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ABSTRACT

Spiral arms are the most singular features in disc galaxies. These structures can exhibit different patterns, namely grand design and
flocculent arms, with easily distinguishable characteristics. However, their origin and the mechanisms shaping them are unclear. The
overall role of spirals in the chemical evolution of disc galaxies is another unsolved question. In particular, it has not been fully
explored if the H ii regions of spiral arms present different properties from those located in the interarm regions. Here we analyse
the radial oxygen abundance gradient of the arm and interarm star forming regions of 63 face-on spiral galaxies using CALIFA
Integral Field Spectroscopy data. We focus the analysis on three characteristic parameters of the profile: slope, zero-point, and scatter.
The sample is morphologically separated into flocculent versus grand design spirals and barred versus unbarred galaxies. We find
subtle but statistically significant differences between the arm and interarm distributions for flocculent galaxies, suggesting that the
mechanisms generating the spiral structure in these galaxies may be different to those producing grand design systems, for which no
significant differences are found. We also find small differences in barred galaxies, not observed in unbarred systems, hinting that bars
may affect the chemical distribution of these galaxies but not strongly enough as to be reflected in the overall abundance distribution.
In light of these results, we propose bars and flocculent structure as two distinct mechanisms inducing differences in the abundance
distribution between arm and interarm star forming regions.
Key words. galaxies: abundances – galaxies: evolution – galaxies: ISM – galaxies: spiral – techniques: imaging spectroscopy –

techniques: spectroscopic

1. Introduction
The spiral structure is one of the most characteristic features
of disc galaxies. In some cases, these patterns are well-defined,
symmetric and continuous and are referred to as “grand design”

spirals. In other cases, the spiral structure presents less symmetry and is formed of patchy arms that fade over the gaseous disc,
leading to “flocculent” galaxies (Elmegreen 1981). This flocculent versus grand design nature of spiral galaxies must be directly connected to the mechanisms responsible for generating
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the spiral structure. However, there is no widely accepted theory that can explain the origin of this diversity of spiral arms.
Although there is a general agreement that spirals are caused
by density variations in the discs driven by gravitational instabilities, theories diverge in aspects such as the lifetime of
these features or the mechanisms generating them. Some theories propose long-lived quasi-stationary patterns (e.g. Lin & Shu
1964; Bertin & Lin 1996), while others support the idea that spiral arms are short-lived, recurrent transient patterns that form
through local instabilities which are swing amplified into spiral
arms (e.g. Julian & Toomre 1966; Toomre 1990). In the current
interpretation, flocculent arms are typically associated with local instabilities, whereas grand design galaxies are linked to the
steady state density wave theory (e.g. Dobbs & Bonnell 2008;
Dobbs & Baba 2014). However, this question is far from being
resolved.
Furthermore, this spiral classification based on flocculent or grand design systems is not always unambiguous.
Multi-band observations have shown that galaxies can exhibit characteristics of both flocculent and grand design structure. In particular, some galaxies present grand design arms
in the infrared (dust and old stars) and a more flocculent
structure in the optical (gas and young stars) bands (e.g.
Block & Wainscoat 1991; Thornley 1996; Thornley & Mundy
1997; Elmegreen et al. 1999; Kendall et al. 2011). This finding
makes it even more complicated to develop theories that can explain the nature of spiral structure.
Regardless of their origin, it is clear that spiral arms are
structures where the star formation is enhanced, which may affect the chemical composition of these structures and can produce differences between the arm and interarm regions. However, only a few works have studied arm-interarm abundance
variations. Martin & Belley (1996) analysed a sample of seven
galaxies, but did not observe significant variations in the gas
metallicity between these two distinct regions. Cedrés & Cepa
(2002) carried out a study for two galaxies analysing different properties of the H ii regions (distribution, Hα equivalent
width, metallicity) of the arm and interarm regions without observing significant differences in their properties. Cedrés et al.
(2012) studied the two-dimensional (2D) distribution of the gas
metallicity of another two galaxies and found that the presence
of azimuthal inhomogeneities depends on the calibrator used
to derive the metallicity. On a larger scale, a few other studies have analysed possible azimuthal variations in the chemical
abundance distribution of spiral galaxies (Kennicutt & Garnett
1996; Rosales-Ortega et al. 2011; Li et al. 2013), but did not
find variations related to the presence of the arms. Recently,
López-Sánchez et al. (2015) found radial and azimuthal variations in the metallicity of star-forming (SF) regions along the
spiral arms of NGC 1512, but these were induced by the interaction of the blue compact dwarf galaxy NGC 1510 in one
of the arms. Along these lines, Zinchenko et al. (2016) analysed 88 late-type galaxies from the CALIFA second data release
(DR2, García-Benito et al. 2015) to study the global azimuthal
abundance asymmetry of these galaxies, without finding significant differences in the abundance distribution. More recently,
Sánchez-Menguiano et al. (2016a) studied the gas content of
NGC 6754 using MUSE data and found residual Hα line-ofsight velocity and gas abundance inhomogeneities compatible
with what is expected due to radial migration driven by the spiral
arms (Grand et al. 2016). A recent work by Croxall et al. (2016)
also presents evidence of azimuthal variations which can be inferred from an intrinsic dispersion in the O/H and N/O abundance gradients.
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One of the main caveats of most of these studies (with the exception of Zinchenko et al. 2016) to provide statistically significant conclusions is the low number of analysed objects. In this
paper we present an extended study of a large sample of galaxies from the CALIFA survey (Sánchez et al. 2012a) that allows
us to derive statistically significant results, following a different
approach from Zinchenko et al. (2016). For these galaxies, we
analyse the oxygen abundance gradient of SF regions for both
the spiral arm and the interarm areas. The main goal of this analysis is to determine if there are differences in the abundance distribution of the ionised gas associated with both structures. In addition, we also distinguish between flocculent and grand design
galaxies in order to shed some light onto the origin of the spiral
structure. To increase the number statistics and properly map the
spatially resolved chemical abundance of the gas phase, we have
carried out this study analysing the full 2D information provided
by the CALIFA data avoiding any binning schemes (following
Sánchez-Menguiano et al. 2016b, hereafter SM16). At the physical resolution of the CALIFA data (Mast et al. 2014), SM16 has
already shown that a spaxel-by-spaxel analysis leads to equivalent results to those obtained following the classical procedure of
detecting H ii regions (see also Sect. 3.1.3), with the advantages
previously mentioned (i.e. an improvement in the statistics and
in the spatial coverage of the gas properties).
The paper is organised as follows. Section 2 provides a description of the sample and data we use in this study. Section 3
describes the analysis required to derive the oxygen abundance
gradients for the arm and interarm regions, including the procedure followed to separate the information of both structures.
Finally, the presentation of the results, the discussion and the
main conclusions are given in Sects. 4 and 5.

2. Data and galaxy sample
The analysed data were collected by the CALIFA survey
(Sánchez et al. 2012a) using the PMAS/PPAK spectrograph
(Roth et al. 2005; Kelz et al. 2006) at the 3.5 m telescope of the
Calar Alto observatory. The observations were carried out following a three-pointing dithering scheme designed to increase
the spatial resolution, obtaining a covering factor of 100% along
the full field of view of 7400 × 6400 . Two different set-ups were
chosen for the observations: V500, with a nominal resolution
of λ/∆λ ∼ 850 at 5000 Å (FWHM ∼ 6 Å) and a wavelength
range from 3745 to 7500 Å, and V1200, with a better spectral
resolution of λ/∆λ ∼ 1650 at 4500 Å (FWHM ∼ 2.7 Å) and
ranging from 3650 to 4840 Å. The data analysed here have been
reduced with version 1.5 of the reduction pipeline (corresponding to the second data release, García-Benito et al. 2015) providing datacubes with a final spatial resolution of FWHM ∼ 2.500
(∼1 kpc at the typical redshift of the galaxies) and a pixel size
of 100 .
More detailed information about the CALIFA sample can be
found in Walcher et al. (2014). The observational strategy is described in Sánchez et al. (2012a). Finally, details about the data
reduction and the improvements achieved along the different versions of the pipeline are available in Husemann et al. (2013),
García-Benito et al. (2015), and Sánchez et al. (2016a).
The study carried out in this paper is based on a subset of
galaxies selected from the sample defined in SM16 as part of
the above mentioned project. This sample comprised 122 faceon (i < 60◦ ) isolated spirals, including both barred and unbarred
galaxies. For details about the selection criteria, see SM16.
For a proper comparison between the abundance distribution
of the SF regions belonging to the spiral arms and the interarm
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Fig. 1. Location of the spaxels associated with SF regions (blue squares) superimposed on the IFS-based Hα map derived for two galaxies of
the SM16 sample, one included in this work’s sample (IC 1256, left), and another that was discarded because of poor spatial coverage of the SF
spaxels across the galactic disc (NGC 0160, right). See Sect. 3.1.2 for an explanation of the procedure used to select the spaxels associated with
SF regions.

regions, it is essential that the analysed spaxels cover a substantial extent of the disc associated with both structures. For this
purpose, we discarded from the SM16 sample those galaxies for
which we do not detect ionised emission associated with star
formation covering a continuous and wide area of the disc (i.e.
those galaxies where the fraction of non-isolated SF spaxels is
lower than 15%). Afterwards, we apply another criterion to guarantee that a statistical characterisation of the arm and interarm
regions is feasible (i.e. at least 20% of the SF spaxels belonging to each of both structures). By applying these requirements,
most of the discarded galaxies are early types (Sa-Sab), maybe
due to the need of a good coverage of the ionised gas throughout
the disc. However, as no dependence of the abundance gradients
with the morphological type has been found (e.g. Sánchez et al.
2014; Sánchez-Menguiano et al. 2016b), this should not affect
the results.
Figure 1 shows an example of a galaxy included in our final sample (left panel) and a galaxy that has been discarded
due to the low number of spaxels covering the interarm region
(right panel). In addition, galaxies whose spiral arms could not
be properly traced because they were not clearly defined were
also rejected (see Sect. 3.2.2 for details). These cases correspond
to the most flocculent galaxies of the sample, whose fragmented
and blurred arms are not easy to track. By discarding these galaxies, we may be diminishing the possible differences between
flocculent and grand design galaxies. However, the qualitative
results should not change.
In the end, the sample analysed in this work comprises
68 galaxies that provide a good 2D coverage of the SF regions
over the disc and a good characterisation of both the arm and
interarm regions. For this sample of galaxies we carry out a detailed 2D study of the gas metallicity distribution to analyse possible differences between the SF regions found in the spiral arms
and those located in the interarm regions.

3. Analysis
In this section we briefly summarise the procedure followed to
select the spaxels, analyse their individual spectra, and derive
the corresponding oxygen abundances. We refer the reader to
SM16 for a more detailed explanation of this procedure. We also

explain the method used to classify these spaxels according to
the structure where they belong, the spiral arms or the interarm
region. The subsequent derivation of the oxygen abundance gradient for both sets of spaxels is also described.
3.1. Derivation of the oxygen abundance distribution
3.1.1. Measurement of the emission lines

To properly measure the flux intensity of the emission lines,
the underlying stellar spectrum must be subtracted. We model
both the continuum emission and the emission lines using a fitting package named FIT3D1 (Sánchez et al. 2011). FIT3D fits
each spectrum by a linear combination of single stellar population (SSP) templates with different ages and metallicities after correcting for the appropriate systemic velocity and velocity
dispersion and taking into account the effects of dust attenuation (Cardelli et al. 1989). Once the stellar component is subtracted, FIT3D proceeds to measure the emission lines performing a multi-component fitting using a single Gaussian function
per emission line plus a low order polynomial function.
The entire procedure of fitting and subtracting the underlying stellar population and measuring the emission lines using
FIT3D is described in more detail in Sánchez et al. (2011) and
Sánchez et al. (2016c,b).
3.1.2. Selection of spaxels associated with star formation

FIT3D provides us with a set of 2D intensity maps for the emission lines required to determine the gas metallicity. To guarantee realistic measurements of the emission line fluxes employed in the determination of the oxygen abundance, we discard
the spaxels with emission line fluxes below 1σ over the continuum level (except for Hα, for which a fixed limit of 0.2 ×
10−16 erg s−1 cm−2 is imposed in order to ensure that all the selected spaxels are associated with ionised gas). Although the selected lower limit is 1σ per spaxel, this additional requirement
on the Hα flux implies that most of the spaxels present a signalto-noise ratio (S/N) higher than 3 for all the lines involved in the
analysis (62% for [O iii] λ5007, 91% for [N ii] λ6584, 88% for
1
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Hβ, and 100% for Hα). In principle, the reliability of the derived
oxygen abundance for each spaxel, and thus that of the derived
gradients, might improve with a higher S/N cut. However, a general 3σ cut in all the analysed lines hampers the recovery of the
abundance gradient in some galaxies due to a poorer spatial coverage of the oxygen distribution, especially for the outermost interarm regions. For this reason we prefer to use the 1σ flux cut
as this improves the statistical significance of the results. So far
this is the best compromise between having a good S/N for all the
emission lines and a good coverage of the oxygen abundance distribution together with a large number of analysed galaxies. We
discuss the implications of the selected S/N criterion in greater
detail in Sect. 5.
This way, from all the spaxels with flux values above this
1σ limit, we select those that are associated with SF using
well-known diagnostic diagrams. In particular, we use the diagram proposed by Baldwin et al. (1981) that makes use of
the [N ii] λ6584/Hα and [O iii] λ5007/Hβ line ratios, and the
Kewley et al. (2001) demarcation line that separates regions
ionised via SF or by AGNs.
Nevertheless, this procedure presents some difficulties in
distinguishing between low-ionisation sources (weak AGNs,
shocks and/or post-AGBs stars). To deal with these weak
sources, we adopt the WHAN diagram (WHα versus [N ii]/Hα,
Cid Fernandes et al. 2011), based on the use of the EW(Hα).
However, we are more restrictive in the EW range, using a limit
of 6 Å to guarantee a higher S/N for the emission lines of
all spaxels and significantly reduce the fractional contribution
coming from the diffuse nebular emission (ionized by the old
stellar population, e.g. Kehrig et al. 2012; Papaderos et al. 2013;
Gomes et al. 2016; Morisset et al. 2016).
3.1.3. Derivation of the oxygen abundance distribution

The spatial resolution of CALIFA data, at the average redshift
of the survey, is of the order of a hundred of a few hundred parsecs, the size of a typical H ii region (González Delgado & Pérez
1997; Oey et al. 2003; Lopez et al. 2011), and therefore we do
not resolve the regions, allowing us to make use of strong-line
empirical calibrators to measure the oxygen abundance distribution (Sánchez-Menguiano et al. 2016b). We adopt the one based
on the O3N2 index, first introduced by Alloin et al. (1979) and
modified by Pettini & Pagel (2004):
!
[O iii]λ5007
Hα
O3N2 = log
×
·
(1)
Hβ
[N ii]λ6584
For this index, we use the calibration proposed by Marino et al.
(2013), where 12 + log (O/H) = 8.533 − 0.214 × O3N2. This
calibration uses T e -based abundances of ∼600 H ii regions from
the literature together with new measurements from the CALIFA survey, providing the most accurate calibration to date for
this index. The derived abundances have a calibration error of
±0.08 dex, and the typical value associated with the pure error
propagation in the measured emission lines is about 0.05 dex.
We note that T e -based empirical calibrations provide results
that are at least 0.2−0.4 dex lower than strong-line methods
based on photoionisation models (see López-Sánchez & Esteban
2010; López-Sánchez et al. 2012 for an extended discussion).
3.2. Characterisation of spiral arms

The disc of spiral galaxies is known to be an axisymmetric component which sometimes appears elliptical, due to inclination
A113, page 4 of 13

effects. The greater the ellipticity, the more inclined the disc
is with respect to our line of sight. Although we have selected
galaxies with i < 60◦ , the difference with respect to a face-on
system is still appreciable and it can hamper the correct tracking
of the spiral pattern in these discs. Thus, we need to deproject
the galaxy discs to carry out the best possible characterisation of
the spiral arms.
We deproject the galaxy images using the position angle
(PA) and the inclination angle (i) derived as a by-product of the
2D photometric decomposition of the galaxies performed using
the GASP2D algorithm. The actual implementation and a detailed description of the code is provided in Méndez-Abreu et al.
(2008, 2014). By performing the 2D decomposition, GASP2D
provides us with the best combination of morphological components to fit the 2D observed light distribution of the analysed
galaxies (bulge, disc, bar component, etc.). The results of the
photometric decomposition of the entire CALIFA observed sample and the corresponding structural parameters is presented in
Méndez-Abreu et al. (2017).
We must note that we have preferred not to correct for inclination effects in galaxies with inclinations below 35◦ as the
uncertainties on the derived correction exceed the very small effect on the spatial distribution of the spaxels.
3.2.1. Arms classification

The basis of a classification system for spiral galaxies according to their spiral arm structure was first introduced
in Elmegreen & Elmegreen (1982) and afterwards revised in
Elmegreen & Elmegreen (1987). This way, spirals can be divided into flocculent or grand design galaxies according to the
symmetry and continuity of the spiral pattern. Flocculent galaxies present small patchy spiral arms, while grand designs are
characterised by the presence of long, symmetric, continuous
arms. Initially, Elmegreen & Elmegreen (1982) proposed 12 arm
classes (AC) that were afterwards reduced to 10 categories in
Elmegreen & Elmegreen (1987) paying attention just to the spiral arm features and rejecting any distinction referring to the
presence of bars or companion galaxies (AC 10−11 according
to Elmegreen & Elmegreen 1982). Thus, galaxies with AC 1−4
are considered flocculent, and those with AC 5−12 (excluding
AC 10 and 11) are grand design. Pure flocculent (AC 1−2) and
grand design galaxies (AC 12) represent the opposite ends of the
range and the intermediate classes show characteristics of both
types, i.e. one prominent arm with other fragmented ones, tightly
wrapped ringlike structures, or inner/outer symmetric arms together with feathery or irregular spiral patterns. The distinctions
between some of these divisions is not straightforward as some
galaxies can present characteristics of more than one class, being these cases very difficult to classify. For this reason, we decided to apply the general classification of flocculent/grand design galaxies without distinguishing between the different arm
classes.
The classification was carried out independently by 14 authors of this work based on a visual inspection of the SDSS g + u
deprojected images2 , where the spiral arms are more easily outlined. We considered a classification to be valid when at least
eight of the authors agree on the result, in all other cases the
classification was considered ambiguous and the galaxy was discarded from further analysis. This way, the sample was reduced
from 68 to 63 (discarding IC 1256, NGC 0477, NGC 1093,
NGC 7321 and UGC 09476), of which 45 galaxies are classified
2

Using the seventh data release (DR7, Abazajian et al. 2009).
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Fig. 2. Deprojected SDSS g + u maps for eight galaxies showing the arm classification (F for flocculent and G for grand design, see bottom right
corner of each image).

as flocculent and 18 as grand design. Table A.1 of Appendix A
shows the final classification for all galaxies in the sample and
Fig. 2 presents a set of example images corresponding to flocculent (F) and grand design galaxies (G).
3.2.2. Tracking of spiral arms

We depict the spiral arms by visually tracing them on the SDSS
g-band deprojected images to distinguish between the spaxels
belonging to the spiral arms and the interarm regions. Then
we interpolate the points using a cubic spline (a numeric function that is piecewise-defined by a third-degree polynomial). In
the cases where the spiral arms are not continuous, the distinguishable fragmented parts are outlined. The left panel of Fig. 3
shows the spline fit of the detected spiral arms (black lines)
superimposed on the SDSS image of NGC 0257. Once the spiral
arms are traced, we assign them a width of 4 arcsec (see Sect. 5
for an explanation of the possible effects on the results obtained
using different arm width values), considering as spaxels belonging to the spiral arms those that are at a distance from the closest
point of the arm (cubic spline function) of less than 2 arcsec.
Thus, we consider that the remaining spaxels are associated with
the interarm regions. The middle panel of Fig. 3 shows the distinction of the arm and interarm spaxels in an oxygen abundance
distribution colour map, respectively represented as opaque and
transparent dots.
This procedure has been used in previous works and has
been proven successful in tracing other morphological features
such as dust lanes in galactic bars (see Sánchez-Menguiano et al.
2015).
3.3. Arm and interarm oxygen abundance gradients

To derive the radial gradients of the oxygen abundance for the
arm and the interarm regions of each galaxy we have normalised
the galactocentric distance for the spaxels to the disc effective

radius (re , see Appendix A of Sánchez et al. 2014 for details on
the computation of this parameter). Then we performed an errorweighted linear fit to the derived oxygen abundance values (see
Sect. 3.1.3) between 0.5 and 2.0 re . We excluded the inner- and
outermost regions, due to trends that deviate from the pure oxygen decrease (an inner drop and an outer flattening, see SM16
for more information). In general, for each galaxy we have approximately 400 arm SF regions and 1200 interarm SF regions
that contribute to the derivation of the corresponding gradients,
i.e. that are located in the radial range between 0.5 and 2.0 re .
In the right panel of Fig. 3 we present an example of the
abundance profiles of the arm (green dashed line) and interarm
regions (orange solid line) derived for the galaxy NGC 0257.
The radial oxygen distribution for interarm regions is shown as
an orange colour map and the distribution for the spiral arms is
shown as a green contour map.

4. Results
In this paper we derive the oxygen abundance gradient separately
for the SF regions belonging to the spiral arms and the interarm
area in a sample of 63 galaxies using CALIFA data. The main
goal of this analysis is to find possible differences in the chemical
composition of the ionised gas associated with both components
in order to shed some light on the origin of the spiral structure.
We distinguish between flocculent and grand design galaxies as
the differences observed in the spiral pattern may be the result of
different formation processes of the spiral structure.
Figure 4 shows the outcome of the comparison of the derived
gradients for the arm and interarm regions for all the individual galaxies. The top panels show the relation between the slope
values (left), the zero-points (middle), and scatter (right) of the
linear fits. The scatter is measured as the standard deviation of
the differences between the observed abundances and the corresponding values from the linear regression according to their
deprojected galactocentric distances. These parameters are also
A113, page 5 of 13
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Fig. 3. NGC 0257. Left panel: outline of the spiral arms on the deprojected SDSS g-band map. Middle panel: colour map of the oxygen abundance
distribution of the spiral arms (opaque dots) and the interarm region (transparent dots). Right panel: radial density distribution in the oxygen
abundance-galactocentric distance space of the spaxels located in the spiral arms (green contours) and those associated with the interarm region
(orange colour map). The outermost contour encircles 100% of the total number of spaxels, decreasing by 20% in each consecutive contour. The
lines represent the error-weighted linear fit derived for the arm (green dashed line) and interarm (orange solid line) distributions. The inset indicates
the number of spaxels of each distribution that contribute to the derivation of the gradient, i.e. located within the radial range 0.5–2.0 re .

provided in Table A.1. Flocculent and grand design galaxies are
represented by green and purple markers, respectively. We can
see that for both distributions the values are slightly shifted from
the one-to-one relation represented by the dashed grey lines, especially in the case of the dispersion. These deviations are observed mostly for the flocculent galaxies. However, we note the
lower number of grand design systems (18) compared to the flocculent ones (45), which prevents us from reaching any strong
conclusion about these types of spiral galaxies.
To show these differences more clearly, we represent in the
bottom panels of Fig. 4 the distributions of the differences in
slope values (left), zero-points (middle), and dispersions (right)
between the arm and interarm regions divided by the quadratic
sum of the errors. The shown distributions are not smoothed.
They correspond to a density estimator in which each point
is represented by a Gaussian distribution, centred in the actual
value of the point, and with a sigma of the maximum distance
between nearest neighbours. In this way by summing all the
individual Gaussians we reproduce a smooth distribution (normalised to one) which is more peaky in the clustered points.
The modal value of the differences between arm and interarm
found for flocculent (grand design) galaxies are ∼0.013 dex/re
(∼0.015 dex/re ) for the slope, ∼0.011 dex (∼0.003 dex) for the
zero-point, and ∼0.003 dex (∼0.003 dex) for the scatter in the
linear fit. As can be inferred from these numbers, the observed
differences are small. However, all of them are above 1σ (close
to 2σ for some of them, see bottom panels of Fig. 4), indicating that these differences are not due to the uncertainties in the
derivation of the parameters.
We performed a Student’s t-test for each of the six distributions to analyse whether these differences between the arm and
interarm abundance distributions are statistically significant. In
these tests, we compare the observed distributions (position of
the peak and width) with a hypothetical Gaussian centred at zero
(dashed vertical lines) and with a width of unity which represents
the case where no differences are found between the arm and the
interarm regions. The resulting p-values of these statistical tests
are shown in the top left corner of the bottom panels of the figure.
For flocculent galaxies, these p-values are below the significance
level of 5% (2% in the slope, 1% in the zero-point and exactly
5% in the scatter), confirming that the observed differences are
statistically significant. In the case of the grand design galaxies,
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the p-values are above the significance level for the slope and
zero-point comparison (13% and 77% respectively) and below it
for the scatter (4%). This indicates that only the differences in
the scatter with respect to the linear fit are statistically significant for these galaxies. However, again, we must be careful with
the conclusions we obtain for the analysis of the grand design
galaxies because of the low number statistics of these systems
in the sample. The inclusion of more grand designs is needed to
confirm the results of the Student’s t-test on these galaxies.
The right panels of Fig. 4 show that in general the scatter of the oxygen abundances is higher in the interarm regions
than within the spiral arms for both flocculent and grand design
galaxies. The 2D coverage of the CALIFA data allows us to assess whether this scatter is the same in the whole interarm region or if there is a dependency on the angular distance from the
arms. With this purpose we separate the spaxels of the interarm
regions in three groups according to the distance to the closest
arm, region 1 being the closest to the spirals and region 3 the
farthest away. Region 2 is an intermediate region between 1 and
3. Using only the spaxels belonging to each of these regions we
derive the scatter with respect to the linear regression in a similar way as done for the entire interarm region (top right panel of
Fig. 4). The outcome of this test is shown in Fig. 5 for flocculent
(left panel) and grand design (right panel) galaxies. Each point
represents the scatter of the SF regions within the corresponding
interarm region (green for region 1, blue for region 2, and red for
region 3) for a particular galaxy. The scatter for the SF regions
within the spiral arms is also represented for a better comparison
(grey markers). The black diamonds represent the mean values
within each region; the error bars indicate the standard deviations. The distribution of values for each region is represented
in the right auxiliary panels. For flocculent galaxies, we see that
the mean value of the scatter (black diamond) increases when
moving away from the spiral arms. However, for grand design
galaxies the scatter is larger when moving from region 1 to 2,
but if we get a bit farther away (region 3) then it decreases again,
indicating that there is no trend of increasing the scatter when
moving away from the arms.
Apart from the comparison between flocculent and grand design galaxies, we performed the same tests dividing the sample
into barred and unbarred galaxies. This comparison is shown in
Fig. 6; as in the previous case, the barred and unbarred galaxies
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Fig. 4. Top panels: relation between the slope values (left), zero-points (middle) and scatter (right) of the radial linear fit performed considering
arm gas abundance values (x-axes) and interarm values (y-axes). Flocculent galaxies are represented by green markers and grand design galaxies
by purple markers. Squares and circles indicate barred and unbarred galaxies, respectively. The dashed grey lines represent the one-to-one relation.
Bottom panels: normalised distributions of the differences between the slope values (left), zero-points (middle) and scatter (right) of the interarm
and arm regions divided by the quadratic sum of the errors derived for each galaxy. Green solid histograms represent the flocculent distributions and
purple dashed histograms represent the distributions for the grand designs. The dashed dotted grey lines correspond to the zero value, indicating
no differences between arm and interarm regions. The results of the t-tests are shown in the top left corners of the panels (see text for details).

are represented by blue and orange colours, respectively. In this
case we have a similar number of barred (34) and unbarred (29)
galaxies. The averaged absolute differences found for unbarred
(barred) galaxies are ∼0.005 dex/re (∼0.020 dex/re ) for the slope,
∼0.006 dex (∼0.016 dex) for the zero-point, and ∼0.005 dex
(∼0.001 dex) for the scatter in the linear fit. The performed t-tests
yield p-values for unbarred galaxies that are clearly above the
significance level of 5% in the slope and the zero-point (around
40% and 30%, respectively), but below it in the scatter (1%), indicating that the only significant differences are found between
the arm and interarm abundance gradients regarding the scatter
for these unbarred systems. On the other hand, small differences
are obtained for the barred galaxies (p-values of 0.3% and 1%
respectively) in the slope and zero-point of the gradients. No
statistically significant differences are found in the scatter of the
oxygen gradient between the arm and interarm distributions for
the barred galaxies.

5. Discussion
In this work we have carried out a study of the arm and interarm abundance distributions in a sample of 63 CALIFA spiral
galaxies performing a spaxel-by-spaxel analysis. We distinguish
between flocculent and grand design galaxies in order to better
understand the origin of the spiral structure. For this purpose, we
have derived oxygen abundance gradients for both distributions
(arm and interarm), to compare the characteristic parameters of

the profiles (slope, zero-point, and dispersion) between them.
We have also distinguished between barred and unbarred galaxies to assess the effect of the presence of bars in the abundance
distribution.
The derived results in this study rely strongly on a good arm
classification of the galaxies. For this reason, in order to confirm the strength of the results, we have repeated the previously
described analysis considering this time only the galaxies for
which at least 75% of the authors (10 out of 14) agree on the spiral classification. This way, with a reduced sample of 41 galaxies (30 flocculent and 11 grand design) we obtain qualitatively
equivalent results.
Another aspect of this analysis that could affect the results
is the distinction between the arm and the interarm regions. As
stated in Sect. 3.2.2, we selected a width of 4 arcsec to derive the
arm abundance distribution. This value was chosen by visually
examining the SDSS g-band images of the galaxies. As all the
galaxies in the sample are located at a similar redshift, we selected an average width of the arm (measured in arcsec) that
corresponds approximately to the same physical width for all of
them (∼1.5 kpc). We checked whether using the same value for
the arm width along the arm extension and for all the galaxies
is a good approximation. To this end, we made a perpendicular
cut to the arm at three different positions on the g-band images
of the galaxies. At the position of the arm centre the flux profile presents a bump, due to the presence of the arm. Fitting a
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Fig. 5. Distribution of the scatter of the oxygen abundances in the interarm regions according to the angular distance to the spiral arms for flocculent
(left panel) and grand design (right panel) galaxies. Region 0 (grey) represents the arm region. Region 1 (green) is the interarm region closest to
the spiral arms and region 3 (red) is the farthest away. Region 2 (blue) represents an intermediate region between 1 and 3. Each point represents the
scatter of the SF spaxels within the corresponding interarm region for a particular galaxy. The black diamonds represent the mean values within
each region; the error bars indicate the standard deviations. We also show the distribution of values for each region in the right auxiliary panels.

Gaussian and measuring the FWHM we can estimate the arm
width. Performing this test for some galaxies with well-defined
spiral arms, we find that there is neither a significant dependence
of the arm width on radius nor between galaxies. We find that on
average, a 4 arcsec-width is representative of this sample. We
also performed several tests regarding the effect of using other
values of the arm width in the analysis. If we use a width of
2 arcsec we obtain similar results. As we increase this value, the
observed differences begin to disappear. When we reach a value
of 8 arcsec, these differences become statistically insignificant
according to the t-tests. This result is expected; by increasing
the arm width, we include more SF regions belonging to the interarm regions in the analysis and the differences are diluted.
As we mentioned in Sect. 3.1.2, the results may also be affected by the required S/N of the emission lines involved in the
oxygen derivation. In Sánchez-Menguiano et al. (2016b) we already showed that a 1σ cut is enough to reproduce the radial
trends of the gas-phase oxygen abundance from H ii regions.
However, considering that in this work we are going a step further by comparing the abundance distribution between the arm
and interarm regions, we also assess how this cut affects our
results. Applying a 3σ cut reduces the number of galaxies for
which we cover a substantial radial range to accurately derive the
abundance gradient. Despite the loss of eight flocculent galaxies
and the general decrease in the number of the spaxels analysed
(especially for the interarm region) in each galaxy, the results
point to the same conclusions. The most significant difference is
seen when analysing the scatter around the abundance gradient
for the grand design galaxies, which now present a similar scatter
in the arm and the interarm regions. However, this is somewhat
expected since we have reduced the number of spaxels located
in the interarm regions. This effect is especially significant in the
grand design galaxies where the gas is more concentrated in the
spiral arms. The agreement we find supports our methodology
and strengthens our conclusions, and therefore we consider that
the adopted flux cut is a valid selection criterion.
The arm abundance distribution for each galaxy is determined considering the spaxels belonging to all the traced spiral
arms together. This increases the number statistics of the arm
region, and significantly improves the radial coverage, which in
some cases is very limited for individual arms. However, by considering all the spaxels associated with the spiral arms together
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we are assuming that the physical conditions of the H ii regions
belonging to the spiral arms do not depend on their association
with a particular arm (if no external factors such as a recent
merging that can produce differences in the abundance distribution are involved), which is not a strong assumption since the
spiral arms are supposed to form a single structure with a common origin. A similar reasoning leads us to group all the spaxels
not belonging to the spiral arms together, which we call the interarm region.
It is beyond the purpose of this work to make a detailed
study of the effects of using different empirical calibrators in
the analysis. However, to confirm our results, we have also derived the oxygen radial distributions using some of the most
commonly used empirical calibrators: the Pilyugin et al. (2010)
calibration for the ONS index and the Dopita et al. (2013) calibration based on the MAPPINGS IV code developed by the authors (called “pyqz”). Qualitatively equivalent results have been
found when using the pyqz calibrator. However, in the case of
the ONS indicator, only the results regarding the scatter relative to the gradient, which are the largest differences found in
the analysis, are compatible. The differences in the slope and
zero-point values, which are of the order of 2σ, are diluted
owing to the larger errors associated with the ONS calibrator (approximately three times the errors derived with O3N2).
Calibrators based on R23 like ONS are affected by well-known
problems (non-linear dependence on O/H; larger errors associated with [O ii] λ3727 due to the spectrophotometric calibration of CALIFA data, Sánchez et al. 2012a; need to correct for
dust attenuation due to the distance in wavelength between the
involved lines, etc.); instead, calibrators based on O3N2 index
are not affected by these factors, which makes the Marino et al.
(2013) calibrator able to distinguish between the arm and interarm abundance distributions with greater precision.
The results of our analysis show that subtle differences exist between the arm and interarm radial abundance distribution.
After performing Student’s t-tests we conclude that only the differences found in flocculent and barred galaxies are statistically
significant. On average, we find that the ionised gas in the interarm regions of these subgroups of galaxies presents a shallower
gradient with a lower zero-point value and a larger dispersion
in the oxygen abundances. Furthermore, we find that for flocculent galaxies this dispersion correlates with the angular distance

L. Sánchez-Menguiano et al.: Arm and interarm abundance gradients in CALIFA spiral galaxies

Fig. 6. Same as Fig. 4 but distinguishing between barred (blue markers and solid histograms) and unbarred (orange markers and dashed histograms)
galaxies. See caption above for more details.

to the spiral arms: the farthest spaxels present the larger scatter.
Grand design galaxies, on the other hand, do not seem to present
any trend in the dispersion with the distance to the arms. The
extension of this study to a larger sample of galaxies (with better
spatial resolution) is needed to confirm whether the small differences found for flocculent and barred systems are real or just due
to uncertainties in the determination of the abundances. This extension is also necessary for grand design systems due to the low
number statistics of these objects analysed in this work. Moreover, we have to be aware of the limitations of the conclusions
arising from the results of Student’s t-tests, as these kinds of statistical tests always assume an underlying Gaussian distribution
for the parameters, which may sometimes not be the case.
Our work does not contradict the results of Zinchenko et al.
(2016), who also analyse galaxies from the CALIFA survey. We
note that the observed differences are subtle and limited to small
areas of the discs, the spiral arms. These differences between
the arm and the interarm regions would be diluted in a study
of the asymmetries of the overall abundance distribution such
as the one performed by Zinchenko et al. (2016).
The largest differences have been detected when analysing
the scatter with respect to the negative gradient. We find that
this dispersion is larger in the interarm regions than along the
spiral arms. We checked that these results do not rely on the
use of a larger number of spaxels belonging to the interarm regions. We randomly selected from the spaxels of the interarm
area a subsample of equal size to the arm area, and performed
the derivation of the dispersion with this subset of spaxels. The
conclusion is the same: the interarm regions present higher scatter in the abundance values than the arm regions with respect to

the negative gradient. This is a strong indicator that spirals are
important drivers of mixing in galactic discs via the gas shocks
that they induce, and maintain a nearly homogeneous chemistry
along the streamlines of the gas. However interarm gas is polluted stochastically by young stars forming in situ, leading to an
increased scatter.
Regarding the comparison of flocculent and grand design
galaxies, our results agree with the current interpretation of spiral structure theories, according to which the spiral arms of flocculent galaxies are generated by density variations driven by local instabilities, while in grand design galaxies the spiral arms
are caused by quasi-stationary density waves (Dobbs & Baba
2014). The fact that grand design galaxies do not exhibit statistically significant differences in the abundance distribution between the arm and interarm regions (see Fig. 4) is in agreement
with the presence of density waves that affect the gas content of
the entire galaxy as these features move across the disc. In addition, the fact that the scatter in the oxygen abundances does
not depend on the distance to the spiral arms for grand design
systems supports this idea (see Fig. 5). The regions closest to the
spiral arms change as the density waves move across the galaxy
discs and this makes the scatter similar in the whole interarm region. On the other hand, in flocculent galaxies, density variations
produced by local instabilities only affect specific locations of
the discs associated with the spiral arms, making the gas content
of these regions (and therefore the chemical composition) different from that found in the interarm regions. The fact that the
differences found in this work for these galaxies are small can
be explained taking into account that these local instabilities are
not static, but are continuously formed and destroyed across the
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disc, not affecting the same material over a long period of time.
In this case, during the lifetime of the spiral arms, the closest areas to them are always the same and, because they are affected
by the presence of the arms, due to their proximity, the scatter
is lower (as occurs within the spiral arms but to a lesser extent).
As we move away from the arms, the gas is less affected by the
mixing of the arms and the scatter increases.
Although our results can be explained by this difference in
the origin of the spiral structure, other alternative interpretations
are also possible. In fact, it is plausible that both flocculent and
grand design galaxies are the result of the same mechanism generating the spiral structure. In that case, the differences found in
the abundance distribution between the arm and interarm regions
in flocculent galaxies (see Fig. 4) can be explained simply because the gas outside the spirals is stochastically polluted more
than in the grand design galaxies where the star formation is
more concentrated in the spiral arms. This could also be the reason why the metallicity scatter increases with increasing distance
from the spiral in flocculent galaxies, whereas no statistically
significant difference in the scatter of interarm gas by location
is found for grand design galaxies (Fig. 5). Another explanation
for the differences found between flocculent and grand design
galaxies is that in grand design spirals the gas mixing could be
more efficient. However, we find that the scatter in grand design
galaxies is on average higher than in flocculent galaxies (in the
arm and in the interarm regions, see Fig. 5), allowing us to rule
out this interpretation.
The analysis of barred and unbarred galaxies shows that only
barred galaxies present (small) differences in the radial oxygen
abundance distribution between the arm and interarm regions.
We have to be cautious with this conclusion as these differences
are even more subtle than those found for flocculent galaxies.
Again, an extended study with more galaxies (and better spatial resolution) is necessary to confirm these preliminary results.
Despite these caveats, this result may suggest that the presence
of a bar induces differences in the abundance distribution of
the spiral galaxies. Bars have been proposed as a key mechanism in the dynamical evolution of disc galaxies. For instance,
recent numerical simulations from Di Matteo et al. (2013) have
shown that radial migration induced by a bar leads to significant azimuthal variations in the metallicity distribution of old
stars. More recently, Sánchez-Menguiano et al. (2016a) showed
that radial migration can also affect the gas metallicity distribution producing differences in the abundance distribution of the
spiral arms; however, these differences do not seem to affect
the overall abundance gradient for the gas (Sánchez et al. 2014;
Marino et al. 2016; Sánchez-Menguiano et al. 2016b) or for the
stars (Sánchez-Blázquez et al. 2014).
In light of these results, we suggest that bars and flocculent
arms are two mechanisms producing differences in the abundance distribution between arm and interarm regions. In order to
check the robustness of this statement, we divide the flocculent
galaxies according to the presence or absence of bars. If these
mechanisms are independent, then the subgroup of flocculent
barred galaxies (where both mechanisms come into play) is expected to present the highest differences. Indeed, when performing this test, we obtain lower p-values for this subset of galaxies
(1% versus 52% in the slope distributions and 1% versus 30%
in the zero-point distributions for flocculent barred and flocculent unbarred galaxies, respectively). Owing to the low number
of grand design galaxies, we could not carry out the same test
for these systems.
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6. Conclusions
The existence of a radial decrease in the gas chemical
abundances of spiral galaxies was well established by observations decades ago (Searle 1971; Martin & Roy 1992;
Kennicutt et al. 2003; Pilyugin et al. 2004; Rosales-Ortega et al.
2011; Bresolin et al. 2012; Marino et al. 2012; Sánchez et al.
2012b, 2014; Sánchez-Menguiano et al. 2016b), supporting the
inside-out scenario for disc evolution. However, only a few
works have studied possible azimuthal differences in the derived gradient associated with the presence of the spiral structure, which is still an open question.
To our knowledge, this is the first observational work finding differences between the gas abundance of spiral arms and
interarm regions using a large sample of galaxies. Our analysis
yields differences that are subtle and statistically significant only
for flocculent galaxies. This result suggests that the mechanisms
generating the spiral structure in these galaxies may be different
to those producing grand design arms. Another possibility is that
these differences may be due to a higher star formation outside
the spiral arms for the flocculent galaxies and a more concentrated star formation in the spirals for the grand design ones. The
small differences between the arm and the interarm abundance
distributions in barred galaxies suggests that bars may have a direct effect on the chemical distribution of these galaxies, even
though these differences are not reflected in the overall observed
abundance distribution.
The extension of this analysis to a larger sample of galaxies
with data of higher quality in terms of spatial resolution and S/N
per spatial unit is needed to confirm these results. As a preliminary result, this work finds that bars and flocculent arms are two
independent mechanisms that generate differences in the abundance distribution between the spiral arms and the interarm regions. So far, this is the first observational work finding such
differences in isolated galaxies.
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Appendix A: Galaxy classification and oxygen abundance information
In this section we present a table with information derived in this work related to the arm and bar/unbarred classifications, and the
radial oxygen abundance distribution for all the galaxies in the sample. From left to right the columns correspond to
(a) galaxy name;
(b) barred (B) or unbarred (U) galaxy, derived from GASP2D photometric decomposition (see Sect. 3.2);
(c) flocculent (F) or grand design (G) galaxy;
(d) slope of the oxygen abundance gradient of the arm region;
(e) slope of the oxygen abundance gradient of the interarm region;
(f) zero-point of the oxygen abundance gradient of the arm region;
(g) zero-point of the oxygen abundance gradient of the interarm region;
(h) dispersion of the oxygen abundance gradient of the arm region;
(i) dispersion of the oxygen abundance gradient of the interarm region.
The errors on the measured parameters are given in parentheses.
Table A.1. Arm classification and oxygen abundance information.
Name

B/U

F/G

αar
[dex/re ]

αin
[dex/re ]

[O/H]0,ar
[dex]

[O/H]0,in
[dex]

∆[O/H]ar
[dex]

∆[O/H]in
[dex]

(a)
NGC 0001
NGC 0036
NGC 0214
NGC 0234
NGC 0237
NGC 0257
NGC 0309
NGC 0496
NGC 0716
NGC 0768
NGC 0776
NGC 0873
NGC 0991
NGC 1094
NGC 1659
NGC 1667
NGC 2253
NGC 2347
NGC 2530
NGC 2540
NGC 2604
NGC 2906
NGC 2916
NGC 3057
NGC 3381
NGC 3614
NGC 3811
NGC 4047
NGC 4210
NGC 5000
NGC 5016
NGC 5056
NGC 5320
NGC 5376
NGC 5520
NGC 5622
NGC 5633
NGC 5732
NGC 5735

(b)
U
B
B
U
U
U
B
U
B
U
B
U
B
U
B
B
B
B
B
B
B
U
U
B
B
U
U
U
B
B
U
B
B
U
B
U
U
U
B

(c)
F
G
F
F
F
G
G
F
F
G
G
F
F
G
F
F
F
F
F
F
F
F
G
F
F
F
F
F
G
G
F
F
F
F
F
G
F
F
G

(d)
−0.051 (0.004)
−0.065 (0.009)
−0.052 (0.011)
−0.032 (0.006)
−0.109 (0.006)
−0.084 (0.006)
−0.158 (0.008)
−0.136 (0.011)
−0.128 (0.011)
−0.116 (0.008)
−0.081 (0.006)
−0.078 (0.006)
−0.067 (0.009)
−0.111 (0.004)
−0.094 (0.007)
−0.031 (0.005)
−0.017 (0.007)
−0.122 (0.006)
−0.062 (0.015)
−0.122 (0.007)
−0.069 (0.013)
−0.058 (0.007)
−0.126 (0.006)
−0.147 (0.014)
−0.083 (0.010)
−0.215 (0.013)
−0.099 (0.005)
−0.129 (0.004)
−0.059 (0.004)
−0.096 (0.007)
−0.109 (0.009)
−0.089 (0.006)
−0.240 (0.011)
+0.003 (0.009)
−0.102 (0.008)
−0.104 (0.006)
−0.086 (0.007)
−0.184 (0.012)
−0.198 (0.005)

(e)
−0.060 (0.004)
−0.089 (0.006)
−0.068 (0.003)
−0.087 (0.003)
−0.091 (0.003)
−0.098 (0.004)
−0.157 (0.006)
−0.153 (0.005)
−0.075 (0.006)
−0.075 (0.005)
−0.032 (0.003)
−0.062 (0.004)
−0.044 (0.004)
−0.078 (0.005)
−0.110 (0.003)
−0.047 (0.002)
+0.002 (0.005)
−0.091 (0.003)
−0.127 (0.006)
−0.097 (0.004)
−0.053 (0.004)
−0.040 (0.004)
−0.124 (0.004)
−0.108 (0.008)
−0.069 (0.002)
−0.207 (0.009)
−0.102 (0.003)
−0.115 (0.003)
−0.089 (0.003)
−0.049 (0.010)
−0.124 (0.004)
−0.079 (0.003)
−0.158 (0.003)
−0.019 (0.004)
−0.091 (0.003)
−0.126 (0.004)
−0.073 (0.003)
−0.174 (0.006)
−0.140 (0.005)

(f)
8.634 (0.006)
8.620 (0.008)
8.628 (0.010)
8.625 (0.005)
8.661 (0.008)
8.645 (0.007)
8.685 (0.008)
8.610 (0.010)
8.658 (0.012)
8.563 (0.007)
8.645 (0.007)
8.613 (0.006)
8.471 (0.007)
8.631 (0.005)
8.596 (0.009)
8.584 (0.007)
8.597 (0.012)
8.675 (0.007)
8.468 (0.010)
8.611 (0.009)
8.441 (0.010)
8.652 (0.008)
8.676 (0.006)
8.444 (0.011)
8.566 (0.014)
8.649 (0.009)
8.646 (0.006)
8.701 (0.006)
8.638 (0.006)
8.632 (0.007)
8.647 (0.009)
8.523 (0.009)
8.737 (0.010)
8.607 (0.009)
8.612 (0.009)
8.627 (0.008)
8.677 (0.008)
8.639 (0.009)
8.693 (0.004)

(g)
8.629 (0.005)
8.619 (0.008)
8.644 (0.005)
8.660 (0.004)
8.653 (0.004)
8.651 (0.004)
8.662 (0.005)
8.626 (0.005)
8.596 (0.007)
8.510 (0.006)
8.569 (0.004)
8.604 (0.005)
8.460 (0.004)
8.581 (0.006)
8.626 (0.004)
8.603 (0.004)
8.569 (0.009)
8.629 (0.004)
8.506 (0.005)
8.596 (0.005)
8.420 (0.004)
8.627 (0.005)
8.671 (0.004)
8.414 (0.006)
8.564 (0.003)
8.645 (0.006)
8.656 (0.004)
8.683 (0.004)
8.661 (0.004)
8.583 (0.012)
8.666 (0.005)
8.534 (0.003)
8.657 (0.003)
8.620 (0.006)
8.599 (0.004)
8.648 (0.005)
8.652 (0.005)
8.634 (0.006)
8.634 (0.004)

(h)
0.052 (0.002)
0.055 (0.002)
0.055 (0.002)
0.049 (0.002)
0.044 (0.002)
0.052 (0.002)
0.053 (0.002)
0.054 (0.003)
0.056 (0.004)
0.055 (0.002)
0.060 (0.003)
0.032 (0.001)
0.048 (0.001)
0.042 (0.004)
0.051 (0.002)
0.040 (0.001)
0.055 (0.002)
0.063 (0.002)
0.052 (0.002)
0.042 (0.002)
0.051 (0.001)
0.035 (0.001)
0.038 (0.001)
0.066 (0.002)
0.056 (0.002)
0.051 (0.002)
0.045 (0.001)
0.045 (0.002)
0.047 (0.001)
0.067 (0.002)
0.046 (0.003)
0.046 (0.001)
0.052 (0.002)
0.048 (0.002)
0.032 (0.001)
0.050 (0.001)
0.036 (0.001)
0.047 (0.002)
0.067 (0.002)

(i)
0.056 (0.002)
0.058 (0.002)
0.053 (0.002)
0.057 (0.001)
0.048 (0.001)
0.057 (0.002)
0.050 (0.001)
0.061 (0.002)
0.054 (0.002)
0.064 (0.001)
0.068 (0.002)
0.040 (0.001)
0.057 (0.001)
0.048 (0.002)
0.059 (0.001)
0.045 (0.001)
0.059 (0.002)
0.060 (0.001)
0.060 (0.001)
0.058 (0.001)
0.059 (0.001)
0.042 (0.001)
0.046 (0.001)
0.072 (0.001)
0.054 (0.001)
0.052 (0.001)
0.041 (0.001)
0.049 (0.001)
0.047 (0.001)
0.066 (0.001)
0.048 (0.002)
0.059 (0.001)
0.050 (0.001)
0.051 (0.001)
0.046 (0.001)
0.055 (0.001)
0.041 (0.001)
0.058 (0.001)
0.068 (0.002)

Notes. Details are given in Appendix A above.
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Table A.1. continued.
Name

B/U

F/G

αar
[dex/re ]

αin
[dex/re ]

[O/H]0,ar
[dex]

[O/H]0,in
[dex]

∆[O/H]ar
[dex]

∆[O/H]in
[dex]

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

NGC 5772
NGC 5829
NGC 5947
NGC 5957
NGC 6004
NGC 6063
NGC 6941
NGC 7466
NGC 7489
NGC 7591
NGC 7653
NGC 7716
NGC 7819
UGC 00005
UGC 02311
UGC 04195
UGC 04262
UGC 07012
UGC 08781
UGC 09291
UGC 09777
UGC 09842
UGC 12224
UGC 12816

U
U
B
B
B
U
B
U
U
B
U
B
B
U
B
B
U
U
B
B
B
B
U
U

F
G
F
F
G
F
G
F
F
G
F
F
F
F
G
F
F
F
G
F
F
G
F
F

−0.042 (0.006)
−0.120 (0.010)
−0.127 (0.005)
−0.113 (0.013)
−0.039 (0.006)
−0.104 (0.008)
−0.035 (0.007)
−0.090 (0.009)
−0.223 (0.005)
−0.071 (0.006)
−0.115 (0.004)
−0.043 (0.006)
−0.139 (0.006)
−0.054 (0.007)
−0.070 (0.006)
−0.090 (0.007)
−0.166 (0.008)
−0.152 (0.072)
+0.007 (0.010)
−0.199 (0.007)
−0.077 (0.015)
−0.103 (0.012)
−0.173 (0.013)
−0.094 (0.008)

−0.063 (0.004)
−0.109 (0.006)
−0.111 (0.004)
−0.091 (0.006)
−0.054 (0.004)
−0.144 (0.004)
−0.059 (0.005)
−0.068 (0.006)
−0.171 (0.003)
−0.062 (0.004)
−0.093 (0.004)
−0.038 (0.003)
−0.093 (0.005)
−0.068 (0.004)
−0.051 (0.005)
−0.124 (0.005)
−0.182 (0.006)
−0.112 (0.007)
−0.055 (0.009)
−0.152 (0.005)
−0.020 (0.010)
−0.140 (0.008)
−0.122 (0.006)
−0.070 (0.004)

8.576 (0.007)
8.545 (0.010)
8.615 (0.006)
8.662 (0.012)
8.604 (0.006)
8.605 (0.009)
8.578 (0.006)
8.572 (0.009)
8.622 (0.007)
8.614 (0.009)
8.636 (0.005)
8.534 (0.006)
8.621 (0.008)
8.590 (0.008)
8.580 (0.009)
8.628 (0.007)
8.656 (0.008)
8.510 (0.046)
8.495 (0.010)
8.629 (0.008)
8.552 (0.013)
8.590 (0.013)
8.640 (0.011)
8.506 (0.008)

8.591 (0.005)
8.532 (0.006)
8.595 (0.005)
8.643 (0.006)
8.596 (0.005)
8.628 (0.005)
8.598 (0.006)
8.554 (0.007)
8.590 (0.004)
8.594 (0.004)
8.608 (0.004)
8.528 (0.004)
8.581 (0.005)
8.599 (0.005)
8.562 (0.008)
8.652 (0.006)
8.659 (0.006)
8.498 (0.006)
8.539 (0.009)
8.602 (0.005)
8.488 (0.011)
8.610 (0.008)
8.588 (0.006)
8.485 (0.005)

0.065 (0.003)
0.049 (0.002)
0.041 (0.001)
0.050 (0.002)
0.054 (0.002)
0.053 (0.002)
0.072 (0.002)
0.043 (0.002)
0.049 (0.001)
0.062 (0.001)
0.050 (0.001)
0.041 (0.001)
0.060 (0.002)
0.041 (0.002)
0.045 (0.001)
0.056 (0.002)
0.084 (0.002)
0.022 (0.002)
0.056 (0.002)
0.056 (0.002)
0.071 (0.005)
0.060 (0.002)
0.054 (0.002)
0.055 (0.003)

0.062 (0.002)
0.051 (0.001)
0.052 (0.001)
0.050 (0.001)
0.057 (0.001)
0.056 (0.001)
0.069 (0.001)
0.049 (0.002)
0.062 (0.001)
0.064 (0.001)
0.051 (0.001)
0.049 (0.001)
0.071 (0.002)
0.048 (0.002)
0.051 (0.001)
0.056 (0.002)
0.079 (0.002)
0.068 (0.001)
0.060 (0.001)
0.060 (0.001)
0.074 (0.003)
0.062 (0.001)
0.056 (0.001)
0.068 (0.002)
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