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RESUMEN

Presentamos espectroscopia echelle en dos posiciones de la regién HII
galdctica M17. Las observaciones cubren el intervalo de 3500 a 10,300 A y fueron
hechas con el telescopio de 2.1-m del Observatorio Astronémico Nacional en San
Pedro Martir, Baja California. Hemos medido las intensidades de 160 lineas de
emisién, en particular 36 lineas permitidas de Ct, N°, N+ N+t 0O° O+, Ne?, Si®
y Sit. Hemos determinado temperaturas y densidades electrénicas a partir de co-
cientes de lineas de emisién. También hemos determinado abundancias para un gran
numero de iones y elementos a partir de lineas excitadas colisionalmente. Hemos
obtenido abundancias de HY, Het , Ctt y Ot* a partir de lineas de recombinacién,
abundancias que son practicamente independientes de la estructura de temperatura
de la nebulosa. Hemos determinado valores precisos de t* comparando las abun-
dancias de Ot* determinadas por medio de lineas excitadas colisionalmente y por
medio de lineas de recombinacién. Comparamos las abundancias solares, las de M17
y las de otras regiones HII galdcticas. Determinamos gradientes de composicién
quimica como funcién de la distancia al centro de la Galaxia para He, C, N, O, Ne,
S, Cly Ar. Obtenemos cocientes de abundancias que deben ser ajustados por mo-
delos de evolucién quimica de la Galaxia y que permiten discriminar entre modelos
que han sido propuestos recientemente.

ABSTRACT

We present echelle spectroscopy in the 3500 to 10,300 A range for two positions
of the galactic HII region M17. The data have been obtained using the 2.1-m
telescope at Observatorio Astronémico Nacional in San Pedro Martir, Baja Cali-
fornia. We measure the intensities of 160 emission lines, in particular 36 permitted
lines of Ct, N° N+, N+t 00 O, Ne’, Si% and Sit. We determine electron
temperatures and densities using different line intensity ratios as well as abundances
from collisionally excited lines for a large number of ions and elements. We derive
the Het, Ctt and O** ionic abundances from recombination lines, these nebular
values are almost independent of the temperature structure of the nebula. We
determine accurate ¢? values by comparing the O+ ionic abundance obtained from
collisionally excited lines and recombination lines. A comparison of the chemical
abundances of the Sun, M17, and other galactic HII regions is made. We present
strong observational constraints based on abundance ratios and compare them with
recent models of galactic chemical evolution.

Key words: HII REGIONS — ISM: ABUNDANCES — ISM: INDI-
VIDUAL (M17) — LINE IDENTIFICATION

1. INTRODUCTION regions of the Galaxy. The western edge of the op-

) tical nebula is bounded by a dense molecular cloud,
Messier 17 (M17), also' known as the Qmega neb- M17SW (Lada 1976; Thronson & Lada 1983), which
ula, NGC 6618, or W28 is one of the brightest HII

is a site of active star formation. Hanson & Conti

! Instituto de Astrofisica de Canarias, Spain. (1995). have identified a group of 03—-06 sta.rs' lo-

2 Instituto de Astronomfa, Universidad Nacional Au- cated in the dark bay. These stars are responsible
ténoma de México. for most of the nebular ionization. M17 is one of
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the galactic HII regions with the highest degree of
ionization.

M17 has been intensely studied in all spectral
ranges. A comprehensive review of optical, infrared,

and radio observations of this object up to 1975 can -

be found in Goudis (1976). The chemical compo-
sition of the nebula has been studied extensively
by Peimbert, Torres-Peimbert, & Ruiz (1992; here-
after PTR) making use of low resolution optical spec-
trophotometry in different slit positions.

Traditionally, the abundance studies for ionized
nebulae have been based on determinations from for-
bidden lines, which are strongly dependent on tem-
perature variations over the observed volume. Re-
cently, with the increase of sensitivity of spectro-
graphs and detectors, it has been possible to ob-
tain accurate measurements of recombination lines
of heavy elements in bright nebulae. It is well known
that the intensity of these lines (and specially their
ratio relative to HI recombination lines) are almost
independent of electron temperature and therefore,
of the possible spatial variation of this parameter
along the nebula. This fact makes recombination
line ratios more precise indicators of the true neb-
ular chemical abundances.

This is the third paper of a series devoted to the
analysis of high signal-to-noise, high resolution spec-
troscopy of the brightest galactic HII regions (the
Orion nebula: Esteban et al. 1998, hereafter EPTE;
M8: Esteban et al. 1999, hereafter EPTGR). These
new data have allowed: a) to obtain accurate line
intensities of a large number of permitted lines of
heavy elements avoiding the problem of line blend-
ing, and b) to compare ionic abundances determined
from forbidden collisionally excited lines with those
obtained from recombination lines of the same ion. A
common result of these previous papers is that the
ionic abundances derived from recombination lines

are systematically higher than those obtained from
collisionally excited lines. In the case of the Orion
nebula, EPTE have obtained Ot* /Ht and C*+/H*
ratios from recombination line intensities which are a
factor of 1.5 and 1.75 larger, respectively, than those
obtained from forbidden lines. On the other hand,
for M8 EPTGR have found differences between the
abundances obtained from recombination and colli-
sionally excited lines of 1.25, 2.0, and 2.15 for O7,
Ott and Ctt, respectively. These discrepancies can
be interpreted in terms of the effect of temperature
fluctuations, t2, of the order of 0.024 for Orion and
0.032 for M8.

There are some previous determinations of ¢? for
M17. PTR have obtained values of 0.036 £ 0.020
and 0.045 4 0.019 for the two slit positions observed
in common with this work from the ratio of Balmer
lines to the Balmer continuum. On the other hand,
Peimbert, Storey, & Torres-Peimbert (1993a) have
estimated values of 2 of 0.031 £ 0.012 and 0.028 +
0.012 for the same slit positions from the comparison
between Ott abundances derived from collisionally
excited and recombination lines. These last authors

make use of the low resolution spectroscopic data
obtained by PTR.

2. OBSERVATIONS AND REDUCTIONS

The observations were carried out with the 2.1-m
telescope (in its f/7.5 configuration), of the Obser-
vatorio Astronémico Nacional at San Pedro Martir,
Baja California, México, on 1995 August and 1996
June. High resolution CCD spectra were obtained
using the REOSC Echelle Spectrograph (the gen-
eral characteristics of this instrument are reported
by Levine & Chakrabarty 1994). The spectrograph
gives a resolution of 0.234 A pixel~! at He using
the University College London (UCL) camera and a

TABLE 1

JOURNAL OF OBSERVATIONS

A) Exp. Time

Zone Date (A) Orders (s) Designation
Position 3 1995 Aug. 22 3500-5950 38-63 3600 Blue Range

1995 Aug. 23 4600-7075 30-46 300, 4800 Red Range

1996 Jun. 10 6450-9100 25-34 300, 3600  First NIR* Range

1996 Jun. 13 8450-10,300 22-26 1800 Second NIR? Range
Position 14 1995 Aug. 24  3500-5950 38-63 3600 Blue Range

1996 Jun. 11 6450-9100 25-34 300, 2700 First NIR* Range

1996 Jun. 13 8450-10,300 22-26 2100 Second NIR®* Range

2 Near-infrared.
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CCD-Tek chip of 1024 x 1024 pixels with a 24 pm?
pixel size. The spectral resolution is of 0.5 A FWHM
and the accuracy in the wavelength determination of
emission lines is of 0.1 A.

We obtained spectra in four (three in the case of
Position 14) overlapping wavelength intervals cover-
ing a very wide spectral range from 3500 to 10,300 A.
Typically, three or four individual exposures were
added to obtain the final spectra in each range.

Slits covering 13.3” x 2” in the blue exposures,
26.6"” x 2" in the red ones and 39.9” x 2" in both
near-infrared (NIR) exposures were used to avoid
overlapping between orders. We used two slit posi-
tions on the nebula, which were observed previously
by PTR. For consistency, we adopted the same des-
ignation as these authors to refer the two slit posi-
tions. Position 3 is centered at 250”S and 54”"W of
the star BD—16°4819 and Position 14 at 300"’S and
72"E relative to the same star. The slit orientation
was east-west in all cases. A journal of the observa-
tions is presented in Table 1.

We used a Th-Ar lamp for wavelength calibration
in all spectral ranges and a tungsten bulb for internal
flat-field images. The absolute flux calibration of the
blue and red spectra was achieved by taking echel-
lograms of the standard stars HR 7596, HR 7950,
and HR 8634; for both NIR spectra the standard
stars were HR 4963, HR 5501, and HR 7596. All
the stars are from the list of Hamuy et al. (1992)
which includes bright stars with fluxes sampled at
16 A steps. An average curve for atmospheric ex-
tinction was used (Schuster 1982).

The spectra were reduced using the IRAF3 echelle
reduction package following the standard procedure
of bias subtraction, aperture extraction, flatfielding,
wavelength calibration and flux calibration.

3. LINE INTENSITIES

Line intensities were measured integrating all the
flux in the line between two given limits and over
a local continuum estimated by eye. In the cases
of line-blending, the line flux of each individual line
was derived from a multiple Gaussian profile fit pro-
cedure. All these measurements were made with the
SPLOT routine of the IRAF package.

In the cases of the red and first NIR spectra, we
took additional 300 s exposures to avoid problems
of saturation of He, the brightest emission line in
these spectral ranges. All the line intensities of a
given spectrum have been normalized to a particu-
lar bright recombination line present in each wave-
length interval. For the blue range the reference line
was Hf; for the red range Hel A5876; for the first
NIR range HeI A7065; and for the second NIR range

3 IRAF is distributed by NOAO, which is operated by
AURA, under cooperative agreement with NSF.

HI P13 A8665. To have a final homogeneous set of
line intensity ratios referred to the same line, the rel-
ative line intensities of each spectra were re-scaled
to HB by means of the different flux ratios of those
recombination lines measured in consecutive spectral
ranges. For Position 14 we do not have the red spec-
trum and, therefore, there is no overlap between the
blue and first NIR spectra; therefore, to refer the line
intensity ratios with respect to HB, we have assumed
the theoretical value of Ha/HS for the physical con-
ditions and reddening coefficient determined for this
zone (see § 4).

The different spectral orders covered have over-
lapping regions at the edges. In these regions the
optical sensitivity drops, the line intensities are not
accurate and, therefore, they have not been consid-
ered. For the lines in common in two consecutive or-
ders with good flux measurement, i.e., not detected
at the edge of the order, the line intensity was calcu-
lated as the average of the values obtained in both
orders. We estimate that the accuracy of the relative
flux calibration achieved among the different orders
is about 3-5 per cent from the comparison of pairs of
well measured fluxes of the same line and their un-
derlying continua. In addition, each consecutive pair
of spectral intervals covered have a common region
where it is possible to measure the same lines. The
differences between the relative fluxes of a given line
(with respect to the same reference line) obtained in
the spectra of two consecutive spectral ranges do not
present any systematic trend that could be related
to anomalies in the relative flux calibration. The fi-
nal intensity of a given line in the overlapping regions
was the average of the values obtained in the different
consecutive spectra. The final list of observed wave-
lengths and line intensities relative to HB for both slit
positions is presented in Table 2. The observational
errors associated with the line flux intensities (includ-
ing all the possible sources of uncertainties in line
intensity measurement and flux calibration) are esti-
mated to be 2-5 per cent (0.01-0.02 dex), if the ra-
tio F(A)/F(HB) > 0.1; about 10 per cent (0.04 dex)
when 0.01 < F(X)/F(HB) < 0.1, and about 20 per
cent (0.08 dex) when 0.001 < F(X)/F(HB) < 0.01.
For lines weaker than 0.001 x F'(8), the uncertainty
could be < 30 per cent (0.12 dex); colons indicate
uncertainties < 40 per cent (0.16 dex).

For a given line, the observed wavelength (referred
to the heliocentric reference frame; fourth and sev-
enth columns of Table 2) is determined by the cen-
troid of a Gaussian fit (performed for every emis-
sion line even for single ones). For a line observed
in different spectra and orders, we have adopted the
average wavelength of the different measurements.

The identification and adopted laboratory wave-
lengths (first column of Table 2) of the lines were
obtained following previous identifications in the
Orion nebula made by EPTE and Osterbrock,
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TABLE 2

OBSERVED AND REDDENING-CORRECTED LINE RATIOS
AND IDENTIFICATIONS

Position 3 Position 14
Ao A A
(A) Ton  Multiplet  (A) F())  I(N) (A  FO) I

3691.56 HI H18 3691.43 0.293: 0.838: e e
3697.15 HI H17 v e ... 3697.16 0.608  1.23
3703.86 HI H16 3703.87 0.206: 0.601: 3703.86 0.540 1.11
3705.04 He I (25) e e <. 3705.04 0.362 0.742
3711.97 HI H15 3712.06 0.246 0.709 3711.96 0.840 1.71
3721.83 [SIIT] (2F)

3791 .94 Hi Hi4 } 3721.89  0.912 2.61 3721.83 1.26  2.57
3726.03 [0 11] (1F) 3726.09 8.65 24.7 3726.02 21.8 44.1
3728.82 [O 1I1] (1F) 3728.83 7.51 21.3 3728.76 21.8 44.0
3734.37 HI H13 3734.39  0.534 1.50 372433 1.18 2.38
3750.15 HI H12 3750.08 0.727 2.02 3750.08 1.61 3.19
3770.63 HI Hi1 3770.65 1.18 3.20 3770.60 1.75  3.43
3797.90 HI H10 3797.85 1.47 3.80 379783 3.04 5.84
3819.61 He I (22) e e ... 3819.56 0.642 1.22
3835.39 HI H9 3835.36 2.20 5.59 3835.37 3.51 6.58
3853.66 Sill (1) 3853.92 0.224: 0.558: e e e
3856.02 Sill (1) e e ... 3855.89 0.173 0.319
3864.45 on (12) 3864.69 0.357 0.797 e e e
3868.75  [Ne II] (1F) 3868.71 7.13 175 3868.66 9.78 17.9
3888.65 Hel 2)

3889 05 HI HS 3888.92 4.89 11.8 3888.86 9.59 17.3
3964.73 Hel (5) 3964.69 0.357 0.797 3964.67 0.563 0.966
3967.46  [Ne III) (1F) 3967.42 2.55 5.68 3967.42 3.18 5.46
3970.07 HI He 3970.01 5.64 12.5 3970.07 9.01 154
4026.19 Hel (18) 4026.16 1.01 2.13 4026.16 1.20 1.98
4068.60 [S II] (1F) e e <.+ 4068.68 0.295 0.475
4101.74 HI Hé 4101.71 11.0 21.7 4101.69 16.5  26.0
4267.26 cl (6) 4267.14 0.229 0.399 4267.12 0.356 0.517
434047 HI Hy 4340.43 28.3 46.9 4340.42 34.7 4838
4363.21 [O 1I7] (2F) 4363.26  0.709 1.16 4363.16 0.746 1.04
4368.25 OlI (5) 4368.12 0.121: 0.196: e e e
4369.282 Ol (26) 4368.96 0.144: 0.233: e e e
4387.93 He I (51) e e <o+ 4387.90 0.428 0.583
4437.55 He I (50) 4437.58 0.083: 0.125: e e e
4471.48 He I (14) 4471.49 3.15 458 4471.48 3.85 4.96
4638.85 ol (1) 4638.82 0.065: 0.080: 4638.76 0.113 0.130
4640.64 N III (2) e e -.- 4640.63 0.054: 0.062:
4641.81 ol (1) 4641.78 0.141 0.174 4641.80 0.124 0.143
4643.09 NI (5) e e -.- 4643.19 0.087 0.100
4649.14 oIl (1) 4649.16  0.103 0.126 4649.33 0.099 0.113
4650.84 oIl (1) 4650.98 0.100: 0.122: 4650.88 0.089 0.102
4658.10  [Fe III] (3F) 4658.16  0.221 0.267 4658.12 0.266 0.302
4661.64 ol (1) 4661.61 0.105 0.127 4661.65 0.110 0.125
4701.62  [Fe III] (3F) e e <« 470156 0.107 0.119

© Universidad Nacional Auténoma de México * Provided by the NASA Astrophysics Data System



. 65E

1999RMWKAA. . 35. .

CHEMICAL COMPOSITION IN M17

TABLE 2 (CONTINUED)

Position 3 Position 14

Ao A A

() Ion  Multiplet (&) F() I (A) FQ) IV
4711.34  [Ar IV] (1F) 471158 0.065 0.075
4713.14  Hel (12) 471317 0.507 0.584 4713.12 0.444 0.488
4740.20 [Ar IV] (1F) 474020 0.057 0.064
4754.70  [Fe III] (3F) 475471  0.054: 0.060:
4861.33 HI HpA 4861.34 100 100 4861.30 100 100
4881.00  [Fe IIT] (2F) 4881.13 0.072 0.071 4880.98 0.080 0.079
4921.93  Hel (48) 492188  1.42  1.34 492191 137  1.32
4924.50  [Fe II1] (2F) 492448  0.069  0.065
4958.91 [0 117] (1F) 4958.97 145 133 4958.91 121 114
4985.90  [Fe II1] (2F) ... 4985.74 0.064 0.059
5006.84 [0 II1] (1F) 5006.90 453 397  5006.82 369 337
5015.68  Hel (4) 5015.66  2.78  2.41 5015.63 265  2.41
5041.03  SilI (5) 5041.02 0.171 0.145 5040.96 0.137 0.123
5047.74  Hel (47) 5047.72 0.220 0.186 5047.72 0.192 0.171
5055.98 Sill (5)

5056.31 SilI (5)} 5056.05 0.194 0.163 5056.11 0.136 0.121
5191.82  [Ar II] (3F) 5191.70 0.067 0.050 5191.83 0.055 0.045
5197.90 [N ]] (1F) 5197.82 0.114 0.085 5198.05 0.082 0.067
5200.26 [N 1] (1F) 5200.19 0.081 0.061 5200.42 0.071 0.058
5270.40  [Fe III] (1F) 5270.55 0.185 0.131 5270.47 0.173  0.137
534240 CII 17.06 534230 0.039 0.026 5342.30 0.048 0.036
5517.71  [Cl1II] (1F) 5517.80 0.865 0.500 5517.73 0.674 0.466
5537.88  [Cl III] (1F) 5537.93 0.773 0.440 5537.84 0.553  0.379
5666.64 N II (3) 5666.77 0.104  0.053
5679.56 N II (3) 5679.68 0.175 0.088 5679.52 0.065 0.041
5754.64 [N II (3F) 5754.70  0.447 0.211 575461 0.445 0.268
5875.67 He I (11) 5875.70 342 146 587564 248  14.0
5931.79> NI (28) 5932.32  0.322 0.132
5941.65 N II (28) 5941.58 0.050: 0.020:

5952.39* N II (28) 5952.92 0.287 0.116

5978.93 Sill (4) 5979.11  0.106  0.042

6300.30 [01] (1F) 6299.92  1.99 0.648

6312.10  [S 1] (3F) 631220 4.22  1.33

6347.09 Si II (2) 6347.39  0.594 0.189

6363.78 [0 1] (1F) 636331 0.680 0.213

6371.36 Sill 2) 637144 0.371 0.116

6401.50  [Nilll]  (2F)

6402.95 Nel 1) 6401.77 0.123  0.038

6461.95 cl (17.04) 646193 0.202 0.060
6548.03 [N IIJ (1F) 654832 197  5.55 6548.18 183  7.84
6562.82 HI He 6562.86 1075 301  6562.83 640 272
6578.05 cl (2) 6578.09 3.365 0.943 6578.02 0.678 0.287
6583.41 [NII] (1F) 6583.65 190  18.0 658348 584  24.6
6666.94 011 (85) 6666.97 0.067: 0.018:
6678.15 He I (46) 6678.28  16.4  4.34 667837  9.35  3.82
6716.47  [S1I] (2F) 671671  11.0 2.84 671665 107  4.31
6730.85  [SII] (2F) 6731.10 124  3.19 673099 105  4.21
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TABLE 2 (CONTINUED)

Position 3 Position 14

Ao A A

(A Ton  Multiplet (&) F(N) 1IN (&) F() I
? 6863.36 0.483 0.117 ...
7065.28  Hel (10) 7065.87  20.8  4.68 7065.10  9.56  3.47
7135.78  [Ar IIT] (IF) 713593  61.5  13.2 713588 361  12.8
? 7160.64 0.108 0.023 7160.63 0.045 0.017
723112 CII (3) 723138  0.669 0.138 723137 0.352 0.122
7236.19  CII (3) 7236.61 1.131 0.233 723655 0.771  0.267
7281.35  Hel (45) 7281.27  3.32 0.670 728127 169 0.577
7319.65  [OI1] (2F) 732043  4.85 0.964 732036 329 1.1l
7330.16  [O1I] (2F) 733056  4.40 0.871 733049 323  1.05
7499.82  Hel 7499.89  0.195 0.036 7499.75 0.123  0.040
7751.12  [Ar II1] (1F) 775114 21,7  3.68 775108 11.7  3.55
7771.96 Ol (1) 777211 0.094:  0.016: 777176  0.068: 0.020:
7774.18¢ O1 (1) 777367 0.242  0.041 777379 0.181  0.054
7816.16 He I (69) .. 7815.89 0.181 0.054
7889.9  [NiIII] (1F) 7890.27  0.782 0.126  7890.09 0.556  0.163
8046.00  [CLIV] (1F) 8045.80  0.172 0.026
8094.06 He I 8093.77  0.199 0.030
8242.34 NI (2) .. 8242118  0.118  0.032
8245.64 HI P42 824585 0.127 0.018 8245.85 0.120 0.033
8247.73 HI P41 8248.00 0.165 0.024 8247.93 0.151  0.041
8249.97 HI P40 8250.22  0.216 0.031 8250.04 0.115 0.031
8252.40 HI P39 8252.57 0.237 0.034 8252.53 0.166  0.045
8255.02 HI P38 8255.28 0.380 0.054 8255.18 0.176  0.048
8257.86 HI P37 8258.09 0.408 0.058 8257.91 0.198 0.053
8260.94 HI P38 8261.13  0.450 0.064 8261.04 0.213  0.057
8264.29 HI P35 8264.64 0.622 0.089 8265.03 0.296 0.080
8267.94 HI P34 8268.11 0.455 0.065 8268.03 0.282  0.076
8271.93 HI P33 8271.93 0.593 0.084 8271.99 0.244  0.066
8276.31 HI P32 8276.35 0.463 0.066 8276.46 0.273  0.073
8281.12 HI P31 828147 0.987 0.140 8281.47 0.695 0.187
8286.43 HI P30 8286.55 0.820 0.116 8286.48 0.443  0.119
8292.31 HI P29 8292.39  0.730 0.103 8292.32 0.350  0.094
8298.84>  HI P28 8299.01  1.83 0.258 8298.87  1.19  0.319
8306.22 HI P27 8305.95 0.753 0.106 8306.10 0.384 0.103
8314.26 HI P26 8314.30  0.937 0.132 8314.25 0.452 0.121
8323.43 HI P25 832343  1.03 0.145 8323.32 0.529 0.141
8333.78 HI P24 8333.76  1.12 0.157 8333.68 0.603  0.160
8345.55>  HI P23 834478  3.86 0.534 8344.54 280 0.741
8359.01 HI P22 8358.91 1.532 0.211 8358.89 0.772  0.203
8361.77 He I (68) 8361.60 0.822 0.113 8361.51 0.382  0.100
8374.48 HI P21 837440  1.63 0.221 8374.35 0.835 0.218
8392.40 HI P20 8392.32  2.04 0275 839226 0.997  0.259
8413.32 HI P19 8413.50  2.13 0.284 841343  1.16  0.300
8438.64 HI P18 8438.12 246 0.323
8444.48 Sil (46) 844467  0.252 0.033
8446 .48 01 (4) 8447.17  0.378 0.049 8446.88 0.485  (.123
8467.26 HI P17 8467.64  3.10 0.399 8467.61  1.56  0.392
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TABLE 2 (CONTINUED)

Position 3 Position 14

Xo A )

(A) Ton  Multiplet (&) FO)  I()) A  FOY I
? 8486.64 0.151 0.019 8486.56 0.083 0.021
8502.49 HI P16 8502.83  3.52 0.444 850279 1.80 0.450
8528.99 Hel 8529.25 0.164 0.020 8529.26 0.114 0.028
8545.38 HI P15 854554  4.28 0.527 854550 2.18 0.534
8578.70 [Cl1I] (IF)  8578.88 0.273 0.033 8578.75 0.252 0.060
8582.54 Hel 858225 0.493 0.060 8582.26 0.237 0.057
8598.39 HI P14 859823  5.68 0.678 8598.18  2.94 0.704
8665.02 HI P13 8664.58  7.87 0.902 8664.53 4.43 1.0l
8776.77 Hel 8776.51  1.10 0.117 8776.37 0.596 0.132
8845.38 Hel 884555 0.475 0.049 884543 0.265 0.057
8848.05 Hel 8848.05 0.203 0.021 -
8862.79 HI P11 886274 121 1.25 886271 6.10  1.32
8914.74 Hel 891425 0.266 0.027 -
8996.99  Hel 8995.76 0.457 0.045 899573 0.287 0.060
9014.91 HI P10 901362 184 1.75 901359 851  1.75
9068.9  [S II1] (IF)  9067.98 194 17.9 9068.06 113  22.7
9210.28 Hel (83) 921071  1.05 0.094 9210.75 0.359 0.071
9229.02 HI P9 922925 243 218 922942 114  2.25
9463.57 Hel (67) 9463.12  1.33 0.117 9463.53 0.567 0.111
9545.97 HI P8 954547 289  2.52 954559 132  2.56
9603.50 Hel (71) 9602.19 0.365 0.032 -
9850.24 [CT] (1F) 984927 1.30 0.111 984944 0974 0.185

2 Dubious identification.

Tran, & Veilleux (1992) and in M8 by EPTGR;
we also used the compilations of atomic data by
Moore (1945, 1993) and Wiese, Smith, & Glennon
(1966). Sky emission lines were not included in
the list. Three emission lines could not be iden-
tified in any of the available references but two of
them have been reported previously in other ob-
jects. The line at A6863.36 has been observed in M8
(16863.45, EPTGR). The line observed at A7160.64
has been reported in M8 (A7160.62, EPTGR),
IC 4997 (A7160.62, Hyung, Aller, & Feibelman 1994)
and NGC 6567 (A7160.60, Hyung, Aller, & Feibel-
man 1993). The intensity of these lines, relative to
Hp, is very similar in all the objects, despite the large
differences in excitation conditions of the nebulae, a
fact that suggests a nebular origin and that recom-
bination is their most likely production mechanism.

The reddening coefficient, C(HQ), was determined
by fitting iteratively the observed Balmer decrement
to the theoretical one computed by Storey & Hum-
mer (1995) for the physical conditions determined
for each slit position (see § 4) and assuming the ex-
tinction law of Seaton (1979). The final C(HB) for

each slit position was the average of the values ob-
tained from the Ha/HSB, Hy/HB and H§/H ratios.
The final adopted values of C(HB) are 1.71 &+ 0.05
and 1.05 4 0.05 for positions 3 and 14, respectively.
These values are in good agreement with the C(HQ)
obtained by PTR for the same slit positions (1.72
and 1.20, respectively). The reddening corrected HS
surface brightness from the blue exposure spectra is
1.38 x 10712 and 0.35 x 10712 erg cm™2 57! arcsec™?
for positions 3 and 14, respectively.

4. PHYSICAL CONDITIONS

The large number of collisionally excited emission
lines identified and measured in the spectra allows
the derivation of physical conditions using line ratios
of different ions. The values of n. and T, given in Ta-
ble 3 have been obtained using the five-level program
for the analysis of emission-line nebulae of Shaw &
Dufour (1995).

The values of n. obtained for the different ions
available in each slit position are very similar. Aver-
age values of 860 and 520 cm™3 have been adopted as
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TABLE 3

PHYSICAL CONDITIONS

Parameter Line Position 3 Position 14

ne (cm=3) [O1I] 790 +£250 480 = 200
[STI] 9401250 5501590
[NT] 5270: 1560:
[ClTIT] 14007393 880+25%°
[Ar1V] 1550:

T. (K) [O111] 81204+ 250 8210 4+ 250

[OTI] 11,980 41300 9880 % 850
[N1I] 8990 4+ 850 8770 % 800
[ArII] 82104750 8040 % 700
[STIT] 8320 =+ 600

representative for Positions 3 and 14 respectively, in
good agreement with the densities obtained by PTR
for the same zones.

Electron temperatures from forbidden lines have
been derived from [O1I1], [O111], [NII], [ArIII], and
[SIIT] line ratios. The T, values obtained from dif-
ferent ions are similar within the uncertainties, ex-
cept in the case of the T([OII]) derived for Po-

both slit positions and T'([N1I]) for Position 14 were
obtained by PTR. In contrast, those authors find
T([11]) = 11,600 = 550 K for Position 3, a value
much higher than the value we obtain for the same
zZone.

5. HI AND Hel RECOMBINATION
SPECTRA

The HI Balmer and Paschen spectra can be de-
tected up to H18 and P42 respectively, in our data.
In Table 4, we present the comparison between the
observed relative intensities of the HI Balmer and
Paschen lines with respect to the predicted ones us-
ing the machine-readable line-ratio tables by Storey
& Hummer (1995). The theoretical line ratios have
been evaluated for 7, = 8300 K and n, = 860 cm™3
in the case of Position 3 and 7, = 8280 K, and
ne = 520 cm™3 for Position 14. The adopted value of
T. corresponds to the mean of the electron tempera-
tures weighted by their relative uncertainties. In any
case, the HI line ratios are almost independent of
the adopted temperatures and densities. The com-
parison between observed and predicted line ratios
stops at H25 and P25 because this is the limit of the
calculations of Storey & Hummer (1995). In the op-
tical range, H8 and H14 have not been included in
Table 4 because they are blended with He I A3888.65
and [STIT] A3721.83, respectively. In the NIR ranges,
P23 and P12 have not been included in Table 5; be-

sition 3, which is significantly higher (see § 5 for

cause P23 is severely affected by strong sky emission
further discussion). Similar values of T([O1I1]) for

lines and P12 is at a wavelength not covered between

TABLE 4

OBSERVED OVER PREDICTED HI BALMER AND
PASCHEN EMISSION LINE RATIOS

Line Position 3 Position 14

Line Position 3 Position 14

H18 0.91: P25 1.16 1.15
H17 1.14 P24 1.12 1.16
H16 0.47 0.86 P22 1.18 1.15
H15 0.45 1.10 P21 1.08 1.07
H13 0.63 0.99 P20 1.17 1.10
H12 0.67 1.05 P19 1.04 1.10
Hi1 0.81 0.87 P18 1.01
H10 0.74 1.11 P17 1.06 1.03
H9 0.77 0.91 P16 0.98 0.99
He 0.79 0.99 P15 0.96 0.97
Hé 0.84 1.01 P14 1.00 1.04
Hy 1.01 1.05 P13 1.07 1.19
Hp 1.00 1.00 P11 0.89 0.94
Ha 1.04 0.94 P10 0.94 0.94
P9 0.84 0.87
P8 0.68 0.69
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two consecutive spectral NIR orders. Columns 2 and
3 of Table 4 give the ratio of the observed to the
predicted intensities. The differences between theo-
retical and observed line ratios are typically of the
order of 10—15 per cent for the Balmer and Paschen
lines except P8, which is just at the edge of a spec-
tral order, and the spectral zone shortwards of Hé
for Position 3, where the differences between ob-
served and predicted intensity ratios become larger
with decreasing wavelength. This behaviour can be
explained either by: a) the effect of strong underly-
ing absorption of the Balmer lines by dust-scattered
stellar continuum; or b) a systematic error in the flux
calibration in this spectral zone and slit position.
The possibility of strong underlying stellar absorp-
tion appears unlikely due to the low contribution
of the nebular and dust-scattered stellar continuum
in the blue spectral zone, as well as the absence of
any appreciable degree of absorption in the bright-
est Balmer lines. On the other hand, the effect of
a flux calibration problem can be checked because
it should also affect other emission line intensities
in this spectral zone. The only two Hel lines in
this wavelength range (at A3964.73 and A4026.19)
show a contradictory behaviour (see Table 5), but
are rather weak and their relatively high uncertainty
makes them useless for this analysis. However, there
are several bright collisionally excited lines that can
be used for the analysis, as the [OII] doublet in the
blue (AA3726.03, 3728.82) and the [Nelll] lines at
A3868.75 and A3967.46. We have compared the in-

tensity ratios of these lines in our spectra with the
ones measured by PTR, finding that they are less in-
tense in our spectrum of Position 3 (but not for Po-
sition 14) by factors similar to the departures from
theoretical intensities that show the nearest Balmer
lines (a factor of 30 percent for the [OII] lines and
between 10 to 15 percent in the case of the [Nelll)
lines). The effect of a possible underestimation of
the line intensities shortwards of Hé eould also ex-
plain the high T([OII]) value found in Position 3.
The fact that the blue spectra of both slit positions
were taken in different nights (see Table 1) and that
this problem does not appear for Position 14, also
suggests a possible flux calibration problem.

There are 30 Hel emission lines identified in our
spectra. These lines arise mainly by recombination,
although they may have contributions due to col-
lisional and self-absorption effects. In Table 5, we
present the comparison between the observed line in-
tensity ratios and those predicted by Smits (1996).
The theoretical line ratios have been evaluated for
case B for singlets and triplets assuming the same
physical conditions as in the case of the HI spec-
trum. The ratio between observed and predicted line
intensity ratios for both slit positions are shown in
columns 3 and 4. As in the case of the HI Balmer
spectrum, the observed ratios compare well in gen-
eral with the predicted ones, taking into account that
uncertainties of the order of 10—20 per cent are ex-
pected due to the relative faintness of most of the
He I lines as well as some contribution of collisional

TABLE 5

OBSERVED OVER PREDICTED HeI EMISSION LINE RATIOS

/\o Iobs/Ipred
(A)  Transition Pos. 3 Pos. 14

): Iobs/Ipred
(A)  Transition Pos. 3 Pos. 14

5015.68 215 —3'p 0.97  0.90
3064.73 215 —4lp 0.81 0.90

587567 23P —3°D 1.14 1.01
447148 2P —43D  1.00  1.00
4026.19 2P —53D  1.00 0.86
3819.61 23P —63D .. 0097
3705.04 23P — 73D o097

7281.35 21p — 319 1.09 0.87
5047.74 2'P —4!8 111 0.92
443755 2P —5!8 1.65:
9463.57 335 — 53P 1.18  1.00
8361.70 335 —63P 1.67 1.33
7816.16 335 — 73P 275
7499.82 335 — 83pP 1.60  1.60

921028 3°D —9%F  0.95 0.67
8996.99 33D —103F 0.67  0.80
8845.38 33D —113F 1.00  1.00
8582.54 3°D —143F 2.17 183
8528.99 3°D —153F 1.00 150

6678.15 2'P — 3D 1.19  0.96
4921.93 2'P —4'D 1.09  0.99
4387.93 2'P —5!D 0.98

9603.50 3'S —6'P 1.75
8914.74 3'S TP 1.20
7065.28 23p — 338 241 1.65
4713.14 23P — 438 1.38  1.05
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effects from the metastable 235 level (see Kingdon
& Ferland 1996). An apparent trend is detected in
the 22P — n3S and 33S — n3P lines, the observed
intensities of these lines are systematically brighter
than the predicted ones. This discrepancy can be ex-
plained by self-absorption effects from the metastable
235 level. On the other hand, the ratios presented
in Table 5 indicate the absence of significant line-
transfer effects in the helium singlet spectrum (e.g.,
Robbins & Bernat 1973).

6. IONIC ABUNDANCES FROM
FORBIDDEN LINES

Ionic abundances of N*, Ot O*+ Nett St
ST+, CIF, CIt+, CI3+, Artt, and Ar®t have been
obtained from collisionally excited lines, using the
five-level atom program of Shaw & Dufour (1995)
and the atomic parameters referenced in it. Addi-
tionally, we have determined the ionic abundances
of Fet* and Nit*t with the methods and data that
will be discussed below. For the low ionization po-
tential ions N*, OF, St Clt, Fett, and Nit* we
have taken T'([NII]) as the representative electron
temperature. We select T'([NII]) instead of T'([O I])
due to its lower dependence on the assumed redden-
ing and, in the case of Position 3, because T'([OI1])
can be affected by possible flux calibration problems
shortwards of Hé in the blue spectrum, as has been
discussed in § 5. On the other hand, we have adopted
T([O1III]) for the high ionization potential ions O+,
Net+ S*++ Clt+, CI3+, Artt and Ar®*. The den-
sity assumed is 860 and 520 cm~2 for Positions 3
and 14, respectively. Ionic abundances are listed in
Table 6 and correspond to the mean value of the
abundances derived from all the individual lines of
each ion observed. The values obtained are consis-
tent with those derived by PTR for the ions in com-
mon. The Ot /H* and Net*/H* ratios could have
been underestimated due to the possible flux cali-
bration problem of the bluest part of the spectrum
of Position 3 as was discussed in § 5. We estimate
that the correction in the ionic abundances due to
this effect should be of the order of +0.11 dex for
O*/H* and about +0.05 dex for Net+/Ht.

We have measured seven [FeIII] lines of multiplets
(IF), (2F), and (3F) in M17. The presence of some
[FeIIl] lines in the spectrum of this object was pre-
viously reported by PTR and Rodriguez (1996). We
have used the FelllI level population tables and line
emissivities computed by Keenan et al. (1992) to
obtain the Fett abundance. The adopted average
Fet* abundance (obtained from those lines not af-
fected by line-blending) is included in Table 6. Our
values of the Fet* /H* are highly consistent with
previous determinations by Rodriguez (1996) and
PTR, but in the latter case there is a discrepancy
by a factor of about 0.4 dex in the Fet* /H* derived
for Position 14. This large difference could be due to

TABLE 6

IONIC ABUNDANCES FROM
FORBIDDEN LINES?

Position 3 Position 14
t2 2
xXm 0.000 0.033 0.000 0.044

N+t 6.66+£0.12 6.73 6.85+0.12 6.99
ot 7.51+£0.20 7.58 7.82+£0.19 7.98
ot+ 8.49+0.06 8.75 8.40+£0.06 B8.77
Nett 7564+0.12 7.84 7.53+£0.11 7.93
St 5.30+0.16 5.37 5.45+0.15 5.58
St+ 6.83+£0.08 7.12 6.91+0.08 7.33
Clt 3.569+£0.22 3.71 3.86+0.22 4.01
Crt+ 5.09+0.14 5.35 5.02+0.14 5.37
ci+ 3.61+£0.22 3.81
Artt  6.36+£0.08 6.57
Ar3t 439+0.15 4.61
Fett 536+0.16 5.43
Nit+ 5.224+0.18 5.33

6.32+0.08 6.62

5.474+0.14 5.60
536+0.16 5.51

2 In units of 124log(X™/H*).

the larger intensity of [FeIII] A4658 line reported by
those authors for this slit position.

Two [NilII] lines have been measured in our spec-
tra. It is possible that A6401.5 is blended with a
Nel line and its intensity might be overestimated.
Unfortunately, there are no calculations of the level
populations of this ion because no published collision
strengths are available for [Ni IIT]. Osterbrock et al.
(1992) estimate these atomic parameters from avail-
able calculations for [Fe VII], with analogous elec-
tron ground configuration. We have calculated the
Nit* /H* from the brightest line at A7890, following
the procedure outlined by Osterbrock et al. (1992)
that uses the collision strengths estimated by these
authors and the transition probabilities obtained by
Garstang (1958). The abundances derived for each
slit position are shown in Table 6.

7. Het ABUNDANCES

The intensity of Hel lines can be affected mainly
by two physical processes: self-absorption and col-
lisions. The comparison between observed and pre-
dicted Hel emission lines shown in Table 5 indicates
that lines coming from 23P — n3S and 33S - n3P
transitions could suffer substantial self-absorption
and, therefore, that they are not suitable for de-
riving an accurate He™/H* ratio. On the other
hand, collisional effects may affect all the mea-
sured lines, but unfortunately, we have collision-to-
recombination factors (C/R) for only 7 of the lines
available. In Table 7, we show the Het abundance for
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TABLE 7

Het/H* ABUNDANCE RATIO?

A Position 3 Position 14
(A)  Uncorrected C/R  Corrected  Uncorrected C/R  Corrected
4026 0.0952 0.0042  0.0948 0.0885 0.0028  0.0882
4388 0.1010 0.0018  0.1008
4471 0.0952  0.0065 0.0946 0.1081 0.0043 0.1076
5876 0.1084 0.0162 0.1067 0.1039 0.0107 0.1028
6678 0.1133 0.0081  0.1124 0.0996 0.0053  0.0991
7065*  0.2328 0.1716 0.1987 0.1718 0.1136 0.1543
7282 0.1039 0.0640  0.0976 0.0900 0.0424  0.0863
Mean  0.1032 0.1012 0.0985 0.0975
+ 0.0071 =+ 0.0070 =+ 0.0060 + 0.0066

2 Not included in the derivation of the the mean Het /H™.

these 7 lines —uncorrected and corrected by the col-
lisional contribution— as well as their corresponding
C/R factors. The uncorrected Het /H* ratios have
been obtained using the predicted line emissivities
calculated by Smits (1996) and assuming the same
physical conditions as in § 5. The C/R factors have
been obtained from the calculations by Kingdon &
Ferland (1995). The average values of Het /HT have
been derived excluding HeI A7065 (the line that suf-
fers the largest self-absorption effects) and are given
in Table 7. The Het/H* ratios obtained (for both
corrected and uncorrected cases) are consistent with
the values derived by PTR for the lines in common.

8. PERMITTED HEAVY ELEMENT LINES

We have measured 36 permitted lines of heavy ele-
ment ions such as CII, NI, NII, NIIT, OI, O II, Nel,
Sil, and Sill, most of them detected for the first time
in M17.

All the permitted lines of heavy elements observed
in M17 have been observed also in the spectrum of
other galactic HII regions such as the Orion nebula
(EPTE) or M8 (EPTGR). In these two papers, the
authors carried out a detailed discussion of the exci-
tation mechanisms that produce those lines, being in
most cases line and/or continuum resonance fluores-
cence except in the cases of CII A\4267.26, the lines
of multiplet 1 of O, and the lines of OII which are
produced largely by recombination.

Let I(X) be the intensity of a recombination line
of an element ¢ times ionized at wavelength A, then
the abundance of the ionization state i+ 1 of element
X is given by

N(X*H) _ MA) s (HB) I(N) (1)
N(Ht) 4861 aerp(A) I(HPB) '’

where a, s represents the effective recombination co-
efficient.

Most calculations of a.f; use term-averaged tran-
sition probabilities, which give rates for total intensi-
ties of multiplets. However, our echelle observations
can resolve several lines of some multiplets. The mea-
surement of several lines of the same multiplet of a
given ion permits the comparison of their relative
intensities with those expected in an appropriate an-
gular momentum coupling. If we assume that the
relative populations of levels within a term are ap-
proximately proportional to their statistical weights,
gj, the intensities of the lines of a multiplet will be
proportional to the gf values, g;f;; = gifi;, which
are proportional to the line strength, s;;. The results
of this comparison are shown in Table 8. In this table
we include those multiplets with more than one emis-
sion line measured. Columns 1 to 3 indicate the ion,
multiplet number and laboratory wavelength corre-
sponding to each line. Column 4 gives J values of the
lower and uppe. cvels of the transitions. Columns 5
and 7 give the observed intensity of each line relative
to the strength of the expected brightest line of the
multiples. Columns 6 and 8 include the ratio of the
observed and the predicted relative intensities.

In Table 8, we show that the relative intensities
between the two observed lines of multiplet 3 of CII
and NII and multiplet 2 of SiIl are in very good
agreement with the predictions of LS-coupling. In
contrast, there is no good agreement for the O II lines
observed (all belonging to multiplet 1) and perhaps
for multiplet 5 of SiIl. For the Orion nebula, EPTE
find that all these lines follow closely the LS-coupling
predictions behaviour which, in contrast, is not fol-
lowed in the case of M8. EPTGR find that multiplet
3 of NII and multiplet 1 of OII (among others) do
not fit the LS-coupling predictions for M8. In this
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TABLE 8

OBSERVED OVER PREDICTED INTENSITY RATIOS OF
PERMITTED LINES OF HEAVY ELEMENTS

A Position 3 Position 14
Ion Mult. (A) J'JI Iobs Iobs/Ipred Iobs Iobs/Ipred
CII 3 723619 3/2-5/2 1 1 1 1
7231.12 1/2-3/2 0.59 1.05 0.46 0.82
NII 3 5679.56 2-3 1 1
5666.64 1-2 0.60 1.12
Ol 1 464181 3/2-5/2 1 1 1 1
4649.14  5/2-7/2 0.72 0.41 0.91 0.44
4638.85 1/2-3/2  0.45: 1.30: 1.15  2.60
4661.64  3/2-3/2 0.80 1.67 0.87 1.99
4650.84  1/2-1/2 0.70:  2.00: 0.71 2.02
SiIl 2 6347.09 1/2-3/2 1 1
6371.36  1/2-1/2 0.61 1.22
5055.98  3/2-5/2
5 505631 3/2-3/2 L L
5041.03 1/2-3/2 0.89 1.78 0.98 1.96

sense, the similar behaviour of the departures found
for the lines of multiplet 1 of OII in M8 and M17
is striking. The lines of multiplet 1 of OT have not
been included in Table 8 because one of the lines,
A7774.18, suffers from severe contamination by sky
emission.

We have used the CII a.;; values obtained by
Péquignot, Petitjean, & Boisson (1991) to derive the
C** abundances from the CII \4267.26 line. The
physical conditions assumed are T, = 8120 K and
n. = 860 cm™3 for Position 3, and T, = 8210 K and
ne = 520 cm™3 for Position 14. The C*t+/H* ratios
obtained are 5.8 x 10~* and 7.5 x 10=* for Posi-
tions 3 and 14, respectively [12+log(CT+/H*) =8.76
and 8.88, respectively].

The Ot abundance can be derived from the lines
of multiplet 1 of OT which is the only one probably
produced by pure recombination. However, the line
at A7774.18 is affected by sky emission and the line
at 7771.96 A has a very low signal-to-noise ratio and
can be affected also by the neighboring sky emission.
Therefore, a high uncertainty is associated with this
line. In any case, taking into account this line and the
acrs of Péquignot et al. (1991) we obtain an Ot /H*
ratio of 1.6 and 2.0 x 10~ for Positions 3 and 14,
respectively [12+log(O* /H*) = 8.21 and 8.31, re-
spectively]. For this calculation, we have assumed
T, = 8990 K and n, = 860 cm ~3 for Position 3, and
T, = 8770 K and n, = 520 cm ~3 for Position 14.
Although these values are highly uncertain, they are
clearly higher than the O /H* ratios obtained from
collisionally excited lines. This behaviour is similar
to that reported for M8 by EPTGR.

Storey (1994) has computed the OII a.s; for

Cases A, B, and C. We have used these coefficients
to derive the Ot* abundances listed in Table 9.
The physical conditions assumed are the same as for
the CII calculations. We have determined the ionic
abundances from individual lines of O Il multiplying
the a,rs of the multiplet by a factor that takes into
account the relative intensity of each line within the
multiplet

N (2)

D s

all i,j
where the sum runs over all the components of the
multiplet. The O+ abundances obtained from the
different lines of multiplet 1 observed show significant
dispersion, mainly because we have assumed that
the relative line intensities within a multiplet follow
those predicted in LS-coupling. The abundances de-
termined for this ion are almost independent of the
case assumed. Additionally, we have determined the
average of the ionic abundances obtained from all
the lines of a given multiplet (labeled as “Mean” in
Table 9).

An alternative approach is to estimate the total
intensity of the multiplet by multiplying the sum of
intensities of the observed lines by the multiplet cor-
rection factor which introduces the contribution of
all —observed and unobserved— lines

D s
_ allij ; 5
Mey Z sij ( )

obs 7,5
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TABLE 9

O*+/H* RATIO FROM OII LINES

Position 3 Position 14
A I)/I(HB) OF/H* (x 107%)  I(\)/I(HB) Or+/H* (x 10-%)
Mult. (A) [I(HB)=100] Case A Case B [I(H3)=100] Case A Case B
1 4638.85 0.080: 83 80 0.130 135 130
4641.81 0.174 63 61 0.143 52 50
4649.14 0.126 26 25 0.113 23 22
4650.84 0.122: 128 123 0.102 107 103
4661.64 0.127 107 103 0.125 105 101
Mean 81 78 84 82
Met 1.10 1.10
Sum 0.629 59 57 0.613 57 55

where the upper sum runs over all the components
of the multiplet, and the lower sum runs over the 0b-
served components of the multiplet. The abundances
obtained from the estimated total intensity of a mul-
tiplet is labeled as “Sum” in Table 9 along with its
mes in LS-coupling. The abundance deduced from
this last method is preferred over the average abun-
dance because observational errors and the effects of
deartures from LS-coupling are minimized.

9. TEMPERATURE FLUCTUATIONS IN M17

Ionic abundances from forbidden lines often differ
significantly from those derived from recombination
lines (e.g., Peimbert et al. 1993a; Liu et al. 1995;
EPTE; EPTGR), probably because both abundance
determinations have a different dependence on the
temperature structure of the nebula. In Table 10
we show the comparison between the abundances of
Ottt determined from collisionally excited lines and
from recombination lines. The O+ /Ht ratio from
recombination lines has been taken from the “Sum”
value for Case B of Table 9. As it was found also for
the Orion nebula (EPTE) and M8 (EPTGR) and the
previous study for M17 by Peimbert et al. (1993a),
the ionic abundances determined from collisionally

excited lines are always somewhat lower than those
obtained from recombination lines, and their com-
parison can provide an estimate of the spatial tem-
perature fluctuations. The presence of these fluc-
tuations, t2, in gaseous nebulae was first proposed
by Peimbert (1967, 1971). We have derived the ¢?
value that produces the agreement between the O+
abundance obtained from both recombination lines
and forbidden lines, for each slit position. The val-
ues of t? are shown in Table 10 and are consistent
with the previous determination of Peimbert et al.
(1993a) based on low resolution spectroscopy. Val-
ues of t2 ranging from 0.00 to 0.09 have been found
for planetary nebulae, with a typical value around
0.04 (Peimbert 1971; Dinerstein, Lester, & Werner
1985; Liu & Danziger 1993; Liu et al. 1995; Kings-
burgh, Ldpez, & Peimbert 1996). For other galactic
HII regions, EPTE find #2 = 0.020 and 0.028 for
two slit positions in the Orion nebula and, in the
case of M8, EPTGR obtain a value of 0.032. As
it can be seen, these values obtained for PNe nebu-
lae and HII are very similar and higher than those
derived from photoionized models which predict val-
ues not larger than 0.01 (i.e., Baldwin et al. 1991).
Very recently, Liu (1998) has obtained a difference
of a factor of ~ 15 between collisional and recom-

TABLE 10

COMPARISON OF Ot*/H* RATIOS® AND t? PARAMETER

Position 3 Position 14
Forbidden Recombination Forbidden Recombination
lines (¢ = 0.00) lines t2(R/C) lines (2 = 0.00) lines t>(R/C)
8.49+ 0.06 8.75+0.13 0.0334+0.015 8.40 + 0.06 8.74+0.13 0.044 +0.015

2 In units of 12+log (OF+/HT).
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TABLE 11

M17 GASEOUS ABUNDANCES®

This Work

Position 3 Position 14 PTRP
Element 12=0.00 ¢2=0.033 t2=0.00 #2=0.044  ¢=0.035
He ...... 11.024+0.04 11.01 11.00£0.04 10.99 11.00
C ... 8.77+0.10 8.76 8.89+0.10 8.88 8.73
N ... 7.80+0.12 7.87 7.65+0.12 7.79 7.97
O ... 8.63+£0.10° 8.78¢ 8.5040.10° 8.84°¢ 8.77
Ne ...... 7.60+0.12 7.88 7.63+0.11 8.03 8.09
S ... 6.944+0.09 7.23 7.02+0.09 7.44 7.28
Cl ... 5.124+0.14 5.38 5.0+ 0.14 5.40 5.44
Ar.... 6.36 £0.09  6.57 6.36 4+ 0.09 6.62 6.60
Fe ...... 6.50+0.16 6.57 6.27-+0.14 6.40 6.90

# In units of 12+log (X/H).

b Average value for M17 by Peimbert,

Torres-Peimbert, & Ruiz (1992).

¢ Ot/HT from collisionally excited lines and OT*/H* from recombination

lines.

bination C**/H* ionic abundance in the planetary
nebula NGC 4361. Liu interprets that this large dif-
ference cannot be accounted for with temperature
fluctuations and could be related to uncertainties in
the effective recombination coefficients. In the case
of the results for the Orion nebula (EPTE) and M8
(EPTGR) the agreement of the ¢? values obtaimed
for different ions (C*+, OF, and O+ in the case of
M8 and C** and Ot in the case of the Orion neb-
ula) strongly suggests that these differences are not
related to uncertainties in the effective recombina-
tion coefficients and are more likely due to external
physical reasons.

10. TOTAL ABUNDANCES

To derive the total gaseous abundances we need
to adopt a ¢? value and to correct for the unseen ion-
ization stages by using ionization correction factors,
tcf. The abundances derived from collisionally ex-
cited lines have been computed assuming 2 values
of 0.00 and 0.033 for Position 3 and 0.00 and 0.044
for Position 14; they can be used to interpolate or ex-
trapolate for other ¢2 values. The total abundances
adopted for each element are presented in Table 11.

The absence of Hell emission lines in the spec-
tra (Hell A\4686/HB < 0.0006 for Position 3 and
< 0.0003 for Position 14), and the similarity between
the ionization potentials of Het and O+, implies
the absence of measurable O3t in the observed zones
of M17. Therefore, to obtain the total oxygen abun-
dance we can simply assume that

N(O)  N(O* +OF+) )
N(E) - N@EH “)

To derive the total nitrogen abundance, the usual
ic; based on the similarity between the ionization
potential of Nt and OF (Peimbert & Costero 1969)
is not a good approximation for ionized nebulae with
high degree of ionization. Instead, following PTR, we
have used the set of i.;s obtained by Mathis & Rosa
(1991). In the case of nitrogen, we have adopted the
average of the cool and hot atmosphere results of
these authors, which is 0.12 dex higher than the i
determined using the standard relation for both slit
positions.

The only measurable collisionally excited lines of
Ne in the optical region are those of Net*. The
ionization potential of this ion is very high (63.4 eV)
and we do not expect a significant fraction of Ne3t in
M17. In contrast, we expect to find alarge amount of
Net. In our case, we adopt the usual i.5(Nett) for
nebulae of high degree of ionization (e.g., Peimbert
& Costero 1969)

N(Ne) | N(Nett)

Ny — e (N X T =
N(Ot +0*+)  N(Net™) 5
N(O++) N(H+) )

We have measured forbidden lines from two ion-
ization stages of S, giving ST/S**+ = 0.03 and 0.04
for Positions 3 and 14, respectively. Taking into
account the high ionization degree of M17, an ion-
ization correction factor, i.;(ST+S*+), for the pres-
ence of S3t has to be considered. PTR present the
S*t+/H* versus Ot /OT+ distribution for all the slit
positions they observed in M17, finding that this dia-
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gram (their Figure 11) does not indicate the presence
of appreciable amounts of S3t even for the regions
with the highest degree of ionization. These authors
adopt the average value of (ST +S*+)/H* for the re-
gions with the lowest degree of ionization as represen-
tative of the total S/H value. In our case, we adopt
an ic(ST+St*) = 1.26 for our two slit positions
from the difference between S/H and (S*+S++)/H+
adopted or calculated by PTR for each slit position.

For Cl we have measurements of Cl1T, CIT+, and
C13* lines for Position 3 (all the possible ionization
stages of this element) and CI* and Cl*t* for Po-
sition 14. The Cl/H ratio for Position 3 has been
derived adding the three ionic abundance determi-
nations available for this element. In the case of Po-
sition 14, the Cl abundance has been assumed simply
as the sum of C1*/H* and Cl**/H* ratios. This as-
sumption seems reasonable taking into account the
small CI3*/H* ratio found for Position 3 and the
lower ionization degree of this zone of the nebula.

For Ar we have determinations of Art+/H* and
Ar®* /HT for Position 3 and only of Art*/H* for
Position 14. We obtain Ar®*/Ar*+ = 0.011 for Po-
sition 3, indicating that most Ar should be in the
form of Art*. However, some contribution for Ar*
is expected. To minimize the contribution of Art,
PTR adopt the average value of (Art*+Ar3+)/H*
for the regions of the highest ionization degree (Po-
sition 3 among them) as representative of the Ar/H
ratio. In our case, we adopt the uncertain assump-
tion that Ar/H = (Artt+Ar3t)/HY.

We measure lines of only one stage of ionization of
iron; FetT; however, the contribution for the pres-
ence of Fe3T is expected to be important. Taking

‘into account the similarity of N* and Fet ioniza-

tion potentials PTR propose the following i.;(Fet+)

N(Fe) . N(Fett
N((H)) =iz (Fett) x ————]\E(Hﬂ) =

NN) N(Fett) (©)
N(N*) = N(Ht)
Helium has to be corrected for the presence of He®.

Following PTR we will assume that He is neutral in
the regions where S is once ionized, therefore

N(H) = Zcf(He-}_)X
N(Het) _ [1 N(SH)
N(HY) N(S) — N(S*)
N(Het
X N((H+))' (7)

From the mean values of Het /H™ given in Table 7
and equation (7), we obtain He/H ratios of 0.104
and 0.101 for Positions 3 and 14, respectively. These

values are consistent with the He/H ratios obtained
by PTR for the same zones, which are 0.106 and
0.103 for Positions 3 and 14, respectively.

For C we only have direct determinations of Ct+.
Taking into account the similarity between the ion-
ization potentials of Ct+ and Artt and the low
Ar3t/ArtT ratios obtained, the expected C3+/Ct+
ratio is very small. On the other hand, the ionization
potential of Ct (24.4 eV) is intermediate between
those of St (23.3 eV) and He® (24.6 eV); therefore,
we expect ST/S < Ct/C < He/He. Moreover, to
obtain the total He/H ratio we have assumed that
S*t/S = He®/H. Therefore, following PTR we will
assume that ST/S = Ct/C.

In Table 11 we present the gaseous abundances of
the two slit positions of M17, derived for 2 = 0.000
and t> = 0.033 in the case of Position 3, and
t2 = 0.000 and t?> = 0.044 in the case of Position 14.
We also present the average abundances obtained by
PTR for t2 = 0.035, which is the mean value of #2
derived by PTR from Balmer continuum measure-
ments, and by Peimbert et al. (1993a) from compar-
ing Ot* /H* ratios from recombination and forbid-
den lines.

11. DISCUSSION

We will discuss the abundances derived in this pa-
per together with those derived in the two previous
papers of this series on the Orion nebula (EPTE),
and M8 (EPTGR). Reviews on the chemical compo-
sition of galactic HII regions, on galactic abundance
gradients derived from HII regions and on the im-
plications of these observations for models of galac-
tic chemical evolution have been presented elsewhere
(Peimbert 1993, 1999; Tosi 1996; Esteban & Peim-
bert 1996; Matteucci & Chiappini 1999).

11.1. Comparison with other H Il
Regions and the Sun

In Table 12 we compare the gaseous abundances
of M17 with those obtained for the Orion nebula
(EPTE), (M8) (the mean of the values derived by
Peimbert, Torres-Peimbert, & Dufour 1993b, and
EPTGR), and for the Sun (Grevesse & Sauval 1998).
We have defined an average value of the chemical
abundances of M17, (M17), which is the mean of the
values obtained for each slit position (columns 3 and
5 of Table 11) and of PTR (column 6 of Table 11). It
must be noted that the effects of the possible flux cal-
ibration problems at the bluest part of the spectrum
of Position 3 (see § 5), which could affect the Ot /H*
and Net*/H* ratios for this zone, are in fact very
diluted at this point. Due to the small contribution
of Ot to the total O abundance, this calibration ef-
fect could increase the O/H of Position 3 by about
0.01 dex and does not affect the average O/H value
adopted for (M17). For Ne/H the effect could be
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TABLE 12

M172, ORION?, M8, AND SOLAR ABUNDANCESP

Element Sun® (M17) (M17)—Orion (M17)— (M8) (M17)—Sun
He 10.99+£0.035 11.00 +0.01 0.00 +0.01
C 8.52 4 0.06 8.77 +0.38 +0.25 +0.25
N 7.92+0.06 7.90 +0.12 +0.11 —0.02
0] 8.83 +£0.06 8.79 +0.15 +0.12 —0.04
Ne 8.08 + 0.06 8.02 +0.15 +0.09 —0.06
S 7.33+£0.11 7.31 +0.14 +0.04 —0.02
Cl 9.50 £ 0.30 5.42 +0.09 +0.06 —0.08
Ar 6.40 + 0.06 6.60 +0.11¢4 —0.16: +0.20
Fe 7.50 £ 0.05 6.69 +0.28 +0.39 —0.81

& Gaseous values.
® In units of 12+log (X/H).
¢ Grevesse & Sauval (1998).

4 Orion value from Peimbert (1993) for t2 = 0.024.

slightly larger. Taking into account a correction of
+0.05 dex estimated in § 6 for the Net+ /H* ratio
of Position 3, the average Ne/H for (M17) should be
increased by +0.03 dex.

The most remarkable fact of Table 12 is the small
dispersion in the differences among (M17) and the
other objects for N, O, Ne, S, and Cl which implies
that the evolution of the abundance ratios involving
these elements is small. For C the difference is higher
relative to all the other objects indicating that M17 is
C rich and that the evolution of C is different to that
of the other elements. For Ar, the large difference
between M17 and M8 could be due to the uncertain
ic; used as as result of the absence of Art lines in
the optical and the significant contribution of this
ionization stage expected for the typical conditions
prevailing in M8. For Fe we also have the problem
of the uncertainty of the applied i.s as well as the
fact that most of the Fe is expected to be locked into
dust grains EPTE estimate a dust depletion of Fe of
1.37 dex (in the Orion nebula, from the comparison
of nebular and stellar abundances).

In Table 12 we also compare the M17 gaseous
abundances with the solar ones presented by
Grevesse & Sauval (1998). The Fe difference im-
plies that dust is present inside M17, and by adopting
the results for the Orion nebula by EPTE it follows
that to obtain the gas plus dust abundances of C
and O their values should be increased by 0.10 dex
and 0.08 dex, respectively. The adopted solar he-
lium abundance is the one with which the Sun was
formed and not the present atmospheric value, that is
smaller probably due to helium diffusion. The dust-
corrected C abundance is 0.35 dex higher due to two
effects, the presence of an abundance gradient and

the chemical evolution of the Galaxy since the Sun
was formed. On the other hand, the dust-corrected
O abundance is 0.04 dex higher while the average
value of O, Ne, and S is 0.03 dex smaller than the
solar values.

11.2. Abundance Gradients

The differences on the chemical abundances shown
in Table 12 indicate the presence of abundance gra-
dients. The distance determinations for M17, M8,
and Orion (see PTR, Peimbert et al. 1993b, and
references therein) indicate that they are located at
5.9, 6.5, and 8.4 kpc from the galactic center, re-
spectively. In Table 13 we show the computed radial
abundance gradients derived from the data of the
three HII regions included in Table 12 for 2 > 0.00
and 2 = 0.00, where for Ar the M8 value was not
taken into account. The N, O, Ne, S, Cl, and Ar
gradients are very similar for t> > 0.00 and their av-
erage value amounts to —0.045 dex kpc™!. As can
be seen in Table 13, the dispersion of the radial gra-
dients computed for N, O, Ne, S, and Cl increases
and their average value becomes negligible when the
effects of 2 are not considered: these two arguments
also support the idea that ¢Z > 0.00.

In Table 13 we also present HII region abundance
gradients derived elsewhere. The galactic gradients
presented in this table correspond to the solar vicin-
ity. The C and O gradients derived in this paper,
the C gradient derived by PTR, and the He/H gra-
dients are based only on recombination lines, while
the other entries in Table 13 are based on ratios of
collisionally excited lines to recombination lines. Our
O/H value is intermediate between those derived by
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TABLE 13

GALACTIC ABUNDANCE GRADIENTS FROM H II REGIONS

Gradient (M172, M8P, Orion®)  Shaver et al. Simpson et al.

(dex kpc™1) 2 >0.00 t2=0.00 (1983) (1995) Others Adopted
He/H —0.004 —0.004 —0.001 —0.004 4 0.005
C/H —0.133 —0.133 —0.080¢  —0.110-£0.030
N/H —0.048 —0.033 —0.090 —0.100 . —0.080 4 0.020
O/H —0.049 —0.032 —0.070 —0.040° —0.055+0.015
Ne/H —0.045 +0.031 —0.080 —0.062 4 0.020
S/H —0.055 +0.006 —0.010 —-0.070 —0.062 £+ 0.020
Cl/H —0.031 +0.021 —0.031+0.030
Ar/H —0.044 —0.004 —0.044 £ 0.030

& This work.

b Esteban et al. (1999; EPTGR).
¢ Esteban et al. (1998; EPT).

d Peimbert et al. (1992; PTR).

¢ Deharveng et al. (1999).

Deharveng et al. (1999) and Shaver et al. (1983).
Deharveng et al. and Shaver et al. use a two tem-
perature scheme for the abundance determinations,
with T(O*1) for the regions of high degree of ion-
ization and a different temperature for the regions
of low degree of ionization, but without temperature
fluctuations in each region. In the last column of
Table 13, we present the adopted abundance gradi-
ents for the solar vicinity and their estimated errors.
These values are recommended for comparisons with
models of galactic chemical evolution.

One of the most important results of this paper is
the determination of a galactic C/O gradient which
provides a very strong constraint for models of chem-
ical evolution of the Galaxy. Garnett et al. (1999)
based on UV observations of HII regions in M101 and
NGC 2403 have determined the presence of galactic
C/O gradients for the first time.

11.3. Galactic Chemical Evolution

There are at least six observational parameters de-
rived from galactic HII region abundances that have

been used to constrain models of galactic chemical
evolution: C/H and O/H values in the solar vicinity,
the C/H and O/H gradients, AY/AZ, and AY/AO
(where AY, AZ, and AO are given by mass).

In Table 14 we present the AY/AZ values derived
from Orion, (M8), and (M17) (EPTE; Peimbert et al.
1993b; EPTGR,; PTR; and Table 12), where we have
assumed that C4+N+O+Ne amounts to 79% of the
Z value (Grevesse & Sauval 1998). To estimate AY
we have adopted a primordial helium abundance by
mass of 0.240 £ 0.005, based on the results by Izo-
tov & Thuan (1998), and Fields & Olive (1998) that
amount to 0.245 + 0.002 and 0.235 4 0.002, respec-
tively. A more precise constraint is provided by the
AY/AOQO ratio because no correction for the rest of
the elements is needed. The errors for the M17 val-
ues are smaller because, contrary to Orion and MS§,
practically all the helium is ionized inside the HII
region and no correction for the presence of neutral
helium is needed.

The models by Carigi (1996,1999) for the chemi-
cal evolution of the solar neighborhood show a good
agreement with the observed O/H and C/H gradients

TABLE 14

HELIUM TO HEAVY ELEMENTS ABUNDANCE RATIOS?

AY/AZ AY/AZ
12 Orion M8 M17 QOrion M8 M17
0.00 3.85;|: 1.3 394+14 334409 944+24 969427 117622
>0.00 2874+10 281+10 187+05 6.27+1.6 6.55+1.8 4.78+0.9

& Where a value of Y, = 0.240 3 0.005 was adopted.
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presented in Table 13 as well as with the increase of
the C/O ratio since the Sun was formed. From the
1996 model the O/H and C/H gradients amount to
—0.058 dex kpc~™! and —0.118 dex kpc~!, respec-
tively. Alternatively, a recent model of the solar
neighborhood by Carigi (Allen, Carigi, & Peimbert
1998; Carigi 1998, private communication) predicts
a decrease of 0.01 dex in the C/O ratio since the Sun
was formed and a C/O gradient of 40.01 dex kpc™1,
in clear disagreement with the values in Tables 12
and 13. The difference between the models is due to
the yields for stars with masses of more than 8 Mg;
the 1996 and 1999 models are based on the yields by
Maeder (1992) while the 1998 model is based on the
yields by Woosley & Weaver (1995).

Recent models predict AY/AZ values in the 1.6
to 1.7 range (Chiappini, Matteucci, & Gratton 1997;
Allen et al. 1998; Carigi 1999) in good agreement
with the M17 values presented in Table 14, but
smaller than the values derived from M8 and the
Orion nebula.

12. SUMMARY

We present echelle spectroscopy in the 3500 to
10,300 A range for two slit positions of the galactic
HII region M17. We have measured the intensities of
160 emission lines, 36 of them being permitted lines
of heavy elements.

We lLiave determined physical conditions of M17
and its chemical composition. We derive the Het,
C**, and O™ ionic abundances based on recombi-
nation lines. These abundances do not depend on the
temperature structure of the nebula, and are there-

fore, more reliable than those derived from collision-

ally excited lines.

We have obtained ¢? = 0.033 4 0.015 and 0.044 +
0.015 for the two slit positions observed in the neb-
ula, from the comparison of the Ot* abundances ob-
tained making use of both collisionally excited lines
and recombination lines. These t? values have been
used to determine chemical abundances from forbid-
den lines.

The chemical abundances of He, C, N, O, Ne, S,
and Cl in M17 are higher than those of the Orion
nebula and M8, which is consistent with the pres-
ence of a composition gradient. The radial gradients
computed for N, O, Ne, S, Cl, and Ar are remark-
ably similar and give an average value of —0.045 dex
kpc~!. This similarity of the computed gradients is
lost when the effects of t? are not considered; more-
over, the average gradient for t2 = 0.00 amounts to
—0.002 dex kpc™! in complete disagreement with all
modern determinations.

Based on the C abundances of M17, M8, and
Orion we obtained three important constraints for
models of galactic chemical evolution: the C/O val-
ues are in the 0.00 to —0.23 dex range, the C/O val-
ues are considerably higher than in the Sun, and the

C/O gradient amounts to —0.08 + 0.03 dex kpc~*.
These constraints are in agreement with models of
galactic chemical evolution based on the yields com-
puted by Maeder (1992) and do not agree with the
predictions made by models based on the yields by
Woosley & Weaver (1995).

We present AY/AZ and AY/AO values for M17
that are in agreement with recent models of galactic
chemical evolution.

CE would like to thank all the members of the Ins-
tituto de Astronomia, UNAM, for their warm hospi-
tality during his stays in México. We would like to
acknowledge many fruitful discussions with L. Ca-
rigi and M. Pena. This research was partially funded
through grant PB94-1108 from the Direccién General
de Investigacion Cientifica y Técnica of the Span-
ish Ministerio de Educacién y Ciencia and grants
DGAPA-UNAM IN109696 and CONACyT 25451-E
(México).

REFERENCES

Allen, C., Carigi, L., & Peimbert, M. 1998, AplJ, 494, 247
Baldwin, J. A., Ferland, G. J., Martin, P. G., Corbin,
M. R, Cota, S. A., Peterson, B. M., & Slettebak, A.
1991, ApJ, 374, 580
Carigi, L. 1996, RevMexAA, 32, 179
. 1999, in preparation

Chiappini, C., Matteucci, F., & Gratton, R. 1997, ApJ,
477, 765 , ,

Deharveng, L., Pefia, M., Caplan, J., & Costero, R. 1999,
in preparation

Dinerstein, H. L., Lester, D. F., & Werner, M. W. 1985,
AplJ, 291, 561 :

Esteban, C., & Peimbert, M. 1996, in The Fifth Mexico-
Texas Conference on Astrophysics: Gaseous Nebu-
lae and Star Formation, ed. M. Pefia & S. Kurtz,
RevMexAASC (México, D.F: Inst. Astron. UNAM),
3,133

Esteban, C., Peimbert, M., Torres-Peimbert, S., & Esca-
lante, V. 1998, MNRAS, 295, 401 (EPTE)

Esteban, C., Peimbert, M., Torres-Peimbert, S., Garcia-
Rojas, J., & Rodriguez, M. 1999, AplJS, 120, 113
(EPTGR)

Fields, B. D., & Olive, K. A. 1998, Apl, 506, 177

Garnett, D. R., Shields, G. A., Peimbert, M., Torres-
Peimbert, S., Skillman, E. D.; Dufour, R. J., Terle-
vich, E., & Terlevich, R. J. 1999, Apl, 513, 168

Garstang, R. H. 1958, MNRAS, 118, 234

Goudis, C. 1976, Ap&SS, 39, 273

Grevesse, N., & Sauval, A. J. 1998, Space Sci. Rev., 85,
161

Hamuy, M., Walker, A. R., Suntzeff, N. B., Gigoux, P.,
Heathcote, S. R., & Phillips, M. M. 1992, PASP, 104,
677

Hanson, M. M.,& Conti, P. S. 1995, ApJ, 448, L45

Hyung, S., Aller, L. H., & Feibelman, W. A. 1993, PASP,
105, 1279

. 1994, ApJS, 93, 465
Izotov, Y. I., & Thuan, T. X. 1998, ApJ, 500, 188

© Universidad Nacional Auténoma de México * Provided by the NASA Astrophysics Data System



. 65E

1999RMWKAA. . 35. .

CHEMICAL COMPOSITION IN M17 83

Keenan, F. P., Berrington, K. A., Burke, P. G., Zeippen,
C. J., Le Dourneuff, M., & Clegg, R. E. S. 1992, ApJ,
384, 385

Kingdon, J. B., & Ferland, G. J. 1995, ApJ, 442, 714

. 1996, MNRAS, 282, 723

Kingsburgh, R. L., Ldpez, J. A., & Peimbert, M. 1996,

in ASP Conf. Ser. Vol. 99, Cosmic Abundances, ed.
S. S. Holt & G. Sonneborn (San Francisco: ASP), 350
Lada, C. J. 1976, ApJS, 32, 603
Levine, S., &.Chakrabarty, D. 1994, Publicaciones Inter-
nas del Instituto de Astronomia, UNAM, MU-94-04
Liu, X. W. 1998, MNRAS, 295, 699
Liu, X. W., & Danziger, 1. J. 1993, MNRAS, 263, 256
Liu, X. W., Storey, P. J., Barlow, M. J., & Clegg, R. E. S.
1995, MNRAS, 272, 369
Maeder, A. 1992, A&A, 264, 105
Matteucci, F., & Chiappini, C. 1999, in Chemical Evo-
lution from Zero to High Redshift, ed. J. Walsh &
M. Rosa (ESO: Springer-Verlag), in press
Mathis, J. S.,; & Rosa, M. R. 1991, A&A, 245, 625
Moore, C. E. 1945, A Multiplet Table of Astrophysical
Interest, Contributions from the Princeton University
- Observatory, No. 20
. 1993, Tables of Spectra of Hydrogen Car-
bon Nitrogen and Oxygen Atoms and lons, ed. J. W.
Gallagher (Boca Raton, FL.: CRC Press)
Osterbrock, D. E., Tran, H. D., & Veilleux, S. 1992, ApJ,
389, 305
Peimbert, M. 1967, ApJ, 150, 825
. 1971, Bol. Obs. Tonantzintla y Tacubaya,
6, 29
. 1993, RevMexAA, 27, 9
. 1999, in Chemical Evolution from Zero to
High Redshift, ed. J. Walsh & M. Rosa (ESO:
Springer-Verlag), in press

Peimbert, M., & Costero, R. 1969, Bol. Obs. Tonantzin-
tla y Tacubaya, 5, 3

Peimbert, M., Storey, P. J., & Torres-Peimbert, S. 1993a,
Apl, 414, 626

Peimbert, M., Torres-Peimbert, S., & Dufour, R. J.
1993b, ApJ, 418, 760

Peimbert, M., Torres-Peimbert, S. & Ruiz, M. T. 1992,
RevMexAA, 24, 155 (PTR)

Péquignot, D., Petitjean, P., & Boisson, C. 1991, A&A,
251, 680

Rodriguez, M. 1996, A&A, 313, L5

Robbins, R. R., & Bernat, A. P. 1973, Mém. Soc. Roy.
Sci. Liége 6th Ser., 5, 263

Seaton, M. J. 1979, MNRAS, 187, 73

Schuster, W. J. 1982, RevMexAA, 5, 149

Shaver, P. A., McGee, R.X., Newton, L. M., Danks,
A. C., & Pottasch, S. R. 1983, MNRAS, 204, 53

Shaw, R. A., & Dufour, R. 1995, PASP, 107, 896

Simpson, J. P., Colgan, S. W. J., Rubin, R. H., Erickson,
E. F., & Haas, M. R. 1995, ApJ, 444, 721

Smits, D. P. 1996, MNRAS, 278, 683

Storey, P. J. 1994, A&A, 282, 999

Storey, P. J., & Hummer, D. G. 1995, MNRAS, 272, 41

Thronson, H. A. Jr., & Lada, C. J. 1983, AplJ, 269, 175

Tosi, M. 1996, in ASP Conf. Ser. Vol. 147, Abun-
dance Profiles: Diagnostic Tools for Galaxy History,
ed. D. Friedli, M. Edmunds, C. Robert, & L. Drissen
(San Francisco: ASP), 142

Wiese, W. L., Smith, M. W., & Glennon, B. M. 1966,
Atomic Transition Probabilities, Natl. Bur. Std., No.
4

Woosley, S. E., & Weaver, T. A. 1995, ApJS, 101, 181

César Esteban and Jorge Garcia-Rojas: Instituto de Astrofisica de Canarias, Via Lictea s/n, E-38200, La

Laguna, Tenerife, Spain (cel,jgr@ll.iac.es).

Manuel Peimbert and Silvia Torres-Peimbert: Instituto de Astronomia, UNAM, Apartado Postal 70-264, 04510
México, D.F., México (peimbert silvia@astroscu.unam.mx).

© Universidad Nacional Auténoma de México * Provided by the NASA Astrophysics Data System



