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Abstract. We present spectroscopy of mid-infrared emission lines in twelve starburst regions, located in eleven starburst galax-
ies, for which a significant number of lines between 2.38 and 45µm were observed with the ISO Short Wavelength Spectrometer,
with the intention of providing a reference resource for mid-infrared spectra of starburst galaxies. The observation apertures
were centred on actively star forming regions, including those which are inaccessible at optical wavelengths due to high levels
of obscuration. We use this data set, which includes fine structure and hydrogen recombination lines, to investigate excitation
and to derive gas phase abundances of neon, argon, and sulphur of the starburst galaxies. The derived Ne abundances span
approximately an order of magnitude, up to values of∼3 times solar. The excitation ratios measured from the Ne and Ar lines
correlate well with each other (positively) and with abundances (negatively). Both in excitation and abundance, a separation
of objects with visible Wolf-Rayet features (high excitation, low abundance) is noted from those without (low excitation, high
abundance). For a given abundance, the starbursts are of relatively lower excitation than a comparative sample of H II regions,
possibly due to ageing stellar populations. By considering the abundance ratios of S with Ne and Ar we find that, in our higher
metallicity systems, S is relatively underabundant by a factor of∼3. We discuss the origin of this deficit and favour depletion
of S onto dust grains as a likely explanation. This weakness of the mid-infrared fine structure lines of sulphur has ramifications
for future infrared missions such asSIRTFandHerschelsince it indicates that the S lines are less favourable tracers of star
formation than is suggested by nebular models which do not consider this effect.
In a related paper (Sturm et al. 2002), we combine our results with spectra of Seyfert galaxies in order to derive diagnostic
diagrams which can effectively discriminate between the two types of activity in obscured regions on the basis of excitation
derived from detected mid-infrared lines.
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1. Introduction

By definition, starburst galaxies are hosts to sites of recent star
formation with associated rates that cannot be maintained over
a Hubble time, which can be much higher than that determined
for the Milky Way. Starburst galaxies are believed to contribute
significantly to the population of massive stars in the Universe
(Gallego et al. 1995). Within 10 Mpc, approximately 25% of
high mass star formation is attributed to only four starburst
galaxies (Heckman et al. 1998). The reported increase in the
star formation density of the Universe for 0.1 <∼ z <∼ 2 (e.g.
Madau et al. 1996, 1998; Barger et al. 2000) and the high fre-
quency of starbursts with disturbed morphologies or in inter-
acting/merging systems both imply that starbursts are likely to
play an important role in galaxy formation and evolution sce-
narios. By virtue of their proximity, local starbursts can be used
as astrophysical laboratories to investigate the processes that
may be ongoing at higher redshifts. However, despite intensive
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observational and theoretical modelling campaigns, the prop-
erties of local starbursts are still not fully understood. In par-
ticular, their stellar populations and the state of the interstellar
medium remain difficult to constrain.

Observable expressions of a starburst depend upon a num-
ber of factors, including the stellar initial mass function (IMF),
star formation history and the ageing/evolution of the stellar
population. Both the evolution of the stellar population and the
spectra of individual stars are a function of metallicity, which
provides the motivation for studying the effects of metallicity
that we consider in this paper. A galaxy’s interstellar medium
affects nebular diagnostics and, through obscuration, also di-
rect stellar ones. The widely used local Scalo (1986) IMF
may not be reflective of the stellar mass content for starburst
galaxies. IMFs modified at either the low or high mass end
have been invoked to explain observationally derived properties
of starbursts such as dynamical masses, spectral line strengths,
continuum flux and radial velocities (e.g. Rieke et al. 1980;
Puxley et al. 1989; Doyon et al. 1994; Doherty et al. 1995;
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Achtermann & Lacy 1995; Beck et al. 1997; Sternberg 1998;
Coziol et al. 2001). The limit on the upper end of the IMF re-
mains a controversial issue; mass limits as low as 30M� have
been proposed. However, the presence of high mass stars (up
to 100 M�) is well known in sites of extreme star formation
located both in the Galaxy and the local universe (e.g. Krabbe
et al. 1995; Serabyn et al. 1998; Eisenhauer et al. 1998; Massey
& Hunter 1998; Tremonti et al. 2001). In addition, the detection
of Wolf-Rayet features in several starbursts implies that their
progenitor stars with masses>∼25−60 M� were once present
(Schaerer 2001, and references therein).

Analysis of mid-infrared nebular emission lines shows that
the excitation of dusty starbursts is often lower than that of
Galactic H II regions (Thornley et al. 2000). From theoreti-
cal modelling of the [NeIII]15.5µm/[NeII]12.8 µm excitation
ratio, Thornley et al. (2000) suggested that the stellar SEDs
of 27 starburst galaxies were consistent with the formation of
massive stars (50−100 M�) and argued against IMFs with up-
per mass cut-offs lower than 30M�. The low excitation of
galaxies that were originally forming high mass stars is then
mainly attributed to ageing of the stellar population, as opposed
to a low upper mass limit to the IMF. In addition, the depen-
dence of both stellar evolutionary tracks and nebular properties
(including excitation) on metallicity (e.g. Bresolin et al. 1999;
Thornley et al. 2000; Giveon et al. 2002a) suggests that ele-
mental abundances must be considered in the analysis of the
issues detailed above.

To date, abundance and excitation studies have been based
primarily on optical and near-infrared data (e.g. Olofsson
1995; Kobulnicky & Skillman 1996; Coziol et al. 1999;
Considère et al. 2000), mainly due to observational limitations
from the ground. Optical abundance studies however do not
reach the obscured regions dominating the activity of many
infrared-selected starbursts. Even for starbursts which have
been well-studied in the optical, a combination of radio and in-
frared measurements has conclusively demonstrated that some
of the most active star forming sites are optically obscured,
with most of the bolometric luminosity emerging in the IR (e.g.
Gorjian et al. 2001; Vacca et al. 2002). Thus, investigations
of the densest regions of star formation are often restricted to
the infrared due to extinction by dust at shorter wavelengths.

In general, optical- versus infrared-selected samples of star-
bursts are sensitive to different starburst properties. Star forma-
tion traced by optical observations is generally located within
a disk having low to moderate extinction with relatively low
star formation rates (<20 M� yr−1), while in the infrared, the
densest regions of star formation can be probed, occurring
as compact events with star formation rates which may reach
<∼few×102 M� yr−1 (Rieke 2001). Infrared spectroscopy, prob-
ing the dominant obscured regions of objects at the dusty end
of this sequence, is needed for a complete understanding of
the local starburst population with implications for the exten-
sive populations of starbursts at higher redshift detected both in
the UV/optical and infrared.

Here, we present Infrared Space Observatory (ISO) Short
Wavelength Spectrometer (ISO-SWS) spectra (between 2.38
and 45 µm) for 12 starburst regions observed in signif-
icantly more detail than most of the galaxies studied by

Thornley et al. (2000), a sample with which it partially
overlaps. This paper complements the numerous existing abun-
dance analyses in the optical/near-infrared with the first com-
parable mid-infrared systematic study of a comprehensive sam-
ple of starburst galaxies. Our analysis is focused upon the
gas phase abundances of neon, argon and sulphur in this
group of local starburst galaxies. These elements emit the
strongest emission lines in the mid-infrared spectra of star-
bursts. Deriving abundances from a combination of infrared
fine structure and hydrogen recombination lines has a number
of technical advantages that minimise uncertainties. Extinction
in this wavelength range is low, and the derived abundances
(relative to H) are moderately insensitive to variations in elec-
tron temperature and density (abundances are∝T−0.7

e , Giveon
et al. 2002b, and the dependence onne cancels for abun-
dances relative to H, see Sect. 4.4.1. See also discussion in
Förster-Schreiber et al. 2001). For all three elements, the ma-
jor ionisation stages found in H II regions are covered by the
ISO-SWSspectra, which minimises the required ionisation cor-
rection factors. We relate the results to nebular excitation and
thereby probe the hot stellar population.

The data presented include fainter transitions not included
in the abundance analysis, and will be useful as a reference
for work with upcoming mid-infrared spectrographs on 8 m
class telescopes as well as observations of fainter and/or higher
redshift sources with forthcoming infrared telescopes such
asSIRTF, SOFIA, andHerschel.

The layout of this paper is as follows: In Sect. 2 we describe
the observations, the sample selection and data reduction. In
Sect. 3 we present the line lists and in Sect. 4 the excitation and
calculated abundance analysis. We discuss the results in Sect. 5
and finally, our conclusions are presented in Sect. 6.

2. Observations

2.1. Sample selection

Our sample consists of twelve regions in eleven galaxies which
exhibit starburst characteristics in the infrared. Of the star-
burst galaxy observations byISO-SWSpresent in theISOData
Archive, we selected those for which, in addition to fine struc-
ture lines, at least one hydrogen recombination line was de-
tected. This is a pre-requisite since a H-recombination line is
used as the reference line for the abundance estimation. As
mid-infrared H-recombination lines are faint in extragalactic
sources, this requirement therefore also restricts our sample to
local systems (vmed = 787 km s−1, vmax = 3124 km s−1). We
note that our sample was neither homogeneously selected nor
is it complete. Therefore, we investigate each galaxy on an in-
dividual basis and analyse trends found for this ensemble of
starbursts. Details of the starburst sample are given in Table 1.

2.2. Observations and data reduction

The ISO-SWSinstrument on-boardISO performed spectro-
scopic measurements between 2.38 to 45.2µm with grating
spectrometers producing spectra of medium to high resolution
(R= 1000−2000, see de Graauw et al. 1996; Leech et al. 2002
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Table 1.Coordinates, redshifts and properties of the starbursts comprising our sample.

Source Coordinates1 Redshift DL
2 LIR

3 Spec. type Notes4

(J2000) (Mpc) (L�)

NGC 253 00 47 33.20−25 17 17.2 0.000817 3.5 1.69× 1010 HII Sb/Sc, edge-on
IC 342 03 46 48.10+68 05 46.8 0.000113 3.6 3.74× 107 HII Scd, face-on
II Zw 40 05 55 42.60+03 23 31.5 0.002632 7 2.04× 109 HII BCD, WR
M 82 09 55 50.70+69 40 44.4 0.000677 3.3 1.52× 1010 HII Irr
NGC 3256 10 27 51.20−43 54 13.5 0.009487 36.6 2.59× 1011 HII colliding pair
NGC 3690A 11 28 33.60+58 33 46.6 0.010411 40. 3.40× 1011 HII pec. merger, WR
NGC 3690B/C 11 28 30.90+58 33 45.6 0.010447 40. 3.42× 1011 HII pec. merger, WR
NGC 4038/95 12 01 52.90−18 53 04.0 0.005477 21.0 4.45× 1010 HII interacting
NGC 4945 13 05 27.40−49 28 05.5 0.001868 4 4.52× 1010 HII, Sy26 Sc, edge-on
NGC 5236 13 37 00.50−29 51 55.3 0.001721 5.0 1.29× 1010 HII SAB(s), face-on, WR7

NGC 5253 13 39 55.80−31 38 31.0 0.001348 4.1 1.64× 109 HII Im pec, BCD, WR
NGC 7552 23 16 10.80−42 35 04.2 0.005287 21.2 6.73× 1010 HII, LINER SBbc

1 Of SWS pointing centre.
2 Luminosity distance calculated assumingH0 = 75 km s−1 Mpc−1,Ω0 = 1.
3 Infrared luminosity calculated using the prescription of Helou et al. (1985).
4 WR: Wolf-Rayet features. Further details from Schaerer et al. (1999) & references therein; BCD: Blue Compact Dwarf galaxy.
5 Overlap region containing giant molecular clouds 3, 4 and 5 from Wilson et al. (2000).
6 AGN contribution to mid-IR emission lines negligible (Spoon et al. 2000).
7 But refer to Sects. 3 and 5.5.

for more details). Within its operational wavelength range lie a
number of previously seldom-observed emission lines includ-
ing fine structure and H-recombination lines from which ele-
mental abundances may be determined.

The ISOData Archive was used to collateall of the SWS
grating spectra available for each galaxy. Most data sets were
taken using the SWS02 observation template, which provides
medium resolution measurements of targeted lines. In some
cases, full grating scans producing lower resolution spectra
were taken (the SWS01 observation template) and a handful
of medium resolution SWS061 measurements were also made.
Where multiple observations were available, care was taken not
to combine data taken with different aperture centres to ensure
the same part of the galaxy was being measured for each ob-
servation.

We used the SWS interactive analysis (IA32) to reduce the
data sets from the edited raw data products. The motivation for
using IA3 to re-reduce the data (rather than the pipeline re-
duction) was to enhance the quality of the reduced product by
using interactive tools for dark current subtraction, correction
between up and down scans and outlier masking. The resul-
tant reduced spectra were then subject to further processing in
ISAP3 (Sturm et al. 1998) to remove further outliers and to

1 Refer to Leech et al. (2002) for details regarding theISO-SWSand
its observation modes.

2 IA3 is a joint development of the SWS consortium. Contributing
institutes are SRON, MPE, KUL and the ESA Astrophysics
Division. A standalone version of IA3 (OSIA) is available from
http://sws.ster.kuleuven.ac.be/osia/

3 The ISO Spectral Analysis Package (ISAP) is a joint
development by the LWS and SWS Instrument Teams
and Data Centers. Contributing institutes are CESR, IAS,
IPAC, MPE, RAL and SRON. ISAP is available from
http://www.ipac.caltech.edu/iso/isap/isap.html

perform flat-fielding and fringe removal (where necessary) to
produce the final spectral line profiles from which line fluxes
were measured. The reduced data will also be made publicly
available through theISOData Archive.

Since theISO-SWSinstrument takes measurements in a
number of aperture size and detector combinations, aperture
corrections should be considered for sources which are ex-
tended with respect to the apertures (of sizes 14′′ × 20′′,
14′′ × 27′′ and 20′′ × 33′′ centred on the coordinates given
in Table 1). As we are interested in emission from only the
compact nuclear optically obscured infrared starburst we used
radio, millimetre or infrared measurements from the literature
to determine the starburst extent to compare to theISO-SWS
aperture (see Fig. 14 for details). We found no sources required
correction for extension except M 82. The corrections for this
source are described in F¨orster-Schreiber et al. (2001).

Error propagation through the reduction ofISO-SWSdata
is described in Shipman et al. (2001) and Leech et al. (2002).
To this error we add an additional 20% calibration error to ac-
count for systematic inaccuracies in the photometric calibration
(Table 4.7 in Leech et al. 2002).

3. Results – The MIR spectroscopic survey
of local starbursts

We present a survey of mid-infrared emission lines from a sam-
ple of infrared starbursts. The emission line fluxes for the most

4 This publication makes use of data products from the Two
Micron All Sky Survey, which is a joint project of the University
of Massachusetts and the Infrared Processing and Analysis
Center/California Institute of Technology, funded by the National
Aeronautics and Space Administration and the National Science
Foundation.
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Fig. 1.2MASS quick-look postage stamps (log-scale) of the starbursts with SWS apertures (rectangular) overlaid. Additionally, overlaid ellipses
indicate the extent of the starburst regions as obtained from the literature. Notes on individual sources:NGC 253The MIR emission is dominated
by a region of∼10′′ in size (Böker et al. 1998) and a single super-star cluster lying within it (Keto et al. 1999).IC 342The central radio source
is of comparable size to the SWS aperture (Hummel & Graeve 1990).II Zw 40 The 12µm emission originates from a region only 0.5′′ in
diameter (Beck et al. 2002).M 82 See Förster-Schreiber et al. (2001).NGC 3256Has a compact double nuclei with combined angular size
smaller than the SWS aperture (Norris & Forbes 1995) and is in agreement with the size (<10′′ diameter) determined from MIR mapping at
[NeII]12.8µm and theN-band (Böker et al. 1997).NGC 3690A& B/C The discrete compact radio and CO emitting sources are also the sites of
strongest MIR emission - refer to images presented in Keto et al. (1997) and Soifer et al. (2001). The overlaid ellipses are the MIR source sizes
determined by the latter authors.NGC 4038/9 The SWS aperture contains emission from SGMC 2, 3, 4, 5 as identified by Wilson et al. (2000).
NGC 4945 N-band imaging reveals this source has a compact unresolved nucleus with surrounding core emission oriented along the galaxy’s
major axis (Krabbe et al. 2001). The overlaid ellipse marks the extent of the gas emitting CO(2–1) lines from Ott et al. (2001). Data from the
SWS aperture offset from the radio source are not included within the analysis in this paper.NGC 5236The ellipse marks the starburst extent
determined from radio maps from Turner & Ho (1994) (additional hotspots are also marked).NGC 5253extent of [SIV]10.5µm emission
from Beck et al. (1996) (but see also Gorjian et al. 2001).NGC 7552The majority of the NIR and MIR flux originates from a circumnuclear
starburst ring of∼10′′ in diameter (ring and hot spots are marked Forbes et al. 1994; Schinnerer et al. 1997).
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Table 2.Emission line fluxes (uncorrected for extinction), in units of 10−20 W cm−2. Also given are the calculatedAV (for a mixed model with a Lutz 1999 extinction law) and log10 < Q(H0) >
calculated as described in the text.

Line λ(µm) NGC 253a IC 342 II Zw 40 M 82b NGC 3256c NGC 3690A NGC 3690B/C NGC 4038 NGC 4945 NGC5 236 NGC 5253 NGC 7552
HI Brb 2.6260 14.7 3.4 1.2 41.0 4.2 2.1 2.1 0.8 – 4.8 2.7 2.5
HI Pfd 3.2970 2.6 – <4.8 5.9 – – – – – – – –
HI Pfg 3.7410 3.0 – – 10.7 – – – – – – – –
HI Bra 4.0520 31.2 7.0 2.6 81.5 4.4 2.6 3.7 2.5 9.9 7.8 4.5 4.4
HI Pfa 7.4600 7.6 2.4 <4.6 25.9 2.3 1.0 0.7 – 2.3 – 2.5 –
[MgVII] 5.5032 <7.1 <0.8 <16.8 <69.3 – – – – – – – <1.1
[MgV] 5.6098 <3.1 – <17.4 <79.2 <2.3 – – – – – <1.7 –
[ArII] 6.9852 184.7 58.6 0.2 267.0 22.7 – – 2.2 24.2d – 2.3 18.5
[NeVI] 7.6524 <0.6 – <6.2 <49.5 <1.3 <0.4 <0.5 – <0.7 – – –
[ArIII] 8.9913 7.0 2.6 2.0 47.6 4.7 1.3 2.8 1.8 <2.3 – 5.9 2.5
[SIV] 10.510 <3.3 <1.2 19.8 14.9 0.9 1.0 3.5 2.7 <0.9 0.9 34.0 0.3
[NeII] 12.813 453.6 90.7 1.7 714.0 89.2 31.9 27.7 7.7 92.5 133.9 7.9 68.0
[NeV] 14.321 <7.6 <0.7 <0.8 <29.7 <4.8 <0.5 <1.1 – <0.5 <0.5 <0.3 –
[ClII] 14.367 7.7 0.7 <4.1 <33.0 <1.8 – – – 0.3 1.8 <1.5 –
[NeIII] 15.555 32.1 8.4 17.0 126.0 14.2 9.3 20.0 6.5 9.8 6.8 28.9 5.1
[SIII] 18.713 99.2 45.3 5.1 252.0 32.5 8.2 18.4 7.3 6.3 54.4 15.9 24.6
[FeIII] 22.925 17.1 – – 46.6 3.3 – – – 0.7 – – –
[OIV] 25.890 6.7 0.7 1.1 8.0 0.8 0.6 1.0 <0.3 3.5 0.8 0.9 1.0
[FeII] 25.988 14.2 4.8 1.0 36.7 2.8 1.6 2.2 0.3 3.5 4.2 0.9 2.0
[SIII] 33.481 197.3 89.3 11.4 562.0 56.4 27.1 34.1 16.0 51.4 109.8 34.4 41.1
[SiII] 34.815 273.2 131.6 4.5 839.0 84.0 43.4 42.2 10.5 107.4 138.0 16.7 61.5
[NeIII] 36.013 <4.5 <2.3 1.4 18.8 2.4 <1.3 1.8 1.8 <1.6 1.0 4.9 <0.8
Av 8.67 7.22 10.36 52.00e <8.73 38.94 <57.13 37.34 188.19 5.00f 5.08 <73.90
log10 < Q(H0) > 53.02 51.94 53.77 53.83 54.53 54.62 54.76 53.81 53.61 52.90 52.34 54.40

a Additional Lines (×10−20 W cm−2): [FeII]5.34017µm 32.4, [PIII]17.8850µm 3.0, [FeII]17.9359µm 9.4.
b Additional Lines (×10−20 W cm−2): [FeII]5.34017µm 43.2, [PIII]17.8850µm 18.0, [FeII]17.9359µm 5.9, [FeIII]33.0384µm < 20.
c Additional Lines (×10−20 W cm−2): [FeII]5.34017µm 5.0, [PIII]17.8850µm < 0.5, [FeII]17.9359µm 0.7.
d This [ArII] flux is measured from an SWS AOT01 spectrum which is not centred on the radio starburst, therefore Ar fluxes and abundances for NGC 4945 are notused in the subsequent
analysis.
e From Förster-Schreiber et al. (2001).
f From Genzel et al. (1998).
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commonly detected lines within the range of theISO-SWSin-
strument may be found in Table 2.

Our starburst sample encompasses a variety of morpho-
logical types (Table 1) and includes six starbursts exhibit-
ing Wolf-Rayet spectral features (Schaerer et al. 1999). From
this list of Wolf-Rayet galaxies we exclude NGC 5236 since
Rosa & D’Odorico (1986) detected Wolf-Rayet signatures
only in regions centred upon three supernovae sites, none of
which lie within our observation aperture. Recently, Bresolin
& Kennicutt (2002) report on the possible detection of Wolf-
Rayet-like features in the spectrum of a nuclear “hot-spot” in
NGC 5236. However, due to the weakness of the features, for
the subsequent analysis, we assume the central region does not
contain large numbers of Wolf-Rayet stars (see also Sect. 5.5).

Of our sources, only NGC 4945 displays evidence for har-
bouring an AGN. Spoon et al. (2000) have demonstrated that
this AGN does not contribute to the flux of the mid-infrared
emission lines. In addition, an AGN has been advocated to
be responsible for the ionisation required to produce radio-
recombination lines detected in NGC 253 (Mohan et al. 2002).

We detect a number of fine structure lines within theISO-
SWSspectra. In particular, the fine structure transitions of
singly and doubly ionised Ar and Ne are detected in the major-
ity of sources as well as those of [S III] and [S IV]. Other com-
monly detected transitions are [O IV]25.89µm, [Fe II]26.0µm
and [Si II]34.81µm. The majority of these lines are likely to
have an origin in electron impact excitations in H II regions that
have been photo-ionised by hot stars (assuming these sources
are pure starbursts) with a possible contribution from fast ion-
ising shocks. The [Si II] line is believed to partly originate in
photodissociation regions (e.g. Sternberg & Dalgarno 1995) at
the interfaces between H II regions and the surrounding dense
molecular clouds. TheISO-SWSdetected lines span a range of
excitation potentials from 8.2 eV for [Si II] to 55 eV for [O IV].
The origin of the [O IV] transition in starburst and Wolf-Rayet
galaxies is discussed in Lutz et al. (1998) and Schaerer &
Stasińska (1999) respectively. In addition, the H-recombination
lines Brackettα, β and Pfundα are detected in most of our
galaxies.

We have also measured several transitions of molecular hy-
drogen. H2 data for all the objects in our sample are included
in the analysis of Rigopoulou et al. (2002). Our reductions use
the newest calibration files of theISO-SWSinstrument and we
find the majority of our fluxes are consistent within the cali-
bration uncertainties of Rigopoulou et al. and therefore we do
not present the H2 line fluxes here. We also do not address the
broad emission and absorption features due to dust and ice that
are measured in M 82 and NGC 253. These are discussed by
Sturm et al. (2000).

4. Analysis

4.1. Extinction correction

Several of our starburst galaxies are known to be dusty sys-
tems with large obscuration; therefore the observed line fluxes
must be corrected for extinction. To determine the correc-
tion, we used the ratios of Brβ/Brα and [SIII]18.7/33.5. The

intrinsic emissivities of H-recombination lines are theoreti-
cally well determined and may be compared to theISO-SWS
measurements to determine the level of extinction. Moreover,
ratios of H-recombination line emissivities are relatively in-
sensitive to variations in electron temperature and density and
therefore reasonable (rather than precisely accurate) estimates
of the two quantities is sufficient to identify the appropri-
ate intrinsic line ratio. Emissivity coefficients from Storey &
Hummer (1995) for case B recombination with an electron
temperature of 104 K and density of 100 cm−3 were used
to calculate the intrinsic line ratios for the H recombination
lines. We chose not to use the H-recombination line ratio
of Brα/Pfα since Lutz (1999) suggest that the extinction at
7.5 µm may be higher than predicted by standard extinction
curves (Draine 1989), with the possibility of significant varia-
tion among sources.

The ratio [SIII]18.7/33.5 is more sensitive to density than
the H recombination lines but there are good reasons to as-
sume that the starbursts are close to the low density limit
(Sect. 4.2.1). We solved the rate equations for this ratio us-
ing the updated atomic data of Tayal & Gupta (1999) and con-
firmed that the resulting ratio is relatively insensitive to tem-
perature. We adopt a value of 0.5 for densities close to the low
density limit.

The extinction was calculated based upon a model in which
obscuring material and emitting gas are uniformly mixed. Such
a “mixed” model is considered more appropriate for a starburst
region observed with our large apertures than a simple fore-
ground screen (McLeod et al. 1993). The attenuation of the
emitted intensity may be expressed as

I = I0
1− e−τλ

τλ
(1)

whereτλ is the optical depth at the wavelength of interest (λ)
which is proportional to the optical depth in theV band (τV)
through the extinction law. We assumed the Galactic centre ex-
tinction law of Lutz (1999) between 3–8.5µm and adopted a
Draine (1989) extinction law at all other wavelengths, with a
normalisation of the silicate feature ofτ9.6/τV = 0.122. When
comparing two recombination lines, the observed ratio may be
expressed in terms ofτV using the appropriate emissivity and
extinction values.

In the case that all lines of both ratios Brβ/Brα and
[SIII]18.7/33.5 were detected, we quote a weighted average
of the calculatedAV. For sources where only one of these ra-
tios was measured, the correspondingAV was adopted. For
NGC 3256, NGC 3690B/C and NGC 7552 both measured ra-
tios were higher than the intrinsic ratios, implyingAV = 0
which is unrealistic for our dusty starbursts. We attribute the
greater than intrinsic ratios to the large errors on our flux mea-
surements (∼20%). Therefore, as no meaningful values for the
extinction could be found for these sources, we replaced the
measured ratio by the measured ratio minus its associated er-
ror to determine a one sigma limit onAV. For these sources we
apply an extinction correction using the one sigma limit ofAV

on the data but indicate the location of the uncorrected data
(AV = 0) in the figures presented in the following sections. The
estimatedAV used to correct all line fluxes are given in Table 2.
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4.2. Nebular conditions

4.2.1. Electron density

To determine the electron density of our sources we used the
ratios of [SIII]18.7µm/33.5µm and [NeIII]15.6µm/36µm and
compared them to theoretical values obtained from a solution
to the rate equations, obtaining relations of line ratios and den-
sities close to those shown by Alexander et al. (1999), partly on
the basis of earlier atomic data. Assuming a one-zone ionisa-
tion model, we found that all of our starbursts lie in the low den-
sity limit (i.e. well below the critical density) within the errors.
Using only [SIII] both in the context of density indication and
in extinction correction estimates (Sect. 4.1) allows degener-
ate low extinction/low density and high extinction/high density
solutions. Low densities found from [NeIII] and general con-
sistency of the recombination-line based and [SIII]-based ex-
tinction estimates assure however, that it is reasonable to adopt
low density conditions for the entire sample. Our computations
of collisional excitation indicatene ∼ 10−600 cm−3 therefore
we assumed an average electron density of 300 cm−3. We were
then able to use the expressions in the following section to cal-
culate the nebular abundances in the low density limit (within
which collisional de-excitation may be ignored).

4.2.2. Electron temperature

As with density, electron temperature affects emissivities and
thus inferred abundances albeit with only modest dependences
for fine structure transitions and H-recombination lines. Since
abundances are calculated as ratios of fine structure line to H-
recombination line emissivities the weak dependence on elec-
tron temperature partly cancels out (e.g., Giveon et al. 2002b).
Accurate determinations of electron temperature can be
obtained from recombination lines at radio and millimetre
wavelengths. Measurements in the latter wavelength range are
easier to interpret than in the radio since stimulated emission
effects (which are present in the radio) are negligible and the
millimetre line flux primarily originates in spontaneous emis-
sion. Therefore we sought electron temperature determinations
based upon millimetre observations from the literature; for the
starburst galaxies M 82 and NGC 253, electron temperatures of
Te ∼ 5000 K± 1000 K have been determined by Puxley et al.
(1989, 1997). An electron temperature estimate based upon ra-
dio recombination lines is also available for NGC 5253 (Mohan
et al. 2001), as well as estimates derived from optical spec-
troscopy for NGC 5253 and II Zw 40 (Campbell et al. 1986;
Vacca & Conti 1992; Walsh & Roy 1993). The results for these
two objects agree well with the radio giving electron tempera-
tures∼10 000−12 500 K.

The known electron temperatures in our starburst regions
span a factor∼2 consistent with the well known correlation
between electron temperature and metallicity (e.g. Campbell
et al. 1986, for a sample of on-average lower metallicity ob-
jects). For the remaining starburst galaxies, no accurate radio-
or millimetre-based temperature determinations are available.
We have chosen not to rely on electron temperature estimates
derived from optical spectroscopy since these may not reflect

Fig. 2. Excitation diagnostic: [NeIII]15.5/[NeII]12.8 versus
[ArIII]8 .9/[ArII]6 .9. Starbursts are plotted as filled squares with
the Wolf-Rayet starbursts marked by an enclosing diamond. Galactic
HII region data from Giveon et al. (2002a) are separated at the median
galactocentric radius to provide “inner” (open triangles) and “outer”
(open circles) samples. Finally, we plot the extragalactic H II regions
from the same reference as open stars. The same key is used to distin-
guish the data points in all subsequent plots. Within this diagram low
excitation is to the bottom-left quadrant and high excitation is to the
top-right quadrant. All fluxes involved in this diagram were corrected
for extinction. For NGC 3256, NGC 3690 B/C and NGC 7552 the
effect of adoptingAV = 0 on the derived quantities is plotted as an
open square.

electron temperatures of our obscured infrared-radio starbursts
which cannot be probed by optical spectroscopy. For this rea-
son, and to perform inter-comparisons between the sources
without introducing a bias due to uncertain adopted electron
temperatures, we elected to use a single “representative” tem-
perature for the entire sample of galaxies. Since M 82 and
NGC 253 arearchetypalstarbursts we chose our “representa-
tive” electron temperature to beTR

e = 5000 K. However, in do-
ing so we appreciate that deviations from this “representative”
temperature are present and will affect absolute abundances,
thus distorting the trends derived in the inter-comparisons. We
will indicate these effects (which are largest for highTe objects)
in the appropriate location. In particular for the BCD galaxies,
the magnitude of the effect of usingTe of ∼10 000 K on the
abundances is shown in the relevant plots.

For consistency we have also adopted the same “represen-
tative” electron temperature (TR

e = 5000 K) for the H II re-
gions from Giveon et al. (2002a), which we use as a compari-
son sample to the starbursts. We have re-calculated extinctions
and abundances for this data set in order to eliminate any dis-
crepancies due to different assumptions. The H II regions and
starbursts are treated differently only in the obscuring model
used to determine the extinction correction. For H II regions,
often located in the Galactic plane but far from the Sun, we
have adopted a uniform foreground screen model since we as-
sume that extinction due to the foreground galactic ISM ex-
ceeds the extinction due to dust mixed within the ionised gas of
the H II region itself. Similarly to the BCDs, the assumed rep-
resentative temperature (5000 K) is below the values that have
been previously used (10 000 K, Giveon et al. 2002a; 7500 K,
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Fig. 3. Excitation diagnostic: [ArIII]8.9/[ArII]6 .9 versus
[SIV]10.5/[SIII]18.7. Key as in Fig. 2. Within this diagram low
excitation is to the bottom-left quadrant and high excitation is to the
top-right quadrant. All fluxes involved in this diagram were corrected
for extinction.

Fig. 4. Excitation diagnostic: [NeIII]15.5/[NeII]12.8 versus
[SIV]10.5/[SIII]18.7. Key as in Fig. 2. Within this diagram low
excitation is to the bottom-left quadrant and high excitation is to the
top-right quadrant. All fluxes involved in this diagram were corrected
for extinction.

Martı́n-Hernández et al. 2002a). Therefore the effect of increas-
ing the temperature to 10 000 K shown in the figures in the next
section is also applicable to part of the Giveon et al. (2002a)
sample of H II regions, namely those at large Galactocentric
radii or inside the Magellanic Clouds.

4.2.3. Lyman continuum photon emission rate

The Lyman continuum photon emission rate [Q(H0)] is the
number of photons emerging per second from a star cluster
with sufficient energies to ionise hydrogen. We have used H
recombination lines to determine the average hydrogen ionis-
ing rate [Q(H0)] using

Q(H0) ∼ Lline

hνline

αB(Te)

αeff
line(Te)

· (2)

The ratio of recombination coefficients (αB/α
eff
line) is relatively

insensitive to temperature (see Eq. (5.23), Osterbrock 1989).

The recombination coefficients were taken from Storey &
Hummer (1995). The calculated values ofQ(H0) are given in
Table 2.

4.3. Excitation

We may investigate excitation within the starburst sample us-
ing ratios of fine structure line fluxes of different ionic species
of the same element (e.g. X+i+1/X+i). This ratio, to the first
order and for a given ionisation parameter, is proportional to
the number of photons which have sufficient energy to ionise
the stateX+i relative to the number of Lyman continuum pho-
tons. The difference in ionisation potentials between the ionic
species means that ratios of these lines are sensitive to the
shape of the spectral energy distribution (SED) of the ionis-
ing source. We have used (and combined) ratios of some of the
strongest lines, [NeIII]15.5/[NeII]12.8, [ArIII]8 .9/[ArII]6 .9
and [SIV]10.5/[SIII]18.7, from our mid-infrared survey. Ar+,
S++ and Ne+ have ionisation potentials corresponding to∼2,
∼2.5 and∼3 Rydbergs, respectively. Therefore these line ra-
tios can constrain the ionising spectra over a range of a few
Rydbergs.

We have formed diagnostic excitation planes by combin-
ing the fine structure line ratios as shown in Figs. 2–4. The
starbursts are relatively spread out across all three excitation
planes. The majority of sources occupy the lower left corner
of the planes, which indicates that these have low excitation.
Extending to higher excitation in both axes are the BCD galax-
ies and those that exhibit Wolf-Rayet features (Wolf-Rayet
galaxies are discussed in more detail in Sect. 5.5). This result
is consistent with existing knowledge of both of these source
types (Schaerer et al. 1999).

Also plotted in the excitation planes are extinction cor-
rected data of H II regions from Giveon et al. (2002a). The au-
thors found an increasing excitation gradient with galactocen-
tric radius within the galaxy (see also Mart´ın-Hernández et al.
2002a; Giveon et al. 2002b). Therefore these data have been
separated into two broad bins based upon galactocentric radius
(denoted by “inner” and “outer”) and reflect low and high ex-
citation. The distribution of the starbursts is well matched with
the H II region data. The locations of the “inner” H II regions is
similar to those of low excitation starburst galaxies. The excep-
tions are the Wolf-Rayet and BCD galaxies which are located
in regions similar to those of the “outer” and extragalactic H II
regions. These extragalactic H II regions have been heteroge-
neously selected from the Magellanic Clouds (Giveon et al.
2002a). The SMC and LMC are both low metallicity dwarf
galaxies containing Wolf-Rayet stars and thus the coincidence
of our Wolf-Rayet and BCD starbursts with the extragalactic
H II regions is as expected.

For both the starbursts and the H II regions we see a general
correlation between the three excitation ratios of Ne, Ar and S
in Figs. 2–4. The existence of a correlation between all three
ratios implies that they probe the same excitation mechanism.
Moreover, the ratios are sensitive to photons emitted>∼2, >∼2.5
and>∼3 Rydbergs and thus the correlations suggest that regions
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with ionisation potentials between 2−3 Rydbergs in the ionis-
ing spectra, are likely to be closely related in “hardness”.

4.4. Elemental abundances

In the following, we derive the elemental abundances for our
sample galaxies and discuss their relation to other factors, in
particular the role of metallicity in determining the wide range
of excitations. Although we detect fine structure lines for sev-
eral elements in some objects (Table 2), we restrict our abun-
dance analysis to only those lines originating from H II regions
and detected in the majority of sources within our sample i.e.
neon, argon and sulphur, which are all thought to be “primary”
products of nucleosynthesis. They are products of oxygen burn-
ing, possibly in the late stages of evolution of massive stars
(Garnett 2002). Thus the abundance of these primary products
are likely to be correlated with the abundance of oxygen and
should trace metallicity well.

4.4.1. Prescription

We calculate abundances using the following prescription. In
general, the flux (FX+i

) of a given ionic species (X+i) may be
written as the product of the number density of the ionic species
(nX+i

), the electron density of the ionised gas (ne) and jX
+i

– the
emissivity of the species, i.e.,

FX+i

λ

FH+
λ

=
nX+i

ne jX
+i

λ

nH+ne jH
+

λ

· (3)

The ionic abundance (nX+i
/nH+) may then be calculated from

the flux ratio of the fine structure lines of an ionic species to
a H-recombination line, multiplied by the ratio of the emissiv-
ities. In H II regions nearly all the hydrogen is ionised, there-
fore nH+ ∼ nH. The emissivity of the H-recombination line is
obtained from the tables of Storey & Hummer (1995). Strictly
speaking, the emissivities of ionic fine structure lines should
be obtained by solving the rate equations for a full multilevel
system under the appropriate conditions. However, for ground
state fine structure transitions and a low density H II region, the
following simple formula provides a good approximation

jX
+i

λ =
∑

u

hc
λ

(
8.629× 10−6

T1/2
e

)1/2 (
Υlu

ωl

)
e−

χlu
kTe (4)

where j has units of erg cm3 s−1, Υlu is the effective collision
strength,ωl is the statistical weight of the lower level,χlu is
the energy difference to the collisionally excited level from the
ground state, and the summation is over those fine structure lev-
els which, when collisionally excited from the ground state, de-
cay through the line of interest. For the lines we used (Table 3),
it is sufficient to consider one upper level only, with the excep-
tion of the [NeIII]15.5µm and [ArIII]9.0 µm lines where two
levels are needed. Effective collision strengths were obtained
from the appropriate reference of the IRON project (Hummer
et al. 1993, Table 3). The abundance of an ionic species may be
calculated using

nX+i

nH
=

FX+i

λ

FH+
λ


 jH

+

λ

jX
+i

λ

 · (5)

Fig. 5. Excitation against abundance for neon. Starbursts are plotted
as asterisks with the Wolf-Rayet starbursts marked by an enclosing di-
amond. Galactic and local-extragalactic HII region data from Giveon
et al. (2002a) are also plotted as open triangles, circles and stars. For
a given metallicity the starbursts are of lower excitation than the HII
regions. The arrow indicates the effect on the abundances of changing
the adopted electron temperature from 5000 to 10 000 K.

Fig. 6. Excitation against abundance for argon. Symbols are as
in Fig. 5.

Once an ionic abundance has been estimated using the for-
mula above (see Table 4), we sum the abundances for each ion
from a given element and apply the ionisation correction fac-
tors (hereafter ICF) from Mart´ın-Hernández et al. (2002a) to
correct for the contribution from unobserved ionic species. The
application of the ICFs from Mart´ın-Hernández et al. (2002a)
is appropriate for these data since we are using the same ionic
species to determine the abundance, and the model grid used
to calculate the ICFs is sufficient to include the sources simi-
lar to ours (i.e. those in the low density limit). Since the two
dominant ionisation stages of Ne, Ar and S for H II region con-
ditions are observed in our galaxies, the ionisation corrections
factors are always close to unity. Following Mart´ın-Hernández
et al. (2002a), we do not correct our Ne abundances as the ICF
is∼1 (see also Giveon et al. 2002a) and for S we applied a fac-
tor of 1.15. The ICF for Ar is seen to increase with excitation,
from 1 to a maximum of 1.35. We interpolate over the fac-
tors calculated by Mart´ın-Hernández et al. (2002a, Fig. 12) to
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Table 3. Atomic data used to calculate the fine structure line emissivities and abundances. Effective Collision Strengths are interpolated to a
temperature of 5000 K. In addition the Brα recombination-line was used, adopting an emissivity ofεBrα

λ = 2.298×10−26 erg cm3 s−1 from Storey
& Hummer (1995) forne ∼ 100 cm−3 andTe ∼ 5000 K.

Line Wavelength Υlu ωl χlu Reference forΥul

(µm) (eV)
[NeII] 12.8136 0.277 4 0.09684 Saraph & Tully (1994)
[NeIII] 15.5551 0.730 5 0.07971 Butler & Zeippen (1994)

0.199 5 0.11413 Butler & Zeippen (1994)
[ArII] 6.9853 2.70 4 0.17749 Pelan & Berrington (1995)
[ArIII] 8.9914 3.182 5 0.13789 Galavis et al. (1995)

0.663 5 0.19469 Galavis et al. (1995)
[SIII] 18.7130 1.41 1 0.10329 Tayal & Gupta (1999)
[SIV] 10.5105 8.10 2 0.11796 Saraph & Storey (1999)

Table 4. Calculated elemental abundances for each source, per ionic species and the total (ICF corrected) abundance with reference to solar
abundances ([X/H]): for Ne, Ar and S from Grevesse & Sauval (1998) (first line). The abundances presented are forTe = 5000 K. See text for
the effect of this assumption on the lowest abundances.

Name nNe+/nH nNe++/nH [Ne/H] nAr+/nH nAr++/nH [Ar /H] nS++/nH nS3+
/nH [S/H]

×10−5 ×10−6 ×10−6 ×10−7 ×10−6 ×10−7 ×10−1

Solar 1.20e-04 2.51e-06 1.58e-05

IC 342 27.6± 8.7 10.9± 3.8 2.4± 0.7 12.1± 3.8 6.6± 2.6 5.1± 1.5 9.4± 3.0 − − −− 6.8± 2.1

II Zw 40 1.4± 0.8 59.0± 20.8 0.6± 0.2 0.1± 0.1 14.6± 6.0 0.9± 0.3 2.9± 1.1 32.3± 10.8 4.4± 1.1

M 82 17.0± 7.2 11.6± 4.9 1.5± 0.6 4.4± 1.9 15.8± 6.7 2.4± 0.8 4.3± 1.8 1.2± 0.5 3.2± 1.3

NGC 253 31.0± 9.4 9.3± 3.1 2.7± 0.8 8.6± 2.7 4.1± 1.5 3.6± 1.1 4.6± 1.5 − − −− 3.4± 1.1

NGC 3256 43.2± 18.5 29.1± 13.1 3.8± 1.5 7.4± 3.3 19.3± 8.9 3.8± 1.4 10.7± 4.7 0.8± 0.5 7.8± 3.4

NGC3690A 23.8± 10.1 27.6± 11.7 2.2± 0.8 − − −− 12.9± 5.5 0.5± 0.2 4.4± 1.9 2.4± 1.0 3.4± 1.4

NGC 3690B/C 14.4± 6.1 40.2± 17.0 1.5± 0.5 − − −− 21.1± 9.0 1.0± 0.4 7.0± 3.0 6.4± 2.7 5.5± 2.2

NGC 4038 6.1± 2.6 20.3± 8.6 0.7± 0.2 1.2± 0.5 17.6± 7.5 1.4± 0.4 4.2± 1.8 6.6± 2.8 3.5± 1.3

NGC 4945 17.2± 6.5 6.7± 2.6 1.5± 0.5 − − −− − − −− − − −− 0.9± 0.4 − − −− 0.6± 0.3

NGC 5236 36.8± 15.6 8.0± 3.4 3.1± 1.3 − − −− − − −− − − −− 10.1± 4.3 0.4± 0.2 7.4± 3.1

NGC 5253 3.8± 1.7 59.4± 22.3 0.8± 0.2 0.7± 0.4 22.2± 9.0 1.5± 0.5 5.2± 2.0 28.1± 10.5 5.8± 1.6

NGC 7552 29.5± 12.5 8.4± 3.6 2.5± 1.0 5.6± 2.4 16.3± 6.9 2.9± 1.0 7.9± 3.3 0.4± 0.2 5.7± 2.4

obtain an ICF appropriate for the excitation (as determined
from the Ne ratio) of each of our sources.

4.4.2. The abundance of neon and argon

In Figs. 5 and 6 we show the relationship between excita-
tion and abundance5 for Ne and Ar for the starburst sample6.
A trend of decreasing excitation with increasing abundance is

5 We calculate our abundances relative to solar (Grevesse & Sauval
1998) to be consistent with extragalactic abundance work. It is widely
thought that the Sun is under-abundant in heavy metals compared to its
local neighbourhood (e.g., Snow & Witt 1996). Adopting different ref-
erence abundances will only change the absolute values but not affect
the correlations discussed in the following. For information, we show
in Figs. 7–10 the effects of different reference abundances by arrows
marked “ISM” (interstellar medium Wilms et al. 2000) and “Orion”
(Simpson et al. 1998).

6 For the starburst regions A and B/C in NGC 3690, argon abun-
dances are not presented since no measurement exists for the strong
[ArII]6 .99µm line. Therefore any calculated abundances for these re-
gions would be severe underestimations.

Table 5. Neon abundances for our sample of galaxies calculated as-
suming a fixed electron temperature of 5000 K (Col. 2) and individ-
ual electron temperatures (3rd column). For the latter, abundances
are derived from interpolating between objects with known electron
temperatures (values indicated by bold face), on the basis of their
[Ne III]15.5/[Ne II]12.8 excitation ratios.

Name [Ne/H](5000 K) [Ne/H](Te)
IC342 2.4 2.1
II Zw 40 0.6 0.3
M 82 1.5 1.5
NGC 253 2.7 2.7
NGC 3256 3.8 2.1
NGC 3690A 2.2 2.0
NGC 3690B/C 1.5 1.9
NGC 4038 0.7 1.9
NGC 4945 1.5 2.1
NGC 5236 3.1 2.1
NGC 5253 0.8 0.4
NGC 7552 2.5 2.1
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Fig. 7. Left: [Ne/H] abundance vs. [Ar/H] abundance. The key is as in Fig. 2.Right: [Ar /Ne] abundance ratio vs. [Ne/H] abundance. The key is
as in Fig. 2. In both panels, a dashed line represents the solar abundances and abundance ratios for these elements. The arrows marked “ISM”
and “Orion” denote the effect on the data of using different reference abundances other than solar – “ISM” interstellar medium from Wilms
et al. (2000) and Orion abundances from Simpson et al. (1998). Adopting these different reference abundances only change the absolute values
but not the correlation.

clearly seen in Ne and Ar for the starburst regions. The Wolf-
Rayet galaxies have the highest excitation and the lowest abun-
dance. In general, the non-Wolf-Rayet starbursts in our sample
have super-solar metallicities (X/H) ∼ 1−3(X/H)� (where X
is Ne or Ar) whereas the Wolf-Rayet and BCD galaxies are
sub-solar. As discussed in Sect. 4.2.2, our adopted “represen-
tative” electron temperature of 5000 K is a good assumption
for high metallicity starbursts and high metallicity H II regions.
However, the same is not true for the BCD galaxies and the
lower metallicity H II regions among the sample of Giveon
et al. (2002a). Therefore, the effect of changing the electron
temperature from 5000 to 10 000 K on the calculated abun-
dances is shown with an arrow in the diagrams. By adopting
a more appropriate electron temperature, the absolute infrared-
derived abundances of the low metallicity BCDs are close to the
optically-derived values [0.2(X/H)�] (e.g. Hunter et al. 1982;
Vacca & Conti 1992; Walsh & Roy 1993; Masegosa et al.
1994). Overall, the effect on the excitation/abundance diagram
of Fig. 5 of adopting individual electron temperatures (which
are unavailable for the entire sample) for each starburst would
be to tilt the correlation: the high excitation/low metallicity
end would move to∼2 times lower abundance, while the high
metallicity/low excitation end remains unchanged.

From the literature we found accurate electron tempera-
tures for the infrared starburst regions of M 82, NGC 253,
II Zw 40 and NGC 5253 (as described in Sect. 4.2.2) which we
used to re-calculate the elemental abundance of neon (Table 5)
in these galaxies. II Zw 40 and NGC 5253 (Te ∼ 12 500 K and
∼11 000 K, respectively) lie at the low abundance, high exci-
tation end of our abundance-excitation correlation, while M 82
and NGC 253 (Te ∼ 5000 K) lie at the opposite extremity. We
then defined a linear relationship between excitation and true
Ne abundance (calculated using the measured actual electron
temperatures) defined by these two pairs of galaxies. We could
then estimate neon abundances for the remaining galaxies in
the sample by interpolating along this relation based upon their
[Ne III]15.5/[Ne II]12.8 excitation ratios. This process yielded
abundance estimates that are essentially independent of our

Fig. 8. Excitation against abundance for sulphur. Symbols are as in
Fig. 5. Unlike the corresponding figures for neon and argon, no corre-
lation is seen.

knowledge (or lack thereof) the true electron temperature for
each source. The estimated abundances (Table 5) for the low
excitation sources are all close to∼2 Z�.

As “primary” products of stellar nucleosynthesis, the abun-
dances of neon and argon are expected to be correlated. The
overall abundance relation between Ne and Ar is shown in
Fig. 7 which indeed shows a clear correlation between the two
elements that holds for all objects in our sample, from the
BCDs and WR galaxies to the dusty starbursts. This implies
that the ISM of these galaxies has been enriched by similar pro-
cesses for both elements. The [Ar/Ne] ratio shown in the right
panel (for which theTe effects for the two elements largely can-
cel) suggests an above solar average argon to neon abundance
ratio with no obvious trend among the galaxies.

4.4.3. The abundance of sulphur

We discuss the abundance of sulphur separately since we do
not see the clear correlation between excitation and abundance
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Fig. 9. Left: [Ne/H] vs. [S/H] abundance. The key is as in Fig. 2.Right: [S/Ne] vs. [Ne/H] abundance. The key is as in Fig. 2. For both panels,
dashed lines represents the solar abundance and abundance ratios.

Fig. 10.Left: [Ar /H] vs. [S/H] abundance. The key is as in Fig. 2.Right: [S/Ar] vs. [Ar /H] abundance. The key is as in Fig. 2. For both panels,
dashed lines represents the solar abundance and abundance ratios.

that is seen in Ne and Ar for the starbursts (Fig. 8). In addition,
all galaxies appear to have sub-solar sulphur abundances, with
NGC 4945 being anomalously low. Furthermore, on compar-
ison to the abundances of Ne and Ar, we find that the galax-
ies not showing Wolf-Rayet features have lower S abundances
(< [S/H] >= 0.6) than expected from their typically high Ne
and Ar abundances (< [Ne/H] >= 2.4, < [Ar/H] >= 2.7).
Yet the S abundances for the Wolf-Rayet galaxies (which typ-
ically have lower Ne and Ar abundances) are similar to that
expected from their Ne and Ar abundances ([X/H] ∼ 0.2).

We confirm this result in Figs. 9 and 10, where we investi-
gate the correlations between S abundances and Ne and Ar. S
is also expected to be correlated with Ne and Ar since they are
all primary products of stellar nucleosynthesis. However, we
see no correlation between the abundances of S in the galaxies
with either Ne or Ar. The right panels of Figs. 9 and 10 com-
pare the abundance ratios [S/Ne] and [S/Ar] with the Ne and
Ar abundance. They reflect the trend towards a stronger sulphur
“deficiency” at increased Ne or Ar abundance noted above. S is
often referred to as an excellent tracer of metallicity (e.g. Oey
& Shields 2000) and in studies of the ISM is commonly used as
a non- or slightly-depleted (<∼30%) element (e.g. Wilms et al.
2000). However, the significant underabundance of S implied

by the results of this study clearly has implications for the use
and interpretation of sulphur fine structure lines and sulphur
abundances in starburst sources. This result suggests that S is
nota good tracer of metallicity in starburst galaxies. We discuss
possible explanations for this deficiency of sulphur below.

5. Discussion

5.1. Comparison to optical/NIR derived abundances

A direct comparison to the abundances derived from opti-
cal/NIR studies is far from straightforward. In particular, our
obscured starbursts are not directly comparable to optical de-
rived abundances since the regions we are probing may be com-
pletely obscured. Moreover, when making comparisons for our
sources of large angular size one must ensure that the spectra
in both regimes are probing the same regions.

The abundances obtained from our infrared study com-
plement optical/NIR determinations by adding Ne, Ar and S
which have predominant excitation species in the mid-infrared
wavelength range. We searched the literature for abundances
determined from optical spectroscopy for these elements, or
for oxygen with which they are expected to be correlated.
For II Zw 40 and NGC 5253, optical based abundances are
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consistent with our mid-infrared results (Z ∼ 0.2 Z�
Kobulnicky et al. 1997). For our low excitation starbursts with
metallicities close to 2Z�, while optically derived values are in
agreement that the starbursts have super-solar metallicities, the
estimates are slightly discrepant with our infrared determina-
tions. For NGC 3256 (Bresolin & Kennicutt 2002, and refer-
ences therein) and NGC 7552 (Storchi-Bergman et al. 1994)
the derived metallicities are slightly lowerZ ∼ 1.5 Z�, whereas
for N5236 the determinations is slightly higherZ ∼ 2.6 Z�
(Storchi-Bergman et al. 1994).

5.2. Excitation and abundance

The strong negative correlations seen for Ne and Ar in
Sect. 4.4.2 indicate that “spectral hardness” of the ionising
stars is inversely correlated with metallicity. This correlation is
likely to arise from several factors, such as: (a) The influence of
metallicity on stellar atmospheres and the resulting stellar spec-
tral energy distribution, for a given effective temperature of the
star. (b) Variations of stellar evolutionary tracks with metallic-
ity. (c) Variations of IMF with metallicity. The observedspread
of the correlation could result from variations in the electron
temperature, starburst age and the IMF among sources in our
sample. We discuss the causes of both the correlation and the
scatter in this section.

Theoretical models of hot star atmospheres indicate that
metallicity variations affect stellar wind strengths and, there-
fore mass-loss rates, as a result of changes in the opacity in the
line-driven winds. Changes in metallicity also induce changes
in the the effects of line blocking and blanketing. Thornley et al.
(2000) and Giveon et al. (2002a) present a discussion of the ef-
fects on stellar populations. Giveon et al. find that the increase
in excitation of Galactic H II regions with galactocentric ra-
dius cannot be due to this effect alone ((a) in the list above).
Increasing effective temperatures must strongly contribute, in
addition to the hardening of stellar SEDs for fixedTeff. The
same can be concluded for our galaxies by comparing the ob-
served spread in excitations to the Giveon et al. models.

The effective temperature of a star-forming cluster is deter-
mined byat leastthree related factors: age, IMF, and metal-
licity. While we cannot differentiate between the individual ef-
fects of these three parameters on our data for single objects,
we can discuss the influence they may have on our abundance-
excitation correlations. Stellar evolutionary tracks across the
H–R diagram also clearly display a dependence on metallic-
ity (e.g., Schaller et al. 1992). For example, lower metallic-
ity tracks have a “hotter” main sequence. This explains why
high excitation regions are found primarily at low metallicity
(asZ varies fromZ� to 0.2 Z� the observed Ne excitation ratio
increases by factors∼4−10, Thornley et al. 2000). Evidence for
the Galactic Centre may suggest this effect (b) is even stronger
(see discussion in Thornley et al. 2000).

The question of whether (c) the IMF may vary among clus-
ters of different metallicities remains open. Following argu-
ments as in Thornley et al. (2000) we consider such IMF varia-
tions a minor contributor to our correlations. They showed that
effects of moderate IMF slope variations on the excitation are

not large, and discussed evidence in favour of the most massive
stars being present in the initial mass function of objects for a
wide range of metallicities.

We have already noted that some of our sources (particu-
larly the BCDs) have measured electron temperatures that dif-
fer from the representative value ofTR

e = 5000 K. However, it
seems unlikely that variations inTe could cause a correlation
between “hardness” (effectivelyTeff) and metallicity, as the de-
pendence of abundance on electron temperature is weak (T−0.7

e
Giveon et al. 2002a). IfTe increases with metallicity, as is sug-
gested by the electron temperatures we found for NGC 253,
M 82, II Zw 40 and NGC 5253, then the variations inTe for
our sample of galaxies will affect the slope of the correlation
we find between “hardness” and metallicity, but will not de-
stroy it. In the unlikely case thatTe does not systematically
vary with metallicity, then the variations inTe in our sample
will serve only to increase the spread in the correlation.

The observed scatter in the correlation may also result from
differences in both starburst ages (as argued by e.g. Thornley
et al. 2000; Giveon et al. 2002a) and the IMF for different star-
forming clusters.

5.3. Comparison to H II regions

We also note from our “hardness”-metallicity plots, that for a
given metallicity, the starbursts have relatively lower excita-
tion than the H II regions. Similarly low excitations have been
noted in previous studies of extragalactic star-forming regions
(Doyon et al. 1994; Doherty et al. 1995; Thornley et al. 2000).
Our improved empirical database of starbursts (this paper) and
H II regions (Giveon et al. 2002a), reinforces this result.

The low excitation of galaxies has been attributed to low
upper-mass-cutoffs (<30 M�) and ageing effects (Thornley
et al. 2000). The starbursts in our sample represent complex
starburst systems withpossibly multiple stellar populations
lying within the SWS aperture, rather than the single stellar
populations that comprise H II regions. This difference may ac-
count for the low excitation since the SWS aperture may in-
clude emission not only from the “youngest burst” population
but also from older stars within the host galaxy. The net effect
of this “dilution” is to lower themean effective temperatureof
the starburst, which will result in the starbursts having lower
“hardness” ratios (cf. Fig. 5 in Mart´ın-Hernández et al. 2002b).
This lowering of themean effective temperaturemay mirror the
effect of an ageing stellar population (as predicted by Thornley
et al. 2000) on the observed line ratios.

5.4. Weak sulphur lines and the origin of low sulphur
abundance

We have shown in Sect. 4.4.3 that the gas phase sulphur abun-
dances do not follow the consistent behaviour seen in neon
and argon. With the exception of the low metallicity systems,
the measured S abundance is consistently smaller than that
of Ne or Ar, by up to an order of magnitude in the metal-
rich and dusty objects. In addition to the question of the ori-
gin of this deficit, the weakness of the S lines has practical
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implications for future observations of dusty starbursts both lo-
cally and at high redshift: sulphur lines are less favoured in
comparison to the [Ne II] line as tracers of starburst emission
than one would assume from nebular models. Instead of pho-
toionisation models, empirical templates may be the tool of
choice for flux predictions. Genzel et al. (1998) showed that
low redshift ultraluminous infrared galaxies follow the trend
of weak S lines relative to Ne, with Arp 220 being the most
pronounced example.

Previous studies of Galactic H II regions also found low
S abundances. From infrared spectroscopy, Simpson & Rubin
(1990), and Simpson et al. (1995, 1998) derived S and Ne abun-
dances corresponding, on average, to a subsolar ratio of S/Ne,
and suggested depletion of sulphur onto grains as a possible
cause. This S deficiency was recently put on a much firmer
observational basis by Mart´ın-Hernández et al. (2002a)7, who
used ISO observations of a larger sample to discuss Galactic
abundance trends. Compared to the Ne and Ar abundances
(with mean values similar to solar), their derived sulphur abun-
dances are more scattered and are lower than solar by a factor
<∼3. For individual, higher-than-solar-metallicity extragalactic
H II regions, Diaz et al. (1991) suggested a low S/O abundance
ratio based on optical (<1 µm) spectroscopy, but they empha-
sised the difficulty of determining abundances for high metal-
licity regions using optical data. These difficulties also apply
to a possible Ar/O deficit at high metallicity (Garnett 2002),
and are further reflected in the fact that other optical studies
do not suggest a low S/O or Ar/O ratio for super-solar oxygen
abundances (van Zee et al. 1998).

For the low S/H abundances measured in Galactic H II
regions, Mart´ın-Hernández et al. (2002a) propose an explana-
tion involving uncertainties in electron temperature and den-
sity. While such uncertainties clearly exist, two arguments sug-
gest that they are of secondary importance for the galaxies in
our sample. First, the density measured from the [S III] lines
is low for all galaxies in our sample and does not show the
occasional high values that call the applicability of the low
density approximation for determination of the S abundance
in compact H II regions into question. Second, in addition to
the inherently small temperature sensitivity of abundance de-
terminations from fine structure lines, the remaining abundance
variations caused by variations in temperature are expected to
correlate among the three elements S, Ar, and Ne. Varying the
adopted electron temperature from 5000 to 12 500 K decreases
the inferred abundances by factors of 2 to 2.5 for all three el-
ements simultaneously. Large temperature uncertainties there-
fore should not selectively lower the sulphur abundance and
increase the scatter in excitation versus abundance for sulphur
alone, but rather affect all three elements similarly. In contrast,
observations single out sulphur as being peculiar both in our
data and in the H II region data of Mart´ın-Hernández et al.
(2002a, their Figs. 18 and 19).

7 See also Fig. 8 where the under-abundance of S found by
Martı́n-Hernández et al. (2002a) is seen if one applies the offset
marked by an arrow due to the differences in adopted electron tem-
perature.

Another issue relevant to the question of S abundance
is the ionisation correction factor used to compute the total
sulphur abundance. Since the S underabundance occurs inlow
excitation objects, the missing fraction are unlikely to exist in
higher ionisation stages (i.e. beyond the 47 eV ionisation po-
tential of S3+) but more realistically in S+ (23 eV). However,
the ICF calculations of Mart´ın-Hernández et al. (2002a) show
this effect to be small for the excitation range of our objects.

We consider a direct nucleosynthesis explanation of the sul-
phur deficiency to be unlikely. Neon, argon and sulphur are all
primary elements expected to trace each other reasonably well.
Variations will be related to the different stellar mass ranges
contributing to the yields for each element. Extreme assump-
tions for the initial mass function, and/or variations of stellar
lifetimes with mass, can influence the ratio of neon and sulphur
abundances, since these two elements are produced mostly in
supernovae with high (neon) and lower mass (sulphur) progeni-
tors, respectively (Woosley & Weaver 1995). However, argon is
produced over a very similar mass range as sulphur. Therefore,
the observed abundance pattern of both neon and argon being
“normal”, but sulphur being anomalously low by a large factor
cannot easily be explained by differences in the mass ranges of
the SNe.

The calculated elemental abundances are also heavily de-
pendent upon the atomic data and therefore errors in the pub-
lished values might be responsible for erroneous sulphur abun-
dances. However, we have used the most recently determined
collision strengths for both doubly and triply ionised S from
Tayal & Gupta (1999) and Saraph & Storey (1999), respec-
tively. These papers use improved and more complex methods
to determine accurate collision strengths than previous, com-
monly used studies (e.g. Galavis et al. 1995; Johnson et al.
1986). While we identify atomic data as a possible contribu-
tor to the sulphur underabundance problem, the abundances we
present are correct with respect to the most up-to-date atomic
data available.

A consistent explanation of both extragalactic and Galactic
observations would be a tendency of sulphur to be more
strongly depleted onto dust than the noble gases neon and
argon. However, ultraviolet absorption measurements in the
diffuse interstellar medium often suggest most sulphur exists
in the gas phase (Savage & Sembach 1996) with low deple-
tion (∼30% Whittet 1984; Wilms et al. 2000). Other ultravio-
let ISM studies suggest a correlation between sulphur deple-
tion and mean hydrogen density (Gondhalekar 1985; Harris &
Mas Hesse 1986; van Steenberg & Shull 1988), with depletions
reaching a factor of 10 for lines of sight with mean hydrogen
densities∼1 cm−3. For molecular regions, strong sulphur deple-
tion is predicted by chemical models (e.g. Duley et al. 1980;
Prasad & Huntress 1982; Ruffle et al. 1999). Unfortunately
little is known about the H II regions probed by our observa-
tions beyond the infrared studies cited above. While depletion
is a natural explanation of the failure of the S abundance data
to trace the noble gas abundances, a quantitative understand-
ing under the conditions of our higher than solar metallicity
H II regions remains to be obtained. Clearly, depletion would
have to depend on ISM conditions to explain both the low
metallicity dwarfs (with no S deficit both from our results and
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numerous optical studies) and the higher metallicity starbursts.
While noting these open questions, we consider depletion of
sulphur onto grains the best explanation for our findings.

5.5. Wolf-Rayet galaxies

Wolf-Rayet galaxies exhibit signatures of Wolf-Rayet stars in
their integrated visible spectra and have been detected in a va-
riety of galaxy types (e.g. BCDs, H II galaxies, AGN, LINERs
etc.) but not in all objects of a particular class (Schaerer et al.
1999). In general, the detection of Wolf-Rayet signatures in
a galaxy has been interpreted as an indicator of young burst
age (3 <∼ tsb <∼ 8 Myr) and the presence of massive stars
(Mupp >∼ 20 M�), since the progenitors of Wolf-Rayet stars
are postulated to be massive O stars. The Wolf-Rayet stage is
thought to appear for a short time during the evolution of a
simple stellar population.

In our sample, Wolf-Rayet galaxies are clearly separated
from non-Wolf-Rayet galaxies. Wolf-Rayet galaxies generally
have higher excitation and lower abundances than non-Wolf-
Rayet objects. The current inventory of Wolf-Rayet features in
external galaxies (Schaerer et al. 1999) is definitely not unbi-
ased, but in general Wolf-Rayet signatures have been detected
mostly in low metallicity systems. The low detection rate of
Wolf-Rayet stars in high metallicity systems is contrary to ex-
pectations from stellar evolution theory (e.g. Meynet 1995).
Leitherer & Heckman (1995) for example, model the ratio of
Wolf-Rayet stars to O stars in evolving starbursts using the
Geneva tracks, and derive an order of magnitude increase in
the metallicity range 0.25 to 2Z�; this range approximately
corresponds to the metallicity spread in our sample.

Recent surveys of a large number of H II regions (Bresolin
& Kennicutt 2002; Castellanos et al. 2002; Pindao et al. 2002)
located in thedisksof local high metallicity galaxies have re-
vealed the presence of weak Wolf-Rayet-like features in∼30%
of the surveyed regions, which implies that Wolf-Rayet stars do
in fact exist in high metallicity environments. This result con-
firms previous work on smaller samples (Guseva et al. 2000;
Schaerer et al. 2000) and high metallicity systems included
in other Wolf-Rayet samples (e.g. NGC 3049; Vacca & Conti
1992).

Yet, in highly obscured star forming regions, the pres-
ence of Wolf-Rayet stars remains to be confirmed. Our higher
metallicity, non-Wolf-Rayet starbursts are all well studied and
strong Wolf-Rayet features would not have escaped detection.
NGC 5236 is the only exception. Despite its location in the ex-
citation and abundance plots that is clearly consistent with the
non-Wolf-Rayet starbursts, Bresolin & Kennicutt (2002) have
recently identified possible Wolf-Rayet features in the optical
spectrum of a nuclear hot-spot (hot-spot M83-A in their pa-
per) which lies within ourISO-SWSaperture. The red and blue
spectra they present have relatively low signal-to-noise and
show no C IVλ5808 emission but do show a weak “blue-bump”
around 4650 Å which is indicative of the presence of WN stars.
Nevertheless, it is unlikely that the blue bump is solely due to
WN stars. NGC 5236 has a N IIIλ4640/HeII λ4686 line ratio
that is greater than unity which Schmutz & Vacca (1999) have

shown cannot be reproduced by mixtures of known Wolf-Rayet
stellar spectra. Schmutz & Vacca suggest that a large contribu-
tion from Of stars could also produce such emission features.
Similar line ratios have also been found in other high metallic-
ity systems (see Schaerer et al. 2000).

The separation of NGC 5236 with respect to II Zw 40 and
NGC 5253 is not unexpected since they represent two very dif-
ferent classes of object. NGC 5236 is large barred spiral galaxy
which is actively forming stars on kiloparsec scales, whereas
for II Zw 40 and NGC 5253 the majority of star-formation
and IR emission is thought to originate in 1 to 4 super-star clus-
ters (cf. Gorjian et al. 2001; Beck et al. 2002). Thus its location
amongst the non-BCD galaxies is reasonable.

There could be several reasons for the non-detection of
Wolf-Rayet features in most of our high metallicity objects: a
special star formation history (no significant part of the popula-
tion currently being in the brief Wolf-Rayet phase); dust obscu-
ration of the regions actually hosting WR stars; and/or changes
in spectral signatures of Wolf-Rayet stars at higher metallicity.

We do not consider fine-tuned star formation histories to
be the dominant reason for the dichotomy in our sample. It
seems very unlikely that only metal-rich objects are observed
at extremely young or late ages (and with O stars still present
to power the starburst). Circumventing this problem by postu-
lating that the metal-rich objects are fully self-enriched in the
current (almost terminated) burst would similarly require strin-
gent assumptions on timing and the enrichment process. Most
importantly, attempts using all available constraints for a de-
tailed reconstruction of the star formation history in M 82, the
prototype non-Wolf-Rayet object in our sample, predict a ma-
jor part of the burst population to be in the “Wolf-Rayet phase”
(Rieke et al. 1993; F¨orster-Schreiber et al. 2003).

Obscuration of the regions hosting Wolf-Rayet stars is
likely to be a significant effect. The presence of Wolf-Rayet
stars is indicated by weak stellar emission features around
4650 Å. In several of our objects, the most active star forming
regions are considerably dust-obscured, and in the absence of
convincing near or mid-infrared Wolf-Rayet tracers (Lumsden
et al. 1994), detection of any “classical” optical Wolf-Rayet
features is difficult. This is especially true if other, less ob-
scured regions dilute the blue part of the visible spectrum.
This is the case for M 82 which has a strong post-starburst
component in its optical spectrum (e.g. Kennicutt 1992). It is
worth noting that the high metallicity H II regions within which
optical Wolf-Rayet features have been detected (Bresolin &
Kennicutt 2002; Castellanos et al. 2002; Pindao et al. 2002) are
located within the disks of their host galaxies, and may suffer
less extinction (and dilution) than our deeply obscured infrared
star forming regions.

The role of Wolf-Rayet stars in metal rich starbursts also
depends on still uncertain elements of the post main sequence
evolution of massive stars. This is true for both the details of
the evolutionary tracks, and the assignment of spectra to those
tracks. For example, the ionising spectra of Wolf-Rayet stars
may not be as hard as commonly assumed; this has implications
for the spectra of composite starburst populations (Bresolin
et al. 1999; Crowther et al. 1999; Bresolin & Kennicutt 2002).
Additionally, evidence suggests that Wolf-Rayet stars in higher
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metallicity environments display different spectral signatures
and weaker lines in the visible, compared to those in lower
metallicity environments (Massey & Johnson 1998). Recent
modelling by Bresolin & Kennicutt (2002) shows that Wolf-
Rayet photons have a negligible contribution to the nebular
ionisation as they are absorbed in the stellar atmospheres. The
presence of Wolf-Rayet stars in our galaxies could be reflective
only of young age. Moreover, in the Galactic centre Thornley
et al. (2000) found that the majority of ionising flux originates
from fairly cool (20 000 to 30 000 K) supergiants rather than the
main sequence and hot Wolf-Rayet stars expected from a direct
interpretation of the Geneva tracks. All this warns that a direct
transfer from theoretically predicted Wolf-Rayet star numbers
to observed signatures in high metallicity environments is cur-
rently difficult.

We note that the dichotomy between Wolf-Rayet and non-
Wolf-Rayet objects in our sample could also be enhanced by
an overestimation of the role of Wolf-Rayet stars in thelow
metallicityobjects. Recent studies suggest the existence in very
young star forming regions of non-Wolf-Rayet (core hydrogen
burning) stars that, nevertheless, show Wolf-Rayet-like broad
emission (Massey & Hunter 1998). This might additionally en-
hance the incidence of “Wolf-Rayet features” among the very
youngest, highest excitation objects (Schmutz & Vacca 1999).

6. Conclusions

We have presented mid-infrared spectral line data from a spec-
troscopic survey of a sample of starburst galaxies as seen by
ISO-SWS. These data can be used as a reference database
for comparison to future observations of star-forming galaxies
with infrared telescopes such asSIRTF, SOFIAandHerschel.

From this database we have investigated the excitation and
abundances of the sample using fine structure lines of the pri-
mary nucleosynthetic products neon, argon and sulphur and the
H-recombination lines Brackettα and Brackettβ. Abundance
and excitation are inversely correlated for Ne and Ar. In addi-
tion, a comparison to local H II regions shows thatfor a given
metallicity starbursts are of relatively lower excitation than the
H II regions. The excitation of mid-infrared starburst spectra is
hence governed by a combination of metallicity and other ef-
fects like ageing of the population, which should be accounted
for in modelling starbursts as composite H II regions.

An analysis of the excitation and abundance as traced
by fine structure lines of of sulphur indicates that sulphur is
approximately 3 times underabundant for the low excitation
metal-rich galaxies relative to Ne and Ar with which it should
be correlated since it is also a primary product of nucleosyn-
thesis. We favour depletion onto dust grains as the most likely
cause of this relative underabundance. The weakness of the sul-
phur lines may favour neon as an indicator of star formation in
future infrared spectroscopy of faint galaxies. In addition the
derived low sulphur abundances imply that S is not a good
tracer of metallicity.

Our sample displays a dichotomy between galaxies show-
ing Wolf-Rayet features in the optical, which are of high exci-
tation and low metallicity, and those without Wolf-Rayet fea-
tures, which are of low excitation and high metallicity. This is

opposed to the expectation of higher Wolf-Rayet fractions at
higher metallicity from stellar evolutionary models. The most
plausible reasons for this behaviour include obscuration cou-
pled with a lack of convincing mid-infrared Wolf-Rayet trac-
ers, dilution by less obscured regions in the optical spectrum
and changes in the spectral signatures of Wolf-Rayet stars at
higher metallicity.

The excitation probed by fine structure lines reported in
this paper have been combined with those from a sample of
active galaxies and are presented in a related paper (Sturm
et al. 2002). Sturm et al. have constructed infrared analogues
to the classical optical excitation diagnostics of Veilleux &
Osterbrock (1987). The results show a clear separation between
the two populations and the new excitation diagnostic can be
used to identify powering mechanisms of obscured sources de-
tected in future infrared surveys.

Acknowledgements.We would like to thank the referee Dr. M.
Sauvage for his constructive and useful comments. The ISO
Spectrometer Data Center at MPE is supported by DLR under grant
50 QI 0202. This research is partly supported by the German-Israeli
Foundation (grant I-0551-186.07/97). This study is based on obser-
vations with ISO, an ESA project with instruments funded by ESA
Member States (especially the PI countries: France, Germany, The
Netherlands and the UK) and with the participation of ISAS and
NASA.

References

Achtermann, J. M., & Lacy, J. H., 1995, ApJ, 439, 163
Alexander, T., Sturm, E., Lutz, D., et al. 1999, ApJ, 512, 204
Alonso-Herrero, A., Rieke, G. H., Rieke, M. J., & Scoville, N. Z.

2000, ApJ, 532, 845
Barger, A. J., Cowie, L. L., & Richards, E. A. 2000, AJ, 119, 2092
Beck, S. C., Kelly, D. M., & Lacy, J. H. 1997, AJ, 114, 585
Beck, S. C., Turner, J. L., Ho, P. T. P., Lacy, J. H., & Kelly, D. M.

1996, ApJ, 457, 610
Beck, S. C., Turner, J. L., Langland-Shula, L. E., et al. 2002, AJ, 124,

2516
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