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Abstract

Active star formation in galaxies takes place in HII regions harbouring young massive stars
within an extended ionized gaseous component. Their relative structural simplicity and
characteristic emission line spectrum make them ideal laboratories to study the physical
properties and chemical composition of gas and stars in galaxies. Chemical abundances
can be derived for Galactic and relatively nearby extragalactic HII regions, as well as for
distant galaxies, applying different techniques. In this talk an overview of the derivation
of chemical abundances for HII regions in galaxies is presented, with an emphasis on the
different domains of spatial resolution covered by the data, from spatially resolved integral
field spectra of HII regions in the Milky Way and nearby galaxies to integrated spectra
of more distant galaxies. With the upcome of the new integral field spectrographs a wide
coverage at good spatial sampling of galaxies and HII complexes is now possible. This
new 2D spectroscopy provides us more realistic information and useful constrains to study
the chemical enrichment process of the interstellar medium and some of the fundamental
relations governing galaxy evolution.

1 Introduction

Massive star formation in galaxies takes place in HII regions where the youngest generations
of stars are hosted. Massive stars ionize their sourrounding gas producing the observed large
variety of morphologies of HII Regions, as well as their characteristic emission line spectra.
Giant HII regions in spiral and irregular galaxies have been observed since many years ago,
and spectroscopy of these objects has been obtained by some pioneering works during the
first decades of the past century (e.g. [1]). Subsequent seminal work on spectroscopy of
extragalactic HII regions was carried out by [76], Shields and coworkers (e.g. [70, 44]), [37]
and notably by Pagel and collaborators (e.g. [51, 52, 50, 89, 86, 15]).

Thanks to their emission line spectrum, giant HII regions constitute a powerful tool
for deriving the chemical properties of the interstellar medium (ISM) in nearby and distant
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galaxies. These objects are luminous enough to be observed in distant galaxies, thus allowing
their chemical abundances to be derived. Since star-forming galaxies can be observed up
to very large distances they can provide very useful information on the cosmic chemical
evolution.

Giant HII regions populate the disks of star-forming galaxies and they can be studied
at many different spatial scales, going from the nearby to the very distant universe. In this
context, a spatial scale limitation has emerged in the observation of HII regions which has
to be taken into account. This is imposed by the distance to the galaxies and by the typical
size of the regions and can become very serious for distant star-forming galaxies, for which
observed spectra typically integrate the flux of the entire galaxy. In contrast, the study of
abundances in Galactic HII regions has been performed at very small spatial scales using
HST. For giant extragalactic HII regions, as the ones observed in the disks of spiral galaxies,
the spectroscopic information available can give us only average properties for their ionized
gas and star clusters. Therefore, physical properties such as the electron temperature or the
electron density of the ionized gas, which can be derived from the relevant emision line ratios,
must be understood as average values and they should not be used without a reference to
the corresponding spatial scales for which they were derived

In addition, for the study of the Milky Way (MW) and nearby galaxies we have access
to several other sources of information of their chemical composition which are difficult or
non availble for more distant objects. As an example, the oxygen abundance of the ISM
of our Galaxy (MW) has been derived from measurements of the interstellar OI λ 1356Å
absorption line (e.g. [77]). Planetary nebulae have been also used to derive abundances and
their gradients (e.g. [79]) in our Galaxy (MW) and in external galaxies (e.g. M 33, see [10]).
On the other hand, massive stars have been used to derive the abundance gradient in the
MW and also in nearby galaxies (e.g. [74, 75, 85, 8] and references therein) as well as the
abundance of massive clusters, near the center of our Galaxy, such as the Arches cluster
(e.g. [49]).

Given the relative simplicity of the physics governing HII regions, these objects can
be used to derive fundamental information on the properties of the ionized gas and massive
stars. Among this information, one of the more relevant properties derived is the metal
content of the gas. Metallicity is one of the fundamental parameters governing the evolution
of galaxies; thus the derivation of the chemical composition of the ISM of galaxies can offer us
a powerful tool to constrain their metallicity. The chemical content of the gas in HII regions
can be derived from measurements of the flux of metallic lines present in their spectra.
This methodology has provided precious information for our current understanding of the
chemical evolution of galaxies. For example, it is well known that spiral galaxies show radial
abundance gradients (see e.g. [52, 44, 89, 24, 62] and references therein). For these galaxies
valuable information has been obtained from the abundance gradients of elements oxygen,
nitrogen, sulfur or carbon (e.g. gradient slope and maximum metallicity value expected at
their center).

Finally, with the advent of modern integral field spectroscopy units (IFU), the study
of chemical abundances in galaxies has entered a new era, which we believe very promising.
The opportunity to derive the 2D distribution of metallicity of an entire galaxy represents an
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enormous source of information which requires the application of efficient new methodologies.
This approach will provide a more complete vision of the chemical evolution of galaxies.
Recent work on this field (e.g. [34, 65, 68, 47, 22]) appears to go in this direction. Therefore,
both galaxy structure and morphology, as well as the 2D information of the massive stellar
content and chemical composition, should be analysed together in order to achieve a better
understanding of the photo-chemical evolution of galaxies.

2 Derivation of the chemical abundances of the ionized gas

Thanks to their well known characteristic emission line spectrum, HII regions provide an
efficient tool to determine the chemical content of the ISM in galaxies. The derivation of
chemical abundances of elements like oxygen, nitrogen, carbon, sulphur, neon or argon, among
others, can be perfomed using their emission lines in the spectra of HII regions. When the
physical properties of the ionized gas are well known, especially electron temperature and
density, ionic abundances can be derived directly from the measured line fluxes; this is the
so called direct method. In order to derive chemical abundances using the direct method the
physical properties of the ionized gas, electron density and temperature, have to be calculated.
Within the optical range of the spectrum, useful and popular density diagnostics for HII
regions include: [SII]λλ 6717/6731 and [OII]λ]λ 3726/3729; and temperature sensitive lines
include: [OIII]λ 4363, [NII]λ 5755, [OII]λλ 7320,30 and [SII]λλ 4060,70. The measurement of
the H Balmer decrement in the optical range can be used to derive the reddening coefficient
and, once a dust model and spatial distribution are assumed, the spectra can be corrected
from extinction.

The abundances of elements can be derived using either the faint recombination lines
(ORL) or the -much brighter- collisionally excited lines (CEL) (or both) produced by the
corresponding ions. Each selection has its pros and cons; the CEL easily observed in the
optical range, though usually bright, require accurate derivation of the electron temperature.
In contrast, the emissivities of infrared CEL or optical ORL do not depend much on the elec-
tron temperature, though (unfortunately) ORL are very faint and virtually no measurements
exist for external galaxies yet, even with very large telescopes. Conversely, observations of
infrared CEL have been performed for many object now, though they require high altitude or
space observatories. Relevant work on abundances using ORL (e.g. [19, 84]) or the infrared
CEL (e.g. [3] and references therein) for the derivation of chemical abundances in gaseous
nebulae can be found in the recent literature. For the purpose of this work we will focus on
the methodology based on the optical CEL for the derivation of abundances. Nonetheless,
the results obtained using both (CEL, ORL) methodologies will be taken into account.

The derivation of gaseous chemical abundances is based on the definition of the ion-
ization structure of the region. A valid assumption of the ionization structure is the socalled
standard two-zones scheme. This simplified scheme —obviously an approximation— assumes
that there are two zones of ionization, one including all high ionization ions like O++, Ne++,
N++, and another one including the lower ionzation ions, like O+, N+, S+. The HII region is
considered non isothermal and for each ionization zone an electron temperature has to be as-
sumed; typically the electron temperature derived from the [OIII] temperature sensitive lines
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is assigned to the high ionization zone, whereas the electron temperature derived from the
[NII] or [OII] lines is assumed for the lower ionization zone. Once the electron temperatures
and densities are known, the abundance of each ion can be calculated from its corresponding
equilibrium equation and line intensities measured in the spectra (see e.g. [53, 61]). The total
abundance of a given element is computed adding the abundances of its different ions; for
example for a typical HII region the total abundance of oxygen will be computed as O/H =
O++/H+ + O+/H+, where both ions of oxygen can be derived from emisison lines present in
the optical spectrum. However, in some cases not all the ionic abundances are known and it
becomes necessary to make use of an ionization correction factor (ICF) in order to calculate
the total abundance from the ionic abundances derived. These ICF are very useful and can
be computed using photoionization models and/or on the basis of ab initio simple ionization
structure prescriptions (e.g. [55, 53]).

Despite the apparent simplicity of the methodology exposed above for the determination
of chemical abundances in HII regions, there are still several relevant issues that have to be
considered and need to be explained; among these we can highlight here the following:

i. The CEL vs ORL dichotomy and the proposed scenario of electron temperature fluc-
tuations in nebulae [54]: ORL abundances of some ions use to be systematically larger
than the corresponding ones computed using CEL (e.g. [73]).

ii. The presence of possible chemical inhomogeneities in the onized regions (e.g [83, 84]),
an interesting problem intimately related to nucleosynthesis and the physics of metal
dispersion and mixing in the ISM.

iii. Depletion of metals (e.g. oxygen, iron) in dust grains (e.g. [23, 71]).

iv. The effect of the complex geometry of the HII regions in the observed ionization struc-
ture, a fact nicely illustrated by recent 3D photoionization modelling [17, 18] and likely
linked to the ionizing photons leakage [26].

v. Our knowledge of the ionizing spectra of hot massive stars is still plagued by many and
profound uncertainties, specially in the extreme ultraviolet.

vi. The strong limitations imposed by distance on the (effective) spatial sampling and cov-
erage of the objects observed, which can lead us to serious aperture problems. Therefore
caution must be exercised when comparing e.g. spectra of (samples of) galaxies located
at different distances in order to minimize aperture and sampling effects.

At present there are strong evidences that the metallicity scale derived with the direct
method in HII regions is reliable: e.g. [8] have shown that oxygen abundances derived using
this methodology for the HII regions of the nearby spiral NGC 300 agree well with the cor-
responding stellar abundances. Also, the interstellar oxygen abundance in the solar vicinity,
derived using high resolution observations of the OIλ 1356 absorption line, agree well with
the oxygen abundance of corresponding HII regions derived using the direct method [77]; see
also [60]. In the same line, [92] have observed ultraviolet resonance absorption lines in the
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spectra of central stars of planetary nebulae produced by nebular gas ions which emit also
CEL. They confirmed that the column densities derived for each ion both from CEL and
absorption lines are in basic agreement, concluding that abundances based on forbidden lines
are most reliable.

All in all, the estimated correction of the O/H abundance due to effects i, ii, and
iii mentioned above could reach, on average, to values of order 0.2 dex typically (cf. [73]).
This correction is important and non negligible especially for nearby HII regions, though the
figure above seems comparable to the typical error in O/H provided by empirical strong-lines
calibrations. It has been suggested that direct derivation of the O/H abundance for high-
metallicity HII regions could lead to wrong values [79] on the basis of the strong electron
temperature gradients predicted by photoionization models. To date no clear evidence of
this effect has been reported in the literature (e.g. [6]). Perhaps one of the more relevant
aspects —frequently overlooked— in physical models of HII regions is the exact geometry of
the region (see [17] for the MOCASSIN 3D code). The inclusion of this factor could provide
new light, for example, for the understanding of some of the discrepancies between ionic
abundances derived from CEL and ORL in the optical, versus the corresponding abundances
derived from CEL in the mid infrared. These improvements in HII region modeling should
be accomplished after including also better models of the spectral energy distribution for the
ionizing stars (points iv and v above; e.g. [72]). The last item outlined above (point vi) can
introduce severe biases in the calculation of chemical abundances, especially when they are
derived from integrated spectra covering different areas, from the scale of giant HII regions to
several kpc or even most part of a galaxy. It seems clear that, given the huge range of spatial
scales involved, before deriving chemical abundances from integrated spectra we should have
a better understanding of the effects caused by the loss of spatial information (e.g. [64]).

Given the high sensitivity of the [OIII]λ 4363 line to electron temperature it is very
difficult to observe it for regions with metallicity near or above solar. This seems true even
for observations with the large aperture telescopes presently available. Nonetheless, other
temperature sensitive lines in the optical range, such as [NII]λ 5755 and [SIII]λ 6312 could
still be measured for an important fraction of the high metallicity domain with present 8m
class telescopes, provided that deep enough exposures are allowed.

When no electron temperature measurement can be obtained, a direct derivation of the
element abundances is no longer possible. Therefore in this case in order to derive abundances
one has to rely on the socalled abundance calibrations. These calibrations provide a relation
between the abundance of a given element —usually oxygen— and a combinations of the
flux of bright emision lines, which can be easily measured in the spectra. These calibrations
can be purely empirical , i.e. based on measurements of samples of selected well studied
objects. [51, 2] first suggested that some emission line ratios can be calibrated in terms of
the oxygen abundance. Up to date quite a few relations have been proposed to calibrate
different emission line ratios into metallicity (e.g. [93, 87, 58, 59, 57, 56, 63]). Alternatively,
the calibrations can be theoretical i.e. based on the predictions of grids of photoionization
models (e.g. [16, 45, 35]). A thorough comparative analysis of the different calibrations can
be found in [56, 36] or [39]. Very recently, the mid IR line ratio [NIII]/[OIII] has been
proposed as a useful empirical abundance calibrator for star-forming galaxies emitting in this
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Figure 1: The oxygen abundance gradient of M 101. Top panel: O/H derived from the
direct method versus galactocentric distance(in units of R25) for HII regions with measured
electron temperature; the linear least squares fit to the data is shown by a continuous line.
Middle and bottom panels: O/H derived applying two versions of the improved abundance
calibration of [63]; the linear fit of the top panel is shown.

wavelength range [48]; this line ratio could be a useful indicator for bright distant starburst
galaxies.

In practice, errors are usually much larger for the abundances derived via calibrations
(typically ∼ 0.2 dex), though recent work has provided improved empirical calibrations which
have reduced errors substantially. In Fig. 1 we show the O/H abundance gradient of M 101
obtained using the recent improved calibrations of [63] and also from the direct derivation
of the oxygen abundance. Empirical calibrations can be very useful to derive abundances
for large samples of objects and they became, in practice, the only way to estimate the
metallicity of distant (star forming) galaxies. There is also an alternative way to derive the
physical properties and chemical abundances of the ionized gas based on the tailor made
model fitting of the spectra of selected objects. This method has proven to be very powerful
though it has been applied only to several well observed objects.
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3 Gas-phase chemical abundance gradients in galaxies

Spectroscopy of HII regions in galaxies remains and essential tool for the determination of
element abundances of the ISM; the knowledge of these abundances and their variations
across galaxies is a key ingredient for the study of chemical evolution. During the last years
a considerable amount of work has been carried out obtaining and refining gas-phase element
abundances and abundance gradients in galaxies. It is now well known that spiral galaxies
present a negative radial gradient of chemical composition, with the highest abundance values
localized in their centers, and typically reaching Z� to 1.5Z�. Besides, irregular and dwarf
galaxies in general do not show measurable abundance gradients, suggesting a substantial
degree of homogeneity of the chemical composition of their ISM.

The amount of work on abundance gradients of relatively nearby spiral galaxies has been
increasing over the recent years; for distant galaxies, though, the derivation of abundances,
gradient slope and maximum central metallicity are parameters not well known yet. These
parameters are fundamental for our understanding of, for example, the process of galaxy
formation and chemical evolution. Recent findings suggest that z ∼ 2 galaxies could have
formed their disks during an inside-out process, combining important amounts of gas inflow
in their very initial phases [33, 13]. For nearby galaxies, oxygen abundance gradients have
been derived for a large collection of objects; also gradients of nitrogen, sulphur, neon and
argon, among other elements have been derived for a handful of objects too. Abundance
gradients of O/H and N/H for a representative sample of spirals presenting a good radial
coverage of HII regions can be found in [62] and references therein.

Relevant examples of spiral and irregular galaxies for which derivation of high quality
chemical abundances and/or gradients is available include the following: NGC 300 [8]; NGC
1365 [7]; NGC 5194 = M 51 [15, 25]; NGC 5457 = M 101 [20, 82]; NGC 6822 [31, 30];
NGC 2366 [28]; SMC [80]; NGC 598 = M 33 [89, 41, 10]; and the Milky Way [69, 87, 14].
Nonetheless, for a number of well known galaxies high quality observations are still lacking;
this is the case of our neighbour M 31, for which the HII region population remains poorly
studied spectroscopically.

Despite the customary assumption of radial gradients, real abundance gradients in
galaxies should not necessarily follow a purely radial behaviour. Observers many times
(naively) expect to derive well-behaved, smooth radial abundance gradients; however, these
well behaved gradients may not exist at all, especially in those galaxies suffering substantial
gas flows, as it has been illustrated by e.g. [90]. In this last work we can see the effects
on abundance gradients produced by cyclonic/anticyclonic gas flows near co-rotation radius,
giving rise to non-negligible departures from the radial gradient. In this line, similar effects
have been reported for the slope of abundance gradients of galaxies with central bars, for
which a flattening of the gradient was expected (e.g. [42, 66]); also the presence of a break
in the outermost abundance gradient of some spiral galaxies has been reported [27, 9]. A
flattening of the outer abundance gradient of the Milky Way has been reported from HII
regions [87] and planetary nebulae [40] observations.

From the theoretical point of view, the shape of the gradient can be a key ingredient for
models of galaxy formation. The inside-out scenario of galaxy formation predicts metallicity



138 Metals in HII regions

gradients that are flatter at large galactocentric distances. The disk is built up via gas
infall with a time scale of formation increasing with galactocentric distance [43, 5, 12]; see
also [46]. Chemodynamical models also predict a plateau of the abundance gradient at large
galactocentric distance and likewise in the central region [67, 29]. Finally, the theory of viscous
evolution of a star-forming disk (e.g. [38, 21]) predicts an angular momentum redistribution
and gas flows, which in turns could lead to a flat abundance gradient of the ISM in the outer
parts of spirals (e.g. [78, 81]). These effects are important to bear in mind since the derivation
of the slope of the gradient, as well as, of the maximum and minimum metallicity values,
are valuable observational clues to test the different theoretical predictions. Moreover, the
existence of 2D —or 3D?— galactic structures, possibly associated to the invoked mass flows
in the disks, then appear to be of extraordinary relevance for modern chemical evolution
studies.

Thus a corollary of this analysis is that the next step forward in the study of chemical
abundances in galaxies would require using the powerful 3D spectroscopic capabilities pro-
vided by present (and future) IFU instruments: the new observations should produce more
realistic abundance maps of galaxies, rather than just radial 1D gradients. These metallicity
maps will allow: i) the detection of possible spatial structures and/or asymmetries, sampling
the global 2D variance in the abundance gradients at the scale of the disks (e.g. [65, 10]) and
ii) the study of the chemical homogeneity of the ISM, at the scale of the giant HII complexes
(e.g. [88, 83, 22, 47] and references therein), across the entire face of galaxies.

A handful of recent observations with modern IFU spectrographs will shed new light on
the study of the chemical evolution of galaxies: e.g. for spirals with PPAK (e.g. [65, 68]) and
VIRUS-P [4]; for irregulars and dwarfs with VIMOS (e.g. [32]), FLAMES (e.g. [47]) or PMAS-
PPAK (e.g [34, 11]) and for giant HII complexes with GMOS (e.g. [91]) and PMAS-PPAK [64,
22]. More IFU panoramic observations are needed to study the metal content of galaxies and
to provide critical constraints to theoretical models of their chemical evolution; also to help to
derive chemical yields and to understand the fundamental relations between the metal content
and macroscopic properties of galaxies (such as the mass-metallicity-luminosity relations).
Finally, this new 2D information will help us to constrain galaxy formation scenarios, also
taking into account the influence of the environment of galaxies, i.e. testing the effects of
interactions and of dense environments (such as groups and clusters) on galaxy photo-chemical
evolution.
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