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ABSTRACT

We present the largest and most homogeneous catalogiakglons and associations compiled so far. The catalog deegpmore than 7000
ionized regions, extracted from 306 galaxies observed ByQALIFA survey. We describe the procedures used to detelects and analyse
the spectroscopic properties of these ionized regionshdrctirrent study we focus on the characterization of theatapgladient of the oxygen
abundance in the ionized gas, based on the study of the def@djdistribution of hi regions. We found that all galaxies without clear evidence
of an interaction present a common gradient in the oxygenddmnce, with a characteristic slopead;y = —0.1 dexr. between 0.3 and 2 disk
effective radii ¢¢), and a scatter compatible with random fluctuations arohiglvialue, when the gradient is normalized to the difkeative
radius. The slope is independent of morphology, inciderfideus, absolute magnitude or mass. Only those galaxiesawitlence of interactions
andor clear merging systems present a significant shalloweligmng consistent with previous results. The majority & 84 galaxies with b
regions detected beyond 2 disfextive radii present a flattening in the oxygen abundance.flHftening is statistically significant. We cannot
provide with a conclusive answer regarding the origin of flattening. However, our results indicate that its origimiost probably related to the
secular evolution of galaxies. Finally, we find a ditopncation of the oxygen abundance in the inner regions6mf2he galaxies. All of them are
non-interacting, mostly unbarred, /Sibc galaxies. This feature is associated with a centrafstaring ring, which suggests that both features are
produced by radial gas flows induced by resonance proceé3dsesesult suggest that galaxy disks grow inside-out, widtahenrichment being
driven by the local star-formation history, and with a snvalliation galaxy-by-galaxy. At a certain galactocentiigtahce, the oxygen abundance
seems to be well correlated with the stellar mass densityt@atistellar mass of the galaxies, independently of otihepgrties of the galaxies.
Other processes, like radial mixing and inflgagtflows, although they are not ruled out, seem to have adurdffect on shaping of the radial
distribution of oxygen abundances.

Key words. Galaxies: abundances — Galaxies: fundamental parametealaxies: ISM — Galaxies: stellar content — Techniques:gimg
spectroscopy — techniques: spectroscopic — stars: fasmatgalaxies: ISM — galaxies: stellar content

1. Introduction thesis at dierent epochs, since the chemical abundance pattern
trace the evolution of past and current stellar generatidhis

The nebular emission arising from extragalactic objects hgvolution is dictated by a complex set of parameters, inilyid
played an important role in the new understanding of tHBe local initial gas composition, star formation histo8FH),
Universe and its constituents brought about by the reméekagas infall and outflows, radial transport and mixing of gathimi

flow of data over the last few years, thanks to large surveyis siflisks, stellar yields, and the initial mass function. Theade of

as the 2dFGRSFplkes et al. 1999 SDSS York et al. 2000, t_hese complex mechanisms are stlll_ not well est_abllsheelmhs
GEMS (Rix et al. 2003 or COSMOS Scoville et al. 200, to tlonall_y, nor well developgd theoretically, and h_mder onder-
name a few. Nebular emission lines have been, historigalty, Standing of galaxy evolution from the early Universe to pres
main tool at our disposal for the direct measurement of ttse gé’a)’-

phase abundance at discrete spatial positions in low rédshi Previous spectroscopic studies have unveiled some as-
galaxies. They trace the young, massive star componenidr-gapects of the complex processes at play between the chem-
ies, illuminating and ionizing cubic kiloparsec sized voles of ical abundances of galaxies and their physical properties.
interstellar medium (ISM). Metals are a fundamental paramAlthough these studies have been successful in determin-
ter for cooling mechanisms in the intergalactic and in&#lat ing important relationships, scaling laws and systemaést p
medium, star formation, stellar physics, and planet foromat terns (e.g. luminosity-metallicity, mass-metallicitynda sur-
Measuring the chemical abundances in individual galaxies aface brightness vs. metallicity relationequeux etal. 1979
galactic substructures, over a wide range of redshifts,daua Skillman 1989 Vila-Costas & Edmunds 1992Zaritsky et al.

cial step to understanding the chemical evolution and msgie- 1994 Tremonti et al. 2004 effective yield vs. luminosity and
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circular velocity relationsGarnett 2002 abundance gradients 4 [
and the &ective radius of disk®iaz 1989 systematic dfer-
ences in the gas-phase abundance gradients between natmal a
barred spiralZaritsky et al. 1994Martin & Roy 1994 charac-
teristic vs. integrated abundanddsustakas & Kennicutt 2006
etc.), they have been limited by statistics, either in th@ber of
observed Hi regions or in the coverage of these regions across
the galaxy surface. 2
The advent of Multi-Object Spectrometers and Integraldriel©
Spectroscopy (IFS) instruments with large fields of view now
offers us the opportunity to undertake a new generation of
emission-line surveys, based on samples of hundredsiafeH
gions and with full two-dimensional (2D) coverage of thekdis
of nearby spiral galaxies. In the last few years we starteia m
jor observational program to understand the statistiagperties -24 -22 -20 -18 -16 -14
of Hu regions, and to unveil the nature of the reported physical Absolute Magnitude
relations, using IFS. This program was initiated with the85

survey Rosales-Ortega et al. 201fvhich acquired IFS mosaic kg 1. Distribution of the currently observed CALIFA galaxies
data for a number of medium sized nearby galaxies. We th@fihe y — z vs. M, color-magnitude diagram. Berent colors
continued the acquisition of IFS data for a larger sampleiof \ang symbols represent a classification into spheroid- askt di
sually classified face-on spiral galaxieédgrmol-Queralté et al. jominated galaxies as well as intermediate cases, as sadges
2011, as part of the feasibility studies for the CALIFA survey,y the concentration indeg (see Sec2 for definition). For
(Sanchez et al. 201%a comparison, the contours delineate the number densityhist

In Sanchez et al(2012h we presented a new method tGjon of galaxies in the SDSS-NYU catalogue (eBéanton et al.
detect, segregate and extract the main spectroscopicrieEzpe2005. The small dots indicate the remaining objects in the

of Hu regions from IFS data (HikeLorer?). Using this tool, CALIFA mother sample, not observed so far.
we have built the largest and homogenous catalog of ret

gions for the nearby Universe. This catalog has allowed us

to establish a new scaling relation between the local stellpggg Esteban et al. 20)3PNe (e.g.Costa et al. 2004 and a
mass density and oxygen abundance, the so-caledelation ~combination of diferent tracers (e.ddaciel & Costa 2009also
(Rosales-Ortega etal. 2012nd to explore the galactocentriGeport a flattening of the gradient in the outskirts of thekyfil
gradient of the oxygen abundancaafichez etal. 2012bWe \yay, somewhere between 10 and 14 RpDespite all these
confirmed that up to-2 disk dfective radii there is a nega-regylts, the outermost parts of the disk have not been esgblor
tive gradient of the oxygen abundance in all the analyzed Spfoperly, either due to the limited number of objects coesid
ral galaxies. This result is in agreement with models based @ the previous studies, or due to the limited spatial coyera
the standard inside-out scenario of disk formation, whio# p (e ¢. Sanchez et al. 2012b
dict a relatively quick self enrichment with oxygen abuncizs The search for an explanation of the existence of radial gra-
and an almost universal negative metallicity gradient dh&® gients of abundances (and the G-dwarf metallicity distidu
is normalized to the galaxy optical siz8dissier & Prantzos MW) was the reason for the early development of chemi-
1999a2000. Indeed, the measured gradients presentavery sigy eyolution models as well as the classical closed box node
ilar slope for all the galaxies<(-0.12 dexre), when the radial (cgm). The pure CBM, which relates the metallicity or abun-
distances are measured in units of the dife@ive radii. We gance of a region to its fraction of gas, independently of the
found no diference in the slope for galaxies offférent mor-  giar formation or evolutionary history, was unable to eipla
phological types: earfiate spirals, barrgdon-barred, grand- yhe radial abundance gradient observed in our Galaxy and in
desigriflocculent. _ ) _ other spirals. Therefore infall or outflows of gas in the MW
Beyond~2 disk efective radii our data show evidence Ofyere considered necessary to fit the data. In fact, as exléin
a flattening in the abundance, consistent with several othgpetz & Koepper(19923, there are only 4 possible ways to cre-
spectroscopic explorations, based mostly on single abjec. gate a radial abundance gradient: 1) A radial variation ofitie
Bresolin et al. 2009Yoachim et al. 2010Rosales-Ortega et al. ja| mass function (IMF); 2) A variation of the stellar yislgvith
2011, Marino et al. 2012Bresolin etal. 2012 The same pat- galactocentric radius; 3) A star formation rate (SFR) cliegg
tern in the abundance has been described in the case of thegiy the radius; 4) A gas infall rate variable with radius eTirst
tended UV disks discovered by GALEXG(l de Paz et al. 2005 possibility is not usually considered as probable, and ¢itersd
Thilker et al. 2007, which show oxygen abundances that argne s already included in modern models, that adopt metalli
rarely below one-tenth of the solar value. Additional resul jty dependent stellar yields. Thus, from the seminal works o
based on the metallicity gradient .of thg outer disk of NG@acey& Fall (19853, Guesten & Mezge(1982 and Clayton
300 from single-star CMD analysis/lgji¢ etal. 2009 sup- (1987, most of numerical chemical evolution models (e.g.
port the presence of a flatter gradient towards the outersdiglfiaz & Tosi 1984 Matteucci & Francois 1989aFerrini et al.
of spiral galaxies. In the case of the Milky Way (MW), stud1992 Carigi 1994 Prantzos & Aubert 1995Violla et al. 1996
ies using open clusters (eBragaglia et al. 2008Viagrini et al. - chiappini et al. 1997 Boissier & Prantzos 1999kexplain the
2009 Yong et al. 2012 Pedicellietal. 2009 Cepheids (e.g. existence of the radial gradient of abundances by the caedbin
Andrievsky etal. 2002 Luck etal. 2003 Andrievsky et al.
2004 Lemasle et al. 20Q8H u regions (e.gVilchez & Esteban 2 Ajthough there are recent studies which do not favour a flatte
ing of the MW gradient in the outer disk based on Cepheidg. (e.
! http://www.caha.es/sanchez/HII_explorer/ Lemasle et al. 201,3and references therein).
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effects of a star formation rate and an infall of gas, both var¢ = Rgo/Rs0, WhereRgg and Rsg are the radii enclosing 90%
ing with galactocentric radius of galaxies. In most recanes and 50% of the Petrosian r-band luminosity of the galaxy, ae
chemical evolution has been included in modern cosmolbgigaoxy of the morphological type). The current sample coedirs
simulation codes, which already obtain spiral disks aseske the color-magnitude diagram, upkt, < —17 mag, with at least
finding radial gradients of abundances which reproduce i@ dthree targets per bin of1 magnitude and color~0 galaxies
(Pilkington et al. 201 It has been demonstrat&lbson et al. on average) including galaxies of any morphological typgee T
(2013, that the existence and evolution of these radial gragdief@ALIFA mother sample becomes incomplete belbly > —19
is, as expected, very dependent on the star formation aatl infnag, which corresponds to a stellar mass~af®°> M, for a
prescriptions included in the simulations. Chabrier IMF. Therefore, it does not sample properly the-low
To characterize the properties of the ISM in the Locahass angr dwarf galaxies. Above this luminosity, the sample
Universe and their relations with the evolution of galaxiee is representative of the total population at the selectddhié
applied the previously described procedure to the IFS data prange (0.005 z <0.03), and in principle it should be represen-
vided by the CALIFA survey$anchez et al. 201Fa CALIFA tative of galaxies at the Local Universe.
is an ongoing exploration of the spatially resolved spexctopic The details of the survey, sample, observational strategy,
properties of galaxies in the Local Universe €£0.03) using reduction are explained iBanchez et al20123. All galaxies
wide-field IFS to cover the full optical extent (up t8-4 ) were observed using PMAR(th et al. 200%in the PPAK con-
of ~600 galaxies of any morphological type, distributed acro§iguration Kelz et al. 2008, covering a hexagonal field-of-view
the entire color-magnitude diagram (Walcher et al., in prep(FoV) of 74’x64”, suficient to map the full optical extent of
and sampling the wavelength range 3650-7500 A. So far, tie galaxies up to 2-3 diskifective radii. This is possible be-
survey has completedi/2 of its observations, with 306 galax-cause of the diameter selection of the sample (Walcher et al.
ies observed (May 2013), and the first data release, comgrisin prep.). The observing strategy guarantees a completercov
100 galaxies, was delivered in November 2Gii&semann et al. age of the FoV, with a final spatial resolution of FWHS!",
(2013. corresponding to~1 kpc at the average redshift of the sur-
In Sanchez et a[2013 we presented the first results basedey. The sampled wavelength range and spectroscopic resolu
on the catalog of ht regions extracted from these galaxiegion (3745-7500A/A1 ~850, for the low-resolution setup) are
We studied the dependence of théZ relation with the star- more than sfiicient to explore the most prominent ionized gas
formation rate, finding no secondary relatioifteiient from the emission lines, from [OIN3727 to [SII16731, on one hand,
one induced by the well known relation between the star fermand to deblend and subtract the underlying stellar popurati
tion and the mass. We confirm the lo2aF relation unveiled by on the other hand (e.&anchez et al. 2012Kehrig et al. 2012
Rosales-Ortega et g2011), with a larger statistical sample of Cid Fernandes et al. 20L3The dataset was reduced using ver-
H u regions. sion 1.3c of the CALIFA pipeline, whose modifications with re
In the current study we will use the updated CALIFA catspectto the one presented3anchez et a(20123 are described
alog of Hu regions to study the radial oxygen abundance grax detail in Husemann et a{2013. In summary, the data fulfil
dient up to 3-4 disk fective radii, well beyond the proposedhe predicted quality-control requirements, with a spmgtioto-
breakflattening. The layout of this article is as follows: in SBc. metric accuracy better than 15% everywhere within the wave-
we summarize the main properties of the sample and data uksdyth range, both absolute and relative, and a depth tostsal
in this study; in Sec3 we describe the analysis required to detects to detect emission lines in individualiHregions as weak as
the individual clumpy ionized regions and aggregations, @n ~10‘’ergs!cm™2, with a signal-to-noise ratio of/S~3-5. For
extract their spectroscopic properties, in particularahgssion the emission lines considered in the current study {heiSwell
line ratios required to determine the abundance; the @iter above this limit, and the measurement errors are neglectabl
select the Hr region are explained iB.3; the derivation of the most of the cases. In any case, they have been propagated and
abundance gradient for each galaxy is described in &é&cin  included in the final error budget.
Sec.4.2we explore the dependence of the slope of these gradi- The final product of the data-reduction is a regular-grid dat
ents with diferent morphological and structural properties of thecube, withx andy coordinates indicating the right-ascension
galaxies; in Secs.1we describe the properties of the commoand declination of the target amtheing a common step in wave-
gradient of the oxygen abundance for all disk galaxies up2o length. The CALIFA pipeline also provides the propagatedrer
re, and the presence of a flattening beyond this radius; the dmybe, a proper mask cube of bad pixels, and a prescription of
of the abundance for some particular galaxies is shown in Saow to handle the errors when performing spatial binning (du
5.3 Finally, the main conclusions of this study are discussed ¢ovariance between adjacent pixels after image recotistn)c

Sec.6. These datacubes, together with the ancillary data destiibe
Walcher et al. (in preparation), are the basic starting toafiour
. analysis.
2. Sample of galaxies and dataset The observing strategy of the CALIFA survey guarantees

The galaxies were selected from the CALIFA observed saffiat the main properties of the observed sample are confgpatib
ple. Since CALIFA is an ongoing survey, whose observatioidth those of the mother sample, in terms of luminositiezesj
are scheduled on a monthly basis (i.e., dark nights), thetis morphologies and colorS@nchez et al. 2012Busemann et al.
objects increases regularly. The current results are basélde 2013._Partlcqlar care is taken to not mtroducg any potential ob
306 galaxies observed before May 2013, i.e., half of the-foréervational bias, as the targets are selected in a psendoma
seen 600 galaxies to be observed at the end of the surveyeFighay based only on the visibility from the observatory on a
1 shows the distribution of the current sample along the eoldRonthly basis (i.e., dark-time). In Walcher et al. (in p)epe
magnitude diagram, indicating with fiérent symbols galax- will describe the main properties of the CALIFA mother sam-

ies of diferent concentration inde® (defined to be the ratio PI€- In summary we can claim that with our selection criteria
our sample does not under-represent any kind of galaxies in

3 httpy/califa.caha.g's the Local Universe in any observable within our 95% complete
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Fig. 2. IFS-based d maps, in units of (log,) 10716 erg s cm2 arcsec?, derived for two representative galaxies of the sample,
together with the detectediHregions shown as black segmented contours.

ness range{23<M; spss< —19 mag). Obviously ourresults are  The details of HlixpLorer are given in Sanchez et al.
restricted to this particular range, and therefore caneogjr (20128 and Rosales-Ortega et a2012. We present here the
plied to either dwarf or giant elliptical galaxies, whiclteamder- basic steps included in the overall process: (i) First watere
represented or absent in our sample. a narrow-band image of 120A width, centered on the wave-
length of Hr shifted at the redshift of each target. The image
) was created by co-adding the flux within the described spec-
3. Analysis tral window for each spaxel of the velocity-field correcteat-d

The main goal of this study is to characterize the abundarfRg-Pe. Then, the image is properly corrected for the underly
gradient in galaxies, and determine if there are common p4td adjacent continuum. (i) This image is used as an input
terns angbr differences depending on their individual propertieor the automatic hi region detection algorithm included in

lonized gas abundances have been well calibrated on the pEHd]ExpLORER. IN this particular case, the algorithm detects iter-

of strong-line indicators for ionized regions associatéithwtar atively the peak intensity emission above a threshold-fet
formation processes, i.e., the classicai te¢gions. In this section €9

s cm arcsect, and then assigns all the adjacent pixels up
we describe how we have selected those regions, extracrand!g @ distance of 35 with a flux within a 10% of the peak inten-
alyze their individual spectra, derive the correspondikggen SItY (Ipixel > 0.9 X Ipea), and above a limiting flux intensity of

abundance and, finally, analyze their radial gradient. 1x10*"erg s* cm? arcsec' into the corresponding area. Once
the first region is detected and segregated, the correspparcka

) o ) is masked from the input image, and the procedure is repeated
3.1. Detection of ionized regions until there are no additional regions to be selected. Theiem

The segregation of H regions and the extraction of the correiNd Pixels are assigned to a residual region which is assumed
to be dominated by diuse emission. The result is a segmenta-

sponding spectra is performed using a semi-automatic gdroee >
named HikxpLorer”. The procedure is based on some basic 242N Map that segregates each detected cumpy ionizedwsteuct
sumptions: (a) Hi regions are pealigolated structures with a Finally, (iii) the integrated spectra corresponding toteaeg-

strong ionized gas emission, that is significantly abovestékar mented region is extracted from the original datacube, bad t

continuum emission and the average ionized gas emissioasacCOrresponding position table of the detected i provided. If
the galaxy. This is particularly true fordd (b) Hu regions have the object was has been observed in both the low-resolutidn a

a typical physical size of about a hundred or a few hundred p#gh-resolution modesSanchez et al. 201%eboth correspond-

secs (e.gGonzalez Delgado & Perez 199opez etal. 2011 NY Spectra were extracted. _ _ _
Oey et al. 2008 which corresponds to a typical projected size Figure 2 illustrates the process, showing ther khtensity
of a few arcsec at the distance of the galaxies. maps and the corresponding segmentations for two objects:
These basic assumptions are based on the fact that mostlgft/GC00312, an mtermeodlate-to-hlgh inclined’0 degrees),
the Hx luminosity observed in spiral and irregular galaxies is B0t Very massive<0.7x10'° M) and almost bulge-less spiral
direct tracer of the ionization of the inter-stellar medigi@m) ~9alaxy, and (2) NGC7718, a low inclination40 degrees), mas-
by the ultraviolet (UV) radiation produced by young highssa SV€ (+2x10'° Mo) spiral, with a clear bulge. These two galax-
OB stars. Since only high-mass, short-lived, stars comteibig- €S illustrate why for highly inclined galaxies we cover opie5
nificantly to the integrated ionizing flux, this luminositya di- disk éfective radii (mostly along the semi-minor axis), while
rect tracer of the current star formation rate (SFR), indejeat for mostly face-on ones we cover just half of this size, altio
of the previous star formation history. Therefore, clumpys  POth galaxies were diameter select8diichez et al. 201parhe
tures detected in the dHintensity maps are most probably asgalaxies analyzed iBanchez et a(20128), are more similar to
sociated with classical Hregions (i.e., those regions for whichth€ second type, and therefore the region beyoRdifective

the oxygen abundances have been calibrated). radii was mostly unexplored. o _
A total of 7016 individual clumpy ionized regions are de-
4 http://www.caha.es/sanchez/HII_explorer/ tected in a total of 227 galaxies from the sample, k80 Hn
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Fig. 3. Left-panel:Absolute value of the equivalent width ofeion a logarithmic scale, plotted against the fraction ofngu
stars in the underlying stellar population (according ® 8P modelling byIT3D) for the clumpy ionized regions selected with
HllexpLorer. Right-panel:Similar distribution of the emission equivalent width ofHn a logarithmic scale, along the luminosity
fraction of young stars in the underlying stellar populatfor the ~500,000 individual spaxels with dlemission detected in the
306 analysed datacubes. In both panels, the dashed halizioet shows the demarcation limit of the EW oftvHproposed by
Cid Fernandes et a(2010 to distinguish between strong (star formation AmdAGNs) and weak (e.g., post-AGBs) ionization
sources. The vertical solid line shows the currently adbp&dection criteria for the H regions.

regions per galaxy. This does not mean that on averarage themdor the result of a particular star-formation history, whose
is no ionized gas in the remaining 79 galaxies. Recent esutbrresponding emission-line spectrum is redshifted dwaeder-
indicate that it is possible to detect low-intensity (andrinst tain systemic velocity, broadened and smoothed byfileeeof a
cases low-ionization) gas in all the analyzed CALIFA galaxcertain velocity dispersion and attenuated by a certaibhchrs

ies (Kehrig et al. 2012Papaderos et al. 2018ingh et al. 20138 tent.

As discussed ifPapaderos et 8(2013, and in line with a sub- We performed a simple modeling of the continuum emis-
stantial body of previous work$arzi et al. 2010Annibali et al.  sion usingFIT3D®, a fitting package described 8anchez et al.
201Q Yan & Blanton 2012 Kehrig et al. 2012among others), (20060 andSanchez et a2011). A simple SSP template grid
various lines of evidence suggest that photoionizationdmstp with 12 individual populations was adopted. It comprisesrfo
AGB stars appears to be the main driver of extended nebugallar ages (0.09, 0.45, 1.00 and 17.78 Gyr), two young and
emission in these systems, with non-thermal sources b&ng pvo old ones, and three metallicities (0.0004, 0.019 an@)9.0
tentially important only in their nuclei. The observatibeai- sub-solar, solar and super-solar. The models were extracte
dence behind this conclusion is that the nebular emissiantis from the SSP template library provided by the MILES project
confined only to the nuclear regions but is extended out®+#4  (Vazdekis et al. 201,0Falcon-Barroso et al. 201.1The use of

r'so, i.€. itis co-spatial with the post-AGB stellar backgrould  different stellar ages and metallicities or a larger set of tatapl
most of these cases EWghitypically is~ 1 A. In other cases the does not &ect qualitatively the derived quantities that describe
ionized gas does not present clear clumpy structures,netjtd  the stellar populations. Evenmore, it does nfieet quantita-
associate them with starformifigju regions. This is the case oftively the estimations of the properties of the emissioasin

the shock ionized regions detected in the MICE galaxiesdWil ~ The analysis of the underlying stellar population is notes d
et al., submitted). Since most of this ionization is not asso tailed as the one presented®id Fernandes et 802013, and it
ated with young massive stars, and therefore the assoaibtgd s not useful to reconstruct the star formation history. ldeer,
dances are not well calibrated, it is not relevant for thesené  since the spatial binning required to define these regidnased
analysis. on the Hr intensity, in many cases the extracted spectra of the
underlying stellar continuum do not reach the requiredaigo-
noise to perform a more detailed analysis. We prefer toicgstr
our stellar fitting to a reduced template library with fewllste

To extract the nebular physical information of each indidti POPulations, and derive simple conclusions, such as tioéidra

H u region, the underlying stellar continuum must be decoupl@fYoung or old stars. Therefore, we will not pay too much at-
from the emission lines for each of the analyzed spectraer@ey (€Ntion to the actual decomposition irfierent populations.
different tools have been developed to model the underlying Throughout, we adopted ti@ardelli et al (1989 law for the
stellar population, féectively decoupling it from the emissionstellar dust attenuation with an specific attenuatioRpt= 3.1,
lines (e.g.,Cappellari & Emsellem 2004Cid Fernandes et al. @ssuming a simple screen distribution. The use édént laws,
2005 Ocvirk et al. 2006Sarzi et al. 200654anchez et al. 2006b like the one proposed bgalzetti (200), does not produce
Koleva et al. 2009MacArthur et al. 2009Walcher et al. 2011 Significant diferences in the modelling of the underlying stel-
Most of these tools are based on the same principles, igy, thar population in the wavelength range considered. fedent
assume that the stellar emission is the result of the combina

tion of different (or a single) simple stellar populations (SSP),® http://www.caha.es/sanchez/FIT3D/

3.2. Measurement of the emission lines
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amount of extinction, parametrized by the extinction in Yhe tion of the classical line ratios with additional infornati re-
band @A), was considered for each stellar population. We cogarding the underlying stellar population have been pregos
sider that this is more realistic than to assume the sameuatteFor example Cid Fernandes et a(2011 proposed the use of
ation for all the stellar populations, since the distribatof the the EW(Hy), to distinguish between retired (non starforming)
dust grains is not homogeneous, andiigets the old and young galaxies, weak AGNs and star-forming galaxies.

stellar populations in a ffierent way. The most common diagnostic diagram in the literature for

Individual emission line fluxes were measured ugimg3p the optical regime is the one which makes use of easily-
in the stellar-population subtractespectra performing a multi- Observable strong lines that are lesteeted by dust attenua-
component fitting using a single Gaussian function. Whenemdion, i.e., [Ou]/HB vs. [Nu]/He (Baldwin et al. 198} We will
than one emission line was fitted simultaneously (e.qg., éar-d refer hereafter to this diagnostic diagram as the BPT dragra
blets and triplets, like the [N] lines), the systemic velocity and Differentdemarcation lines have been proposed for this diagram
velocity dispersion were forced to be equal, in order to éase The most popular ones are th&uffmann et al.(2003 and
the number of free parameters and increase the accuracy offgwley et al.(200]) curves. They are usually invoked to distin-
deblending process. The ratio between the twai[hines in- guish between star-forming regions (below tRauffmann et al.
cluded in the spectral range were fixed to the theoreticaleval2003 curve), and AGNs (above thigewley et al. 2001 curve).
(Osterbrock & Ferland 2006By adopting this procedure it is The location between both curves is normally assigned toa mi
possible to accurately deblend thefeient emission lines. A ture of diferent sources of ionization. Additional demarcation
similar procedure was applied to the rest of the lines whiehaw lines have been proposed for the region abovekihweley et al.
fitted simultaneously (e.g.Hand [Om]). The measured lines (200]) curve to segregate between Seyfert and LINERs (e.g.,
include all lines employed in the determination of metitlics- Kewley et al. 200k
ing strong-line methods, i.edd HB, [Ou] 43727, [Om] 14959, Despite of the benefits of thideansegregation for classifi-
[Om] 45007, [Nu] 16548, [Nu] 16583, [Si] 16717 and [S] cation purposes, it may introduce biases when applied iarord
16731. Additionally, for those H regions with high signal-to- to select Hi regions. TheKewley et al.(200]) curve was de-
noise we were able to detect and measure intrinsicallydainfived on the basis of photoionization models. It corressotod
lines such as [Nel] 13869, H 13970, H5 14101, Hy 14340, the maximum envelope in the considered plane for ionization
Hel 15876, [OI] 16300, and Hé 16678, although they have notproduced by hot stars. Therefore, to the extent that these mo
been considered for the present stiRlyT 3D provides the inten- €ls are realistic enough, any combination of line ratioowel
sity, equivalent width, systemic velocity and velocitymiission this curve can be produced entirely by OB star photoiorozati
for each emission line. The statistical uncertainties mniea- Finally, it defines all the area above itais-reachabléy ioniza-
surements were calculated by propagating the error agedcidion associated with star-formation. TKauffmann et al(2003
with the multi-component fitting and considering the sigmal curve has a completely tierent origin. It is an empirical enve-
noise of the spectral region. Note that by subtracting dastellope defined to segregate between star-forming galaxieshend
continuum model derived with a set of SSP templates, we &e-calledAGN branch in the BPT diagram based on the analy-
already correcting for thefiect of underlying stellar absorption,sis of the emission lines for the SDSS galaxies. It descriledis
which is particularly important in Balmer lines (such g8)HNe the envelope of classical iHregions found in the disks of spiral
performed a series of sanity tests based on thgHd ratio to  galaxies. However, it is known that certaimHegions can be
ensure that no overcorrection was done on the absorptittarstefound above this demarcation line, as we will show below.
features. Kennicutt et al.(1989 first recognized that H regions in

Note thaFIT3D fits the underlying stellar population and thén€ center of galaxies distinguish themselves spectrasaip
emission lines together. Therefore, in addition to the patars 1O those in the disk by their stronger low-ionization fioftien
derived for the emission lines, the fitting algorithm praascus €Mission. The nature of thisftiirence was not clear. It may be

with a set of parameters describing the physical compomintsfjue to c_on.tamination by an extra source of ionization, like d
the stellar populations. In particular it provides the fiag of fuse emission or the presence of an AGN. However, otheastell

light that contributes to the continuum at 5000A correspogd processes, such as nitrogen enhancement due to a natmgl agi

f Hi regions and the surrounding ISM can produce
to an old &500 Myr, f;) or young 500 Myr, fy) stellar pop- process o ;
ulation (which we consider a reliable parameter for our eoirr the same fiect. These early resu_lts were conflrmedl Iu;_et al.
stellar analysis). (1997, who demonstrated that inner star-forming regions may

populate the right branch of the BPT diagram, at a locati@vab
the demarcation line defined later Bauffmann et al.(2003.
3.3. Selection of the Hu regions However, we have found that theserlfegions are not restricted
to the central regions, and can be found at any galactocentri
Classical Hi regions are gas clouds ionized by short-lived hatistance, even at more tharr2(Sec.5.1), which excludes the
OB stars, associated with on-going star formation. They agentamination by a central source of ionization. The natire
frequently selected on the basis of demarcation lines d&findiese Hr regions will be addressed in detail elsewhere. For the
in the so-called diagnostic diagrams (eBaldwin etal. 1981 purpose of the current study it is important to define a select
Veilleux & Osterbrock 198y, which compare dferent line ra- criterion that does not exclude them.
tios, such as [OllJHB vs [NIl]/Ha, [Oll]/HB vs [Oll]/He, Therefore, selecting W regions based on the
[NH]/He vs. [SlI}JHa andor [NIl]/Ha vs. [SII/Ha. In most Kauffmann et al.(2003 curve may bias our sample towards
cases these ratios discriminate well between strong itaiza classical disk regions, excluding an interesting popofatf
sources, like classical i regions and powerful AGNs (e.g.these objects. On the other hand it does not guarantee the exc
Baldwin et al. 1981 However, they are less accurate in dission of other sources of non-stellar ionization that canutate
tinguishing between low-ionization sources, like weak AG;Nthis area, like shocks (e.cdllen etal. 2008 Levesque et al.
shocks anr post-AGBs stars (e.@Cid Fernandes et al. 2011 2010, post-AGB stars (e.&ehrig et al. 201Pand dusty AGNs
Kehrig et al. 2012 Alternative methods, based on a combinge.g.Groves et al. 2004 Following Cid Fernandes et a(2010
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Fig.4. Left panel:[Om] A5007HB vs. [Nu] 16583Ha diagnostic diagram for the 7000 ionized regions described in the text.
The contours show the density distribution of these regwitis the diagram plane, with the outermost contour encp8i5% of
the regions, and each consecutive one enclosing 20% lesssedhe color indicate the fraction of young stellar p@piain in the
underlying continuumCentral panel:Same diagnostic diagram, restricted to those ionized nsgidth less than a 20% of young
stellar population£1800 regions)Right panel:Same diagnostic diagram, restricted to those ionized nsgigth more than a 20%
of young stellar population{5800 regions). In all the panels, the solid- and dashedipeesent, respectively, thkauffmann et al.
(2003 andKewley et al.(2001) demarcation curves. They are usually invoked to distisigbietween classical star-forming objects
(below the solid-line), and AGN powered sources (above tehdd-line). Regions between both lines are consideredretiate
ones.

andCid Fernandes et a{2011), we consider that an alternativetours encloses 95% of the detected regions, with each consec
method to distinguish betweenfidirent sources of ionization tive one encircling fewer regions. This contour is locatetbty

is to compare the properties of the ionized gas with that ef tithe Kewley et al.(2001) demarcation curve, which indicates that
underlying stellar population. the ionization of our selected clumpy regions is already idom

We adopted a dlierent selection criterion, using the fractiornated by star formation. In fact, onky2% of all regions are lo-
of young stars ;) provided by the multi-SSP analysis of thecated above thiewley et al.(200]) line, and~80% are below
underlying stellar population, as a proxy for the star-fation the Kauffmann et al (2003 line (i.e., where classical disk
activity. For star-forming regions this parameter progiém- regions are located). If we had adopted this latter demiarcat
ilar information to the EW(Id). Figure 3, left-panel, shows curve as our selection criteria we would have missed a signifi
the distribution of EW(kt) against the fraction of young starscant number of regions.
for the ~7000 clumpy ionized regions selected by itHLORER. The color-code in Figd indicates the average fraction of
For those regions with EW(#)>6 A, angor with a fraction of young stars at each location (i.e., tk@xis in Fig.3), ranging
young stars larger than 20%, both parameters present agstrsom nearly 100% for the regions at the top-left area of tlze di
log-linear correlationror =0.95). Fig3, right-panel, shows the gram, to nearly 0% for regions at the top-right location. fEhe
same distribution for the-500,000 spaxels with detectedrH a clear gradieritorrelation between the fraction of young stars
emission. This distribution presents the same trend demthe- and the [Ni]/Ha ratio, reflecting the known downsizing-like
fore, but with an evident tail towards lower EW¢iHvalues and variation of the specific SFR along the SF branch of the BPT
a lower fraction of young stars. diagram Asari et al. 200Y.

The threshold imposed by HipLorEer in the surface bright- Based on these results, we classified as ridgions those
ness of K and the requirement that the ionization is clumpy etlumpy ionized regions for which young stars500 yr) con-
ficiently removes most of the ionization corresponding t@kve tribute at least a 20% to the flux in théband. This particular
emission lines described. This is mostlyffdse emission, that fraction is the lowest for which the correlation ¢heient be-
peaks in the described diagram at EWjH1-2 A andf, ~5- tween fy and the EW(K) is still higher thanrco, >0.95, and
10%. For early-type galaxies, this weak EWi(Hs mostly by for which the fraction of excluded regions is not higher than
post-AGB stars (e.g<ehrig et al. 2012Papaderos et al. 20],3 the one that would be excluded by adopting the more common
and therefore no correlation is expected between its iittesnsd ~ Kauffmann et al(2003 curve. Fig.4, central panel, shows the
the fraction of young stars (as explained before in Seiy. On  same distribution as the one shown in the left panel, buicest
the other hand, high EW(#) could be produced by other mech+o the 1787 regions for which the fraction of young starsvedo
anisms, like AGNs and shocks, that are not required to be ctitan 20%. The fraction of regions above Kewley et al.(2007)
related in principle with the properties of the underlyingligr curve is significantly larger~7%), with more than a 40% above
population. A cut in the EW(H) cannot remove those regionsthe Kauffmann et al (2003 one. Although there are still 1043
Therefore, we consider that the fraction of young starsigiess; regions below this latter curve, it comprises jusit5% of the
in connection with the aforementioned spectroscopic ifleas original sample. This can be considered our incompletenass
tion criteria, a robust and physically motivated means erak- tion. Although we cannot exclude that some fraction of these
traction of genuine H regions. regions are ionized by star-formation, we cannot guarahtee

Figure 4, left-panel, shows the distribution of the ionized Fig. 4, right panel shows the same distribution, but for the
regions across the BPT diagram, with contours indicatireg 56229 regions with a fraction of young stars larger than 2084, i
density of regions at each location. The outermost of those ¢ our final sample of hk regions. Of them, only 23 are above the
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Fig. 5. Radial distribution of the oxygen abundance derived foiitldévzidual Hur regions with abundance errors below 0.15 dex, as
a function of the deprojected galactocentric distance, @a@rected for inclination), normalized to the didkeetive radius, for the
galaxies presented in Fig. The size of the symbols is proportional to the ktensity. The red circles represent those tegions
below theKauffmann et al(2003 line, and the orange squares represent those ones abswrithe and below thKewley et al.
(2001 demarcation lines, i.e., the regions at twecalledintermediate zone in the BPT diagram. The solid and dashed Ehow
the best linear regression and error-weighted linear fiveddifor those values between 0.3 and £.1The results from the second
fit are shown in the figure, including the zero-point (a), sl¢ip), and correlation cdiécient (r).

Kewley et al.(200]) curve 99.5% are below it). On the otherbeen included in the error budget. The typical error derfvech
hand, there are 713 regions in the so-called intermedigterre the pure propagation of the errors in the measured emissies |
with a significant fraction of young stars40% on average). is about 0.05 dex, although in a few cases is can be larger.
These regions would have been excluded if we had adopted thelt is beyond the scope of the current study to make a detailed
Kauffmann et al(2003 curve as our selection criteria, and weomparison of the oxygen abundances derived using ffexeint
would have lost a certain number ofiHegions at any galacto- proposed methods, such as was presentddemley & Ellison
centric distance. We consider that the adopted combined-sel(2008 or Lépez-Sanchez et a[2012. However, we want to
tion criteria are more physically driven and conservatsince state clearly that all our qualitative results and most efghan-
they select only those regions that are associated with derun titive ones are mostly independent of the adopted oxygen-abu
lying stellar population indicative of the presence of ygstars. dance calibrator, i.e. despite the absolute scale amondithe
ferent indicators and the fiiérences introduced by them in the
galaxy slopes, the abundance gradients show statistittadly
4. Results same relationships with respect to global galaxy propgras
explained below.
We derive for each galaxy the galactocentric radial digtrib
In order to derive the oxygen abundance for each of the g®n of the oxygen abundance, based on the abundances mea-
lected ~5000 Hu regions, we adopted the empirical calibrasured for each individual Hregion. In AppendiA we describe
tor based on the O3N2 ratié\loin et al. 1979 Pettini & Pagel the surface-brightness and morphological analysis padifor
2004 Stashska et al. 2006 each galaxy to derive the mean position angle, elliptieity ef-
fective radius of the disk. Using this information we depicigd
the position of each H region for each galaxy, assuming an in-
trinsic ellipticity for galaxies ofy =0.13 Giovanelli et al. 1995

4.1. Oxygen abundance gradients

[(JO 111] A5007)Y1(HB)

O3N2 = logio [(IN 11] 265841 (Ha) (1) 1999, and an inclination given by:
This ratio is basically not fiected by the fects of dust . 1-g?-€& )
attenuation, uses emission lines covered by our wavelen 9152 T 1P @)

range for all the galaxies in the sample, and it has a mono-

tonic single-valued behavior in its range of applicabiliye wherei is the inclination of the galaxy, ands the median ellip-
adopted the functional form and calibration Bgttini & Pagel ticity provided by the morphological analysis, defined facle
(2004, although its correspondence with temperature-anchorgalactocentric distance as:

abundances at the high-metallicity range is still underatieb
(Marino et al. 2013 In that article we demonstrate that the indi-, a\2

cator is valid for a range of line ratios betweeh.1<O3N2<1.7, € = _( ) ®3)
which corresponds to oxygen abundances abowéot#O/H)>8

dex. In our sample of H regions we do not reach the low metalwherea and b are the semi-major and semi-minor axes. For
licity limit for which the calibration is still useful, mogtroba- galaxies with an inclination below 35ve prefer not to correct
bly because we do not include low-massarf galaxies in the for the inclination &ects due to the uncertainties in the derived
considered sample of galaxies. In this regime the derived-ab correction, and the very smalffect on the spatial distribution
dances have an accuracy £0.08 dex, an uncertainty that hasof Hn regions. We derive the galactocentric distance for each

b
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Fig. 6. Left panel:Distribution of correlation co@cients of the oxygen abundance along the radial distancéhéol93 galaxies
described in the texCentral panel:Distribution of zero-points for the corresponding lineagiression galaxy by galaxRight
panel: Distribution of slopes of the same regressions. The orantié kne represents, for each of the last two histograms, th

expected histogram in case of a Gaussian distribution odiéite,
each analyzed parameter, and sampled with the same bins.

region, which is later normalized to the didkextive radiusi().

assuming the mean and standard-deviation of thédistn of

ies there is a clear correlation between the oxygen aburedanc

This disk dfective radius was derived from the scale-length @fnd the radial distance. The correlation i@éent (shown on

the disk of each galaxy, extracted from the analysis of thfase
brightness profile in thg-band as detailed in the Appendix
For disk dominated galaxies thiffective radius is similar to the

the left-panel of Fig6) is larger thanre,, >0.4 for ~72% of
the galaxies. This.or coOrresponds to a probability of good fit
of ~98.5% for the typical number of kregions in our galax-

classical &ective radius, that can be derived by a pure growtles. Most of the galaxies for which the correlation fimgent

curve for the full light distribution of the galaxy. Howeyédor
galaxies with a clear bulge it represents the charactestle

is lower than this value are galaxies with low number of de-
tected Hi regions. The distribution of zero-points (mid-panel)

of only the disk part. The center of the galaxy was taken frohms a mean value at 4bg(O/H)~8.73 dex with a standard
the WCS of the cube headers, and it was derived by a barycemteviation of ~0.16 dex, with a range of values reflecting

estimation described iHusemann et a(2013.

the mass-range covered by the sample, due to the well-known

Finally, for each galaxy we derive the oxygen abundance gr&+Z relation (e.g.Tremonti et al. 2004Sanchez et al. 20}.3
dient. Figureb shows two examples of these abundance gradhinally, the distribution of slopes (right-panel of F&.has a

ents for the same galaxies shown in Fig@rgé.e. UGC 00312,
left-panel, with high inclination and NGC 7716, right-pgne
with low inclination). As we indicated before, the CALIFA Wo

clear peak and it is remarkably symmetric. The probability o
being compatible with a Gaussian distribution is 98%, based
on a Lilliefors-test Lilliefors 1967) (compared with 77% de-

covers on average2.5re of the observed galaxies. Howeveryived for the distribution of zero-points). Therefore, thlepes
due to the inclination for spiral galaxies this FoV has a widef the abundance gradients have a well-defined charaaterist

range betweer?2 re for the face-on galaxies and upt® r, for
the edge-on ones (although the particular range deperasmals
the intrinsic characteristics of the galaxies).

Following this analysis we perform a linear regressionhwit
out considering the errors of the individual abundanced,am
error-weighted linear fit to the radial distribution of allamces
galaxy-by-galaxy, restricted to the same spatial rangemRhe
original 227 galaxies with detected ionized regions, werictsd
the analysis to those with at least fountfegions within the con-
sidered spatial range (63 /re <2.1). AlthoughZaritsky et al.
(1999 found empirically that at least five Hregions are re-
quired to define the slope, we found that this depends also

value of gy = —0.10 dexre with a standard deviation of

o =0.09 deyr,, totally compatible with the value reported in
Sanchez et al2012h), for a more reduced sample. This slope
corresponds to afo/n = —0.06 deyrgq, when normalized to the
disk scale-lengthr{), instead of the diskféective radius ).

If instead of this normalization scale, we adopt a more aass
one, likerys (the radius at which the surface-brightness reaches
25 magarcseé in the B-band) we obtain a similar result, al-
though for a sharper slope ab,y = —0.16 dexrys, and a dis-
persion ofoc- =0.12 dexr,s. Finally, if the physical scale (i.e.,
kpc) at the distance of the galaxy is used instead of any of the
[previous normalizations, then we find a shallower averages|

the individual errors, the range of abundances and galastocof aon = —0.03 deykpc with a standard deviation of =0.03

tric distances sampled, and the actual signal-to-noisgedan
a Monte-Carlo simulation we found that for less than four H

dexkpc. Even more important, for this final case the distributio
is not asymmetric, presenting a clear tail towards largpesp

regions in a galaxy the derived slope is not reliable. Thialfinup to—0.15 deykpc.

sample comprises 193 galaxies, and a total of 46hi0¢gions.
94 galaxies show at least one region beyond 2.2 difdctive
radius, with a total of 484 regions (i.ep regions per galaxy in
this outer region, on average).

The result of this analysis is illustrated is F&g.where we
show the distribution of the correlation deients, zero-points,

4.2. Abundance gradient by galaxy types

In this section we analyze the possible dependence of tpe slo
of the gradients on the properties of the galaxies. But lecdior

and slopes for each individual galaxy. For most of the galagressing this issue we point out some possible limitatiowis-
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ases #fecting the analysis performed. Figukdeft panel, shows pxs =96.19% for classes 1-2 amuks =99.96% for classes 3-

the distribution of the number of detectedildegions as a func- 5. It is clear that the diskfiective radius is most probably ill

tion of the inclination of the galaxy. It is clear that alttghuthe defined for advanced mergers, however, this is irrelevamnwh

number of Hi regions is not the only parameter théfiemts this the slope is close to zero. Figuig right panel, shows that

error, for galaxies with less tha#l0 regions the error is consid-most of the galaxies with a flat slope are galaxies with a nar-

erably larger. On the other hand the number of detectedmegi@ow range of abundances across the field-of-view, and thosg o

decreases with increasing inclination. For highly indliigalax- are mostly interactingnerging galaxies. Therefore, we conclude

ies ( > 70°), there are very few galaxies with more than 1Bhat galaxy interactions flatten the abundance gradient.

Hu regions. This is a clear selectioffect, since highly inclined Moreover, we restricted our analysis for the 106 galaxies

galaxies have less accessible portion of the disk, andftitere with more than 10 H regions, and with inclinations lower

the number of detected regions is reduced. We have taken itian 70, taking into account the possible biases described in

account this bias in the following analysis. the previous section. We found no qualitativéfelience in the
Fig 7, central panel, shows the distribution of the slopes ag@sult. For the intermediate stage the actual number okgala

function of the number of detectediHegions, including galax- jes is too low (7) to provide with a significantfiérence (al-

ies of any inclination. For galaxies with few detected regio though the mean value of the slope remains the same). Finally

there is a strong secondary peak in the distributiongti ~0  for the advance mergers thefeirence in slope remains signifi-

(i.e., a constant value). This secondary peak is more evidencant (pxs =99.81%).

the right panel, where we compare the slopes derived from the

linear regression (i.e., those shown in the central panglian

Fig. 6), with a rough estimation of the slope derived by divid4.2.2. Slopes by morphology

ing the range of abundances within the considered galautiace

distances (B - 2.1r.), by the dfferences of radial distances, In Fig. 8, top-right panel, we show the distribution of slopes as a

function of the galaxy morphological classification. Thiassi-
max[12+ log(O/H)] — min[12+ log(O/H)] @) fication was performed by eye, based on the independent-analy
Imax OH — Fmin O/H ’ sis by five members of the CALIFA collaboration, and it will be

described elsewhere in detail (Walcher et al. in prep ffebént
t&sts indicate that our morphological classification i$/fabm-
patible with pre-existing ones, and their results agreé Wit
rzxpectations based on other photomgtnimrphological param-

ters, like the concentration index (Figandor the Sérsic index
féersic 1968 We exclude from this analysis those galaxies with
evidence of an on-going interaction (i.e., classes 1-Héptre-
vious section), since they present a much flatter gradidris T
reduces our sample to 146 galaxies.

@range =

This parameter is more sensitive to the actual range of ab
dances measured for thenHegions in each galaxy. Most of
the galaxies are concentrated in a cloud arowrsl{, arange) =
(0.1, -0.15) (with a wide dispersion in the second paramete
However, there is a second group of galaxies with nearly flat
even inverse gradients (indicated with a blue color), wlach
mostly galaxies with a low number of iHregions angbr highly
inclined galaxies. It is clear that for those galaxies ouiveel

slope is less reliable. Thus, better determinations of tbpes Th i iral S liahtly f |
will result for (i) larger number of Hk regions, (ii) larger range e ea_r 1er splrgs C ?j) pr_esentda slightly attei SIope,
of abundances, and (jii) larger covered range of galactdcen ?0/H.s0-sa = —0.08 dexre ando =0.08 dexre (Ngaiso-sa =13),

in comparison with the two groups of later type ones:

distances. @o/Hsabsb = —0.12 dexre and o =0.08 (lgaisab-sb =88)
dexre and ag/H,sbesm = —0.11 dexre and o =0.08 dexre

4.2.1. Effects of interactions in the abundance gradients (Ngaisbe-sm =45). However, the correspondirtgand KS-tests

We classified our sample of galaxies based on their int«arrrznctiindicate that the dierences are not significanfk =98.86% and
pks =81.31%, respectively, for the distributions with the large

stages to study the possibl&ext in the abundance gradientd- P . .
! - . = ifferences. Therefore, statistically speaking, the slopepief
with a much stronger statistical basis than any previougdystu rals galaxies segregated by morphology are all equivalent.

Following the classification scheme Bgilleux etal. (1999, A similar result is found if instead of normalizing the ra-

galaxies were classified in sixftérent groups, from (i) galaxies . . X . ; .
without any evidence of interaction (class 0), like NGC 5qay  dial distances to the diskfective radius we adopt the physical
i g size, without any scale-length normalization. In this casele-

galaxies with close companions at similar redshift (clagse), ° : T . .
like VV 448; and (ii) galaxies under clear interaction gorcad- rive a m‘_JCh vx_nde_r d!str|but|o_n (.)f slopes, not compatlblehmt
vanced mergers (classes 3-5), including galaxies like thee M @ Gaussian distribution (as indicated before). The onfiedi

(class 3) and ARP 220 (class 4). The details of these claessifigr?cﬁ is that t(;'e _\/ﬁlues for the early-t):wpe grz]ilaxi?sharle someh
tion will be given elsewhere (Barrera-Ballesteros et alpriep.). shallower and with a narrower range than that of the lateedyp

Figure8, top-left panel, shows the distribution of slopes 0(F\Ithough the dferences are not statistically significant.

the abundance gradient for thefdrent classes based on the in-

teraction stage. Most of the galaxies in this study do naé@me 4 > 3. Effects of bars in the abundance gradients

any evidence of an on-going interaction7(7%). But they do

present a well centred distribution of slopes, with an ayeraFig. 8, bottom-left panel, shows the distribution of slopes fa th
value of ag;y = —0.11 dexre with a standard deviation of different types of galaxies, depending on the clear presence, or
o =0.08 dexre, fully compatible with the distribution for the not, of bars. The inspection of our sample for bars was pevéalr
complete sample (based on a Kolmogorov-Smirnov test, helgreye, by five members of the CALIFA collaboration, and itiwil
after KS-test). On the other hand, the two subsamples okgalde described elsewhere in detail (Walcher et al. in prefwed

ies with evidence for early or advanced interactions priesiem  different groups were defined, following the classical scheme:
ilar distributions of slopes among themselves, with sh&tio (A) galaxies with no bar, (AB) galaxies that may have a bat, bu
gradients ¢o/q = —0.05 dexre ando =0.07 dexre), signifi- it is not clearly visible and (B) clearly barred galaxies.emi-
cantly diterent from the subsample of non-interacting galaxiesual classification was cross-checked with an automaticisea
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Fig. 7. Left panel:Number of detected H regions as a function of the inclination of the galaxy. Thivroof the symbols and the
corresponding histogram indicate the inclination of thiagias: (i) Less than 45(red), (ii) between 45and 65 (green) and (iii)
larger than 65 (blue). Central panel:Slope of the gradients of the oxygen abundance derived fdr galaxy along the number
of detected Hi regions. The colors of the symbols and the correspondirigdram indicate the number of detected: Hegions

in each galaxy: (i), Less than 20iHegions (red), (ii) between 20 and 40uHegions (green) and (iii) more than 40uHegions
(blue).Right panel:Slope of the gradients of the oxygen abundance derived fur galaxy based on the linear regression of the
radial distribution along the slope derived by comparirgitinge of abundances with the corresponding range of rdidiahces.
The colors of the symbols and the corresponding histograliaite this latter parameter, showing (i) slopes lower than—0.25
dexre (red), (ii) between-0.25 and 0.05 dé€k (green) and (iii) larger than 0.05 dex(blue). The size of the symbols are inversely
proportional to the derived error in the slope of the aburdagradient, in both panels. The black-solid diamonds ssprethe
mean values for the flerent selected subsamples, with the error bars indicdimgtandard deviation around this mean value.

for bars, based on the change of ellipticity and PA, that lirelsly the stellar mass and the concentration inGgsee definition in

similar results. In a recent kinematical analysis of the \- Sec.2).

locity maps, usin@iskFit®, it was found that the frequency

of radial motions was significantly higher in those galaxidt

clear bars (Holmes et al., in prep.). As for the previousisact  Fig. 8, bottom-right panel, illustrates this analysis, showing

we only considered the 146 galaxies with no evidence of an dhe distribution of slopes versus tigeband absolute magnitude

going interaction. of the galaxies. As in the previous sections we excluded the
Again, negligible diferences in statistical terms are foundalaxies with clear interactions. We split the sample initum

between the slope of the abundance gradient for barredigajax"ous &, Mg <= —20.25 mag), intermediate,(-20.25<Mq <=

i.e.aomp = —0.09 deyre ando =0.07 dexre (Ngaiso-sa =38), —19.5 mag), and faint, Mg > —19.5 mag) galaxies. No sig-

in comparison with the other two groupgia = —0.12 dexre nificant diterence is found between both the average slopes:

ando =0.08 (gaia =78) deXre andaoymap = —0.13 dexreand  @omL = ~0.10 dexre ando =0.08 dexre (NgaiL. =57),aomi =

o =0.09 deyre (Ngaias =30). The corresponding and KS-tests —0-12 dexre ando- =0.06 dexre (Ngay =42), aojnr = -0.12

indicate that the dierences are not significan =93.43% and d€¥re ando =0.10 deyre (Ngair =45). The corresponding

Pks =92.44%, respectively, for the distributions with the lasge @nd KS-tests indicate that the probability that they affecent

differences. Therefore, if there is a change in the general sfop@r€ Pt =88.11% andpks =87.36%, respectively, for the sub-

the gradient induced by the presence of a bar, tfexeis weak Samples with the largestfiierences. There is not even a weak

and not statistically significant. The same result is fountie  trend between both parameters, given the derived cowelad-

radial distances are normalized to the physical size, withay €fficientr =0.009, and a slope provided by a linear regression of

scale-length normalization. As in the previous case, wiveer @ = ~0.0007. Thus the abundance gradient seems to be indepen-

wider distribution of slopes, but with no significantigrences dent of the luminosity of the galaxies.

due to the presence or absence of bars.

Similar results are found for the stellar masses (derived as
4.2.4. Slopes by luminosity, stellar mass and concentration described inSanchez et al. 20}3and theC-index. No clear
index correlation is found between the slopes of the abundance gra
) ) ) dients and both parameters, as indicated by the derivedlaerr
In the previous sections, we analysed the possible charfgesiéh codficients:mass=0.08 andc_ingex =0.24. The only dier-
the slope of the abundance gradient on the basis of three gifice is found for galaxies more massive thaxa@®° M., with
ferent morphological classifications: mergjiimgeraction stage, concentration indices larger th&h >2.4 (34 galaxies). These
Hubble type and incidence of bars. All those classificativeee  galaxies present an average sloperefy = —0.07 deyre and
performed by eye, deriving a discrete segregation of thex@ed - =0.06 deyr,, andt— and KS-tests indicate that they are sig-
in sub-groups. In this section we analyse the possible ti@mia nificantly different from the rest of the sample: =99.60% and
of the slope as a function of less-subjective parametessaite 5 =99.08%. However, even this fiiirence has to be taken
correlated with the morphology of the galaxies: the lumityps with care, since a visual inspection of the abundance gnéslie
for this subsample indicates that a substantial fractiothem
6 httpy/www.physics.rutgers.edspekkenaliskfit/ are galaxies with few detectediHegions.
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Fig. 8. Top-left panel:Distribution of the slopes of the abundance gradients asetifan of the interaction stage of the galaxies.
The colors of the symbols and the corresponding histogradisate three types of galaxies based on the interactipno(signa-
tures of interaction (red), (ii) galaxies with close comioais andor in an early interaction stage (green), and (iii) galaxieder
clear coalescence or evolved mergers (blTep-right panel:Similar distribution of slopes as a function of the morplyal
classification of the galaxies. The colors of the symbols thiedcorresponding histograms indicate three types of gedéased

on their morphology: (i) Early spirals, SO-Sa (red), (iij@mediate spirals, Sab-Sb (green) and (iii) Late spiaésSm (blue).
Bottom-left panelSimilar distribution of slopes as a function of the presemcabsence of bars. The colors of the symbols and the
corresponding histograms indicate three types of galateslearly non-barred (red), (ii) not clear if there is arlwa not (green)
and (iii) clearly barred galaxies (blugottom-right panelSimilar distribution of slopes as a function of the absolagegnitude of
the galaxies. The colors of the symbols and the correspgridatograms indicate three types of galaxies based on thiaasity:

(i) luminous galaxiesMg_spss < —20.25 mag (red), (ii) intermediate galaxied9.5 < Mg_spss < —20.25 mag (green) and (iii)
faint galaxiesMy_spss > —19.5 mag (blue). The size of the symbols are inversely propaatito the derived error in the slope
for all the panels . The black-solid diamonds represent teamvalues for the ffierent selected subsamples, with the error bars
indicating the standard deviation around this mean value.

5. Discussion tical regime. The existence of an universal radial decréase
the oxygen abundance has been already suggested in many pre-

The metal content of a galaxy is a fundamental parametervious studies (e.gDiaz 1989 Vila-Costas & Edmunds 1992
understand the evolution of the stellar populations galayy Bresolin et al. 2009Yoachim et al. 2010Rosales-Ortega et al.
galaxy and at dferent locations within the same galaxy. Oxyge2011, Marino et al. 2012 Sanchez et al. 2012IBresolin et al.

is the most abundant heavy element in the Universe, m&012. This observational property is compatible with our cur-
ing it the best proxy of total metallicity. It is easily obser rent understanding of the formation and evolution of spiral
able for a wide range of metallicities thanks to its emigdgivi galaxies (e.gTsujimoto et al. 2010and references therein). Gas

of collisionally excited lines, which are prominent in thp-o accretion brings gas into the inner region, where it firsthes
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Fig. 9. Left panel:Radial distribution for the oxygen abundance derived usiegD3N2 indicator for all the galaxies in our sample.
The contours show the density distribution ofiegions in this parameter space. The outermost contouroksi95% of the
total number of Hi regions, with~20% less in each consecutive contour. The color image sHmwvaverage stellar mass of each
galaxy corresponding to each abundance and radial distRiglet panel:Radial distribution for the oxygen abundance derived
using the O3N2 indicator, after scaling to the average vatuée disk &ective radius for each galaxy. The image and contours
show the density distribution of tlregions in this parameter space. The outermost contourotexi95% of the total number
of Hu regions, with~20% less in each consecutive contour. The solid-yellow tgai@present the average oxygen abundances,
with their corresponding standard deviations indicateérasr bars for consecutive bins of 0.3 galactocentric dista per disk
effective radius. The average error of the derived oxygen adowcel(without considering systematic errors) is shown bingles
error bar located a the top-right side of the panel. The dhgineen line shows the result of the best linear regressidinet data.
The solid-black lines in both panels represent the lingatiom corresponding to the mean values of the zero-pomdsséopes of
the individual regressions derived for distribution of le@adividual galaxy.

the required density to ignite star formation. Thus the imee of random fluctuations. This result contradicts severavipres
gions are populated by older stars, and they haffered a faster studies which claim that the slope in the gas-phase abuedanc
gas reprocessing, and galaxies experience an inside-aag ngradient is related to other properties of the galaxiesh ag
growth (e.g.Matteucci & Francois 1989iBoissier & Prantzos (i) the morphology, with early-type spirals showing a shakr
19993. Several previous studies have analyzed the radial absiepe and late-type ones a sharper one (dafCall et al. 1985
dance gradients for individual galaxies or for limited sdesp Vila-Costas & Edmunds 1992 (ii) the mass, with more mas-

of galaxies (e.g.Vila-Costas & Edmunds 199Belley & Roy sive spirals showing a shallower slope and less massive ones
1992 Zaritsky et al. 1994 Roy & Walsh 1997 van Zee et al. a sharper one (e.gZaritsky et al. 1994 Martin & Roy 1994
1998 Marino et al. 2012Rosales-Ortega et al. 2G1Rich etal. Garnett 1998 and in particular, (iii) the presence of a bar,
2012 Bresolin etal. 201 These studies have found: (i) awith barred galaxies presenting a shallower slope than non-
monotonic decrease of the abundance from the central regidvarred ones (e.dZaritsky et al. 1994Roy 1996, and (iv) the

up torys andor ~2.5 — 4rq (the scale-length of the disk), whichinteraction stage of the galaxies, with evolved mergersqie
corresponds basically t81.5 — 2.5r¢; (ii) a flattening in the ing shallower slopes (e.frich et al. 201®, which seems to be
outer regions, for those galaxies that cover regions beygnd the case also for irregular galaxies and low-mass galarigs (
(i) in some cases a shallow drop of the abundance in the céfdmunds & Roy 1993Walsh & Roy 1997 Kobulnicky 1998

tral regions is found (e.gRosales-Ortega et al. 20140.3-0.5 Molla & Roy 1999 Kehrig et al. 2008

re). In Snchez et al2012h we presented the first study of a ]

large number42000) of Hu regions, extracted from 38 face-  In the first case, the dependence of oxygen abundance on
on spiral galaxies. In general, we confirmed the common pattéhe morphology of the galaxies is a long standing debate (e.g
described above (a|though the Samp|e of regions bey{ﬁ"g MCCall etal. 1985VI|a-COSt§IS & Edmunds 1992Ear|y reSL-IItS
was quite reduced), we found that there is not only a commbicated that early-type spirals (8&) present flatter gradients
pattern but a common slope of,4 = —0.12 dexr, for all the than late-type ones (Fm), although these results were based

abundance gradients between 0.3r2.hen normalized to the ON & handful of observed galaxies and it was never tested in
disk efective radius of the galaxies. an statistical sense, until the study presented here. Nwless,

as described in Sed.2.2 statistically speaking, the slopes of
The results presented in the previous section point to thpirals galaxies segregated by morphology are all equitale
same conclusion aSanchez et al(2012h), i.e., that indepen- In the case of the bars, it is well-known that at least a 30% of
dently of the large variety of analyzed galaxieisk galax- disk galaxies have a pronounced central bar feature in #ie di
ies in the local Universe present a comnfatraracteristic gra- plane and many more have weaker features of a similar kind
dient in the oxygen abundance up 4@ disk gfective radii (e.g.Sellwood & Wilkinson 1993 Kinematic data indicate that
Moreover, the distribution around this mean value is compathe bar constitutes a major non-axisymmetric componertief t
ble with a Gaussian function, and therefore could be theltresmass distribution which tumbles rapidly about the axis redrim
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the disk plane. The theory predicts that bars are only siable two of them with an apparent flatter abundance gradient than
side co-rotation, although whether they are stable or moiles non-barred galaxies of the same morphological type (NGC 925
under discussion (e.glogee et al. 2004Méndez-Abreu et al. and NGC 1073). However, the slope they presented for those
2012. The bar and the spiral arms present two separate pattgataxies, when normalized by thdfective radius, cannot be
speeds, with the bar rotating much faster, as has been keceobnsidered flatter than the averagé (185 dey. and -0.254
observed (e.gPérez et al. 2072 dexR,, respectively, extracted from Table 7A,B from that arti-
Bars have been proposed as dfeetive mechanism for cle). Only when they compare the gradients of the barred and
radial migration (e.gDi Matteo et al. 2013 Hydrodynamical non-barred galaxies normalized to the physical scale/kgpex
simulations have shown that bars induce angular momentgan they find a dference, although they advise that "the sample
transfer via gravitational torques, that result in radiaivis and of each morphological type is small”. We have already indida
mixing of both stars and gas (e &thanassoula 1992This ra- along this study the importance of defining the gradient radrm
dial movement can produce a mixing and homogenization iaed to the &ective radius, since this parameter presents a clear
the gas, which leads to a flattening of any abundance gradieatrelation with other parameters of the galaxies, suchaalb-
(e.g.Friedli et al. 1994 Friedli 1999. Resonance patterns be-solute magnitude, the mass and the morphological type.
tween the bar and the spiral pattern speed can shift thesorbit Their analysed sample comprises a heterogeneous selection
of stars, mostly towards the outer regiohdirichev & Famaey of objects with the main criteria that they have at least 10ret
2010, a mechanism thatfiects also the gas. Another pro-gions with published abundance estimates in each galaxjeOf
cess that produces a similaffect is the coupling between 24 galaxies, nine have a large inclination angl6%°, including
the pattern speed of the spiral arms and the bar that NGC 925), and no inclination correction has been applietén t
duces angular momentum transfer at the co-rotation radidisrivation of the abundance gradient. This may have an impac
(e.g.Sellwood & Binney 2002g Early observational results de-on the derived slopes. Finally, the three galaxies witheftajta-
scribed a flattening in the abundance gradient of barrecigala dients & 0 dexkpc) have been classified as merging systems,
(Zaritsky et al. 1994Martin & Roy 1999. However, as first de- and two of them have been classified as barred galaxies. On the
scribed inSanchez et al(2012h, and explained in Seet.2.3 other hand, the galaxy with stronger gradient is also a mgrgi
of this work, we found negligible dtierences in statistical termssystem, being classfied as non-barred. If both highly ieclin
between the slope of the abundance gradient for barredigalJaxobjects and merging systems are excluded from the compariso
i.e., no evidence of the claimed flattening. there is no clear evidence of affdirence between barred and
A direct comparison between our derived slopes and thagebarred galaxies in their sample.
presented by previous results is dangerous, due to the ithom The same result is found for the possible variation of the
geneity of the data. However, it is needed to investigate telpe as a function of galaxy properties which are corrdlaith
source of the discrepanciegaritsky et al.(1994 presented an the morphology of the galaxies, i.e. the luminosity, thdlate
analysis of the abundance gradient based on a sample ofn38ss and the concentration indéxas described in Sed.2.4
galaxies. Of them, 14 were new objects (comprising a total @fhen compared with previous literature data that descicoed
159 Hu regions), and the remaining ones were extracted fromlations with these parameters, we have to take into a¢coun
the literature. Finally, only 7 objects of the total samplegenta how these results were derived (eZgritsky et al. 1994Garnett
clear bar. Although in general their abundance estimatiomsr 1998, i.e., the analyzed sample of galaxies and kegions,
a radial range up te-2 efective radii (or one isophotal radiusand if they refer to the slope normalized to the physicalescal
in their nomenclature), in many cases the actual sampled spato a certain galactic scale-length. For exampha;jtsky et al.
tial range is much more reduced (eg., NGC 1068 or NGC 4723994, despite the caveats expressed before about their sample,
as can be seen in their Fig. 8). In other cases the slope is fimind a correlation between the slope anftiedtent properties of
rived from a very low number of I regions (in particular some the galaxies, such as the stellar mass, the rotation velanid
of the largest derived slopes), with values that have récenthe morphological type, but only when the slope was exptesse
been updated to much smaller values (e.g., NGC 628, for whichterms of the physical size (déwpc). Since it is well-known
they derive a slope 0£0.96 dexros, when the actual value is that the &ective radius of a galaxy correlates with those param-
5 times lower,Sanchez et al. 201 Rosales-Ortega et al. 2011 eters, both results may be compatible, as suggested alieady
Sanchez et al. 2012bTherefore the individual measurement$anchez et a(2012).
presented in this article have to be taken with care, althoug Finally, it is important to remember that in many cases well
they were most probably the best available at the time. Fyinalestablished results are based on reduced and heterogemous s
the claim that barred galaxies present a flatter abundarzze gles of galaxies with an ingiicient number of Hi regions ex-
dient than non-barred ones is based on the comparison of fhlisred, or with comparison samples also extracted fromalite
parameter for 7 barred with 32 non-barred galaxies (Figfl5 ture dataBerg et al.(2013 explain that most old estimates of
that article). The strongestftitrence is found in the very late-radial gradient of oxygen abundances in the literature ased
type galaxies where there are just a few objects (3 barred antlout-of-date strong-line empirical calibrations whichyrbe
3 non-barred galaxies, with Hubble Type@). Some of the re- uncertain. These authors measure the auroral lina][@363
ported values are hardly feasible, since slopes®@¥5 dexros and find a gradient of -0.017 déopc and -0.027 dekpc for
could imply a range of abundances that is not observed aaro$$GC 638 and NGC 2403, respectively, which correspond to -
galaxy in more recent estimations. On the other hand nadisti 0.10 and -0.15 dék. in perfect agreement with results. These
tion was made between interacting and non-interacting@zda values are much smaller than the old ones, as also occurs with
which may introduce another source of uncertainty, sinoseh the estimates fronBresolin (2011 and Bresolin et al.(2012
galaxies present a flatter distribution (eRupke et al. 20103 for M 33, M 31, NGC 4258 and M 51, which are now -0.042,
and this study). -0.023, -0.011 and -0.020 dé&ypc, smaller than the old num-
Martin & Roy (1999 presented a comparison of the aburbers reported byZaritsky et al.(1994. In fact the value of -
dance gradient based mostly on literature data. Of the 24 afa)17 deykpc for NGC 628 is very similar to the one found
lyzed galaxies, they present new data for three barred igalaxby Rosales-Ortega et 82011, as indicated before (compati-
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ble with the value reported bBerg et al. 2018 Therefore the
procedure to measure the gradient is important, as wellas th
number of points or other important observation@ets, such
as the angular resolution, the signal to noise, or the anbina 05
ning that may also change the obtained radial gradient,asiitth
is demonstrated ilYuan et al.(2011) and Mast et al. (in prep.).
In the case of thefiects of interactions on the abundance$
gradient of galaxies, theory predicts that major mergdgs tr 5
ger the formation of bars in the stellar and gas disks, whicts
induce vigorous gas inflows as the gas looses angular mé
mentum to the stellar componergdrnes & Hernquist 1996 & 5
These in-flows are thought to be responsible for fueling &mas:8°'
sive central starburst and feeding AGN #dquasar activity
(Mihos & Hernquist 1996Barnes & Hernquist 1996For a spi-
ral galaxy with a preexisting metallicity gradient, gasfliow 1
flattens the gradient by diluting the higher abundance gas in L
the central regions with the lower abundance gas from therout 1
parts Rupke et al. 201Qk; Kewley et al. 201D This flattening
is compounded as the spiral arms are stretched by titiedte
(Torrey et al. 2012 In addition, interactions induce central star
formation processes that produce violent outflows thatejet- Fig. 10. BPT diagnostic diagram similar to the one presented
als from the richer central regions (e.g., Wild et al., inpye in Fig. 4, right-panel, restricted to the iHregions beyond 2.2
Indeed, galaxy mergers and interacting systems seem tenireslisk efective radius. The contours indicate the number density
flatter gradients in the oxygen abundance (&gwley et al. of regions, while the color-coded image represent the ifract
201Q Rich etal. 2012 The results of Sec4.2.1 support the of young stars€<500 Myr). The error bar represents the typical
same scenario, i.e., that galaxy interactions flatten thbaddnce error in both parameters for the representadrégions.
gradient of spiral galaxies in a statistical sense.
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The right-panel of Fig9, shows the average radial distri-
bution of the oxygen abundance after re-scaling to the geera
The results of the present study indicate that, when usiag tiepresentative abundance. The distribution afelgions is rep-
O3N2 strong-line abundance indicator, the oxygen aburelarieésented as a density map, both with a color-coded image and
gradient in disk galaxies presestatistically, a common slope a contour map (with the first contour encircling 95%) of the re
of ~ —0.1 dexre, between 0.3 and 2.1 disKective radius, when gions. The solid-yellow circles indicate the mean abundarat
normalized to this disk féective radius. This common slope isequal spatial bins ofr =0.3 1, with the error bars indicating the
independent of the other properties of the galaxies, exwept corresponding standard deviation. No significant devigftiom
interactiofimerging and maybe for the more massive and coti*e monotonic decrease defined by the average gradiene{repr
centrated galaxies. sented with the black solid line), is found up to 2.1 difleetive

Following Sanchez et a2012)) it is possible to illustrate radii. A linear regression to the scaled distribution off Ire-
this result by presenting the radial distribution of the gey gions, restricted to the spatial range between 0.3 and 2rép-
abundance for all the galaxies in a single figure. Since tpe reesented by the green dashed-line) derives a slopg/af-0.107
resentative abundance (i.e., the abundance at the flisitiee dexre ando =0.004 deye, fully compatible with the average
radius) scales with the integrated maSaifchez et al. 20)Fol-  value found for all the sampleo,1—0.09 dexre ando =0.09
lowing the well knownM-Z relation (Tremonti et al. 2004 itis ~ dex're (solid black line).
required to apply a globalffset galaxy by galaxy, and normal-  The origin of this common abundance gradient has to be
ize the gradient by the mean value at the diketive radius for directly linked to the formation and evolution of the disk in
all the sample, i.e., 12log(O/H) = 8.6 dex. Figuré illustrates spiral galaxies. Recent results, based on the analysiseof th
this process. In the left panel, we show the contour-plohef t star-formation history of CALIFA data, found undisputed ev
radial distribution before re-scaling to the average repneéative idence of the inside-out growth of the stellar mass in galax-
abundance. The distribution comprise4500 Hu regions cor- ies (Pérez et al. 203 at least for galaxies more massive than
responding to 193 dierent galaxies of any morphological type7x10*° Me. Both the extinction-corrected color gradients in
including barred and un-barred galaxies, and coveringhal tnearby galaxiesMufioz-Mateos et al. 2007and weak depen-
CM-diagram to the completeness limit of the CALIFA surveglence on the mass-size relation with redshiftufillo et al.
(described in Walcher et al. in prep.). Although the radraldir 2004 Barden et al. 2005Truijillo et al. 200§ also support an
ent is still visible, there is a wide distribution that almbdurs inside-out scenario for the evolution of disks. These tesarle
the evidence of a common abundance gradient. The colodco@éso supported by the radial distribution of the stellarssigeind
areas represents the integrated stellar mass of each galaxy for the same data set (Gonzalez Delgado et al., 2013).
responding to each represented abundance (in log unit®xAs  However, the described universal slope for the abundance
pected from theM-Z relation, for an equal mass the abundancegadient, being independent of many of the properties of the
present a clear radial gradient, parallel to the averagheoiit- galaxies, was only recently describeSafchez et al. 2012b
dividual linear regressions derived for each galaxy (sbitid), This result imposes a more severe restriction to our cuwrent
up to~2 disk dfective radii. This figure illustrates clearly thatderstanding of how disk galaxies grow. In essence, it agvébs
the common gradient is independent of the mass, as mentiotteelrecently proposed-z relation Rosales-Ortega et al. 2012
in previous sections. that links the gas abundance with the mass density of therunde

5.1. The common abundance gradient
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lying stellar population. It describes how the stellar massdthe tening, as already shown in Fi§for some individual galaxies.
gas abundance, both fundamental products of the star farmatVe detected 484 H regions at these outer areas, corresponding
history, grow side-by-side in disk galaxies, from the cetaghe to 94 individual galaxies. In most of them the derived aburcga
outer-parts. Together with th&(-z relation, they indicate that is larger than the expected by the extrapolation of the namot
more massive galaxies (that trace the deepest potentl}wedecrease.
form before and faster, accumulating more stellar mass amd m  Average radial distributions of oxygen abundances, simila
metals. The presence of a common gradient in the abundancednthe one shown in Figd, were created for dierent subsam-
dicates that all disk dominated galaxies of the same disktve ples of galaxies, segregated by their morphology, photamet
radius (hence, same disk mass, if having similar centrdsear properties and the structural parameters. The same syigrou
brightness) synthesize metals at the same galactoceistande analysed in the previous section where selected. No signific
with a similar gficiency. difference is found in either the qualitative and quantitatiagpe

The common slope suggests that the chemical evolutionaxid slope of the radial gradient. It is worth noting ttz flat-
galaxies is very similar in all disk galaxies, being complati tening at the outer regions seems to be a universal propédrty o
with a pseudo closed-box model. The classical closed-baeinodisk galaxiesindependent of the inclination, mass, luminosity,
considers that each radial bin of a galaxy comprises prim@-index, morphology andr presence of bars. Only in the case
dial gas from which stars are born, live all their life-timeda of the interacting galaxies, with a much lower slope in therab
die in-situ, according to a given SFR and IMF prescriptiongance gradient in the inner disk it is unclear whether or mot a
(Pagel & Patchett 1935Therefore, if the amount of primordial outer flattening exists (or if all the distribution is flatea). It is
gas is proportional to the depth of the potential well, anel thalso important to bear in mind that although we have adopted
efficiency of the SFR is the same for all the galaxies, both thige O3N2-indicator, the flattening does not depend on the ac-
stellar mass and the enrichment would only be proportiamal fual strong-line indicator selected. We tested it usingRi28-
the time, for a given halo mass. Théieiency of the SFR (or based calibrator bffiremonti et al.(2004), the N2-based cali-
starformation iciency, SFE), is defined as the SFR surface debeator byPettini & Page(2004 and the C-method described by
sity per unit of neutral gas surface density along a line giisi Pilyugin et al.(2012, with consistent results.
Recent results indicate that the SFE does not vary stronggyav As mentioned before, several previous studies found a sim-
the ISM is mostly H, in spiral galaxies (e.d-eroy et al. 2008 ilar behavior for individual or a limited sample of galaxi@sg.
Under this assumption all galaxies should have an univgraal Bresolin et al. 2009Yoachim et al. 2010Rosales-Ortega et al.
dient of their oxygen abundance with its zero-point projpodl 2011 Marino et al. 2012 Scarano et al. 2011Bresolin et al.
to the total mass. 2019. We have found a first hint of this flattening in our pi-

However, it is well known that the closed-box model canot analysis of the face-on galaxies in the CALIFA feastgili
not predict the right fraction of metal-poor stars with resppto  sample plus PINGS data, for a limited set of galaxies and H
the observed metallicity distribution of nearby long-ti&ars in  regions Ganchez et al. 2012bThe same pattern in the abun-
the Milky Way (e.g.Gibson et al. 2008 A more realistic model dance was described (i) in the extended UV disks discoveyed b
overcomes this problem by allowing the disk of galaxies tofo GALEX (Gil de Paz et al. 20Q5Thilker et al. 2007 (ii) in the
via continuous accretion of gas, driven by the gravitatibm@e metallicity gradient of the outer disk of NGC 300 from single
(pseudo closed-box model). This accretion can be compemsastar CMD analysis\(lajic et al. 2009, (iii) in the Milky-way,
or even halted for certain galaxies and over certain pebydsi- based on the spectroscopic analysis of the outerregions
pernova explosions (e.garson 1973 However, the outflow of (Vilchez & Esteban 199 steban et al. 20)3using open clus-
gas is not expected to feature in the history of most spirlabga ters (e.g.Bragaglia et al. 2008Magrini et al. 2009 Yong et al.
ies and is usually neglected in the modéBsi(son et al. 2008 2012, or Cepheids (e.gAndrievsky et al. 2002 Luck et al.
This modified model is consistent with the described comm@®03 Andrievsky et al. 2004Lemasle et al. 2008and (iv) in
radial gradient if the local gas recycling is faster thaneoththe oxygen abundance gradient offdient individual galaxies,
timescales involvedSilk 1993, and if the radial inflow is simi- |ike M 83 (Bresolin et al. 2009 NGC 628 Rosales-Ortega et al.
lar for those radial bins with the same stellar mass. 2011, or NGC 1512 and NGC 362B(esolin et al. 201, to

In summary, the radial gradient appears to be the consgte just a few results. However, this is the first unambiger
quence of dierent evolutionary rates along the radius. Recet#ction of such a flattening in most of the galaxies with detec
chemical evolution models suggest that the inner regioalvev Hn regions beyond-2 effective radii.
faster than the outer onedl¢lla & Diaz 2009, following a lo- The nature of this flattening is still under debate, in partic
cal downsizing evolution in agreement with thez relation |ar because until the current study it was not even clearisfat
Rosales-Ortega et a{2012; Sanchez et al(2013. Therefore, common feature of all disk-galaxies. The observationalthed
an evolution in the slope of the radial gradient expresseiyis-  oretical investigations of the metal content in the outgioes of
ical scales (dekpc) is expected, with a flattening for the morgyalaxies is relatively recent. Because of their extremelitimms
massive or more evolved galaxiéddlla & Diaz 2009. The de- (e.g. very low gas densities and long dynamical timescales)
scribed characteristic slope of the radial gradient whemad  the outermost regions of the galaxies are sensitive probes o
ized to the &ective radius (deke) implies a tight co-evolution the mechanisms leading to the assembly of the disks and their
of the radial gradient with the scale-length of the galaxyhw evolution, and thus of great importance for constrainingga
more massive galaxies being larger (which is also observed) tic chemical evolution models. The flat abundance distidtout
in the outer regions of galaxies corresponds usually todte |
est metallicity values in the galaxies. Nevertheless,alamin-
dances are still relatively high. Assuming continuous &bar
mation with the currently observed SFR, the time required to
The linear regressions shown in the right-panel of Bidnave enrich the ISM up to 12 log(O/H) ~ 8.2 has been estimated
been extrapolated beyond2.2 dfective radii to illustrate the in ~ 10 Gyr. Bresolin et al. 2012 According to cosmological
fact that in the outer regions the abundances present aftdear hydrodynamic simulations, in thiaside-outscenario for galaxy

5.2. The flattening of the abundance gradient in the outer
regions

16



S.F. Sanchez et al.: A characteristic oxygen abundancéegitdad galaxy disks unveiled with CALIFA

—————
o L NGC2347
a=8.895+-0.012 |
b =-0.178+-0.008 |
o
r=0.923 N
I 2
Q w i g
o © S
<)
¥ Qe
" o
« <
o
o - . 8
L L L L L L
0 1 2 3 4 5
rir, A RA (arcsec)

Fig.11. Radial distribution of the oxygen abundance derivellig. 12. Color-coded image of the dintensity flux, in logarith-
for the individual Hu regions for NGC 2347, one of the galaxiesnic scale of 106 erg s* cm arcsec!units , corresponding to
showing a clear drop of this parameter in the inner regiohs. TNGC 2347 (the galaxy shown in Fify1). The contours represent
symbols, lines and labels are the same as the ones shown in ffig flux intensity in the V-band, extracted from the dataciliee
5. datacube, at two intensity levels, 0.2°10erg s* cm2 arcsec?!
(corresponding to-3 o detection limit in the continuum) and
. _ . 15 10 erg st cm2 arcsec?, included to illustrate the loca-
growth the outer disks of galaxies are formed in thetadt- 6  tion of the center of the galaxy. The white ellipse indicates

Gyr. (Scannapieco et al. 2008009, making unlikely thatthén |ocation of the knefpeak in the radial abundance shown in Fig.
situ star formation could have enriched the interstellar mediuimy_

to the presently observed values. Therefore, in the cassoef i
lated galaxies, alternative mechanisms of metal redigich
must play an important role. of almost a 100% to nearly30%. The range of oxygen abun-
Among the diferent proposed processes that could pr@ances measured in these regions is<&2+log(O/H)<8.7.
duce this abundance flattening we wish to mention: ()hus, based on the analysed parameters these regions do not
large-scale processes of angular momentum transport tBa@w clear dierences with respect to the remaining population
produce an intermix of gas abundances, including ratsmall galactocentric distances.
dial gas flows (e.gLacey & Fall 1985b Goetz & Koeppen As indicated before, even at these galactocentric distaihce
1992h Portinari & Chiosi 2000 Schénrich & Binney 2009 is possible to find Hi regions located above ti@uffmann et al.
Spitoni & Matteucci 201}, resonance scattering with transienf2003 curve ¢~15% beyond 2.2 féective radii). Due to their
spiral density wavesSellwood & Binney 2002h and the over- galactocentric distance, these regions cannot be conaa@diby
lap of spiral and bar resonancellifchev etal. 201} (i) @ non-negligible possible central ionizing source (likeA&GN),
minor-mergers, and captures of, or perturbations by #atelland the dfifuse emission is also extremely weak fteat the line
galaxies that increase the metal content in the outer regid@tios. A visual inspection of theddmaps reveals that they are
(Quillen et al. 2009Bird et al. 201%; (iii) a non linear Schmidt- bona fideH n regions, as can be appreciated in Figand Fig.
Kennicutt law that is able to trigger highlyfficient star- 5 for the case of UGC 312. This result reinforces our adopted
formation process at these distances (Esteban et al. 20)3 selection criteria, i.e. by using the information of the ariging
(iv) a spatial association of the flatter area with gas latate Stellar population as a proof for on-going star-formatictiva
the thick disk, which is known to haveftérent metallicity pat- ity, we do include Hi regions that would otherwise be discarded
terns (e.gNeves et al. 2009shigaki et al. 201 (v) a plateau by using solely empirical demarcation curves based on gtron
of the gas abundance in the intergalactic medium due to the cemission-lines, like th&auffmann et al(2003 curve.
mological evolution of galaxies, and the subsequent pohut
of metals (Sanchez et al., in prep.); etc. Stellar radialratign 5.3 Abundance decrease in the inner regions
has also been proposed as a possible cause for the flattdning o
the metallicity gradients for stellar populations in spgalax- Some galaxies present a truncation in the monotonic inereas
ies (e.g.Roskar et al. 2008h). However, this argument is valid of the oxygen abundance towards the center, or even a drop
only if stars and gas are not decoupled. in the inner regions, at0.3-0.5r. (e.g. Rosales-Ortega et al.
The detailed understanding of the nature of the flattenifig w2011, Sanchez et al. 2012bin the Milky Way, the metallic-
require further observational and theoreticBbas. However, ity distributions in the Galactic bulge, in the nuclear kailg
we can outline some of the properties of tha Fegions in this and in the Galactic bar display ftBrent trends and are it
regime, that may help to constrain and distinguish betwken tcult to assess given the obvious geometrical obstacleselfew
different scenarios summarized before. Figilishows the BPT iron abundance determinations using stellar tracers (\WRi-|
diagram for the 484 H regions beyond 2.2 diskfective radii, nous blue variables, red supergiants) located along thacGal
together with the fraction of young stars correspondingache bar and in the nuclear bulge are more metal-poor than clas-
region, as presented in Fg.Although the number of regionssical Cepheids in the inner disk, suggesting that the nietall
here is more limited than the whole sample, the distribusiga ity distribution is probably approaching a plateau towand t
function of the BPT diagram is very similar. It shows a clea-g shortest Galactocentric distancd®;( < 5.5kpc, [FgH] ~0.4
dient in the stellar populations, covering a range of youagss Genovali et al. 201,3and references therein). This flattening has
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been observed in other galaxies apart from the Milky Way. (e.gut of 21, once excluded the edge on galaxies) is half of the ob
Werk et al. 2011Bresolin et al. 2012Sanchez et al. 20)lnd served for the total sample28%, i.e., 53 out of 193).

has been predicted by some chemical evolution models (e.g. As we indicated in Sec4.2.1 interactions and mergers
Molla & Diaz 2005 Molla et al., 2013, submitted). In someare events that may produce also a change in the distribution
galaxies, such as NGC 628, the decrease was associated wfithbundances in galaxies, due to radial motions induced by
a starforming ring, with a clear signature in both the &mis- changes in the angular momentum patterns. We speculate that
sion and the underlying stellar population (a/dakker & Adler these kind of disturbances may also induce the detected drop
1995 Ganda et al. 20Q6-athi et al. 2007Sanchez et al. 20}1 of abundances in the inner regions of galaxies (e.g. by amino
This circumnuclear ring was placed at the expected locatfonmerger or a satellite galaxy capture). However, when airadyz
the inner Lindblad resonance, where gas is expected to accuhe interaction stage of our sub-sample of galaxies withnan i
late due to non-circular motion&4thi et al. 200). Despite this ner drop we found that none of them presents some evidence of
possible explanation, it is not known if this is a common@ieat an on-going interactigmerging event. Therefore, it seems that
of all galaxies or, on the contrary, characteristic of a itglfy this dfect is due to the secular evolution of the galaxy, and not
distinct galaxy subclass. induced, in general, by the presence of an on-going inferact

In Sdnchez et a(20121), we found that the drop in the inner(@lthough it does not discard past interactions or a minagere
region was present in a substantial fraction of the galagiesit that are not evident in the morphology of the galaxies).
was visible in the average gradient. Fig@reight-panel, shows If the origin of the drop is due to radial movements of the
the common abundance gradient for our current sample, wh@s: then its presence would also have fiece on the overall
comprises many more galaxies and was properly selected todisiribution of abund_ances at larger radii. In order to enphf
statistically significant (Walcher et al., in prep.). Theseo ev- (e presence of an inner drop has affeet in the determina-

idence for the a central drop in the average gradient, itidiga tion of the slope of the abundance gradients (measured batwe
that it is not a common feature of all the galaxies. 0.3 - 2.1 disk dtective radii), we performed the following test:

we only consider the slopes of the abundance gradients for

We perform aV.iSl.JaI inspection_ of the indiv_idual grﬁdie”t OIt{ne galaxies with clear evidence of a drop, we obtain a mean
each galaxy, classifying them as (i) objects without evideof slopeao,H.drop = —0.15 dexre ando =0.06 de’Xre (26 objects),
an inner dropin the abur.1dance___(146_); (if) Ob.JeCtS with ams which is significantly larger than the slope for the galaxigh-
evidence of a dr_op (21); and (iii) objepts with a clear evmh_z-n ut evidence of such a drop, i.€e/Hdrop = —0.08 dexre and
of a drop (26). Figurd.1 shows the typical abundance gradien —0.08 dexre (146 objects), ’With a ’propbability of beingfier-

of this latter case, corresponding to NGC 2347. The galactoc _ 0 o : : ;
tric distribution shows a monotonic, linear gradient fre/f.6 (E/nt Of ps =99.86%. This is consistent with a radial movement

; X . . . . owards the kngpeak point in the abundance distribution, out-
to ~2.4 disk éfective radius, with a hint of a flattening beyong, 545 from the inner regions and inwards from the outer ones.
this radius, and a clear drop in the central regiot3.6re). We

should note here thdtrop” is used as a general term, defin- A detailed inspection of the dlintensity maps of the less

ing either a real negative gradient towards the center dlrajusmclined galaxies shows that in most of them there is a star-
A : : forming ring that is spatially located inside the galactoce
flattenning in the inner regions. The number of detectedrét g nng b y g

. . . . . tric distance defined by the knee in the radial distributién o
gions and the error associated with their correspondmgljh'iblllhe abundance. Figure2 shows an example of this ring de-

dances prevent us from making a firm distinction. tected in the Kt distribution of NGC 2347. A similar result was
Half of these galaxies are morphologically classified &und for NGC 628 $anchez et al. 20),1using data with bet-
SlySbec (13 out of 26), although a KS-test of the morphologer physical spatial sampling provided by the PINGS survey
ical distribution compared with the corresponding one fo t (Rosales-Ortega et al. 20L0Ve speculate that the presence of
full sample (or the sample without evidence of a drop), iatBe the circular star-formation ring and the drop in the oxygemra
that both samples are not significantlyfdrent. The same resultdance inwards (together with the lack of evidence of an inter
is derived when using the galaxies with possible eviden@of action and the low fraction of barred galaxies with these fea
inner drop. Therefore, the drop does not seem to be assdciat@es), suggest that both features are the consequencesof ga
with a particular morphological type of galaxies. radial motions induced by resonances in the disk-speedrpatt

As we mentioned before, bars may induce radial motions @foskar et al. 200§b
gas and stars, which may produce the descrilfisteeither by We will explore this hypothesis in the future with a detailed
a mix of the gas content inside the bar length or by a trangfer@nalysis of the stellar and gas kinematics, using the V1208 d
gas towards the edge of the bar. Cavichia et al (2013, sigittavailable for the CALIFA objects.
have developed a chemical evolution model in which the bar is
taken into account in driving a radial flow outwards or tovgar ;
the inner regions. With this model a slight flattening of tadial %. Conclusions
gradient of abundances appears along the disk, but onlyein th this article we described the procedures to detect, selec
bulge-disk interface region. Thus, at the corotation radilthe and analyse the spectroscopic properties of the largesbgem
bar there is an increase of SFR and, in consequence, theroxygeous catalog of i regions and associations observed to date.
abundance increases. The nffeet is that there is an apparenfThis catalog comprises more than 5000 ionized regions asso-
decrease or drop of the abundance in the central regions wieated with star-formation distributed in 227 galaxies ofet-
actually there is @aumparound 0.5,. If a bar were the dominant ent morphological types, and evenly distributed along thlere
effect that produces the decrease of abundance in these galaxmgnitude diagram (out of 306, that comprised our origiaal-s
then it would be expected to detect it more frequently inéxdrr ple). We demonstrated that the combination of the propertie
galaxies. However none of thes@exts are observed. Althoughof the ionized gas with the on-going underlying stellar papu
the sample is still too small to provide a statistical sigmifit tion provides a robust means for selectbana fideH u regions,
statement, the fraction of barred galaxies within the gakx without excluding regions that would had been disregarded b
with clear drop of the abundance in the inner areak506, 3 other classical methods.
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We use strong-line indicators to derived the oxygen abun- Galaxies under interaction or undergoing a merger event
dance, and the deprojected galactocentric distancesitediee show a clearly flatter oxygen abundance distribution, ireagr
radial distances of the individualidregions. With this informa- ment with recent results bigewley et al.(2010 andRich et al.
tion we explore the radial abundance gradients for the iddal  (2012. This indicates that these dynamical processes can pro-
galaxies in our sample. The results of this paper showdlskt duce an &ective mixing of metals. On the contrary, the fact that
galaxies in the local Universe present a common or charactdvarred and unbarred galaxies do not present a cl@arelnce in
istic gradient in the oxygen abundanceaf;y = —-0.1 dex. their abundance slope indicates that bars either (i) doignifs
up to~2 disk gfective radii with a small dispersion compatibleicantly enhance thefigciency of chemical mixing; (ii) they pro-
with being produced by random fluctuations. No significafit diduce a proportional change in the gas abundance and stelés m
ferences are found on the basis of the morphological tymss-prdistributions, which compensate each other when nornthbye
ence or absence of bars, absolute magnitudgastkllar mass. the disk éfective radius or (iii) they are of temporary nature with
A weak trend towards slightly flatter gradients is found fasn a life-time that is shorter than chemical mixing timescale.
sive (>4.5 10° Me) and highly concentrated galaxies £2.4), Another conclusion reached by this study is ttie flatten-
although there are galaxies with few number af Fegions and ing of the abundance gradient at the outer regions seems to be
with the less clearly defined disk. The only clear deviatimmf an universal property of disk galaxieBeyond~2 disk efec-
the common slope is seen in galaxies with evidence of interaive radii, our data shows a clear evidence of a flat distigiout
tion or undergoing merging. For these galaxies the grad&entof the oxygen abundance in most of the galaxies with detected
significantly flatter. Similar results are obtained withetmor- Hu regions at these radial distances. This feature has been pre
malization radii tharre, like the disk scale-lengthr{) or the viously reported by several authors (eRyesolin et al. 2009
radius at which the surface brightness reaches 25anegpé Marino et al. 2012Bresolin et al. 2012Sanchez et al. 2012b
(r2s). The use of dierent normalization radii only changes thelthough with less significant numbers. Although we cannot p
numerical values of the common slopes. vide a conclusive answer regarding the origin of this flatign
Qur results suggest that its origin is most probably rel&detie
cular evolution of galaxies, involving processes lildiabmi-
ration, or the capture of evolved satellite galaxies. Gnatiner

nd, it disfavors other scenarios, such as a change inflihe e
Ehcy of the star formation or the accreation of chemicpdi
ted intergalactic media. Further analysis is requireprtivide
a better understanding of thifect.

Finally, we also present observational evidence for a de-
ase of the oxygen abundance in the central region of some
Articular galaxies. Our analysis indicates that this dsops-
ociated with central star-forming rings. A plausible exyation
would be that both features are produced by the radial flovasf g
fduced by resonances in the disk pattern speed. The slightl

/ ) crease of the slope beyond the kfteencation point of the oxy-
tween the derent slopes is found bylla-Costas & Edmunds en abundance, the lack of this feature in interacting syste

(1992 and Diaz (1989, when the scale-length is ”Ormal'z‘?(gnd the fact that it is more frequent in non-barred galaxigs s

by the disk-scale, which agrees WI.th our results. We conje ort this scenario.
ture that both results would come into agreement if the size-

Iumlnos[ty/morpholog’lcal type ':elatlon _was considered. In g&cknowledgementsSFS thanks the director of CEFCA, M. Moles, for his sin-
companion article (Sanchez-Blazquez, in prep.), we aBdlys cere support to this project.

These results agree with the main conclusions of our p
vious study Sanchez et al. 2012bwhere a limited sample of
38 face-on spiral galaxies was analysed, using similar me
ods as the ones described here. Both results apparently A9
tradict previous works, in which the slope of the radial g{adlu
ents show a trend with certain morphological charactessti
the galaxiesVila-Costas & Edmund$1992 andZaritsky et al.
(1999 showed that barred spirals have a shallower gradiea,te
than non-barred ones. However, we must recall here thag th
statements are based (in general) on gradients construntecE
physicaflinear scales (i.e. dexkpt), not on normalized ones
(see AppendiB for a discussion on the dependence of the r
sults on the normalization). A slight decrease in the scaite

radial gradient of stellar metallicity, where we have fouguah- This study makes uses of the data provided by the Calar Aligate
sistent results, i.e. when normalized to tlfieetive radius of the Integral Field Area (CALIFA) survey (httpcalifa.caha.e
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Appendix A: Effective radius of the disk

In Sdnchez et a(2012h we showed that the abundance gradient
of the analyzed galaxies presents a common gradient-upitg
when normalized to thefiective radius of the disk ). To repeat
the same analysis for the CALIFA dataset included in thidtu

in addition to the abundances of the individuai fegions, we
need to derive this structural parameter for each galaxy.

The dfective radius of the disk was derived based on an anal-
ysis of the azimuthal surface brightness profile (SBP). Tivde
the SBP, we perform an isophotal analysis of the ancilry
band images collected for the CALIFA galaxies (extractedr
the SDSS imaging surveYprk et al. 2000and Paperl).

These images were created using $idSSmosaic tool in-
cluded in IRAF (Zibetti et al. 2009. SDSSmosaic takes the

7" IRAF is distributed by the National Optical Astronomy
Observatories, which are operated by the Association ofidssities
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Fig.A.1. Left-panels:Color-scale representation of >&.5 postage-stamp images extracted from the S[@$fand data (in
counts), centred in two CALIFA targets (UGC 00312 and NGC6j7tbgether with a set of ellipses (solid-black lines) esggmting
the recovered shape atfidirent isophotal intensity levels by the analysis describdtie text. The last dashed red-black ellipse
represents thed isophotal intensity level over the background, adoptirggrttedian ellipticity and position angle to plotRight-
Panel: Surface brightness profiles derived for the consideredx@gadaon the basis of the corresponding isophotal analys&sy/ (g
solid circles), together with the best fit to an exponentiafife for the portion of the surface brightness dominatetheydisk (gray
dashed line). For NGC 7716 a previous iteration of the fitbnacedure is shown, before the rejection of those valuesrtied by
the bulge (solid-line).

galaxy coordinates as input argument and downloads alhthe i The isophotal analysis was performed using the
dividual SDSS frames and the photometric information frorllipse_isophot_seg.pl tool included in the HiixpLorER

the SDSS DR7 web site for all 5 bands. These frames are theackag). Contrary to other tools, likellipse included in
stitched together, accurate astrometry is computed anghre IRAF, this tool does not assune priori a certain parametric
tometric calibration is written into the header. After thtite shape for the isophotal distributions. The following praeees
background is subtracted from each scan by fitting a plane swere followed for each postage-stamp image: (i) the peanint
face (allowing for linear gradient along the scan directioon- sity emission within a certain distance of a user definedesent
stant in the perpendicular direction) outside a circle et on of the galaxy was derived. Then, any region around a peak
the source. Finally, stripes are combined in a mosaic usiag mission above a certain fraction of the galaxy intensigkpe
programSwarp (Bertin et al. 2002 The final mosaic contains masked, which #ectively masks the brightest foreground stars;
the photometric zero point (P_ZP keyword) in mag per secofig once the peak intensity is derived, the image is segetkint

of exposure time (EXPTIME keyword). We extracted postageensecutive levels following a logarithmic scale from theak
stamp images of'&3’ size, centred in the CALIFA targets, forvalue, using the equation:
theg-band mosaic images to derive the diskeetive radius. logo flux(i, j)

seg(i)) = Nevels (A1)

- . . logso flux
for Research in Astronomy, Inc., under cooperative agre¢mih the G0 peak
National Science Foundation. 8 http://www.caha.es/sanchez/HII_explorer/
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Fig. A.2. Left panel:Distribution of the &ective radius of the analysed galaxies, derived from a drawtve analysis (i.e., the
total light efective radius), as a function of the santkeetive radius derived by a similar growth curve analysisgishe surface-
brightness profiles derived using taElipse task in IRAF.Right panelDistribution of the éective radius of the analysed galaxies,
derived from a growth curve analysis (i.e., the total ligfieetive radius), as a function of th&ective radius of the disk, derived
from the exponential fitting to the surface brightness peofih both panels, larger and bluer symbols correspond teetpe
galaxies, while smaller and pinkgddish ones correspond to later-type galaxies.

whereseq(i,j)is the final segmented index at the piXgl), the galaxies were clearly disk-dominated, the profiles witezl
being an integer numbenje el is the number of selected lev-using a pure exponential profile, following the classicairfala,
els of the isophotal analysis (100 in our caskjx(i,j) is the in-
tensity at the corresponding pixélj) and fluxpeax is the peak ! = lo@xp=(r/rd)] (A.2)

Intensity at the center of the g_alaxy; (iii) once the imagseg- herelg is the central intensity, ang; is the disk scale-length
mented inneyeis iIsophotal regions, for each of them, a set o

: ; ; (Freeman 1970 using a simple polynomial regression fitting.
structural parameters was derived, including the mean fiux The scale-length was then used to derive the difécéve ra-
tensity and the corresponding standard deviation, the-seajor dius, defined as the radius at which the integrated flux isdfalf

and semi-minor axis lengths, the ellipticity, the positamgle - ; : ;
and the barycenter coordinates. These parameters areleluterigfmtafgl 223 ;%rrisigésﬁ]gc:ggggﬁh t, by integrating the prasio

to describe each isophote following an elliptical shapéwbtin-

out performing direct fit, which is in principle more stable iy, = 167835 (A.3)

lower signal-to-noise regimes. Figutel, left panels, illustrates

the process, showing for two particular objects a centietiee In the current study, the sample comprises galaxies fGéreint

of 1.5x1.5 of the postage-stamp images used in this analysisprphological types. In many cases the presence of a buége pr

together with a set of ellipses plotted using the recovehneghe vents us from doing a direct exponential fitting for the costgl

parameters for some particular isophotes. SBP. In those cases théective radius of the disk diverge from
the dfective radius of the complete galaxy, defined as the semi-

. . . major axis encircling half of the light of the galaxy.
The isophotal segmentation (2nd step of the descr'beanirst, in order to illustrate that our isophotal analysispr

procedure), was first introduced Hiyapaderos et a2003. vides consistent results with more classical analysi
ysisstook
Noeske et al(2003 and Noeske et al(200§ showed that the determined the féective radius using a classical growth-curve

surface-brightness profiles derived using this techniqeeew ; :
very similar to those derived using more broadly adopteti-tecanalys's’ based both on our procedure and the surfacetietgs

. . analysis provided by thellipse task included in IRAF. This
2:?(;]&2’ d“tﬁstir;%sri) g ﬁeli_r::r:l—liCSr?)?:F;(?jTJ?eeitna:).rg\?igis\,/vsemr(]d?e\ée latter analysis is part of the CALIFA sample characterimati
Kehrig et al (2012, Papaderos et 42013 and Mast et al. (sub- effort, that can be performed only in regular shaped targets

mitted). The improvement with respect to a pure isophotgd se(W"’IICher etal. in prep.). Figui.2, |eft panel shows the com-

mentation was the additional derivation of the structusaim- parison between bothffective radii. Diferent sizes and colors
eters for each isophotal region, described before (step iii are used to jllustrate the morphological type of the gakieth
P gion, P smaller and pink symbols corresponding to later type gakaxi

and bluer and larger symbols corresponding to earlier tyys o
The isophotal analysis provides a SBP, which is then anBhere is an almost one-to-one relation between both pasamet
lyzed to derive the requiredfective radius. Figuré\.1, right without any evident dference between fiierent morphological
panels, show two examples of the derived SBPs for those galgpes. The comparison of other shape parameters, like thie po
ies shown in the left panels. II8énchez et al. 2012bwhere all  tion angle or the ellipticity produce similar results.
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Fig. A.3. Top-left panelDistribution of the slopes of the abundance gradients asetifun of the interaction stage of the galaxies,
when the galactocentric distances are normalized toffbet&ve radius derived by a growth curve analysis. The calbiise symbols
and the corresponding histograms indicate three typeslakiga based on the interaction: (i) no signatures of icctéra (red),
(ii) galaxies with close companions godin an early interaction stage (green), and (iii) galaxieder clear collision or evolved
mergers (blue)Top-right panel:Similar distribution of slopes as a function of the morplgital classification of the galaxies. The
colors of the symbols and the corresponding histogramsatelthree types of galaxies based on their morphologyafiyBpirals,
SO-Sa (red), (ii) intermediate spirals, Sab-Sb (green)@ipdlate spirals, Sc-Sm (blueBottom-left panelSimilar distribution of
slopes as a function of the presence or absence of bars. Tdrs obthe symbols and the corresponding histograms iteliteiee
types of galaxies: (i) clearly non-barred (red), (ii) natat if there is a bar or not (green) and (iii) clearly barrethgas (blue).
Bottom-right panelSimilar distribution of slopes as a function of the absohatgnitude of the galaxies. The colors of the symbols
and the corresponding histograms indicate three typedafiga based on the luminosity: (i) luminous galaxidg,spss < —20.25
mag (red), (i) intermediate galaxied9.5 < Myg-spss< —20.25 mag (green) and (jii) faint galaxid8y_spss> —19.5 mag (blue).
The size of the symbols are inversely proportional to thévddrerror in the slope for all the panels.

To derive the disk fective radius it is required to fit that theeach stage of the iteration the brightest value of the SBP was
outer portion of the SBP clearly dominated by an exponenti@moved, and the regression was repeated. The iteratips sto
disk. As is illustrated in the right panels of Fig.1, in some when only half of the original values remains in the SBP. From
cases there is almost no deviation from an exponential disk othe set of regressions it was adopted that one with the highes
the full spatial range covered by the SBP (e.g., UGC00312prrelation coéficient between the semi-major axis and the sur-
However, in other cases there is a clear deviation in therinrface brightness magnitude.
regions due to the presence of a bulge (e.g., NGC7716). To min The procedure was tested visually, as illustrated in Kig,
imize the ¢fect of the bulge in this derivation we perform arshowing that it provides a good fit for the linear regime {i.e.
iterative procedure, in which the SBP, represented in sarfahe disk-dominated regime), excluding in most of the cales t
brightness magnitudes, was fitted with a linear regression. central regions dominated by a bulge. Obviously, the proced
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works better for those galaxies that are still dominatedisik d — The abundance gradient slopes normalizeddat do not

in most of the SBP, and provides the worst results for thoeson present any dependence in the absolute magnitudes, the stel

dominated by a bulge. However, this would be a general limita lar masses or the concentration indices of the galaxies.

tion to any other proposed method with the same aim.

FigureA.2, right panel, shows the comparison between the In summary, although the slopes of the individual gradients

effective radius derived using the growth-curve method and tf@ each galaxy change when normalizing by the diskr the

the disk éfective radius extracted from the iterative fit of théecc, in general the statistical results are basically the same.

SBP. The size and color of the symbols represent the same midie main &ect, as expected, is found in the slope of the ear-

phological segregation shown in the left panel. As expetited lier type galaxies (S80), that present slightly flatter gradients.

late-type galaxies, disk-dominated, are clustered clasehe This is expected, since for these galaxies the disls larger

one-to-one relation, while most of the earlier-type oneish w than the growth curve one, due to the presence of a bulge. For

brighter bulges, are shifted towards larger diffeetive radius. those galaxies the derivation of the digkis also more compli-
cated, for the same reason. However, the fact that the slope o
the abundance gradient becomes more similar for theseigslax

Appendix B: Dependence of the results on the to the one derived for the latter type ones, when using the dis

derivation of the disk effective radius effective radius, indicate that (i) the use of this radius paesia

better characterization for the gradient and (ii) the metaich-

The main result described along the current study is that allent seems to be clearly dominated by the growth of the disk,

undisturbed galaxies with a disk present a similar radiahab rather than other non-secular processes.

dance gradient, with a characteristic slope, when the gadan-

tric distances are normalized to the digkeetive radius. This 1 Instituto de Astrofisica de Andalucia (CSIC), Glorieta de |

characteristic slope seems to be independent of other giil@pe  Astronomia g/, Aptdo. 3004, E18080-Granada, Spain

of the galaxies, like morphological types, presence of a had e-mail: sanchez@iaa.es.

absolute magnitudes or stellar masses. However, thigretigs > Centro Astronomico Hispano Aleman, Calar Alto, (CSIC-MPG)

on the definition of the diskfEective radius and its derivation, , C/Jesus Durban Remon 2-2, E-04004 Almeria, Spain.

: - : - : Instituto de Astronomia,Universidad Nacional Autonéma de
base_d on the_surface brightness profile analysis describibe i Mexico, A.P. 70-264, 04510, México.D.F.
previous section. 4

) . L Instituto Nacional de Astrofisica, Optica y Electrénicajs.E. Erro
The disk éfective radius is a non-standard scale-length, that 1 72840 Tonantzintla, Puebla, MexFi)co Y ’

we have introduced to characterize the size of the disked@$ 5 pepartamento de Investigacion Béasica, CIEMAT, Avda.
with different morphologies. Therefore, it is important to illus- Complutense 40 E-28040 Madrid, Spain.

trate how our results ardfacted by this adopted normalization © Instituto de Astrofisica de Canarias (IAC), E-38205 La Laau
of the radial distances. To do so we repeat the analysis tising _ Tenerife, Spain

standard fective radius derived using the growth-curve analysi§ CE!l Campus Moncloa, UCM-UPM, Departamento de Astrofisica
(recc), to normalize the abundance gradients, instead of the disky CC. de la Atmosfera, Facultad de Cisicas, Universidad
effective radius. As we already indicated the growth curve ef- Complutense de Madrid, Avda. Complutenga, 28040 Madrid,
fective radius has been derived independently usingfterent , SP3-

procedures providing reliable and consistent results. (kig, 5;82;?;23%0 gep;'r?_'ca Tedrica, Universidad Autonoma dirislia

left panel). 9 Departamento de Fisica, Universidade Federal de Santaii@ata
FigureA.3 shows the distribution of the new slopes obtained p.0. Box 476, 88040-900, Floriandpolis, SC, Brazil

when normalizing to thesdtective radius, along the same struc+® Depto. Astrofisica, Universidad de La Laguna (ULL), E-362&x

tural parameters of the galaxies shown in BigDespite the fact ~ Laguna, Tenerife, Spain

that individual slopes change, in particular for the gadaxof ** School of Physics and Astronomy, University of St AndrewsytN

earlier type, all the results described in Secdalremain valid: Haugh, St Andrews, KY16 9SS, UK. (SUPA) _
12 CENTRA - Instituto Superior Tecnico, Av. Rovisco Pais, 1490

Galaxi ith evid fint i . | . 001 Lisbon, Portugal.
— Lalaxies with evidence ot Interaction or in a clear merging | ojpniz-|nstitut fiir Astrophysik Potsdam (AIP), An der Stevarte
process present an oxygen abundance gradient flatter thang p.14482 Potsdam, Germany.

those without any clear evidence of interaction. Thigeti 14 Astronomical Institute, Academy of Sciences of the Czech
ence is statistically significant, both using KS- ot-gest Republic, B&ni 1l 140¥1a, CZ-141 00 Prague, Czech Republic.
for the diferent distributions. The characteristic slope fot® Department of Theoretical Physics and Astrophysics, Eacfl
non-interacting galaxies it is notfacted by the selection  Science, Masaryk University, Kofiska 2, CZ-61137 Brno, Czech
of the normalization radius, with a mean valuea@f/y = Republic

~0.11+0.09 deyr. (although the dispersion er a slightly 16 Max-Planck-Institut fur Astronomie, Heidelberg, Germany
17 Sydney Institute for Astronomy, School of Physics A28, msity

increase). .
. S of Sydney, NSW 2006, Australia.
— The average Slop.e.for earlier ty_pe galaxies is S“ghtly_ flats Australian Astronomical Observatory, PO BOX 296, EppinGW
ter when normalizing byrece, instead of the diskre: 1710 Australia.
aomsyso = —0.06:0.08 dexrecc instead ofao/nsaso = 19 centro de Astrofisica and Faculdade de Ciencias, Univedsidio

—0.08+0.08 dexre. However, there is no significantftérent Porto, Rua das Estrelas, 4150-762 Porto, Portugal. Basezb-on
in the distribution of slopes, either using a KS- ot-test servations collected at the Centro Astronémico Hispanamfie
analysis. (CAHA) at Calar Alto, operated jointly by the Max-Planck titst

— Neither the average slopes nor the distribution of slopes fur Astronomie and the Instituto de Astrofisica de Andauci
change significantly depending on the presence or absencdCSIC).
of a bar in the galaxies. The use of the total or difkeive
radius seems to be irrelevant for the comparison of abun-
dance gradients for barred an unbarred galaxies.
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