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ABSTRACT

We have obtained deep optical, long-slit spectrophotométihe Galactic Hi regions M 17,
NGC 3576 and of the Magellanic CloudiHregions 30 Doradus, LMC N11B and SMC N66,
recording the optical recombination lines (ORLs) ofICN 11 and Oil. A spatial analysis
of 30 Doradus is performed, revealing that the forbiddee-[O 111] electron temperature is
remarkably constant across the nebula. The forbidden@ifdH* abundance mapped by
the [O 1] A4959 collisionally excited line (CEL) is shown to be coneigty lower than the
recombination-line abundance mapped by the @1 multiplet at 4650A. In addition, the
spatial profile of the &F/O%** ratio derived purely from recombination lines is presented
for the first time for an extragalactic nebula. Temperainsensitive ORL /0> and
N2*+/02* ratios are obtained for all nebulae except SMC N66. The ORL/Q** ratios
show remarkable agreement within each galactic systentealsio being in agreement with
the corresponding CEL ratios. The disagreement found eetwiee ORL and CEL RiF/O?*
ratios for M 17 and NGC 3576 can be attributed to the M 3 and V 5 ORLs that were used
being affected by fluorescent excitation effects.

For all five nebulae, the & /H+ abundance derived from multiple DORLs is found to
be higher than the corresponding value derived from theagtf@® 1117 A\4959, 5007 CELSs,
by factors of 1.8—2.7 for four of the nebulae. The LMC N11Bulalexhibits a more extreme
discrepancy factor for the® ion, ~5. Thus these H regions exhibit ORL/CEL abundance
discrepancy factors that are similar to those previoustpantered amongst planetary nebu-
lae.

Our optical CEL Gt/H* abundances agree to within 20-30 per cent with published
0O?*/H* abundances that were obtained from observations of infrine-structure lines.
Since the low excitation energies of the latter make thererigiive to variations about
typical nebular temperatures, fluctuations in temperaameeruled out as the cause of the
observed ORL/CEL &" abundance discrepancies. We present evidence that thevethse
O 1l ORLs from these Hi regions originate from gas of very similar density 8500 cnt3)
to that emitting the observed heavy-element optical amaiatl CELSs, ruling out models that
employ high-density ionized inclusions in order to expltia abundance discrepancy. We
consider a scenario whereby much of the heavy-element OR&s@m originates from cold
(< 500 K) metal-rich ionized regions. These might constitwtloh that are being evaporated
from much denser neutral cores. The origin of these methliriclusions is not clear — they
may have been ejected into the nebula by evolved, massivediValf-Rayet stars, although
the agreement found between heavy element ion ratios defiven ORLs with the ratios
derived from CELs provides no evidence for nuclear-prosgssaterial in the ORL-emitting
regions.
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1 INTRODUCTION planetary nebulae (PNe; ionized ejected envelopes of egdbuv-
to intermediate-mass stars). On the one hand, an accuratd-kn
In recent years deep spectroscopic studies, coupled vt edge of abundances in galactic and extragalactic fdgions is

oretical results in atomic physics, have cast new light onefl w  of paramount importance for constraining galactic chetréva-
established field of modern astrophysics: the study of et¢ahe lution models (e.g. Shields 2002). On the other hand, atmoela
abundances in H regions (ionized gas clouds marking the birth- studies of PNe provide useful constraints on nucleosyiatltieé-
places of stars within the galaxy and in external galaxiew) a ories and our understanding of the late stages of stellduten
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(Kingsburgh & Barlow 1994; Henry, Kwitter & Bates 2000). Neb
ular abundances of heavy elements such as C, N, O and Néjeelat
to H, have traditionally been derived from observationstodrg,
and thus easy to measure, collisionally-excited ionicdif@@ELS);
e.g. Ci] AX1906, 1909 [Ni1] A\6548, 6584, [Oi11] AA4959,
5007 and [Neii] A\3869, 3967. However, the analysis of obser-
vations of weak heavy-element optical recombination I({@R3Ls)
from PNe, including publications by Peimbert, Storey & Bs
Peimbert (1993), Liu et al. (1995a; 2000; 2001b), Luo, Liu &B
low (2001), Garnett & Dinerstein (2001), and the recent woik
Tsamis et al. (2002a for observations and CEL analysis; 2602
ORL analysis), have yielded CNONe abundances for PNe tleat ar
systematically higher than those derived using the stan@&L
method. The most promising explanation for these resulieast
for PNe, posits the existence within nebulae of a hithertahown,
low-temperature component enhanced in heavy elementsaitd e
ting mostly in ORLSs, intermingled with a hot component of mor
normal composition from which the CEL emission originateisi
et al. 2000; Liu 2002a,b; Péquignot et al. 2002a, b). Thectexa
nature and origin of the putative ORL-emitting componentus
rently a matter of intense debate.

The ORL results for PNe become a matter of concern for neb-
ular abundance studies, all the more so because nebularlZEL a
dances have been long plagued by lingering doubts aboutr&iei
liability, arising from their exponential sensitivity tthé¢ adopted
nebular electron temperature and their dependence on timeat
nebular electron density (for lines of low critical density.,;
Rubin 1989). On the other hand, elemental abundancesveelati
to hydrogen derived from ratios of ORLs [e.g. from theC 11
\4267)I[(H73) intensity ratio for the derivation of & /HT, as op-
posed to using the CEL/ORL(A1908)/ (Hp) ratio] are nearly in-
dependent of both the adopted temperature and densityngass
that abundance determinations employing ORLs should be& mor
accurate than those using CELSs, since in real nebulae muttte of
emission of CELs can be biased towards regions of high electr
temperature, as well as towards regions having electroasitiEs
less than the critical density of the CEL. As a result, ORLrabu
dance studies of ionized nebulae are now coming to the fomaks
also to rapid progress in detector technology.

resolution, long-slit optical spectrophotometry of thight Galac-

tic H 1 regions M17 and NGC 3576, and the Magellanic Cloud
H 11 regions 30 Doradus, LMC N11B and SMC N66. These nebu-
lae were selected to be of relatively high excitation far Fegions,
with O?T being the dominant ion stage of oxygen. In Section 2
we describe our optical spectroscopic observations argeptea
thorough list of emission line fluxes and dereddened intiexssiln
Section 3 we describe the extinction corrections and thenpda
temperature and density analysis. In Section 4 we preseatham
dance analysis using optical collisionally excited lifesSection 5
we present an abundance study using optical recombinaties, |
discussing the relative intensities oflOORLs and complications
arising from the presence of bright dust-scattered starligithin

the nebulae. In Section 6 high-resolution long-slit sgeofr30 Do-
radus are used to map the electron temperature and demsitthe
ionic abundances across the nebular surface. Finally, soaisi the
implications of the results from this extensive study in ti&ec7
and state our conclusions in Section 8.

2 OBSERVATIONSAND DATA REDUCTION

The observational dataset consists of long-slit specti@mdd dur-

ing runs at the European Southern Observatory (ESO) using th
1.52-m telescope and the 3.5-m New Technology Telescop&NT
Additional long-slit spectroscopy for one target was perfed at
the 3.9-m Anglo-Australian Telescope (AAT). The journalatf-
servations is presented in Table 1.

The Galactic HiI regions M 17 and NGC 3576 were observed
at ESO with the B&C spectrograph on the 1.52-m telescope. The
detector was a Lora?048 x 2048, 15um x 15um CCD in July
1996 and in February 1997. A 2 arcsec wide, 3.5 arcmin long sli
was employed. The CCDs were binned by a factor of two along
the slit direction, in order to reduce the read-out noisee $pa-
tial sampling was 1.63 arcsec per pixel projected on the Bkgp.
wavelength regions of M 17 were observed in July 1996: a 2400
lines mnT ! holographic grating was used in first order to cover
the 3995-4978 range at a spectral resolution of AAFWHM);

a second grating in first order, along with a WG345 order sort-

To date, deep abundance studies of PNe (summarised by Liuing filter, was used to cover the 3535-740@ange at a resolu-

2002b) have yielded ORL abundances for C, N, O and Ne which,
for the majority (90-95%) of nebulae, are typically a faab2—3
larger than those obtained from UV, optical or infrared CHEGr

the remaining 5-10% of PNe, even larger discrepancy fa¢ters
80) are found between the heavy element abundances derdrad f
ORLs and CELs. The situation for iHregions is less clear thus far
than for PNe, mainly on account of the small number of Hgions

so far observed specifically for the purpose of detectingyhek

tion of 4.5A. The shortest integration time was chosen so as to
ensure that strong emission lines likerldnd [O111] AA4959, 5007
would not be saturated. NGC 3576 was observed in Februarg;, 199
in the 3995-4978& range only, at a resolution of 14 Additional
spectra of NGC 3576 were taken at the AAT with the RGO spectro-
graph and a TEK 024 x 1024, 24um x 24um CCD. A 1200 lines
mm~! grating was used in second order with two settings to cover
the 3509—3908, 3908-43@6ranges, at a resolution ofA, while a

ement ORLs and deriving abundances from them. Peimbert et al 250 lines mm! grating was used to cover the 3655—7§6£hnge

(1993) found ORL G"/H* abundances for M42 and M 17 that
were a factor of two larger than those found from thaijQoptical
CELs, while Esteban et al. (1998, 1999) found OREfGabun-
dances that were larger than the CEL values by a factor ofat.5 f
M 42 and a factor of two for M 8. Clearly, if Hi regions are gen-
erally found to yield heavy element abundances from ORLS tha
exceed those from CELs by similar factors to those sumnthrise
above for PNe and for M 8, M 17 and M 42, then this could have se-
rious implications for our understanding of the chemicallation

of galaxies, which to date has relied to a large extent on Gkina
dance analyses of H regions located in our own and other galax-
ies. The current contribution aims to increase the numbklriofe-
gions with ORL abundance analyses, by presenting deepumedi

in first order at a resolution of 84 The CCD was again binned
by a factor of two along the slit direction, yielding a platat of
1.54 arcsec per pixel.

The Magellanic Cloud Hi regions 30 Doradus, LMC N11B
and SMC N66 were observed with the NTT 3.5-m telescope in
December 1995. The ESO Multi Mode Instrument was used in
the following modes: red imaging and low dispersion grisracsp
troscopy (RILD) and dichroic medium dispersion spectrpgco
(DIMD). The detector was a TEK024 x 1024, 24um x 24um
CCD (no. 31), used for blue-arm DIMD observations, and a TEK
2048 x 2048, 24um x 24um CCD (no. 36), used for red-arm
DIMD and RILD observations. Both cameras were in use when ob-
serving in DIMD mode. In this case, a dichroic prism was itesgr
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Table 1. Journal of observations.

3

H 11 region Date A-range FWHM PA RA DEC Exp.
(uT) (A) (A) (deg) (2000) (2000) (sec)
ESO 1.52-m
M17 07/7/96  3995-4978 15 —-21 182040.0 —160929 31200
M17 13/7/96  3535-7400 45 =21 " 60, 300, 600
NGC 3576 11/2/97  3995-4978 15 -50 1111569 -611725 6<1800
AAT 3.9-m
NGC 3576 08/02/95  3509-3908 1 -50 1112005 -611824 300, 1800
NGC 3576 " 3908-4305 1 —50 " 2x1800
NGC 3576 " 3635-7360 85 50 ” * 120, 300, 600
NTT 3.5-m
30 Doradus  15/12/95 3635-4145 2 76 05 38 45.6-69 05 24 31200
30 Doradus ’ 4060-4520 2 76 " 31200
30 Doradus ” 4515-4975 2 76 " " 30041200
30 Doradus 6507-7828 3.8 76 »31200
30 Doradus ” 3800-8400 11 76 " " 60, 300, 600
LMC N11B  16/12/95 3635-4145 2 —57 045647.0 —662511 600
LMC N11B ” 4060-4520 2 —57 ? " 2x1800
LMC N11B ” 4515-4975 2 -57 ” " 2x1800
LMC N11B ? 6507-7828 3.8 —57 600
LMC N11B ” 3800-8400 11 -57 ” " 600
SMC N66 16/12/95 3635-4145 2 —57 005855.2 —-721232 600
SMC N66 " 4060-4520 2 —57 ? " 2x1800
SMC N66 " 4515-4975 2 -57 ” " 2x1800
SMC N66 " 6507-7828 3.8 —57 600
SMC N66 " 3800-8400 11 -57 ” " 300, 600

into the beam path so that light was directed to the blue add re
grating units in synchronization, allowing simultaneoup@sures

to be obtained in the blue and red part of the optical spectRon

all exposures, both CCDs were binned by a factor of two in both
directions. The spatial sampling was thus 0.74 and 0.54anosr
pixel projected on the sky, for CCDs no. 31 and no. 36, respec-
tively. Five wavelength regions were observed with twoetit
gratings (#3, #7) and a grism (#3), yielding spectral resahg of
approximately A (A\3635-4145 \4060-4520\\4515-4975),
3.8A (A\6507-7828), and 1A FWHM (AA3800-8400), respec-
tively. An OG530 filter was used when observing in DIMD mode.
The slits used were 5.6 arcmin long and 1.0 and 1.5 arcsec wide
Relevant exposure times, position angles and target auatesti are
listed in Table 1.

The two-dimensional spectra were reduced with theas
software package, following standard procedures. The Wis-
subtracted, flat-fielded via division by normalized flat figlmes,
cosmic-ray cleaned, and then wavelength calibrated usipg-e
sures of He-Ar, Th-Ar and Cu-Ar calibration lamps. Duringeth
1995 and 1997 runs, twilight sky flat-fields were also obtdjne
in order to correct the small variations in illumination adp
the slit. The ESO 1.52-m spectra were reduced to absolute in-
tensity units using wide-slit (8 arcsec) observations & HST
standard stars Feige 110 and the nucleus of the planetanfaneb
NGC 7293 (Walsh 1993), as well as the CTIO standards LTT 4364
and LTT 6248 (Hamuy et al. 1994). All NTT spectra were flux-
calibrated using wide-slit (5 arcsec) observations of &&it0. The
AAT spectra were flux-calibrated using observations of tta®-s
dard star LTT 3218. In all cases, flux-calibration was doriegithe
IRAF software package. Sky-subtraction was not attempted Bince
no case could any nebular emission-free windows be exttécim
the long-slit CCD frames.

Most of the line fluxes — and certainly all those of heavy ele-
ment recombination lines — were derived using Gaussiarplioe
file fitting techniques, apart from the strongest ones, factvtheir
fluxes were measured by simply integrating over the line jg=fln
order to deconvolve features affected by blending, mdtipaus-
sian fitting was employed. In such cases a successful estiofiat
the continuum emission level was deemed to be an importat fir
step. After subtracting the local continuum, line fluxes eves-
trieved by fitting multiple Gaussians of appropriate cdnirave-
length and usually equal FWHM. The FWHM was taken to be the
same as that of nearby unblended lines of similar strengtheto
ones fitted. Their relative wavelength spacings were caimsd to
be the same as those from laboratory wavelengths. This qguoee
assured accurate flux retrieval and aided line identifioaitiothe
case of ambiguous features. In Fig. 1 we present high-résoju
continuum-subtracted spectra of 30 Doradus and NGC 3576 cov
ering the spectral region around thellO/ 1 multiplet at 4650,
along with multiple Gaussian fits to the observed emissioesli

A complete list of observed emission lines and their fluxes fo
all nebulae can be found in Table 2. All fluxes are on a scaleavhe
F(HB) = 100, with the dereddened flux given by,

I(A) = 10°HDI ) p(y).

The amount of interstellar extinction is given &fH3) which is the
logarithm of the ratio of the dereddened and observgdfltixes,
while f()\) is the adopted extinction curve in each case (see below)
normalized such that(H3) = 0. A ratio of total to selective ex-
tinction, R = Av/E(B — V) = 3.1 was assumed. All dereddened
line intensities quoted in the remainder of this paper ara eoale
wherel(H3) = 100.
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Figure 1. Continuum subtracted spectra of 30 Doradio@;(NTT 3.5m, FWHM = 2/3\) and NGC 3576 ljottom ESO 1.52m, FWHM = l.ﬁ) showing the
O 11 V1 multiplet recombination lines; interstellar extinatillas not been corrected for. The thick overplotted lineéssilim of multiple Gaussian fits to the

lines. The intensity is scaled #6(H3) = 100.

3 NEBULAR ANALYSIS
3.1 Reddening correction

In the case of the galactic nebulae M 17 and NGC 3576, thetialac
reddening law of Howarth (1983) was used to correct for sttt

lar extinction, with the amount of extinction atd-tetermined by
comparing the observed Balmeo#H 3, Hy/H3 and H/H3 decre-
ments to their Case B theoretical values from Storey & Hummer
(1995). For the M 17 and NGC 3576 sightlines, values(6fg3) =
1.84 and 1.25 respectively were found.

For the Magellanic Cloud nebulae, the contribution from
galactic foreground reddening was estimated from the madde
maps of Burstein & Heiles (1982), using the extinction law of
Howarth (1983) in all cases. For the direction to 30 Dorad(3;3)
= 0.087 through the Milky Way was found. The remaining extinc
tion due to the immediate 30 Doradus environment was fouibe to
c¢(HpB) = 0.32, from the foreground-corrected Balmer decrements,
using the LMC extinction law of Howarth (1983). For LMC N11B
and SMC N66, no further correction was attempted after fore-
ground Galactic reddenings ofH3) = 0.073 and 0.087, respec-
tively, were corrected for, since the resulting Balmer Ina¢ios
were in good agreement with their Case B theoretical values.

3.2 Electron temperatures and densities

Nebular electron temperaturds and densitiesV. were derived
from several CEL diagnostic ratios by solving the equatioinsta-
tistical equilibrium using the multi-leveX 5) atomic modetQuis

and are presented in Table 3. The atomic data sets usedS@uiRi
pose, as well as for the derivation of abundances, are the aam
those used by Liu et al. (2000) in the study of the planetaky ne
ula NGC 6153. The procedure was as follows: a represeniative
tial T. of 9000 K was assumed in order to derid&(Cl 1) and
N.(Ar 1v); the mean electron density derived from these diagnos-
tics was then used to derivE.(O 111), and we then iterated once
to get the final values. In a similar mann&g(N 1) was derived

in conjunction withN.(O 11) and N.(S 11). The Balmer jump (BJ)
electron temperatures of M 17 and NGC 3576 were derived from
the ratio of the H recombination continuum Balmer discontinuity
at 3646A to the H 11A3770 line. These temperatures are presented
in Table 3, along with the mean nebular temperatiite and tem-
perature fluctuation parametef, (Peimbert 1967) implied by the
BJ and [O111] temperatures.

The electron temperatures deduced from theli[Nnebular
to auroral line ratio are higher than those of the correspand
[O ] line ratio—except for LMC N11B, where the derived val-
ues are probably consistent within the errors. The diffeeerex-
ceed 2000K for 30 Doradus and SMC N66. Using photoioniza-
tion models of metal-rich Hi regions, Stasifiska (1980) has argued
that the electron temperature increases outward as a danofi
radius, probably due to a combination of hardening of theéarad
tion field with increasing optical depth, plus stronger @oglfrom
fine-structure lines of [ ] in the inner parts of the nebulae where
O** dominates; thus the temperature in zones where singlyadniz
species exist is predicted to be higher tHaqO 111]).

However, the contribution of recombination to the excdaati
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Table 3. Plasma diagnostics.

5

Diagnostic ratio M17 NGC3576 30Doradus LMCN11B SMC N66
Te (K)
[O ] (A4959+\5007)A4363 8200 8850 10100 9400 12400
[N 1] (\6548+\6584)\5754 9100 9000 12275 9250 14825
7900" 8500 11600 * *
[S 1] A4068/Q\6717+\6730) 8850 7900 7500 6950 11050
BJ/H11 7700 8070 * * *
To 7840 8300 * * *
t2 0.011 0.017 * * *
Ne (cm~3)
[Ar 1v] A474004711 1500 1700 1800 * <100
[Clin] A5537M5517 1050 2700 480 1700 3700
[S1] A6731N6716 600 1350 390 80 60
[O ] A3729N3726 * 1300 370 110 50

@ [N n]temperatures after correction for recombination exicitatontributions.

of the [N 11] A5754 line (Rubin 1986), coupled with the potential
presence of high-density inclusions in nebulae (Viegas &gGl
1994), may cause deceptively high temperatures to be ddriom

the [N 11] nebular to auroral line ratio, as well as from the corre-
sponding [O11] A\3727/\7320 +\7330) ratio. We have therefore
estimated corrections to the [N temperatures of M 17, NGC 3576
and 30 Doradus, making use of the derived ORI K1 fractions
presented later in Table 6 and Eq. 1 of Liu et al. (2000). The re
vised [N 11] temperatures for these three nebulae respectively, are
7900, 8500 and 11600 K; improved agreement with the correspo
ing [O 111] temperatures of 8200, 8850 and 10100K is found in all
cases. Given the inherent uncertainties, @ 11)’s were not used

in the abundance analysis that follows.

Regarding the derived electron densities, it is found that i
four out of five nebulae the densities deduced from thei[S
A6731M6716 ratio are in good agreement with those derived from
the [O 1] A\3729\3726 ratio (the spectral resolution was not ade-
guate to allow the determination of the [(Qdoublet ratio in M 17),
but are lower than the values given by the %t and [Cl111] diag-
nostics. This can be seen especially in LMC N11B and SMC N66
where the [Q1] and [S11] doublet ratios approach the low-density
limit, and certainly imply N.'s an order of magnitude less than
from the doubly ionized species (Table 3). This behavioupissis-
tent with the presence of strong density variations in theitze, so
that diagnostic line ratios from lines with higher critimlnsitieﬂ
yield higher derived nebular electron densities (see RL®39, Liu
et al. 2001a).

4 |1ONIC AND TOTAL ELEMENTAL ABUNDANCES

FROM CELS

We used the statistical equilibrium cod®uiB to derive ionic
abundances from nebular CELs. The ionic abundances deduveed
presented in Table 4. For each nebula, the electron tenuperde-
rived from the [O111] nebular to auroral line ratio was adopted for

L For [Cl 1] AA5517, 5537, N, = 6400 and 34000 cr?; for [Ar 1V]
ANA711, 4740N., = 14000 and 130,000 cn¥; for [O 1] AA3726, 3729,
Ner = 4300 and 1300 cm?; and for [Si1] AA6716, 6730 N, = 1200 and
3300 cnt 3 respectively; the quoted values are for an electron teryrera
of 10000 K.

all ionic species, following the discussion detailed in finevious
section. Regarding the choice of electron densities, wetadahe
mean of the values deduced from thel[and [Si1] doublet ratios
in order to derive abundances of singly ionized specieslevithe
mean electron densities from the [Ar] and [Cl 111] ratios were
used to derive abundances for doubly and triply ionizedisgec
Total abundances from CELs have been derived adopting
the ICF scheme of Kingsburgh & Barlow (1994), apart from ClI
which was not discussed by those authors. For that elemeht an
in the cases of M17, 30 Doradus and SMC N66, the prescrip-
tion of Liu et al. (2000) was used, according to which CI/H =
(SIST) x CI>*/H*, based on the similarities of the ionization po-
tentials of chlorine ionic stages to those of sulphur ioragss.
On the other hand, for NGC 3576 and LMC N11B, for which
the listed S abundances are lower limits, we adopted CI/H =
(Ar/Ar2T) x CI**/H*. The total oxygen abundance was adopted
to be the sum of singly and doubly ionized oxygen abundamtes.
significant amounts of & are expected, since no Hierecombi-
nation lines are seen.

5 I1ONIC ABUNDANCESFROM ORLS

Since ionic abundances relative to erived from intensity ratios
of heavy element ORLs relative to a hydrogen recombinaiiue |
depend only weakly on the adopted temperature, and aretiedisen
independent ofV., for each nebula the [@1] temperature was
adopted for the calculations. The He abundances derivet el
recombination lines are given in Table 4. Case A recomhnati
was assumed for the triplet line€471,1\5876 and Case B for the
singlet \6678 line. The effective recombination coefficients were
from Brocklehurst (1972). For th®4471 line, the effective coeffi-
cient given by Brocklehurst (1972) differs by only 1.4 pentieom
the calculations of Smits (1996). The differences betwéertwo
calculations are even smaller for the other two lines. Goutions
to the observed fluxes by collisional excitation from thé’ 12e3S
metastable level by electron impacts were corrected faorgugie
formulae derived by Kingdon & Ferland (1995a).

In the following subsections we present C, N and O ionic
abundances derived from ORLs.
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Table 4. lonic and elemental abundances for helium relative to hyeino derived from ORLs, and those for
heavy elements, derived from CEEs.

M17 NGC3576 30Doradus LMCN11B SMC N66

4471 He"/H+  0.0955(1) 0.0949(1)  0.0874(1) 0.0856(1)  0.0791(1)
5876 Hef/H+  0.0959(4) 0.0926(4)  0.0910(3) 0.1022(4)  0.1006(4)
6678 Hef/HT 0.0909(1)  0.0879(1) 0.0926(1) 0.0906(1) 0.0756(1)
Avg. He/H 0.0950 0.0922 0.0906 0.0975 0.0928
3727 OoHH+ 9.28(-5) 1.10(4)  4.13(5) 1.12(-4)  3.35(5)
7320+7330 ... 1.18¢4): 2.06(4): 5.77¢5): 3.79¢4): 8.77¢6):
4931 GHHT  2.23¢4):  3.31(4): * 2.36(-4):  6.30(5):
4959 2.66(4)  2.21(4) 1.76(4) 1.47¢-4) 9.41(5)
icf(O) 1.00 1.00 1.00 1.00 1.00
OM 3.59¢4)  3.31(4) 2.17¢-4) 2.59(4) 1.28(-4)
6548+6584 N /HT 8.14(-6)  1.17(5) 1.48(-6) 3.66(-6) 5.37(7)
icf(N) 3.87 3.01 5.25 2.31 3.82
N/H 3.15(5) 3.52(5) 7.77¢6) 8.45(-6) 2.05(-6)
3868+3967 N&t/HT  7.17(-5) 3.46(05) 3.71¢-5) 2.40(-5) 1.72(-5)
icf(Ne) 1.39 1.50 1.23 1.76 1.36
Ne/H 9.97¢5)  5.19(5) 4.56(5) 4.22(5) 2.34(5)
7135 ARt/HT  1.48(6) 1.70(6) 1.11¢-6) 1.12¢6)  4.71(7)
4711+4740 ARH/Ht  2.72(-8)  2.15(-8)  3.39(-8) 2.27(8)  3.16(-8)
icf (Ar) 1.35 1.50 1.24 1.76 1.35
Ar/H 2.03(-6) 2.58(-6) 1.42(-6) 2.016)  6.79¢7)
4069 SFH+ 5.797): 7.50(7): 253(7):  8.82(7):  2.60(7):
6716+6730 ... 3.60¢7) 6.20(-7) 2.80(7) 7.32¢7) 2.59¢7)
6312 S+H+ 8.05(—6) * 4.28(—6) * 1.66(—6)
icf (S) 1.19 * 1.29 * 1.19
SIH 1.00(5) 6.57¢7)  5.88(6) 4.98(-6)  2.28(-6)
5517 CPH/H+  1.07¢7) 9.95(8)  5.14(8) 7.69(-8)  2.63(-8)
icf(Cl) 1.24 1.52 1.37 1.79 1.37
CIH 1.33(7) 151¢7)  7.04(8) 1.38(7)  3.60(8)

@ Numbers followed by ‘' have not been used at any point in thalysis. The numbers in parentheses
following the Het/Ht abundances are the weighting factors used for the denivafidghe average He/H+
abundance.

51 C*H/H' and N*t/HT ble 6 we adopt Rt /H* fractions of 3.53< 10~* and 2.70x 10~*
for M 17 and NGC 3576, respectively.

The case-insensitive CA4267 (4f-3d) line has been detected from

all nebulae except SMC N66 and used to derive thé/8* abun-

dance ratios presented in Table 5; an upper limit only has bee

timated for SMC N66. The doublet from multiplet VV 43920) has

also been detected from NGC 3576, but not used for abundance

determinations since its upper levels are directly coretetd the

C* 2p2P° ground term, and the doublet is therefore potentially 5.2 O2f/H*

ffected by optical depth effects.
afiected by opfical depth effects To our knowledge, this is the first time thatiOORLs arising from

Regarding the Rf/H* ORL abundance ratios, these have Magellanic Cloud Hil regions have been recorded. We have de-
been derived for M 17 and NGC 3576 and are presented in Table 6;tected transitions from 3s—3p, as well as 3p—3d and 3d—4fgren
lines from the NIl 3s—3p V3 and V5 multiplets have been de- rations. In Table 7 we present a comparison between theaubser
tected and Case B recombination has been assumed. It isg=dim and predicted intensities of @ lines relative to the strongest ex-
that under Case A the abundance ratios deduced from the ¥$ lin  pected line within each multiplet. The numbers in brackegsthe

would be several times higher, while V 3 results would bedatyy formal absolute errors to the intrinsic intensities dediiom the
only about 20 per cent. Longer exposure times would be reduir  line-fitting method only; they do not include any possiblsteyn-
to detect the weaker case-insensitive lines from the 3dretifm atic errors arising e.g. from the flux calibration of our 9p&cAs

N 11 ORLs have not been unambiguously detected from any of the with our extensive Qi optical recombination-line survey of plan-
Magellanic Cloud Hil regions; the strongest predicted multiplet etary nebulae (Tsamis et al. 2002b), it is assumedLt&atoupling
V 3 (A\5680) is probably present in 30 Doradus, but the resolution holds for the 3s—3p transitions, while intermediate coupis as-
of our spectra is too low (FWHM L&) at this wavelength to allow sumed for those between 3p—3d and 3d-4f states (Liu et &a)99
us to be conclusive. In that nebula’s spectrum the strorigasy 5 Table 7 is important both for checking whether observatigrees
multiplet line, at 4634, is marginally detected; an upper limitto  with theory and in excluding some lines from further consitien
the N°*/H™ fraction of 5.48x 10~° was derived from it. From Ta- when blending or misidentification are suspected.



Table 2. Observed and dereddened relative line fluxes\F(nd

Recombination-line vs. forbidden-line abundances im k¢gions

I(\), respectively), on a scale wheresH= 100.

M17
Mobs  F(N) I ID X Mult
* * * H14 3721.94 H14
* * [SN] 372163 F2
3726.99 3.111) 9.24¢-1) [Oll] 3726.03 F1
* * [Ol] 372882 F1
3749.86 1.13 3.32 H12 3750.15 H12
3770.34 1.31 3.78 H11 3770.63 Hi1l
3797.30 1.61 453 H10 3797.90 H10
3819.01 4.13¢1) 1.14 Hel 3819.62 V22
3834.78 2.41 6.59 H9 383539 HO
3868.84 6.91 1.831) [Nell] 3868.75 F1
3889.14 6.23 1.62¢1) Hel 3888.65 V2
3967.56 8.24 2.041) [Nell] 3967.46 F1
4009.31 1.26¢1) 2.97¢1) Hel 4009.26 V55
402629 9.73¢1) 225 Hel 402621 V18
4069.00 2.60¢1) 5.79¢1) [SIl] 4068.60 F1
4076.23 7.05¢2) 156(1) [SIl] 4076.35 F1
4101.76 1.19¢1) 2.57¢-1) H6 410174 H6
411971 5.44¢2) 115C1) Ol  4119.22 V20
412133 9.00(2) 1.91¢1) Hel 4120.84 Vi6
414387 135¢1) 2.80(1) Hel 414376 V53
4267.19 261£1) 4.81(1) CIl 426715 V6
431727 6.36(2) 1.12c1) Ol 431714 V2
431948 1.89¢2) 3.30(2) OIl 431963 V2
434043 279¢1) 4.77¢-1) H5 434047 H5
3.932) 6.7062) OIl 434556 V2
434901 6.30(2) 1.07C1) Ol 434943 V2
436322 6.1161) 1.02 [Ol] 436321 F2
4388.02 4.06(1) 6.63C1) Hel 4387.93 V51
4437.83 537(2) 8.33(2) Hel 443755 V50
447149 3.28 491 Hel 447150 V14
4607.46 4.56(2) 595(2) NIl  4607.16 V5
4630.76 5.22(2) 6.02(2) NIl 463054 V5
463426 3.42(2) 4.34(2) NIl 463414 V2
4638.98 836(2) 1.06C1) OI 463849 Vi
4640.76 2.77¢2) 3.48(-2) NIl 4640.64 V2
4641.93 1.28¢1) 152(1) OIl 464144 V1
464938 1.10¢1) 1.38c1) Ol 464913 Vi
4651.09 6.99¢2) 8.71(2) OIl 465084 V1
4658.49 225(1) 2.79¢1) [Fell] 4658.10 F3
4662.02 8.47¢2) 1.04(1) OIl 4661.63 V1
4676.91 5.19¢2) 6.30(2) Ol 467624 Vi
471160 7.042) 8.20(2) [ArlvV] 4711.37 F1
471340 4511) 526(1) Hel 471317 Vi2
474037 6.20(2) 7.04(2) [ArlV] 474017 F1
480320 2.85(2) 3.04c2) NIl 480329 V20
486155 1.00¢2) 1.004-2) H4 4861.33 H4
488120 1.04¢1) 1.021) [Fell] 4881.11 F2
4906.87 5.42(2) 517(2) Ol 4906.83 V28
492227 1.42 1.34 Hel 4921.93 V48
493147 4.49¢2) 4.18(2) [OIl] 4931.80 F1
4959.13 1.30¢2) 1.17¢-2) [OIll] 495891 F1
5006.43 4.13¢2) 3.55(-2) [Olll] 5006.84 F1
5198.36 4.04(1) 2.84(1) [NI] 5199.84 F1
5517.48 8.73¢1) 4.54(1) [CIll] 5517.66 F1
5537.71 7.75¢1) 3.97¢1) [CllI] 5537.60 F1
5666.60 1.23¢1) 5.702) NI  5666.53 V3
5676.11 3.68¢2) 1.702) NIl 5676.02 V3
5679.62 1.18¢1) 5.44(-2) NIl 5679.56 V3
5754.74 7.40¢1) 3.24(1) [NI] 5754.60 F3
5875.44 3.614(1) 1.45¢-1) Hel 5875.66 Vil
6312.09 4.77 1.43 [SI] 631210 F3
6548.71 3.52¢1) 9.15 NI 6548.10 F1
6563.11 1.17(3) 3.0142) H3 6562.77 H3

Table 2. —continued

M17
Dobs  F(N) I\ ID X Mult
6583.91 1.08¢2) 2.74¢+1) [NI] 658350 F1
6678.59 1.62(1) 3.89 Hel 6678.16 V46
6717.02 1.72¢1) 4.04 [SI] 6716.44 F2
6731.39 1.76¢1) 4.11 [SI] 6730.82 F2
706548 1.8141) 3.51 Hel 7065.25 V10
7135.90 5.74¢1) 1.07¢+1) [Arlll] 713580 F1
7280.02 5.49 9.56¢1) Hel 728135 V45
7319.06 6.61 1.12 [Ol] 731892 F2
7329.62 5.17 8.721) [Ol] 732967 F2
NGC 3576 (AAT)
Dobs  F(N) I ID X Mult
3531.25 3.98¢1) 9.70¢1) Hel 3530.50 V36
3553.94 155(1) 3.71¢1) Hel 3554.42 V34
3566.73 4.25¢1) 1.00 ?  3566.95
3613.22 2.17¢1) 4.92¢1) Hel 3613.64 V6
3634.00 2.30(1) 5.13¢1) Hel 3634.25 V28
3671.17 2.34¢1) 5.13¢1) H24 3671.48 H24
3673.39 2.24(1) 4.90¢1) H23 3673.74 H23
3676.01 2.80¢1) 6.11¢1) H22 3676.36 H22
3679.01 2.87(1) 6.26(1) H21 3679.36 H21
3682.46 3.17¢1) 6.92¢1) H20 3682.81 H20
3686.48 3.70(1) 8.041) H19 3686.83 H19
3691.21 4.42¢1) 9.59¢1) H18 3691.56 H18
3696.80 4.91£1) 1.06 H17 3697.15 H17
3703.50 6.09¢1) 1.31 H16 3703.86 H16
3704.66 3.041) 6.49¢1) Hel 3705.02 V25
3711.61 7.40¢1) 1.58 H15 3711.97 Hi5
3721.49 1.31 2.79 H14 3721.94 H14
3725.66 3.52¢1) 7.51¢-1) [Oll] 3726.03 F1
3728.45 258¢1) 549¢1) [Oll] 372882 F1
3733.99 1.05 2.23 H13 3734.37 H13
3749.77 1.38 2.90 H12 3750.15 HI2
3770.25 1.80 3.76 H11 3770.63 Hil
3797.52 251 5.16 H10 3797.90 H10
3819.21 5.86¢1) 1.18 Hel 3819.62 V22
3835.00 3.75 7.54 H9 383539 H9
3855.60 1.22¢1) 2.44(¢1) Sill 3856.02 V1
3862.27 1.43¢1) 2.831) Sill 3862.60 V1
3868.34 1.04¢1) 2.06¢+1) [Nelll] 3868.75 F1
3871.33 8.97£2) 1.76C1) Hel 3871.82 V60
3888.64 8.45 1.641) Hel 3888.65 V2
3912.83 3.95(2) 7.59¢2) ?  3912.83
3914.02 3.39¢2) 6.52¢2) ?  3914.02
3918.66 5.39¢2) 1.03-1) CIl 391898 V4
3920.37 4.83¢2) 9.24(2) CIl  3920.69 V4
3926.03 8.0142) 1.52¢1) Hel 392654 V58
3964.36 4.81¢1) 8.97¢1) Hel 3964.73 V5
3967.04 3.20 5.95 [Nell] 3967.46 F1
3969.70 8.03 149%1) H7 3970.07 H7
4008.84 127(1) 2.31¢1) Hel 4009.26 V55
4025.83 1.11 2.00 Hel 4026.21 V18
4037.19 124(2) 2.22¢2) ?  4037.19
4042.91 2.56(2) 4.54(2) ?  4042.91
4059.17 137£2) 2.41¢2) ?  4059.17
4060.28 9.18¢3) 1.61¢2) [FIV] 4060.23 F1
406535 237(2) 4.14(2) ?  4065.35
4068.21 7.35¢1) 1.28 [SI] 4068.60 F1
4069.37 8.08¢2) 1.41¢1) OIl  4069.62 V10
* * Oll  4069.89 V10
4071.77 6.93¢2) 1.21¢1) OIl  4072.16 V10
4075.47 5.812) 1.011) OIl  4075.86 V10
4075.96 2.53¢1) 4.40¢1) [SIl] 407635 F1
4080.81 1.95(2) 3.38¢2) ?  4080.81

7
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Table 2. —continued

NGC 3576 (AAT)

Aobs F()\) I()\) ID Ao Mult
4084.90 9.84(3) 1.70(-2) OIl 408511 V10
4086.93 2.40(2) 4.15(-2) OIl 4087.15 V48c
4089.07 1.85(2) 3.20(-2) OIl 4089.29 V48a
4096.94 3.79(2) 6.50(2) NIl 4097.33 V1
4101.33 1.50¢1) 2.56@G1) H6 4101.74 H6
4118.83 1.6142) 2.712) Ol 4119.22 V20
4120.45 1.26¢1) 2.13C1) Hel 4120.84 V16
4132.64 3.12¢2) 5.232) OIl 413280 V19
4143.33 1.85¢1) 3.071) Hel 4143.76 V53
4152.88 2.18(2) 3.61¢2) Ol 4153.30 V19
4156.11 1.26¢2) 2.082) OIl 415653 V19
4168.62 4.03(2) 6.58(-2) Hel 4168.97 V52
417028 1.94(2) 3.16(2) ?  4170.28
4185.44 2.04(2) 3.30(2) OIl 4185.45 V36
4189.78 1.95(2) 3.14(2) OIl 4189.79 V36
4253.66 2.72¢2) 4.202) OIl 4254.00 V101
4266.73 2.12(1) 3.241) CIl 4267.15 V6
4276.78 8.8142) 1.341) OIl 427555 V67a
4287.00 7.39¢2) 1.11¢1) [Fell] 4287.40 7F
4340.04 3.27¢1) 4.76(+1) H5 434047 H5
434530 7.48(¢2) 1.081) OIl 434556 V2
4349.17 5.38(2) 7.77¢-2) OIl 434943 V2
4357.14 5.26(2) 7.56(2) OIl 4357.25 V63a
4358.98 8.28(2) 1.18(-1) ?  4358.98
4362.80 1.05 1.51 [Ol] 436321 F2
4368.06 7.49¢2) 1.061) CII? 4368.14 V45
4387.49 3.91(1) 550(1) Hel 4387.93 V51
441323 7.58(2) 1.04C1) [Fell] 4413.78 7F
4471.07 3.66 4.84 Hel 447150 V14
4603.76 3.33(2) 4.01(2) ?  4603.76
4606.98 4.78(2) 5.75(2) NIl 4607.16 V5
4608.66 4.45(2) 5.34(-2) ?  4608.66
4610.02 4.50(2) 5.40(2) OIl 4610.20 V92c
4614.92 4.04(2) 4.83(2) ?  4614.92
4620.88 3.82(2) 4.55(-2) NIl 4621.39 V5
4638.46 5.89(2) 6.92(-2) OIl 4638.86 V1
4640.24 2.19(2) 2.57(-2) NIl 4640.64 V2
4641.42 9.22(2) 1.081) OIl 4641.81 V1
4648.60 1.38(1) 1.60(1) Ol 4649.13 V1
4650.31 1.3141) 1.52(1) OIl 4650.84 V1
4661.23 7.46(2) 8.61(2) OIl 466163 V1
4675.84 5.12(2) 5.85(2) OIl 467624 V1
4696.03 2.80(2) 3.16(-2) OIl 4696.35 V1
4701.16 1.92¢1) 2.16(1) [Fell] 4701.62 F3
4705.72 3.76(2) 4.21¢2) OIl 4705.35 V25
486150 1.00(2) 1.00(-2) H4 4861.33 H4
4958.86 1.342) 1.22¢+2) [O1l] 4958.91 F1
5006.82 4.12(2) 3.714-2) [OIl] 5006.84 F1
5200.35 8.17(1) 6.40(1) [NI] 5199.84 F1
5270.91 4.51£1) 3.36(1) [Fell] 5270.40 1F
5518.20 7.41(1) 4.70(1) [Clll] 5517.66 F1
5538.14 8.49¢1) 5.33(1) [CIIl] 5537.60 F1
5577.88 4.18 2.57 [O1] 5577.34 F3
5666.60 6.00(2) 3.58(-2) NIl 5666.53 V3
5676.11 2.67¢1) 1.59¢2) NIl 5676.02 V3
5679.60 1.12¢1) 6.702) NI 5679.56 V3
5754.86 1.05 5.92(1) [NIl] 5754.60 F3
5875.76 2.59¢1) 1.38¢-1) Hel 5875.66 V11
5913.00 6.56(2) 3.42(-2) ?  5913.00
5031.52 2.11£1) 1.09¢1) NI 5931.52 V28
5057.35 2.87(1) 1.46(-1) Sill 5957.35
5978.71 1.99¢1) 1.01(1) Sill 5978.71
6548.11 4.03¢1) 1.58¢-1 [NIl] 6548.10 F1
6562.97 7.40(2) 2.88(-2) H3 656277 H3

Table 2. —continued

NGC 3576 (AAT)

Aobs F()\) I()\) ID Ao Mult
6583.66 1.36(2) 5.25(-1) [NI] 6583.50 F1
6678.74 9.91 3.68 Hel 6678.16 V46
6717.02 1.90(1) 6.94 [SI] 6716.44 F2
6731.40 2.41{1) 8.76 [SI] 6730.82 F2
7065.67 1.70¢1) 5.45 Hel 7065.25 V10
7136.12 4.87¢1) 1.51¢1) [Arll] 7135.80 F1
NGC 3576 (ESO)
Aobs F()\) I()\) ID Ao Mult
4008.73 1.41£1) 2.52(-1) Hel 4009.26 V55
4025.77 1.07 1.89 Hel 4026.21 V18
4068.12 8.95(1) 1.54 [SI] 4068.60 F1
4075.73 3.30(1) 5.65(1) [SI] 4076.35 F1
4101.16 1.50¢1) 2.53¢-1) H6 4101.74 H6
4120.36 1.26(1) 2.10(1) Hel 4120.84 V16
414317 1.04(1) 1.71¢1) Hel 414376 V53
4266.58 2.06(1) 3.12(-1) CIl  4267.15 V6
427629 4.80(2) 7.21(-2) OIl 4275.99 V67b
4286.98 7.73(2) 1.15(1) OIl 428569 V78b
4316.94 1.23(1) 1.80(1) Ol 4317.14 V2
4339.87 3.25(1) 4.68¢-1) H5 434047 H5
4349.02 3.38(2) 4.84(2) OIl 4349.43 V2
4362.64 8.61L1) 1.22 [Ol] 436321 F2
4367.45 8.59(2) 1.21(1) Ol 4366.89 V2
4387.39 3.18(1) 4.44(-1) Hel 4387.93 V51
441228 520(2) 7.13(-2) Nell 441322 V65
4413.96 4.55(2) 6.22(-2) OIl 441490 V5
4416.03 5.81{2) 7.94C2) OIl 441697 V5
4437.45 583(2) 7.84(-2) Hel 443755 V50
4449.91 2.49(2) 3.33(2) ?  4449.91
445161 4.05(2) 5.40(2) OIl 4452.37 V5
4470.93 3.24 4.27 Hel 447150 V14
4630.03 2.34(2) 3.09C2) NIl 463054 V5
4638.79 4.34(2) 5.09(2) Ol 463849 V1
464057 3.61£2) 4.22(-2) NIl 4640.64 V2
4641.74 7.54(2) 8.80(2) Ol 464144 V1
464870 8.00(2) 9.29(2) Ol 4649.13 V1
4650.41 4.76(2) 553(2) Ol 4650.84 V1
4657.68 5.10(1) 5.89(1) [Felll] 4658.10 F3
4661.21 7.95(2) 9.16(2) Ol 4661.63 V1
4675.90 4.91£2) 560(2) OIl 4676.24 V1
4701.14 1.60(1) 1.79¢-1) [Fell] 4701.62 F3
4710.98 7.82(2) 8.70(-2) [ArlV] 4711.37 F1
471278 4.43(1) 4.91C1) Hel 471317 V12
473355 4.13(2) 4.52(-2) [Felll] 4733.93
4739.65 6.92(2) 7.54(-2) [ArlV] 4740.17 F1
4754.43 1.01£1) 1.09¢1) [Felll] 4754.83
4860.93 1.00(2) 1.004-2) H4 486133 H4
4880.75 2.26(1) 2.23C-1) [Felll] 488111 F2
4921.62 1.12 1.07 Hel 492193 V48
492422 6.68(2) 6.39(-2) OIl 492453 V28
4930.97 8.22(2) 7.82(-2) [OIl] 4931.80 F1
4958.53 1.25¢2) 1.17G-2) [Oll] 495891 F1
30 Doradus

Aobs F()\) I()\) ID Ao Mult
3729.15 3.80(1) 5.02(+1) [Ol] 372603 F1
3731.94 4.21¢1) 554(+1) [0l 3728.82 F1
3753.37 2.69 3.52 H12 3750.15 H12
3773.87 3.29 4.28 H11 3770.63 H11
3801.17 4.35 5.61 H10 3797.90 H10
3822.94 9.2741) 1.18 Hel 3819.62 V22
3838.69 6.48 8.26 H9 3835.39 H9
3871.99 3.07(1) 3.87¢-1) [Nell] 3868.75 F1



Table 2. —continued

Recombination-line vs. forbidden-line abundances im k¢gions

30 Doradus
Aobs F()\) I()\) ID Ao Mult
3892.31 1.55¢1) 1.94(4-1) Hel 3888.65 V2
3970.79 9.37 1.14¢1) [Nelll] 3967.46 F1
3973.40 1.40¢1) 1.71(1) H7 3970.07 H7
4072.50 4.7141) 5.61¢1) [SIll] 4068.60 F1
4073.66 1.11¢1) 1.33¢1) OIl  4069.62 V10
4076.06 5.73¢2) 6.832) OIl  4072.16 V10
4080.26 1.90¢1) 2.27¢1) [Sl] 4076.35 F1
4082.75 2.73¢2) 3.24¢2) OIl  4078.84 V10
4087.98 9.11(3) 1.082) OIl  4083.90 V48b
4089.20 2.172) 2.582) OIl 408511 V10
4091.24 1.56¢2) 1.852) OIl  4087.15 V48c
4093.38 1.7742) 2.102) OIl  4089.29 V48a
4105.56 2.20¢1) 2.60¢1) H6 4101.74 H6
4114.32 2.74¢2) 3.222) OIl  4110.78 V20
4124.62 1.7741) 2.081) Hel 4120.84 V16
4136.45 4.33¢2) 5.082) OIl 4132.80 V19
4147.48 2.52¢1) 2.94(1) Hel 4143.76 V53
4156.82 5.22(2) 6.09¢2) OIl  4153.30 V19
4160.05 1.99¢2) 2.32¢2) OIl 4156.53 V19
4172.75 5.74¢2) 6.662) OIl  4169.22 V19
4270.73 8.11{2) 9.19¢2) Cll  4267.15 V6
4279.08 6.94(2) 7.852) OIl 4275.55 V67a
4307.40 4.62¢2) 5.19¢2) OIl  4303.61 V65a
431499 2.64(2) 2.96(2) OIl 431211 V78a
4315.49 3.42(2) 3.832) OIl 4313.44 V78a
4317.45 2.46(2) 5.332) OIl 431540 V63c
4319.19 6.30¢2) 7.052) OIll 4317.14 V2
4321.68 7.83¢2) 8.76(2) OIl 4319.63 V2
4344.22 4.35¢1) 4.84¢1) H5 4340.47 H5
4367.00 3.03 3.35 [Oom 4363.21 F2
4391.79 4.8741) 5.36(1) Hel 4387.93 V51
441255 2.83¢2) 3.102) Nell 4409.30 V55e
4418.15 3.03¢2) 3.322) OIl 441490 V5
4420.23 3.98(2) 4.36(2) OIl  4416.97 V5
444141 5.7142) 6.222) Hel 443755 V50
4475.44 4.03 4.35 Hel 447150 Vi4
4566.56 4.7742) 5.062) Mgl] 4562.60
4575.32 5.39¢2) 5.702) Mgl] 4571.10
4611.30 4.82(2) 5.06(2) [Fell] 4607.13 3F
4613.96 1.99¢2) 2.09¢2) OIl  4609.44 V92a
4638.92 9.7143) 1.012) NIl 4634.14 V2
4643.03 6.13¢2) 6.402) OIl 4638.49 Vi1
464599 8.19¢2) 8.54¢2) OIl 464181 Vi
4653.38 6.16(2) 6.42(-2) OIl  4649.13 V1
4655.09 6.16¢(2) 6.412) OIl  4650.84 V1
4662.27 6.01(1) 6.25(1) [Felll] 4658.10 3F
4665.18 5.44(2) 5.65(2) OIl  4661.63 V1
4671.08 2.26¢2) 2.35(2) [Felll] 4667.00 3F
467791 1.16¢2) 1.202) OIll 4673.73 V1
4680.42 2.15¢2) 2.242) OIl 4676.24 V1
4689.06 1.66(2) 1.71-2) Hell 4685.68 3.4
4692.90 1.09¢2) 1.12¢(-2) ? 4692.90
4696.27 1.7142) 1.77¢2) ? 4696.27
4705.74 1.83¢1) 1.88(1) [Felll] 4701.62 3F
4715.54 2.04¢1) 2.101) [ArlV] 471137 F1
4717.34 4.67¢1) 4.801) Hel 4713.17 V12
4738.18 6.1742) 6.312) [Fell] 4733.93 3F
474440 1.77¢1) 1.811) [ArlIV] 4740.17 F1
4753.57 1.872) 1.91¢2) ? *
4758.89 1.35¢1) 1.38(-1) [Felll] 4754.83 3F
4773.70 6.6742) 6.79¢2) [Fell] 4769.60 3F
4781.58 3.16¢2) 3.21¢2) [Felll] 4777.88 3F
4800.53 1.85¢2) 1.87(2) ? *
4819.44 3.05¢2) 3.072) [Fell] 4814.55 20F

Table 2. —continued

30 Doradus
Aobs F()\) I()\) ID Ao Mult
4865.59 1.00¢2) 1.00¢-2) H4 4861.33 H4
4885.14 1.83¢1) 1.83¢1) [Felll] 4881.11 2F
4893.48 1.72(2) 1.712) |[Fell] 4889.63 4F
4907.18 3.372) 3.35(2) [FelV] 4903.50 -F
4910.38 3.72(2) 3.69¢2) OIl  4906.83 V28
4926.27 1.16 1.14 Hel 4921.93 V48
4935.46 7.03¢2) 6.942) [Olll] 493180 F1
4967.44 1.7142) 1.68¢2) [OIlll] 495891 F1
5015.56 5.18¢2) 5.05(-2) [OIll] 5006.84 F1
5279.65 2.99¢1) 2.79¢1) [Fell] 5273.38 18F
5315.59 1.71€1) 1.58(1) ? *
5526.27 5.28¢1) 4.76(1) [ClIl] 5517.66 F1
5546.24 4.10¢1) 3.69¢1) [CIllI] 5537.60 F1
5762.29 2.35¢1) 2.061) [NI] 5754.60 F3
5883.20 1.48¢1) 1.27¢-1) Hel 5875.66 V11
6238.42 1.75¢1) 1.45(1) |[Nill] 6231.09
6261.66 1.53(1) 1.26(1) [Fell] 6254.30
6306.34 1.30 1.07 [O1] 6300.34 F1
6318.12 2.37 1.94 [S] 6312.10 F3
6562.58 4.04 3.22 [N1l] 6548.10 F1
6576.15 3.80¢2) 3.03(-2) H3 6562.77 H3
6595.37 1.09¢1) 8.73 [NIl] 658350 F1
6685.50 4.64 3.65 Hel 6678.16 V46
6722.67 7.66 6.00 [S1] 6716.44 F2
6736.74 6.94 5.43 [S1] 6730.82 F2
7074.23 4.69 3.55 Hel 7065.25 V10
7146.92 1.80¢1) 1.35¢-1) [Arlll] 7135.80 F1
7166.65 4.65(2) 3.49(-2) [Fell] 7155.14 14F
7247.38 3.26(1) 2.43(-1) cl 7231.32 V3
7252.50 3.41(1) 2.54¢1) cl 7236.42 V3
7296.23 9.94(1) 7.38¢-1) Hel 7281.35 V45
7335.88 2.80 2.07 [on] 7318.92 F2
7346.65 2.30 1.70 [on] 7329.67 F2
LMC N11B

Aobs F()\) I()\) ID Ao Mult
3729.14 7.92¢1) 8.27¢-1) [OIll] 3726.03 F1
3731.94 1.05¢2) 1.10¢42) [Ol] 3728.82 F1
3872.02 1.971) 2.05¢-1) [Nelll] 3868.75 F1
3892.03 2.15¢1) 2.23¢+1) Hel 3888.65 V2
3970.38 3.38 3.50 [Nelll] 3967.46 F1
3973.23 1.35¢1) 1.40¢+1) H7 3970.07 H7
4072.97 8.37¢1) 8.64(1) [SIll] 4068.60 F1
4074.13 3.041) 3.17¢1) Ol  4069.62 V10
4076.53 9.94(2) 1.031) Ol  4072.16 V10
4080.73 4.89¢1) 5.05¢1) [Sl] 4076.35 F1
4083.22 1.61¢1) 1.67¢1) OIl  4078.84 V10
4086.71 1.36¢1) 1.41¢1) ? 4086.71
4088.71 1.49¢1) 1.54¢1) OIl  4083.90 V48b
4089.92 1.05¢1) 1.09¢1) OIl  4085.11 V10
4091.97 1.10¢1) 1.13¢1) OIll  4087.15 V48c
4094.11 1.26¢1) 1.31<1) OIl  4089.29 V48a
4106.03 2.68¢1) 2.77¢-1) H6 4101.74 H6
411441 1.51¢1) 1.56(1) Ol  4110.78 V20
4116.86 1.44(1) 1.49¢1) ? 4116.86
4125.03 2.74¢1) 2.821) Hel 4120.84 V16
4135.89 1.08¢1) 1.11¢1) Ol  4129.32 V19
4139.38 1.32¢1) 1.361) OIl  4132.80 V19
414796 3.0741) 3.16(1) Hel 4143.76 V53
4157.64 9.54(2) 9.82¢2) OIl  4153.30 V19
4160.87 1.24¢1) 1.28¢1) OIl  4156.53 V19
4164.34 2.30¢1) 2.37¢1) ? 4164.34
4169.09 2.29¢1) 2.35¢1) ? 4169.09

* * Oll  4169.22 V19

9
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Table 2. —continued

LMC N11B

Aobs F()\) I()\) ID Ao Mult
4179.89 8.61{2) 8.85(2) NI 4176.16 V43a
4190.33 8.63¢2) 8.872) CIlI 4186.90 V18
419323 1.5141) 1.55C1) OIl 4189.79 V36
4207.42 1.29¢1) 1.32(1) 2  4207.42
421217 3.90¢(1) 4.00c1) ? 421217
421852 1.15¢1) 1.18¢1) ? 421852
422132 1.75(1) 179(1) ?  4221.32
4241.04 9.68(2) 9.932) NIl  4237.05
424550 2.88(1) 2.95C1) NI 424178 V48a
4252.40 2.03(1) 2.08(1) ?  4248.15
4257.04 2.57(1) 2.64C1) ?  4252.73
4263.04 1.94(1) 1.99¢1) ?  4263.04
4265.80 2.54(1) 2.60(-1) ?  4265.80
4268.90 1.91¢1) 1.95C1) CIl  4267.15 V6
4277.87 4.16(1) 4.26(1) OIl 4276.28 V67b
428291 2.6141) 2.67¢1) OIl  4281.32 V53b
428728 1.07{1) 1.09C1) OI 428569 V78b
4292.84 2.73(1) 2.79¢1) OIl 4291.25 V55
4316.78 3.79¢1) 3.87C1) OIl 431211 V78a
4320.07 7.82¢1) 8.001) OIl 431540 V63c
4318.80 1.3141) 1.34C1) OIl 4317.14 V2
4321.01 3.34(1) 3.41¢1) Ol 4319.63 V2
432952 2.86(1) 2.92(-1) OIl 432576 V2
4332.30 1.89¢1) 1.93C1) ?  4329.08
433489 2.82(1) 2.88(-1) OI 4331.13 V65b
4344.77 4.58¢1) 4.67¢-1) HS5 434047 H5
435352 1.31¢1) 8.71(2) OIl 434943 V2
4357.68 1.3141) 1.34C1) OIl 435359 V76c
4367.56 1.65 1.68 [Ol] 4363.21 F2
4392.35 4.85(1) 4.95C1) Hel 4387.93 V51
4412.04 2.00(1) 2.041) ?  4412.00
4419.80 2.18(1) 2.22(-1) OIl 441490 V5
447598 4.24 4.31 Hel 447150 V14
4532.10 4.14(2) 4.202) ?  4541.25
4537.53 8.80(2) 8.92(-2) ?  4537.54
4539.73 5.77{2) 5.85(2) NIl 453458 V3
4542.95 7.87(2) 7.97C2) ?  4542.95
4546.93 7.7742) 7.872) ?  4546.93
4560.15 1.49¢1) 1.511) [Fell] 4555.00
4561.54 2.59(2) 2.632) Fell 4556.39
4567.55 1.92(1) 1.95C1) Mgl] 4562.60
4576.06 2.01{1) 2.031) Mgl] 4571.10
4589.35 5.92(2) 5.99(2) ?  4584.40
4609.38 4.64(2) 4.69(-2) ?  4604.43
4643.65 1.15¢(1) 1.17¢1) OIl  4638.49 V1
464629 2.73(2) 2.752) NI  4640.64 V2
4647.08 5.26(2) 5.30(2) OIl 464181 V1
4654.05 7.55(2) 7.602) OIl 4649.13 V1
4655.76 6.27(2) 6.31(2) OIl  4650.84 V1
4662.81 2.69(1) 2.72(-1) [Fell] 4658.10 3F
4665.73 7.05(2) 6.40(2) OIl 466163 V1
4670.96 2.54(2) 2.56(-2) [Fell] 4667.00 3F
4677.69 3.05(2) 3.082) OIl 4673.73 V1
4686.08 5.00(2) 5.04(2) ? 468144
4695.95 8.14(2) 8.20(-2) ?  4691.31
4700.84 3.43(2) 3.46(-2) Ol 469635 V1
4706.12 9.02(2) 9.08(-2) [Felll] 4701.62 3F
471125 2.60(2) 2.61(2) ?  4706.60
4717.81 5.06(1) 5.091) Hel 471317 VI2
472458 6.19(2) 6.23(-2) ?  4719.94
4732.73 1.83(2) 1.84(2) ?  4728.09
474492 1.12¢1) 1.13(1) [ArlV] 474017 F1
4749.76 2.4142) 2.43(2) [Fell] 4745.48
4759.60 8.73(2) 8.77(-2) [Fell] 4754.83 3F

Table 2. —continued

LMC N11B
Aobs F()\) I()\) ID Ao Mult
4774.42 3.93(2) 3.94(2) [Fell] 4769.60 3F
4779.56 2.61{2) 2.62(-2) [Fell] 4774.74 20F
479555 7.17¢2) 7.19(2) ? *
4803.51 2.18(2) 2.18(2) ? 4798.87
4815.88 6.52(2) 6.53(-2) 2 4815.88
4819.93 9.96(2) 9.98(-2) [Fell] 481455 20F
4865.95 1.00(2) 1.004-2) H4  4861.33 H4
488552 5.33(2) 5.32(-2) [Fell] 4881.11 2F
4905.47 2.92(2) 2.91(-2) [FelV]? 4900.50 -F
4926.64 1.08 1.07 Hel 4921.93 V48
4929.24 126(1) 1.26(-1) OIl 492453 V28
4935.80 7.44(2) 7.42(-2) [O1l] 4931.80 F1
4968.01 1.10¢2) 1.09¢-2) [Oll] 4958.91 F1
5016.07 3.32¢2) 3.30¢-2) [Oll] 5006.84 F1
5052.34 1.32(1) 1.31(1) ? 5052.34
5060.59 4.73(1) 4.69(1) ? 5060.59
5526.40 5.07¢1) 4.941) [CII] 5517.66 F1
5546.37 4.94(1) 4.81¢1) [CIll] 5537.60 F1
5752.46 1.23¢1) 1.19¢1) ? 5752.46
5763.87 2.09¢1) 2.02(-1) [NIl] 5754.60 F3
5883.90 1.52¢1) 1.47¢-1) Hel 587566 Vi1
6564.36 6.11 5.79 [N1] 6548.10 F1
6578.06 3.34(2) 3.16(2) H3  6562.77 H3
6597.40 1.75¢1) 1.65¢-1) [NII] 6583.50 F1
6687.50 3.89 3.68 Hel 6678.16 V46
6724.72 1.50¢1) 1.42¢-1) [SIl] 6716.44 F2
6738.76 1.141) 1.05¢-1) [SI] 6730.82 F2
7076.35 2.48 2.32 Hel 7065.25 V10
7149.04 1.23¢1) 1.15¢-1) [Arll] 7135.80 F1
7158.08 2.67(1) 2.49(-1) ? *
7294.45 1.83 1.71 Hel 7281.35 V45
7338.55 4.60 4.28 [on] 7318.92 F2
7350.41 6.26 5.84 [on] 7329.67 F2
SMC N66

Aobs F()\) I()\) ID Ao Mult
3705.43 2.39 2.52 H16 3703.86 H16
3713.54 1.83 1.93 H15 371197 H15
3723.31 3.55 3.73 [sh] 3721.63 F2
372750 4.77¢1) 5.02¢-1) [Ol] 3726.03 F1
3730.29 6.80(1) 7.16(-1) [OI] 3728.82 F1
3736.06 2.94 3.09 H13  3734.37 H13
3751.70 2.83 2.97 H12  3750.15 H12
3772.19 3.86 4.05 H11  3770.63 Hi1l
3799.47 5.17 5.43 H10 3797.90 H10
3836.98 7.27 7.62 H9 3835.39 H9
3870.25 3.72(1) 3.89(+1) [Nell] 3868.75 F1

* * Hel 3888.65 V2
3890.56 1.89(1) 1.98(+1) HS8  3889.05 H8
3969.00 1.03¢1) 1.07¢-1) [Nell] 3967.46 F1
3971.61 1.49¢1) 156@4-1) H7  3970.07 H7
4027.79 2.38 2.47 Hel 4026.21 V18
4071.28 9.37(1) 9.73(-1) [SIl] 4068.60 F1
4076.17 1.43¢1) 1.49(1) ? 4073.74
4079.03 2.85(1) 2.96(-1) [SIl] 4076.35 F1
4081.53 6.41{2) 6.65(2) ol 4078.84 V10
4104.35 2.58¢1) 2.674-1) H6  4101.74 H6
4114.66 5.04(2) 5.23(-2) ? 4112.59
412359 2.51{1) 2.601) Hel 4120.84 V16
4128.30 7.48(2) 7.75(2) ? 4125.62
4146.25 3.07¢1) 3.18¢1) Hel 4143.76 V53
4155.79 1.07¢1) 1.11¢1) Ol  4153.30 V19
4171.46 9.24(2) 9.56(-2) Ol  4169.22 V19
4207.77 1.05(1) 1.08(-1) 2 4204.93



Table 2. —continued

Recombination-line vs. forbidden-line abundances im k¢gions

SMC N66
Aobs F()\) I()\) ID Ao Mult
434297 4.6141) 4.73G1) H5 434047 H5
4349.37 5.93(2) 6.08-2) SIl  4347.20
435829 6.29(2) 6.45(2) ? 435574
4361.93 4.87(2) 4.99(-2) [Fell] 4359.34 7F
4365.70 6.11 6.26 [Ol] 4363.21 F2
4390.47 4.61(1) 4.71¢1) Hel 4387.93 V51
4408.60 8.33(2) 8.52(-2) [Fell] 4406.38
4412.07 1.011) 1.031) [Fell] 4409.85 V55e
4416.00 8.33(2) 852(-2) [Fell] 4413.78
442038 8.33(2) 8.52(-2) [Fell] 4418.15
4439.95 1.1141) 1.13C1) Hel 443755 V50
4474.10 3.93 4.01 Hel 447150 V14
4485.62 6.49(2) 6.61(2) ? *
4538.63 5.71{2) 5.80(2) ?  4535.96
4543.46 5.05(2) 5.13C2) ?  4541.59
4546.67 4.52(2) 4.59(2) NIl 454480 V12
4553.44 455(2) 4.62(2) ?  4550.76
4565.18 2.06(1) 2.09¢1) Mgl] 4562.60
4573.68 1.29¢1) 1.311) Mgl] 4571.10
4589.44 5.49(2) 556(2) ?  4586.75
459351 4.55(2) 4.612) Ol 4590.97 V15
4597.60 3.92(2) 3.97C2) ?  4594.90 Vi5
4598.72 1.99(2) 2.02(-2) Ol 4596.18 V15
4609.66 4.23(2) 4.29¢-2) [Fell] 4607.13 3F
4633.28 3.86(2) 3.91(2) NIl 463054 V5
4641.96 3.07¢2) 3.11¢2) OIl 463849 V1
4644.60 6.30(2) 6.37C-2) NI 4640.64 V2
4652.34 5.38(2) 5.44(2) OI 4649.13 V1
4654.05 5.06(2) 5.12(-2) OIl  4650.84 V1
4654.68 7.01{3) 7.08(-3) ?  4654.68
4658.66 9.27(2) 9.36(2) ?  4655.92
4661.01 1.63¢1) 1.65(1) [Felll 4658.10 3F
4664.28 7.91£2) 8.002) OIl  4661.63 V1
4685.79 3.80(2) 3.92(-2) ?  4683.25
4696.16 3.84(2) 3.87(-2) ?  4693.31
4704.42 4.3742) 4.40(2) [Fell] 4701.62 3F
4714.07 3.03¢1) 3.05(1) [ArlV] 471137 F1
4715.87 4.87{1) 4.901) Hel 471317 V12
4724.87 5.66(2) 5.70(2) ?  4722.83
474299 2.05(1) 2.06(1) [ArlV] 4740.17 F1
474450 5.13(2) 5.16(2) Ol 474171 25
4757.83 5.77{2) 5.80(2) [Fell] 4754.83 3F
4760.61 3.71(2) 3.73C2) Fell? 4757.66
4815.82 4.86(2) 4.87(-2) Silll 4813.20
4818.07 5.85(2) 5.86(-2) SIl 481545 V9
4820.77 7.88(2) 7.90(-2) ?  4818.10
4828.09 5.94(2) 5.95(2) ?  4825.61
4833.25 6.59(2) 6.60(-2) ?  4830.55
4837.60 4.08(2) 4.08(2) ?  4834.70
484250 5.94(2) 5.94(-2) ?  4840.03
4846.88 5.94(2) 5.94(-2) ?  4844.15
4864.06 1.00(2) 1.00(+2) H4 4861.33 H4
4891.36 7.93(2) 7.92(-2) [Fell] 4889.63 4F
4896.47 3.25(2) 3.24(-2) ?  4893.75
4905.43 5.59(2) 5.57(-2) [FelV] 4903.10
4909.17 4.44(2) 4.43(2) Ol 4906.83 V28
4914.39 4.50(2) 4.49¢-2) ?  4914.84
491757 4.50(2) 4.49C2) ?  4921.93
4924.75 1.07 1.06 Hel 4921.93 V48
4927.35 7.04(2) 7.02(-2) OIl 492453 V28
4933.84 4.82(2) 4.81¢2) [Oll] 4931.80 F1
4937.97 3.70(2) 3.68(-2) ?  4934.52
4943.12 7.05(2) 7.022) OIl  4941.07 V33
4965.36 1.70¢2) 1.69¢-2) [OIl] 495891 F1

Table 2. —continued
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SMC N66
Dobs  F(N) I\ ID X Mult
5013.46 5.12¢2) 5.08(+2) [Olll] 5006.84 F1
5525.05 3.57(1) 3.46(-1) [CIl] 5517.66 F1
5545.02 4.41£1) 4.28(1) [CIl] 5537.60 F1
5760.62 1.31(1) 1.26(-1) [NI] 5754.60 F3
614257 5.971) 567C1) ?  6136.36
6172.14 5.97(1) 5.66(1) [MnV] 6166.00
6204.09 2.57(1) 2.44¢1) Ol 6197.92
6237.22 2.16 2.04 [Nilll] 6231.09
6260.46 1.65 1.56 [Fell] 6254.30
6301.05 1.56(1) 1.48(+1) [O1] 6300.34 F1
6312.81 1.73 1.64 [SI] 6312.10 F3
6467.49 2.05 1.93 Cll 6461.95
6499.73 2.05 1.93 ?  6492.97
6529.90 2.25 2.11 2WR  6516.12
6543.22 2.04 1.91 ? 652041
6561.94 2.95 2.76 INI] 6548.10 F1
6574.48 3.05(2) 2.86(+2) H3 6562.77 H3
6593.61 4.08 3.82 INI] 6583.50 F1
6683.76 3.17 2.97 Hel 6678.16 V46
6720.72 8.45 7.89 [SI] 6716.44 F2
6735.11 6.19 5.78 [SI] 6730.82 F2
7072.20 2.46 2.28 Hel 7065.25 V10
7144.83 9.68 8.94 [Arlll] 7135.80 F1
7166.84 1.39 1.28 ?  7159.07
717854 3.61(1) 3.34(1) [ArlV] 7070.62
7186.58 2.50(1) 2.30(-1) ?  7186.58
729351 5.73 5.27 Hel 7281.35 V45
733356 1.92 1.77 [oN] 7318.92 F2
7344.32 1.68 1.55 [ON] 7329.67 F2

Table 5. lonic carbon abundances from optical recombination lines.

M17 NGC 3576 30Dor LMCN11B SMC N66

I(M\4267) 0.482 0.312 0.0919 0.196 <0.0419
10* x C2+/H+ 435 287 0882 182 <0.433
Table 6. Recombination-line Rt/H+ abundances.
24 N2+ N2+
)\O Mult. Iobs o+ obs o+ obs H+
A) (104 (104 (104
M17 NGC3576 30 Doradus
V 33s3P°-3p3D
5666.63 V3 .0569 4.35 .0358 2.80 * *
5676.02 V3 .0170 2.93 .0159 272 * *
5679.56 V3 .0544 223 .0667 2.75 * *
V 53s3p°-3p 3P
4630.54 V5 .0602 4.99 .0309 2.56 .0066 .548
V 20 3p3D-3d 3D°
4803.29 V20 .0304 452 * * *
Sum 219 353 149 270 * .548
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Table 7. Comparison of the observed and predicted relative iniessitf

O 11 ORLs.
)\O ('&) Mult Tel’mz—Te”Th 91— 0u Ipr'ed Iobs Iobsllpr'ed
M17
(3s-3p)
4638.86 V1 3s4P-3p4D* 2-4 0.21 0.77[.12] 3.7[0.6]
4641.81 V1 3s4P-3p4D* 4-6 0.53 1.11[.16] 2.1[0.3]
4649.13 V1 3s4P-3p4D* 6-8 1.00 1.00[.10] 1.0[0.1]
4650.84 V1 3s4P-3p4D* 2-2 0.21 0.63[.11] 3.0[0.5]
4661.63 V1 3s4P-3p4D* 4-4 0.27 0.76[.11] 2.8[0.4]
4676.24 V1 3s4P-3p4D* 6-6 0.22 0.46[.10] 2.1[0.5]
4317.14 V2 3s4P-3p4P* 2-4 0.44 1.04[.32] 2.6[0.8]
4319.63 V2 3s4P-3p4P* 4-6 0.43 0.31[.23] 0.7[0.5]
434556 V2 3s4P-3p4P* 4-2 0.40 0.63[.20] 1.5[0.5]
4349.43 V2 3s4P-3p4P* 6-6 1.00 1.00[.10] 1.0[0.1]
NGC3576
(3s-3p)
4638.86 V1 3s4P-3p4D* 2-4 0.21 0.55[.11] 2.6[0.5]
4641.81 V1 3s4P-3p4D* 4-6 0.53 0.95[.16] 1.8[0.3]
4649.13 V1 3s4P-3p4D* 6-8 1.00 1.00[.10] 1.0[0.1]
4650.84 V1 3s4P-3p4D* 2-2 0.21 0.60[.11] 2.9[0.5]
4661.63 V1 3s4P-3p4D* 4-4 0.27 0.99[.16] 3.7[0.6]
4676.24 V1 3s4P-3p4D* 6-6 0.22 0.60[.16] 2.7[0.7]
(3p-3d)
4069.89 V10 3p4D*-3d4F 4-6 0.74 1.40[.20] 1.9[0.3]
4072.16 V10 3p4D*-3d4F 6-8 0.69 1.20[.82] 1.7[1.2]
4075.86 V10 3p4D*-3d4F 8-10 1.00 1.00[.10] 1.0[0.1]
4085.11 V10 3p4Db*-3d4F 6-6 0.13 0.17[.10] 1.3[0.8]
(3d-4f)
4087.15 V48c 3d4F-4fG3* 4-6 0.27 1.30[.48] 4.8[1.8]
4089.29 V48a 3d 4F-4f G5* 10-12 1.00 1.00[.10] 1.0[0.1]
427555 V67a 3d 4D-4f F4* 8-10 1.20 4.18[1.1] 3.5[0.9]
4357.25 V63a 3d 4D-4fD3* 6-8 0.05 2.36[.85] 47.[17.]
4609.44 V92a 3d 2D-4fF4* 6-8 0.14 1.69[.64] 12.[5.]
30 Doradus

(3s—3p)
4638.86 V1 3s4P-3p4D* 2-4 0.21 1.00[.15] 4.8[0.7]
4641.81 V1 3s4P-3p4D* 4-6 0.53 1.33[.18] 2.5[0.3]
4649.13 V1 3s4P-3p4D* 6-8 1.00 1.00[.10] 1.0[0.1]
4650.84 V1 3s4P-3p4D* 2-2 0.21 1.00[.19] 4.8[0.9]
4661.63 V1 3s4P-3p4D* 4-4 0.27 0.88[.12] 3.3[0.4]
4673.73 V1 3s4P-3p4D* 4-2 0.04 0.19[.03] 4.8[0.8]
4676.24 V1 3s4P-3p4D* 6-6 0.22 0.35[.05] 1.6[0.2]
4317.14 V2 3s4P-3p4P* 2-4 1.00 1.00[.10] 1.0[0.1]
4319.63 V2 3s4P-3p4P* 4-6 0.98 1.06[.12] 1.1[0.1]
(3p-3d)
4069.89 V10 3p4D*-3d4F 4-6 1.00 1.00[.10] 1.0[0.1]
4072.16 V10 3p4D*-3d4F 6-8 0.93 0.51[.09] 0.6[0.1]
4078.84 V10 3p4D*-3d4F 4-4 0.14 0.24[.05] 1.7[0.4]
4085.11 V10 3p4D*-3d4F 6-6 0.17 0.19[.04] 1.1[0.2]
(3d-4)
4083.90 V48b 3d 4F-4fG4* 6-8 0.29 0.51[.31] 1.8[1.1]
4087.15 V48c 3d 4F-4fG3* 4-6 0.27 0.88[.23] 3.3[0.9]
4089.29 V48a 3d 4F-4f G5* 10-12 1.00 1.00[.13] 1.0[0.1]
427555 V67a 3d 4D-4f F4* 8-10 1.33 3.73[.71] 2.8[0.5]
4288.82 V53c 3d4P-4fD1* 2-4 0.83 11.9[2.6] 14.[3.0]
4303.83 V53a 3d4P-4fD3* 6-8 0.50 2.47[.44] 4.9[0.9]
4313.44 V78a 3d 2F-4fF4* 8-10 0.61 2.06[.68] 3.4[1.1]
4315.69 V63c 3d 4D-4fD1* 6-4 0.11 1.82[.67] 17.[6.0]
4609.44 V92a 3d 2D-4fF4* 6-8 0.57 1.00[.24] 2.0[0.4]

Table 7. —continued

AO(A) Mult Terml_Termt 9—Gu Ip'red Iobs Iobsllpred
LMC N11B

(3s-3p)

4638.86 V1 3s4P-3p4D* 2-4 021 1.54[.15] 7.3[0.7]

4641.81 V1 3s4P-3p4D* 4-6 053 0.70[.18] 1.3[0.3]

4649.13 V1 3s4P-3p4D* 6-8 1.00 1.00[.10] 1.0[0.1]

4650.84 V1 3s4P—3p4D* 22 021 0.83[19] 4.0[0.9]

4661.63 V1 3s4P-3p4D* 4-4 027 0.84[12] 3.1[0.4]

467373 V1 3s4P-3p4D* 4-2 0.04 0.41[.03] 10.[1.0]

4676.24 V1 3s4P-3p4D* 6-6 0.22 0.36[05] 1.6[0.2]
SMC N66

(3s-3p)

4638.86 V1 3s4P-3p4D* 2-4 021 0.57[.15] 2.7[0.7]

4649.13 V1 3s4P-3p4D* 6-8 1.00 1.00[.10] 1.0[0.1]

4650.84 V1 3s4P—3p4D* 22 021 0.94[19] 4.5[0.9]

4661.63 V1 3s4P-3p4D* 4-4 027 147[32] 5.4[1.2]

5.2.1 Relative intensities of DORLs

In contrast to our results from a comparison of PN @lative line
intensities (Tsamis et al. 2002b), there is clear evidehaé sev-
eral transitions are stronger than expected in all five kFegions
studied (Table 7). The effect is especially pronounced aysitie
lines of O 11 multiplet V 1; those of multiplet V 10, however, are
in better agreement with theory even though their formalsues
ment errors are somewhat larger due to partial blending thigh

[S 1] A\4068, 4076 doublet. A similar situation has been reported
by Esteban et al. (1999) from their echelle observationdeiia-
goon Nebula (M8). Esteban et al. (1998) however, found quite
good agreement between 1Omultiplet V1 lines from the Orion
Nebula, a result supported by our examination of the redativ
tensities of the same transitions using the recent Orian dithas

by Baldwin et al. (2000), which has better spectral resotuthan

the data used by the former authors. Our observations shatv th
for all five H 11 regions the\4638.86 (/ = 1/2—-3/2) and\4650.84

(J = 1/2-1/2) V 1 transitions are enhanced from each nebula: by a
factor ranging from~ 2.8—7.3 for the five objects under study; for
Orion this factor is only~ 1.4 for both lines, but less for the other
V 1 transitions. The\4661.63 ( = 3/2-3/2) line is also abnormally
strong compared to theory.

One possible explanation for this behaviour involves the
breakdown of thermal equilibrium among the fine structure le
els of the parentP,, 1, » ground term of recombining . Our
analysis of the Q1 3s—3p transitions employed term-averaged ef-
fective recombination coefficients from Storey (1994) vhhicere
calculated assuming that the ID3s and 3p levels are well de-
scribed byLS-coupling. When this is the case, the population dis-
tribution among the &" 3Py ; » levels has no effect on the recom-
bination rate to these levels. If, however, there is a breakdof
LS-coupling so that the recombination rate coefficients frbain-
dividual 2P, levels differ, then the total recombination coefficient
to a particular Q1 3p state becomes a function of the population
distribution among théP; levels. There are no published results
for the O 11 recombination coefficients that take account of such
effects but we have made a trial calculation of the invereegss
of photoionisation from the 36D7/2 level, the upper state of the
A4649.13 transition. This calculation shows that the direcombi-
nation to this level comes overwhelmingly from thé'O*P, level.
Recombination from th&P, ; levels is negligible. Therefore, if the
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population of the &" 3P, level falls below that expected in ther-
mal equilibrium the true recombination rate to the“n)r/g level
will be less than that predicted by th& coupling results of Storey
(1994) and the\4649.13 line will be observed to be weaker than
is predicted by thé.S-coupling theory. The relative populations of
the O 3Py » levels will depart from thermal equilibrium if the
electron density of the nebula is lower than the criticalsitées of
one or both of théP; » levels [~ 500 and 3500 cm®]. The mean
electron density derived from various diagnostics for thgots
under study here is in all cases lower than 2000 ¢mvhile for the
three Magellanic Cloud Hi regions, which show the greatest de-
viations from the predictetdS-coupling relative intensities for @

V 1 multiplet transitionﬂ it is lower than 1000 cm?® (Table 3);
this is in contrast to M 42, for which Esteban et al. (1998) fivid

~ 5000 cn1 . Thus, it seems that within multiplet V 1 the strongest
expected line, namel}4649.13 (J = 5/2-7/2), is weakened at the
expense of transitions between levels of lowerThis argument
seems to be supported by our analysis ofif @RLS originating
from planetary nebulae (Liu et al. 1995a, 2000, 2001b; Tsami
2002; Tsamis et al. 2002b). For example, the observed velati
intensities of V 1 lines from the dense planetary nebulaell€l4
and NGC 5315 are in perfect agreement with theory (Tsamik et a
2002b); the derived mean electron densities of these abpret
10700 and 14100 ch? respectively. The opposite is true in the
case of the PN NGC 3132\, ~ 600 cni®), where the V1 lines
display abnormal ratios (Tsamis et al. 2002b), just as tlejod
the H 1l regions considered here. We will return to this issue in a
future paper (Tsamis et al. 2002b), by combining oun egion
ORL dataset from this paper with the PN ORL dataset of Tsamis
et al. (2002b) in order to plot the relative intensities ofilO/ 1
multiplet components as a function of nebular electron ithiens

If the above interpretation is correct, the total observedri-
sity of the whole multiplet should not be affected and can $edu
to derive a reliable ORL & /H™ abundance. A similar effect may
dictate the relative intensities of lines from the 3d—4fugroweak-
ening the 4089 transition (Liu 2002b).

A major point to be deduced from this analysis is that the ob-
served relative intensities of Mrecombination lines point towards
their origin in low density gas< 3500 cm2), similar to that emit-
ting the [O111] and other CELs.

5.2.2 Continuum observations and scattered light

Anissue that had to be addressed in the course of this asn&ytbie
potential influence of dust-scattered stellar light on ttienisities of
weak nebular emission features such as the ORLs of interest.
Unlike PNe, where the size of the emitting region resultselia+
tively small dust columns, the situation is different iniHegions
whose large volumes contain much larger dust columns. The du
effectively scatters light from the nebula’s illuminatisgrs, which
then makes up a major fraction of the observed continuum at UV
and optical wavelengths. It is thus possible that emissi@bsorp-
tion features in the spectra of the exciting stars in anrdgion may
contaminate the nebular emission spectrum. Peimbert €tQ43)
dealt with this problem in an analysis of the M42 and M 17iIH
regions. They employed previously published medium regoiu

2 Large deviations are still present even if corrections aaderfor Ol ab-
sorption features in the nebular continuum componentbatéble to dust-
scattered starlight (see Section 5.2.2).
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(5-7A) spectroscopic data in order to derive ORE'@H* abun-
dances; their resolution however was not adequate to abothé
effect of blending of Q1 ORLs with other lines e.g. [Fe], N 111
and Ciii, so they resorted to older photographic line intensities in
order to estimate the necessary corrections. Our CCD sypdncty
tometry is of significantly higher resolution (1, 1.5 and for the
coverage of QI ORLs) and our line intensities were consistently
corrected for blends with other nebular emission lines.

In order to investigate the potential effect of dust-scatle
stellar light on the nebular line fluxes, we have measureddine
tinuum emission at 4088 and 46504, which coincide with the
strongest 3d—4f O transition at 4089.4, and Ol multiplet V 1
ORLs, respectively. In Table 8 the continuum intensity,\), and
the scattered light contributiod; (\)4, to the observed continuum
are presented. The observed continuum is mainly due to twn co
ponents: the nebular atomic continua and dust-scatteagligst,
so that,

IFN) = I°(N)a + I°(N)a,

where I°()\). represents the sum of theiHand Hel atomic
continua calculated using emissivities from Storey & Humme
(1995) and Brown & Mathews (1970), respectively; ffie N. and
He'/H™ for each object were taken into account. We find that for
M 17, dust-scattered light accounts for 78 percent and GSeper
of the observed continuum at 4089and 46504, respectively;
for NGC 3576 these values are 87 percent and 82 percent; for
30 Doradus the corresponding values are 74 percent and &3per
for LMC N11B they are 85 percent and 83 per cent; finally, for
SMC N66 they are 86 percent and 85 percent, respectively (sky
subtraction has not been carried out; the sky contributias @sti-
mated to be negligible for these dark of Moon conditicﬁm).

In Table 9 we present estimated equivalent widths,
EW.abs(neb), for stellar lines in absorption (inﬂ) in the observed
nebular continuum, given by,

EW,ps(neb) = EWaps(stellar)I¢(N)a/I°(N), 1)

with the continuum intensity values being those given inld@ah
This analysis pertains to the stellar content of 30 Doraduthé
following way: according to Walborn & Blades 1997 (WB97)eth
visually brightest stars in the 30 Doradus association atygoB su-
pergiants, along with the Of-type star R 139 (= Parker 95Bgré-
fore, we will assume that such stellar spectra dominate tie o
served dust-scattered light. We have singled out seves \stach
are the brightest in the centrall arcmir? of the cluster (excluding
the compact core R136): R137 = P548 [B0.7-1B = 12.14];
R138[AOla,V =11.87];R 13E =P 952 [WNL + Of,V = 11.94];

R 140 =P 877,880 [WN +WQ/ =12.22,12.79]; R141 =P 1253
[BNO.51a,V =12.57]; R142 = P 987 [B0.5-0.7V, = 11.91]; and
P 767 [O3If*,V =12.87].

We have high resolution spectrograms (at/b;ﬁ)’x) of R139
(Fig. 2) and R 140 (Fig. 3), since they fell on our slit; the e#m
ing five stars were positioned on either side of it. It is assdithat
the spectra of R137 and R 142 are similar to that of Parker 3157

3 A typical dark-of-Moon sky brightness a8 (4400A) is 22™.8 per
arcseg corresponding to 4.78 10-18 ergs~1 cm—2 A—1 arcsec 2 when
B=0is 6.24x 10~% ergs~1 cm~2 A—1; thus for e.g. 30 Doradus the sky
contribution to the observed continuum)a&650 is~ 0.082 per cent only.

4 Whereas Moffat et al. (1987) and Moffat (1989) classify R E89a
WNL/Of-type binary system, WB97 classify it as a O7 lafp-aygingle star.
Our spectrum shown in Fig. 2 is of higher resolution than the of WB97
and supports a classification of 06.5 Ib(f) + WNL for R 139.
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Table 8. Continuum emission and scattered light, expressed a&°log/I (H.3).

M17 NGC 3576 30 Doradus LMC N11B SMC N66

) IfNa 160 If(Na I6() 16N I°) I°(Na 9N I°(N)a

M089 2402 2508 -—2.218 -2279 -2.433 -2564 -—2.063 -2.135 -2.103 —2.168
M650 —-2.645 —2.806 —2.435 -2522 -—2.624 -2.797 -2.278 -2.357 -2214 -2.283

Table 9. Estimated equivalent widths (in units ofﬁm

30 Doradus LMC N11B
EWem  EWyps(neb) EWem  EW,ps(nebd)
4072 185 107 * *
4089 57 87 151 98
4640 637 37 286 167
4650 540 185 264 298
4661 238 40 121 78

(V =12.47; Parker et al. 199@}1 supergiant belonging to the LMC
LH 10 (N11) association, whose spectrogram (aﬁ(lp)x) was ex-
tracted from our LMC N11B frames (Fig. 4). High resolutioresp

tra of R141 and P 767 can be found in WB97; we do not have a
spectrum of R 138, but we can safely assume that it is feasselt

the wavelengths of interest judging from its spectral type.

The O11 spectrum reaches a sharp maximum in absorption in
stars of early-B spectral type (e.g. Walborn & FitzpatricoQ),
thus the very existence of B-type supergiants in nebulagptiom
cates the analysis of nebular IO ORLs. It is therefore recom-
mended that fields of view relatively clear of such stars @ c
sen for future weak-emission line analyses ofiHegions. The
stellar absorption and/or emission features that are efiaekce to
this analysis are: Siv +O 11 A4089, N1l +O 11 A\4638, 4640,
Cin+0 1 \4650 and QI \4661.

Values of EW,s(stellar) were estimated at wavelengths of
interest on the stellar spectrograms mentioned above dmsksu
quently averaged, weighted according to the brightnesssraf
the seven illuminating stars in the blue wavelength regien, 5.6
:6.3:43:6.8:3.2:9.8:1.0(forR137: R 138: R 139:R 140
R 141 : R142 : P767). We have assumed a total-to-selective ex
tinction ratio of Rg = Ag/E(B — V) =5 (Hill et al. 1993) and
adopted apparent magnitudes ai®-{"), E(B-V) values from
Parker (1993). We were then able to compute A&, s (neb) val-
ues in Table 9 using Eq. 1. To correct the observations, ongldgh
add these to the observétiV., values.

Considering LMC N11B, we found the early-B supergiant
Parker 3157, with its extremely rich @ absorption line spec-
trum, directly in the field of view of the spectrograph slitdF4).
Absorption lines in the scattered light from this star argponsi-
ble for a significant drop in the intensity of the observedtozon
uum in the region of the\\4638, 4640, 4649, 4650 an661
lines of multiplet V 1. In contrast to 30 Doradus however, diust-
scattered light in N11B does not contain any obvious coutigin
from Of- and WR-type stars equivalent to e.g. R139 or R 140 (no
Wolf-Rayet stars are listed in the census of N11B by Parket.et

5 Parker et al. (1992) classify P 3157 as spectral type BC1dweder, our
analysis of its spectrum (Fig. 4) does not reveal the presehany Ciil
lines at 465@. The absorption features at that wavelength can be fitted
purely by On V1 multiplet lines. We therefore suggest a revised spectral
type of Blla for P 3157.

1992), whoseemissionlines in the 4650 region can partly com-
pensate absorption lines due to early-B supergiants,tieguh a
fairly level continuum at those wavelengths for the formebula.
Therefore, together with the supergiant P 3157, we will assthat
the observed continuum in N11B in dominated by the scattered
light of six other stars, which are visually the brightestcamst
those studied by Parker et al. (1992); they are: P 3209 [@f3)lII

V =12.66]; P3252 B2V = 11.35]; P 3271 [B1Il,V =12.99];

P 3070 [06 VV = 12.75]; P 3223 [08.5 W = 12.95]; and P 3120
[O5.5V ((f*)), V = 12.80]. High resolution rectified spectrograms
for these stars were presented by Parker et al. and wereaisst-t
mate mearnEW,ps(stellar) values. More accurate measurements
were possible for P 3157 for which we have a digital spectnogr

A cross-comparison between our digital spectrogram arektphoe-
sented by Parker et al. (1992), including P 3157, shows agree
pointing towards a reliable estimate of thgV’s.

In Table 10 we present the measured intensities and
derived abundances from @ ORLs for all five H 11 regions,
before any correction for scattered light contaminatiohiong
with values obtained from individual transitions, abunckEm
derived from total multiplet intensities are also listed ©old
face) and are discussed in more detail below for each oHject.
the context of that discussion revised abundance ratioghare
presented, incorporating corrections for the effects efdtattered
stellar continua on the measured nebular emission lin@sittes
wherever possible.

the

M 17: The two triplet 3s—3p multiplets V1 and V 2 are detected,
yielding similar results. The mean?®/H* abundance ratio is
5.68x 10~*. Peimbert et al. (1993) have derived a very similar
value of 4.85x< 10~ using multiplets V 1 and V 5 after correcting
the line intensities for underlying absorption due to cecsittered
stellar light. We have not taken into account such an effect f
this nebula, since Peimbert et al’s corrections amountriy o
14 per cent for multiplet V1, the one affected the most. A com-
parison with the forbidden-line abundance from Table 3dgedn
ORL/CEL abundance ratio of 2.1 for’® (§7.1, Table 12).

NGC 3576: Multiplets V1 and V 10 yield consistent results; lines
from the 3d—4f group display abnormal intensity ratiossllikely
that underlying absorption is affecting thel089 transition. We
do not attempt any corrections and adopt for the ORI Bl
ratio the mean of the V1 and V 10 results, i.e. 3:700~%. The
ORL/CEL ratio for G in this case is 1.8 (Table 12).

30 Doradus: We have detected lines from the 3p—3d multiplets
V10,V 19, V 20, as well as from the 3s—3p multiplets V1,V 2, V5,
and several transitions from the 3d—4f group. Abundancesetk
from V2 and V 19 agree very well with each other, but are about
a factor of 2.8 higher than those derived from multiplet V Han
88 per cent higher than those from multiplet VV 10. The reéativ
tensities amongst the multiplet V 19 components are in ggoeka
ment with theory (Table 7), apart frold156.63 ( = 5/2-3/2),
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Figure 2. Rectified blue-violet spectrogram of the 06.5 Ib(f) + WNL riple star R 139 (= Parker 952) in 30 Doradus. The identifieduies are: 8 A\4102,
H~y A\4340, H3 \4861; Hel A\\4121, 4144, 4387, 4471; He A\4200, 4541, 4686 (broad WR emission + narrow absorption)ii M4379, A\4638,
4640+4641 emission); SV A\4089, 4116; Mgl A\4481; the diffuse interstellar bands)ax4430, 4502 and the unidentified emission lines #4485, 4503.

See text for more details.

which is a factor of 2 stronger than expected relative4d432.80
(J = 1/2-3/2), probably as a result of bIendg’he V1 lines were
discussed in the previous subsection. This abundancesgiucy
is quite striking, since from observations of 10 PNe (Tsagnial.
2002b) we have found that on average multiplet V2 yields O
abundances that are 24 per c@wer than those from V1 lines.
Furthermore, &" abundances from multiplets V 10 and V 19 gen-
erally agree to within 40 per cent. Case dependence doeg@at s
to be an issue since multiplets V1 and V 10 are almost inseasit
to optical depth effects, while it is estimated that mudiglV 2 and
V 19, which are assumed here to be under Case B, would yiefd eve
higher abundances under Case A.

A single line from V 20 is detectedy4110.78 ( = 3/2-1/2),
which yields a similar abundance to those from the V2 and V 19

6 This is a ratio of lines originating from the same upper leaetl thus
invariably fixed by the ratio of their transition probahés; the fact that it
is observed to differ between several nebulae (e.g. NGC,331B, 5882,
6153 and 30 Doradus) by a factor of more than 4 suggests teatibg
with an unknown line affects th#4156 line.

lines; the remaining V 20 lines coincide with He\4120.84 and
cannot be reliably used to derive an independent abundasice e
mate. Of the two detected multiplet V5 lines}416.97 ( = 1/2—
3/2) is most probably blended with [Fi¢ A4416.27 and is excluded
from the analysis, while\d414.90 (7 = 3/2-5/2) yields an abun-
dance ratio rather consistent with that from the multipléioMines.

Multiplet V 2 is fed from high-lying terms vidP°—*D 24119
(V 20) and less via V 19 transitions. Multiplet V 19 arisesifrthe
3d*P term which can be reached via resonance transitions from
the O 2p® *S° ground state — e.g. the 2pS°—3d*P 2430 line —
themselves excited by resonance fluorescence, eitherrtigistar
by another nebular emission line. Along with resonancetegag,
the excited Qi 3d*P level will decay emitting cascade line photons
via the multiplets*S°—*P 24924 (V 28),*P°—P 14153 (V 19)
and*D°—*P A3907 (V 11), with multiplet strength ratios of about
26.9:18.5:1.0. The strongest line of V 284924.53 ( = 3/2—
5/2), coincides in wavelength with [Fe] \4924.50 and is blended
with the much stronger HeA4921.93 line at the resolution of our
observations. The second strongest component of X2806.83
(J = 3/2-3/2), is detected in our spectra, yielding an ehigier
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abundance ratio than the V 19 lines, by 70 per cent. Thereigth
fore marginal evidence—based on results from V28 and V19—
that the population of the 3tP term is enhanced by resonance flu-
orescence from the ground state; this might explain theater-
dances derived from these lines compared to multiplet V dltss
V1 itself is on a cascade route not affected by line fluoresern
citation. However, the singl®4110.78 (V 20) line, which also pro-
duces an overabundance yields results consistent with Whige

its upper 3dD term cannot be reached via permitted transitions
from the ground state. It is thus possible that stetlantinuum
fluorescence, rather than nebulare-fluorescence is instead re-
sponsible for this pattern of intensity enhancements. Faonodel
analysis of the permitted emission line spectrum of Oriorar@i
(1976) surmised that starlight excitation via thé30 resonance
line contributes only 20 per cent as much as recombinatidheo
A4153 (V 19) line, while he did not discuss the potentially ser

affected AA4906, 4924 (V 28) lines; perhaps in 30 Doradus that
contribution is larger. Due to their possible contaminatiy line

or continuum fluorescence, V19 and V 28 multiplet lines wal b
excluded from our abundance analysis.

Regarding the detected 3d-4f transitions ofiQOseveral of
them are evidently blended with [Fd and/or Fell lines and were
omitted from further consideration. The 3d—41IGRLs are insen-
sitive to optical depth effects and for a significant numbiePNe
their strengths have consistently proven to be in excebenee-
ment with theoretical predictions under an intermediatepting
scheme (cf. Liu et al. 1995a, 2000, 2001b; Tsamis et al. 2002b
From this growing body of work it has emerged that for eleven
thoroughly-analysed PNe the’YH* abundance ratios derived
from the best detected 3s—3p transitions (those of multiplg are
lowerthan those from 3d—4f lines by up to 50 percent. This discrep-
ancy is removed however if we assume that these heavy element
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Table 10. Recombination line &t /H+ abundances.

02+
Ao Mult. Iobs T
A) (1074
M17
4638.86 Vi .1056 10.26
4641.81 \%! 1524 5.87
4649.13 Vi 1375 2.78
4650.84 \%! .0871 8.46
4661.63 Vi .1043 7.93
4676.24 \%! .0630 5.70
V 13s'P-3p*D° 0.650 5.41
4317.14 V2 1115: 14.82:
4319.63 \J .0330 4.07
4345.56 V2 .0670 8.55
4349.43 \J .1070 5.67
V 2 3s*P-3ptp° 0.207 5.95
Adopted 5.68
NGC 3576
4638.86 Vi .0509 4.94
4641.81 \%! .0880 3.39
4649.13 Vi .0929 1.88
4650.84 \%! .0553 5.37
4661.63 Vi .0916 6.96
4676.24 \%! .0560 5.07
V 13s*P-3p*D° 0.435 3.62
4069.62 V10 .1409: 5.45:
4072.16 V10 1207 5.01
4075.86 V10 .1010 2.90
4085.11 V10 .1700 3.78
V 10 3p*D°-3d4F 0.239 3.77
4087.15 V48c .0415 13.49
4089.29 V48a .0320 2.82
4275.55 V67a .1339 9.85
3d-4f 0.207 7.40:
Adopted 3.70
30 Doradus
4638.86 \%! .0640 6.11
4641.81 Vi .0854 3.23
4649.13 \%! .0642 1.28
4650.84 Vi .0641 6.12
4661.63 \%! .0565 4.23
4673.73 Vi .0120 5.80
4676.24 \%! .0224 1.99
V 13s'P-3p*D° 0.369 2.97
4317.14 V2 .0705 6.96
4319.63 V2 .0876 10.91
V 235'P-3p?p° 0.158: 8.42:
4414.90 V5 .0331: 6.27:
4416.97 V5 .0436: 14.8:
V 5 3s2P-3p2D° 0.033: 6.27:
4069.89 V10 .1328 5.14
4072.16 V10 .0683 2.84
4078.84 V10 .0324 8.86
4085.11 V10 .0258 5.74
V 10 3p*D°-3d*F 0.259 4.47
4132.80 V19 .0508 9.29

Table 10. —continued

ot
Ao Mult. Iops B
&) (10-%)
4153.30 V19 .0609 7.80
4156.53 V19 .0232: 18.6:
V 19 3p%Pe-3d4P 0.112 8.41:
4110.78 V20 .0322: 13.4;
4906.83 V28 .0369: 14.8;
4083.90 V48b .0108 3.41
4087.15 V48c .0185 6.17
4089.29 V48a .0210 1.90
4275.55 V67a .0785: 5.33:
4288.82 V53c .1091: 11.85:
4303.83 V53a .0519: 9.97:
4313.44 V78a .0383: 28.5:
4315.69 V63c .0533: 43.2:
4609.44 V92a .0209 3.35
3d-4f 0.071 3.03
Adopted 3.49

LMC N11B
4638.86 Vi 1170 11.24
4641.81 Yl .0530 2.02
4649.13 Vi .0760 1.52
4650.84 V1 .0631 6.06
4661.63 Vi .0640 4.81
4673.73 Yl .0308 14.93
4676.24 Vi .0271 2.43
4696.35 YAl .0346 24.07
V 13s'P-3ptD° 0.466 3.14
4349.43 V2 .0871 4.60
V 2 3s*P-3ptPe 0.087 4.60
4072.16 V10 .1027 4.27
V 10 3p*D°-3d4F 0.103 4.27
4153.30 V19 .0982 12.54
V 19 3p4Pe-3d4pP 0.098 12.54
4089.29 V48a .1305 11.41
3d-4f 0.131 11.41
Adopted 7.19
SMC N66

4638.49 Vi .0311 2.91
4649.13 Yl .0545 1.06
4650.84 Vi .0513 4.78
4661.63 V1 .0800 5.84
V 13s'P-3ptD° 0.217 2.15
Adopted 215

@ Values followed by ‘" have not been used when adopting mean

abundance ratios.

ORLs arise from ionized regions of very low electron tempae

of the order of~ 103 K, much lower than those indicated by the H
recombination continuum Balmer discontinuity, just as ameld
expect for a dual abundance nebular model (Liu 2002b; Baqti

et al. 2002b; Tsamis 2002). Transitions of the 3d—4f groehrse

to hydrogenic in nature and the one amongst them with the-high
est total angular momentum quantum numbetQ89, upper state
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J =11/2) is not affected by a change of coupling scheme (Storey Table 11. Corrected OIl intensities and resulting ORL ' /Ht abun-

1994; Liu et al. 1995a). Furthermore, their upper terms otbe
reached by permitted resonance lines and are thus unaffegte
fluorescence effects. Overall, the 3d—4f lines are the bedt iD-
dicators of 3T/H* abundances. In 30 Doradus the strongest ex-
pected 3d-4f line at 4089.18is abnormally weak compared to
other 3d—4f lines (Table 7); as a consequence, the abundatice
derived from this line alone is lower than that from the V lekn

by 36 per cent. This is in stark contrast with the standare ciesi
behaviour of these two sets of lines as outlined above.

An explanation for this result may involve the effect of dust
scattered stellar light on the nebular line intensitiessegbon ob-
servations of the scattered light continuum describedipusty,
we have estimated upward corrections to the observed @missi
line intensities for 30 Doradus (Table 9); these amount tpes8
cent \4072); a factor of 2.5X4089); 6 per cent\\4638, 4640);

34 per cent {\4649, 4650); and 17 per cemt4661), respectively.
The resulting corrected @ /H* values from the various multiplets
(Table 11) then display the more regular pattern alreadibished
from the PN analysis; multiplet V 1 results are now 25 per cent
lower than those from the co-added 3d-4f transitions ande0 p
cent lower than those from thet072 V 10 line. Corrected line in-
tensities and resulting @ /H* abundance ratios are presented in
Table 11. Before any corrections, thé @HT ORL abundance is
3.49x 10~4, while after incorporating the corrections it becomes
4.67x 107

For 30 Doradus, the derived ORL/CEL abundance ratio for
0O** is 2.0 before correction for underlying stellar absorpfioes;
after the corrections the ratio is 2.7 (Table 12).

LMC N11B: In this nebula too the emission line spectrum is con-
taminated by the scattered continuum of illuminating staegard-
ing the nebular QI ORLs, lines of multiplet V1 are affected the
most. According to our calculations presented in Tables@%n
the following upward corrections to the observed nebulterisi-
ties have been estimated: 65 per cevt(89); 58 per cent\\4638,
4640); a factor of 2.1X\4649, 4650); and 64 per cenki4661).
The corrected line intensities and resulting™@H* abundance
ratios for this nebula are listed in Table 11. Thé"¢H* ORL
abundance before any correction is 7:190~*, while that after
is 12.0x 10~

Therefore, for this nebula the ORL/CEL abundance ratio for
O** is 4.9 before the corrections for absorption, while it rises
8.2 afterwards (Table 12).

SMC N66: Only the V1 multiplet lines of On are reliably
detected; no corrections for underlying absorption havenbe
estimated. Co-adding the intensities of th&638, A\4649, 4650
and 4661 transitions, we find an*®/H" ORL abundance ratio
0f 2.15x 10~*. The derived &" ORL/CEL ratio is 2.3 (Table 12).

5.2.3 Uncertainties

Clearly, even though the dust-scattered component to tbereed
continuum is found to be very high{80 per cent typically) and the
various absorption/emission EWs were carefully measurethll
stars that contribute to the continuum were located. Fdante,
30 Doradus contains the luminous core R 136 whose effect aas n
glected. The missing stars most likely belong to hotter OZNIN
and WR types (Crowther & Dessart 1998) that have weaker®-
sorption lines. Thus for both 30 Doradus and LMC N11B the unde

dances.
ozt ozt
)\0 MUIt Icor —H+ Icor H+
) (10~%) (107%)
30 Doradus LMC N11B
4072.16 V10 .1077 4.47 * N
4638-40 VvVl .1601 4.34 .2389 6.51
4649-50 Vil 1723 2.84 2964 491
4661 V1l .0661 4.94 .1050 7.89
V 13s*P-3p*D° 0399 359 0640 5.26
4083.90 V48b .0108 3.41 * *
4087.15 V48c .0185 6.17 * N
4089.29 V48a .0531 4.79 .2154 18.8
4275.55 V53¢ .0785 5.34 * N
4609.44 V92c .0209 3.35 * *
3d-4f 0182 476 0215 188
Adopted 4,67 12.0

-1 -2

-2

S(HB) (1O-l4erg cm s arcs)

0 50 100 150

Distance (ar csec)

Figure 5. The H3 surface brightness distribution of 30 Doradus along the
slit; interstellar extinction has not been corrected fdrepositions of the
R 139 and R 140 systems are marked.

lying stellar absorption-line equivalent widths may be kerahan
assumed here. It is therefore likely that our correctionthéoob-
served ORL intensities and the final ORL abundances, in Tehle
areupperlimits only in the cases of 30 Doradus and LMC N11B.

6 SPATIAL VARIATION OF NEBULAR PROPERTIESIN
30 DORADUS

The high S/N ratio of our observations ofIOORLs from 30 Do-
radus (see Fig. 1) prompted us to investigate the abunddsce d
crepancy problem in that nebula by studying the variatidredex-
tron temperature, electron density and of the ionic recoati®mn-
line C**/H* and G*/H* abundances and forbidden-liné OH*
abundances along the spectrograph slit. The results asenissl in
this section.

The 30 Doradus slit passed across the stars R139 and R 140

and the nebular analysis presented thus far is based on taspec
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integrated over a spatial extent of 2 arcmin approximafetys ex-
cludes aregion of 40 arcsec containing R 139 and R 140, ir twde
minimize the contribution of dust-scattered starlightie observed
spectrum. In Fig. 5 the H surface brightness distribution of the
nebula is plotted against the spatial dimension. Steeptiams of
the nebular surface brightness are seen. The positionsspamd-
ing to R140 and R 139 are at +73 and +95 arcsec respectively.

For the blue spectra, each pixel along the slit correspotmled
0.74 arcsec on the sky, while the seeing was about 1 arcsed\EWH
For the spatial analysis we used spectra secured with thewemn
lapping grating set-ups, centred at 42390:overing the QI A\ 4267
recombination line, H and the [Oi11] A4363 CEL, and at 4745,
covering the Q1 V 1 recombination multiplet at 4658, the [Ariv]
ANT711, 4740 density-sensitive doublet? ldnd the [O111] A4959
forbidden line. For each grating set-up, spectra were etddaat
intervals along the slit, averaged over about 5 pixels each, tso
that a substantial S/N was achieved. We wanted to examimesthe
ular properties as close as possible to stars like R 139 ad® s
spectra were also extracted in the region between the twizhwh
was not included previously in the integrated spectrum. inbde
vidual extractions were brought to scale via their overlagmor-
tions and normalized to flux units such tiagH3) = 100. We then
subtracted the local continuum and measured the fluxes of C
A267 and Q1 V1 multiplet recombination lines, as well as the
[Ar 1v] doublet and [Q11] AM\4363, 4959 CELS, dereddening them
using the extinction constant derived from the integrafgetsum
(Section 3.1).

The electron temperature derived from the [Oi]
A959M4363 ratio, as a function of position along the slit, is
shown in Fig. 6. The [Q11] A4959 line was saturated on the four
20-min exposures centred at 47,54,550 its flux was measured on
the 5-min high-resolution spectrum. The [@] temperature is
found to remain practically constant over the region exauhinere,
with a mean value of 9990 K and a standard deviation of 200 K.
This is marginally lower than the temperature of 1030250 K,
derived using the line fluxes from the integrated spectrua (T
ble 3). No evidence for substantial temperature fluctuatien
seen.

The electron density variation across the nebula has been

mapped using the [Arv] doublet ratio and is plotted in Fig. 6
as well. The density has a mean value of 1960 émnd a stan-
dard deviation of 1220 ci?. This is in good agreement with the
[Ar 1v] density of 1800 cm? derived from the integrated spec-
trum (Table 3). There is evidence for a density minimum\af=
100cm at +40 arcsec in Fig. 6, corresponding to a local mini-
mum in the H3 surface brightness at about +40 arcsec in Fig. 5.
Owing to the high critical densities of thed711, 4740 transitions
(14000 and 130000 cht respectively), the [Arv] lines are good
tracers of high-density ionized gas, while still sensittl@vn to
N, ~ 10% cm~3. We see no evidence however of any high-density
material at our spatial resolution.

In Fig. 7 the variation of the H&/H™ abundance ratio across
the 30 Doradus nebula is presented, derived from the k&171
recombination line. The adopted electron temperature @86 H.

The He"/H™ ratio remains constant over the range plotted here.
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Figure 6. Variations of fop): the electron temperature in 30 Doradus de-
rived from [O111] A4959A\4363. The dashed line denotes the temperature
derived from lines fluxes obtained from integrating the spew along the
slit; (bottor): The electron density derived from [Av] A4740A4711, with

the dashed line having the same meaning as previously.
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Figure7. Variation of the He /H+ abundance ratio along the slit for 30 Do-

The helium abundance remains very close to the mean valure eve radus, derived from the HeA4471 line. The dashed line marks the helium

in the nebular region between R 139 and R 140.

Fig. 8 shows the spatial variations of the*’'QH* and
0O?*/H* ORL abundances and of the ©@H™ forbidden-line abun-
dance, derived respectively from thellC\4267 line, the Q1 V1
multiplet at 465 and the [O111] A4959 forbidden line. In should
be noted that in order to circumvent non-LTE effects thagctff

abundance derived from integrating thé471 flux along the slit.
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Figure 8. (top): Variations across 30 Doradus of i) the ion@combina-
tion-line abundance of & /H* (solid diamonds) derived from the @
V 1 multiplet at 4650; ii) the ionic forbiddenline abundance of & /Ht
(open circles, dotted line) derived from the [D] A4959 line; iii) the ionic
recombination-line abundance of€/H* (solid triangles) derived from
the C11 \4267 line; iv) the horizontal dashed line at the bottom desdhe
forbiddenline abundance of €/H* derived from the Q1] A1909 dou-
blet using the line intensity quoted by Dufour et al. (198Bpttor): The
C2+/02+ ratio derived solely fronrecombinatiorlines. The dashed line
denotes the ratio obtained from the integrated spectrum.

abundances derived from individual © V1 components (Sec-
tion 5.2.1), the total observed intensity of thé650 multiplet was
used to obtain the ORL T/H™ ratio. An electron temperature of
9990 K was adopted for the calculation of the ORL abundances,
while the point-by-point [O111] \4959A\4363 temperature mea-
surements (Fig. 6) were used for the derivation of the fatbid
line O**/H™ values.

From Fig. 8 {op) no significant variation in théorbiddenrline

to force the forbidden-line & /H* abundances to become equal
to the recombination-line abundances. This would neagssihe
existence of fluctuations from the mean temperature (9996fK)
about 18 per cent or — in the terminology of Peimbert (1967) — a
temperature fluctuation parametér~ 0.03, which is however not
deduced from our spatial analysis. We note, however, thiéwre
above observations place constraints upon temperatutadtians
in the plane of the sky, along our slit, fluctuations alonglthe of
sight though the nebula are not constrained by this methobinR
et al. (2002) discuss this point in more detail, in the contéST
observations of the planetary nebula NGC 7009.

Fig. 8 also presents, for the first time to our knowledge for an
extragalactic Hi region, the spatial variation of the’?€/0** ra-
tio derived purely from ORLs. The®/O?* ratio across the neb-
ula has a mean value of 0.33 and a &rror of 0.02. This is in
excellent agreement with the value of 0.30 derived from tte-i
grated spectrum. This latter value was calculated adomtinthe
O**/H* abundance the value derived from the V 1 multiplet (Ta-
ble 10), while the mean T /HT abundance is taken from Table 5.
The &+ V 1 abundances that were used for Fig. 8 are thesere
any correction is made for underlying absorption at 4850 the
scattered-light continuum. Such a correction is estimédechise
the &' recombination-line abundance by a factor of 1.34 (Sec-
tion 5.2.2). An interesting feature of our spatial analyfiteavy-
element ORLs is that there is tentative evidence for a lodal-m
mum in the G*/O** ratio, derived purely from ORLs, in the neb-
ular region between the massive stars R 139 and R 140. The rele
vance of this result is discussed in following section.

7 DISCUSSION
7.1 ORL/CEL abundancediscrepancies and elemental ratios

It is clear from the above analysis and Table 12 that sulatant
ORL versus CEL abundance discrepaneigspresentnot only in
planetary nebulae, but in H regions too.

Discrepancies were reported for M42 and M 17 by Peimbert
et al. (1993), for both of which they found an ORL/CEL factor
of ~ 1.7 for the G* ion. Esteban et al. (1998) found ORL/CEL
discrepancy factors of 1.4-1.6 and 2.2, respectively, fof @nd
C?* in the Orion nebula [adopting 3¢ (A1908)/H" CEL abun-
dances from Walter et al. 1992]. Our unpublished long-glécs
tra, obtained at the AAT 3.9-m and ESO 1.52-m telescopesy sho
a factor of only 1.3 discrepancy for?® in that nebula, but imply
an ORL/CEL G* discrepancy of 2.4, when compared with Walter
et al.’sIUE results for Cii1] A1908. For the Hi region M 8, Este-
ban et al. (1999) reported a factor of two discrepancy batwee
recombination-line &" abundance and its forbidden-line value. A
CEL abundance study of the Gum 38a complex, which contains

O**/H* abundance across the nebula can be discerned. Over theNGC 3576, has been made by Girardi et al. (1997), but no detec-

whole range plotted & /H* has an average value of 1.8310~*
and a standard deviation of 1.%010~°. The forbidden-line abun-
dance remains consistently lower than the OREFBI* abun-
dance across the plotted range, by a factor of 2. The/ig"
abundance derived from the collisionally-excitedi@G A\1908 in-
tercombination doublet (Dufour et al. 1982) is also corsidy
lower than the mapped ORL abundances of doubly ionized oarbo
Could temperature fluctuations account for these disciepsh
At the spatial resolution of our mapping, there is no evideot
[O m] temperature fluctuations of a sufficient magnitude to cause
this. An electron temperature of 8200 K would be needed ierrd

tion of C 11 \4267 or any other heavy element optical recombina-
tion line was reported. Owing to its high reddening, NGC 3%26
never observed by thiJE either, so no comparison can be made
with the ORL G*/H* abundance ratio reported here.

Table 12 shows that the ORL/CEL?® discrepancy factors,
%, for our H1l regions are: 2.1, 1.8, 2.0-2.7, 4.9-8.2 and 2.3, for
M 17, NGC 3576, 30 Doradus, LMC N11B and SMC N66 respec-
tively. Even if we adopt the lower ORL abundances for 30 Dosad
and N11B (i.e. neglect corrections for any underlying apson
in the dust-scattered continuum), the mean discrepandyrfz
2.6. LMC N11B displays the largest discrepancy documeraddrs
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for an H1i region (= 4.9), in the neighborhood of the mean value for C/O, N/O and Ne/O have been reported for planetary nebula

(=5.1) that we have found for a sample of eighteen PNe (Tsamis
al. 2002b). How is one to explain such an extreme discrepforcy
an Hii region?

(Liu et al. 1995a, 2000, 2001b; Mathis, Torres-Peimbert é&nPe
bert 1998; Luo, Liu & Barlow 2001). Apart from the obvious ob-
servation that this strengthens the reliability of C/O oONaAtios

Before commenting on this issue, we consider the derived derived from either pure CEL or pure ORL abundance analyses,

elemental abundance ratios presented in Table 12 for tinis sa

it also raises important questions regarding the chemiisabry

ple of H 11 regions, where they are compared with solar values. of the ORL-emitting medium with respect to that of the ‘notma

The C*T/0** and N°*/O** ratios are purely from ORL lines and
should be almost completely unaffected by temperaturatians.

They should give a good measure of the C/O and N/O ratios — es-

pecially the latter since for these relatively high-exiia H 11 re-
gions, the N™ and G* zones occupy almost the entire"Hone

(Shaver et al. 1983; Simpson et al. 1995). From Table 12, we se

that the agreement between th&"@0** ratios for the three galac-
tic nebulae is excellent, with the mean value of 0.77 beinges0
cent higher than the solar value of Allende Prieto et al. 200
2002).

The ORL N+/O?T and CEL N*/O?T and NF/O* ratios
listed for M 42 in Table 12 are in good agreement. Odr K>+
ORL results for M 17 and NGC 3576 are mugcigher than the re-
spective CEL NT/O** ratios, by factors of 3-4.5, while they are
larger than the N/O™ CEL ratios as well. There is the strong pos-
sibility however that the Nl ORLs used for these two nebulae yield
unreliable abundances because they are affected by flenesef-
fects. Grandi (1976) showed that for Orion theiNnultiplets V 3,
V5 and V 30 are excited by fluorescence via theiHé&08.6 res-
onance line. In the current study,21*\VH+ abundances for M 17
and NGC 3576 have been derived fromiNnultiplets V3 and V5
(Table 6). On the other hand, Liu et al. (2001b) showed trabti
served Nil ORL intensity ratios for the planetary nebulae M 1-42
and M 2-36 are inconsistent with fluorescéine-excitation of the

CEL-emitting nebular component, given that they appearateeh
similar C/O, N/O and Ne/O ratios.

7.2 Potential causes of the ORL/CEL abundance
discrepancies

7.2.1 The case against temperature fluctuations

The existence of temperature fluctuations within the nebudé
umes has been long thought to offer an obvious solution to the
conundrum of discrepant ORL versus CEL abundances, both for
PNe and Hil regions. Temperature fluctuations within a nebula
can lead to enhanced emission of the temperature-sengitige
excitation energy [Qn] A4363 transition from the hotter nebular
regions. As a result, the electron temperature deducedtfiemet

[O 1] (A\4959 +A5007)A\4363 intensity ratio would be biased to-
wards the hotter regions and would lead to too low & @bun-
dance being derived from the net nebular spectrum. The Retmb
(1967) temperature fluctuation parametér,derived from a com-
parison between the hydrogen BJ andi[Q forbidden-line tem-
peratures is 0.011 and 0.017 for M 17 and NGC 3576, respéctive
(Table 3). On the other hand the ORL/CEEOdiscrepancy factors
for these two nebulae of 2.1 and 1.7, respectively, wouldiireq
values oft? ~ 0.038, i.e. considerably Iar@ﬂ.:or the three Mag-

N 11 V3 and V5 lines and proposed that continuum fluorescence by €llanic Cloud nebulae thé factors implied by the abundance dis-

starlight is a more plausible cause. In any case, it seenimpl®
that fluorescence of some sort contributes to the excitatfadhe

N 11 V3 and V5 triplet lines observed from M 17 and NGC 3576.
Unfortunately, the NI 3d—4f high-lying transitions, which are gen-
erally not biased by this effect, have not been detected feem

crepancies are even greater, reaching the uncomfortagiywailue

of ~0.1in the case of LMC N11B, very similar to the value needed
to reconcile ORL and CEL & abundances for the rather extreme
planetary nebula NGC 7009 (Liu et al. 1995a). This is a faofor
10 larger than typical values predicted by photoionizatinod-

ther M 17 or NGC 3576; their measurement would offer a means of /S of chemically and density homogeneous nebulae, whield yi

checking the fluorescence hypothesis. However, the ORLGF*
ratio for M 42 listed in Table 12 was based on our observatains

t?> ~0.01 (Garnett 1992; Gruenwald & Viegas 1995; Kingdon &
Ferland 1995b). As in the case of planetary nebulae, it segms

N 11 3d—4f and singlet lines, and so should be unaffected by fluo- likely that temperature fluctuations are to blame for thermigan-

rescence effects, consistent with the agreement foundeleetithe
ORL N?*/0?* and CEL N*/0** and NF/O™ ratios for this neb-
ula.

For the two LMC nebulae, the®’t/O*t ORL ratios are in ex-
cellent agreement, their value of 0.25 being only 11 per seatler
than the mean CEL C/O ratio of 0.28 found for LMCiHregions
by Kurt & Dufour (1998). In addition, their K/O* ratios are in
excellent agreement with the mean CEL N/O ratio of 0.035Her t
LMC found by the same authors, though smaller than the/Q**+
ratios found for the same two nebulae from far-IR CELs. Hypal
for SMC N66 our G*/0O?T ORL upper limit is consistent with the
SMC mean CEL C/O value of 0.15 (Kurt & Dufour), although our
CEL NT/O™ ratio of 0.016 is only 46 per cent of Kurt & Dufour’s
mean CEL N/O ratio of 0.035 for the SMC.

From the above comparisons an important conclusion can be

drawn: it seems that the C/O abundance ratio derived fromsJO&RL
equal within the uncertainties to the same ratio derivethf@ELSs,

both for the galactic nebulae and, as quoted by Kurt & Dufour,

for the Magellanic Cloud nebulae as well (a similar con@asap-
pears to apply to N/O ratios too, provided care is taken irckivéce
of the N1l ORLs used to derive N~ abundances). Similar results

cies observed here, especially for extreme objects like INATB.
If temperature fluctuations were indeed responsible folaive
heavy element ion abundances deduced from optical CELs com-
pared to those derived from ORLs (see rows 2 and 3 of Table 12),
one would then expect infrared CELSs to yield abundancedasitoi
the high values obtained from ORLSs, due to the low excitatioer-
gies of IR fine structure transitions and their consequehtddsen-
sitivity to temperature fluctuations at typical nebular paratures.
The last two rows of Table 12 comparé OH™ CEL abundances
derived from our optical spectra with those derived by Rudtial.
(1988) and Simpson et al. (1995) from infrared fine structume
observations of four of the nebulae. For M 42 and M 17, the IR CE
lines yield G /H™ abundances which are 27 per cent and 32 per
cent smaller than those obtained from our optical CEL olzserv
tions, while for NGC 3576 and 30 Doradus the IR CEL lines yield
O**/H* abundances which are 21 per cent and 26 per cent larger
than those from the optical CEL data. These differences bf on

7 On the other hand, Liu et al. (1995b) found very similar valus
Te(O ) and T(BJ) for M42, the nebula in Table 12 with the smallest
02+ ORL/CEL discrepancy factor (= 1.3).
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Table 12. ORL/CEL discrepancy factor§t, and comparison of elemental abundance ratios derivedypuoen ORLs and CELS:

SurP M42¢ M17 NGC3576 30Doradus LMCN11B SMC N66
10* xO/H (CELS) 490 332 359 3.31 2.17 2.59 1.28
R(O*T) (ORL/CEL) * 1.3 2.1 1.8 2.0-2.7 4.9-8.2 2.3
R(C2T) (ORL/CEL) * 2.4 * * 2.64 * *
c2tjo%t (ORLS) 0.50 0.77 0.77 0.78 0.25 0.25 <0.20
N2+/0%+ (ORLS) 0.19 0.15 0.62 0.71 <0.16 * *
N2+/0%+ (IRcets)  0.19 0.19 0.19 0.16 0.060 0.075 *
N+/ot (CELS) 019 015 0.088 0.11 0.036 0.033 0.016
Ne/O (CELS) 025 018 0.28 0.16 0.21 0.16 0.18
S/O (CELS) 0.033 0.028 0.027 * 0.027 0.019: 0.018
Ar/O (CELS) .0074 .011  .0057 .0078 .0065 .0078 .0053
10*x0%t/HT  (OptcELs) N 2.26 2.66 2.21 1.76 1.47 0.94
10*x0O%?T/HT (IR CELSY * 1.66 1.80 2.68 2.21 * *

@ All nebular data are from this paper, apart from those in révasd 12, and the data in rows 7-10 for M 42.
b Solar elemental ratios adopting log (X/H) + 12.0 = 8.69 ar&®8or X = O and C (Allende Prieto et al. 2001, 2002), togethih w

N, Ne, S, Ar abundances from Grevesse et al. (1996).

¢ Entries 1-5 and entry 11 from our unpublished data; entrd$ from Esteban et al. (1998).
4 Adopting a CEL Gt/Ht abundance of 3.4410~5 (Dufour et al. 1982).
¢ No corrections for scattered light absorption featuresshsen implemented in obtaining the listed nebular ORt ©2* and

N2+/02+ ratios.

£ From Simpson et al. (1995) for M 17, NGC 3576 and 30 Dor; fronbiRwet al. (1988) for M 42; value for LMC N11B derived
from the [O111]52- and 88um and [N111]57-um fluxes in ISO LWS spectrum TDT60901217. Note that the pmsstiat which these
IR data were obtained were not the same as for our opticatdtingpectra.

9 From Simpson et al. (1995) for M 17, NGC 3576 and 30 Dor; fronbiReet al. (1991) for M 42.

20-30 per cent are close to the 20 per cent uncertaintignastil

by Simpson et al. for the radivee-freefluxes (that measure H)
falling in the Kuiper Airborne Observatory (KAO) beam usexd f
the far-infrared line observations. It should be noted thatposi-
tions in the nebulae that were observed at far-infrared igagths
with the KAO usually did not coincide with the positions cove

by our optical long-slit observations. However, spatiairadance
variations within these Hi regions have never been detected, as
exemplified by our own spatially-resolved abundance aialys

30 Dor (Section 6).

globule and a filament in the Orion nebula that displays higi-d
sities of up to 5< 10° cm~3. They did not however publish the
density-sensitive diagnostic. They also commented theitdrcore

of the nebula the filaments contribute half the ljNemission, but
only 10 per cent of the Balmer line flux. The existence of high-
density, partially ionized condensations witf, ~ 10° cm~2 has
also been postulated by Bautista, Pradhan & Osterbrockdj1i@9
order to explain abnormalities in the emission spectrunfrefi]] in

the Orion nebula. Independent observations by Esteban(&08B)
and Baldwin et al. (2000) however, showed that [Hdines are

We therefore conclude that the agreement found between theformed in lower density gas along with [Qlines. Finally, as Lucy
O**/H* abundances derived from optical and infrared CELs rules (1995) and Verner et al. (2000) discuss, the formation of ijfFe

out temperature fluctuations as the cause of the factor ofiteo
crepancy found between ORL and CEI>'GH™ abundances for
M 17, NGC 3576 and 30 Doradus. On the other hand, the Iifrge
derived for LMC N11B from the ORL/CEL &' ratio would im-
ply temperature fluctuations that cannot be explained bynatedly
and density homogeneous nebular models.

7.2.2 The case against high-density clumps and in favour of
metal-rich inclusions

High density ionized clumps wittV, > 10° cm~ embedded in a
medium of lower density could lead to high ORL C, N and O abun-
dances, via an effect of pseudo-temperature fluctuatiohereby
the observationally derived [@ ] temperature is significantly over-
estimated due to collisional quenching of the nebXl¥4959, 5007
lines (Viegas & Clegg 1994). Such high density clumps wolsd a
guench emission in the low critical density far-IR lines 6f {i1]
and [N 1], leading to lower abundances being deduced from in-
frared CELs than from ORLs.

HST images of the Orion nebula show numerous clumpy mi-
crostructures surrounded by more or less uniform nebyldsflsh
& Rosa (1999) reportetHST observations of a partially ionized

emission lines is affected by radiative pumping fluoresegmo-
cesses in ways that render them unsuitable as straightitiesn-
sity diagnostics for Hi regions.

In Fig. 9 we plot the reddening-corrected intensities ohhig
order Hi Balmer lines from our high resolution él) spectrum of
NGC 3576 and compare them with theoretical predictions &o¥ v
ious nebular electron densities (Storey & Hummer 1995)c&in
such lines are sensitive indicators of ionized, high dgnsigions
(assuming those have a normal hydrogen content), it isester
ing to see that our data do not show any evidence for signtfican
amounts of high density material. In fact, the spectrum esfitted
with a uniform electron density of 3000 ¢m, consistent with the
values derived from the optical [Qil] density diagnostics§@.2,
Table 3). We note that our adopted reddening of #i& 1.25
for NGC 3576 was derived from the observed relative intésit
of Ha, HB, Hy and H. The dereddened intensities of these low
Balmer lines give an excellent fit to the theoretical Case tibsa
(Table 2). The high Balmer lines (H10-H24) used for Figur@&rs
a wavelength range of less than 1&0so0 it would require a large
change in the adopted reddening to change their decrenopet t&l
one that was consistent with,.N= 10° — 10° cm™3. Such a change
in reddening would be inconsistent with the low Balmer lieé r
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Figure 9. Observed log-intensities (in units ofdH= 100) of high-order
Balmer lines ¢ — 2,n =10,..., 24) as a function of the principal quantum
numbern; H14 at 3721.94\ is blended with the [Q11] A\3721.63 line.
The various curves show respectively the predicted Balraerainents for
electron densities fronV, = 102 to 10° cm—3. A constant temperature of
8070 K, derived from the nebular continuum Balmer discarityn has been
assumed in all cases.

ative intensities, however. We consider the high-n Balrimes| to
provide a secure upper limit of N< 10* cm=? for their emitting
region.

The Balmer decrement electron density diagnostic disdusse
above pertains to regions dominated by hydrogen, but natsaec
sarily to possible hydrogen-deficient regions in the nedulehich
could give rise to enhanced heavy element ORL emissionjrgaus
the observed abundance discrepancies. However, suchdeydro
deficient regions cannot have electron densities significhigher
than those deduced from the hydrogen Balmer decrementgin th
case of NGC 3576, or from the standard CEL density diagrestic
discussed in Section 3.2, since, as discussed in Sectidh 2
observed relative intensities of IOV 1 multiplet components indi-
cate that 3" recombination is occurring in regions with electron
densities lower than 3500 ¢, the critical density of the & 2P,
level. Collisional quenching of the optical and infrared LGEN
high-density clumps can therefore be ruled out as the cdube o
lower abundances derived from CELs compared to those derive
from ORLs. The only remaining way in which CELs can be col-
lectively suppressed in an ORL-emitting ionized regionasthe
temperature of the region to be low enough to suppress rabus
tical CEL emission but also infrared fine-structure emisdiones
such as the 52- and §am lines of [O11], implying electron tem-
peratures lower than a few hundred Kelvin. Is there any exide
for hydrogen-deficient zones insidelHregions?

Rosa & Mathis (1987) report the existence of a hydrogen-poor
(He/H = 0.14) region in the outskirts of the 30 Doradus nejbeita
hanced in most metals, apart from nitrogen. They hypotkebiat
it might contain chemically processed ejecta from a magstie-
type Wolf-Rayet star. It would be interesting to obtain hgglatial
resolution spectra of that region to search for regions bhaned
heavy element ORL emission. Our long-slit spectra samplea s
through the central 1 arcmin of 30 Doradus, which is knowroto-c
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tain a number of WR stars (Moffat et al. 1987, Parker 1993)l€o

it be that knots of heavy-element enhanced material hava bee
ejected from such stars and are the cause of the high ORL abun-
dances? It is well known from kinematical studies (e.g. Meab
1984) that 30 Doradus contains pressure-driven bubbleisstnd
sheets of ionized gas, originating from interactions whi intense
winds from WR, Of stars and supernova remnant ejecta. Iract
such potential culprits were directly encountered by ouglslit,

i.e. R139 (Of + WNL-type) and R 140 (WC + WN-type). The ex-
istence of a local minimum in the ORL2/O?** ratio (Fig. 8) in

the nebular region between R139 and R 140 might be indicative
of an outflow of carbon-depleted material from these evobtads.

On the other hand, LMC N11B does not contain any known Wolf-
Rayet stars (Parker et al. 1992) and its ORL/CEL abundarge di
crepancy factor is more than twice that of 30 Doradus. Mazeov
the fact that amongst our sample ofiHegions the ORL &/0?*
ratios of the postulated hydrogen-deficient component @sensi-

lar to the CEL C/O ratios of the ‘normal’ nebular componergras
hard to reconcile with standard nuclear-processing seenfar the
hydrogen-deficient component.

Concerning the apparent low-density of the ORL-emitting
material, it is interesting to make a comparison with thel-dua
component nebular models of the PN NGC 6153 (Liu et al. 2000),
proposed as a solution for the extreme ORL/CEL abundance dis
crepancy (a factor of 10) in that nebula. One of those models
(IH2) contained very cold (500 K), low density (1000 cnt ) H-
deficient inclusions, immersed in hot gas with normal abooda.
This model however was rejected for NGC 6153 on account of (a)
the required large filling factor of the metal-rich componevhich
would significantly increase the total CNO content of theulap
and (b) the very large overpressure of the normal compowndtith
would lead to the rapid collapse of the postulated inclusidnis
possible that the @ ORLs from our sample of Hi regions origi-
nate from cold, low-density, ionized and metal-rich regitocated
around much denser neutral cores —which may also be H-dficie
such material may have been ejected from evolved, massiVeROf
stars in the vicinity. The existence ofutral dense inclusions,
whose photo-evaporation leads to the emission of heawyesie
ORLs from lower density ionized halos, could help to allévitne
problem of the survival of fully ionized inclusions subj¢atlarge
over-pressures.

8 CONCLUSIONS

The current dataset supported by published far-IR obdenstll
but rules out the notion that Peimbert-type temperaturéuaimns
are the cause of the high metal abundances derived fromabpeic
combination lines with respect to the lower abundancesiggby
forbidden lines in Hi regions. Neither do our results advance the
case for the existence of Viegas & Clegg-typgh density, ionized
condensations in this sample of nebulae that could compgethie
observationally derived [@1] temperature, since the relative inten-
sities of high-order H Balmer linesandthe relative intensities of
O 11 V1 multiplet components both indicate that recombinat®n i
occurring in regions having electron densities similathtmse indi-
cated by the standard CEL nebular density diagnosticeddsour
analysis points towards an origin for much of the enhancesyhe
element optical recombination-line emission (enhancéative to
the optical and infrared CEL lines from the same ions) inZedi
regions that are dbw density and which are also cold, so that they
do not emit CELs. Thus a resolution of the ORL/CEL problem ap-
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pears to require the existence of a hitherto unseen compamen
these Hil regions, consisting of cold, rarefied and metal-rich, ion-

ized gas.
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