abundance distribu-
tion based on MUSE data have arisen (e.g. Kreckel et al. 2016;
Sanchez-Menguiano et al. 2016a; Vogt et al. 2017), confirming
the potential of this instrument for such studies.

In this work, we aim to extend the characterisation of the
oxygen abundance radial profile to a large sample of spiral galax-
ies. For this purpose we develop a new methodology to automat-
ically fit these profiles taking into account the different shapes
observed. This procedure allows us to detect the presence of any
possible deviation in the radial distribution with respect to the
universal negative gradient (i.e. the inner drop and the outer flat-
tening). Thanks to the sample size, by analysing the character-
istics of the derived profiles for all the galaxies we are able to
state meaningful statistical conclusions. Moreover, the study of
possible trends with different properties of the galaxies allows us
to shed light into the origin of these deviations, and the role of
such properties in the chemical evolution of the galaxies.

The structure of the paper is organised as follows: Sect. 2
provides a description of the properties of the sample as well as
the data used in this study. In Sect. 3 we explain the analysis
required to detect the Hirregions and derive the corresponding
oxygen abundance radial distribution. The results of the analysis
are shown in Sect. 4. Along this section, we describe the shape
of the abundance profiles (Sect. 4.1) and study the dependence
of the slope of the gradient on different properties of the galaxies
(Sect. 4.2). In addition, we analyse the location of the inner abun-
dance drop and the outer flattening when existing (Sect. 4.3),
we explore the existence of a common oxygen abundance gra-
dient (Sect. 4.4), we define a new normalisation scale for the
radial profiles based on this characteristic abundance gradient
(Sect. 4.5), and we study the dispersion relative to the abundance
gradient (Sect. 4.6). Finally, the main conclusions are given in
Sect. 5.

2. Data and galaxy sample

In this work we used a sample of galaxies part of the AMUS-
ING (All-weather MUse Supernova Integral-field Nearby Galax-
ies; PI Anderson/Galbany; Galbany et al. 2016) survey (see af-
filiated programmes in the acknowledgements). The data were
collected with the MUSE instrument (Bacon et al. 2010, 2014),
mounted on the Unit 4 telescope (UT4) at the Very Large Tele-
scope (VLT) of the Cerro Paranal Observatory. In the Wide Field
Mode, this integral-field spectrograph presents a FoV of approx-
imately 1’ X 1’ and a pixel size of 0.2”, which limits the spatial
resolution of the data to the atmospheric seeing during the obser-
vations. Regarding the covered wavelength range, MUSE spans
from 4750 to 9300 A, with a spectral sampling of 1.25 A and a
spectral resolution between 1800-3600 (from the blue edge of
the spectrum to the red one).

The median seeing during the observations of the anal-
ysed dataset is 1.1” (80% of the values ranging between 0.8”
and 1.8"), corresponding to a median physical resolution of
~460 pc. The typical exposure time of each pointing is ~50 min
and the limiting surface brightness in g-band covers the range
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between 22.6-24.9 mag/arcsec? (10th and 90th percentiles), with
a median value of 24.0 mag/arcsec?. Figure 4 shows two exam-
ples of typical spectra of Huregions, illustrating the quality of
the data.

The data analysed here have been reduced using ver-
sion 1.2.1 of the MUSE pipeline (Weilbacher et al. 2014) and the
Reflex environment (Freudling et al. 2013). This pipeline layout
includes the standard processes like bias subtraction and flat-
fielding, flux, and wavelength calibration. The sky subtraction
was performed using either an offset pointing to a blank sky posi-
tion, or blank sky regions within the science frames, and making
use of algorithms from the Zurich Atmosphere Purge package
(ZAP; Soto et al. 2016). The effects of Galactic extinction were
also corrected. Finally, a geometrical calibration was performed
to distribute the individual slices of the image within the FoV and
reconstruct the datacube. More information about the data re-
duction can be found in Galbany et al. (2016) and Kriihler et al.
(2017).

For some galaxies, the observations were split into differ-
ent pointings covering different areas of the galaxies to construct
a mosaic. A set of ~100000 spectra is delivered per pointing,
reaching up to an impressive number of ~600 000 spectra for the
most extended galaxies (mosaics composed by six pointings).

AMUSING is an ongoing project aimed at studying the en-
vironments of supernovae (SNe) by means of the analysis of
a large number of nearby SN host galaxies (redshifts typically
between 0.005 and 0.06, with exceptional cases up to 0.1; see
Fig. 1 for the range covered by the subsample analysed in this
work). The AMUSING sample comprises up to date more than
300 galaxies. 227 of these galaxies are part of the observing
campaign (expanding four semesters so far) carried out by the
project. The remaining ones have been included after a care-
full search in the European Southern Observatory (ESO) archive
fulfiling the criteria imposed by AMUSING (galaxies observed
with MUSE where SNe have been discovered). As a conse-
quence, the mother sample is composed by a wide variety of
galaxy types with the only characteristic in common of hosting
or having hosted a SN. Because of the large percentage of spi-
ral galaxies in the sample we can study for the first time the
oxygen abundance distribution of the gas-phase in a meaningful
statistical sample with an unprecedented spatial resolution as the
one provided by MUSE. In order to do that, we first removed
galaxies with low image quality (visually presenting low signal
in the source and/or with seeing values above 2”") and those that
are too small (projected semimajor axis in the sky smaller than
~15") to properly derive the abundance radial distribution with-
out mixing information (very large physical size of the detected
Huregions). Galaxies for which the centre of the galactic discs
is not mapped were also discarded from the sample. From the
remaining galaxies we then selected the subset that fulfils the
following criteria:

(1) Spiral galaxies with morphological types between Sa and
Sm, including barred galaxies.

(2) Intermediate to low inclined galaxies (i < 70°) to avoid un-
certainties induced by inclination effects.

(3) Galaxies with at least 10 Hurregions to properly derive the
abundance radial profile (see Sect. 3).

(4) Galaxies with enough radial coverage of the abundance pro-
files (at least 0.5 disc effective radii, see Sect. 3.3).

Regarding the morphological type criterion, the classification is
based on the information provided in the extragalactic database
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Fig. 1. Characterisation of the analysed sample (red dashed histograms
and stars) as compared with the one used in Sanchez-Menguiano et al.
(2016b, blue solid histograms and circles). The plot shows the distri-
bution of morphological types (fop), and the redshift and g — r colour
distributions as a function of the absolute r-band magnitudes (bottom).
The frequency histograms for these three parameters are also shown.

HyperLeda? (Makarov et al. 2014). However, due to the higher
quality of the analysed data over the previously available ones,
a visual inspection of the images reconstructed from the MUSE
datacubes was done to check the galaxies. Indeed, two galax-
ies that were classified by HyperLeda as elliptical or lenticular
were kept in the sample because of the presence of a clear spi-
ral structure observed with our data (PGC 55442 and NGC 232),

2 http://leda.univ-lyonl.fr
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and two galaxies classified as spirals were discarded for actually
being lenticular NGC 4772 and NGC 6962). Moreover, for the
galaxies with no morphological information in the mentioned
database (18), a visual selection was performed, all of them be-
ing finally included. After imposing these restrictions, the sam-
ple is reduced to 102 galaxies. General information about these
galaxies including the morphological type, redshift, stellar mass
and disc effective radius is given in Table A.1. Furthermore, in
Appendix D we provide a graphic characterisation of the sample
showing two RGB colour images of the galaxies (using SDSS
r-, i-, and z-band images recovered from the data, and narrow-
band images centred in the emission lines [N ] 16584, Ha, and
[O 1] A5007).

While the AMUSING mother sample has not been defined
based on their galaxy properties, here we argue that the sam-
ple used in this work is representative of the galaxy population
in the Local Universe. A criterion based on the occurrence on
the galaxy being host to a SN is proposed as a valid selection
to find galaxies properly populating the galaxy mass distribution
(galaxies hosting SNe Ia) and the typical observed ranges of star
formation rates (galaxies hosting core-collapse SNe). In Fig. 1
we demonstrate this fact by comparing our sample of galaxies
with a well-defined sample presented in a previous work of the
oxygen abundance radial distribution (Sanchez-Menguiano et al.
2016b, hereafter SM16) based on the Calar Alto Legacy Integral
Field Area Survey (CALIFA survey; Sanchez et al. 2012a). We
should note that the comparison sample was extracted from a
well defined, statistically significant sample and representative
of galaxies in the Local Universe (Walcher et al. 2014). The top
panel of Fig. 1 shows the normalised distribution of morpho-
logical types of the 84 galaxies of the sample for which Hyper-
Leda information on this regards is available (red dashed his-
togram) and the galaxies used in SM16 (blue solid histogram).
The sample is dominated by galaxies of intermediate morpho-
logical types ranging from Sb to Sc, although spirals of all mor-
phological types are found. Despite the lack of Sab galaxies in
favour of Sa systems with respect to the SM16 sample, the cov-
erage of morphological types is very similar in both samples.
The bottom panel of Fig. 1 shows the redshift and g — r colour
distributions as a function of the absolute r-band magnitudes,
together with their corresponding frequency histograms for the
current analysed sample (red stars and red dashed histograms)
and the SM16 sample (blue circles and blue solid histograms).
The absolute r-band magnitudes and g — r colours are computed
from the flux density in r-band and g-band images recovered
from the data. The coverage of both samples is again very simi-
lar for all the parameters, with the exception of the tail towards
higher redshifts presented in our sample, as no redshift crite-
rion was applied to define our sample. If we do not consider the
galaxies with z > 0.03, restricting ourself to the range covered by
the SM16 sample, a Kolmogorov-Smirnov test (KS-test) yields
p-values above the significance level (5%) for the three parame-
ters, concluding that the two samples present statistically similar
distributions.

Therefore, we conclude that the sample analysed here is suit-
able for carrying out a detailed study of the oxygen abundance
radial distribution in spiral galaxies, and for drawing statistical
conclusions applicable to spiral galaxies in the Local Universe.

3. Analysis

In this section we describe the process followed to derive the
oxygen abundance radial distribution for each galaxy in the sam-
ple. This procedure includes the detection of the H mregions, the
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measurement of the emission line fluxes used to determine the
oxygen abundances, and the derivation of the radial distribution
of these abundances.

3.1. Detection of ionised regions

We detected the “candidates” for Huregions (clumpy ionised
regions in general) and extracted their corresponding spectra
using HIIExPLORER®. A detailed description of the implementa-
tion of this algorithm on CALIFA data (Sanchez et al. 2012a)
can be found in Sanchez et al. (2012b). However, some modi-
fications in the code were done to adapt the algorithm to high-
resolution data. A few of these adjustments were already pre-
sented in Sdnchez et al. (2015), but the fully updated version of
HIIexpLorRER compatible with MUSE data is described here.

This tool assumes that Huregions are peaky and isolated
structures where the ionised gas emission, particularly He, is
strong enough as to exceed the stellar continuum emission and
the diffuse ionised gas emission across the galaxy. On the other
hand, HIIExpLORER also considers extragalactic Hiuregions to
have a typical physical size of about a few hundred parsecs
(Gonzdlez Delgado & Pérez 1997; Oey et al. 2003; Lopez et al.
2011). Taking into account these assumptions, we can sum-
marise the main steps of the process as follows:

(1) First we create an Ha narrow-band image of each galaxy, us-
ing a width of 120 A with the central wavelength shifted
to the redshift of the galaxy, that is given as an input to
HIIEXPLORER.

Using this image, the algorithm detects the brightest pixel
in the map and then adds all the adjacent pixels up to a
distance of 0.9” if their fluxes exceed 1% of the peak in-
tensity. After the first region is detected, its area is masked
from the input image and the procedure is repeated until no
peak with a flux exceeding the median Ha emission flux of
the galaxy is found. If two peaks are close to each other
(d < 1.8”), the algorigthm will assign to the region with
the brightest peak pixels that might belong to the faintest
one. In order to reassociate pixels within this “overlapping”
region, HIIExpLORER computes the flux ratio between those
pixels and both peaks. These pixels will belong to the region
presenting the largest ratio providing such value is above
10%. This criterion avoids the extension of regions into oth-
ers, producing a “straight” division between them. The final
result is a segmentation map describing the pixels associated
with each detected ionised region.

Finally, the integrated spectrum corresponding to each seg-
mented region is extracted from the original datacube, and
the corresponding position table of the detected areas is pro-
vided.

(@)

3)

For this work, only the regions with S/N > 3 in Ha emission
were considered to guarantee the detection of the Hmregions.
Figure 2 displays examples of the Ha intensity maps of two
galaxies of the sample, PGC 004701 (left) and PGC 128348
(right). In these images, the ionised regions detected by
HIIExpPLORER are superimposed as black segmented contours. In
these particular galaxies, we find 157 and 113 ionised regions,
respectively. On average, a total of 140 regions are detected for
each galaxy of our sample, but there are cases where the number
of detections increases up to several hundred. The same Ha in-
tensity maps for the rest of the sample are shown in Appendix D.

3 http://www.astroscu.unam.mx/~sfsanchez/HII_explorer
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In Fig. 3 we show the distribution of the number of ionised re-
gions detected per galaxy. The wide variety of values found re-
flects the diversity of galaxies present in the sample, from very
large face-on spiral galaxies to smaller and more inclined sys-
tems. However, for all of them the sufficiently high number of
detected Huregions guarantees a proper characterisation of the
radial oxygen abundance gradient. Finally, the total number of
regions we have detected in the sample is 14345.

3.2. Determination of the gas abundance values

Prior to the determination of the emission line fluxes needed to
measure gas-phase abundances, the stellar contribution must be
estimated and subtracted from the spectrum to derive a pure gas
spectrum for each individual region detected by HIIEXPLORER.

3.2.1. Measurement of the emission lines

Several tools have been developed to model the underlying stel-
lar population and decouple it from the gaseous emission lines

(e.g. Cappellari & Emsellem 2004; Cid Fernandes et al. 2005;
Ocvirk et al. 2006b,a; Sarzietal. 2006; Koleva et al. 2009;
Sanchez et al. 2011). Most of them are based on the assumption
that the star formation history (SFH) of a galaxy can be approx-
imated as a sum of discrete star formation bursts and, therefore,
that the stellar spectrum can be considered as the result of the
combination of spectra of different simple stellar populations
(SSP) with different ages and metallicities.

In this work, we make use of a fitting package named
FIT3D*. FIT3D is now part of a more complete spectroscopic
analysis pipeline named PipE3D (Sénchez et al. 2016b), devel-
oped to characterise the properties of both the stellar populations
and the ionised gas. In the modelling of the continuum emission,
FIT3D uses an SSP template grid combining the GRANADA
models from Gonzdlez Delgado et al. (2005) for ¢ < 63 Myr with
those provided by the MILES project (Sdnchez-Blazquez et al.
2006; Vazdekis et al. 2010; Falc6n-Barroso et al. 2011) for older
ages (following Cid Fernandes et al. 2013). This grid comprises
a total of 156 individual populations covering 39 stellar ages be-
tween 0.001 and 14.1 Gyr and four metallicities between 0.004
and 0.03. In this manner, FIT3D fits each spectrum by a linear
combination of the SSP templates after correcting for the appro-
priate systemic velocity and velocity dispersion and taking into
account the effects of dust attenuation. To correct for the stel-
lar dust extinction we adopted the Cardelli et al. (1989) law with
Ry =3.1.

After the stellar component is subtracted, FIT3D measures
the emission line fluxes by performing a multi-component fit-
ting using a single Gaussian function per emission line plus
a low-order polynomial function. When more than one emis-
sion line was fitted simultaneously (e.g. for doublets and triplets
like the [N ] lines), the systemic velocity and velocity disper-
sion were forced to be equal to decrease the number of free
parameters and increase the accuracy of the deblending pro-
cess. The measured line fluxes include all lines required to
determine the gas metallicity using strong-line methods that
fall within the wavelength range covered by MUSE, that is,
He, HB, [Om] 44959, [Om] 45007, [Nu] 16548, [N ] 16584,
[Su] 26717, and [Su] A6731. FIT3D provides the intensity,

4 http://www.astroscu.unam.mx/~sfsanchez/FIT3D
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Fig. 4. Two typical spectra of Huregions observed in the sample with different levels of stellar contribution. The black line represents the observed
spectrum, along with the best fitted stellar population performed by FIT3D (SSP model, red line). The pure emission line spectrum after subtracting
the SSP model is shown as a blue line. The insets are focussed on the H3 and Ha — NII spectral regions to highlight the quality of both the spectra

and the subtraction of the underlying stellar continuum.

equivalent width (EW), systemic velocity, and velocity disper-
sion for each emission line.

The estimation of the errors of the parameters is done by
performing a Monte Carlo (MC) simulation, where the origi-
nal emission line spectrum is perturbed by a noise spectrum that
includes both the original estimated errors and the uncertainties
in the best fit SSP model. The uncertainties of the subtraction of
the underlying stellar population are therefore propagated to the
parameters derived for the emission lines.

Figure 4 shows two typical observed spectra from the
Huregions analysed in the sample (black line), along with the
best fitted stellar population (SSP model, red line) and the pure
emission line spectrum after subtracting the SSP model (blue
line). The insets are focussed on the H3 and Ha — NII spectral re-
gions to highlight the quality of both the spectra and the subtrac-
tion of the underlying stellar continuum performed by FIT3D.
These examples show different levels of contribution of the stel-
lar continuum in the spectrum of the Hnregions. In cases where
the stellar contribution is low, its effect on the emission lines
recovery is negligible (compare blue and black lines of the left
panel). On the other hand, if the contribution is significant (see
right panel), the performance of FIT3D is quite remarkable, be-
ing able to properly model the underlying stellar absorption in
features such as Ha and HgS.

The entire procedure of fitting and subtracting the underly-
ing stellar population and measuring the emission lines using
FIT3D, together with other algorithms of PipE3D are extensively
described in Sanchez et al. (2011, 2016b,a).

3.2.2. Selection of the Huregions

HIIexpLoRER allows us to detect clumpy ionised regions. How-
ever, not all these regions may be associated with star for-
mation as some of them may be ionised by other sources as
active galactic nuclei (AGNs) or compact shocks. The inten-
sity of strong lines has been broadly used to differentiate be-
tween different types of emission according to their main ex-
citation source (i.e. starburst or AGN) throughout the so-called
diagnostic diagrams. The most common, and that used here, was
proposed by Baldwin et al. (1981; hereafter BPT diagram). This
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diagram makes use of the [N 1] 16584/He and [O mn] A5007/HB
line ratios, which are less affected by dust attenuation be-
cause of their proximity in wavelength space. For this diagram,
different demarcation lines have been proposed to distinguish
between Huregions and AGNs. The most popular ones are the
Kewley et al. (2001) and Kauffmann et al. (2003) curves. The
former line was derived theoretically using photoionisation mod-
els and the latter one is based on the analysis of the inte-
grated spectra of SDSS galaxies. However, it has been found
that the Kauffmann et al. (2003) curve excludes certain kinds of
SF regions already observed in galaxies (Kennicutt et al. 1989;
Hoetal. 1997 and, more recently, Pérez-Montero & Contini
2009; and Sanchez et al. 2014). For this reason, and in order
to avoid biasing our sample towards classical disc regions, we
adopted the Kewley et al. (2001) curve to select our Hurregions.

Following the procedure proposed in Sanchez et al. (2014),
in addition to the use of the BPT diagram we also adopted the
WHAN diagram (Wy, vs. [N1]/He, Cid Fernandes et al. 2011)
to guarantee the exclusion of other sources of ionisation that
might populate the SF area, such as weak AGNs, shocks, and/or
post-AGBs stars. This diagram uses the EW(Hea) to take into ac-
count weak AGNs and “retired” galaxies, that is, galaxies that
have stopped forming stars and are ionised by hot low-mass
evolved stars. We have been more restrictive in the EW range
than Cid Fernandes et al. (2011) and established the limit in 6 A
to assure a significant percentage (20%) of young stars contribut-
ing to the emission of the Huregions (given the strong correla-
tion between both parameters, see Sdnchez et al. 2014).

3.2.3. Measurement of the oxygen abundances

The most direct and reliable method developed to measure
abundances from observed spectra requires using temperature-
sensitive line ratios such as [O ] 114959, 5007/[O m] 14363.
This is known as the T.-method (Peimbert & Costero 1969;
Stasifiska 1978; Pagel etal. 1992; Vilchez & Esteban 1996;
Izotov et al. 2006). However, the weakness of some of these
lines (that become even fainter as the metallicity increases) ham-
pers their detection and makes this method only applicable to
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very nearby galaxies for which very high S/N spectra are attain-
able.

For this reason, alternative procedures based on relations
between metallicity and the intensity of strong and more eas-
ily observable lines have been proposed. Thus, two families
of calibrators have been developed and are widely used to-
day: empirical calibrators based on direct estimations of oxygen
abundances (Zaritsky et al. 1994; Pilyugin 2000; Pettini & Pagel
2004; Pérez-Montero & Diaz 2005; Pilyugin & Thuan 2005;
Pilyugin et al. 2010; Marino et al. 2013) and calibrators based
on photoionisation models (McGaugh 1991; Kewley & Dopita
2002; Kobulnicky & Kewley 2004; Dopita et al. 2006, 2016,
2013; Pérez-Montero 2014). It is important to note that T,-
based empirical calibrations provide results that are at least
0.2-0.4 dex lower than strong-line methods based on photoion-
isation models (see Lopez-Sanchez 2010; Lopez-Sanchez et al.
2012, for extended discussion of these issues).

In this work we adopted the empirical calibrator based on the
O3N2 index that was first introduced by Alloin et al. (1979) and
afterwards modified by Pettini & Pagel (2004):

[O m]A5007
HB

The close distance in wavelength between the lines of both ratios
makes this index barely affected by dust attenuation. In addition,
it presents a monotonic dependence on the abundance and uses
emission lines covered by the MUSE wavelength range (other
lines such as [O 1] 43727 are out of its range). For this index,
we used the calibration proposed by Marino et al. (2013, here-
after M13), where 12 +1log(O/H) = 8.533 - 0.214 x O3N2.
This calibration uses T-based abundances of ~600 Hu regions
from the literature together with new measurements from the
CALIFA survey (Sanchez et al. 2012a), providing the most up-
date and accurate calibration to date for this index. The increase
in the number of regions used in this calibration is especially
significant in the high-metallicity regime, where previous cali-
brators based on this index lack of high-quality observations of
Huregions with auroral lines at this high-abundance end (e.g.
Pettini & Pagel 2004; Pérez-Montero & Contini 2009).

We note that the linear regression derived in M 13 between
the O3N2 parameter and the oxygen abundance is valid for the
interval 8.17 < 12+log(O/H) < 8.77. Huregions presenting val-
ues outside this range were therefore not considered in the analy-
sis. The derived abundances have a calibration error of 0.08 dex,
much larger than the typical one associated with the errors in the
measured emission lines that are taken into account via MC sim-
ulations (~0.02 dex, being the errors in the involved emission
lines between 1% and 10% the flux values).

For completeness, and in order to verify the reliability of our
results and their dependence on the adopted method, we have
also made use of two other calibrators. However, the limited
wavelength range in the blue regime covered by MUSE does not
allow us to use more well-known calibrators based on emission
lines that are out of this range (in particular [O ] 43727). There-
fore, we have selected other less common abundance indicators,
like the ones based on the sulphur lines. In particular, we make
use of (i) the calibration described in Dopita et al. (2016, here-
after D16); and (ii) the one proposed in Marino et al. (2013) for
the N2 index (hereafter M13-N2). The D16 calibrator is based
on photoionisation models and makes use of He, [N 1] 16584
and [S 1] A16717,6731 emission lines. This calibrator is almost
linear up to an abundance of 12 + log (O/H) = 9.05 and it is
independent of reddening (it invokes lines located close together

O3N2 = 1og( €))]

Ha
[N1]16584

in wavelength). Finally, the M13-N2 indicator is based in the
N2 index, defined as N2 = log ([N 1]16584/Ha). This calibra-
tor is also independent of reddening and has a monotonic be-
haviour, but presents the disadvantage of saturating in the high-
metallicity regime.

3.3. Radial distribution of the oxygen abundances

To derive the radial distribution of abundances it is necessary
to determine the deprojected galactocentric distances of the
Huregions to remove possible effects of inclination in the anal-
ysis. To do this, we need to obtain the two deprojection angles
of the disc: the position angle (PA) and the inclination angle (7).

These angles were derived by fitting ellipses of variable el-
lipticity and position angle to the outermost isophotes of the
galaxies in a g-band image recovered from the data, by means
of the ellipse IRAF task. For the galaxies that are larger than
the FoV of MUSE or very close to its limit (32) a proper char-
acterisation of the outermost isophotes is highly hampered us-
ing these data and therefore, the Digitized Sky Survey (DSS)
red-band (POSS-II F; Reid et al. 1991) images were used in-
stead. Table A.l lists the values of the position and inclination
angles for all galaxies in our sample. Following Sdnchez et al.
(2014), we have prefered not to correct for the inclination effects
in galaxies with inclinations below 35°, as the uncertainties in
the derived correction exceed the very small effect on the spatial
distribution of the Hmregions.

Finally, the deprojected galactocentric distance for each
Huregion was then normalised to the disc effective radius (r.),
as suggested in Sdnchez et al. (2012b, 2013). This parameter was
determined from the disc scalelength (r4) through the relation
re = 1.67835 rq (Sanchez et al. 2014). To obtain the disc scale-
length we derived the surface brightness profile of the galax-
ies by fitting ellipses to the g-band light distribution recovered
from the data. To do that we used again the el1lipse IRAF task
and fixed the ellipticity and PA values of the successive ellipses
matching those of the outer disc (already derived to deproject
the galaxies). We then fitted these profiles with the classical ex-
ponential decline (Freeman 1970), obtaining the value of the
corresponding disc scalelength. The values of r. are given in
Table A.l.

4. Results and discussion

With the methodology explained in the previous section we have
obtained the radial distribution of the oxygen abundances for the
102 galaxies in our sample. We describe here the main properties
of these abundance profiles and discuss the possible implications
of these results on galaxy evolution.

4.1. The shape of the abundance profiles

The radial distribution of the gas chemical abundances in
spiral galaxies has been extensively studied and, nowadays,
it is widely accepted that it presents a negative gradient
(e.g. Peimbert 1979; Shaver et al. 1983; Vila-Costas & Edmunds
1992; Zaritsky et al. 1994; Kennicutt et al. 2003; Pilyugin et al.
2004, 2014; Bresolin et al. 2009b; Rosales-Ortega et al. 2011;
Marino et al. 2012; Sanchez etal. 2012b, 2014; Sanchez-
Menguiano 2016b; Zinchenko et al. 2016; Belfiore et al. 2017).
However, recently it has been found that some spiral galax-
ies show lower (higher) oxygen abundance values in the
inner (outer) regions than that expected according to the
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observed negative gradients. This results in a nearly flat dis-
tribution or even a drop towards the centre (Belley & Roy
1992; Rosales-Ortega et al. 2011; Sénchez et al. 2012b, 2014;
Séanchez-Menguiano et al. 2016b; Zinchenko et al. 2016), and an
abundance flattening or even an increase in the outermost parts
(Martin & Roy 1995; Vilchez & Esteban 1996; Roy & Walsh
1997; van Zee et al. 1998; Rosales-Ortega et al. 2011; Bresolin
et al. 2012; Marino et al. 2012; Lopez-Sanchez et al. 2015;
Sanchez-Menguiano et al. 2016b; Belfiore et al. 2017).

In this work we applied a purely automatic procedure (with-
out human supervision) to fit the oxygen abundance radial distri-
bution of the galaxies in the sample, detecting the existence of an
inner drop and/or an outer flattening when present. This proce-
dure was designed as follows. The abundance radial distribution
of each galaxy is fitted four times, to cover the four possible
shapes that have been described in the literature: i) single linear
profile, ii) broken linear profile due to the presence of an outer
flattening, iii) broken linear profile caused by an inner drop, and
iv) doubly-broken linear profile with both an inner drop and an
outer flattening. The four mentioned profiles are characterised
by these three mathematical functions:

(1) The single profile used to fit the abundance distribution is a
linear regression:

O/H(r)=a-r+b, 2)

where a is the slope and b is the zero-point of the linear fit.

(2) For the broken profile, the function is constructed by a sum
of two linear regressions to be able to fit the principal nega-
tive gradient and the possible inner drop or outer flattening,
with the radial position of the new feature (h;, with i = 1 for
the inner drop and i = 2 for the outer flattening) as a free
parameter in the fit:

O/H(r)=(ar-r+b)- (1 -W)+(ay-r+by) W, 3
where

/2 + arctan (F_Tﬁ

W; = , 4)
Py

and imposing this condition
ay-hy+by=ay-hy + by, (®)]

to guarantee the continuity of the function, so the oxygen
value derived with each linear component is the same at the
radial distance at which the consecutive components inter-
sect (h;). For each galaxy this fit is performed twice, to cover
the two cases where the broken profile is applicable: negative
gradient with an inner drop and gradient with an outer flat-
tening. To distinguish both fits, we imposed lower and upper
boundaries on A; restricting the position of the start of the in-
ner drop to the first half of the covered radial range and the
onset of the outer flattening to the second half. In addition,
the imposed boundaries avoid that these fits are dominated
by just one Huregion.

(3) For the doubly-broken profile, we introduced another linear
component in the sum to fit the cases where both an inner
drop and an outer flattening may be present in the galaxy,
being the principal negative gradient the component in the
middle of both features:

O/H(r)=(ai-r+by)-(1-Wp)
+(a2-r+b2)-W1-(1—W2)+(a3~r+b3)~W2,
(6)
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with the following restrictions for continuity:

al-h1+b1=a2-h1+b2 (7)
a2-h2+b2=a3~h2+b3. (8)

The W; terms are used in the equations to introduce the change
of domain among the linear components, acting like a switch: for
r < h;, W; =~ 0 and for r > h;, W; ~ 1. For instance, in Eq. (3),
for r < h; we only have contribution of the first term to the fit-
ting function and for r > h; the whole contribution comes from
the second term. For Eq. (6) it is a bit more complicated but
the mechanism is the same: the first term of the equation only
comes into play for r < h; and the third one for » > h,. The in-
termediate term plays a part then between both radial positions
(h;y < r < hy) due to the intersected region where the factors
are both contributing (as W; = 1 forr > hy and 1 — W, =1 for
r < hy). This way of constructing the fitting function allows us to
find automatically not only the slope and zero-point of all the in-
dividual linear components but also the radial position at which
the inner drop and outer flattening start using a single and contin-
uous functional form. The 8 parameter was set to a small number
to make a very steep transition between consecutive linear com-
ponents. In this case, we considered 8 = 1 x 108", although
its actual value does not affect the results as long as it is much
smaller than 1”.

Based on the residuals of the four fittings, we selected auto-
matically which was the most suitable one in each case, in the
way explained below. We should keep in mind that as soon as
we add new components to the fit, the residuals (or scatter) are
going to decrease. Therefore, we checked if this reduction in the
residuals was statistically significant, making use of a MC sim-
ulation. To do that, we generated for each galaxy a “random”
radial distribution of the oxygen abundances within the error
bars of the measured abundance values, repeating this process
for N = 100 iterations. We fitted each of these distributions with
the four functional forms described before, deriving in all cases
the distribution of the residuals of the abundances around the
best fitted function. Then, we fitted each of these “residual” dis-
tributions with a Gaussian function and we determined if the dif-
ference between the mean value derived for the single linear fit
(using Eq. (2)) and the mean value for the new fit was higher than
the standard deviation value. If this is the case, we can consider
that the reduction of the scatter is significant in a statistical way.
Finally, to consider this “improved” fitting valid, we imposed an-
other condition: there has to be a significant change in the slope
between the consecutive linear components of the corresponding
function (Egs. (3) and (6)). In order to check this, we fitted again
a Gaussian function to the distribution of slopes of the different
components, verifying that, similarly to the scatter distribution,
the mean values for the inner drop and/or outer flattening were
outside the interval ranged between the mean value derived for
the principal negative gradient plus or minus the standard devia-
tion.

Figure 5 represents examples of the four different cases that
can be found when performing the radial fit (black solid line)
of the oxygen abundance distribution of the Huregions (trans-
parent black symbols): single abundance negative gradient (first
panel), presence of an inner abundance drop (second panel),
presence of an outer abundance flattening (third panel), and pres-
ence of both an inner drop and outer flattening (fourth panel). In
Appendix D we show the deprojected oxygen abundance radial
distribution of the Huregions for the whole sample of galaxies.
The slope and zero-point values of the principal negative gradi-
ent derived from this fitting, together with the radial distance of



L. Sanchez-Menguiano et al.: Shape of oxygen abundance profiles explored with MUSE

NGC 3318

12 +1log(O/H) [dex]

0.6 1.2 1.8 1.0

NGC 6754 87

1.5

MCG-03-07-040
87 |

NGC 2466

0.8 16 2.4 1 2 3

r/re
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sample. Solid black line represents the Gaussian distribution of the data
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values and sampled with the same bins.

the inner drop and/or outer flattening, when present, are shown
in Table B.1 for all galaxies in the sample.

Applying this procedure with the chosen criteria we can
guarantee that the detection of the inner/outer features is reli-
able. The methodology relies on a sufficient sampling of the
Huregions along the covered galactocentric distances for a
proper statistical determination of the presence of these features.
Otherwise, our procedure seems to stick to the more simple sce-
nario (single slope) and finds better results if those features are
neglected.

In the analysed sample, we find that 55 galaxies exhibit a sin-
gle abundance gradient. A broken profile due to an inner drop is
observed in 21 objects. There are 10 galaxies presenting a broken
profile with an outer flattening. Finally, 16 spiral galaxies display
a doubly-broken profile in the abundance radial distribution. As
we can see, the cases with a clear presence of deviations from the
simple negative gradient are as common as the finding of a single
behaviour in the radial profiles. This fact suggests that the com-
mon view in which the oxygen abundance distribution in spiral
galaxies decreases following a single radial gradient might be
incomplete and deviations from this single behaviour are needed
to be considered for a proper characterisation of the distribution.

In the case of the abundance profiles derived using the
M13-N2 calibrator, we find that: 68 galaxies display a single

abundance gradient, 21 of them present a broken profile due to
an inner drop, 11 spiral galaxies exhibit a broken profile with
an outer flattening, and finally only 2 objects display a doubly-
broken profile. For the D16 calibrator, the number of galaxies
exhibiting a single abundance gradient increases to 72. The bro-
ken profile due the the inner drop is observed in 11, while the
broken profile with an outer flattening is observed in 10 objects.
Finally, 9 spiral galaxies display a doubly-broken profile. De-
spite the number of galaxies where an inner drop and/or outer
flattening decreases when using the other two calibrators, it can
be seen that the presence of deviations from the single behaviour
is still remarkable.

Some of these analysed galaxies (7) present peculiarities that
can affect the abundance distribution and, although they remain
as part of the sample, they were discarded from further analy-
sis: (i) Two galaxies, NGC 232 and NGC 7469, were discarded
for having a very powerful AGN in the centre that can contam-
inate the emission coming from the Huregions (presenting also
jets); (i1) another galaxy, NGC 1516A, was removed for being
in a very advanced stage of merging; (iii) two more galaxies,
UGC 3634 and UGC 6332, were discarded for having a ring-like
structure, which affects the accuracy of the derivation of the gra-
dient; and (iv) finally the last two discarded galaxies, NGC 3447
and NGC 7580, are very distorted due to a recent interaction.
Therefore, from now on we show results based on a sample of
95 galaxies.

4.2. Main abundance gradient distribution

Figure 6 shows the distribution of slopes of the main oxy-
gen abundance gradients (see Sect. 4.1) derived for the galaxy
sample of 95 galaxies. This distribution expands along a wide
range of values between approximately —0.35 and 0.03 dex/r,
presenting a clear peak located at —0.11 dex/r.. The shape
of the distribution suggests the existence of a characteris-
tic gradient more or less similar for all spiral galaxies in
the sample. Although using different abundance calibrators
and/or different scale lengths to normalise the gradients, sev-
eral previous works have found this similarity in the slope
distribution with a Gaussian function, supporting the exis-
tence of the mentioned characteristic gradient (Sanchez et al.
2012b, 2014; Ho et al. 2015; Sdnchez-Menguiano et al. 2016b).
Sanchez-Menguiano et al. (2016b) showed that the slopes of the
oxygen abundance gradients in CALIFA spiral galaxies display
a distribution peaking at —0.07 dex/r. (o = 0.05), in agreement
(within the errors) with the value reported in this work. The dis-
tribution of slopes for the M13-N2 and D16 calibrators can be
found in Fig. C.1. In both cases the distributions present a simi-
lar peak, but located at —0.23 dex/r. for D16 and at —0.06 dex /7.
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for M13-N2, reinforcing the idea of a characteristic gradient (al-
though the actual value of the slope changes depending on the
used calibrator).

Despite the presence of a clear peak in the distribution of
the slopes, the large standard deviation found (oo = 0.07 dex/r.)
indicates a possible dependence of such gradients with some
particular properties of the galaxies. In this section we will anal-
yse the influence of some characteristics such as the density of
the environment, the presence of bars or the type of abundance
profile displayed (according to Sect. 4.1) on the main abundance
gradient.

4.2.1. Influence of the density of the environment

Numerical simulations have predicted the presence of shallower
gradients in interacting galaxies (or galaxies that have under-
gone an interaction in the past) due to gas flows induced by the
interaction (e.g. Barnes & Hernquist 1996; Mihos & Hernquist
1996; Dalcanton 2007; Rupke et al. 2010a; Torrey et al. 2012).
This prediction has been confirmed by observational works (e.g.
Kewley et al. 2010; Rupke et al. 2010b; Miralles-Caballero et al.
2014; Rosa et al. 2014; Sanchez et al. 2014).

We classified our galaxies based on the density of their en-
vironment to study the possible effect on the abundance gradi-
ents. Galaxies were grouped in: isolated (S), part of a group of
at least three galaxies (G), in pair (P), and with evidence of real
interactions (I). This classification was performed attending to
the information found in literature. In Table A.1 we show for
each galaxy in the sample the corresponding classification and
the references used to classify it.

Figure 7 (left panel) displays the distribution of slope values
according to the environment. The black diamonds represent the
mean values within each segregation, with the error bars indi-
cating the standard deviation. The mean and standard deviation
values of the distribution are the following ones:

S: aom =-0.12dex/r. and o =0.07dex/r. (ngg =59)
G: aom =-0.13dex/r. and o =0.08dex/re (nga = 26)
P: aou=-0.14dex/re and o =0.07dex/r. (nga =7)

I: aom =-0.15dex/r. and o =0.0l1dex/r. (ngq = 3).

Although the mean values seem to suggest a trend, the small dif-
ferences in these values and the high standard deviations found
lead us to claim that galaxies present a similar slope indepen-
dently of the environment where they are. Similar results are
found when using the other two calibrators (see Appendix C and
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Fig. C.2 therein). However, we have to note that very distorted
galaxies due to a recent interaction or to a very advanced stage of
merging have been discarded from this analysis since for those
objects the definition of the centroid and the disc effective ra-
dius are dubious. Therefore, this statement does not necessary
contradict previous works claiming the existence of shallower
gradients in interacting galaxies.

4.2.2. Effects of bars

Numerical simulations predict that the non-axisymmetrical po-
tential of bars induce radial motions that can homogenise
the gas producing shallower gradients (Friedlietal. 1994;
Friedli & Benz 1995; Cavichia et al. 2014). On the other hand,
observations diverge in their conclusions. Some works have
found evidence of flatter gradients in barred galaxies with
respect to unbarred systems (Vila-Costas & Edmunds 1992;
Martin & Roy 1994; Zaritsky et al. 1994; Dutil & Roy 1999).
However, recent studies based on larger statistical samples have
not found evidence of such correlation between the slope of the
abundance gradient and the presence of a bar (Sanchez et al.
2014; Sédnchez-Menguiano et al. 2016b).

In order to test these results, we define three different groups
according to the presence or absence of bars: galaxies with
no bar (A), galaxies that may have a bar but it is not clearly
visible (AB), and clearly barred galaxies (B). This informa-
tion was collected from the extragalactic database HyperLeda
(Makarov et al. 2014). The galaxies for which such information
is not published (16) were not considered in this comparison, but
were not excluded from the rest of the analysis.

Figure 7 (middle panel) shows the distribution of slopes ac-
cording to the presence of bars. The black diamonds represent
the mean values within each group, with the errorbars indicating
the standard deviation. These values are:

A:  aogmu=-0.13dex/r. and o = 0.07dex/r. (nga = 46)
AB: aop = —0.11dex/r. and o =0.09dex/r. (ngy = 14)
B: aom=-0.14dex/r. and o =0.09dex/r. (nga = 19).

We can see that unbarred (green) and barred galaxies (blue
and red) present a similar distribution of slopes with very
similar mean values. This suggests a lack of correlation
between the abundance slope and the barred/unbarred na-
ture of galaxies, in agreement with Sdnchez et al. (2014) and
Séanchez-Menguiano et al. (2016b). This lack of correlation also
appears when using the other two calibrators (see Appendix C
and Fig. C.2 therein).
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4.2.3. Dependence on the shape of the abundance profile

The existence of different types of abundance profiles in the
galaxy sample is associated with the presence of deviations from
the most commonly reported behaviour in the abundance radial
distribution. An interesting point to investigate would be the ef-
fect of the presence of these deviations in the main abundance
gradient. To this end, we show in the right panel of Fig. 7 the
dependence of the slope in the negative gradient with the shape
of the abundance profile: a single gradient (green), a broken lin-
ear profile due to the inner drop (blue) and to the outer flattening
(red), and a doubly-broken linear profile due to the presence of
both features (yellow). For this analysis we have discarded 10
galaxies not presenting signs of the presence of the outer flat-
tening but for which the MUSE FoV does not cover the full disc
extent, and therefore may display this feature and we are not able
to detect it.

The slope distributions represented in the right panel of
Fig. 7 show a trend in the slope with the shape of the abundance
profile, with the single profiles presenting the shallowest gradi-
ents and the doubly-broken profiles the steepest ones. The mean
and standard deviation values (in units of dex/r.) of the distribu-
tions are:

@om = =0.10 and & = 0.07 (ngy = 42)
aom = —0.14 and o = 0.07 (ngy = 19)
aom = —0.16 and o = 0.06 (ng = 10)
@om =—-0.17 and & = 0.06 (ng = 16).

Single :

Broken (inner) :
Broken (outer) :
Doubly — broken :

These results indicate that the presence of the inner drop and the
outer flattening does have an effect on the negative abundance
gradient displayed by spiral galaxies. This general trend is also
observed in the cases where the M13-N2 and D16 calibrators
are used (see Fig. C.2). For the M13-N2 (D16) indicator, we find
a total difference of —0.04 (-0.09) dex/r. between the galaxies
presenting a single abundance gradient and the ones displaying
a doubly-broken profile (see Appendix C).

In previous works analysing galaxies from the CALIFA
survey (Sédnchez et al. 2014; Sdnchez-Menguiano et al. 2016b)
we already found slightly steeper gradients in galaxies with
evidence of an inner drop. The fact that the presence of this
feature had an impact on the overall distribution of abun-
dances at larger radii led us to propose the existence of gas
radial motions (Lacey & Fall 1985; Portinari & Chiosi 2000;
Schonrich & Binney 2009; Spitoni et al. 2013) as the cause
of this feature. These radial movements would be towards
the knee point in the abundance distribution (drop), outwards
in the inner regions and inwards in the outer parts. In this
work, using a different sample of galaxies and a different
dataset, we confirm these results and find a similar situa-
tion regarding the presence of the outer flattening. Different
mechanisms have been suggested to explain the origin of the
outer flattening in the gas abundances, being radial motions
of both gas and stars one of them (e.g. Goetz & Koeppen
1992; Ferguson & Clarke 2001; Sellwood & Binney 2002;
Minchev & Famaey 2010; Bilitewski & Schonrich  2012;
Roskar et al. 2012; Daniel & Wyse 2015). On the other hand,
alternative mechanisms such as minor mergers and satellite ac-
cretion (Quillen et al. 2009; Qu et al. 2011; Bird et al. 2012), a
radial dependence of the star formation efficiency at large galac-
tocentric distances (Bresolin et al. 2012; Esteban et al. 2013) or
a balance between outflows and inflows with the intergalactic
medium (Oppenheimer & Davé 2008; Oppenheimer et al. 2010;
Davé et al. 2011, 2012) have also been proposed. All these
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Fig. 8. Distribution of radial positions (in units of r.) of the inner drop
(D, squares) and outer flattening (F, dots) found in some galaxies of
the sample. The black diamonds represent the mean values of the po-
sition at which these features appear, with the error bars indicating the
standard deviations. Dashed and dashed-dotted lines represent the nor-
malised density distributions of the location of the inner drop and outer
flattening, respectively.

mechanisms are not mutually exclusive and to date we have
not been able to distinguish between them. However, although
we do not discard the other mechanisms to also be involved,
the results found in this work suggest that radial motions play
a fundamental role shaping the abundance profiles of spiral
galaxies by producing an abundance drop in the inner regions
and/or an abundance flattening in the outermost parts. A deeper
study on the connection of these features with radial motions,
also from the dynamical and theoretical point of view, might
help to further constrain this scenario.

4.3. Location of the inner drop and the outer flattening

As stated previously, the presence on an inner drop and an outer
flattening in the radial abundance profiles of some spiral galaxies
was already found in several works. However, the few of them
that analysed these features in a statistical way using a large sam-
ple of galaxies (Sdnchez et al. 2014; Sanchez-Menguiano et al.
2016b) always assumed that their location was the same for all
the galaxies where they were observed. This assumption was
based on a visual inspection of the sample, and afterwards con-
firmed by the stacking of the abundance profiles of the individual
galaxies.

To date, no previous studies have carried out a detailed anal-
ysis of these features, determining the actual location of the in-
ner drop and the outer flattening for a large sample of galaxies.
Therefore, here we have developed a methodology to fit the ra-
dial abundance profiles in an automatic way that allows us to
derive the location of these features. Hereafter, we will define
hp as the galactocentric distance at which the inner drop appears
(h; in Egs. from (3) to (8)) and hf as the distance at which the
radial gradients flatten (%, in Egs. from (3) to (8)).

In Fig. 8 we represent the distribution of values derived for
hp (dashed line) for the 37 galaxies where the inner abundance
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drop is detected and the distribution of values of hp for the
26 galaxies displaying the outer abundance flattening (dashed-
dotted line). These density (normalised to one) distributions
were derived considering each radial position as a Gaussian dis-
tribution centred at such point with a sigma given by the max-
imum distance between nearest-neighbours, and summing all
these individual Gaussians. In this way we reproduce a smooth
distribution that is more peaky in the clustered points. As it can
be seen in the figure, the distribution of the radial positions of
the inner drop is quite narrow and has a pronounced peak cen-
tred at ~0.5 r. (the mean value of the radial positions is 0.54 r,
and the standard deviation 0.20), suggesting that the position of
the inner drop is very similar in all galaxies where this feature is
present. However, the distribution for the outer flattening is much
wider, with the flattening occurring between 0.3 and 2.8 r., and
overlapping the distribution of the inner drop. Although the dis-
tribution shows a peak at ~1.5r. (the mean value of the radial
positions is 1.47 r. and the standard deviation 0.60), the large
range of radii covered by it prevents us to confirm a characteris-
tic location of the outer flattening in the abundances.

The use of the other two calibrators reduces the number of
galaxies where the inner abundance drop is detected to 23 for
M13-N2 and to 20 for D16. The number of galaxies displaying
the outer abundance flattening is also reduced to 13 galaxies in
the case of the M13-N2 calibrator and to 19 in the case of D16.
However, the distribution of the radial positions of both features
is very similar to the one obtained with O3N2 (see Fig. C.3),
with very slight differences in the average positions (inner drop
at ~0.8 r. for M13-N2 and at ~0.6 . for D16; outer flattening at
~1.5r. and at ~1.6 r., respectively).

These results are in agreement with previous works assum-
ing a similar location of the inner drop (0.5 r.) for all galax-
ies displaying this feature in the radial abundance distribution
(Sanchez et al. 2014; Sanchez-Menguiano et al. 2016a). How-
ever, our results seem to contradict the claim that this was
also the case for the outer flattening (located approximately at
~2.0r.). These works were all based on visual inspections of the
general shape of the gradient (see Sect. 4.4 below), placing the
location of the outer flattening at the position in which the gradi-
ent clearly deviates from its linear behaviour (that would happen
approximately between 2—2.25 r. according to Fig. 9). Indeed,
this location has fluctuated between different estimations, be-
ing placed at 2.2 r, by Sdnchez et al. (2012b) and around 2 by
Séanchez et al. (2014). However, the detailed analysis carried out
in this work indicates that the knee point is nearer to ~1.5re,
with a large dispersion of values among galaxies. Thus, our re-
sults do not imply a contradiction, but reflects the need of a more
detailed analysis like the one presented here.

4.4. A common oxygen abundance gradient

The existence of a characteristic slope in the oxygen abun-
dance distribution of spiral galaxies was stated in Sanchez et al.
(2012b, 2014) and later confirmed in Sdnchez-Menguiano et al.
(2016b). In this work, following a similar recipe, we derived the
radial distribution of the oxygen abundances for the 95 galaxies
in the sample and stacked all of them as a single distribution.
To do that we rescaled the distributions, as the M — Z rela-
tion (Tremonti et al. 2004) produces an offset of the abundance
profile according to the integrated stellar mass of the galaxy.
To this end, we applied an offset to the distribution of each
galaxy by normalising the abundance at the disc effective radius
to the average value for the whole sample (~8.5 dex). The fi-
nal outcome of this analysis is shown in Fig. 9. The abundance
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Fig. 9. Radial density distribution of the oxygen abundance after nor-
malising the abundances of each galaxy so that the abundance at 1r,
is equal to the average value for the whole sample at such radius. The
white dots represent the mean oxygen abundance values, with the er-
ror bars indicating the corresponding standard deviations, for bins of
0.3 r.. The solid red line represents the error-weighted linear fit derived
for those mean values within the range between 0.5 and 1.5 r., and
the dashed white line represents the linear relation corresponding to the
characteristic value of the slope derived in Sect. 4.2 for the individual
galaxies assuming a Gaussian distribution.

distribution is represented as a colour-coded density map (nor-
malised to one) and shows clearly a common abundance gra-
dient presented by all galaxies in the sample. The white dots
represent the mean oxygen abundance values, with the error
bars indicating the corresponding standard deviations, for bins
of 0.3 r.. An error-weighted linear regression (solid red line)
to the mean values within the range between 0.5 and 1.5 7,
(trying to avoid the regions dominated by the presence of the
inner abundance drop and outer flattening) derives a slope of
ao/u = —0.10 £ 0.03 dex/r.. This is compatible with the char-
acteristic slope of ao/y = —0.11 (o = 0.07) dex/r. derived in
Sect. 4.2 for the individual galaxies assuming a Gaussian distri-
bution (dashed-white line).

As with M13-N2 and D16, the common abundance gradient
is clearly visible when representing the radial abundance distri-
bution of the whole sample (with a slope of ao/u = —0.04 and
—0.20 dex/r. for M13-N2 and D16, respectively). However, the
presence of the inner drop and the outer flattening is not so evi-
dent. This is somehow expected due to the wide range of values
found for 4p and Ay that may blur their signatures when all gra-
dients are stacked together.

4.5. The characteristic slope as a normalisation scale

Recently, Zinchenko et al. (2016) showed the validity of the
use of gas abundance maps to determine the geometrical pa-
rameters of galaxies (coordinates of the centre, inclination and
position angle of the major axis). Generally, these parame-
ters are derived from the photometric analysis of a galaxy, as-
suming that the surface brightness of the galaxy is axisym-
metric. However, if we consider that the metallicity of the
disc is also a function of the galactocentric distances (i.e. the
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Fig. 10. Radius at which the abundance distribution decays 0.10 dex
(given by the decrease in the abundance in one disc effective radius
attending to the common abundance gradient, see Fig. 9) vs. the disc
effective radius (in logarithmic scale).

possible azimuthal asymmetries, in case of existing, are small,
e.g. Sanchez-Menguiano et al. 2017), then we can expect that
the abundance map can also be used for the determination of
geometrical parameters.

The results presented in Zinchenko etal. (2016) could
be a consequence of the oxygen abundance distribution fol-
lowing the surface mass density and therefore the surface
brightness of a galaxy, as a result of the local £ —
Z relation (Rosales-Ortega et al. 2012; Séanchez et al. 2013;
Barrera-Ballesteros et al. 2016). Due to this connection between
both properties, we could define a new scale length based on the
abundance maps to normalise the abundance profiles instead of
using the disc effective radius. In the previous section we con-
firmed the presence of a characteristic slope of —0.10dex/r, in
the abundance distribution. Therefore, we define here a parame-
ter named “the abundance scale length” (ro;u) as the radial po-
sition at which the abundance distribution of a galaxy decays
0.10dex. If we represent ro/y as a function of r., we would ex-
pect the distribution of values falling near the 1:1 relation, indi-
cating that the surface brightness and the gas metallicity follow
the same distribution. The outcome of this statement is shown in
Fig. 10, obtaining a tight correlation between both parameters.
The values of ro/y for all galaxies in the sample are shown in
Table B.1.

We normalise now the radial abundance distributions of the
galaxy sample using ro,y instead of r, as previously done, and
repeat part of the analysis. The new distributions of radial posi-
tions of the inner drop and the outer flattening is shown in Fig. 11
(specific values are listed in Table B.1. It can be seen that now
the distributions have got significantly narrower, especially in the
case of the outer flattening (with the exception of three outliers).
The mean values of the radial position of both features are very
similar to the derived ones normalising to r. (hp = 0.45 ro/q and
hr = 1.44 ro/u). However, the standard deviations around the
mean values have been reduced more than a half of the previous
value (from 0.20 to 0.13 for the inner drop and from 0.60 to 0.20
for the outer flattening, not considering the three outliers). This
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Fig. 11. Same as Fig. 8 but normalising the abundance distribution to
ro/u. See caption above for more details.

is also the case when using the M13-N2 and the D16 calibrators
(see Fig. C.4), although the reduction of the standard deviation
values is smaller than for the M13-O3N2 calibrator (from 0.22 to
0.17 and from 0.22 to 0.16 for the inner drop, from 0.53 to 0.22
and from 0.55 to 0.35 for the outer flattening, using the M13-N2
and the D16 calibrators, respectively).

Finally, we reproduce Fig. 9 stacking all the individual
abundance distributions of the galaxy sample but using now
the new normalisation scale, ro/y. The result is shown in the
left panel of Fig. 12 (similar figures for the M13-N2 and the
D16 calibrators are shown in Fig. C.5). By construction, the
global abundance distribution presents a characteristic slope of
—0.10dex/ro/u (—0.20 dex/ro/u in the case of the M13-N2 cal-
ibrator and —0.04 dex/ro;u for D16). In addition, it is evident
now the presence of the inner drop and the outer flattening in
the abundances, features that were blurred when normalising the
abundance distribution to r.. This is because now these features
happen at a similar radial position for the whole sample, so re-
gions presenting different behaviours have not been mixed when
stacking the distribution of all the galaxies.

The right panel of Fig. 12 shows the average oxygen abun-
dance radial profiles when separating the sample into different
bins according to the integrated stellar mass of the galaxies (sim-
ilar figures for the M13-N2 and D16 calibrators are shown in
Appendix C). It can be seen that the presence of the abundance
drop in the inner regions of the galaxy discs and the flattening
in the outer regions is also easily observable (although for D16
the presence of the inner drop is less evident). We calculated
the stellar masses using the mass-luminosity ratio presented in
Bell & de Jong (2001). We derived the g and r apparent magni-
tudes from the flux density in the g- and r-band images recovered
from the data and we used the equations presented in Jester et al.
(2005) to transform SDSS magnitudes to the Johnson system.
Then we transformed these quantities to luminosities knowing
the galaxy distance. Finally, from the V-band luminosity and
the B — V colour we obtained the stellar masses using the men-
tioned mass-luminosity ratio. The luminosity and colour values
were corrected by dust attenuation. The integrated values were
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Fig. 12. Left: same as Fig. 9 but normalising the abundance distribution to ro,i. See caption above for more details. Right: mean oxygen abundance
radial profiles derived for galaxies belonging to three different stellar mass bins: log(M/M) < 10.69, blue diamonds; 10.69 < log(M/M) < 11.05,
red squares; log(M/My) > 11.05, purple triangles. The limits of the bins were chosen to ensure a similar number of elements in each bin. The
symbols represent the mean oxygen abundance values, with the error bars indicating the corresponding standard deviations, for bins of 0.25 ro/y.
Dashed vertical lines indicate the average position of the inner drop and the flattening in the outer parts.

determined from the values derived at one disc effective radius
since some galaxies are not fully covered by the FoV of MUSE.
We performed a sanity check to test the robustness of the de-
rived stellar masses (with integrated values determined from the
values at one disc effective radius) by comparing them with the
values derived using directly the integrated values in the cases
where the extension of the galaxies was completely covered by
the FoV of MUSE. The correlation was very good, with a stan-
dard deviation of just 0.12 dex, similar to the typical systematic
errors on the mass derivation.

The limits of the mass bins were chosen to ensure a sim-
ilar number of elements in each bin: log(M/My) < 10.69
(blue diamonds), 10.69 < log(M/My) < 11.05 (red squares),
log(M/Mg) > 11.05 (purple triangles). In Sdnchez-Menguiano
et al. 2016b we found a dependence of the presence of the inner
drop with the integrated stellar mass of the galaxies, with the
most massive galaxies presenting the deepest abundance drops.
The flattening on the opposite appeared independently of the
galaxy mass. Similar trends are obtained in this work, confirm-
ing the result reported in Sdnchez-Menguiano et al. (2016b). To
explore this result, we represent in Fig. 13 the distribution of the
integrated stellar mass for the galaxies with (blue histograms)
and without (red histograms) presence of the abundance drop
in the inner regions (top panel) and the outer flattening (bottom
panel). Again, in the analysis of the outer flattening we have dis-
carded the 10 galaxies for which we do not detect an outer flat-
tening maybe due to an incomplete coverage of the disc extent
by the MUSE FoV. It can be seen that galaxies presenting an
inner drop are more massive than the galaxies without evidence
of this feature. The mean stellar mass for the former ones (blue
vertical line) is 10.98 + 0.07 (log(M/My)), whereas in the latter
the mean value (red vertical line) is 10.77 = 0.05 (log(M/My)).
Regarding the outer flattening, the distributions for the galaxies
with and without presence of this feature cover the same range
of masses, with similar mean values (10.92 + 0.06 for galax-
ies with outer flattening and 10.82 + 0.06 for galaxies with no
presence of this flattening). A KS-test yields a p-value value of
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1% when comparing the distributions with and without an in-
ner abundance drop, while we obtain a p-value of 40% when
analysing the distributions with respect to the presence of the
outer flattening. Therefore, this test also confirms the results re-
ported in Sdnchez-Menguiano et al. (2016b), that is, there is a
dependence of the presence of the inner drop with the galaxy
mass, and an absence of such relation in the case of the outer
flattening.

4.6. Dispersion of the gradient and mixing scalelength

Only a small number of studies focussed on individual galax-
ies have analysed the scatter relative to the radial abundance
gradients, searching for evidences of azimuthal variations in
the metallicity. Analysis on NGC 300 (Bresolin et al. 2009a)
or M 33 (Bresolin 2011) reveal small scatter values consis-
tent with the uncertainties in the abundance measurements.
On the other hand, recent observational studies on NGC 6754
(Sanchez et al. 2015) and M 101 (Croxall et al. 2016), although
based on very different approaches to derive the oxygen abun-
dance of the gas component, have both found a substantial dis-
persion that can be taken as an evidence of the presence of az-
imuthal variations. The results on NGC 6754 were later con-
firmed by Sanchez-Menguiano et al. (2016a) by analysing the
azimuthal abundance distribution of the galaxy. However, re-
garding M 101, a previous study performed by Li et al. (2013)
only observed marginal local metallicity inhomogeneities that
the authors suggested may be linked to tidal features reported at
that time (Mihos et al. 2012).

Due to the large number of Hnregions needed to perform a
proper analysis of the dispersion of the abundance gradients, an
extended study on this topic has not been feasible to date, being
limited only to individual galaxies. The number of galaxies in
our sample in which a large number of Huregions is detected
due to the high resolution of MUSE data makes this analysis
perfectly achievable in this work. Studying the possible relation
between the dispersion and other parameters of the galaxies such
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Fig. 13. Distribution of the integrated stellar mass of the galaxy sam-
ple for galaxies with (blue) and without (red) presence of an abundance
drop in the inner regions of the galaxy discs (top panel) and an abun-
dance flattening in the outer regions (bottom panel). Vertical lines rep-
resent the mean values for each distribution.

as the presence of a bar, the morphological type or the stellar
mass can help us to constrain the possible factors that can pro-
duce a significant scatter in the abundance gradients.

With this purpose we measured the scatter relative to the
radial abundance gradient of each galaxy of the sample as
the standard deviation of the differences between the observed
abundances and the corresponding values from the linear re-
gression according to their deprojected galactocentric distances.
We only derived the scatter in the radial range covered by the
linear behaviour (see Sect. 4.1 for more details about this lin-
ear regime). Figure 14 represents the distribution of scatter val-
ues according to different characteristics of the galaxies: pres-
ence of bars (A, clearly unbarred galaxies; B, clearly barred;
AB, intermediate stage; top left), environment of the galaxy (S,
isolated; G, in group; P, paired, I, in interaction; top middle),
numerical morphological type according to the de Vaucouleurs
system from HyperLeda (T, top right), specific star formation
rate (bottom left), integrated stellar mass (bottom middle), and
stellar mass density at one disc effective radius (bottom right).

The values of these parameters for all galaxies in the sample are
given in Table A.1, except the scatter values that are provided in
Table B.1. The star formation rate (SFR) was derived for each
galaxy adopting the classical relation presented in Kennicutt
(1998) based on the dust-corrected Ha luminosities. These lu-
minosities were obtained deriving the apparent magnitudes from
the flux density in an He image recovered from the data and then
transforming these quantities to luminosities knowing the galaxy
distance. The specific star formation rate (sSFR) for each galaxy
was then obtained dividing the SFR by the mass (see Sect. 4.5
for details on the derivation of the galaxy mass). The relations
between the scatter and the different properties represented in
Fig. 14 show no significant dependence of the scatter with any
of the analysed parameters. Indeed, the measured values are in
general lower than the error of the calibrator used to derive the
oxygen abundances (~0.08 dex), and therefore, we cannot con-
clude that the detected scatter has a physical origin.

Due to the reduction of the physical spatial resolution when
we move to high redshift, we observe that the scatter increases
with the number of the detected Huregions in a galaxy (as the
number of these regions decreases with the redshift). In order
to avoid this non-physical bias we have discarded those galaxies
with z > 0.02 and less than 30 H nregions detected. Reproducing
the analysis with the remaining 52 galaxies, we obtain similar
results, that is, there is no dependence of the scatter relative to
the radial abundance gradient with any of the analysed properties
of the galaxies.

The dispersion around the radial abundance gradient of a
galaxy can be considered an upper limit to the maximum ra-
dial mixing scale, as any radial mixing increases the scatter by
moving regions of a certain abundance from one galactocentric
distance to another (e.g. Scalo & Elmegreen 2004). If we divide
the scatter by the slope of the gradient we obtain a measurement
of how far a certain Huregion has been able to move from its
expected location based on the displayed abundance gradient,
that is, the mixing scalelength (ryx, Sdnchez et al. 2015). The
derived values for our sample typically range between 0.1 and
0.8 re, with a median value of 0.4 r,, very similar to the mixing
scalelength of 0.43 r, derived for NGC 6754 by Séanchez et al.
(2015). As in the case of the scatter, we find no significance
dependence of the mixing scalelength with any of the analysed
properties of the galaxies.

5. Conclusions

The existence of a radial decrease in the gas chemical abun-
dances of spiral galaxies was well established decades ago
(Searle 1971; Comte 1975; Smith 1975), supporting the inside-
out scenario for disc evolution. However, in recent years
there have been a large number of works showing obser-
vational evidence of the existence of some deviations from
this pure negative gradient. This way, the presence of a de-
crease of the abundance in the inner regions and a flattening
in the outer parts of some spiral galaxies is nowadays widely
known (e.g. Belley & Roy 1992; Vilchez & Esteban 1996;
Bresolin et al. 2009b; Rosales-Ortega et al. 2011; Sanchez et al.
2014; Sanchez-Menguiano et al. 2016b). Despite this, we still
lack of a good characterisation of these features and, there-
fore, of the radial abundance distribution itself. The advent of
MUSE, an instrument combining a large FoV with high spatial
resolution, can help us to better characterise the radial abundance
distribution of spiral galaxies, allowing us to increase the num-
ber of Hmregions detected in individual galaxies with respect to
previous studies. The high spatial resolution also helps to reduce
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Fig. 14. Distribution of the scatter relative to the radial abundance gradients as a function of: presence of bars (A, clearly unbarred galaxies;

B, clearly barred; AB, intermediate stage; fop left), environment of the

galaxy (S, isolated; G, in group; P, paired, I, in interaction; top middle),

numerical morphological type according to the de Vaucouleurs system (T, fop right), specific star formation rate (bottom left), integrated stellar

mass (bottom middle), and stellar mass density at one disc effective radiu

s (bottom right). The black squares represent the mean values within each

segregation, with the errorbars indicating the standard deviation. See text for details of the derivation of these parameters.

the contamination of the diffuse emission in the detected regions
and the dilution effects. All these advantages result in a better
mapping of the radial distribution, including the inner and outer-
most parts where deviations from the linear behaviour appear.

In this work we characterised the oxygen abundance radial
profile (normalising it to the disc effective radius) of a large
sample of 102 spiral galaxies using MUSE data, allowing us
to obtain statistically significant results. We developed a new
methodology to automatically fit the radial profiles, detecting
the presence of possible deviations in the radial distribution with
respect to the linear behaviour in the inner and outer parts of
the discs (i.e. the inner drop and the outer flattening). We found
55 galaxies presenting a single abundance gradient, 37 galax-
ies exhibiting signs of an inner drop in the abundances, and
26 galaxies showing a flattening in the outermost part of the
discs (a galaxy can present both features simultaneously). These
numbers reflect that the existence of these features in the radial
abundance distribution is very common, leaving behind the sce-
nario where the oxygen abundance distribution of spiral galaxies
was well described only by a radial negative gradient.

We derived the distribution of slopes for the abundance gra-
dient in a sub-sample of 95 galaxies (after discarding 7 galax-
ies that present some peculiarities that could affect the shape of
the radial abundance distribution). We find a clear peak in the
distribution suggesting the existence of a characteristic gradient
in spiral galaxies (first revealed by Sdnchez et al. 2014). If we
represent the radial abundance distribution of the whole sam-
ple together (applying a different offset to each of the individual
gradients to take into account the effects of the M — Z rela-
tion), this characteristic gradient is clearly evident, with a slope
of o/u = —0.10 £ 0.03 dex/re.
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The large dispersion found in the distribution of slopes
could indicate a possible dependence of the gradient with some
particular property of the galaxies. Analysing the effects of the
density of the environment and the presence of bars, no signifi-
cant differences have been found in the slope. However, we find
steepest gradients when the presence of an inner drop or an outer
flattening is detected, suggesting that radial motions might be
playing an important role shaping the abundance profiles and
causing these features. Although future studies are needed to
understand these motions and their origin, we are setting im-
portant observational constraints for theoretical works on radial
migration.

The methodology developed in this work allowed us to study
the radial position of the inner drop and the outer flattening. To
our knowledge, no previous works have carried out this type
of analysis. We find that the inner drop appears at a very sim-
ilar galactocentric distance for all the galaxies (approximately
0.5 r.), while the distribution of the radial positions of the outer
flattening covers a wide range of galactocentric distances (with
an average position of 1.5r.). In these regards, we find that the
radial distance at which the abundance distribution of a galaxy
decays the quantity given by the characteristic abundance gradi-
ent (0.10 dex/r.) correlate very well with the disc effective ra-
dius. Using this new normalisation scale (the abundance scale
length, ro/m), the distributions of radial positions of the inner
drop and outer flattening get significantly narrower, especially in
the case of the outer flattening, showing a similar radial position
of these features for all the galaxies (0.5 ro/u for the inner drop
and 1.5 ro/y for the outer flattening). Finally, in agreement with
Séanchez-Menguiano et al. (2016b), we find a dependence of the
presence and depth of the inner drop with the integrated stellar
mass of the galaxies (with the most massive systems presenting
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the deepest abundance drop) and an absence of such dependence
in the case of the outer flattening.

The high resolution of MUSE data allows for the detection of
a large number of Huregions in individual galaxies, providing
an accurate derivation of the dispersion around the abundance
gradient (as a measurement of the degree of inhomogeneity in
the abundance distribution). Thanks to the number of galaxies in
our sample, we can perform, for the first time, an extended study
analysing possible dependences of the dispersion of the abun-
dance gradient with other properties of the galaxies, such as the
integrated stellar mass, the sSFR or the presence of bars. This
type of analysis can help us to constraint the origin of the scatter
of the abundance gradients. We find no significant dependence of
the dispersion with any of the analysed parameters (presence of
bars, density of the environment, morphological type, sSFR and
stellar mass). Indeed, the derived values are compatible with the
uncertainties associated with the derivation of the abundances.
This result indicates that statistically, galaxies present a high de-
gree of homogeneity in the abundance distribution, and the pos-
sible existing azimuthal variations do not affect significantly the
general abundance gradient.

In order to test the robustness of our results, we have re-
produced the analysis using two other calibrators: the one de-
scribed in Dopita et al. (2016; D16) based on the use of Ha,
[N 1] and [Su] emission lines; and the calibration proposed in
Marino et al. (2013) for the N2 index (M13-N2). In general, we
obtained a very good agreement between the results based on the
three calibrators. The abundance distribution in all cases presents
a characteristic slope very similar for all spiral galaxies, although
the actual value changes (—0.20 dex/r. for D16 and —0.04 dex /7,
for M13-N2). In addition, the stacking of the abundance dis-
tribution when normalising to the abundance scalelength ro/n
presents the same shape for all calibrators, deriving very similar
values for the position of the inner drop and the outer flattening.
The most significant difference lies on the number of inner drops
and outer flattenings detected in the abundance distribution, that
is reduced when using D16 and M13-N2. At this point we should
bear in mind that D16 and M13-N2 are indirect calibrators not
using any oxygen emission line. The main calibrator used in this
work (O3N2) is the only one using such information available
for the MUSE wavelength range. For this reason we find our re-
sults more reliable than those found using the other calibrators.
Howeyver, the overall distributions are rather similar in the three
cases, strengthening our conclusions.

The results presented in this paper show the potential of high
resolution data in statistically significant samples to characterise
the abundance distribution of spiral galaxies, proving more ac-
curate constraints to chemical evolution models to explain the
observed behaviour in our attempt to understand how discs form.
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Appendix A: Sample characterisation (I). General properties

In this section we present a table with the main properties of the galaxies analysed in this work. From left to right the columns
correspond to

(a) the galaxy name;

(b)—(c) right ascension (in hours) and declination (in degrees) referred to J2000;
(d) morphological type from HyperLeda;

(e) redshift;

(f) disc effective radius (7, in kpc), derived from the surface brightness profile of the galaxies by fitting ellipses to the g-band
light distribution (see Sect. 3.3 for details);

(g)—(h) position and inclination angles of the galaxy discs (in degrees), derived by fitting ellipses to the g-band image (details
are given in Sect. 3.3);

(i) absolute r-band magnitudes in the AB magnitude system derived from the flux density in a r-band image recovered from the
data;

(j) g — r colours;

(k)—(1) integrated stellar mass (in log M) and mass density (in log M /pc?), calculated using the mass-luminosity ratio presented
in Bell & de Jong (2001), see Sect. 4.5 for more information;

(m) specific star formation rate (in yr~!), derived by adopting the classical relation presented in Kennicutt (1998) based on
dust-corrected Ha luminosities (more details are given in Sect. 4.6);

(n) classification according to the density of the environment (isolated, S; part of a group of at least three galaxies, G; in pair, P;
and with evidence of real interactions, I) based on information found in the literature (references are given in the notes below).

Table A.1. Fundamental properties of the galaxy sample.

Name RA  Dec Morph z re PA i M, g-r logMass logo Mass sSFR Density of
(hl  [°1  type [kpcl [°] [°] [mag] [mag] [Mo]  [Me/pc®] [yr~'] environment

(@) () © @ e ® @ h ® () (9] ® (m) (m)
2MASXJ00351050+2315184 00.59 +23.26 Sc 0.037 17.2 81 63 -21.5 -0.44 109 1.7 -10.9 S
2MASXJ01460987-6727579 01.77 —67.47 SABab 0.087 10.8 5 41 -22.0 0.47 11.3 22 -10.8 S
2MASXJ01504127-1431032 01.84 -14.52 — 0.034 6.2 -72 57 -21.0 052 10.8 2.4 -10.3 S
2MASXJ06380745-7543288 06.64 -75.72 — 0.040 63 65 35 -214 051 11.0 2.4 -104 S
2MASXJ07353554-6246099 07.59 —62.77 Scd  0.011 1.3 -60 39 -18.8 0.70 9.8 2.6 -10.3 S
2MASXJ09092454-0443026 09.16 —04.72 SBa  0.046 4.8 -89 24 -21.1 0.26  10.6 22 -10.3 S
2MASXJ09151727-2536001 09.25 -25.60 SBa  0.053 5.8 -85 51 -21.2 046 109 2.5 -10.1 S
2MASXJ10064866-0741124 10.11 —07.69 Sbc  0.055 14.0 -21 59 -22.1 042 11.1 2.0 -10.6 S
2MASXJ23451480-2947009 23.75 -29.78 — 0.034 5.0 -59 61 -20.2 043 10.6 24 -10.1 S
APMUKS(BJ)B033105.19-262232.9 03.55 -26.21 — 0040 46 9 39 -196 036 103 2.0 -10.3 S
CGCG023-005 15.96 +01.11 - 0.033 56 15 52 -21.2 032 109 2.5 -10.2 S
CGCG044-035 13.23 +06.96 SBbc 0.024 6.0 -32 68 -20.1 0.37 10.5 2.3 -10.4 GGm
CGCG048-051 14.89 +02.97 Sm 0.028 57 0 50 -209 046 1038 23 -10.7 S
CGCG063-098 09.90 +09.19 Sbc  0.030 3.5 84 28 -21.2 0.60 10.8 2.7 -11.2 S
ESO075-G049 22.03 -70.04 — 0.038 5.0 80 38 -21.8 044 11.1 2.7 -10.3 S
ESO184-G082 19.58 —=52.84 SBd  0.009 2.0 -35 30 -18.6 0.21 9.8 22 -10.1 S
ES0235-G37 21.03 —48.27 Sbc  0.019 6.5 -29 62 -20.3 048  10.5 2.1 -10.7 S
ES0287-G040 21.62 —47.04 SBbc 0.031 13.6 -38 42 -21.1 0.54 109 1.7 -104 I Glw
ES0298-G28 02.33 —-37.82 Sc 0.017 12.6 21 59 -219 045 112 2.1 -10.8 S
ES0462-G009 20.36 —31.29 Sb 0.019 5.0 -70 40 -20.9 0.51 10.7 23 -104 S

Notes. Details are given in the main text above. (V' Galaxy discarded from the analysis of the abundance distribution performed from Sect. 4.2 on
for: (a) having a very powerful AGN in the centre that can contaminate the emission coming from the H nregions; (b) having a ring-like structure,
what affects the accuracy of the derivation of the abundance gradient; (c) being very distorted due to a recent interacting; and (d) being in a very
advanced stage of merging. ® Despite this classification by HyperLeda, it is clear the presence of a spiral structure observed with our data.

References. @ (a) Vorontsov-Velyaminov (1977), (b) Tully (2015), (c) Focardietal. (2006), (d) Mendoza-Castrején etal. (2015), (e)
Mazzuca et al. (2006), (f) Habergham et al. (2012), (g) White et al. (1999), (h) Ramella et al. (2002), (i) Focardi & Kelm (2002), (j) Yang et al.
(2007), (k) Dopita et al. (2002), (1) Casasola et al. (2004), (m) Martinez-Delgado et al. (2010), (n) Foster et al. (2014), (o) Keel et al. (2013),
(p) Ganda et al. (2007), (q) van den Bergh (2007), (r) Berlind et al. (2006), (s) Knapen et al. (2014), (t) Herndndez-Ibarra et al. (2016), (u)
Madore et al. (2009), (v) Couto da Silva & de Souza (2006), and (w) Merchan & Zandivarez (2005).
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Name RA  Dec Morph z Te PA i M, g¢g-r logMass logo Mass sSFR Density of
(hl T[] type [kpc] [] [°] [mag] [mag] [Mo]  [Mo/pc’] [yr~'] environment

(@) (®) © @ @ & @ b @ ) (9] M (m) ()
ES0478-G006 02.16 —23.42 SBc  0.018 7.8 -75 52 -21.6 045 113 2.6 -10.1 S
ES0488-G30 05.81 —24.38 SBa  0.040 16.0 52 37 -24.0 022 11.6 22 -11.0 G©®»
ES0506-G004 12.36 —24.17 Sc 0.013 57 8 60 -21.2 0.61 11.0 2.7 -104 S
ESO510-G034 14.00 -25.38 — 0.038 95 =75 66 -219 059 110 23 -10.9 S
ES0570-G020 11.39 -22.27 SBed 0.028 6.8 71 51 -21.2 0.51 11.0 24 -10.4 S
ES0602-G025 22.52 —=19.03 Sed  0.025 151 -10 69 -22.1 038 113 23 -10.2 S
GALEXASCJ125413.02-073849.5 12.90 —-07.65 Sc 0.014 44 53 28 -184 0.28 100 1.6 -104 S
GALEXASCJ195932.30-565932.4 19.99 -56.99 — 0.057 99 60 41 -220 032 112 22 -10.4 S
1C0344 03.69 —04.67 SABcd 0.018 64 45 59 =209 0.32 10.8 24 -10.3 GG
1C0577 09.93 +10.50 SABd 0.030 7.0 -5 27 =225 020 113 2.6 -104 PO
IC1158 16.03 +01.71 SABd 0.006 23 -47 55 -19.4 042 10.0 2.5 -10.6 S
1C2160 05.92 -76.92 Sc 0.016 52 =75 39 -215 042 110 2.6 -10.3 S
IC5179 2227 -36.84 SBbc 0.011 7.6 55 61 -219 048 114 2.8 -9.9 S
LCRSB232926.0-413242 23.54 -41.27 - 0.049 104 -37 63 -21.1 034 108 2.0 -10.5 S
LCSBS0801P 04.92 -20.00 — 0.080 13.8 30 38 -222 044 113 2.0 -10.5 S
MCG+00-06-003 01.95 -00.21 - 0.046 80 36 61 -21.6 044 110 24 -11.0 S
MCG+03-31-093 12.29 +16.37 — 0.023 47 50 34 -20.6 020 10.6 22 -104 S
MCG+04-55-47 2371 +27.09 Scd  0.025 47 7 49 =205 042 10.6 2.3 -10.3 G
MCG-01-33-034 12.88 —09.78 SBa  0.009 24 -66 51 -19.6 047 10.0 23 -10.0 S
MCG-01-57-021 22.67 -02.42 Sa 0.010 82 -88 52 -203 033 107 2.0 -10.6 S
MCG-02-01-014 00.07 —11.17 SBOa  0.038 15.1 -50 43 -209 033 10.9 1.6 -10.2 p G0
MCG-02-07-33 02.57 -10.84 — 0016 74 73 72 -214 030 11.0 2.6 -10.3 G
MCG-03-07-040 02.60 —17.26 Scd  0.032 95 -5 52 -21.2 027 109 2.1 -10.2 P
MCG-03-10-052 0391 -19.19 SBa  0.025 53 28 55 -21.5 050 11.1 2.7 -104 S
NGC0232 1 00.71 —23.56 S0° @ 0.022 5.1 38.0 41 -21.3 0.67 - - - [ GkD
NGC1080 02.75 —04.71 Sb 0.026 9.1 5 36 -22.0 037 113 2.3 -10.3 S
NGC1309 03.37 —15.40 Sb 0.007 38 72 27 -21.0 034 110 2.8 -10.2 S
NGC1516A 19 04.14 -08.83 — 0.033 6.3 -30.0 30 —22.6 0.44 - - - 16»
NGC1566 04.33 —=54.94 SBc  0.005 1.7 21 56 -18.6 0.51 10.1 2.8 -10.6 G
NGC1578 04.40 -51.60 SBc  0.020 49 -28 27 -219 049 11.1 2.6 -10.5 S
NGC1590 04.52 +07.63 Sbc  0.014 33 -68 44 -21.3 0.10 11.1 3.1 -10.2 GG
NGC1591 04.49 -26.71 SBbc 0.014 6.2 33 50 -21.3 0.17 11.1 2.6 -10.3 G
NGC1762 05.06 +01.57 — 0016 73 -3 51 -224 033 114 2.7 -10.5 S
NGC1954 05.55 —14.06 SABa 0.010 62 -33 59 -21.9 0.41 10.7 22 -10.2 G
NGC2370 07.42 +23.78 Sb 0018 79 43 61 -22.1 056 11.2 2.6 -10.3 G
NGC2466 07.75 =71.41 Sc 0.018 58 -7 23 -219 034 112 2.6 -10.0 S
NGC2906 09.54 +08.44 Sbc  0.007 50 82 56 -21.1 050 10.9 2.7 -10.8 S
NGC2930 09.63 +23.20 SABbc 0.022 10.6 —-47 51 =209 022 105 1.5 -9.9 G Geb
NGC3120 10.09 —-34.22 Sc 0.009 39 0 52 -205 045 107 2.6 -10.5 G
NGC3244 10.42 -39.83 Sbc  0.009 42 0 31 -20.0 0.58 10.7 24 -10.2 G
NGC3278 10.53 -39.95 Sb 0.010 34 56 53 -21.1 042 109 3.0 -10.0 G
NGC3318 10.62 —41.63 SBOa 0.009 74 81 63 -20.8 0.38 11.1 2.6 -10.1 S
NGC3363 10.75 +22.08 SABab 0.019 6.6 3 58 -21.5 046 11.1 2.6 -10.5 S
NGC3389 10.81 +12.53 Sc 0.004 50 -71 62 -20.0 027 10.6 24 -102 GG
NG(C3447 19 10.89 +16.77 S0a  0.004 2.0 1.0 57 -174 0.33 - - - [ G0
NGC3451 1091 +27.24 SBOa 0.004 42 54 67 -199 035 105 2.5 -10.1 G
NGC3464 1091 -21.07 Sbe  0.012 9.5 -72 49 -213 040 11.1 22 -104 S
NGC3512 11.07 +28.04 SBbc 0.005 2.6 -50 33 —-199 049 104 2.5 -104 G©®D
NGC3905 11.82 —09.73 SBab 0.019 11.8 -80 42 -22.7 043 11.6 2.4 -10.5 S
NGC4451 12.48 +09.26 SBcd 0.003 2.1 -13 54 -19.6 037 104 29 -104 G
NGC4487 12.52 —08.05 SABc 0.003 80 70 54 -20.8 0.38 10.8 2.1 -10.5 pGeP
NGC4651 12.73 +16.39 - 0.003 36 70 50 -21.5 042 110 3.0 -10.6  1Gmw
NGC4806 12.94 -29.50 SBOa 0.008 29 28 37 -20.0 029 10.6 2.6 -10.2 S
NGC4900 13.01 +02.50 SBbc 0.003 7.8 -80 20 -21.4 035 10.7 1.8 -10.3 G
NGC4965 13.12 -28.23 SBc  0.008 13.4 -27 37 -20.4 041 113 2.0 -104 P @b
NGC5339 13.90 —-07.93 SBm 0.009 44 25 34 -20.8 044 10.7 24 -10.7 S
NGC5584 14.37 —-00.39 SABc 0.005 84 -23 45 -19.0 041 - - -10.3 S
NGC6708 18.93 —53.72 SABbc 0.009 2.1 -6 41 -21.2 038 10.9 33 -10.0 G
NGC6754 19.19 -50.64 SABbc 0.011 8.7 86 63 -20.9 -0.14 11.0 24 -10.8 S
NGC7119A 21.77 —46.52 SABbc 0.032 99 -45 57 -22.6 039 11.6 2.7 -10.2 16
NGC7469 1 23.05 +08.87 SBb  0.016 3.4 -59.0 38 -22.2 043 - - - [ Gbd
NGC7580 19 2329 +14.00 S0a  0.016 29 52.0 33 -20.8 0.39 - - - G 44
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Table A.1. continued.

Name RA Dec Morph z re. PA i M, g-—r logMass logo Mass sSFR Density of
[ type (kpcl [7] [ [mag] [mag] [Mo]  [Mo/pc?] [yr'] environment

(@) (®) © @ @ O @ b O () (9] ® (m) ()
NGC7742 23.74 +10.77 Sb 0006 09 0 0 -20.1 050 104 3.4 -103  P©b®
PGC004701 01.31 —07.45 Sbc  0.018 85 -—18 28 -20.2 0.41 10.7 1.8 -104 p v
PGC055442 1556 +21.14 E®  0.024 3.8 15 46 -21.5 055 109 2.8 -11.0 p 69
PGC128348 23.55 -60.57 — 0.015 41 35 34 -200 034 104 22 -104 S
PGC1285465 11.00 +05.56 Sc 0.056 10.6 10 59 -21.0 049 10.6 1.8 -104 S
SDSSJ011557.69+004135.9 01.27 +00.69 Sbc  0.043 6.2 -80 20 -20.1 032 104 1.7 -104 GOGwW
SDSSJ090202.19+101759.7 09.03 +10.30 — 0.042 109 23 46 -203 -0.18 10.3 1.2 -10.7 S
UGC00272 00.46 —01.20 Sdm 0.013 86 -53 70 -19.6 0.28 104 1.9 -10.4 GG
UGC01333 01.86 +00.26 Sc 0.059 19.0 -80 46 —22.8 0.89 12.6 3.1 -9.7 S
UGCO01395 01.92 +06.61 Sb 0.017 7.0 -34 44 -213 049 110 24 -10.5 S
UGC02019 02.54 +00.62 Sbc  0.021 45 67 38 -213 0.17 110 2.7 -10.5 G©
UGC03634 (1® 07.03 +14.14 Sbc  0.026 7.4 -57.0 52 -22.3 0.68 - - - S
UGC05378 10.01 +04.41 Sb 0.014 29 -79 59 -193 030 10.2 2.4 -10.3 S
UGC05691 10.49 +22.01 SABb 0.054 20.0 -49 44 -22.6 048 114 1.8 -10.6 S
UGC06332 (1» 11.32 +20.81 S0a  0.021 8.6 -35.0 33 -21.8 0.73 - - - S
UGC09530 14.80 +09.66 Scd  0.029 16.8 89 46 -229 -0.09 11.7 23 -11.0 G Geid
UGC11001 17.84 +14.29 Sc 0.014 6.8 -48 67 -21.0 036 11.0 2.6 -10.3 GG
UGCl11214 18.38 +12.43 Sbc  0.009 48 0 20 -20.5 0.34 10.6 22 -104 S
UGC11816 21.82 +00.45 Sb 0016 62 0 18 -20.8 025 109 2.2 -10.6 S
UGC12158 2270 +20.00 SABc 0.031 11.0 0 0 -219 042 11.2 2.0 -10.9 S

Appendix B: Sample characterisation (ll). Oxygen abundance information

In this section we present a table with information derived in this work related to the oxygen abundance radial distribution for the
galaxies in the sample. From left to right the columns correspond to

(a) the galaxy name;

(b) slope of the oxygen abundance gradient;

(c) zero-point of the oxygen abundance gradient;

(d) galactocentric distance at which the inner drop in the abundances appear (hp), in units of r. (if this feature is present);

(e) galactocentric distance at which the radial gradients flatten (A1), in units of r, (if this feature is present);

(f) abundance scale length (ro/n), defined as the radial position at which the abundance distribution of a galaxy decays 0.09 dex
(given by the decrease in the abundance in one disc effective radius attending to the common abundance gradient found, see Sect. 4.5

for details);
(g) hp, in units of ro/u;
(h) hr, in units of ro/u;

(1) scatter relative to the oxygen abundance gradient (see Sect. 4.6 for more information);
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Table B.1. Oxygen abundance information of the galaxy sample. Details are given in the main text above.

Name Slope Zero-point  hp  hr  Rom hp hr Scatter
[dex/re] [dex] [re]l [re]l [kpel [rom]l [rom]  [dex]
(@) (b) (©) (d (e ® 9] (h) @

2MASXJ00351050+2315184 -0.27 8.56 - - 5.0 - - 0.053
2MASXJ01460987-6727579 -0.08 8.60 - - 11.1 - - 0.041
2MASXJ01504127-1431032 -0.17 8.73 08 23 94 0.5 1.5 0.036
2MASXJ06380745-7543288 -0.15 8.73 06 28 7.6 0.5 23 0.062
2MASXJ07353554-6246099 -0.07 8.64 09 - 1.5 0.7 - 0.052
2MASXJ09092454-0443026 -0.13 8.57 - - 39 - - 0.030
2MASXJ09151727-2536001 -0.03 8.58 - - 10.3 - - 0.024
2MASXJ10064866-0741124 -0.09 8.54 - L1 162 - 1.0 0.038
2MASXJ23451480-2947009 -0.14 8.51 - 13 42 - 1.6 0.092
APMUKS(BJ)B033105.19-262232.9  —-0.09 8.62 05 - 6.1 04 - 0.022
CGCG023-005 -0.14 8.61 - 14 54 - 1.5 0.049
CGCG044-035 -0.12 8.51 - - 6.1 - - 0.033
CGCG048-051 T -0.01 8.62 - - - - - 0.045
CGCG063-098 -0.07 8.68 - - 6.0 - - 0.022
ESO075-G049 -0.05 8.60 - - 11.0 - - 0.036
ESO184-G082 * 0.00 8.34 - - 3.2 - - 0.061
ES0235-G37 -0.09 8.57 - - 7.8 - - 0.038
ESO287-G040 -0.14 8.68 - - 17.0 - - 0.062
ES0298-G28 -0.19 8.74 08 - 15.1 0.7 - 0.042
ES0462-G009 * 0.00 8.56 - - - - - 0.058
ES0478-G006 -0.18 8.74 06 16 103 0.5 1.2 0.021
ES0488-G30 -0.15 8.69 - - 17.5 - - 0.062
ESO506-G004 -0.06 8.68 - - 11.0 - - 0.046
ESO510-G034 —-0.06 8.62 - - 14.6 - - 0.022
ESO570-G020 -0.16 8.66 04 - 7.4 04 - 0.043
ES0602-G025 -0.24 8.66 04 07 99 0.7 1.0 0.026
GALEXASCJ125413.02-073849.5 -0.14 8.40 - 1.0 40 - 1.1 0.060
GALEXASCJ195932.30-565932.4 -0.21 8.81 06 20 118 0.5 1.7 0.066
IC 0344 -0.19 8.54 - 09 51 - 1.2 0.060
IC0577 -0.14 8.65 04 - 7.4 0.4 - 0.033
IC 1158 -0.04 8.60 - - 2.8 - - 0.092
IC2160 -0.14 8.67 1.0 25 96 0.5 1.3 0.054
IC5179 -0.15 8.67 03 12 82 0.3 1.1 0.026
LCRSB232926.0-413242 -0.16 8.59 - 21 6.9 - 3.1 0.045
LCSBS0801P -0.20 8.73 - - 10.9 - - 0.057
MCG-01-33-034 * -0.01 8.40 - - - - - 0.081
MCG-01-57-021 -0.23 8.63 - - 4.5 - - 0.051
MCG-02-01-014 -0.26 8.67 - - 9.2 - - 0.064
MCG-02-07-33 -0.08 8.61 - - 10.1 - - 0.075
MCG-03-07-040 -0.23 8.64 - 1.6 47 - 3.2 0.072
MCG-03-10-052 -0.06 8.56 - - 11.3 - - 0.049
MCG+00-06-003 -0.13 8.71 - - 16.0 - - 0.049
MCG+03-31-093 -0.11 8.61 - - 4.4 - - 0.054
MCG+04-55-47 -0.06 8.61 04 - 8.3 0.2 - 0.027
NGC 0232 * +0.01 8.56 - - - - - -

NGC 1080 -0.12 8.67 04 - 10.3 0.3 - 0.048
NGC 1309 -0.17 8.61 04 10 34 0.4 1.1 0.024
NGC 1516A * -0.05 8.57 - - 5.6 - - -

NGC 1566 7 0.00 8.59 - - - - - 0.033
NGC 1578 7 -0.03 8.62 - - - - - 0.049
NGC 1590 ¥ -0.02 8.62 - - - - - 0.017
NGC 1591 -0.12 8.60 - 09 63 - 0.9 0.047
NGC 1762 -0.12 8.69 06 - 11.1 0.4 - 0.040

Notes. ” Galaxies for which the derivation of rqy is infeasible because the radial abundance distribution displays a very flat profile. * Galaxy
discarded from the analysis of the abundance distribution performed from Sect. 4.2 on. See Notes (1) in Table A.1 for details.
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Table B.1. continued.

Name Slope  Zero-point hp  hr  Rom hp hr Scatter
[dex/r.] [dex] [re] [re]l [kpel  [rom] [roml]  [dex]
() (b) (©) (d) (e ® (8 (h) @)
NGC 1954 -0.12 8.73 - 26 109 - 1.5 0.086
NGC 2370 -0.09 8.66 0.5 - 11.6 04 - 0.043
NGC 2466 -0.14 8.68 04 20 73 04 1.6 0.040
NGC 2906 -0.04 8.60 - - 6.2 - - 0.056
NGC 2930 -0.28 8.52 - - 4.0 - - 0.040
NGC 3120 -0.10 8.68 0.8 - 6.3 0.5 - 0.062
NGC 3244 -0.19 8.69 04 - 4.0 04 - 0.040
NGC 3278 -0.09 8.64 04 12 46 0.3 0.9 0.015
NGC3318 -0.10 8.59 - - 8.4 - - 0.041
NGC 3363 -0.07 8.68 09 - 13.6 04 - 0.049
NGC 3389 -0.29 8.58 - 07 3.0 - 1.2 0.101
NGC3447 * -0.03 8.42 - - 1.5 - - -
NGC 3451 -0.03 8.51 - - 4.8 - - 0.049
NGC 3464 -0.23 8.75 06 - 9.1 0.6 - 0.050
NGC3512 -0.09 8.66 0.6 - 3.5 0.5 - 0.049
NGC 3905 -0.22 8.80 0.8 - 14.7 0.6 - 0.057
NGC 4451 -0.13 8.66 04 12 22 04 1.1 0.025
NGC 4487 -0.09 8.55 - - 6.9 - - 0.062
NGC4651 -0.17 8.72 08 14 44 0.7 1.1 0.047
NGC 4806 -0.08 8.55 - - 33 - - 0.053
NGC 4900 -0.30 8.65 0.3 - 3.8 0.6 - 0.046
NGC 4965 -0.10 8.50 - - 10.0 - - 0.069
NGC 5339 -0.06 8.63 - - 6.5 - - 0.031
NGC 5584 -0.36 8.60 0.1 03 2.6 0.2 1.1 0.036
NGC 6708 -0.14 8.67 05 1.6 25 0.4 1.3 0.036
NGC 6754 -0.12 8.67 04 - 10.3 0.3 - 0.049
NGC7119A -0.15 8.66 05 1.6 119 04 1.3 0.031
NGC 7469 T* 0.00 8.53 - - - - - -
NGC 7580 * -0.03 8.57 - - 2.1 - - -
NGC 7742 -0.04 8.60 - - 2.5 - - 0.040
PGC 004701 -0.11 8.57 - - 7.3 - - 0.052
PGC 055442 -0.05 8.56 - - 7.0 - - 0.058
PGC 128348 -0.09 8.54 - - 5.5 - - 0.052
PGC 1285465 -0.15 8.62 - - 10.4 - - 0.031
SDSSJ011557.69+004135.9  -0.07 8.43 - - 8.0 - - 0.039
SDSSJ090202.19+101759.7 -0.14 8.34 - - 5.0 - - 0.048
UGC 00272 -0.08 8.40 - - 7.4 - - 0.049
UGCO01333 -0.12 8.69 - - 28.4 - - 0.052
UGCO01395 -0.07 8.63 - - 10.1 - - 0.059
UGC 02019 -0.08 8.61 04 - 7.6 0.2 - 0.030
UGC 03634 * -0.01 8.62 - - - - - -
UGC 05378 -0.13 8.67 0.7 - 4.1 0.5 - 0.047
UGC 05691 -0.18 8.73 0.8 - 26.5 0.6 - 0.051
UGC 06332 * 0.00 8.59 - - - - - -
UGC 09530 -0.31 8.70 0.3 - 10.8 04 - 0.083
UGC 11001 -0.18 8.61 03 12 57 0.4 1.4 0.027
UGC11214 -0.11 8.56 - - 2.6 - - 0.070
UGC 11816 -0.26 8.77 - - 5.2 - - 0.083
UGC 12158 -0.09 8.65 - - 10.6 - - 0.065
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Appendix C: On the use of different calibrators in the derivation of the abundance profiles
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Fig. C.1. Distribution of slope values of the oxygen main abundance gradients (normalised to the disc effective radius) derived for the galaxy
sample using the M13-N2 (left) and D16 (right) calibrators. Solid black line represents the Gaussian distribution of the data assuming the mean
and standard-deviation of the distribution of slope values and sampled with the same bins.

In this appendix we assess the effect of using different calibrators on the results presented in the paper. With such purpose, we
replicate the figures that support our main results using the calibration described in Dopita et al. (2016, D16), and the one proposed
in Marino et al. (2013) for the N2 index (M13-N2, see Sect. 3.2.3 for a brief description of these two additional calibrators). The
choice of these empirical indicators is mainly based on the limited wavelength range in the blue regime covered by MUSE, that
does not include more widely used emission lines such as [O m]13727.

Figure C.1 shows the distribution of slopes of the main oxygen abundance gradients derived for the galaxy sample of 95 spiral
galaxies using the M13-N2 (leff) and D16 (right) calibrators. As obtained with O3N2, the abundance distribution in both cases
presents a characteristic slope very similar for all galaxies, although the actual value changes (—0.23 dex/r. for D16 and —0.06 dex /7.
for M13-N2).

We have also analysed the influence of some galaxy properties such as the density of the environment, the presence of bars and
the type of abundance profile displayed (according to Sect. 4.1) on the main abundance gradient when we use these two calibrators.
The outcome of this analysis is shown in Fig. C.2. Similarly to O3N2, we only find a dependence of the slope with the shape of
the abundance profile, presenting the single profiles the shallowest gradients and the doubly-broken profiles the steepest ones. The
mean and standard deviation values of the distributions for the M13-N2 (D16) are the following ones (the nomenclature is explained
in Sect 4.2):

S: aom = -0.06(-0.22)dex/r., o = 0.06(0.13)dex/r. A:  agm =-0.05(-0.23)dex/r., o =0.06(0.13)dex/r.
G: aou =-0.07(-0.25)dex/r., o =0.06(0.12) dex/r, AB : aou = —0.06(-0.22) dex/r., o =0.06(0.15)dex/r,
P: aom =-0.08(-0.27)dex/r., o = 0.05(0.14) dex/r. B: «a@ou=-0.08(-0.26)dex/r., o =0.05(0.14) dex/r,
I: aom =-0.05(-0.33)dex/r., o =0.01(0.12) dex/re.

Single : aom = —0.06(-0.22) dex/r., o = 0.06 (0.14) dex/r. ; nga = 55(59)
Broken (inner) :  ao/g = —0.07 (=0.21) dex/re, o0 = 0.04 (0.07) dex/re ; nga = 18 (9)
Broken (outer) :  ao/g = —0.08 (=0.28) dex/r., o0 = 0.05(0.09) dex/re ; ngy = 12(10)
Doubly — broken : ag/y = —0.10(=0.31) dex/r., o = 0.04 (0.08) dex/re ; nga = 2(9).

Regarding the presence of inner drops and outer flattenings in the abundance profiles, the use of the new calibrators reduces the
number of galaxies where the inner abundance drop is detected to 23 for M13-N2 and to 20 for D16. The number of galaxies
displaying the outer abundance flattening is also reduced to 13 galaxies in the case of the M13-N2 calibrator and to 19 in the case of
D16. Analysing the distribution of radial positions of both features we obtain a very similar shape to the one obtained with O3N2
(see Fig. C.3): a narrow distribution for the drop and a quite wider one for the flattening. The average positions of the features are
also very similar to the previous case, with only small differences: the inner drop is located at ~0.8 r. (standard deviation of 0.22)
for M13-N2 and at ~0.6 r. (standard deviation of 0.22) for D16, and the average position of the outer flattening is ~1.5 r. (standard
deviation of 0.53) and ~1.6 r (standard deviation of 0.55), respectively.

‘When normalising the abundance profiles to the abundance scale length o/ (see Sect. 4.5 for information about this parameter),
the distributions of radial positions for these features get significantly narrower (standard deviations are reduced from 0.22 to 0.17
and from 0.22 to 0.16 for the inner drop, from 0.53 to 0.22 and from 0.55 to 0.35 for the outer flattening, using the M13-N2 and the
D16 calibrators, respectively), deriving very similar values for the position of the inner drop and the outer flattening (see Fig. C.4).
In addition, we reproduce the stacking of the abundance distribution with this new normalisation scale in Fig. C.5. We find a very
similar shape for the two calibrators. By construction, the global abundance distribution presents a characteristic slope of —0.20 ro/u
in the case of the M13-N2 calibrator and —0.04 o,y for D16. In addition, the abundance distribution shows clear evidences of the
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presence of the inner drop and the outer flattening, as in the case of the M13-O3N2 calibrator. The right panel of Fig. C.5 shows the
average abundance radial profiles when separating the sample into different mass bins for both the M13-N2 and D16 calibrators. It
can be seen that the presence of the abundance drop in the inner regions of the galaxy discs and the flattening in the outer regions is
also easily observable, although for D16 the presence of the inner drop is not so clear. Similarly to M13-O3N2, we find a dependence
of the presence of the inner drop with the galaxy mass, with the most massive galaxies presenting the deepest abundance drops. The
flattening on the opposite appear independently of the galaxy mass.

In conclusion, in this appendix we demonstrate that the main results presented in this paper do not depend on the choice of
the oxygen abundance indicator used. However, we should be aware of the subtle differences that appear when using different
calibrators, especially if we focus on the abundance distribution of individual galaxies.
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Fig. C.2. Distribution of slopes depending on different galaxy properties using the M13-N2 (top panels) and the D16 (bottom panels) calibrators:
(i) the environment of the galaxies (isolated, green; in groups, blue; paired, red; interacting, yellow) for the left panel, (ii) the presence or absence
of bars (clearly unbarred galaxies, green; clearly barred, red; and an intermediate stage, blue) for the middle panel, and (iii) the shape of the
abundance profile (single profile, green; broken profile with inner drop, blue; broken profile with outer flattening, red; and a doubly-broken profile
with presence of both inner drop and outer flattening, yellow) for the right panel. The black diamonds represent the mean values within each
segregation, with the error bars indicating the standard deviation.
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Appendix D: Graphic characterisation of the sample

In this appendix we include a graphic characterisation of the galaxies in the sample. Figure D.1 shows two RGB colour images of
the galaxies, using SDSS r-, i- and z-band images recovered from the data (in red, green and blue respectively, left) and narrow-
band images centred in the emission lines [N 1] 16584 in red, Her in green, and [O ] A5007 in blue (middle-left). The middle-right
panels present the Ho map of the galaxies together with the ionised regions detected by HIIExPLORER (with S /N > 3) shown as black
segmented contours. Finally, the right panels show the deprojected oxygen abundance radial distribution of the Huregions (violet
circles) normalised to the disc effective radius. The solid blue line represents the fit to this distribution, and the dashed vertical lines
correspond to the radial position of the inner drop and/or outer flattening, if present. The slope (a) and zero-point (b) of the main
negative abundance gradient are indicated in the top-right corner.
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Fig. D.1. Characterisation of the galaxies in the sample. See text above for details.
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