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ABSTRACT

Aims. We have performed a comprehensive multiwavelength analysis of a sample of 20 starburst galaxies that show a
substantial population of very young massive stars, most of them classified as Wolf-Rayet (WR) galaxies. In this paper,
the forth of the series, we present the global analysis of the derived photometric and chemical properties.

Methods. We compare optical/ NIR colours and the physical properties (reddening coefficient, equivalent widths of
the emission and underlying absorption lines, ionization degree, electron density, and electron temperature) and
chemical properties (oxygen abundances and N/O, S/O, Ne/O, Ar/O, and Fe/O ratios) with previous observations
and galaxy evolution models. We compile 41 independent star-forming regions —with oxygen abundances between
124+1og(O/H)= 7.58 and 8.75—, of which 31 have a direct estimate of the electron temperature of the ionized gas.
Results. According to their absolute B-magnitude, many of them are not dwarf galaxies, but they should be during
their quiescent phase. We found that both c¢(HB) and Waps increase with increasing metallicity. The differences in the
N/O ratio is explained assuming differences in the star formation histories. We detected a high N/O ratio in objects
showing strong WR features (HCG 31 AC, UM 420, IRAS 0828+2816, III Zw 107, ESO 566-8 and NGC 5253). The
ejecta of the WR stars may be the origin of the N enrichment in these galaxies. We compared the abundances provided
by the direct method with those obtained through empirical calibrations, finding that (i) the Pilyugin method is the
best suited empirical calibration for these star-forming galaxies, (ii) the relations provided by Pettini & Pagel (2004)
give acceptable results for objects with 12+log(O/H)>8.0, and (iii) the results provided by empirical calibrations based
on photoionization models are systematically 0.2 — 0.3 dex higher than the values derived from the direct method. The
O and N abundances and the N/O ratios are clearly related to the optical/ NIR luminosity; the dispersion of the data
is a consequence of the differences in the star-formation histories. The L—Z relations tend to be tighter when using NIR
luminosities, which facilitates distinguishing tidal dwarf galaxies candidates and pre-existing dwarf objects. Galaxies
with redder colours tend to have higher oxygen and nitrogen abundances.

Conclusions. Our detailed analysis is fundamental to understand the nature of galaxies that show strong starbursts, as
well as to know their star formation history and the relationships with the environment. This study is complementary
—but usually more powerful- to the less detailed analysis of large galaxy samples that are very common nowadays.
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1. Introduction

The knowledge of the chemical composition of galaxies, in
particular of dwarf galaxies, is vital for understanding their
evolution, star formation history, stellar nucleosynthesis,
the importance of gas inflow and outflow, and the enrich-
ment of the intergalactic medium. Indeed, metallicity is a
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key ingredient for modelling galaxy properties, because it
determines UV, optical and NIR colours at a given age (i.e.,
Leitherer et al. 1999), nucleosynthetic yields (e.g., Woosley
& Weaver 1995), the dust-to-gas ratio (e.g., Hirashita et al
2001), the shape of the interstellar extinction curve (e.g.,
Piovan et al. 2006), or even the properties of the Wolf-Rayet
stars (Crowther 2007).

The most robust method to derive the metallicity in
star-forming and starburst galaxies is via the estimate
of metal abundances and abundance ratios, in particu-
lar through the determination of the gas-phase oxygen
abundance and the nitrogen-to-oxygen ratio. The relation-
ships between current metallicity and other galaxy param-
eters, such as colours, luminosity, neutral gas content, star-
formation rate, extinction or total mass, constrain galaxy-
evolution models and give clues about the current stage
of a galaxy. For example, is still debated whether massive
star formation results in the instantaneous enrichment of
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the interstellar medium of a dwarf galaxy, or if the bulk
of the newly synthesized heavy elements must cool before
becoming part of the interstellar medium (ISM) that even-
tually will form the next generation of stars. Accurate oxy-
gen abundance measurements of several H 1I regions within
a dwarf galaxy will increase the understanding of its chem-
ical enrichment and mixing of enriched material. The anal-
ysis of the kinematics of the ionized gas will also help to
understand the dynamic stage of galaxies and reveal recent
interaction features. Furthermore, detailed analyses of star-
burst galaxies in the nearby Universe are fundamental to
interpret the observations of high-z star forming galaxies,
such as Lyman Break Galaxies (Erb et al. 2003), as well as
quantify the importance of interactions in the triggering of
the star-formation bursts, which seem to be very common
at higher redshifts (i.e., Kauffmann & White 1993; Springer
et al. 2005).

The comparison of the metallicity (which reflects the gas
reprocessed by stars and any exchange of gas between the
galaxy and its environment) with the stellar mass (which
reflects the amount of gas locked up into stars) provides
key clues about galaxy formation and evolution. These
analyses have shown a clear correlation between mass and
metallicity. In practice, luminosity has been used as sub-
stitute of mass because of the difficulty of deriving reli-
able galaxy masses, yielding to the so-called metallicity-
luminosity relation (i.e., Rubin et al. 1984; Richer & McCall
1995; Salzer et al. 2005), although in recent years mass-
metallicity relations are also explored (i.e., Tremonti et al.
2004; Kewley & Elisson, 2008), and are studied even at high
redshifts (i.e., Kobulnicky et al. 1999; Pettini et al. 2001;
Kobulnicky & Kewley 2004; Erb et al. 2006; Liang et al.
2006). The evolution of such relationships are now predicted
by semi-analytic models of galaxy formation within the A-
cold dark matter framework that include chemical hydrody-
namic simulations (De Lucia et al. 2004; Tissera et al. 2005;
De Rossi et al. 2006; Davé & Oppenheimer 2007). Ironically,
today the main problem is not to estimate the mass of a
galaxy but its real metallicity, so that different methods in-
volving direct estimates of the oxygen abundance, empirical
calibrations using bright emission-line ratios or theoretical
methods based on photoionization models yield very differ-
ent values (i.e., Yin et al. 2007; Kewley & Elisson, 2008).

Hence precise photometric and spectroscopic data, in-
cluding a detailed analysis of each particular galaxy that
allows conclusions about its nature, are crucial to address
these issues. We performed such a detailed photometric
and spectroscopic study in a sample of strong star-forming
galaxies, many of them previously classified as dwarf galax-
ies. The majority of these objects are Wolf-Rayet (WR)
galaxies, a very inhomogeneous class of star-forming ob-
jects which share at least an ongoing or recent star for-
mation event that has produced stars sufficiently massive
to evolve into the WR stage (Schaerer, Contini & Pindao
1999). However, WR, features in the spectra of a galaxy
provides useful information about the star-formation pro-
cesses in the system. As the first WR stars typically appear
around 2 — 3 Myr after the starburst is initiated and disap-
pear within some 5 Myr (Meynet & Maeder 2005), their de-
tection gives indications about both the youth and strength
of the burst, offering the opportunity to study an approxi-
mately coeval sample of very young starbursts (Schaerer &
Vacca 1998).

The main aim of our study of the formation of massive
stars in starburst galaxies and the role that the interactions
with or between dwarf galaxies and/or low surface bright-
ness objects have in its triggering mechanism. In Paper I
(Lépez-Sanchez & Esteban 2008) we described the motiva-
tion of this work, compiled the list of the 20 analysed WR,
galaxies (Table 1 of Paper I), the majority of them showing
several sub-regions or objects within or surrounding them,
and presented the results of the optical/ NIR broad-band
and Ha photometry. In Paper IT (Lépez-Sanchez & Esteban
2009) we presented the results of the analysis of the inter-
mediate resolution long-slit spectroscopy of 16 WR, galax-
ies of our sample — the results for the other four galaxies
were published separately. In many cases, two or more slit
positions were used to analyse the most interesting zones,
knots or morphological structures belonging to each galaxy
or even surrounding objects. Paper III (Lépez-Sdnchez &
Esteban 2010) presented the analysis of the O and WR
stellar populations within these galaxies. In this paper, the
forth of the series, we globally compile and analyse the opti-
cal/ NIR photometric data (Sect. 2) and study the physical
(Sect. 3) and chemical (Sect. 4) properties of the ionized gas
within our galaxy sample. Thirty-one up to 41 regions have
a direct estimate of the electron temperature of the ion-
ized gas, and hence the element abundances were derived
with the direct method. Section 4 includes the analysis of
the N/O ratio with the oxygen abundance, a discussion of
the nitrogen enrichment in WR galaxies, a study of the
a-elements to oxygen ratio with the oxygen abundance,
and the comparison of the results provided by the most
common empirical calibrations with those derived follow-
ing the direct method (the Appendix compiles all metal-
licity calibrations used in this work). Section 5 analyses
the metallicity-luminosity relations obtained with our data.
Section 6 discusses the relations between the metallicity and
the optical/ NIR colours. Finally, we list our main conclu-
sions in Sect. 7.

The final paper of the series (Paper V) will compile
the properties derived with data from other wavelengths
(UV, FIR, radio, and X-ray) and complete a global analysis
of all available multiwavelength data of our WR galaxy
sample. We have produced the most comprehensive data set
of these galaxies so far, involving multiwavelength results
and analysed according to the same procedures.

2. Global analysis of magnitudes and colours

Our optical and NIR broad-band photometric results for
the galaxy sample were presented in Paper I. These data
allowed us the analysis of the optical and NIR magnitudes
and the colours of the galaxies and surrounding dwarf ob-
jects. Table 1 compiles the optical/NIR results for the in-
dividual galaxies, not considering regions within them or
nearby diffuse objects. This table shows the colour excess,
E(B-V) (derived with the Balmer decrement in our optical
spectra, see Paper II), the absolute B-magnitude (both cor-
rected, Mp, and uncorrected, M ¢ for extinction), all the
optical/NIR colours, and the age of the most recent star-
formation burst (the young population, derived from our
Ha images) and the minimum age of the old stellar popula-
tion (usually estimated from the low luminosity component
or regions without nebular emission using our optical/ NIR
broad-band images).
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Table 1. Compilation of the broad-band photometric data® for the individual galaxies analysed in this work.

Galaxy E(B-V) MN¢ Mg U-B B-V V-R V—J J—H H-—K, B.Age UC Age
(a) (b) (c) (d) (d) (d) (d) (d) (d) (e) )
HCG 31 AC 0.06 -19.18 -19.43 -0.6040.06 0.03£0.08  0.12+£0.08 0.2040.10 0.13+0.10 0.15+0.12 5.0 100
HCG 31 B 018 -17.96 -18.71 -0.3840.08 0.1740.06 0.06+0.06 0.14+0.10 0.13+0.10 0.12+0.10 7.0 100
HCG 31 E 0.06 -1551 -15.76 -0.6540.10 -0.03+0.10 0.20+0.09  0.2940.12 0.05+0.10 0.18+0.12 6.0 -
HCG 31 F1 0.20 -14.93 -15.76 -0.9940.12 -0.07+0.12 -0.0440.10 -0.17+0.14 0.04+0.17 0.29+0.30 2.5 0
HCG 31 F2 0.09 -13.97 -14.34 -1.01£0.12 -0.09+0.12 -0.0240.10 0.01+0.16 0.08+0.30 0.20+0.50 2.5 0
HCG 31 G 0.06 -18.63 -18.88 -0.43+0.09 -0.0140.08 0.14+0.08 0.45+0.08 0.12+0.10 0.13+0.10 6.0 100
Mkn 1087 017  -21.45 -22.15 -0.4140.08 0.1740.08 0.20+0.08  0.524+0.06 0.20+0.06 0.16+0.06 6.0 100
Mkn 1087 N 0.10 -17.65 -18.06 -0.054£0.06 0.14£0.10  0.21+0.08 0.18+0.08 0.13+0.08 7.0 -
Mkn 1087 #1 0.079 -16.05 -16.34 -0.754+0.15 -0.01+£0.10 0.10-£0.08 6.0 -
Mkn 1087 #3 0.079 -16.91 -17.20 0.08+£0.30 0.11+0.06 0.26£0.06  0.64+0.10 0.50-£0.20 - 150
Haro 15 0.11  -20.41 -20.87 -0.5240.08 0.264+0.08 0.32+£0.08 0.1740.08 0.58+0.08 0.22+0.08 5.0 500
Mkn 1199 0.15  -20.06 -20.68 -0.4440.06 0.46+0.06 0.29+0.06 1.30+0.07 0.55+0.08 0.34+0.08 8.0 500
Mkn 1199 NE 011 -17.11 -17.57 0.16+£0.08 0.51+0.08 0.34+£0.08 1.2940.08 0.62+0.10 0.20+0.10 12.0 500
Mkn 5 0.20 -14.74 -15.57 -0.41+0.06 0.44+0.06 0.30-0.06 0.81: 0.5240.03 0.38+0.04 5.0 500
IRAS 08208+2816  0.17  -20.59 -21.29 -0.49+0.06 0.22:£0.06 0.35+0.08  1.03£0.08 0.5440.08 0.224+0.10 5.5 500
IRAS 08339+6517  0.16  -20.91 -21.57 -0.51+0.08 0.01£0.08 0.26+0.08 1.36£0.06 0.6440.05 0.23+0.06 4.5 150
IRAS 08339+6517 C  0.13  -17.67 -18.21 -0.16+0.10 0.20+0.08 0.26£0.08 1.45+0.12 0.21+0.25 0.68+0.28 5.5 250
POX 4 0.06 -18.54 -18.79 -0.6840.03 0.2940.02 0.32+£0.04 0.4240.08 0.28+0.08 0.15+0.10 3.5 250
POX 4 Comp 012  -14.86 -15.36 -0.0240.06 0.25+0.02 0.30+£0.04  0.8740.10 0.7: 0.3: 5.0 300
UM 420 0.06 -19.30 -19.55 -0.8040.06 0.314+0.06 0.13+£0.06 0.7740.12 0.41+0.12 0.12+0.16 4.5 200
SBS 0926606 A 008 -16.96 -17.29 -0.75+0.06 0.01£0.06 0.14:+£0.06 0.54+0.06 0.21+0.06 0.15+0.08 4.8 200
SBS 09264606 B 012  -16.87 -17.37 -0.5140.08 0.0840.06 0.20+0.06 0.83+0.06 0.29+0.06 0.18+0.08 6.7 100
SBS 0948+532 0.24  -17.44 -18.43 -1.2040.06 -0.12+0.06 0.16--0.06 4.6 100
SBS 1054+365 0.02 -13.98 -14.06 -0.3440.06 0.3340.06 0.92+0.08 0.38£0.12 0.16£0.15 4.9 500
SBS 12114540 0.08  -12.94 -13.27 -0.61+0.06 0.04+0.06 0.21--0.06 4.7 500
SBS 1319+579 0.02 -18.45 -18.53 -0.3940.06 0.344+0.06 0.19+£0.06 1.03+0.08 0.39+0.12 0.16+0.20 3.7 300
SBS 14154437 0.13  -14.09 -14.52 -0.4740.06 0.21+0.06 0.27+0.06 0.98+0.08 0.35+£0.10  0.15: 3.6 250
11T Zw 107 021  -19.27 -20.14 -0.4240.06 0.1440.06 0.22£0.06  0.62+0.12 0.47+0.20 0.35+0.20 5.6 500
Tol 9 031  -17.98 -19.26 -0.3440.06 0.244+0.06 0.22£0.06  0.83+0.08 0.68+0.10 0.27+0.12 58 500
Tol 1457-262 Objl ~ 0.16  -19.07 -19.73 -0.56£0.06 0.23+£0.06 0.26+0.06 0.60£0.10 0.5140.12 0.224+0.12 4.6 500
Tol 1457-262 Obj2  0.169  -18.31 -18.97 -0.42+0.06 0.34+£0.06 0.36+0.06 0.90+0.10 0.5840.12 0.2740.14 5.2 500
Tol 1457-262 #15  0.169  -15.82 -16.48 -0.25+0.10 0.39+£0.08  0.39+0.06  1.10-£0.20 6.4 400
Tol 1457-262 #16  0.169  -14.03 -14.69 -0.10+0.15 0.45+0.10  0.40-0.06 7.0 500
ESO 566-8 034  -19.47 -20.88 -0.4840.06 0.3140.06 0.19+0.06 1.1040.10 0.60+0.12 0.38+0.14 4.2 500
ESO 566-7 0.16  -18.69 -19.35 -0.2140.08 0.4940.06 0.31£0.06 1.2040.10 0.71+0.16 0.34+0.16 4.2 500
NGC 52530 017  -17.23 -17.92 -0.4140.02 0.2740.02 0.21+0.02 0.8140.03 0.53+0.04 0.19+0.05 3.5 300

¢ Colour excess, E(B — V), derived from our estimates of the reddening coefficient and assuming Ry =3.1, E(B — V)=0.692c(Hf).

b Absolute B-magnitude, not corrected for extinction.

¢ Extinction-corrected absolute B-magnitude, assuming Mg = MY¢ — Ag = MY —3.1 x 1.337TE(B — V) = M — 2.868 c(Hp).

@ All colours have been corrected for both extinction and emission of the gas, see Lépez-Sanchez & Esteban (2008).

¢ Age of the most recent star-forming burst (derived using the Ha equivalent width), in Myr.

f Minimum age of the underlying stellar population (derived via the analysis of the low-luminosity component of the galaxy), in Myr.
9 E(B — V) was estimated only considering the extinction of the Milky Way.

h Optical and NIR magnitudes extracted from the NED and corrected for extinction using an average value of c(HB)=0.24, see

Lépez-Séanchez et al. (2007).

Our first result from Table 1 is that the actual number
of dwarf galaxies, defined as Mp > —18, is not as high as we
had expected considering the selection criteria of our WR
galaxy sample. There are two reasons for this: (i) on the one
hand, the determination of the magnitudes was performed
in a more accurate way. As our images are deeper than
those previously obtained, the integrated magnitude of a
diffuse object is lower than that estimated before. (ii) On
the other hand, we corrected all our data for extinction, but
not only considering the effect of the dust in the Milky Way
as it is usually done, but taking into account the internal
extinction derived from our spectroscopic data. That is why
only six galaxies (Mkn 5, SBS 09264606, SBS 10544365,
SBS 12114540, SBS 14154437 and NGC 5253) are strictly
classified as dwarf galaxies following the above defini-
tion. POX 4, SBS 09484532 and SBS 13194579 could
be also considered dwarf galaxies because Mp > —19.
Table 1 also lists some tidal dwarf galaxy (TDG) can-

didates (HCG 31 E, F1 and F2; Mkn 1087 #1 and #3,
POX 4 Comp) and nearby external objects (Mkn 1087 N,
Mkn 1199 NE, IRAS 08309+6517 C, Tol 1457-262 #15 and
#16) surrounding a main galaxy. However, as we remarked
in Paper I and in the analysis of the HCG 31 members
(Lépez-Sanchez, Esteban & Rodriguez 2004a), we must
keep in mind that the B-magnitude of a starburst is in-
creased by several magnitudes during the first 10 Myr with
respect to its brightness in the quiescent phase, so we should
expect that some of the objects with —18 > Mp > —19.5
are indeed defined as dwarf objects during their quiescent
phase.

In order to quantify the effect of the correction for ex-
tinction, we plot the uncorrected absolute B-magnitude
versus the absolute B-magnitude corrected for extinction in
Fig. 1. We did not consider the correction for the emission
of the gas in the absolute magnitude because (i) it is small
in the B-filter, less than 0.10 magnitudes and, more impor-
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Fig. 1. Comparison between the reddening-corrected absolute
B-magnitudes (Mp) and the uncorrected ones (M) for all
individual galaxies analysed in this work. A linear fit to the
data is shown.

tant, (ii) we are considering the magnitude of the galaxy as
a whole, taking into account both the star-forming bursts
and regions dominated by older stellar populations that
do not possess any nebular emission. From Fig. 1, we see
that the magnitudes corrected for extinction are on aver-
age around 0.60 magnitudes lower than when this effect is
not considered. As all data lie in a narrow band, we per-
formed a linear fit, finding the following relation between
both magnitudes:

Mp = 1.02Mp° — 0.19. (1)

For Mp = —18, the magnitude difference is AMp ~0.56.
Transforming this value to luminosity, the consideration of
the correction for extinction means that one has to multiply
the observed B-luminosity of a galaxy by a factor between
1.6 (for Mp ~ —16) and 1.8 (for Mp ~ —22). We note
that there is a slight dependence on the extinction with the
absolute magnitude of the galaxy, that is, the correction
for extinction is higher at lower absolute magnitudes. This
suggests a higher absorption of the light in brighter systems
(more amount of dust). We will get the same result when
we analyse the relation between the reddening coefficient
and the warm dust mass (Paper V).

As we explained in Paper I, we compared our opti-
cal/NIR colours (corrected for extinction and emission of
the ionized gas) with the predictions given by three different
population synthesis models, STARBURST99 (Leitherer et
al. 1999), PEGASE.2 (Fioc & Rocca-Volmerange 1997) and
Bruzual & Charlot (2003), to estimate the age of the domi-
nant stellar population of the galaxies, the star-forming re-
gions, and the underlying stellar component. We assumed
an instantaneous burst with a Salpeter IMF a total mass of
105 M, and a metallicity of Z/Zo= 0.2, 0.4 and 1 (chosen
as a function of the oxygen abundance of the galaxy derived
from our spectroscopic data, see Paper II) for all models.

We found a relatively good correspondence (see Figs. 37,
38 and 39, top, in Paper I) between the optical/ NIR data
and the models, especially for compact and dwarf objects
such as HCG 31 F1 or SBS 0948+532, the ages being con-

sistent with a recent star-formation event (<100 Myr). We
remark here

1. the quality of the observational data and the data re-
duction process, which was performed in detail and in
an homogeneous way for all galaxies,

2. the we corrected the data for extinction and reddening,
considering the ¢(HS) value derived from the spectro-
scopic data obtained for each region (Paper II). As we
have seen, this correction is important and very often it
is not performed in the analysis of the colours of extra-
galactic objects, which only consider the extinction of
the Milky Way in the direction to the analysed galaxy,

3. and the correction of the colours for the gas emission
using our spectroscopic data. This effect is not impor-
tant in some galaxies, but it seems fundamental when
analysing compact objects with strong nebular emis-
sion, such as BCDGs or regions within a galaxy pos-
sessing an strong starburst.

Some discordances between the colours and the predictions
of the theoretical models (~0.2 mag or even higher) are al-
ways found in galaxies hosting a considerable population of
old stars (Mkn 1199, Mkn 5, Tol 1457-262 #15 and #16,
ESO 566-7), because their luminosities barely contribute to
the U magnitude. Hence, the young stellar population usu-
ally dominates the U — B colour, but the rest of the colours
(B=V,V—-R,V—J, H—K,) posses an important contri-
bution of the old stellar population. If the bursts and the
underlying stellar population are analysed independently,
the agreement between colours and the predictions given
by the models is closer that when considering the galaxies
as a whole. The last columns in Table 1 compile the ages
estimated for the most recent star-forming event and the
underlying population component (if possible) for all indi-
vidual galaxies derived from optical/NIR colours. Because
the theoretical models are optimized to study the youngest
stellar populations within the galaxies, in some cases we
considered a lower limit of 500 Myr for the age of the un-
derlying component (UC).

Figure 2 shows several colour-colour diagrams compar-
ing the predictions given by evolutionary synthesis models
with the colours (corrected for both reddening and contri-
bution of the emission lines) of our galaxy sample when
the burst (blue stars) and underlying component (UC, red
squares) of each system are considered independently. The
correspondence has improved now. Indeed, all inferred ages
of the most recent star-formation burst are lower than
25 Myr, while the data corresponding to the underlying
component suggest ages higher than 100 Myr. Therefore, a
proper estimate of the stellar population age for this type
of galaxy using broad-band filters is only obtained when
bursts and underlying components are independently con-
sidered.

There are still some discrepancies that can be explained
by a lack of good separation between regions with and with-
out star-formation activity. The comparison of the V — R
colour vs. the U — B colour in data of the UC also suggest
that in some galaxies the old stellar population colours are
not explained by just one single-age population, but at least
two of them are needed (i.e., for SBS 1415+437, the UC
colour may be explained by a mix of two stellar populations
with ages of ~150 Myr and >500 Myr, see Sect. 3.15.1 in
Paper I). However, the best method to analyse the colours
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and luminosities of the host component in starburst sys-
tems (specially, in BCGs) is performing a careful 2D anal-
ysis of their structural parameters (i.e. Amorin et al. 2007;
2009). Some of the galaxies analysed by these authors were
also studied here. Their results of the colours of the UC (the
host) agree well within the errors with those estimated here,
for example, for Mkn 5 they compute (B—V)y¢=0.40+0.28
and (V — R)yc=0.2840.16, while in this work we derived
(B —V)uec=0.45+0.08 and (V — R)yc=0.30+0.08 for the
same object.

Figure 3 plots the Ha equivalent width (obtained from
our narrow-band images) as a function of the U — B colour
(obtained from our broad-band images) for the bursts
within the analysed galaxies. We remark that the W (Ha)
derived from the Ha images agree quite well with those
obtained from the optical spectroscopy (see Paper II).
This figure compares the observational data with some
STARBURST 99 models (Leitherer et al. 1999) at different
metallicities. As we see, the agreement is quite good for al-
most all objects. This also indicates both the quality of our
data and the success of the theoretical models to reproduce
the young star-forming populations.

However, if we compare the W (Ha) and the U— B colour
considering the total extension of each galaxy (and not only
the burst component), this agreement is less good. In this
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Fig. 3. W(Ha) vs. U — B diagram comparing the predictions of
the theoretical models of STARBURST 99 (Leitherer et al. 1999)
for three different metallicities with the data corresponding to
the star-forming bursts analysed in our sample galaxy.

case, data with a fixed W (Hea) have a redder U — B colour
than that predicted by the models. This is explained be-
cause the U — B colour is slightly contaminated with the
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Table 2. Physical properties of the ionized gas for the galaxies analysed in this work.

Galaxy Te T. High Te Low Ne c(Hp) Waps —W(HS)
(a) (K] (K] [cm—?] [A] [A]

HCG 31 AC D 94004600 10800+£300 210+70 0.0940.03 2.0 91.1+2.1
HCG 31 B D  11500£700 120004400 <100 0.28+0.08 2.0 12.940.5
HCG 31 E D 1110041000 118004600 <100 0.11+£0.05 2.0 21.14+1.1
HCG 31 F1 D 126004+1100 126004700 <100 0.324+0.06 2.0 218+13
HCG 31 F2 D 1230041300 124004800 <100 0.14+£0.05 2.0 256+30
HCG 31 G D  11600£700 120004400 <100 0.09+£0.05 2.0 37.0£1.6
Mkn 1087 EC 7100£1000  8000+£1000 220+£50 0.17+0.02 1.74+0.2 22.3£0.9
Mkn 1087 N EC 10900£1000 106004+1000 115£50 0.174+0.02 0.24+0.1 25.0£1.7
Haro 15 C EC  9500+£800 9600600 <100 0.11£0.03 2.4+0.4 16.4%+1.1
Haro 15 A D 128504+700  12000+£500 <100 0.33£0.03 1.3+0.3 75.7+4.2
Mkn 1199 D 5400£700 6800+£600 300£100 0.304+0.03 1.84+0.4 21.4+1.3
Mkn 1199 NE EC  8450+800 8900+600 <100 0.16£0.03 0.6+£0.3 20.24+2.3
Mkn 5 D  12450+£650 117001450 <100 0.17£0.02 0.8+0.2 7545
IRAS 08208+2816 D  10100£700  10100+£500 <100 0.11+£0.02 3.2+0.1 8045
TRAS 0833946517 EC 87004+1000 9100£1000 100 0.22£0.02 1.840.2 19.040.8
IRAS 08339+6517c EC 90504+1000 930041000 100 0.18+£0.03 1.5+0.2 7.5£0.2
POX 4 D  14000£500  128004+400 250480 0.08£0.01 2.0+£0.1  200+9
POX 4 Comp EC 12400£1000 117004700 <100 0.06£0.03 1.4+0.3 1244
UM 420 D  13200£600 122004+500 140480 0.09£0.01 2.0+£0.1 169410
SBS 09264606 A D 136004£700  12500+£500 <100 0.12+0.03 0.7+£0.1 12546
SBS 09264606 B EC 11500£1000 110004800 <100 0.18+£0.04 1.0+0.3 18+3
SBS 0948+532 D  131004£600  12200+£400 250+80 0.354+0.03 0.3£0.1 213+11
SBS 10544365 D 137004£900  12600+700 <100 0.02£0.02 0.8+0.1 8947
SBS 10544365 b EC 11800£1100 11300£900 3004200 0.03+0.03 0.340.1 843
SBS 12114540 D  171004£600  15000+£400  320+50 0.124+0.01 1.3£0.1 135+£10
SBS 13194579 A D 134004500  12400+£400 <100 0.03£0.01 0.0+£0.1 285+14
SBS 1319+579 B D 119004800  11300+£600 <100 0.11+£0.03 0.4+£0.1 42+4
SBS 1319+579 C D 115004+600  11050+400 <100 0.02+£0.02 0.2+0.1 9446
SBS 14154579 C D 164004+600  14500£400 <100 0.01£0.02 0.8+£0.1 222411
SBS 14154579 A D 155004£700  13850+500 <100 0.15£0.03 1.0+£0.2  130+8
III Zw 107 A D  10900£900 105004+800 200460 0.68+0.04 2.0+0.3 4442
Tol 9 D 7600£1000 8300700 1804+60 0.50+£0.05 7.5+0.8 3342
Tol 1457-262 A D 14000£700  12500+£600 200+80 0.574+0.03 1.4+0.2 10146
Tol 1457-262 B D 152004+900  14200+700 <100 0.00£0.05 0.0+0.1 8247
Tol 1457-262 C D 13400+1100 1240041000 200£100 0.154+0.02 0.7£0.1 9249
ESO 566-8 D 87004900 9100£800  300£100 0.4940.03 1.3£0.1 9547
ESO 566-7 EC 790041000 8500+900 1004+50 0.23£0.05 2.7+0.2 13+2
NGC 5253 A D 121004£260 11170+£520 580+£110 0.23£0.02 1.3£0.1 23445
NGC 5253 B D 120304+260 11250+490 610+£100 0.38+0.03 1.7£0.1 25445
NGC 5253 C D 108104230 10530+£470  370+80 0.254+0.03 0.8£0.1 9443
NGC 5253 D D 111604510  10350+650  230+70 0.1040.02 0.6£0.1 3942

@ In this column we indicate if Te was computed using the direct method (D) or via empirical calibrations (EC).

light of older stellar populations or regions with no nebular
emission. Hence, as we emphasized before, it is important to
distinguish between the pure starburst regions and the un-
derlying component to get a good estimate of the properties
of these galaxies and, in particular, the strong star-forming
regions.

The age of the last starburst event experienced by each
galaxy and the minimum age of its old stellar populations
are compiled in the last two columns of Table 1. Except for a
few objects (HCG 31 members E, F1 and F2 and Mkn 1087
members N and #1) for which it was not possible to esti-
mate the colours of the UC, all analysed galaxies show an
older stellar population underlying the bursts. Indeed, in
many cases the colours of the UC suggest ages older than
500 Myr. This clearly indicates that all galaxies have expe-
rienced a previous star-formation events long time before
those they are now hosting, as concluded in many other pre-
vious results (i.e. Cairds et al. 2001a,b; Bergvall & Ostlin,
2002; Papaderos et al. 2006; Amorin et al. 2009). However,
as we previously said (Lépez-Sanchez, Esteban & Rodriguez
2004a), this seems not to be true in the particular case of

members F of HCG 31, which clearly show no evidences of
underlying old stellar populations. This was recently con-
firmed by deep Hubble Space Telescope imaging (Gallagher
et al. 2010), and hence these two objects are very likely
experiencing their very first star-formation event.

3. Physical properties of the ionized gas

Table 2 compiles all the high- and low-ionization electron
temperatures of the ionized gas, T, electron density n., red-
denning coefficient ¢(Hf), equivalent width of the underly-
ing stellar absorption in the Balmer H 1 lines W5, and the
Hp equivalent width, for the galaxies analysed in this work
(see Paper II). Thirty-one up to 41 of the objects listed in
Table 2 have a direct estimate of the electron temperature
of the ionized gas. For most, this was computed using the
[O 1] ratio involving the nebular [O111] AA4959,5007 and
the auroral [O111] A4363 emission lines. In most objects,
the low-ionization electron temperature was not computed
directly but assuming the relation between T,(O111) and
T.(O 1) provided by Garnett (1992). Half of the objects of
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Fig. 4. Comparison of some observational flux ratios obtained
for all available regions analysed in this work with the diagnostic
diagrams proposed by Dopita et al. (2000), blue continuous line
(D00), and Kewley et al. (2001), red discontinuous line (KO01).
The left panel also shows the empirical relation provided by
Kauffmann et al. (2003) with a dotted-dashed dark yellow line
(Ka03).

our galaxy sample (22) have electron densities lower than
100 em™3

We explored possible correlations among some of the
different quantities compiled in Table 2 as well as the oxy-
gen abundance (see Table 3) computed for the objects.
First, we checked the nature of the ionized gas of the sam-
ple galaxies. Figure 4 plots the typical diagnostic diagrams
between bright emission lines and the predictions given by
the photoionized models provided by Dopita et al. (2000)
for extragalactic H1I regions (that assume instantaneous
star-formation within star-forming regions) and the Kewley
et al. (2001) models for starburst galaxies (which consider
continuous star formation and more realistic assumptions
about the physics of starburst galaxies). The dividing line
given by the Kewley et al. (2001) models represents an up-
per envelope of positions of star-forming galaxies. As we
see, in all cases the data are found below the theoretical
prediction given by this line. This indicates that photoion-
ization is the main excitation mechanism of the gas. We will
get the same result when we compare the relation between
the FIR and the radio-continuum luminosities (Paper V).
It is interesting to notice that the observational points in-
cluded in the diagnostic diagram involving the [O111]/Hj3
and [N 11 /Ha ratios are located close to the prediction given
by the Dopita et al. (2000) models, while points included
in the diagnostic diagram that considers the [O 111]/HS and
[S11]/Ha ratios are found very close to the upper envelope
given by Kewley et al. (2001). The left panel in Figure 4
includes the empirical relation between the [O111]/HS and
the [N11]/Ha ratios provided by Kauffmann et al. (2003)
analysing a large data sample of star-forming galaxies from
the Sloan Digital Sky Survey (SDSS; York et al. 2000). As
can be seen, the comparison of the Kauffmann et al. (2003)
relation with our data points also indicates that our ob-
jects are experiencing a pure star-formation event, despite
a clear offset between both datasets.

W(Hp) is a good indicator for the age of the most re-
cent star-formation event. The hydrogen ionizing flux of a
star cluster gradually decreases as the most massive stars
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Fig. 5. High ionization electron temperature, Te(O11I), vs. the
Hp equivalent width. The colour-dots indicate the oxygen abun-
dance range of each object. Some objects have been labeled.

disappear with time, and hence the width of H3 decreases
with time (see Papers I, IT and III). Figure 5 plots the rela-
tion between the high ionization electron temperature and
the HB equivalent width. As we see, |W (H/)| increases with
increasing 7T,, but we must remember that there is a strong
correlation between the electron temperature and the oxy-
gen abundance, as high-metallicity H 11 regions cool more
efficiently than low-metallicity H 11 regions. To study this
effect, we used colours to plot four metallicity ranges in
Fig. 5. These colours indicate the oxygen abundance range
of each object: <7.90, 7.90-8.15, 8.15-8.40 and >8.40, in
units of 12+log(O/H). Although now it is not so evident,
it still seems that regions with larger |W (H/{)| tend to have
higher T,. This indicates that younger bursts have a larger
ionization budgets and are therefore capable to heat the
ionized gas to higher electron temperatures. Another ef-
fect that we should considered here is that galaxies with
higher metallicity (and hence with lower electron tempera-
ture) usually have a higher absorption in the HS line than
low-metallicity objects because of older stellar populations.
Indeed, it is interesting to note that objects in the metallic-
ity range 7.90<12+log(O/H)<8.15 may have any value of
W (HpB). This is very probably because within this metal-
licity range lie both dwarf objects with no underlying old
stellar population (i.e., HCG 31 F, SBS 0948+532) and
galaxies which possess a considerable amount of old stars
(i.e, HCG 31 B, Mkn 5).

Figure 6 shows that the ionization degree of the ionized
gas of the starburts seems to increase with the increas-
ing of |W(Hp)|. This is a relation similar to that found
in Fig. 5 and also indicates that younger bursts harbour a
higher proportion of massive stars and therefore their asso-
ciated H 11 regions have larger ionization parameters. That
is evident in NGC 5253 A, B and HCG 31 F, which show
both the highest values of the |W(H@)| and the OT+ /0%
ratio and possess the youngest star-formation bursts (see
Table 1). The increasing of the Ot1/O% ratio as increas-
ing |[W(HQ)| seems to be independent of the metallicity,
although galaxies with higher metallicity tend to show the
lowest ionization degrees.

The dependence of the reddening coefficient as a func-
tion of other parameters is also interesting. Figure 7 plots
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c¢(Hp) vs. the oxygen abundance. Although the dispersion
of the data is rather scattered, we see a clear dependence:
the reddening coefficient is higher at higher metallicities.
We should expect this result, because galaxies with higher
oxygen abundance are chemically more evolved and should
contain a larger proportion of dust particles that absorbs
the nebular emission.

Another interesting relation is shown in Fig. 8, which
plots the equivalent width of the stellar absorption un-
derlying the H1 Balmer lines (Wgps) as a function of the
oxygen abundance. We can see that objects with higher
metallicities show larger Wyps. More metallic galaxies cor-
respond to more massive and chemically evolved systems,
which means that they have consumed a larger fraction of
their gas and the stellar component should be compara-
tively more important. The data corresponding to the low-
est metallicity objects analysed in this work (SBS 14154579
and SBS 1211+540) show a value of Wy, relatively high
what is to be for them. This suggests a considerable under-

Colours and metallicities
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Fig. 8. Equivalent width of the underlying stellar absorption
in the Balmer H1 lines, Wyps, vs. the oxygen abundance for
the regions analysed in this work. Notice that the y-axis has
been broken for clarity. The value of Wy,s for UM 420 is very
probably overestimated, because this galaxy is observed through
the external areas of the spiral disc of the foreground galaxy
UCG 01809 (see Fig. 13 in Paper I).

lying stellar population in these very low-metallicity galax-
ies, as we already discussed (see Sect. 3.15 and Sect 3.13 of
Paper I).

Figure 9 plots W(HS) vs. the oxygen abundance. The
very large dispersion of W(Hf) for 124+log(O/H) of about
8.0 is remarkable, but it also seems clear that galaxies with
O/H ratios higher than that value tend to have |W(Hg)| <
100 A and, conversely, galaxies with lower oxygen abun-
dances show |W(HB)| > 100 A. This behaviour may be
be related to the results in Fig. 8, in the sense that more
metallic objects tend to have a higher underlying stellar ab-
sorption that can lead to an underestimation of |W (Hg)|.
Indeed, Fig. 9 also compares our observational data with
the predictions given by the chemical evolution models
of Hu galaxies provided by Martin-Manjén et al. (2008).
They assumed the star formation as a set of successive
bursts, each galaxy experiencing 11 star-formation bursts
along its evolution of 13.2 Gyr. Figure 9 includes the re-
sults for the first (¢t=0 Gyr), second (t=1.3 Gyr) and last
(t=13.2 Gyr) bursts for a model that considers an atten-
uated bursting star-formation mode and that 1/3 of the
gas is always used to form stars in each time-step. As we
see, all the strong starbursting systems are located between
the positions of the first and second burst models, con-
firming that although the dominant stellar population is
certainly very young, previous star-formation events in the
last 500-1000 Myr are needed to explain our observational
data points. This agrees well with the minimum ages of the
underlying stellar component we derived using our photo-
metric data (see Sect. 2 and last column of Table 1). The
Martin-Manjén et al. (2008) models also explain the large
dispersion of W (Hp) for 12+log(O/H) of about 8.0, as well
as the trend that more metal rich galaxies have lower values
of [W(Hg)| because of the effects of the underlying stellar
populations.

Another indication of the effect of the underlying
evolved stellar population is found in Fig. 10, which com-
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Fig.10. F([O1] A5007)/F(HB) vs. W(HB) and comparison
with the predictions given by four different ionization models
by Stasiniska et al. (2001). See text for details.

pares the [O11] A5007 line flux with the W(HQ) of the
sample galaxies with the model predictions by Stasinska,
Schaerer & Leitherer (2001). Although a general good cor-
respondence is found, some of the objects are slightly dis-
placed to the left —lower W (HQ)— of the models predictions,
suggesting that perhaps the measured values of |W(Hg)|
are underestimated for some of them that precisely coin-
cide with those with a larger oxygen abundance, as we also
concluded before.

4. Chemical abundances of the ionized gas

Table 3 compiles the oxygen abundance, the OT*/O% ra-
tio and the N/O, S/O, Ne/O, Ar/O, and Fe/O ratios (all
in logarithmic units) for all galaxies analysed in this work.

As we already said, 31 up to the 41 independent regions
within the WR galaxy sample analysed here have a di-
rect estimate of the electron temperature (as indicated in
Table 3). Figure 11 (left) plots the N/O ratio vs. the oxy-
gen abundance for all our data with a direct estimate of
the electron temperature and its comparison with previous
samples involving similar objects and T,-based (Izotov &
Thuan 1999; Izotov et al. 2004). This figure shows that the
position of our data agrees with that obtained using other
observations. The errors we estimated in our objects are
in general higher than those reported by Izotov & Thuan
(1999) and Izotov et al. (2004) basically because we used
different criteria for estimating observational errors, which
are more conservative as well as more realistic in our opin-
ion. We also point out that our data are always of higher
spectral and spatial resolution than those obtained by the
aforementioned authors, and have a similar or even higher
signal-to-noise ratio in many cases. This is an important
point to be clarified because non-specialist in the spectra
of ionized nebulae may interpret that lower quoted uncer-
tainties are synonymous of better observational data, and
this may not always be the case. Although the errors in the
electron temperatures derived using the empirical methods
are large, relative atomic abundances (such as the N/O ra-
tio) are less sensitive to the choice of T,. Therefore they
are used in many occasions to compare with the results
provided by previous observations or with the predictions
given by theoretical models.

4.1. The N/O ratio

Figure 11 (right) plots the N/O ratio vs. 124+log(O/H) for
all objects analysed in this work; the chemical abundances
were derived either from the direct method or via empiri-
cal calibrations. We compare our data with the two galaxy
samples previously indicated (Izotov & Thuan 1999; Izotov
et al. 2004) and with other galaxy samples whose data have
been obtained using empirical calibrations: Izotov et al.
(2006), whose data were extracted from the SDSS, and van
Zee, Salzer & Haynes (1998), who study data from HII re-
gions within spiral galaxies with chemical abundances com-
puted via the direct method or using the McGaugh (1994)
empirical calibration. In some sense, the N/O ratio of a
galaxy is an indicator of the time that has elapsed since
the bulk of star formation occurred, or of the nominal age
of the galaxy as suggested by Edmunds & Pagel (1978).
Following the position of our data points in Fig. 11 we see
that they follow the expected trend:

1. The N/O ratio is rather constant for 12+log(O/H)<7.6.
In our case, for the galaxies SBS 12114540 and
SBS 1415+437 we derive log N/O~ —1.6, similar values
as those found by Izotov & Thuan (1999). These authors
explained the constant N/O ratio in very low-metallicity
objects assuming that the nitrogen is produced only as
a primary element in massive, short-life stars. However,
other authors have claimed that this may be not com-
pletely true (i.e., Henry et al. 2000; Pilyugin et al. 2003;
Moll4 et al. 2006) because of the lack of a clear mech-
anism that produces N in massive stars besides the ef-
fect or the stellar rotation (Meynet & Maeder 2005).
Furthermore, these galaxies already host old stellar pop-
ulations, and hence low- and intermediate-mass stars
should be also releasing N to the ISM. Henry et al.



Loépez-Sanchez & Esteban: Massive star formation in Wolf-Rayet galaxies IV: Colours and metallicities

Table 3. Chemical properties of the ionized gas for the galaxies analysed in this work.

Galaxy To® 12+log(O/H)  log &7 log(N/O)  log(S/O)  log(Ne/O) log(Ar/O)  log(Fe/O)
HCG 31 AC D 8224005  1.51£0.12 -1.1240.08 -0.93+0.12 -2.1240.21
HCG 31 B D 8.1440.08 0.63+0.09 -1.3940.10 -1.67£0.14 -0.4240.13 -1.8740.32
HCG 31 E D 8.13+0.09 1.004+0.11 -1.26+0.12 -1.58+0.15 -0.4240.14 -1.7740.32
HCG 31 F1 D 8074006  3.7240.32 -1.27£0.11 -1.69£0.15 -0.80+0.17 -1.9:
HCG 31 F2 D 8.03+0.10 2.1940.21 -1.43+0.16 -1.67£0.18 -0.76+0.20
HCG 31 G D 8.15+0.07 1.154+0.11 -1.31+0.10  -1.67£0.22 -0.56+0.14 -2.0:
Mkn 1087 EC  857£0.10  0.5540.18 -0.81£0.12 -1.78+0.16 -0.45:£0.17

Mkn 1087 N EC 8.2340.10 0.99+0.25 -1.4640.15 -0.5240.19
Haro 15 C EC  837£0.10  -0.23£0.16 -1.03+£0.15 -1.714£0.18 -0.65+0.18 2.2:
Haro 15 A D 8104006  0.66£0.10 -1.35£0.11 -1.89£0.15 -0.68+0.12 -1.6:
Mkn 1199 D 8.75+0.12 -0.364+0.16  -0.62+0.10 -1.544+0.14 -0.58+0.17 -1.86+0.26
Mkn 1199 NE EC  846£0.13  -0.19£0.09 -1.2040.11 -1.54+0.17 -0.65+0.18
Mkn 5 D 8074004  0.25£0.08 -1.38£0.07 -1.62£0.11 -0.80£0.13 -2.31£0.12 -1.96+0.18
TRAS 0820842816 D 8.331+0.08 0.4340.12 -0.894+0.11 -1.64+0.16 -0.674+0.13 -2.514+0.15 -1.954+0.17
IRAS 08339+6517 EC  8.45+0.10  0.53£0.16  -0.9440.14 -0.4540.18

IRAS 08339+6517c EC  8.38+0.10  0.81£0.21 -1.13+£0.17 -0.55:
POX 4 D 8.03+0.04 0.7440.06 -1.5440.06  -1.80+0.10 -0.784+0.10 -2.174+0.11
POX 4c EC  8.03£0.14  -0.304£0.22 -1.60+£0.20 -0.60:

UM 420 D 7.9540.05 0.0040.08 -1.114+0.07 -1.66+0.13  -0.714+0.13 -2.164+0.13
SBS 09264606 A D 7.9440.08 0.4240.12 -1.454+0.09 -1.60+0.13 -2.3440.13  -1.99+0.16
SBS 09264606 B EC  8.15£0.16  0.214£0.14  -1.35£0.12
SBS 0948+532 D 8.0310.05 0.6140.08 -1.4240.08 -1.69+0.14 -0.73%+0.12 -1.7840.10
SBS 1054+365 D 8004007  0.70£0.11 -1.41£0.08 -1.79£0.15 -0.67£0.11 -2.2040.14

SBS 10544365 b EC  8.13£0.16  -0.35£0.20 -1.47+0.20

SBS 12114540 D 7.65+0.04 0.6940.07 -1.624+0.10 -1.47£0.14 -0.754+0.10

SBS 13194579 A D 8052006  0.77£0.12 -1.53£0.10 -1.7620.10 -2.4140.11

SBS 1319+579 B D 8.1240.10 0.16+0.19 -1.4940.12 -1.7640.14
SBS 1319+579 C D 8.154+0.07 0.18+0.13 -1.384+0.10  -1.60+0.11 -2.3:
SBS 14154437 C D 7.5840.05  0.35£0.08 -1.57£0.08 -1.62+0.12 2.3140.13  -1.9140.13
SBS 14154437 A D 7.61£0.06 0.4240.14 -1.57+0.09 -1.7240.14 -1.9:
III Zw 107 A D 8.2340.09 0.1240.14 -1.16+0.10 -1.82+0.15 -0.73+0.15 -2.4640.13 -2.3:
Tol 9 D 8574010  0.16£0.17 -0.81£0.11 -1.62£0.12 -0.72+£0.14 -2.55£0.15 2.1:
Tol 1457-262 A D 8.05+0.07 0.2740.11 -1.5740.11  -1.88+0.13 -0.884+0.18 -2.50+0.13 -2.2:
Tol 1457-262 B D 7.8840.07  0.43£0.11 -1.61£0.12 -1.72£0.18 -0.88£0.20 -2.44£0.18 -1.90+0.22
Tol 1457-262 C D 806£0.11  0.14£0.16 -1.5940.16 0.8440.22  -2.4540.20
ESO 566-8 D 846+0.11  -0.1940.17 -0.7640.12 -0.56£0.19  -2.174+0.19 -2.5:
ESO 566-7 EC  850£0.16  -0.57+0.22 -0.82+0.16 -2.49+0.25
NGC 5253 A D 8184004  2.88+£0.18 -0.91£0.07 -1.58£0.08 -0.71£0.08 -2.19£0.07 -2.10£0.12
NGC 5253 B D 8194£0.04  3.0940.14 -1.0240.07 -1.60£0.08 -0.70£0.08 -2.21£0.07 -2.18+0.11
NGC 5253 C D 8284004  1.95£0.13 -1.50£0.08 -1.69£0.09 -0.74£0.08 -2.30£0.08 -2.46+0.14
NGC 5253 D D 8.314+0.07 0.56+0.14 -1.4940.10 -1.74+0.13 -0.704+0.15 -2.30+0.13 -2.254+0.16

@ In this column we indicate if Te was computed using the direct method (D) or via empirical calibrations (EC).
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(2000) explained the constancy of the N/O ratio in
metal-poor galaxies by a historically low star-formation
rate, where almost all the nitrogen is produced by 4-8
M, stars. Additionally, Izotov et al. (2006) suggested
that the low dispersion of the data in this part of the di-
agram is probably explained by the low number of WR
stars that are expected at very low-metallicity regimes.

. However, there is an important dispersion of the data

in the interval 7.6<12+log(O/H)<8.3. This problem
has been analysed by several authors in the past (i.e.,
Kobulnicky & Skillman, 1998; Izotov & Thuan, 1999;
Pilyugin et al. 2003; Molld et al. 2006). Two main sce-
narios have been proposed for explaining this dispersion:
(a) A loss of heavy element via galactic winds. In par-
ticular, it should be a loss of a-elements via su-
pernova explosions. a-elements, such as oxygen, are
produced in massive short-lived stars (Edmunds &
Pagel 1978; Clayton & Pantelaki 1993). Hence, the
effect of supernova explosions would produce a un-
derabundance of oxygen (Esteban & Peimbert 1995),
increasing the N/O ratio. However, the observational
evidence for low-mass galaxies with galactic winds is

still unclear (i.e. Marlowe et al. 1995; Bomans et al.
2007; Dubois & Teyssier 2008; van Eymeren et al.
2008, 2009, 2010) and even the numerical simula-
tions give very discrepant results (i.e., Mac Low &
Ferrara 1999; Springel & Hernquist 2003; Tenorio-
Tagle et al. 2006; Dubois & R. Teyssier 2008).

A delayed release of nitrogen and elements pro-
duced in low-mass long-lived stars compared to the
a-elements. The N/O ratio drops and the O/H ra-
tio increases as supernovae release the a-elements
into the ISM. Consequently, the chemical proper-
ties of these galaxies would vary very fast (few tens
of Myr) during the starburst phase (Kobulnicky &
Skillman 1998). The delayed-release hypothesis also
predicts that BCDGs with high N/O ratios are ex-
periencing their first burst of massive star formation
after a relatively long quiescent interval (oxygen has
still not been completely delayed by massive stars
and mixed with the surrounding ISM), while those
objects with low N /O ratios have had little or no qui-
escent interval. However, recent chemical evolution
models suggest that the releasing and mixing of the
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Fig.11. (Left) N/O ratio vs. oxygen abundance for all objects with a direct estimate of T,. Our data are compared with those
compiled by IT99 (Izotov & Thuan 1999) and Izotov et al. (2004). (Right) N/O ratio vs. oxygen abundance for all galaxies analysed
in this work (also included objects which chemical abundances are derived using empirical calibrations). For comparison, we have
included other galaxy samples from the literature whose O/H ratio has been determined using empirical calibrations: Izotov et al.
(2006), van Zee et al. (1998), IT99 (Izotov & Thuan 1999), Izotov et al. (2004) and PTV03 (Pilygin et al. 2003).

oxygen occurs almost instantaneously, and hence the
delayed-release scenario cannot explain BCDGs with
high N/O ratio. If this is the case, the most plausible
explanation of the high N/O ratio observed in these
objects is the chemical pollution due to the winds of
WR stars, which are indeed ejecting N to the ISM,
as we will discuss below.

3. For moderate high-metallicities objects,
12+log(O/H)>8.3, the N/O ratio clearly increases
with increasing oxygen abundance. This trend seems
to be a consequence of the metallicity-dependence of
nitrogen production in both massive and intermediate-
mass stars (e.g., Pilyugin et al. 2003), the N/O ratio
increases at higher metallicities. Hence, nitrogen is es-
sentially a secondary element in this metallicity regime
(Torres-Peimbert, Peimbert & Fierro 1989; Vila-Costas
& Edmunds 1993; Henry, Edmunds & Koppen 2000;
van Zee & Haynes 2006). Besides the uncertainties
(that are higher than those estimated in other objects
because the T, error is higher at higher metallicities)
our data agree with the tendency found in other galaxy
samples, as that compiled by Pilyugin et al. (2003).
However, notice that the galaxy sample compiled by
van Zee et al. (1998) does not agree with our data,
as her data have a systematically lower N/O ratio. In
some cases, differences higher than 0.5 dex in the N/O
ratio are found for a particular oxygen abundance. This
discrepancy may be partially explained by the fact that
empirical calibrations from photoionized models —van
Zee et al. (1998) used McGaugh (1991) models— seem
to overestimate the actual oxygen abundance by at
least 0.2 dex (see below), and hence the derived N/O
ratio is lower than the actual value.

In summary, Fig. 11 can be explained assuming the very dif-
ferent star-formation histories that each individual galaxy
has experienced (Pilyugin et al. 2003; van Zee & Haynes
2006). A galaxy with a constant SFR will have a lower net
N/O yield than a galaxy with declining SFR, because more
oxygen has been released into the ISM due to the ongo-
ing star-formation activity. This observational result com-

pletely agrees with the predictions given by chemical evo-
lution models that consider the effect of the star-formation
history in the N/O-O/H diagram, as those presented by
Moll4 et al. (2006).

4.2. Nitrogen enrichment in WR galaxies

From Fig. 11, it is evident that there are some objects in
the low-intermediate metallicity regime with a higher N/O
ratio than expected for their oxygen abundance. An excess
of nitrogen abundance has been reported in a few cases (e.g.
Kobulnicky et al. 1997, Pustilnik et al. 2004). Remarkably,
the common factor observed in all galaxies with a high N/O
ratio is the detection of Wolf-Rayet features. Indeed, as we
demonstrated in our analysis of NGC 5253 (Lépez-Sanchez
et al. 2007), the ejecta of WR stars may be the origin of a
localized N (and probably also He) enrichment of the ISM
in these galaxies.

The analysis of the WR populations within our sam-
ple galaxy was performed in Paper III. The numbers of
WNL and WCE stars were computed assuming metallicity-
dependent WR luminosities (Crowther & Hadfield 2006).
We detected the blue WR bump (the broad He1r A\4686
emission line) in all objects with high N/O ratio: UM 420,
NGC 5253 A,B, HCG 31 AC, IRAS 0820842816, III Zw 107
and ESO 566-8, indicating that these bursts host an impor-
tant WNL star population.

Figure 12 plots the observed nitrogen overabundance,
A(N/O) = log(N/Oobserved) - 1Og(AN/Oexpected from O/H);
as a function of the derived WNL/(WNL+O) ratio. We do
not see any clear trend in this diagram, merely that the
objects with a high N/O ratio do not show a particularly
high WNL/(WNL+O) ratio.

Galaxies HCG 31 AC and III Zw 107 seem to show
a slight nitrogen excess [A(N/O) ~ 0.15 dex]. Three of
the galaxies with high N/O ratio compiled by Pustilnik
et al. (2004) are plotted in Fig. 12: NGC 5253 (already
discussed), Mkn 1089 (HCG 31 AC) and UM 420. Our data
confirm the nitrogen overabundance in UM 420 [A(N/O) ~
0.4 dex], but not a significant N/O ratio in HCG 31 AC
[A(N/O) ~ 0.15 dex; Pustilnik et al. (2004) quoted ~ 0.5

11
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dex]. We also find a relatively high N/O ratio in ESO 566-8
[A(N/O) ~ 0.3 dex].

The very rare occurrence of objects with a large N
overabundance suggests the general idea of the short-
time scales for the localized N pollution and its fast
dispersal. Brinchmann, Kunth & Durret (2008) used
SDSS data to find that for |[W(HB)| > 100 A, WR
galaxies show a high N/O compared to non-WR galax-
ies. Quantitatively these authors found that on average
Alog(N/O)wRr—-nonwr]=0.13£0.04. They interpreted this
result as a rapid enrichment of the ISM from WR winds.
Brinchmann et al. (2008) also found that WR galaxies are
in general more metal-rich at a given |W (H{)| than similar
galaxies without WR features, which likely is a reflection of
WR stars being more abundant at higher metallicities (see
Fig. 5 of Paper III).

Although we do not dismiss the statistical analysis per-
formed by Brinchmann et al. (2008) comparing WR and
non-WR galaxy data, we would like to warn about the use
of data with low spectral resolution in order to derive an
accurate nitrogen abundance in individual objects. This is
commonly done via the analysis of the [N11] A\5683 emis-
sion line, very close to Ha. Lack of sufficient spectral res-
olution will derive a blending of both lines and a probable
over-estimation of the [N11] A5683 flux, that would be even
higher if broad low-intensity wings in the Ha profile ex-
ist, which are actually rather common in WR galaxies (e.g.
Méndez & Esteban 1997). On the other hand, as explained
by Izotov et al. (2006), the bright doublet [O 11] AA3726,3729
is not observed in the SDSS spectra for nearby galaxies, and
hence the estimate of the total oxygen abundance has to be
done via the [O 11] AA7319,7330, which is much fainter, very
dependent on the electron density and severely affected by
sky emission features. Therefore their associated errors are
usually larger than for the [O11] AA3726,3729 lines. More
data and a re-analysis of the chemical abundances in galax-
ies where WR features are detected, with a similar analysis
of a sample of non-WR galaxies, are needed to get any
definitive results.
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Fig. 13. HS equivalent width vs. the N/O ratio. Blue circles
indicate regions with no detected WR features. Red squares
are galaxies in which WR features are observed. Yellow dia-
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oxygen abundance, all showing WR features. The A(N/O) =
log(N/Oobserved) - log(N/Oexpected from O/H) difference is shown
in every galaxy with dotted yellow lines.

Some authors (i.e. Izotov et al. 2006) suggest that there
is a dependence between the N/O ratio and the HS equiv-
alent width: the N/O ratio should increase with decreasing
|W(HQ)|. This trend was also observed by Brinchmann et
al. (2008), but only for objects with |W(HB)| > 100 A.
Figure 13 plots the N/O ratio vs. W(Hf) for the objects
analysed here. In this figure we distinguish between ob-
jects with high N/O ratio for their oxygen abundance and
WR features (yellow diamonds), and galaxies with a nor-
mal N/O ratio with (red squares) or without (blue circles)
WR features.

From Fig. 13 it is evident that non-WR galaxies only
show high N/O ratios when their |W(HB)] < 50 A.
Their N/O ratio becomes low for larger equivalent widths.
Brinchmann et al. (2008) suggested that the non-detection
of high N/O ratios in objects with small equivalent widths
is consistent with very young bursts where the WR stars
have not yet had a change to enrich the surrounding ISM
to a noticeable degree. However, this is probably a conse-
quence of both the complex star-formation histories and
the high relative importance of the old underlying stellar
populations in these systems.

On the other hand it is remarkable that the WR galax-
ies with |[W(HpB)| <50 A show systematically high N/O
ratios, but a large dispersion when |[W(H3)| > 50 A. This
dispersion becomes substantially smaller when we consider
the N/O ratio expected for their O abundance for those
objects with a high A(N/O). If the high N/O ratios in
these galaxies are produced by the chemical pollution due
to winds of WR stars, objects would move to the right in
Fig. 13 once the burst is finished because of the decreasing
of |W(HS)|. If the chemical pollution is very localized, we
should also expect that objects with a N excess would move
towards lower values of the N/O ratio as the fresh released
material is dispersed and mixed with the existing gas of
the galaxy. Hence, detailed analyses of galaxies with a lo-
calized high N/O ratio, such as we performed in NGC 5253
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indicate a fit to our data.

(Lépez-Séanchez et al. 2007), are fundamental to solve these
unsolved questions, which will definitely be key elements to
the evolution of the galaxies.

4.3. The a-elements to oxygen ratio

Figure 14 plots the Ne/O, S/O, Ar/O, and Fe/O ratios
as a function of 12+log(O/H) for all objects analysed in
this work. We compare our observational results with those
found in samples with similar characteristics (Izotov &
Thuan 1999; Izotov et al. 2006). We remark again that al-
though the estimates of our errors are higher than those
provided by other samples, they are not a consequence
of the quality of our data but derive from the different
formalism we used to estimate the uncertainties. In any
case, our results completely agree with those previously
reported in the literature. The relative abundance ratios
of the a-elements (neon, sulfur, and argon) to oxygen are
approximately constant, as expected because all four el-
ements (O, Ne, S and Ar) are mainly produced by mas-
sive stars. For our sample, the mean log(Ne/O), log(S/0),
and log(Ar/O) ratios are —0.70 & 0.13, —1.68 & 0.10 and
—2.37 £ 0.12, respectively. These values are comparable to
the values reported for starbursting dwarf galaxies (e.g.,
Izotov & Thuan, 1999; Izotov et al. 2006) and for other
dwarf irregular galaxies (e.g., van Zee et al. 1998, van Zee
& Haymnes 2006). For example, Izotov & Thuan (1999) found

mean values of —0.72+0.06, —1.56+0.06, and —2.26 +0.09
for the log(Ne/O), log(S/0), and log(Ar/O) ratios, respec-
tively.

Despite their higher uncertainties, we notice that the
Ne/O ratio seems to increase slightly with increasing oxy-
gen abundance. This effect was reported by Izotov et al.
(2006), who interpreted it as due to a moderate depletion of
oxygen onto grains in the most metal-rich galaxies. Verma
et al. (2003) observed an underabundance of sulphur in rel-
atively high-metallicity starburst galaxies. These authors
interpreted this effect as a consequence of the depletion of
sulphur onto dust grains. However, we do not see any un-
derabundance of sulphur; quite the opposite, the sulphur
abundance is well correlated with both neon and argon
abundances.

On the other hand, it seems that the Fe/O ratio slightly
decreases with increasing oxygen abundance. This effect
was previously observed by Izotov et al. (2006), who sug-
gested that it may be a consequence of the iron depletion
in dust grains, which is more important for galaxies with
higher metallicities.

Finally we remark how important is to use high-quality
data and a proper estimate of all the physical parameters
(including T, via the direct method) in an homogeneous
sample of objects to get reasonable conclusions about these
topics (i.e., this work; Hagele et al. 2008).
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Table 4. Results of the comparison between the oxygen abundance given by several empirical calibrations and the oxygen abun-

dance derived here following the direct (7¢) method.

Parameter Ros No O3 N>

Calibration® P01 PT05 NO06 M91 KD02 KKO04 D02 PP04 NO06 PP04 NO6
Averageb 0.07 0.08 0.14 0.15 0.28 0.27 0.14 0.12 0.18 0.12 0.21
o° 0.05 0.07 0.12 0.11 0.18 0.13 0.10 0.10 0.14 0.10 0.16
Notes? B/A (1) B/A (2) SH. SH. S.H S.H. (3) B/A (4) S.L.(5) B/A (6) S.L.

¢ The names of the calibrations are the same as in Table A.2.

b Average value (in absolute values) of the difference between the abundance given by empirical calibrations and that obtained
using the direct method. The names of the calibrations are the same as in Table A.2.
¢ Dispersion (in absolute values) of the difference between the abundance given by empirical calibrations and that obtained using

the direct method.

d We indicate if the empirical calibration gives results both below and above the direct value (B/A), if they are systematically
higher than the direct value (S.H.) or if they are systematically lower than the direct value (S.L.). Some additional notes are:

(1) Higher deviation in the low branch.

(2) This calibration provides lower oxygen abundances in low-metallicity regions and higher oxygen abundances in

high-metallicity regions.
(3) Systematically higher only for 12+log(O/H)>8.2.

Higher deviation for 12+log(O/H)<8.0. Considering 12+log(O/H)>8.0, we get average=0.08 and ¢=0.06.

(4)
(5) Higher deviation at lower oxygen abundances.
(6)

Higher deviation for 12+log(O/H)<8.0. Assuming 12+log(O/H)>8.0, average=0.09 and ¢=0.06.

4.4. Comparison with empirical calibrations

We used the data of the 31 regions for which we have a
direct estimate of T, and, hence, a direct estimate of the
oxygen abundance, to check the reliability of several em-
pirical calibrations. A recent review of 10 metallicity cali-
brations, including theoretical and empirical methods, was
presented by Kewley & Ellison (2008). Appendix A gives
an overview of the most common empirical calibrations and
defines the typical parameters that are used to estimate
the oxygen abundance following these relations. These pa-
rameters are ratios between bright emission lines, the most
commonly used are Raz, P, y, Nz, and O3Ny (see defi-
nitions in Appendix A). Table A.1 lists the values of all
these parameters derived for each region with a direct es-
timate of the oxygen abundance (see Paper II for details).
Table A.1 also includes the value derived for the ¢ parame-
ter (in units of cm s™1) obtained from the optimal calibra-
tion provided by Kewley & Dopita (2002). The results for
the oxygen abundances derived for each object and empiri-
cal calibration are listed in Table A.2. This table also indi-
cates the branch (high or low metallicity) considered in each
region when using the Ra3 parameter (see Appendix A), al-
though, as is clearly specified in the table, for some objects
with 8.00<12+1og(O/H)<8.3 we assumed the average value
found for the lower and upper branches.

Looking at the data compiled in Table A.2 the huge
range of oxygen abundance found for the same object using
different calibrations is evident. As Kewley & Ellison (2008)
concluded, it is critical to use the same metallicity calibra-
tion when comparing properties from different data sets or
investigate luminosity-metallicity or mass-metallicity rela-
tions. Furthermore, abundances derived with such strong-
line methods may be significantly biased if the objects un-
der study have different structural properties (hardness of
the ionizing radiation field, morphology of the nebulae)
than those used to calibrate the methods (Stasiniska 2009).

Figures 15 and 16 plots the ten most common calibra-
tions and their comparison with the oxygen abundance ob-
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tained using the direct method. We performed a simple
statistic analysis of the results to quantify the goodness of
these empirical calibrations. Table 4 compiles the average
value and the dispersion (in absolute values) of the differ-
ence between the abundance given by empirical calibration
and that obtained using the direct method. We check that
the empirical calibration that provides the best results is
that proposed by Pilyugin (2001a,b), which gives oxygen
abundances very close to the direct values (the differences
are lower than 0.1 dex in the majority of the objects), and
furthermore it possesses a low dispersion. We note however
that the largest divergences found using this calibration
are in the low-metallicity regime. The update of this cal-
ibration presented by Pilyugin & Thuan (2005) seems to
partially solve this problem, the abundances provided by
this calibration also agree very well with those derived fol-
lowing the direct method. We therefore conclude that the
Pilyugin & Thuan (2005) calibration is nowadays the best
suitable method to derive the oxygen abundance of star-
forming galaxies when auroral lines are not observed.

On the other hand, the results given by the empiri-
cal calibrations provided by McGaugh (1991), Kewley &
Dopita (2002) and Kobulnicky & Kewley (2004), that are
based on photoionization models, are systematically higher
than the values derived from the direct method. This effect
is even more marked in the last two calibrations, which usu-
ally are between 0.2 and 0.3 dex higher than the expected
values. These empirical calibrations also have a higher
dispersion than that estimated for Pilyugin (2001a,b) or
Pilyugin & Thuan (2005) calibrations. Yin et al (2007)
also found high discrepancies when comparing the theoret-
ical metallicities using the theoretical models of Tremonti
et al. (2004) with the T,-based metallicites obtained from
Pilyugin (2001a,b) and Pilyugin & Thuan (2005).

One of the possible explanations for the different metal-
licities obtained between the direct method and those de-
rived from the empirical calibrations based on photoion-
ization models are temperature fluctuations in the ionized
gas. Temperature gradients or fluctuations indeed cause the
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Fig. 15. Comparison between the oxygen abundances derived using the direct method (7%, always plotted in the z — azis) with
those estimated using six different empirical calibrations that consider the Ra3 parameter: M91: McGaugh (1991); P01: Pilyugin
(2001a,b); KD02: Kewley & Dopita (2002); KK04: Kobulnicky & Kewley (2004); PT05: Pilyugin & Thuan (2005); N06: Nagao et
al. (2006). The bottom panel of each diagram indicates the difference between empirical and direct data.

true metallicities based on the T,-method to be underesti-
mated (i.e. Peimbert 1967; Stasinska 2002,2005; Peimbert
et al. 2007). Temperature fluctuations can also explain our
results for NGC 5253 (Lépez-Sanchez et al. 2007): the ionic
abundances of O /H* and C**/H™" derived from recom-
bination lines are systematically 0.2 — 0.3 dex higher than
those determined from the direct method —based on the in-
tensity ratios of collisionally excited lines. This abundance
discrepancy has been also found in Galactic (Garcia-Rojas
& Esteban 2007) and other extragalactic (Esteban et al.

2009) H 1 regions and interestingly this discrepancy is in
all cases of the same order as the differences between abun-
dances derived from the direct methods and empirical cal-
ibrations based on photoionization models.

The conclusion that temperature fluctuations do exist
in the ionized gas of starburst galaxies is very important
for the analysis of the chemical evolution of galaxies and
the Universe. Indeed, if that is correct, the majority of
the abundance determinations in extragalactic objects fol-
lowing the direct method, including those provided in this
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Fig. 16. Comparison between the oxygen abundances derived using the direct method (7%, in the z — azis) with those computed
using the calibrations using the N2 parameter —D02: Denicol6, Terlevich & Terlevich (2002); PP04b: Pettini & Pagel (2004)
considering their cubic fit to N2; N06: Nagao et al. (2006)— and the O3Ng parameter following the cubic fit provided by Nagao et
al. (2006). The bottom panel of each diagram indicates the difference between empirical and direct data.

work, have been underestimated by at least 0.2 to 0.3 dex.
Deeper observations of a large sample of star-forming galax-
ies —that allow us to detect the faint recombination lines,
such as those provided by Esteban et al. (2009)— and more
theoretical work —including a better understanding of the
photoionization models, such as the analysis provided by
Kewley & Ellison (2008)— are needed to confirm this puz-
zling result.

On the other hand, we have checked the validity of
the recent relation provided by Nagao et al. (2006), which
merely considers a cubic fit between the Ro3 parameter
and the oxygen abundance. This calibration was obtained
combining data from several large galaxy samples, the ma-
jority from the SDSS, which includes all kinds of star-
forming objects. As it is clearly seen in Table A.2 and
in Fig. 16, the Nagao et al. (2006) relation is not suit-
able to derive a proper estimate of the oxygen abundance
for the majority of the objects in our galaxy sample. In
general, this calibration provides lower oxygen abundances
in low-metallicity regions and higher oxygen abundances
in high-metallicity regions. Objects located in the metal-
licity range 8.00<12+log(O/H)<8.15 have systematically
12+1log(O/H)nos ~8.07 because we have to use an average
value between the low and the high branches. Furthermore,
many of the regions do not have a formal solution to the
Nagao et al. (2006) equation, such as the maximum value
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for Rag is 8.39 at 12+log(O/H)=8.07. We consider that the
use of an ionization parameter —P as introduced by Pilyugin
(2001a,b) or ¢ as followed by Kewley & Dopita (2002)- is
fundamental to obtain a real estimate of the oxygen abun-
dance in star-forming galaxies, especially in objects showing
strong starbursts. In the same sense, the direct method and
not the formulae provided by Izotov et al. (2006) (which as-
sumes a low-density approximation in order not to have to
solve the statistical equilibrium equations of the O*2 ion)
provides a good approximation to the actual oxygen abun-
dance when the auroral line [O 111] M\4653 is observed.

Empirical calibrations considering a linear fit to the
Ny ratio (Denicold, Terlevich & Terlevich 2002; Pettini &
Pagel 2004) give results that are systematically ~0.15 dex
higher that the oxygen abundances derived from the direct
method. The difference is higher at higher metallicities. We
do not consider that this trend is a consequence of compar-
ing different objects: both Denicold et al. (2002) and Pettini
& Pagel (2004) calibrations are obtained using a sample of
star-forming galaxies similar to those analysed in this work,
many of which are WR galaxies. Denicol§ et al. (2002) com-
pared the N> ratio with the ionization parameter together
with the results of photoionization models and concluded
that most of the observed trend of Ny with the oxygen
abundance is caused by metallicity changes. The cubic fit to
Ny performed by Pettini & Pagel (2004) better reproduces
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the oxygen abundance, especially in the intermediate- and
high-metallicity regime (12+log(O/H)>8.0), where it has
an average error of ~0.08 dex. However, the cubic fit to No
provided by Nagao et al. (2006) gives systematically lower
values for the oxygen abundance than those derived using
the direct method, having an average error of ~0.18 dex.

The empirical calibration between the oxygen abun-
dance and the O3Ns parameter proposed by Pettini &
Pagel (2004) gives acceptable results for objects with
12+log(O/H)>8.0, with the average error ~0.1 dex.
However, the new relation provided by Nagao et al. (2006)
involving the O3Ny parameter gives systematically lower
values for the oxygen abundance. As we commented before,
we consider that the Nagao et al. (2006) calibrations are not
suitable for studying galaxies with strong star-formation
bursts. Their procedures must be taken with caution, galax-
ies with different ionization parameters, different chemical
evolution histories, and different star formation histories
should have different relations between the bright emission
lines and the oxygen abundance. This issue is even more im-
portant when estimating the metallicities of intermediate-
and high-redshift galaxies, because the majority of their
properties are highly unknown.

5. Metallicity-luminosity relations

The metallicity of normal disc galaxies is strongly corre-
lated with the galaxy mass. The first mass-metallicity re-
lation was found for irregular and blue compact galaxies
(Lequeux et al. 1979; Kinman & Davidson 1981). However,
luminosity is often used instead of mass because obtaining
reliable mass estimates is difficult. Rubin et al. (1984) pro-
vided the first evidence that metallicity is correlated with
luminosity in disk galaxies. Further work using larger sam-
ples of nearby disk galaxies confirmed this result (Bothun
et al. 1984; Wyse & Silk 1985; Skillman et al. 1989; Vila-
Costas & Edmunds 1992; Zaritsky, Kennicutt & Huchra
1994; Garnett 2002). Despite the huge observational effort,
the origin of the luminosity-metallicity is still not well un-
derstood. The two basic ideas are (i) it represents an evolu-
tionary sequence — more luminous galaxies have processed a
larger fraction of their raw materials (McGaugh & de Blok
1997; Bell & de Jong 2000; Boselli et al. 2001)— or (ii) it is
related to a mass-retention sequence —more massive galaxies
retain a larger fraction of their processed material (Garnett
2002; Tremonti et al. 2004; Salzer et al. 2005). Furthermore,
other factors may play a key role in the variation of the
metal content of a galaxy, remarking the quick metal en-
richment that strong star-formation events in dwarf galax-
ies, such as BCDGs, may experience. In these objects, the
freshly processed material may be expelled into the inter-
galactic medium via galactic winds or be mixed with the
reservoirs of non-synthesized gas, in both cases decreasing
the global metallicity of the galaxy.

In addition, luminosity-metallicity relations are very
useful to discern between pre-existing dwarf galaxies and
tidal dwarf galaxy (TDG) candidates (Duc & Mirabel 1998;
Duc et al. 2000) because these objects should have a metal-
licity similar to that observed in their parent spiral galax-
ies (Weilbacher, Duc & Alvensleben 2003) and not a low-
metallicity as it is found in dwarf objects.

We studied the metallicity-luminosity relation using the
data provided by our analysis. Figure 17 plots the oxygen
abundance vs absolute magnitude in B and NIR filters and

including some relationships found by previous studies. In
this figure we distinguish between galaxies (blue points)
and TDGs candidates (red triangles) found in HCG 31 and
Mkn 1087 groups. We also distinguish the dwarf object
surrounding POX 4 (labeled POX 4 comp in Figures and
Tables) because it may be another TDG, and the galaxy
SBS 1054+365 because, as we will see later, its position
in the metallicity-luminosity diagrams is quite unusual. We
estimated the NIR absolute magnitudes for SBS 09484532
and SBS 12114540 assuming V —J ~ 0.8, J— H ~ 0.3 and
H— K, ~ 0.15, that are the average values found in objects
with properties similar to these two galaxies (see Paper I).

The Mp—0O/H diagram includes the relation given by
Richer & McCall (1995) for dwarf and irregular galaxies
(Mp > —18) extrapolated to high luminosities and the van
Zee & Haynes (2006) relation found for isolated dwarf irreg-
ular galaxies. Both relations have a similar slope (—0.147
and —0.149, respectively) and intercept (5.67 and 5.65, re-
spectively). Our observational data have a rather high dis-
persion, but the tendency of increasing oxygen abundance
with increasing absolute B-magnitude is clear. Most of the
objects fainter than Mp=—18 are located above those rela-
tions, but many of them are TDG candidates. On the other
hand, a substantial fraction of the brighter objects tend
to be clearly below the metallicity-luminosity relations ob-
tained by previous authors. The best linear fit to our data
excluding the TDG candidates —it is well-known that they
should not follow the metallicity-luminosity relation (Duc
& Mirabel 1998)— provides a slope of —0.09940.019 and an
intercept of 6.3740.37. The slope we derive for our galaxy
sample is shallower than those provided by the Richer &
McCall (1995) and van Zee & Haynes (2006) relations.
However, the Tremonti et al. (2004) Mp—O/H relation for
all kinds of galaxies using SDSS data (plotted with a blue
dotted line in Fig. 17) show the steepest slope of all re-
lations, which has a value of —0.185. That disagree with
the conclusions reached by Tremonti et al. (2004), who ex-
plained the flattening of the M — Z relation at higher masses
because efficient galactic winds are able to remove metals
from low-mass galaxies.

Some authors (Campos-Aguilar, Moles & Masegosa
1993; Pena & Ayala 1993; McGaugh 1994) have al-
ready questioned the validity of the luminosity-metallicity
relation in starbursting galaxies. As we explained in
previous papers (Lépez-Sanchez, Esteban & Rodriguez
2004a,b), we consider that the emission of the domi-
nant young stellar population in these galaxies is increas-
ing their B-luminosity, and hence the use of the stan-
dard metallicity-luminosity relation is not appropriate for
starburst-dominated galaxies. Indeed, the increment of the
B-luminosity is moving all star-forming objects away —
towards more negative magnitudes— from the usual rela-
tions valid for non-starbursting galaxies, and even produc-
ing —incidentally— the TDG candidates to agree with the
relations.

As proposed by Hidalgo-Gamez & Olofsson (1998) and
reviewed by Salzer et al. (2005), perhaps NIR magni-
tudes are more suitable than the optical B-magnitude to
built metallicity-luminosity diagrams. Indeed, NIR mag-
nitudes are less affected by extinction and more directly
related to the stellar mass of the galaxy than the opti-
cal luminosities. Furthermore, the effect of variations in
star-formation histories and stellar populations is less pro-
nounced in the NIR than in the optical. We analysed the
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Fig. 17. Metallicity-luminosity diagrams for the objects analysed in this work. The oxygen abundance is expressed in units of
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yellow line).

behaviour of the oxygen abundance with the J, H and Kg
absolute magnitudes (see Fig. 17). As we expected, the oxy-
gen abundance increases with the luminosity. The slopes,
—0.1024+0.017, —0.099+0.016, and —0.098+0.015 for M,
My, and Mg, respectively, and intercepts, 6.2110.34,
6.23+0.33, and 6.2240.31, of the lineal fits are remark-
ably similar to the fit parameters of our Mp—O/H rela-
tion. However, these fits have a better correlation coefficient
(0.773,0.779 and 0.790) and dispersion (0.18, 0.17 and 0.17)
than those derived for the Mp—O/H relation (r =0.719 and
0=0.20). Salzer et al. (2005) found a notable decreasing of
the rms scatter of the metallicity-luminosity relation be-
tween the blue and the NIR.

The Mg,—O/H diagram shown in Fig. 17 includes the
relations obtained by Salzer et al. (2005) —which con-
sider two different empirical calibrations of their oxygen
abundance, one following the Edmunds & Pagel (1984)
method and another considering the Kennicutt, Bresolin
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& Garnett (2003) relationships— and Mendez de Oliveira et
al. (2006). These relationships have a very different slope
(—0.212, —0.195, and —0.14, respectively) and intercept
(3.919, 4.029, and 5.55, respectively) than that derived in
our analysis of the My ,—O/H relation. However, for ob-
jects with Mg, < —19, the relations provided by Salzer
et al. (2005) agree fairly well with the position of our
data points. These authors found that the slopes of the
metallicity-luminosity relations change systematically from
the shortest to the longest wavelengths, in that the rela-
tion is steepest in the blue and more shallow in the NIR. In
fact, Salzer et al. (2005) also noted that their derived Mp—
O/H relation has a much steeper slope than those found
by previously relations (i.e., Skillman et al. 1989, Richer &
McCall 1995).

The disagreement between our data and previous
metallicity-luminosity relations may arise because our sam-
ple was chosen considering WR galaxies, which host strong
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starbursts, while other samples consider any star-forming
galaxies. It may also occur because dwarf galaxies and
normal galaxies have different relations (i.e. Tremonti et
al. 2004). Another fact that can contribute to the afore-
mentioned disagreement is that the oxygen abundances
derived in previous analyses have been usually computed
via photoionization-based empirical calibrations. As we dis-
cussed before, they seem to overestimate the actual O/H
ratio by about 0.2 dex.

In Fig 17 we can see that the separation between the po-
sitions of TDG candidates and dwarf galaxies is somewhat
more evident in the metallicity-luminosity diagrams involv-
ing NIR magnitudes. POX 4 comp agrees with the relations,
and hence further analysis of this object is needed to under-
stand its real nature. On the other hand, SBS 1054+365 has
a higher oxygen abundance for its optical and NIR absolute
luminosities. We do not consider the O/H to be overesti-
mated because of the high quality of our spectra (Paper IT)
and because previous studies derived the same metallicity
(i.e., Izotov & Thuan 1998). We are also quite confident
of the correct determination of its optical and NIR magni-
tudes because of the detailed analysis we already presented
in Paper I. Hence we consider that this nearby (8 Mpc)
BCDG may have experienced a recent a strong pollution of
heavy elements which probably has not had enough time to
disperse and mix with the surrounding ISM. In Paper V we
will see that this galaxy also possesses a very high My,,/Lg
ratio, suggesting that the neutral gas is quite disturbed.
Further analysis of this intriguing object, including H1 ra-
dio data and optical spectroscopy, would be necessary to
ascertain its true nature.

Finally, another aspect that should also be addressed is
the possibility that some of the sample objects may be a
recent merger of two galaxies. In this case, the integrated
luminosity would be higher than that expected for a single
galaxy, and hence its position would be also far from the
metallicity-luminosity relations. That may be happening in
UM 420 —see Sect. 3.9 in Paper I, Sect. 3.9.3 in Paper II and
James et al. (2009)— and Tol 1457-262 (see Sect. 3.18.3 in

Paper II), which show a considerable high luminosity given
their low oxygen abundances. Hence it is more appropriate
to compare the stellar mass (and not the B or the NIR
luminosities) with the metallicity to reach any conclusions
about this topic, as we will explain in Paper V.

The nitrogen abundance also has a strong correlation
with the luminosity. Figure 18 plots the nitrogen abun-
dance, expressed in units of 12+log(N/H), as a function
of the absolute B and Kg magnitudes. As in Fig. 17, we
distinguish the TDG candidates and the intriguing objects
POX 4 comp and SBS 1054+4-365. From Fig. 18 it is also evi-
dent that the nitrogen abundance increases with increasing
luminosity. We performed a linear fit to our data (with-
out considering the problematic objects already discussed),
which is plotted with a continuous red line. In the Mp—
N/H diagram this fit yields a slope of —0.181 + 0.036 and
an intercept of 3.65+0.68. This result is virtually identical
to that found by van Zee & Haynes (2006), their relation
is shown with a green dashed line in the left diagram of
Fig. 18. The scatter of the M p—N/H relation is higher than
that found in the Mp—O/H relation, actually, we may dis-
tinguish between two kinds of objects in this figure, because
the more evolved galaxies (such as Mkn 1199, Mkn 1087,
Tol 9, ESO 566-8) and the non-starbursting systems
(Mkn 1199 NE, TRAS 0833946517 ¢, ESO 566-7) have a
higher N/H value at a given absolute B-luminosity than the
very starbursting (i.e. IRAS 08339+6517, HCG 31 AC) and
blue compact dwarf (i.e. UM 420, POX 4, SBS 0926+606 A)
galaxies. TDG candidates do not lie far from this rela-
tion. These differences are probably a consequence of the
different star-formation histories of the galaxies, as we
also explained the scatter in the observed N/O ratio at
1241og(O/H)>7.9 (see Fig. 11).

As it happened in the previous diagrams involving
the oxygen abundance, the luminosity-metallicity diagram
using NIR data has a smaller scatter (Fig. 18, right).
The fit to our data in the Mg,~N/H diagram, neglecting
TDG candidates and problematic objects, gives a slope of
—0.205+0.030 and an intercept of 2.864+0.61. The correla-
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Fig. 19. Metallicity-colour diagrams for the galaxies analysed in this work. A linear fit is shown with a continuous red line.

tion coefficient is 7=0.813 and the dispersion is 0=0.33.
In comparison, the Mp-N/H diagram has r=0.707 and
0=0.40. We note that again TDG candidates and the
galaxy SBS 1054+365 lie far from this fit, which is plotted
in Fig. 18 (right) with a continuous red line. POX 4 comp
agrees quite nicely with the relation. In both diagrams, the
position of Tol 1457-262 is far from the relation, having
a considerable high luminosity for its N/H ratio. As we
already discussed, we consider that this object may cor-
respond to a recent merger of two independent galaxies.
Hence we conclude that luminosity-metallicity relations us-
ing NIR band magnitudes are very suitable to understand
galaxy properties and evolution, providing tighter correla-
tions than those relations involving optical magnitudes.

6. Metallicity-colour relations

We analysed the relationship between the optical and
NIR colours observed in each galaxy and its metallicity.
Figure 19 plots the results for all colours (from Table 1) vs.
the oxygen abundance and a fit to the data. Although the
dispersion is large, the general trend is that galaxies with
redder colours have a higher oxygen abundance in their
ionized gas. This suggests again the relative importance of
the evolved stellar populations existing in the galaxies, and
agrees both with models of galaxy evolution (i.e., Leitherer
et al. 1999; Bruzual & Charlotte 2003) and previous ob-
servational analysis (i.e. Jansen et al. 2000; Lilli, Carollo
& Stockton 2003). Neglecting other effects (such as ex-
tinction), the birth of new generations of stars within a
galaxy will continuously increase the number of intermedi-
ate and low-mass stars, which are the typical stellar pop-
ulation that constitutes the low-luminosity component in
starburst galaxies. Hence it should be expected that as the
system evolves —increasing its metallicity— its optical and
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NIR colours are more dominated by the evolved population,
and therefore they are redder. Another interesting comment
regarding these correlations is to remark how important it
is to have an estimate of the metallicity of the galaxies when
comparing the optical/ NIR colours with the predictions of
theoretical evolutionary models (see Paper I).

Besides the N/O ratio has a large dispersion in our sam-
ple objects, we checked whether a correlation exists between
this ratio and the B —V colour. Figure 20 plots both quan-
tities considering the B — V colour of the complete galaxy
(left panel) and that derived for the old underlying popula-
tion (right panel). Both diagrams include a fit to our data
(continuous red line). Figure 20 shows the large dispersion
of the data points, but there seems to be a suggestion of a
tendency of increasing N/O with increasing B — V colour.
This tendency does not become clearer when considering
the data of the underlying stellar component. However, the
relation found using our data disagrees with that obtained
by van Zee & Haynes (2006) analysing a sample of dwarf
irregular galaxies. We note that they referred to the B—V
colour of the underlying population, but actually it is just
the integrated colour of the galaxy. The significant differ-
ence found between both samples may be a consequence
of two reasons: (i) we are comparing different objects —our
sample is composed by starbursting galaxies, many of them
BCDGs, but van Zee & Haynes (2006) analysed quiescent
dwarf irregular galaxies with star-formation histories that
are correctly modelled by simple changes in the SFR— and
(i) the N/O ratios tabulated by these authors, who used
McGaugh (1991) photoionization models in many cases, are
not well estimated —as we saw before, these models over-
estimate the oxygen abundance, and hence underestimate
the N/O ratio, as it is clearly seen in the O/H-N/O dia-
gram (Fig. 11, right) when comparing the van Zee et al.
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Fig.21. N/O ratio vs. the reddening-corrected V — R (left) and J — H (right) colours. A linear fit to our data is shown with a

continuous red line.

(1998) sample with the results provided by other authors—.
We consider that the first reason may be the most rea-
sonable explanation: objects with different star-formation
histories have different relationships between the N/O ratio
and other global characteristics such as optical colours.

However, as we commented before, using the B-
magnitude may be not ideal to compare the colours and the
chemical properties of these galaxies. Hence we also com-
pared the N/O ratio with other optical and NIR colours,
two of them (V' — R and J — H) are shown in Fig. 21. As we
already explained when analysing the N/H-L relationship
(Fig. 18), there are two kinds of objects with similar op-
tical luminosities but with different nitrogen abundances.
This is also reflected in the N/O ratio (Fig. 20, left), where
normal and dwarf non-starbursting galaxies show a higher
N/O ratio than starbursts (which have a lower N/O ratio in
Fig. 20, left). This segregation is not so evident when com-
paring the N/O ratio with the NIR luminosities (Fig. 21,
right), perhaps because the underlying component makes a
higher contribution to the NIR magnitudes, but more data
are needed to quantify this effect.

Finally, we also note that we do not see any clear rela-
tionship between the underlying population colours and the
N/O ratio: for example, the V' — R colour of the low luminos-
ity component is 0.314-0.05 for all ranges of N/O. It was not
possible to analyse the NIR colours of the low-luminosity
component in the majority of the cases (see Table 5 in
Paper I), but for the few available data it also seems that
they are metallicity-independent, showing J—H ~ 0.5+0.1
and H — Kg ~ 0.2.

7. Conclusions

We compiled and analysed globally the optical/ NIR colours
and the physical and chemical properties of the ionized
gas for a sample of 20 Wolf-Rayet galaxies. The individual
analysis of the photometry of each galaxy was presented
in Paper I, while the individual spectroscopic analysis was
discussed in Paper II. The metallicity of these galaxies lies
between 7.58 and 8.75 —in units of 12+log(O/H)-. The most
important conclusions found in this study are
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. The colours estimated for our galaxy sample, which were

corrected for both extinction and nebular emission us-
ing our spectroscopic data, agree quite well with the
predictions given by evolutionary synthesis models, es-
pecially in compact and dwarf objects. Small discrep-
ancies are explained because of the existence of several
stellar populations within each galaxy and differences in
their star-formation history. All galaxies show evidence
of an old stellar population underlying the starburst,
with ages older than 500 Myr.

. We checked that all objects can be classified as pure

star-forming galaxies. In total, we compiled 41 indepen-
dent star-forming regions, of which 31 have a direct es-
timate of the electron temperature of the ionized gas,
and hence their element abundances were derived using
the direct method. We found that younger bursts have
larger ionization budgets and are therefore capable to
heat the ionized gas to higher electron temperatures.
Both ¢(HB) and W, increase with increasing metallic-
ity, as predicted by galaxy evolution models.

We compiled the oxygen abundance and N/O, S/O,
Ne/O, Ar/O, and Fe/O ratios in our WR galaxy sample.
They generally agree well with previous observations.
The N/O ratio is found to be rather constant for objects
with 12+log(O/H)<7.6, has an important dispersion
in galaxies with 7.6<12+log(O/H)<8.3, and increases
with the metallicity in objects with 12+log(O/H)>8.3.
This behaviour is explained assuming the very different
star-formation histories that each individual system has
experienced.

We detected a high N/O ratio in objects showing clear
WR features (HCG 31 AC, UM 420, IRAS 0828+2816,
I Zw 107, ESO 566-8 and NGC 5253). The ejecta of
the WR stars may be the origin of the N enrichment in
these galaxies, but further detailed data comparing the
chemical properties of a larger sample of both WR and
non-WR galaxies, as well as careful analyses of galaxies
showing a localized high N/O ratio, are needed.

. The relative abundance ratios of the a-elements to oxy-

gen are approximately constant, which is expected be-
cause all four elements are mainly produced by mas-
sive stars. We found indications of a moderate depletion
of oxygen and iron onto grains in the most metal-rich
galaxies.

. We compared the abundances provided by the direct

method with those obtained using the most common
empirical calibrations:

— The Pilyugin-method of Pilyugin (2001a,b), which
considers the Ra3 and the P parameters and is up-
dated by Pilyugin & Thuan (2005), is nowadays the
best suitable empirical calibration to derive the oxy-
gen abundance of star-forming galaxies. The cubic
fit to Rag provided by Nagao et al. (2006) is not
valid for analysing these star-forming galaxies.

— The relations between the oxygen abundance and
the Ns or the O3 N, parameters provided by Pettini
& Pagel (2004) give acceptable results for objects
with 124+log(O/H)>8.0.

— The results provided by empirical calibrations based
on photoionization models (McGaugh 1991; Kewley
& Dopita 2002; Kobulnicky & Kewley 2004) are sys-
tematically 0.2 — 0.3 dex higher than the values
derived from the direct method. These differences
are of the same order as the abundance discrep-

ancy found between abundances determined from re-
combination and collisionally excited lines of heavy-
element ions. This may suggest temperature fluctu-
ations in the ionized gas, as they exist in Galactic
and other extragalactic H1l regions.

7. We studied the optical/ NIR luminosity-metallicity re-
lations for our sample galaxies. We found that our data
generally disagree with previous relations, perhaps be-
cause the objects analysed here host strong starbursts,
but maybe also because we used the direct method
and not the empirical calibrations to derive the oxy-
gen abundances. The L—Z relations tend to be tighter
when using NIR luminosities, TDG candidates are in-
deed easier detected using the My ,—Z relation.

8. The nitrogen abundance also has a strong correla-
tion with the luminosity, but normal and dwarf non-
starbursting galaxies show a higher N/O ratio than
strong starbursting galaxies.

9. We found that galaxies with redder colours tend to
have a higher oxygen abundance. The N/O ratio also
increases with redder colours. Both results agree with
galaxy evolution models. The colours of the underly-
ing component seem to be metallicity-independent, but
more data are still needed to confirm this trend.

We finally conclude that it is fundamental to perform a de-
tailed analysis of both the photometric (optical and NIR
magnitudes and colours of both burst and underlying com-
ponent) and the chemical (oxygen abundances, N/O ratios)
properties of these star-forming galaxies to understand the
evolutionary stage of every system. A larger galaxy sam-
ple following the ideas compiled in this work will comple-
ment the results derived from huge databases (which do
not distinguish the evolutionary state of the galaxies or
the relative contribution of the burst/underlying popula-
tions, and for which the majority of the properties have
been derived automatically and, in many cases, have consid-
ered empirical calibrations to determine the chemical abun-
dances) when analysing the global properties and evolution
of star-forming galaxies.
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Appendix A: Empirical calibrations of the oxygen abundance

When the spectrum of an extragalactic H1I region does not show the [O111] A4363 emission line or other auroral lines
that can be used to derive T, the so-called empirical calibrations are applied to get a rough estimation of its metal-
licity. Empirical calibrations are inspired partly by photo-ionization models and partly by observational trends of line
strengths with galactocentric distance in gas-rich spirals, which are believed to be due to a radial abundance gradient
with abundances decreasing outwards. In extragalactic objects, the usefulness of the empirical methods goes beyond the
derivation of abundance gradients in spirals (Pilyugin, Vilchez & Contini 2004), as these methods find application in
chemical abundance studies of a variety of objects, including low-surface brightness galaxies (de Naray, McGaugh & de
Blok 2004) and star-forming galaxies at intermediate and high redshift, where the advent of 8-10 m class telescopes has
made it possible to extend observations (e.g., Teplitz et al. 2000, Pettini et al. 2001; Kobulnicky et al 2003; Lilly, Carollo
& Stockton 2003; Steidel et al. 2004; Kobulnicky & Kewley 2004; Erb et al. 2006).

As the brightest metallic lines observed in spectra of H 11 regions are those involving oxygen, this element has been
extensively used to get a suitable empirical calibration. Oxygen abundance is important as one of the fundamental
characteristics of a galaxy: its radial distribution is combined with radial distributions of gas and star surface mass
densities to constrain models of chemical evolution. Parameters defined in empirical calibrations evolving bright oxygen
lines are

_ I([OTIT))A4959 + I([O TIT])A5007

Rs = i , (A1)
Ro3 = R3 + Ra, (A.3)

P= RR—;, (A4)

y = log % = log ﬁ (A.5)

Jensen, Strom & Strom (1976) presented the first exploration in this method considering the Rs index, which considers
the [O111] AA4959,5007 emission lines. However, were Pagel et al. (1979) who introduced the most widely used abundance
indicator, the Ro3 index, which also included the bright [O11] A3727 emission line. Since then, many studies have been
performed to refine the calibration of Rs (Edmunds & Pagel 1984; McCall, Rybski & Shields, 1985; Dopita & Evans
1986; Torres-Peimbert et al. 1989; McGaugh 1991; Zaritsky, Kennicutt & Huchra 1994; Pilyugin 2000, 2001a,b; Kewley &
Dopita 2002; Kobulnicky & Kewley 2004; Pilyugin & Thuan 2005; Nagao, Maiolino & Marconi 2006). The most successful
are the calibrations of McGaugh (1991) and Kewley & Dopita (2002), which are based on photoionization models, and
the empirical relations provided by Pilyugin (2001a,b) and Pilyugin & Thuan (2005). Both kinds of calibrations improve
the accuracy by making use of the [O111]/[O 11] ratio as ionization parameter, which accounts for the large scatter found
in the Ra3 versus oxygen abundance calibration, which is larger than observational errors (Kobulnicky, Kennicutt &
Pizagno 1999). Figure A.1 shows the main empirical calibrations that use the Ro3 parameter.

The main problem associated with the use of Ro3 parameter is that it is bivaluated, i.e., a single value of Rs3 can be
caused by two very different oxygen abundances. The reason of this behaviour is that the intensity of oxygen lines does
not indefinitely increase with metallicity. Thus, there are two branches for each empirical calibration (see Fig. A.1): the
low-metallicity regime, with 124+log(O/H)<8.1, and the high-metallicity regime, with 12+log(O/H)>8.4. That means
that a very large fraction of the star-forming regions lie in the ill-defined turning zone around 12+log(O/H)~8.20, where
regions with the same Ry3 value have oxygen abundances that differ by almost an order of magnitude. Hence, additional
information, such as the [N11]/Ha or the [O11]/[O 111] ratios, is needed to break the degeneracy between the high and low
branches (i.e., Kewley & Dopita, 2002). Besides, the Rz method requires that spectrophotometric data are corrected by
reddening, which effect is crucial because [O11] and [O111] lines have a considerably separation in wavelength.

Here we list all empirical calibrations that were considered in this work, compiling the equations needed to derive the
oxygen abundance from bright emission line ratios following every method.

Edmund & Pagel (1984): Although the Ro3 parameter was firstly proposed by Pagel et al. (1979), the first empirical
calibration was given by Edmunds & Pagel (1984),

12 + log(O/H).,, = 8.76 — 0.69 log Ras3,
12 4+ 10g(O/H)j0w = 6.43 4 1.67log Ras, (A.6)

with the limit between the lower and the upper branches at 12+log(O/H)~8.0.

McCall, Rybski & Shields (1985) presented an empirical calibration for oxygen abundance using the Rgs param-
eter, only valid for 12+log(O/H)>8.15. However, they did not give an analytic formulae but only listed it numerically
(see their Table 15). The four-order polynomical fit for their values gives the following relation:

12 + log(O/H).p = 9.32546 — 0.360465z + 0.20349422 +0.278702x° — 1.363512%, AT
P

with = = log Ro3.
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Fig. A.1. Empirical calibrations of oxygen abundance using the Ra3 parameter. Note that they are bi-valuated. The dashed zone
indicates the region with higher uncertainties in O/H. The empirical calibrations plotted in the figure are: EP94: Edmund & Pagel
(1984); M91: McGaugh (1991) using y=0 (Rz = R3); P01: Pilyugin (2001) using P = 0.5 (R2 = R3); (KD02+KK04): Kewley &
Dopita (2002) using the formulation of Kobulnicky & Kewley (2004) assuming ¢ = 7.5 x 10" cm s~'; N06: Nagao et al. (2006)
using their cubic fit to Res.

Zaritzky, Kennicutt & Huchra (1994) provided a simple analytic relation between oxygen abundance and Ra3:
12 + log(O/H),, = 9.265 — 0.332 — 0.20222 — 0.2072° — 0.333z". (A.8)

Their formula is an average of three previous calibrations: Edmunds & Pagel (1984), McCall et al. (1985) and Dopita &
Evans (1986). Following the authors, this calibration is only suitable for 12+log(O/H)>8.20, but perhaps a more realistic
lower limit is 8.35.

McGaugh (1991) calibrated the relationship between the Ro3 ratio and gas-phase oxygen abundance using H11
region models derived from the photoionization code CLOUDY (Ferland et al. 1998). McGaugh’s models include the effects
of dust and variations in ionization parameter, y. Kobulnicky et al. (1999) give analytical expressions for the McGaugh
(1991) calibration based on fits to photoionization models; the middle point between both branches is 12+log(O/H)~8.4:

12 +1og(O/H),, = 7.056 + 0.767z + 0.6022% — y(0.29 + 0.3322 — 0.33122), (A.9)
12 +1og(O/H)iow = 9.061 — 0.2z — 0.237z% — 0.30523 — 0.0283x*
—(0.0047 — 0.0221z — 0.1022% — 0.08172% — 0.007172). (A.10)

Pilyugin (2000) found that the previous calibrations using the Ro3 parameter had a systematic error depending on
the hardness of the ionizing radiation, suggesting that the excitation parameter, P, is a good indicator of it. In several
papers, Pilyugin performed a detailed analysis of the observational data combined with photoionization models to obtain
empirical calibrations for the oxygen abundance. Pilyugin (2000) confirmed the idea of McGaugh (1991) that the strong
lines of [O11] and [O 111] contain the necessary information for the determination of accurate abundances in low-metallicity
(and may be also in high-metallicity) H 11 regions. He used new observational data to propose a linear fit involving only
the Rs3 parameter,

12 + log(O/H),, = 9.50 — 1.40log Ras, (A.11)
12 + log(O/H) o = 6.53 + 1.40log Ra3, (A.12)

assuming a limit of 12+log(O/H)~8.0 between the two branches. This calibration is close to that given by Edmunds
& Pagel (1984); it has the same slope, but Pilyugin (2000) is shifted towards lower abundances by around 0.07 dex.
However, this new relation is not sufficient to explain the wide spread of observational data. Thus, Pilyugin (2001a)
give the following, more real and complex, calibration involving also the excitation parameter P:

Ras + 54.2 + 59.45P + 7.31P?
12 + log(O/H),, = . A13
+1og(0/H)up = oo e 51 037157 1+ 0.243 s (A-13)
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This is the so-called P-method, which can be used in moderately high-metallicity H 11 regions (12+log(O/H)>8.3). Pilyugin
used two-zone models of H1I regions and assumed the T.(O11) — T.(O11) relation from Garnett (1992). For the low
metallicity branch, Pilyugin (2001b) found that

12 + 10g(O/H) 0y = 6.35 + 1.45log Ra3 — 1.74 log P. (A.14)

Pilyugin estimates that the precision of oxygen abundance determination with this method is around 0.1 dex.

Pilyugin & Thuan (2005) revisited these calibrations including more spectroscopic measurements of H1I regions
in spiral and irregular galaxies with a measured intensity of the [O111] A4363 line and recalibrate the relation between
the oxygen abundance and the Rs3 and P parameters, yielding to:

Ros + 106.4 4+ 106.8P — 3.40P2
17.72 + 6.60P + 6.95P2 — 0.302R»3’
Ros + 726.1 4+ 842.2P + 337.5P2

12 + 1og(O/H)p = : A0
10800/ = 5506 £ 82.76P + 43.08P” 1 1.793 1tas ()

12 + 1Og(O/H)low =

(A.15)

Kewley & Dopita (2002) used a combination of stellar population synthesis and photoionization models to develop
a set of ionization parameters and abundance diagnostic based only on the strong optical emission lines. Their optimal
method uses ratios of [N11], [O11], [O111], [S11], [S111] and Balmer lines, which is the full complement of strong nebular
lines accessible from the ground. They also recommend procedures for the derivation of abundances in cases where only
a subset of these lines is available. Kewley & Dopita (2002) models start with the assumption that Ra3, and many of
the other emission-line abundance diagnostics, also depends on the ionization parameter ¢ = ¢ x U, that has units of
cm s~ 1. They used the stellar population synthesis codes STARBURST 99 (Leitherer et al. 1999; Vazquez & Leitherer 2005)
and PEGASE.2 (Fioc & Rocca-Volmerange 1997) to generate the ionizing radiation field, assuming burst models at zero
age with a Salpeter IMF and lower and upper mass limits of 0.1 and 120 M, respectively, with metallicities between
0.05 and 3 times solar. The ionizing radiation fields were input into the photoionization and shock code, MAPPINGS
(Sutherland & Dopita 1993), which includes self-consistent treatment of nebular and dust physics. Kewley & Dopita
(2002) previously used these models to simulate the emission-line spectra of H II regions and starburst galaxies (Dopita
et al. 2000), and are completely described in their study.

Kobulnicky & Kewley (2004) gave a parameterization of the Kewley & Dopita (2002) Ro3 method with a form
similar to that given by McGaugh (1991) calibration. Kobulnicky & Kewley (2004) presented an iterative scheme to resolve
for both the ionization parameter ¢ and the oxygen abundance using only [O 111], [O 11] and Hf lines. The parameterization
they give for g is

B 32.81 — 1.153y* + [12 + log(O/H)] [ — 3.396 — 0.025y + 0.1444y?]
 4.603 — 0.3119y — 0.163y2 + [12 + log(O/H)| [ — 0.48 + 0.0271y + 0.02037y2]’

log(q) (A.17)

where y = log([O111]/[O 11]). This equation is only valid for ionization parameters between 5x10% and 1.5x10% cm s~1.

The oxygen abundance is parameterized by

12 + log(O/H)yp = 9.72 — 0.777z — 0.95122 — 0.0722° — 0.8112* — log(q)
%(0.0737 — 0.0713x — 0.1412% + 0.03732> — 0.058z%), (A.18)
12 + 1log(O/H)jow = 9.40 4 4.65x — 3.172% — log(¢)(0.272 4 0.547z — 0.51327), (A.19)

being & = log Ra3. The first equation is valid for 12+log(O/H)>8.4, while the second for 12+log(O/H)<8.4. Typically,
between two and three iterations are required to reach convergence. Following the authors, this parameterization should
be regarded as an improved, implementation-friendly approach to be preferred over the tabulated Rs3 coefficients given
by Kewley & Dopita (2002).

Nagao, Maiolino & Marcani (2006) did not consider any ionization parameter. They merely used data of a large
sample of galaxies from the SDSS to derive a cubic fit to the relation between Ra3 and the oxygen abundance,

log Rys = 1.2299 — 4.1926y + 1.02463> — 0.063169y°, (A.20)

with y=12+log(O/H).
Besides Ra3, additional parameters have been used to derive metallicities in star-forming galaxies. Without other
emission lines, the Ny parameter, which is defined by

I([NII})A6583
Ha ’
can be used as a crude estimator of metallicity. However, we note that the [N11]/He ratio is particularly sensitive to shock
excitation or a hard radiation field from an AGN. The N5 parameter was firstly suggested by Storchi-Bergmann, Calzetti
& Kinney (1994), who gave a tentative calibration of the oxygen abundance using this parameter. This calibration has

been revisited by van Zee, Salzer & Haynes (1998); Denicold, Terlevich & Terlevich (2002); Pettini & Pagel (2004) and
Nagao et al. (2006). The Denicolé et al. (2002) calibration is

12 + 1log(O/H) = 9.12 + 0.73 N>, (A.22)

N> = log (A.21)
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which considerably improves the previous relations because of the inclusion of an extensible sample of nearby extragalactic
H1r regions. The uncertainty of this method is ~0.2 dex because N is sensitive to ionization and O/N variations,
so strictly speaking it should be used mainly as an indicator of galaxy-wide abundances. Denicolé et al. (2002) also
compared their method with photoionization models, concluding that the observed N is consistent with nitrogen being
a combination of both primary and secondary origin.

Pettini & Pagel (2004) revisited the relation between the Ny parameter and the oxygen abundance including new
data for the high- and low-metallicity regimen. They only considered those extragalactic H 11 regions where the oxygen
values are determined either via the 7, method or with detailed photoionization modelling. Their linear fit to their data
is

12 4 log(O/H) = 8.90 + 0.57N,, (A.23)

which has both a lower slope and zero-point that the fit given by Denicold et al. (2002). A somewhat better relation is
provided by a third-order polynomical fit of the form

12 + log(O/H) = 9.37 + 2.032N5 + 1.26(N2)? + 0.32(N3)?, (A.24)

valid in the range —2.5 < Ny < —0.3. Nagao et al. (2006) also provided a relation between Ny and the oxygen abundance,
their cubic fit to their SDSS data yields

log Ny = 96.641 — 39.941y + 5.2227y% — 0.22040y3, (A.25)

with y=12+log(O/H).
Pettini & Pagel (2004) revived the O3Ns parameter, previously introduced by Alloin et al. (1979) and defined by

[O111) A5007/HS

O3sNy =1 . A.26
372 = %8 INTI] 26583/ Ha (4.26)

Pettini & Pagel (2004) derived the following least-square linear fit to their data:

12 + log(O/H) = 8.73 — 0.3205N>. (A.27)

Nagao et al. (2006) also revisited this calibration and derived a cubic fit between the O3Ny parameter and the oxygen
abundance,

log O3 Ny = —232.18 + 84.423y — 9.9330y2 + 0.37941y/3, (A.28)

with y=12+log(O/H).

Other important empirical calibrations that were not used in this study involve the Ss3 parameter, introduced by
Vilchez & Esteban (1996) and revisited by Diaz & Pérez-Montero (2000); Oey & Shields (2000) and Pérez-Montero &
Diaz (2005). In the last years, bright emission line ratios such as [Ar11]/[O111] and [S111]/[O111] (Stasiriska 2006) or
[Netr)/[O111] and [O111]/[O11] (Nagao et al. 2006) have been explored as indicators of the oxygen abundance in H 11
regions and starburst galaxies. Peimbert et al. (2007) suggested to use the oxygen recombination lines to get a more
precise estimation of the oxygen abundance. Nowadays, there is still a lot of observational and theoretical work to do
involving empirical calibrations (see recent review by Kewley & Ellison 2008), but these methods should be used only
for objects whose H 11 regions have the same structural properties as those of the calibrating samples (Stasiiska 2009).
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Table A.1l. List of the parameters used to compute the oxygen abundance in all regions with a direct estimation of Te using
empirical calibrations.

Region Ro3 P =R3/R23 y =log(R3/R2) N2 O3N2 qrpo20”
HCG 31 AC 5.42 0.571 0.125 0.104 1.349 3.76E+407
HCG 31 B 7.93 0.408 -0.162 0.101 1.381 4.91E+407
HCG 31 E 7.12 0.511 0.020 0.090 1.486 7.40E+07
HCG 31 F1 8.91 0.819 0.656 0.034 2.201 5.78E+407
HCG 31 F2 7.60 0.724 0.418 0.036 2.064 6.28E+407
HCG 31 G 8.20 0.499 -0.002 0.106 1.462 6.96E407
Mkn 1199 C 7.69 0.809 0.627 0.131 1.555 1.55E+08
Haro 15 A 9.73 0.884 0.881 0.027 2.378 8.55E407
Mkn 5 Al 7.58 0.748 0.473 0.051 1.915 6.96E407
Mkn 5 A2 8.19 0.702 0.372 0.049 1.944 1.72E+08
TRAS 08208+2816 C 7.77 0.793 0.583 0.129 1.558 8.55E407
POX 4 10.68 0.906 0.986 0.015 2.697 1.05E+08
UM 420 6.45 0.649 0.268 0.099 1.497 4.81E+407
SBS 0926+606A 7.40 0.811 0.632 0.026 2.227 6.68E+07
SBS 0948+532 8.85 0.874 0.843 0.022 2.430 2.54E+08
SBS 1054+365 9.33 0.893 0.920 0.020 2.503 9.10E+407
SBS 12114540 7.22 0.892 0.918 0.008 2.788 1.16E+08
SBS 1319+579A 9.92 0.908 0.996 0.014 2.671 1.05E+08
SBS 1319+579B 7.13 0.722 0.415 0.046 1.922 6.15E407
SBS 1319+579C 7.11 0.710 0.389 0.052 1.860 5.91E+07
SBS 1415+437C 5.22 0.783 0.558 0.015 2.301 5.91E+407
SBS 1415+437A 4.86 0.810 0.629 0.012 2.370 5.44E+07
IIT Zw 107 A 7.13 0.701 0.369 0.100 1.573 5.78E407
Tol 9 INT 4.58 0.689 0.345 0.252 0.973 4.16E+407
Tol 9 NOT 4.78 0.629 0.230 0.287 0.894 3.39E407
Tol 1457-262A 9.89 0.773 0.532 0.033 2.236 9.91E+407
Tol 1457-262B 9.00 0.792 0.582 0.020 2.417 1.41E+08
Tol 1457-262C 8.88 0.669 0.359 0.036 2.099 7.16E407
ESO 566-8 5.17 0.505 0.008 0.414 0.693 3.19E+407
NGC 5253 A 9.20 0.851 0.756 0.102 1.754 6.82E+07
NGC 5253 B 9.38 0.856 0.775 0.086 1.841 7.11E+07
NGC 5253 C 8.03 0.773 0.532 0.041 2.046 2.60E+08
NGC 5253 D 7.67 0.527 0.048 0.079 1.582 7.72E+07

@ Value derived for the g parameter (in units of cm s~1) obtained using the optimal calibration given by Kewley & Dopita (2002).
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Table A.2. Results of the oxygen abundance, in the form 12+log(O/H), for objects with a direct estimation of the metallicity,
considering several empirical calibrations.

Region Branch Te EP84 MRS85 M91 ZKH94 P00 P01¢ PT05° KD02 KK04 D02 PP04a PP04b PP04c N06ac NO6b NO6¢
R2s3  Ras Res,y Ros Ros Ros, PRos, PRos, qRas, g No No Na O33Nz Roz No O3Np

HCG 31 AC 8.224+0.05 8.25 8.89 8.67 874 847 815 809 7.99 812 840 834 829 830 805 816 8.22
HCG 31 B 8.144+0.08 8.14 848 829 844 824 822 812 841 844 839 833 828 829 8.07 816 8.20
HCG 31 E 8.13+0.09 8.17 8.62 814 853 831 818 813 819 832 835 830 826 825 807 811 8.15
HCG 31 F1 8.07+0.06 8.02 8.30 8.13 .. 7.8 812 7.99 846 833 8.05 8.07 8.09 8.03 .. 7.81 7.67
HCG 31 F2 8.03+0.10 7.90 854 8.06 848 7.76 813 7.95 819 827 8.06 8.07 810 8.07 807 7.83 7.79
HCG 31 G 8.154+0.08 8.13 843 826 840 822 811 817 831 842 841 834 829 826 807 817 8.16
Mkn 1199 C 8.75+0.12 9.37 9.26 9.00 9.18 9.19 871 854 9.14 9.14 892 874 890 881 9.18 8.78 8.94
Haro 15 A 8.104+0.06 8.08 8.14 .. 791 812 812 848 834 7.98 801 8.05 797 .. 774 7.38
Mkn 5 Al 8.07£0.07 7.90 8.54 8.04 848 7.76 813 813 819 826 818 817 816 812 8.07 7.94 7.89
Mkn 5 A2 8.0840.07 7.95 843 814 841 7.81 792 817 818 833 816 815 815 811 807 7.92 7.87
IRAS 0820842816 8.33£0.08 8.15 8.50 8.55 8.46 8.25 8.42 835 835 825 847 839 834 823 835 8.23 811
POX 4 8.03+0.04 8.15 8.20 .. 797 792 8.06 848 840 7.78 7.86 791 7.87 .. 753 ..

UM 420 7.95+£0.05 7.78 873 798 861 766 7.85 7.86 8.02 8.16 820 839 833 828 7.57 8.15 814

SBS 0926+606A 7.94+0.08 7.88 857 797 850 7.75 v.7r 7.80 817 820 7.97 800 8.05 802 7.71 7.73 7.64

SBS 0948+532 8.03+0.05 8.01 8.31 8.06 .. 7.8 782 810 834 828 791 795 8.01 7.95 .. 8.01
SBS 1054+365 8.00+£0.07 8.05 8.21 8.09 .. 789 7.8 791 848 830 7.87 7.93 798 7.93 .. 7.63
SBS 1211+540 7.65+£0.04 7.86 860 7.85 852 7.73 7.68 7.65 802 810 758 7.70 7.69 7.84 7.68 7.31
SBS 1319+579A 8.054+0.06 8.09 8.13 793 811 811 848 833 7.77 785 7.90 7.88 7.52

8.124+0.10 7.85 8.62 801 853 7.72 813 812 813 823 814 814 814 811 807 790 7.89
8.15+0.07 7.85 8.62 802 853 7.72 813 813 812 823 818 817 816 813 8.06 7.94 7.93
7.58£0.05 7.63 891 772 876 7.53 7.57 755 786 7.99 779 786 792 799 7.39 7.55 7.55
7.61£0.06 7.58 896 T7.64 880 749 750 748 782 7.92 772 781 786 797 7.34 7.48 7.41

SBS 13194-579B
SBS 1319+579 C
SBS 1415+437 C
SBS 14154437 A

alalsiniolololiaiisisiioclololololelol ol ol ol ol el ol aiss Bl ol eiissfaslas)

III Zw 107 8.23+0.09 8.17 8.62 857 853 831 840 835 813 824 839 833 828 823 846 815 8.10
Tol 9 INT 8.584+0.15 8.30 9.00 8.76 884 858 861 855 895 890 8.68 856 854 842 877 846 8.40
Tol 9 NOT 8.55+0.16 8.29 897 873 881 855 856 850 894 888 872 859 859 844 875 851 8.44
Tol 1457-262A 8.054+0.07 8.09 8.26 .. 792 811 820 858 842 8.04 8.06 8.09 8.02 .. 7.80 7.63
Tol 1457-262B 7.88£0.07 8.55 8.21 .. 787 791 821 838 829 7.8 7.93 7.99 7.96 .. 760 ..

Tol 1457-262C 8.06£0.11 8.48 8.21 ... 7.88 8.00 824 848 837 807 8.08 810 8.06 .. 7.83 177
ESO 566-8 8.46+0.11 8.27 892 8.68 877 850 844 838 892 884 884 868 876 851 870 8.66 8.53
NGC 5253 A 8.18+£0.04 8.09 8.24 8.13 ... 815 811 813 8.53 833 840 834 828 8.17 ... 816 8.00
NGC 5253 B 8.194+0.04 8.09 8.21 8.14 .. 814 811 813 848 834 834 829 825 814 .. 810 7.94
NGC 5253 C 8.2840.04 8.14 846 853 842 823 838 832 867 863 811 811 813 8.08 830 7.87 7.80
NGC 5253 D 8.31+£0.07 8.15 8.52 8.19 847 8.26 823 817 832 837 831 827 823 822 837 8.07 8.10

NOTE: The empirical calibrations and the parameters used for each of them are: EP84: Edmunds & Pagel (1984) that involves the Ra3
parameter; MRS85: McCall, Rybski & Shields (1985) using Ra3; M91: McGaugh (1991) using Rao3 and y; ZKH94: Zaritzky, Kennicutt &
Huchra (1994) using R23; P00: Pilyugin (2000) using R23; P01: Pilyugin (2001a,b) using R23 and P; KD02: Kewley & Dopita (2002) using
Ro3 and g; KK04: Kobulnicky & Kewley (2004) using Ra3 & ¢; D02: Denicold, Terlevich & Terlevich (2002) using the N2 parameter; PP04:
Pettini & Pagel (2004), using (a) N2 with a linear fit, (b) N2 with a cubic fit, (¢) the O3 N2 parameter; N06: Nagao et al. (2006) using the
cubic relations involving the Ra3 (a), N2 (b) and O3N2 (c) parameters. The value compiled in the column labeled Te is the oxygen
abundance derived by the direct method.

@ The value listed for P01 is the average value between the high- and the low-metallicity branches for objects with 7.90<12+log(O/H)<8.20.
b The value listed for PT05 is the average value between the high- and the low-metallicity branches for objects with
8.05<12+1og(O/H)<8.20.

¢ The value listed for NO6 is the average value between the high- and the low-metallicity branches for objects with 8.00<12+log(O/H)<8.15.
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