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ABSTRACT

We present a study of theHregions in the galaxy NGC 6754 from a two pointing mosaic casiqy 197,637 individual spectra,
using Integral Field Spectrocopy (IFS) recently acquirétth the MUSE instrument during its Science Verification pag. The data
cover the entire galaxy out te2 efective radii (), sampling its morphological structures with unpreceddrgpatial resolution for
a wide-field IFU. A complete census of thenHtegions limited by the atmospheric seeing conditions waiveld, comprising 396
individual ionized sources. This is one of the largest andtreomplete catalogue of iHregions with spectroscopic information in
a single galaxy. We use this catalogue to derive the radiai@mce gradient in this SBb galaxy, finding a negative gradvith a
slope consistent with the characteristic value for diskxgials recently reported. The large number of tégions allow us to estimate
the typical mixing scale-lengtir {x ~0.4r¢), which sets strong constraints on the proposed mecharf@nmsetal mixing in disk
galaxies , like radial movements associated with bars airdl gyms, when comparing with simulations. We found evigefor
an azimuthal variation of the oxygen abundance, that mayelated with the radial migration. These results illustithie unique
capabilities of MUSE for the study of the enrichment mechkans in Local Universe galaxies.

Key words. Galaxies: abundances — Galaxies: fundamental paramet&alaxies: ISM — Galaxies: stellar content — Techniques:
imaging spectroscopy — techniques: spectroscopic — $taraation — galaxies: ISM — galaxies: stellar content

1. Introduction The advent of multi-object spectrometers and IFS instru-
o . L _ ents with large fields of view (FoV) nowfiers the oppor-

Nebular_emlssmn Ilr]es have been historically the main toré]nity to undertake a new generation of emission-line sysve

at our disposal for direct measurement of the gas-phase abjffiseq on samples of hundreds ofi Hegions and full two-

dance at discrete spatial positions in low-redshift g&8Xe.9. gimensional (2D) coverage of the disks of nearby spirabgala

Alloin etal. 1979. They trace the young, massive star COMgg (¢ gRosales-Ortega et al. 201@ne of the most interesting

ponent in galaxies, illuminating and ionizing cubic kilopec- - oqits"recently derived using IFS data is that the oxygem-ab

S'Zeq vqum_es of mterst_ellar mEd'um' Metals p_Iay afu_ndanaie dance gradient seems to present a common slefiel dexre

role in cooling mechanisms in the intergalactic and in8¥Bt ¢, o interacting galaxiesSanchez et al. 2012B014H.

medium, and in processes of star-formation, stellar plysicd

planet formation. This result agrees with models based on the standard inside-

Previous spectroscopic studies have unveiled some aspectsscenario of disk formation, which predict a relativelyiak

of the complex processes at play between the chemical absel enrichment with oxygen and an almost universal negativ

dances of galaxies and their physical properties. Thesk stmetallicity gradient once it is normalized to the galaxyiogit

ies have been successful in determining important relshis, size Boissier & Prantzos 1992000. From the seminal works

scaling laws and systematic patterns (egqueux et al. 1979 of Lacey & Fall(19853, Guesten & Mezgef1982 andClayton

Diaz 1989 Zaritsky et al. 1994 Garnett 2002 Tremonti et al. (1987, most numerical models of chemical evolution explain

2004 Moustakas & Kennicutt 20Q6However, these results arethe existence of the radial gradient of abundances by the com

limited by statistics, either in the number of observedrdgions bined dfects of a star-formation rate and an infall of gas, both

or in the coverage of these regions across the galaxy surfacevarying with galactocentric radius (e.plld & Roy 1999.
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Although there is a large number of studies focused on the In this work we study the oxygen abundance gradient of
analysis of the abundance gradient in galaxies, in confitilt the spiral galaxy NGC 6754 using the data recently observed
is known about the possible presence of azimuthal asymesetidy MUSE as part of the Science Verification programs (SV).
in this distribution. Deviations from the radial abundamga- NGC 6754 is a barred Sh galaxy mildly inclined+60°). Its
dient are well known features in the Milky Way, based on thierightness (B 13 mag), projected size g ~ 1’) and redshift
study of Cepheids and open clusters (eGdniappini et al. 2001 (z =0.0108), similar to the footprint of the CALIFA galaxies
Lépine et al. 2011 However, the situation in other spiral galax{e.g.Walcher et al. 2014 makes it suitable to perform a census
ies is less clear, and Sars from poor statistics, either for theof the Hu regions using MUSE, to further understand the abun-
low number of Hi regions sampled per galaxy or for the largelance distribution in this galaxy.
errors of the abundance estimation. Recently, using wild-fi
IFSRosales-Ortega et dR011) showed that the radial metallic-
ity gradient of NGC 628 varies slighly for flerent quadrants,
although the dferences are comparable to the uncertainties if: Data acquisition and reduction
troduced by the adopted estimators of the oxygen abundances
More recentlyLi et al. (2013 found marginal evidence for the NGC 6754 was observed on June 28th and 30th 2014 in the con-
existence of moderate deviations from chemical abundaoce kext of Program 60.A-9329 (PI: Galbany) of the MUSE SV run.
mogeneity in the intestellar medium of M101, using a combindhe observations were divided into two pointings coverimg t
tion of strong-line abundance indicators and direct edtona east and west parts of the galaxy, respectively. The fina éoib
based on the detection of the 14363 auroral line. each pointing is the result of 3 exposures of 900 secondsievhe

Despite the advances of recent IFS-surveys in our undéte second and third exposure were slightly shifted (2 arbe
standing of the evolution of the chemical enrichment preess and SW, respectively) and rotated°9@om the first exposure,
in galaxies, they present some limitations. The most ingwart in order to provide a uniform coverage of the field and to limit
one is the lack of the spatial resolution required to prdpeet  Systematic errors in the reduction.

solve individual small-scale morphological structurespartic- The reduction of the raw data was performed vR#¥lex

ular individual Hu regions. The IFS surveys with the best physFreudling et al. 2013 using version 0.18.2 of the MUSE

ical resolution, such as PINGR¢sales-Ortega et al. 2010r pipeline Weilbacher et al. 2024including the standard proce-

CALIFA (Sanchez et al. 201pdave~5 times worst spatial res- dures of bias subtraction, flat fielding, wavelength catibrg

olution than the typical ground-based imaging surveyssTéi flux calibration, and the final cube reconstruction by thetiapa

sults in a bias in the detection ofitregions, that are aggregatechrrangement of the individual slits of the image slicers.

based on their spatial vicinity (decreasing their numbeq EBc- The final dataset comprises two cubes~d00k individual

tor _thr_ee or more),lagglthew spectra are polluted ifude gas spectra, each covering a FoV slightly larger thdfA. Each spec-

emﬁfﬁﬂnngﬁ;eiﬁé abu):; dance scatter and azimuthal asytrl_Jm covers the_ wavelength range 4800-9300 A, with a typical
. P : ; ectral resolution between 1800 and 3600 (from blue to. red)

metries of Hi regions around the average radial gradient c e cubes are aligned east-west, with an overlapping area of

be used to constrain the spatial-scale of radial mixing.(e.g, ~, : :
: 16", where the galaxy center has been sampled twice. The fi-
Scalo & Elmegreen 200Di Matteo et al. 2018 In the absence nal mosaiced datacube comprises almost 200k individuatspe

of radial mixing the only observed scatter around the abooela : ; . Lo
X X e tra, covering the entire galaxy up to #extive radii, with a FoV
gradient should be produced by the errors in the individuedm of ~2'x1. For practical reasons, we analysed each cube sepa-

surements. R(_agar_dless of its origin (e,gthanas_soula 1.992 ately and later combined theftérent data products.
any radial mixing increases the scatter by moving regions o

certain abundance from a certain galactocentric distanaelf-  Figurelillustrates the power of the combined large FoV and
ferent one. Therefore, the dispersion around the average & Nigh spatial resolution of MUSE, and the quality of the détta.
a constraint to the maximum radial mixing scale. shows a true color image created using a combination\éf a

So far, for the reasons outlined above, the current IFS st}@nd image, and two continuum subtracted narrow-band ismage
veys lacked the required resolution to address this import®f 30A width, centred in [Qu]45007 and Ht, at the redshift of
key issue in the chemical evolution of galaxies. The Multitunthe galaxy. The three maps were synthetized from each deacu
Spectroscopic Explorer (MUSEacon et al. 2010has changed and combined to create a single image for each b_and. For éacho
dramatically the perspective for these studies. This imsént the narrow-band images the continuum was estimated from the
is a unique tool for the spectroscopic analysis of resolverts average of two additional narrow-band images of similartivid
tures in galaxies, particularly in the local universe. Tambina- (i.€., 30A) extracted at a wavelength redshifted and bliitesh
tion of a large field-of-view (FoV)£60"x60"), unprecedented 100A from the nominal wavelength of the considered emission
spatial sampling (0/2spaxel) for a wide-field IFU, which limits line at the redshift of the object. Finally, théband image was
the spatial resolution to the atmospheric seeing, the sglges- synthetized by convolving the spectra at each spaxel bydhe n
olution and large wavelength coverage, and the large apavfu inal response curve of the Johnsérband filter. Those images
the VLT telescope, makes MUSE a well suited instrument to adrere used to illustrate the spatial resolution and imagétgjud
dress these problems. Of course, there are other IFUs with sthe data. We should note here than¥hband image does notin-
ilar or even larger FoVs, like PPAKKElz et al. 200§, VIMOS  clude only continuum emission, since it is contaminateddi b
(Le Fevre etal. 2003or VIRUS-P Hill et al. 2009, and also HB and [Om]A5007, and the H intensity map is contaminated
other IFUs operating in the optical range have similar or bdty the adjacent [M] doublet. However, they clearly trace the
ter spatial sampling, like GMOSA(lington-Smith et al. 200 continuum and emission line distribution across the gal&he
or OASIS.. However, MUSE is the first one that combines at thgpatial distribution of the individual k /ionized regions can be
same time the large FoV and the image-like spatial sampling.easily recognized, tracing the star forming regions albegspi-
ral arms of the galaxy. Mierent seeing conditions for the for the
! http://cral.univ-lyonl.fr/labo/oasis/present/ East (0.8") and for the West+1.8") pointings are also clear.
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Fig.1. RGB color image of NGC 6754 created using the line intensiapsnof [Om] 25007 (blue)V-band (green) and & (red)
extracted from the datacubes. Each large tickmark correfspim 10 (or 400 pc at the redshift of the galaxy). The green poirg-lik
sources are field stars. Each red structure correspondsitgla bl region.

3. Analysis pointings, since this parameter is leskeated by possible spec-
, , , trophotometric dierences and it is less sensitive to seeing varia-
The main goals of this study are to characterize the aburdaggns The fact that the equivalent width may be contamihate

gradientin NGC 6754 and to estimate the dispersion of tha-abuqt py the adjacent [N] doublet is not relevant, since this map
dances of the individual Hregions around the average gradients s only to detect the emission line regions, and notyn an
In this section we describe briefly how we select therdgions, - f,1ther analysis along the article. Therefore, a possibtgami-
extract and analyze their individual spectra, d_erlve_thHeeo_ nation by [NI] may afect only the contrast, and only marginally,
sponding oxygen abundance, and analyze their radial gradig, i ot the detectability of the regions, since the averagéson-
More details on the procedure are describedsamchez etal. jnation by this line is about a 30% of the total flux. The outpiut
(20128, and references therein. HIlexpLORER iS @ segmentation map and the integrated spectrum
for each of the Hi regions detected.

8.1. Detection of the ionized regions We processed individually the two datacubes, fixing the in-

The segregation of H regions and the extraction of the correPut parameters to the optimal ones for the west-pointing, th
sponding spectra is performed using a semi-automatic grwee Was observed under worst seeing conditions. We selected a
named HIkxpLorer?. The details of this program are given inthreshold in the peak EW@) = 20A, and minimum EWfla) =
Sanchez et al2012b, and a detailed description of the over8A, a minimum fractional peak of 1%, and a maximum distance
all detection processsanchez et al(2014h. HllexeLorer re- of 2. Therefore, the convergence criteria restrict the dedacti
quires as input a map of emission line intensities or eqeial of regions with at least EW{«) = 8A in every spaxel and a max-
widths, a minimum threshold above which the peak intendity fmum diameter of 4. The selection of these parameters is based
the Hu region is detected, and threefdrent convergence cri- on our previous studies with other IFU data anffatent tests
teria: (i) the maximum fractional ffierence between the peako optimize the results: (i) the minimum absolute B\ is se-
intensity and the adjacent ones to be agregated to a partieul lected to guarantee that all the pixels agregated to a péatice-
gion, (ii) the minimum absolute intensity for a pixel to be@g gion are above the boundary between retired and star-fgrmain
gated, and (iii) the maximum distance between the pixelidensgions proposed bgid Fernandes et (2010 and discussed in
ered and the peak intensity . In this particular case we use ®anchez et a{2014b, even if a very conservative error of 25%
map of the equivalent width of &l EW(Ha), derived from the is assumed for this parameter, gzmdaking into account the con-
narrow-band image described above. The use of the EW guaimination by [Ni]; (ii) the threshold in the peak EWA@) is
antees that the analysis is more homogeneous between the dalected to be more than twice the minimum, to guarantee that
the region is actually clumpgeaky, and not a ffuse ionized re-

2 http://www.caha.es/sanchez/HII_explorer/ gion; (iii) the maximum distance is fixed to the estimate@ @if
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Fig.2. Color coded map of the equivalent width ofxHn logarithmic scale. The areas withaHensity flux below 1.5 108
erg st cm2 spaxet(~3c detection limit) have been masked. The circles representiéiected hi regions, width the radius
proportional to the extraction aperture.

an Hu region, that could have a diameter as large~dskpc remove the underlying stellar population. This library quises
(e.g., NGC5471, Oey et al. 2003Garcia-Benito etal. 20)1 39 stellar ages, from 1 Myr to 13 Gyr, and 4 metallicities
thus, ~4”at the redshift of the object. Using these parametefg/Z, = 0.2, 0.4, 1, and 1.5), and it is described in detail in
we detect a similar number of iHregions in each pointing: 207 Cid Fernandes et al(2013. These templates were extracted
in the east pointing and 220 in the west one. from a combination of the synthetic stellar spectra from the
The final catalogue was cleaned for double detections GRANADA library Martins et al.(2009 and the SSP library
the overlapping area by removing those Iegions with coor- provided by the MILES project3anchez-Blazquez et al. 2006
dinates that dfer less than ‘3. A total of 396 individual clumpy Vazdekis et al. 2010 Falcon-Barroso etal. 20)1 Therefore
ionized regions are detected, a factor of 5-10 times latuyzn t they are restricted to a wavelength range lower than 7000A.
the number found with lower spatial resolution IFU data (e.¢dence, they cannot be used to remove the underlying stellar
Sanchez et al. 20).3as predicted by the simulations presentegopulation in the full spectral range covered by MUSE. For
by Mast et al(2014). Figure2 shows the EWfla) map illustrat- doing so, we used a more restricted library extracted froen th
ing the result of this procedure. The location and relativze sf MIUSCAT models {azdekis et al. 2012 It comprises 8 stellar
the Hu regions detected are indicated with black circles. We noages, from 65 Myr to 17.7 Gyr, and 3 metallicitie§Z, = 0.4,
here that the HHxpLORER provides with a segmentation map,1, and 1.5). Our previous experience indicates that to d#eou
not with circular apertures. The current representatichése- the underlying stellar population from the emission lines a
fore illustrative of the size of the Hregions, but does not showrestricted library like this one is enough (e8anchez et al.
the actual detailed shape of the associated segmentedsdgio 20149. We do not find large dierences between the residual
which the spectra are extracted. spectra for the wavelength range in common, and therefore
we finally adopted the results from the second library for the
analysis of the emission lines.

Dust attenuation and stellar kinematics were taken into ac-
In this analysis we follow the procedures describecbunt as part of the fitting process. The stellar kinematias w
in Sanchezetal. (20148, wusing the fitting package derived as a first step, fitting the underlying stellar pofioia
FIT3D?,(Sanchez et al(2006h 2011). We perform a Monte- with a sub-set of the full stellar library changing the sysie
Carlo fitting using two dferent single stellar population (SSP)elocity and the velocity dispersion at random within thega
libraries. In order to compare with previous results and/g® of allowed values. Then a first model for the stellar popaolati
with useful information of the underlying stellar poputatj we is derived. This model is used to obtain the dust attenuaéibn
first use a library that comprises 156 templates to model almved to change randomly within a pre-defined range. The ex-
tinction law byCardelli et al.(1989 was assumed, with a spe-
3 http://www.caha.es/sanchez/FIT3D/ cific dust attenuation oRy, = 3.1. For each iteration over the

3.2. Measurement of the emission line intensities
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Fig.3. Detail of the spectrum of a typical iHregion extracted from the galaxy. The black line shows thputirspectrum in
logarithmic scale, together with the best fitted stellar eipich orange. The dierence between the logarithms of the input spectrum
and the model, shifted by 1, is shown as a blue line. The iittea®f the emission lines are so high that the spectra atepl in
logarithmic scale to show them together with the detail eftinderlying stellar population. The most prominent spéétatures
discussed along the article are marked. The spectral regi@sked during the fitting of the underlying stellar pogataare not
shown in the orange-solid line. The two boxes show an expghwiéev around I8 and Hx respectively.

dust attenuation values a new model of the underlying stelldlthough they have been masked during the fitting process we
population is derived. The best combination of the steldoe- prefer to show them in the plot, since they seem to be present i
ity, velocity dispersion and dust attenuation is recovdyased all the MUSE spectra we have analyzed. We are not sure if they
on the lowest reducegf provided. Finally, these parameters arare a product of the reduction process or a feature in the asav d
fixed and the full stellar library is used to recover the uhder In any case, they do noffact the measurements of the emission
ing stellar population. Due to the Monte-Carlo fitting adsht lines. Two additional spectral features that are not welkroe
the inaccuracies in the derivation of the underlying stgllep- duced by the SSP models correspond to thel§890,5896 ab-
ulation are propagated to the error budget in the emissian lisorption feature, at5950A at the redshift of the object, and the
fitting, and therefore, into the errors estimated for thessioh  CaT18542A, at~8630A at the redshift of the object. The Na
line fluxes. mismatch is a well known feature since this absorption liag h
Individual emission line fluxes were measured instedar-  two physical origins: (i) the absorption due to the preseritieis
population subtracted spectra by fitting each of them with a sin-element in the atmosphere of the stars, which is includeden t
gle Gaussian function. For this particular dataset we etéth SSP-templates, and (ii) the absorption due to the preséiticis o
the flux intensity of the following emission linesobHB, [Om]  element in the inter-stellar medium, which produces an ghso
44959, [Omi] 45007, [Nu] 16548, [Nu] 26583, [Si] 16717, tion proportional to the gas content (and dust attenuatibimé
[Su] 26731, [Arm] 17135 and [Su] 19069. We may notice here CaTi8542A is often problematic in the current SSP-templates,
that many other relevant emission lines are detected witién that could be related to variations in the IMF, the abundanice
wavelength range covered by the spectra. Figusbows a de- Ca, or a non correct understanding of this absorption fedair
tail of the spectrum of a typical H region within the sample, though it is not the case in the particular example showngr8Fi
together with the best fitted stellar population model adrét  for which we show the prediction from the fitted SSP-model).
sulting emission-line spectrum. In addition to the emisdines Due to these well known mismatches, both spectral regions we
measured, it is possible to identify weaker lines likellH6876 masked during the fitting process. Residuals from non perfec
and [OI] 16300. The two components of the Nabsorption sky-subtraction of the strong OH-lines in the near-infdaage
doublet at~5892A are clearly resolved, with a contribution duisible in the redder wavelength ranges, and a clear degsct-a
to attenuation that cannot be reproduced by the stellar modsgated with a telluric absoption is shown .&t7600A. None of
which was actully masked during the fitting process. The promhe emission lines considered in this study affected by this
nent CaN8542A stellar absorptions in the near-infrared is aldater gfect.
clearly detected. In addition to the emission line fluxes,dee
rive the emission line equivalent widths. For doing so, wweds , )
the integrated flux of the line by the median flux density of thé3- Selection of Hi regions
best fitted SSP-model in a window of 100A centred in the wavgiassical Hi regions are gas clouds ionized by short-lived hot

length of the emission line. Therefore, these equivaledtvel o stars, associated with ongoing star-formation. Theyfrare

are not contaminated by the contribution of any adjacensemyently selected on the basis of demarcation lines defined in

sion lines. the so-called diagnostic diagrams (e.Baldwin et al. 1981
Two artifacts in the spectra are identified in Fagin partic- Veilleux & Osterbrock 198y, which compare dierent line ra-

ular in the residual emission line spectrum). They look tike tios. Figure4 shows the classical diagram usingifYH3 vs.

bumps at~4750A and~6550A, just bluewards of pland Hv. [N n]/Ha (Baldwin et al. 1981BPT diagram hereafter), for the
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gions change across the BPT diagram with the galactocentric
| distance (Fig4), as a consequence of the change of the ioniza-
- {1  tion conditions and in particular the radial gradient in tixggen
4  abundance (e.gEvans & Dopita 1985Dopita & Evans 198p

3.4. Physical conditions in the Hu regions

| The location in the BPT diagram for a classicai Ifegion ion-

N {1 ized by young stars of a certain age is defined well by three mai

\ - parameters: (a) the ionization parameter or fraction of &gm

\ 1 continuum photons with respect to total amount of gas, (&) th

\ 1 electron density of the gas, and (c) the metallicity or clozmi

\ 7  abundance of the ionized gas. We derive here the first two of

\ | them. In addition, we estimate the dust attenuation to cothe

\ | emission line fluxes when required.

Vo The dust attenuation,\A was derived for each H region

- based on the b/HB Balmer line ratio. The extinction law by

v 1 Cardellietal.(1989 was assumed, with a specific dust atten-

L uation of Ry = 3.1, and the theoretical value for the unob-

scured line ratio for case B recombination o3 = 2.86,
log([NI] A6583/Hx) for Te=10,000K andn.=100cnT3 (Osterbrock 198P For this

study we have assumed that the intrinsig/HB line ratio does

Fig.4. [Om] A5007HB vs. [Nu] 16583Ha diagnostic dia- Not vary significantly, although it is known that it preseats

gram for the 396 Hi ionized regions detected in NGC 6754dependence with the electron density and the temperatige (e

color coded by the deprojected ga|actocentric distancgﬂ(wh O_sterbrock_19_89 O_nce derived the dust attenuatlon,_ all the con-

bluer colors correspond to the central regions, and reddish sidered emission line fluxes were corrected adopting theesam

grey colors correspond to the outer regions). Solid andethstextinction law, when needed.

lines represent, respectively, thk&uffmann et al.(2003 and The electron densityye, was derived from the line ratio of

Kewley et al.(2001) demarcation curves. They are usually inthe [Su] doublet (e.g. Osterbrock 198 by solving the equa-

voked to distinguish between classical star-forming disjéoe- tion,

low the solid line), and AGN powered sources (above the dhshe

line). Regions between both lines are considered interatedi

ones. The average error of the line ratios is representetiey 1([S11]16717) 1+3.77x

error bar in the upper-right corner. [([S1]A6731) ~ T1+128x

log([OI11] A5007/HB)

1)

wherex is the density parameter, defined xas= 10*ngt~1/?

sample of Hi regions described above. This diagnostic dig&ndt is the electron temperature in units of*I0 (McCall et al.
gram is frequently used since it uses very strong emissimsli 1989. For this calculation we assumed a typical electron tem-
(e.g., Fig3), and it is less fiected by dust attenuation and im-perature ofT = 10°K, which is an average value that corre-
perfections in the spectrophotometric calibration. Thassi- sponds to the expected conditions iniHegions Osterbrock
cal demarcation lines described Kauffmann et al(2003 and 1989. This equation reflects that the fsdoublet ratio is sen-
Kewley et al.(2007) have been included. sitive to changes in the electron density only for a limitadge

In this study we followSanchez et a(2013 to select Hire-  Of values. For high and low values, it becomes asymptotid, an
gions as clumpy ionized regions with EWght-6A and located the value derived has to be treated with care and should not be
below theKewley et al.(2001) demarcation curve. This selec-Used for quantitative statements. However, the value villlke
tion guarantees the exclusion of ionized regions possibiyie Valid to understand the possible dependences of the abo@dan
nated by shocks (that are not clumpy in general), regionswhd@radient with this parameter.
ionization is dominated by post-AGB stars, and AGN-dongdat  For the ionization parameteru, we adopted the
regions (e.gCid Fernandes et al. 20)L0Following these criteria [Sm]19069,9537Su]16717,6731 calibrator described by
all the ionized regions selected ByIexplorer have been clas- Kewley & Dopita (2003. Since [Su]19532 is not covered
sified as Hr regions. by our wavelength range, we adopted a theoretical ratio of

The distribution of Hr regions across the BPT diagrantSm]49532[Sm]19069= 2.5 (Vilchez & Esteban 199 fixed
follows the characteristic pattern in /Sb early-type spirals by atomic ph_yS|cs._ Both emission I|r_1es_ were corrected fer th
Sanchez et al20143. They are mostly located at the bottomdust attenuation prior to deriving the ionization paramete
right end of the classical location ofiHregions in this diagram,
with a tail towards_ the _so-called ir_1termediate region betwe 5 5 Oxygen abundance of H i regions
the two demarcation lines described abo¥ennicutt et al.
(1989 first recognized that H regions in the center of galax- Accurate abundance measurements for the ionized gas ix-gala
ies are spectroscopicallyftérent from those in the disk in theiries require the determination of the electron temperaftigg (
stronger low-ionization forbidden emission, that placenthin usually obtained from the ratio of auroral to nebular lineeim
the so-called intermediate region. More recer@Bnchez et al. sities (e.g.Osterbrock 198p It is well known that this proce-
(20141 found a similar behaviour for the tregions in early- dure is dificult to carry out for metal-rich galaxies, since as the
type disk galaxies, like NGC 6754. The location of tha He- metallicity increases the electron temperature decrgasethe
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Fig.5. Comparison among the oxygen abundances derived usingffbeedit indicators described in the text: (i) S23 vs. O3N2 (top
lefthand panel); (i) S303 vs. O3N2 (top righthand paneii); ArO3 vs. O3N2 (bottom lefthand panel); and (iv) ArO3 \&303
(bottom righthand panel). Each blue solid circle corresisan an individual Hi region in the sample. The error bars represent half
of the estimated error considering the propagation of thisgan line errors and the uncertainty in the calibratoe dashed-line
corresponds in each panel to the one-to-one relation.

cooling is via metal lines), and the auroral lines evenyulb#- parameters are correlated, like the trend between oxygem ab
come too faint to measure. Therefore, calibrators basett@mgs dance and the ionization parameter, uncovered by the skmina
emission lines are used. studies byEvans & Dopita(1985; Dopita & Evang1986, and

Strong- -line indicators have the obvious advantage of usmegcently revisited bysanchez et a[20143.

emission lines with higher signal-to-noise, detected irstiyo

all Hu regions, and with large dynamical ranges. However, they

have the disadvantange that the line ratios considered tlo no There are two main schools in the derivation of oxygen abun-
trace only the oxygen abundance, but also depend on other prdance using strong-line indicators. One uses empiricibreal
erties of the ionized nebulae, like the electron densitgl, ggo- tors based on the comparison offdrent of strong emission
metrical factors, andr the shape of the ionizing radiation (nordine ratios, with the corresponding abundance derived feeta
mally parametrized by the ionization parametgror u = g/c  of Hu regions for which T is known. The line ratios in these
in its dimensionless form). It is well known that some of taesmethods are:
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vious authors (e.gkewley & Dopita 2002. We adopted the re-
cently updated calibration hiylarino et al.(2013, that uses the

R23 = I([O111] 245007 4959)+ I ([O 111] 43727) ) largest sample of M regions with abundances derived using
I(HB) the direct, B-based, method (M13 hereafter). This calibration

[([O111] A5007Y1(HB) corrects the one proposed Pettini & Pagel(2004), that (due
O3N2 = [((N11] 16584)1(Ha) (3) to the lack of Hi regions in the upper abundance range) com-

([N 11] 16584) bined direct measurements for the lower abundance range and

N202 = (4) values derived from photoionization models for the moreahet
I([O11] 23727) rich ones. As demonstrated Marino et al.(2013, it produces
N2 = [([N 11] 16584) (5) abundance values very similar to the ones estimated based on
- I (Ha) ) the Pilyugin et al.(2012 method, with an accuracy better than
+0.08 dex.

This school adopts in most cases emission line ratios that The wavelength range covered by MUSE at the redshift
present little or no dependence with the dust attenuatien, (i of the galaxy does not include the 3727 emission line.
not far in wavelength), that uses the strongest availablis-emrlherefore, all indicators that include it, like R23, N202 tloe
sion lines, and calibrators that present either a monotonic combination of any of them, can not be used. However, there ar
even a linear dependence with the abundance. For examele,ather less common abundance indicators covered in this-wave
O3N2 and the N2 indicatoré\(loin et al. 1979 Pettini & Pagel length range, such as:

2004 Stashska et al. 2006Marino et al. 2013 In some cases

they use a combination of all the available emission linis, | I([S111] 119069 9532)+ 1 ([S11] 16717, 6731)

the counterpart-method described bRilyugin et al.(2012, or S23 = (6)
more complex combinations of non-linear equations to @eriv 1(HB)

the abundances (e Bilyugin et al. 2010Pérez-Montero 2004 S303 = [([S111] 119069) R
Since they adopted empirical correlations, the intringpeh- ~ ([0 111] 245007)

dences with other parameters, likgare subsummed in the cal- I ([Ar 111] 117135)

ibrator by construction. Ar303 = (8)

A second school prefers to use photoionization models ([0 m] 25007)
to derive the dependence of the abundance and ionizationThe  $23  indicator was first proposed by

strength with the dferent line ratios (e.gDopita etal. 2000 pjaz & Pérez-Montero2000 as an alternative to the more
Kewley et al. 200). A certain model for the ionizing stellar pop-yigely used R23. Its main advantages are that the intensity o
ulation is assumed, taking into account a certain burstaf stne jines are lessfiected by dust attenuation, that it presents
formation, an initial mass function, a certain metallicityd, in - 3 monotonic linear dependence with the abundance for a wide
some cases, the age of the cluster. Under certain condftlonsyange of metallicities, and that it seems to be less depémten
the ionized nebulae (e.g., geometry, electron density§,pbs-  the jonization parameter. This later statement was questio
sible to derive trends and correlations between the ablmadaBy Kewley & Dopita (2002 on the basis of photoionization
and the line ratios considered. For this school, the preftne models.Oey & Shields(2000Q already noticed that this indi-
ratios are those that depend only of one of the parametersgfor has a bi-valued behaivour with respect to the aburejanc
for which the correction on the other is well understood. Th@milar to R23, and restricted the use of the calibrator pseql
procedurgprescriptions described biewley & Dopita (2002  py Diaz & Pérez-Montero(200Q to subsolar metallicities
or Lopez-Sanchez et g2012 on how to derive the abundance§z < 0.5z). This corresponds to an oxygen abundance of
is a good example of this approach. _ 12+log(O/H)<8.3, lower than the lowest abundances derived
The main diference between the two schools is that fapr the Hu regions discussed here based on the M13 calibrator.
the first one the abundances derived are systematicallyrlowe There is no published calibration of the dependence of S23
Dopita et al (2014 studied a scenario in which the introductionyith the oxygen abundance for the higher abundance branch.
of a« distribution for the electron temperatures in the nebwa aljowever, based on the photoionization models presented by

lows to reconcile both estimates of the oxygen abundansegbagey & Shields(2000), it is possible to derive an estimation of
on the early studies bBinette et al.(2009. However, most of the apundance for that range:

the followers of the first school still consider that thgdr di-
rect method is more representative of the physical contitio

the nebulae, and requires fewer assumptions or dependemces? + log(O/H) = 8.6 — 0.25l0g(S23) 9)
still not well understood physical properties (like the ambof
ionizing photons of young stars, thatflidirs among the ¢ier- The accuracy of this calibrator has to be tested extensively

ent stellar evolution models). Another criticism is thatmany but based on the range of values covered by the describedsnode
cases the calibrations based on photoionization modelsress we estimate to be not better than 0.15 dex.

tight or fixed correlations between the abundance écent el- The S303 and Ar303 indicators were propose&tashska
ements (like the O ratio), that may fiect their derived values (2006 (S06 hereafter). She derived a non-linear correlation for
(e.g.Pérez-Montero 2004 both indicators and the oxygen abundance, that we adopt here

We adopted the indicator based on the O3N2 ratio describ®ke estimated the accuracy of this calibrator to be of therord
before, in order to compare with previous results on the sarme~0.09 dex.
field. This line ratio involves the stronger emission lineshe In contrast with the O3N2 abundance indicator, that is ba-
wavelength range, as clearly appreciated in Bigand there- sically independent of dust attenuation, all these indisain-
fore minimize the errors due to the inaccuracies in the measuvolve ratios of emission lines widely separated in wavelbng
ment of the involved line ratios. By construction, it prefsea and therefore the line intensities must be corrected fot dtis
weak dependence on dust attenuation, already noticed by fiemuation prior to derive the corresponding ratio and abhuod.



S.F. Sanchez et al.: Census ofilegions in NGC 6754 derived with MUSE: Constraints on theainsiixing scale.

This introduces a new degree of uncertainty that we avoid fiped by Sanchez et al20148. The dfective radius derived at

adopting the O3N2 calibrator. the distance of the galaxy was estimated.as10.7+0.9 kpc .
Figure5 shows the comparison among th&elient estima-

tors for the oxygen abundance discussed. We consider oaly th

emission lines and line ratios detected abovesadgtection 4. Results

limit. Hence, each panel shows afdrent number of hi re- 4

gions, ranging between 210 (for the panels involving the ZrO

indicator), and 360 (for the panels involving the O3N2, S2@/e deproject the position of eachnHegion using the morpho-

and S303 indicators). This is because therfAemission line logical parameters described in the previous section. ;Tien

is fainter than any of the other (FR). There is very good derive the galactocentric radial distribution of the oxygdoun-

agreement between thefidgirent estimators, despite thefdr- dance for NGC 6754, based on the abundances measured for

ent ions involved in most of the calibrators, and the inhoerogeach individual Hi region. For the 396 H regions detected, fig-

nous derivation of the calibrators. The largedfatences are ure 6 shows the abundance gradient derived out2a, along

found in the calibrator involving the [An] emission line, for the galactocentric distance normalized to tffeive radius.

the reason indicated before’(Xosn2 — Xarso3) = 0.08 and The shape of the abundance gradient shown in this figure is

o0 (Xs303— Xarsoz) = 0.07 dex, wherer is the standard devia- totally consistent with the pattern found in many previousls

tion of the diference between the two estimations of the abuies. The gradient shows an almost linear decrease betw@én

dance, an is the oxygen abundance, i.e.,+18g(O/H). The and~1.7 dfective radius, with a drop in the central regions and a

smallest diferences are found between the O3N2 and S23 indlattenning angbr up-turn in the outer regions. The linear regime

cators, witho(Xozn2— Xs23) = 0.04 dex, a value smaller than thehas been interpreted as evidence of inside-out growth nalspi

expected accuracies of both calibrators. In summary, tris-c galaxies, with a metal enrichment dominated by local preegs

parison shows that our estimation of the oxygen abundare d¢e.g.,Sanchez et al. 2014bnd references therein). The drop in

not depend strongly on the adopted indicator, and that in-avéhe inner region is found in a fraction of the spiral galaxies

age the accuracy of our estimation is of the order or bettar thsome cases (e.g., NGC 628) it has been associated with a cir-

~0.05 dex. This systematic error has been included in the eroumnuclear ring of star formation at the expected locatibn o

budget of the abundances derived for each individuatégion. the inner Lindblad resonance radius, where the gas is ingbeed

pected to accumulate, due to non-circular motions exerjed b

a bar or spiral armsSanchez et al. 201 Rosales-Ortega et al.

2011). The nature of the flattening in the outer regions, that has

We derive the mean position angle, ellipticity, anfleetive also been observed in other galaxies (eMarino et al. 2012
radius of the disk, by a surface brightness and morpholo§-still under debate. It could be affect of the radial migration
ical analysis performed on the MUSE data using a V-bard stars that latter pollute the surrounding gas, or a cansece
image of NGC 6754 synthetized from the IFS cube. TH @change in the star-formatioffieiency.

procedure is extensively described $&nchez et al(20145). ‘The dashed-dotted black line in Fig. shows the error-

In summary, an isophotal analysis is performed using tmelght.ed linear fit to this radial d|str|but|on.of_ the ab_unde.
ellipse_isophot_seg.pl tool included in the HiixpLorer ~ FOllowing Sanchez et al(2014h, the analysis is restricted to
packagé. Unlike other tools, likeellipse included in IRAF, galactocentric distances 63 /re <2.1. We find a slope in the
this tool does not assumee priori a certain parametric shapedbundance gradient af=—0.10+0.02 dexre, which is simi-

for the isophotal distributions. The following proceduresre 1ar to the common abundance slope reportecspchez et al.
followed for the V-band image: (i) the peak intensity envssi (20140 of ~-0.1 dexre. If we used the same calibrator than
within a certain distance of a user defined center of the galathe one adopted in that study, i.@ettini & Pagel(2004, in-
was derived. Then, any region around a peak emission abov&t@ad oMarino et al.(2013, the slope would be slightly larger,
certain percentage of the galaxy intensity peak is maskeithw @=-0.14£0.02 dejre. In any case, both slopes are totally com-
effectively masks the brightest foreground stars; (i) once tfpatible with the common gradient, since they are both within
peak intensity is derived, the image is segmented in cotisecu 1a’of the range of values described for this characteristipeslo
levels following a logarithmic scale from this peak valui) ( (Sanchezetal. 2013b _ .

once the image is segmentechig.qs isophotal regions, foreach ~ The number of Hi regions detected for this galaxy is large
of them, a set of structural parameters was derived, ineudienough to explore whether the abundance gradient depends on
the mean flux intensity and the corresponding standard dev@gher properties of the nebular emission. The kegions in
tion, the semi-major and semi-minor axis lengths, the &digy, Fig. 6 have been color-coded according to the value of the
the position-angle, and the barycenter coordinates. Thiiane EW(Ha). Adopting this scheme it is possible to distinguish be-
values of the derived position angles and ellipticitiesngléhe tween the regions with stronger specific star-formatioe, riat
different isophotes, once excluded thoected by the seeing in trace mostly the spiral arms (Fig), and those distributed more
the very central regions, are adopted as the position anglela  homogeneously across the entire disk. We repeat the fittmg p
lipticity of the galaxy. Their standard deviations are ddesed cedure splitting the sample in two, foritfegions with equiva-

as an estimation of the error in the derivation of these paratant width greater or smaller than 20A. We find that the te-
eters. We derive an ellipticity of =0.88:0.07 and a position gions with lower equivalent widths present a somewhat shal-
angle of PA=77+9°. Assuming an intrinsic ellipticity for the lower gradient ¢=—0.09+0.01) than those with higher equiv-
galaxy of~0.13 Giovanelli et al. 19951997, the inclination alent widths ¢=-0.12+0.02). The two gradients are shown in
is estimated to bé =64+6°. Finally, we fit the surface bright- Fig. 6. However, the dterence is rather small, and it may not
ness profile with a single exponential function to derivedisk be significant. In order to test it, we perform a Kolmogorov-
scale-length, and the correponding diskeetive radius, as de- Smirnov (KS) test to estimate howftiirent the distributions of
oxygen abundances in both cases are. We find that the prebabil
4 http://www.caha.es/sanchez/HII_explorer/ ity that both distributions were not derived from the samm-sa

.1. Oxygen abundance gradient

3.6. Structural parameters of the galaxy



http://www.caha.es/sanchez/HII_explorer/

S.F. Sanchez et al.: Census ofilegions in NGC 6754 derived with MUSE: Constraints on theainsiixing scale.

=TT

—
© o s
3t 1 bt i B
— [ | e gonlg L {
T | | = B li' SRk ol I
@) = i \l\ ‘ ., I \ ‘ ' Y, v?ll“ | i lh' !l ‘
= (o) i " \ . ¥ !I | o, I\ | I | I 'y
2 % = o 0 "'”|I‘Im I i l % ” | H"!nu!ﬂ ’ |‘| M
2 < ; ‘ 3 | 3 Mi‘iq.‘ | 1 I | ||||ﬁ| “ I ||
o @ I ¥ < [ th |
' . —
o I +
0
T S R S B B
S RS B SR
0 0.5 1 1.5 2 100 0 100

RIRe O (degree)

Fig.6. Radial distribution for the oxygen abundance derived u
ing the O3N2 indicator for the 396 iHregions detected in NGC
6754, color coded by the equivalent width ok HThe blue col- erage radial gradient. The colors and sizes indicate thectsl

ors and small symbols correspond taregions with an emis- centric distance, with blue solid circles correspondingltore-
sion EW(Hv) lower than 20A, while the reddish-to-grey color% ' P

lg'ig. 7. Azimuthal distribution of the residual of the oxygen
abundance for the individual idregions once subtracted the av-

q1 bol dt . ith hiah | ions more nearer to the center of the galaxy, andoradge
_Ia_?] argerbsym_“ost c?rr?hqund_ .3 relglons Wi fth Ighér valugyes corresponding to those farther away. The solid lineeeor
€ error-bars fiustraté the individual errors of the aigmce sponds to the average value at each azimuthal angle fioreH
propagated from the estimated errors of the emission limats, e :
! ; ; X gions within 250f the considered angle.
including the systematic error of the abundance calibratoe
dashed-dotted black line shows the result of the best lirear

gression to all the points. The blue and red solid lines spwed j e how far a certain H region has moved from its expected lo-

to the results of the best linear regressions to therégions of cation based on a pure inside-out chemical enrichment witho

lower and higher values of EW(t). radial mixing. We find a mixing scale-lengthix =0.43, that
corresponds to 4.6 kpc at the redshift of this galaxy.

We repeated the estimation for thefdrent sub-samples of
ple is just a 7.7%. Therefore, there is no significariedence H u regions discussed before, and found similar dispersians, ¢
between the abundance gradients for the regions with strongring a range of values of,x =0.37-0.5%.. In particular, when
or fainter specific star formation rates. taking into account the east and west pointing separatelyexe

We explore possible fierences in the abundance gradientgve a very similar radial mixing scale-length, slightlyter than
based on other properties of the ionized nebulae. First,ome cthe common onerfixeasiwest =0.35¢). This indicates that (i)
sidered the ionization parameter, splitting the samplewia t the diferent spatial resolution does ndfext the result, and (ii)
subsamples with log(u) greater or smaller theB16 (the me- there seems to be an azimuthal variation of the oxygen abun-
dian value for our sample). Theftirences in the slopes weredances that increases the dispersion when not taken intoaicc
even smaller, beingnighiogwy = —0.10:0.02 dex andowiogwy) =  Finally, we study if there is a dependence with galactoéedis-
-0.08+0.03 dex. Then, we considered the electron density, splitnce. We found that the mixing scale- Iength is slightlydown
ting the sample in regions withe greater or smaller than 75the inner regionsmyix(r/re < 0.9) =0.28, than in the outer ones
cm3 (the median value for our sample). In this case we find thg;(r/re > 0.9) =0.6 7.
same slope for both subsamplegigwn, = —0.10+0.03 dex). To know how sensitive this dispersion is to the errors and

Finally, we explore if the dferent spatial resolutions of theuncertainties in the derived parameter, we performed alsimp
east and west pointings have an impact in the abundance ditonte-Carlo simulation, allowing each of the parametebsita
tributions and gradients. We repeat the analysis restgatiur dances, galactocentric distance®eetive radius and inclination)
sample to the regions detected in both pointings separbely to vary within the estimated errors. The standard deviabien
fore joining them into a single catalog. We find very simitween the dierent estimated radial mixing scales-8.15.
lar slopes for both subsamplegs,y = —0.10:0.02 dex and This parameter puts a strong constraint on the metal mixing
awess = —0.12£0.03 dex. Even more, a KS-test indicates thaicale-length, independently of the mechanism requiredde p
the probability that both distributions were not deriveoifrthe duce the mixing. Obviously this is an upper limit to the mixin
sample sample is 0.02%. scale-length, in particular if the abundance gradient ddpen

the equivalent width of Hi.

4.2. Mixing scale-length

4.3. Azimuthal variations of the oxygen abundance
This sample of Hi regions is large enough to derive a estima- Yo

tion of the mixing scale-length. For doing so we compute tHe a pure inside-out scenario where the metal enrichmetis-d
dispersion of galactocentric distances with respect tditlear inated by local processes (the metal pollution by starsdhest
regression. The average of this relative distance is zgragh- at a certain location), the abundance gradient should resepit
struction), and the standard deviation is the typical ng»$nale, any azimuthal variation. Mierent mechanisms proposed for the

10
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radial mixing predict dferent characteristic patterns in the azSpitoni & Matteucci 201}, (ii) resonance scattering with tran-
imuthal distribution of the oxygen abundance. The sample sient spiral density wave$eéllwood & Binney 2002 (iii) the
Hu regions provided by our MUSE data is large enough to erverlap of spiral and bar resonanc&firfchev et al. 201} (iv)
plore if there is an azimuthal variation in the distributwfroxy-  stellar radial migration (e.g.RoSkar et al. 20088); and (v)
gen abundances. minor mergers and captures of satellite galaxi@sillen et al.
Figure 7 shows the azimuthal distribution of the oxyger2009 Bird et al. 2012.
abundances for the iregions of our catalog, once removed We explore the possible dependence of the slope of the
the common radial gradient, for those regions within a rihg @bundance gradient withftirent properties of the ionized gas.
0.3< r/re <2.1 (i.e., the linear regime of the abundance gradsignificant diferences are not expected if the metal enrichment
ent). There is a clear pattern, more clear when we derivezhe & dominated by the inside-out growth of the galaxy. Howgever
imuthal average within a box of 2&round each value. IndeedJocal processes, like outflows or metal raining induced by en
when removing this average pattern the dispersion aroumd tranced star-formation associated with the spiral arms nmag m
mean value is reduced by a 40%. The amplitud of the pattéfpm the chemical distribution locally. Under this assunoptiit
does not follow a clear periodic sequence (like a sinusaiglat- would be expected that densemhegions in spiral arms, with
ture), and there is no clear general dependence with thetgalagreater EWH«) , and ionization strengths present dfelient
centric distance. distribution of oxygen abundances that thoserdgions located
However, in the strongest feature of this pattern, the veiggin the inter-arm regions. Our results indicate that locatpsses
betweend ~90Pand# ~16C°with an amplitude 0f~0.05 dex, do not seem to be relevant enough to modify the galactocentri
there seems to be a trend with distance, with the abundance@gundance gradient in this particular galaxy.
creasing at intermediate distances and increasing for theth We define a parameter to estimate the amount of the re-
inner and outer regions. This pattern corresponds to thalspiistribution of metals within the galaxy that we call the mix
arm the south-east of the center of the galaxy. If real, thiddc ing scale-lengthrix. This parameter is defined as the disper-
be a hint of radial mixing. sion around the abundance gradient along the galactoceligri
The radial mixing scale defined in the previous section is régance, and can be derived as the ratio between the dispémsion
duced to 0.38/re, or 4.1kpc, when the average azimuthal varthe abundance and the slope of the correlation. We estiinate t
ation of the oxygen abundance is subtracted prior to dehige ttypical rmx =0.43t0.15re, i.e., ~4.6 kpc at the redshift of the
dispersion around the radial abundance gradient. galaxy. To our knowledge, this is the first time that this para
eter is defined in this way. However, it is possible to compare
with previous results if both the dispersion in abundanaktha
5. Discussion and Conclusions slope of the radial gradient are provided. The most recguibex
ration of the abundance gradient over a large sample of galax
In this study we analyse one of the first observations usiigs was published bganchez et a(2012h 20148. They found
MUSE on a spiral galaxy, NGC 6754. We detect and extract tiigat the common abundance gradient has a slope f-0.1
spectroscopic information of a sample of 396G Iegions, an dexr,, with a dispersion 0£0.6 dex, for which an average mix-
order of magnitude larger than the average number obsenvedhg scale-length of iy ~0.61c is derived. This value is slightly
previous state-of-the-art IFU survey datasets ®anchez et al. larger than the one we find for NGC 6754. However, we should
20141. This illustrates the capabilities of this unique instemh note here that the estimation derived fr&@nchez et a(2012h
due to the combination of its large FoV and unprecedentalpa2014h results is purely statistical, based on the average abun-
samplingresolution. dance gradient derived once the individual gradients fahea
The abundance distribution derived has a negative gradiegdlaxy are considered all together and normalized to the-abu
with a slope consistent with the characteristic value reggbby dance at theféective radius. Measurements on individual galax-
previous studies3anchez et al. 201%bin the linear regime be- ies have not been provided.
tween 0.3 and 1.7.. The abundance decreases in the inner re- Bars have been proposed as dfeetive mechanism for
gions, and there is a hint of a flatenning in the outer part$h Baadial migration (e.g.Athanassoula 199%5ellwood & Binney
features have been already observed in previous studiesliin i 2002). Hydrodynamical simulations have shown that bars in-
vidual galaxies (e.gBresolin et al. 2009Yoachim et al. 2010 duce angular momentum transfer via gravitational torgthes,
Rosales-Ortega et al. 201Marino etal. 2012 Bresolin etal. result in radial flows and mixing of both stars and gas (e.g.,
2012. The central drop is in many cases associated with a Gikthanassoula 1992These radial motions can produce a mixing
cumnuclear star-formation proceSsfichez et al. 2014andit and homogenization of the gas, that leads to a flatteningf an
could be related with the accumulation of gas due to norutarc abundance gradient (e.§rjedli 1998. Resonances between the
motions exerted near the inner Lindblad resonance radigs (ebar and the spiral pattern speeds can shift the orbits of,star
Cepa & Beckman 1990 mostly towards the outer regionslinchev & Famaey 2010 a
The nature of the flatenning is still not clear. A detailed disnechanism that alsofacts the gas. Another process that pro-
cussion on the dlierent scenarios proposed was presented Huces a similarféect is the coupling between the pattern speed
Sanchez et a[2014h. In summary, under the usually observedf the spiral arms and the bar, that induces angular momen-
star-formation rates, the time required to enrich the ISMap tum transfer at the corotation radius (e 8ellwood & Binney
the observed abundances in these outer regions is of the o2@021). In a recent studyi Matteo et al.(2013 analysed the
of the age of the Univers®(esolin et al. 201 and therefore it signatures of radial migration in barred galaxies on theshafs
is unlikely thatin situ star-formation could have enriched thesimulations. They found that the slope of the abundanceaemad
interstellar medium to the values observed. Among the madoes not change significantly up #d.5-2r, (when the scale-
mechanisms proposed to explain the flatenning we highlight tlength of their simulated disks are transformed to &ecative
following ones: (i) angular momemtum transport that pragucradius), but a flatenning is predicted beyond these galantdc
a radial mixing (e.g.Lacey & Fall 1985h Goetz & Koeppen distances. This pattern is very similar to the one obsenvedi
1992 Portinari & Chiosi 2000 Schonrich & Binney 2009 galaxy. However, as we discussed before, the flatenningein th
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outer region seems to be present in spiral galaxies irréigpecwith old stars being in general more metal poor. It is still un
of the presence or absence of ba&arichez et al. 201%b clear how these dtierences mayféect the interpretation of our
Di Matteo et al.(2013 defined a parameter to quantify theresults on the basis of the simulations. However, there éla |
amount of spatial redistribution of stars in a disk as thifia¢- of similar simulations on thefiects of radial migration for the
tween the maximum absolute variation of the metallicityhwitgas-phase abundance.
respect to the radial gradient compared to the slope of tais g The current results illustrate the capabilities of MUSEde a
dient @ire/n;/Aresny). With units of distance, this parameter iscomplish this kind of studies in a veryiient way, and demon-
equivalent to our mixing scale-lengthy{x). They found that this strate that it is possible to derive reliable dispersionsiad the
parameter evolves with time and presents a weak radial deperean abundance gradient. In future articles we will appéy th
dence. At the peak of the radial migration it ranges betweenrhethodology outlined here to a sample of galaxies with simil
1.5 kpc (0.17-0.26,) for a galactocentric distance between 8haracteristics of cosmological distances and projedited sob-
and 12 kpc (0.5-2.). As time evolves it decreases, being slightlgerved with this instrument, in order to explore the depande
larger in the outer regions. Our derivegy is larger, but cer- of the results on galaxy type, as outlined before.
tainly of the same order, than that predictediyMatteo et al.
(2013. It also presents a weak radial dependence, that may mknomﬂedge{nents SFS thanks the director of CEFCA, M. Moles, for his sin-
dicate that the peak of the migration has already past. Shas i¢¢"€ SuPPort. . .
good agreement considering that we are not comparingaith man\llj\gecritgfnk the referee for Hiser comments that have improved this
hoc simulations specifically done to reproduce our galaxy. Based on observations made with ESO Telescopes at the Parana
Another prediction by simulations is that the radial mixingbservatory under programme ID 60.A-9329. Support for L@ HiK is pro-
should not be homogeneous. These inhomogeneities aredelitded by the Ministry of Economy, Development, and Tourisrillennium

: : : : : : Science Initiative through grant IC12009, awarded to Théeinium Institute
to the way radial migration occurs in galaxies, following th of Astrophysics, MAS. LG and HK acknowledge support by COXTGhrough

arms pattern (e.gMinchev et al. 201 metal-rich stars which FoNDECYT grants 3140566 and 3140563, respectively. SFSaudedges the
move to the outer disk are mostly from the region outside Cormexican National Council for Science and Technology (CONAT for finan-
tation Brunetti et al. 201), and migrate through spiral patterngial support under the prograRroyectos de Ciencia Basica. EP acknowledges
to the outer parts of the disk. In other words, migration is n@nding from the Spanish MINECO grant AYA2010-15081. RA liftar was

. . . C also funded by the Spanish programme of International CanopiExcellence
axisymmetric, but associated to the distribution of armd ag.ci0a (CEN.
bars. In Sectiort.3 we explored the possible azimuthal varia-
tions of the oxygen abundance, once subtracted the ragiahde
dence, and we found evidence of an asymmetrical distributilReferences
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