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RESUMEN

Usamos datos en la regién ultravioleta, visible e infrarroja de 11 regiones HII
en las Nubes de Magallanes, a fin de determinar sus parametros fisicos y abun-
dancias quimicas. Asi, hacemos un modelo de fotoionizacién de seis regiones HII
en la Gran Nube de Magallanes (GNM) y cinco regiones HII en la Pequenia Nube
de Magallanes (PNM), lo cual nos permite calcular las abundancias de He, C, N,
O, Ne, S y Ar. Los valores calculados se comparan con los encontrados en la lite-
ratura para regiones HII, nebulosas planetarias y estrellas. Obtuvimos los valores
de las abundancias ajustando modelos del codigo CLOUDY para las intensidades
de linea observadas. Ademads, las observaciones en el Observatério Pico dos Dias
de [S II] A6717/A6731 para regiones HII en la PNM nos permiten determinar la
densidad electrénica. Los datos IUE de las lineas [C III] A1909 se usan para deter-
minar la abundancia de C de seis y cinco regiones HII en la GNM y en la PNM,
respectivamente.

ABSTRACT

We used ultraviolet, optical and infrared data of eleven HII regions in the
Magellanic Clouds in order to determine their physical parameters and chemical
abundances. The photoionization modeling of six HII regions in the LMC and five
HII regions in the SMC, allowed us to derive the abundances of He, C, N, O, Ne, S
and Ar, which were compared with those obtained in the literature for HII regions,
PN, and stars. The abundances were obtained by adjusting models of the CLOUDY
code to the observed line intensities. The observations obtained at the Observatdrio
Pico dos Dias of [S II] A6717/A6731 line ratios for HII regions in the SMC allowed
the determination of the electron density with a high precision. Furthermore, the
IUE data on [C III] A1909 lines were used to determine the abundance of carbon of

six and five HII regions in the LMC and SMC, respectively.
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1. INTRODUCTION

The Magellanic Clouds (MCs) are very important
for stellar evolution studies, as well as for studies of
the chemical evolution of galaxies, because both the
small and large Magellanic Clouds (SMC and LMC,
respectively) are more metal-poor than the Milky
Way. An important motivation for determining the
chemical abundances in low metallicity systems is
related to the determination of the primordial he-
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lium abundance, which is a fundamental constraint
to the Big Bang theory (Peimbert et al. 2007; Olive
& Steigman 1995; Peimbert & Torres-Peimbert 1974,
1976; Kajino et al. 2012; Smecker-Hane et al. 2002;
Steigman 2004). There are several previous stud-
ies concerning the chemical abundances of MCs HII
regions (e.g., Vermeij and van der Hulst 2002); how-
ever, most of them are based on few (or only one) HIT
regions or use only ICF’s. Besides, not all of them
use the same methods, so it is difficult to compare
different results.

Regarding stellar evolution, a study of CNO el-
ements is of particular interest because they are in-
volved in a variety of processes, wherein these ele-
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ments are either synthesized or destroyed. Carbon
is produced by massive stars (M > 10M) and in-
termediate mass stars (Peters et al. 2010); nitrogen
is produced only by the latter and it is considered
a secondary element (Mowlavi 2001); oxygen is syn-
thesized almost exclusively by massive stars; this el-
ement is an important tracer of type-II supernovae
(SNII) (Stasinska 2012; Garnett et al. 1995). Stel-
lar winds during the asymptotic giant branch (AGB)
can enrich the interstellar medium (ISM) with C and
N, while the C/N ratio is related to the convective
mixing in the stellar interiors. The abundances of
C/H and N/H show a time delay with respect to
oxygen; their values can, in principle, serve as a po-
tential clock to determine the relative ages of stellar
systems (Pettini 2004; Garnett et al. 1995). Heavier
elements such as neon, sulfur and argon are easily
observed in ionized nebulae from ground-based tele-
scopes; as these elements do not participate in the
CNO cycle, being produced mainly by type II super-
novae, their analysis becomes interesting when they
are compared to the CNO cycle.

Furthermore, a detailed photoionization mod-
elling, as the one that will be presented here, of-
fers the opportunity to identify, in a self-consistent
way, other important parameters such as luminosity,
ionization temperature, dust/gas ratio, total ionized
mass, filling factor, optical depth, etc. Studies of
these physical parameters not only have impact on
the star formation theory but also are related to the
chemical abundances. For example, part of C and O
may be in the form of dust grains, or the dust/gas
may be directly related to the carbon abundance
(Mathis 1990).

It is well established that abundances of elements
such as CNO in MCs are significantly lower than
the corresponding solar abundances; they are also
lower than the abundances observed in nebulae in
our galaxy (Peimbert et al. 1993; Leisy & Dennefeld
2006). Other anomalies such as either carbon de-
ficiency in the SMC (Dufour 1984; Rolleston et al.
2003) or absence of the UV bump in the SMC (Rocca
et al. 1981; Sofia et al. 2006) have been clearly es-
tablished. In the SMC, the primary-element abun-
dances are deficient by a factor of 6 when compared
to the equivalent solar abundances; whereas in the
LMC the factor is 3 (Dufour et al. 1982). Concern-
ing the secondary elements, for nitrogen the ratios
are 23 and 11, respectively; the helium abundances
are apparently smaller in HII regions of the MCs
than in HII regions of nearby spiral galaxies. These
results have stimulated observational studies of HII
regions in other galaxies.

TABLE 1
EQUATORIAL COORDINATES FOR THE HIIT
REGIONS
Object R.A. Dec.
1950 1950

(b)) (m) ) ¢ O )

LMC:

N4A 04 52 053 -67 00 12
N11A 04 57 09.7 -66 27 52
NT9A 04 52 07.9 -69 28 35
N157 05 39 06.7 -69 06 40
N159 05 40 311 69 46 06
N160 05 40 09.3 -69 40 18

SMC:
N12B 00 43 399 -73 21 14

N66 00 o7 28.0 -72 26 08
N81 01 07 480 -73 28 00
N83A 01 12 234 -73 33 52
N88 01 22 04.8 -73 24 52

In this paper, we present the results of detailed
photoionization models involving spectroscopic data
in the optical and UV bands of eleven HII regions
in the MCs, and also results from TRAS satellite ob-
servations in four infrared bands(12, 25, 60 and 100

pm).

2. LITERATURE DATA

The sample consists of 11 HII regions whose co-
ordinates are given in Table 1. Most of our data were
obtained from the literature; however, optical obser-
vations were made, as described in the next section.
Table 2 displays the angular sizes and radii of the
HII regions.

2.1. Ultraviolet

The ultraviolet spectra (UV) were obtained by
using the IUE database; then, they were reprocessed
with the last version of the NEWSIPS program, giv-
ing slightly larger fluxes than the previous program
(IUESIPS, Garhart & Nichols 1995). The IUE im-
age numbers are given in Table 3; the HG fluxes re-
ported from ground-based observations were scaled
to the UV data by the ratio of the areas of the IUE
aperture to the ground-based apertures (Dufour et
al. 1982) in all cases except for SMC N81, since due
to its small size the object fitted entirely inside both
apertures.
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TABLE 2
ANGULAR SIZES AND RADII OF THE HII
REGIONS
DEM®* Other D(’) r(pc) Source
LMC:
N4A 8b NGC1714 1.4 10 a
N11A — — 0.2 1.5 b
N79AB 9 1C2111 5.0 36 a
N157AB 263 — 29.2 212 a
N159A-K 271 NGC2079 5.0 36 a
N160A-E 284 NGC2080 12.2 89 a
SMC:
N12B 15,18 NGC249 23 20 a
N66AB,C,D 103 NGC346 11.9 104 a
N81 138 1C1644 5.3 46 a
N&83A,C 147 NGC456 3.3 29 a
N88 161 — 1.8 16 a

*Davies et al. (1976), ® (Heydari-Malayeri &
Testor 1985).

2.2. Optical

The optical spectroscopic data were taken from
several sources: (Dufour & Harlow 1977) (SMC:
N12B, N66NW, N81, N88), (Peimbert & Torres-
Peimbert 1976), (SMC: N66A), (Dufour et al. 1975)
(SMC: N83A), (Peimbert & Torres-Peimbert 1974)
(LMC: N4A, N157, N159), (Heydari-Malayeri &
Testor 1986) (LMC: N11A) and (Dufour et al. 1975)
(LMC: N160A). The Hf fluxes taken from the liter-
ature are given in Table 4, where, additionally, the
integrated Hf fluxes, F(Hg)iotal, and their respec-
tive references are shown. In the table, Ar.. stands
for the area of the telescope mirror in square arcsec-
onds. The F(Hp)iotar values for each HII region of
the SMC are taken from (Caplan et al. 1996) with
the exception of N66A and N66NW; for the latter
object we assumed 0.75 of the flux of DEM103 from
(Kennicutt & Hodge 1986), according to the calibra-
tion of (Caplan et al. 1996). For the LMC, by using
the observed Ha/Hp ratio, we derived the HS fluxes
from the Ha fluxes by (Kennicutt & Hodge 1986).
The N11A total flux was obtained from the relation
between the size of the spectral aperture and the ra-
dius of this object, according to (Heydari-Malayeri
& Testor 1985).

TABLE 3
IUE OBSERVATIONS
HIT IUE R.A. Dec.
Image 1950 1950

LMC:

N4A 27823 04 52 053 -67 00 12
N11A 26393 04 57 09.7 -66 27 52
N79A 06979 04 52 079 -69 28 35
N157 22110 05 39 06.7 -69 06 40
N159 26356 05 40 31.1 -69 46 06
N160 26382 05 40 09.3 -69 40 18

SMC:

N12B 33805 00 43 399 -73 21 14
N66 07004 00 57 28.0 -72 26 08
N66 44455 00 57 228 -72 26 46
N81 08944 01 07 48.0 -73 28 00
N83A 18195 01 12 234 -73 33 52
N88 23615 01 22 548 -73 24 52

2.3. Infrared

The infrared data were taken from IRAS ob-
servations, (Schwering & Israel 1990); in Table 5,
the IRAS numbers of the sample are given; the
N4A IRAS data also include DEM 8a (N4F in
Henize 1956). In the case of N79A, the IRAS co-
ordinates are basically the same as the ones from
the IUE, but the identification of (Schwering & Is-
rael 1990) corresponds to DEM 10a; the largest dif-
ference is 14 arc seconds in declination. For N157 we
did not find an TRAS observation with coordinates
matching those from the IUE. Therefore, we did not
use it. For N66, the IRAS datum corresponds only to
the south west of the HII region, whose coordinates
agree with those from the IUE; the flux, therefore,
should be regarded as a lower limit.

Table 6 shows the fluxes observed by the IRAS
satellite as well as the integrated IR flux and
the temperature, which were obtained following
(Pottasch 1984), that is, adjusting a black-body
curve to the IRAS data. The temperatures are very
low, possibly because the data are not well fitted
by the black-body approximation. Hence, both
temperatures and fluxes should be regarded as lower
limits. As a first approach, the IR-emitting region
and the HF region are supposed to be the same,
and they will be used in the photoionization code to
estimate the dust/gas ratio.
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TABLE

4

DATA SOURCE FOR Hp FLUXES

LMC:
HII

logF'(Hp)

Ref.
HII

logF(Hg)ot.

Ref.

IOgF(Hg)[UE
log F'[CITI]A1909

Ara (")

SMC:
HIT

logF'(Hp)

Ref.
HII

logF(Hﬁ)tot.

Ref.

1OgF(HB)IUE
log F[CIIT]A1909

Arer. (7)?

N12B
-11.81
4
N12B
-10.69
8
-12.37
-12.88
783

N4A
-11.17

1

N4A
-10.82
7
-11.44
-12.33
404

N11A
-11.77
6
N11A
-10.97
6
-11.97
-12.39
16

N66A
11.58
3
N66
9.41
7,8
-11.85
-12.57
404

N79A
-11.24
1
N79A,B
9.73
7
1151
12,32
404

N66NW
-11.19
4
N66
9.41
7.8
1175
-12.41
783

N157 N159 N160A
-10.70 -11.46 -10.75
1 1 2,5
N157A,B N159A—K N160A—E
-8.36 9.75 9.19
7 7 7
-10.90 11.73 “11.44
-12.03 -12.47 12.24
343 404 1035
N1 NS3A N8
-11.06 -11.40 -11.45
4 2,3 4
N81 N83 N88
-10.73 -10.43 -10.96
8 8 8
-11.06 -11.40 11.45
-11.64 12.27 -12.01
783 1035 783

! (Peimbert & Torres-Peimbert 1974), > (Dufour et al. 1975), ® (Peimbert & Torres-Peimbert 1976), * (Dufour &
Harlow 1977), ® Caplan & Deharveng (1985), ¢ (Heydari-Malayeri & Testor 1985), 7 (Kennicutt & Hodge 1986),

8 (Caplan et al. 1996).

TABLE 5

IRAS OBSERVATIONS

HII Regions IRAS R. A. Dec.
Number 1950 1950
(h) (m) (s) () () (")
LMC:
N4A 102 04 52 04.8 -67 00 09
N79A 103 04 52 09.5 -69 28 21
N159A-K 1518 05 40 33.3 -69 46 10
N160A-E 1503 05 40 09.0 -69 40 13
SMC:
N12B 30 00 43 37.1 -73 21 32
N66A,B,C.D 131 00 57 26.5 -72 26 36
N81 187 01 07 43.9 -73 27 40
N88 215 01 22 528 -73 24 45

3. OBSERVED OPTICAL DATA

The literature data were complemented with ob-
served optical spectra obtained at the Observatorio
Pico dos Dias (OPD), which is located in Brasopolis,
Minas Gerais, southeastern Brazil. These last data
were collected in two nights, July 30 and 31, 1997, by
using the Boller & Chivens spectrograph, equipped
with a CCD camera (Wright Instruments, CCD 048),
which is large enough to allow simultaneous obser-
vations of object and sky, allowing a subsequent ap-
plication of the sky-subtraction technique. The slit
size was 800 pm (12.5”) by 15000 pm (230”); we use
a 900-lines/mm dispersion grating, yielding a spec-
tral resolution about 4 A, and covering the spectrum
from 5540 A to 6860 A.

An important application of the OPD observa-
tions is the determination of the [S II] line intensities,
which are important to determine the gas density in
five HII regions. The observation log is presented
in Table 7, where the object name, date, observed
spectral region, number of images obtained, and in-
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TABLE 6
IRAS FLUXES

Observed Flux (Jy) Taust log ftl(ial
12pum 25 pum 60 pm 100 pgm  (K) (erg.s~l.cm™2)
LMC:
N4A 3.63 13.99 116.7 1914 49 -8.07
NT9A 9.10 65.16 343.6 353.6 325 -6.94
N159 4.07 33.30 414.0 624.0 51 -7.54
N160 14.98 111.00 662.4 769.6 62 -7.36
SMC:
N12B 0.22 0.89 14.0 27.0 45 -8.94
N66A 5.99 43.50 200.0 242.0 61 -7.88
N81 0.44 2.55 18.0 27.0 51 -8.90
N88 2.21 22.90 55.0 46.0 94 -8.29
TABLE 7
LOG OF OPTICAL OBSERVATIONS FOR SMC
Object Date Spectral Number of  Integration
Region Images Time
(AA) (s)
N12B July 30, 1997  5540-6860 3 300, 480
N66 July 30, 1997  5540-6860 2 300, 480
N81 July 30, 1997  5540-6860 2 300, 480
N&3A July 31, 1997  5540-6860 4 300, 480
N88 July 31, 1997  5540-6860 3 300, 480
tegration times are given. The data were reduced TABLE 8
using the IRAF package in a standard way, namely LINE INTENSITIES RELATIVE TO Ha FOR
variations of pixel to pixel sensitivity were corrected SMC
with flat-field exposures, and subtraction of bias and
dark was carried out. Next, the two-dimensional im- ITon A N12B N66 N81 N83A N88

age was reduced to one-dimension (spectrum extrac-
tion), and the calibration was performed on wave-
length and flux. Moreover, the response curve of the
system was determined through observations of the
standard stars LTT7379 and EG21 (Hamuy et al.
1992, 1994), and a curve of average atmospheric ex-
tinction was adopted for the OPD, (Jablonski 1996).

For each object, Table 8 lists the observed fluxes
of the main nebular lines for N12B, N66, N81, N&3A
and N88, relative to F(Ha)=100. In addition, the
approximate wavelength (A) for each line is shown,
as well as the identification of the corresponding ions
that produce the respective line. The observed spec-
tra of the objects just mentioned are shown, respec-
tively, in Figures 1, 2, 3, 4 and 5.

HeI 5876 3.94 390 4.32 225 —
Ho 6563  100. 100. 100. 100.  100.
[NII] 6584 2.63 2.18 3.32 293 347
HeI 6678 1.51 1.27 1.65 1.03 —
[SII] 6717 3.58 2.69 3.73 333 6.16
[STI] 6731 293 234 316 264 4.56

4. MODELLING OF THE HII REGIONS

In order to obtain a photoionization model (Os-
terbrock & Ferland 2005) that best fits different
observables of a particular object, we use DIANA,
(Elizalde 1997; Carlos-Reyes 1997), an automatic
and self-consistent method, which simultaneously
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TABLE 9
LINE INTENSITIES OBSERVED AND CALCULATED FOR HII REGIONS OF THE MCS

LMC:
N4A N11A N79A N157 N159 N160A
Ton A f(X) obj. mod. obj. mod. obj. mod. obj. mod. obj. mod. obj. mod.
[CIII] 1909 1.487 0.131 0.131 0.180 0.180 0.157 0.157 0.101 0.101 0.185 0.185 0.159 0.159
[O11] 3727 0.321 1.137 1.246 0.754 0.634 1.790 2.009 0.657 0.830 1.235 1.237 1.030 1.192
[ Ne IIT | 3869 0.277 0.224 0.226 0.263 0.265 0.171 0.171 0.286 0.286 0.264 0.264 0.170 0.170
[SII] 4074 0.219 0.005 0.009 0.000 0.005 0.000 0.023 0.013 0.008 0.000 0.014 0.000 0.013
Hé 4102 0.212 0.000 0.236 0.230 0.240 0.000 0.225 0.000 0.214 0.000 0.212 0.199 0.248
H~ 4340 0.152 0.435 0.437 0.424 0.441 0.434 0.421 0.424 0.410 0.412 0.404 0.428 0.451
[O1II] 4363 0.054 0.019 0.019 0.023 0.019 0.019 0.021 0.033 0.036 0.028 0.029 0.019 0.022
HA 4861 0.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
[OIIT] 4959 -0.074 1.414 1.380 1.703 1.433 1.350 1.520 1.706 1.877 1.427 1.489 1.540 1.783
He I 5876 -0.275 0.130 0.130 0.139 0.139 0.127 0.127 0.138 0.138 0.142 0.142 0.148 0.148
[ SIII] 6312 -0.315 0.014 0.028 0.009 0.030 0.000 0.020 0.018 0.044 0.000 0.032 0.022 0.021
Ha 6563 -0.290 3.412 3.415 3.326 3.353 3.682 3.662 3.914 3.891 3.997 3.980 3.060 3.201
[NII] 6584 -0.333 0.153 0.153 0.068 0.068 0.281 0.281 0.116 0.116 0.206 0.206 0.177 0.177
[SII] 6716 -0.335 0.096 0.091 0.034 0.033 0.152 0.152 0.074 0.072 0.175 0.175 0.108 0.108
[SII] 6731 -0.385 0.081 0.077 0.036 0.035 0.171 0.171 0.071 0.069 0.132 0.132 0.091 0.091
[ Ar IIT ] 7135 -0.407 0.135 0.135 0.000 0.105 0.157 0.157 0.169 0.169 0.177 0.177 0.208 0.208
[O1I1] 7325 -0.595 0.049 0.036 0.000 0.024 0.082 0.113 0.032 0.052 0.101 0.059 0.160 0.033
Fir 0 -1.000 000.0 90.4 000.0 165.2 000.0 38.2 000.0 111.5 162.4 162.8 000.0 15.4
SMC:
N12B N66A N66NW N&1 N&3A N&8

Ton A f(X) obj. mod. obj. mod. obj. mod. obj. mod. obj. mod. obj. mod.
[CIII] 1909 1.802 0.307 0.307 0.194 0.194 0.220 0.220 0.259 0.261 0.133 0.133 0.276 0.276
[ O 11 ] 3727 0.323 1.493 1.433 0.854 0.980 1.029 1.644 1.245 1.417 1.730 1.726 1.201 1.576
[ Ne IIT | 3869 0.278 0.348 0.348 0.407 0.406 0.336 0.335 0.371 0.372 0.143 0.141 0.317 0.317
Hé 4102 0.213 0.000 0.240 0.000 0.243 0.000 0.253 0.000 0.255 0.199 0.244 0.000 0.207
H~ 4340 0.152 0.433 0.443 0.446 0.447 0.460 0.460 0.454 0.463 0.428 0.447 0.411 0.398
[OIII] 4363 0.147 0.075 0.070 0.068 0.078 0.060 0.062 0.063 0.072 0.036 0.036 0.085 0.081
Hp 4861 0.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
[OIIT] 4959 -0.026 1.685 1.707 1.732 1.788 1.726 1.569 1.773 2.015 1.210 1.206 1.889 1.808
He I 5876 -0.223 0.102 0.101 0.111 0.111 0.114 0.114 0.121 0.121 0.128 0.128 0.127 0.127
[ STIII] 6312 -0.294 0.000 0.031 0.029 0.027 0.019 0.023 0.020 0.019 0.000 0.037 0.000 0.012
Ha 6563 -0.331 3.281 3.300 3.210 3.211 3.017 3.018 2.949 2.966 3.060 3.241 4.317 4.289
[NII] 6584 -0.334 0.072 0.072 0.050 0.050 0.068 0.068 0.065 0.065 0.102 0.102 0.092 0.092
[SII] 6716 -0.351 0.157 0.156 0.064 0.065 0.081 0.076 0.064 0.053 0.212 0.207 0.108 0.108
[SII] 6731 -0.353 0.129 0.128 0.056 0.057 0.071 0.067 0.053 0.044 0.165 0.163 0.080 0.080
[ Ar IIT ] 7135 -0.404 0.000 0.130 0.115 0.115 0.000 0.107 0.070 0.070 0.104 0.104 0.000 0.178
[O1II] 7325 -0.426 0.000 0.067 0.027 0.050 0.000 0.069 0.052 0.049 0.000 0.062 0.000 0.105
Fir 0 -1.000 56.1 56.1 33.6 33.6 33.6 33.6 68.0 68.0 00.0 14.2 473.4 472.5

obtains the physical conditions and chemical abun-
dances of the nebula, as well as the main characteris-
tics of the ionizing source — DIANA is a Portuguese
acronym for Automatic Diagnosis of Astrophysical
Nebulae. For collisionally excited lines observed in
HII regions, DIANA uses indexes defined by

Tie) = atos | n 5=l es W
[ Sifeup)

I(a) =blog _ n S fo Ei(IPi)1/2:| , and (2)
_ [ ZZ fialOg(NCi)

N(a) =clog _n S as log(Nci)] , (3)

where T'(«), I(«) and N(«) are, respectively, the in-
dexes of temperature, ionization, and density, which
depend on the power « from the line flux f*; n is
the number of forbidden lines considered; EP;, IP;
and N¢; are, respectively, the excitation and ioniza-
tion potentials, and critical density of the line 7; a, b
and c are normalization constants. For the spectrum

lines produced by recombination, we define

Zi fi(IPi)l/z
> fi s (TP 2|

where f; stands for the i-th line flux. The total sum
of the flux observed in all lines is defined as follows:

S:Eifi'

(4)

I. =log |n
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Fig. 1. Observed spectrum for the HII region N12B in
the SMC. The emission lines are identified.
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Fig. 2. Observed spectrum for the HII region N66 in the
SMC. The emission lines are identified.

Next, the quality parameters are defined. The
first one is the @ parameter, which is related to the
physical conditions of the system, i.e. @) quantifies
the A differences between the indexes T, I, N, S and
I,. obtained for the model and the observed spectra:

1/2
Q:{AT2+AI2+AN2+ASQ+AI3} . (5)

The second parameter of quality is related to the
chemical abundances:

obs. __ fcal.
Zi fz fpbs-fz (fiobs.)a

Zi(fzpbs')a 7

where fP5 and f£ are the fluxes observed and cal-
culated for the i-th line. Finally, the third parameter

R(a) =

(6)
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Fig. 3. Observed spectrum for the HII region N81 in the
SMC. The emission lines are identified.
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Fig. 4. Observed spectrum for the HII region N83A in
the SMC. The emission lines are identified.

H is a quality indicator of the fit for the oxygen line
ratios R1, R2 and R3:

H' +3 I;)bs' _ Iﬁdl

where

H/72IZ§)559 |R1cal./R10bs. _ 1| + 1?5)255 |R2cal./R2obs4 -1

obs. obs. obs.
214959+I7325 + 13727

I§$57 |R3041/R30b5 _ 1| (8)
20355 + Iegss + Ispsy

Specifically, we have R1 = I(A4363)/1(A\4959);
R2 = I(\3727)/I(\7325) and R3 =
1(A3727)/T(A\4959).
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Fig. 5. Observed spectrum for the HII region N88 in the
SMC. The emission lines are identified.

DIANA uses the code CLOUDY (Ferland 2004),
combined with a Powell minimization routine.
(Press et al. 2007). The function to be minimized is
Y =Q+ aR+ bH, where @ is defined as a function
sensitive to the physical conditions; a and b are con-
stants; R is the weighted relative residual of observed
lines intensities (sensitive to chemical abundances),
and H is the weighted relative residual of the oxygen
and helium line ratios. This last parameter is sensi-
tive to the electron temperature, the electron density
and the effective temperature of the ionizing source.

The model assumes spherical symmetry and a
density of hydrogen variable throughout the nebula,
with a power law n = ngr”, where ng is the initial
density and r the radius of the nebula. The final den-
sity n and the v parameter are fitted using as bound-
ary condition the ratio of sulphur lines intensities
A6717/X6731; if the sulphur lines were not observed,
the oxygen line ratio A3726/X\ 3729 could be used.
The gas temperature is obtained in a self-consistent
way by fitting the oxygen line ratio A4959/A4363.

The functions @), R and H are calculated for the
model spectrum by using internal and interstellar
reddening for the nebula.

5. RESULTS

In Table 9 we show the line intensities observed
and calculated for HII regions of the MCs. The first
and second columns show the ion and the wave-
length, respectively; the third column shows the
function of (Pei 1992) for reddening correction; and
the next paired columns list the names of the ob-
jects with their respective lines intensities, observed
and modeled. The last row shows the integrated in-

TABLE 10
COMPARISON WITH THE LITERATURE FOR
THE MCS
Object €e(He) €(C) e(N) €(O) e(Ne) €e(S) e(Ar) Source
LMC:
N4A 10.90 — 7.05 842 7.51 6.78 6.18 HL
N4A 1090 — 7.20 8.18 7.56 7.00 6.17 RD
N4A 10.92 8.15 7.43 8.39 7.82 6.91 6.06 TW
N11A 10.92 — 6.85 843 7.56 7.19 — HT
N11A 10.95 8.26 7.45 8.36 7.97 6.96 — TW
N79A 10.90 — 7.19 870 7.93 — — PT

N79A 10.90 8.06 7.06 8.49 7.67 7.14 6.15 D
N79A 10.89 8.36 7.19 8.48 7.58 6.72 6.07 TW

N157 1093 — 7.13 8.55 7.88 — — PT
N157 10.95 7.69 6.92 8.27 7.61 6.89 6.09 D
N157 6.78 830 7.84 6.77 6.21 M
N157 7.82 8.30 G
N157 10.92 7.87 7.31 8.27 7.61 6.82 5.96 TW
N159A 10.97 — 6.96 8.40 7.56 7.27 — HT
N159A 10.95 — 6.91 8.21 7.44 — — PT
N159A 10.86 — 6.87 8.39 — — — P
N159A — — 7.21 845 7.56 6.80 — A

N159A 10.93 7.79 6.84 8.27 7.64 7.03 6.02 D
N159A 10.93 8.18 7.05 8.20 7.50 6.67 5.97 TW

N160A1 10.93 — 6.91 8.44 7.80 6.68 — HT86
N160A2 10.90 — 6.82 8.33 7.65 6.57 — HT86
N160A3 10.90 — 6.89 8.36 7.74 6.60 — HT86
N160A 1096 — 7.07 8.44 7.62 6.80 — D75
N160A 7.03 8.45 7.68 6.76 A

N160A 10.99 8.21 7.39 850 7.48 6.90 6.35 TW

SMC:

N12B 10.87 — 6.36 7.95 7.24 6.43 — DH
N12B 10.88 7.45 6.51 7.97 T7.17 6.42 — TW
N66 10.90 7.12 6.45 7.98 7.35 6.63 5.83 D
N66 10.92 7.17 6.66 8.06 7.33 6.59 — DH
N66 10.91 7.11 6.55 7.91 7.20 6.30 5.68 TW
N66 10.92 7.17 6.57 7.97 7.23 6.32 — TW
N&81 10.93 7.18 6.65 8.09 7.35 6.44 5.71 D
N81 10.94 — 6.33 790 7.17 6.05 5.88 H88
N&81 10.93 — 6.49 8.07 7.37 6.26 — DH
N&81 10.97 7.30 6.75 8.09 7.29 6.32 5.59 TW
N83A 11.00 — 6.46 8.05 7.15 —  6.76 D75
N83A 10.95 7.39 6.65 8.03 7.06 6.66 5.75 TW
N88A-b — 7.40 6.60 8.09 — — — K
N88A-s — 7.51 6.68 8.11 — — — K
N88A 10.89 — — 8.04 7.34 6.54 — TP
N88 10.89 — — 791 7.21 6.08 — DH
N88 — 7.37 —  8.09 — — — G
N88 10.90 7.79 6.30 7.95 7.10 5.89 — TW

References:  (Heydari-Malayeri & Testor 1985)(HT);
(Peimbert & Torres-Peimbert 1974)(PT); (Heydari-
Malayeri & Lecavelier des Etangs 1994)(HL); (Du-
four et al. 1982)(D); (Aller et al. 1979)(A); (Rus-
sell & Dopita 1990)(RD); (Heydari-Malayeri &
Testor 1986)(HT86); (Dufour et al. 1975)(D75); (Gar-
nett et al. 1995)(G); (Pagel et al. 1978)(P); (Mathis et
al. 1985)(M); (Dufour & Harlow 1977)(DH); (Heydari-
Malayeri et al. 1988)(H88); (Kurt et al. 1995)(K);
(Testor & Pakull 1985)(TP); This work (TW).
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TABLE 11

CHEMICAL ABUNDANCES,
e=LOG(X/H) + 12

HII e(He) €(C) €e(N) €(O) €(Ne) e(S) e(Ar) €(Z)
LMC:

N4A 10.92 8.15 7.43 839 7.82 6.91 6.06 6.93
N11A 10.95 8.26 7.45 8.36 7.97 6.96 —  6.97
NT79A 10.89 8.36 7.19 848 7.58 6.72 6.07 6.79
N157 10.92 7.87 7.31 827 7.61 6.82 5.96 6.80
N159 10.93 8.18 7.05 8.20 7.50 6.67 597 6.71

N160A 10.99 8.21 7.39 850 7.48 6.90 6.35 6.91
Median 10.93 8.03 7.37 8.33 7.73 6.82 597 6.85

SMC:

N12B 10.88 7.45 6.51 7.97 7.17 6.42 —  6.44
NG66A 10.91 7.11 6.55 791 7.20 6.30 5.68 6.39
N66NW 10.92 7.17 6.57 7.97 7.23 6.32 —  6.42
N81 10.97 7.30 6.75 8.09 7.29 6.32 5.59 6.40
N83A 10.95 7.39 6.65 803 7.06 6.66 5.75 6.49
N&8 10.90 7.79 6.30 7.95 7.10 5.89 —  6.25

Median 1091 7.39 6.55 7.96 7.17 6.32 5.72 6.43

frared flux obtained from IRAS data. For compar-
ison, we also show in Table 10 our results for each
object along with the literature values. The object
name is given in the first column. Colums 2 to 8 list
the chemical abundances; in the last column we dis-
play the references. In general we observe agreement
between our results and those from the literature.

In Table 11 we present again the chemical abun-
dances obtained from the model; specifically, for the
HII regions indicated in the first colum. Columns 2
to 9 show, respectively, the logarithm of the chem-
ical abundances (element X relative to hydrogen,
log[X/H]+12) of helium, carbon, nitrogen, oxygen,
neon, sulphur and argon. In the last column, Z pro-
vides the geometric mean of the abundances of neon,
sulphur and argon; this value will be used as an in-
dicator of the nebular metallicity. Based on the in-
tensity of the lines and on the number of ionization
states, we estimate the error for the respective abun-
dances as follows: 0.03 dex for helium, nitrogen and
oxygen; 0.06 dex for carbon and neon; and 0.08 dex
for sulphur and argon. In Table 12, we compare the
average chemical abundances, obtained by us with
literature results for the LMC and SMC, of FGK
stars, B stars and planetary nebulae (PN). For the
Milky Way we compare our results with the Sun, the
Orion nebula and the Galactic HII regions M8 and
M17. In addition, in Table 13 we show a comparison
between the average of our results and those from
the literature.

In Table 10 we also see that the carbon abun-
dance is higher than those found by (Dufour et
al. 1982); in part this is due to a different ex-

tinction curve used. They used the UV results of
(Seaton 1979), which were derived from a study of
the PN NGC 7027. For the carbon abundance de-
termination the major uncertainties are due to the
different positions observed between the TUE satel-
lite and ground-based telescopes. This is supported
by studies of (Heydari-Malayeri & Testor 1982, 1985,
1986), where they show that the HS flux varies
through the nebula. These errors could be mini-
mized if new observations of HII regions are made
in the positions observed by the TUE.

Regarding the comparison of our results with
the solar abundances, Table 12, shows that the
abundances are reduced by approximately the same
amount for carbon, nitrogen and oxygen in the LMC;
however, in the SMC this reduction is greater for
the nitrogen abundance. These results are consis-
tent with a scenario where oxygen is mainly due to
primary production by massive stars, while C and N
have an important contribution from intermediate
mass stars; thus in the galaxies the O/H, C/O and
N/O ratios are initially very low and increase with
their subsequent chemical evolution. In Figures 6, 7
and 8 we present these ratios as a function of the
total heavy elements abundance, Z, wich is given by
the geometric mean of the Ne, S and Ar chemical
abundances.

Table 13 shows an overall good agreement be-
tween our results and those of the literature. The
only significant discrepancy is the abundance of ni-
trogen in the LMC, with a difference of 0.4 dex be-
tween our results and the literature. This could be
because LMC HII regions have a large infrared flux
due to a large amount of dust in this galaxy (van-
Loon et al. 2008). For the SMC this difference is
only < 0.1 dex.

For the SMC the difference in C/O between the
multiple authors labeled as f, for F-K stars (Ta-
ble 12), and (Garnett et al. 1995) (Table 10) is
A=40.34 dex, while that between these authors and
our results is A=+0.19 dex. Garnett et al. used
N88A to estimate C/O; the N88A observations show
a large amount of dust: this is confirmed by our re-
sults. The dust produces an additional internal ex-
tinction for the ultraviolet carbon line, thus under-
estimating C/O. The biggest difference is observed
for nitrogen with about A=+1.2 dex between red
giant stars and HII regions, both for the LMC and
SMC. This result is consistent with a transformation
of C into N during the first dredge-up and subsequent
mixing of this material in the most external layers
of the atmosphere during the stellar evolution in the
red giant branch (RGB).
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TABLE 12
AVERAGE ABUNDANCES FOR DIFFERENT TYPES OF OBJECTS

HII e(He) €(C) e(N) €(0O) e(Ne) €(S) e(Ar) C/0 N/O e(2)
LMC:

HIT® 1093 803  7.37 833 773 682 597  -0.30  -0.96 6.84
PN (non-Type I)b 11.06 9.03 7.92 8.40 7.51 6.88 6.02 0.63 -0.48 6.80
PN (Type I)b 11.31 7.33 8.64 8.25 7.44 7.15 6.25 -0.92 0.39 6.95
FGK® Stars — 8.04 8.60 8.40 — — — -0.36 0.20 —
B Stars? 11.00 7.42 7.61 8.45 8.40 6.40 — -1.03 -0.84 —
SNRs® — 7.66 7.45 8.25 7.50 6.62 6.59 -0.59 -0.80 6.90
PN/HII 0.12 1.10 0.61 0.08 -0.32 0.06 0.08 — — —
Sun/HII 0.06 0.52 0.60 0.54 0.36 0.45 0.59 — — —
SMC:

HIT* 10.91 7.39 6.55 7.96 7.17 6.32 5.72 -0.57 -1.41 6.40
PNP 11.04 9.01 7.80 8.24 7.28 6.79 5.66 0.77 -0.44 6.57
F-K' Stars — 7.68 7.76 8.06 — — — -0.38 -0.30 —
B Stars® — 7.65 7.12 8.32 — — — -0.67 -1.20 —
SNRs® — — 6.88 7.93 6.89 6.45 — — -1.05 —
PN/HII 0.13 1.56 1.27 0.28 0.13 0.42 -0.07 — — —
Sun/HII 0.08 1.16 1.42 0.91 0.92 0.95 0.84 — — —
The Milky Way:

Sun® 1098 847 787 873 7.97 716 644 026  -0.86 7.16
Orion’ 1099 852 773 873 805  7.22 662 021  -1.00 7.27
M8! 11.01 8.69 7.72 8.51 7.81 6.94 6.52 — — 7.09
M179 10.97 8.77 7.62 8.52 7.74 7.01 6.39 7.05

*This work; ” (Carlos-Reyes 1997); © (Russell & Bessell 1989), (Luck & Lambert 1992), (Spite et al. 1993), (Barbuy
et al. 1994), (Hill et al. 1995); ¢ (Rolleston et al. 1996); ¢ (Russell & Dopita 1990); f (Russell & Bessell 1989), (Spite
et al. 1989), (Luck & Lambert 1992), (Hill et al. 1997); & (Rolleston et al. 1993); " (Asplund et al. 2009); ' (Esteban

et al. 2004); I (Garcia-Rojas et al. 2007).

TABLE 13
COMPARISON WITH RESULTS FROM THE
LITERATURE
HIT e(He) €(C) ¢(N) €(O) e¢(Ne) €(S) e(Ar)

LMC:
This work 10.93 8.03 7.37 8.33 7.73 6.82 5.97
Literature 10.93 7.82 6.96 8.40 7.66 6.80 6.16
SMC:

This work 10.91 7.39 6.55 7.96 7.17 6.32 5.72
Literature 10.92 7.26 6.49 8.05 7.24 6.44 5.85

On the other hand, thanks to our photoionization
modelling, an important set of physical parameters
can be determined, which are presented in Table 14.
The first column shows the object name. In Columns
2 to 12 we present, successively, the luminosity of
the ionizing source, the optical depth, the effective
temperature of the central star; the external radius,
the ionizing temperature, the density, the filling fac-
tor, the ionized mass, the reddening coefficient, the
dust/gas ratio (relative to the local ISM) of the neb-
ula, and the exponent for the radial distribution of
the hydrogen density.

We have organized several values of the param-
eters as a function of the logarithm of their corre-
sponding values; the luminosity and temperature of
the central object were derived by assuming that the
object is a single star with a given temperature. Cer-
tainly this is not the case in an HII region; however,
the equivalent values are useful in the study of the
basic parameters and the evolutionary status of the
ionizing objects. From the set of 12 objects, 10 have
ionizing temperatures between 41000 K and 56000 K,
and luminosities above the zero-age main sequence
(ZAMS). The most luminous case is N157 (30 Do-
radus Nebula), with a luminosity of about 10* times
the ZAMS luminosity (Peimbert 2003). The most
striking feature in the H-R (Hertzsprung-Russell)
diagram is the location of two objects, N88A and
N12B, below the ZAMS line (Figure 9). We inter-
pret them as nebulae being ionized by evolved mas-
sive stars. We think it is not just by chance that
these two nebulae have the largest dust/gas ratios
and the highest extinctions.

6. CONCLUSIONS

In this work we have carried our a photoioniza-
tion modeling for 11 HII regions of the MCs, six
regions in the LMC and five in the SMC. A compre-
hensive modelling was done, employing ultraviolet,
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Fig. 6. Variation of O/H abundance ratio versus Z, in
logarithm. Z is the geometric mean of abundances rela-
tives to hydrogen for neon, sulphur and argon. The val-
ues represented with white square symbols correspond
to HII regions in SMC, and the black square symbols
to HII regions in LMC. These last data correspond to
this work, whereas to literature correspond as follows:
triangles correspond to HII regions in our galaxy, the
rhombus corresponds to the Orion nebula, the asterisk
corresponds to the solar abundance.
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Fig. 7. Variation of C/O abundance ratio versus Z, in
logarithm. Z is the geometric mean of abundances rel-
atives to hydrogen for neon, sulphur and argon. The
symbols correspond to the same objects from Figure 6.

optical and infrared data. The dust abundance in
the MCs is not negligible, as can be inferred from
the infrared flux observed by the IRAS satellite (Ta-
ble 6), and in some cases the dust/gas ratio in the

Log(N/O)
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Fig. 8. Variation of the N/O abundance ratio versus Z
in the logarithm. Z is the geometric mean of abundances
relatives to hydrogen for neon, sulphur and argon. The
symbols correspond to the same objects as in Figure 6
except that the circled dot corresponds to the solar abun-
dance.
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Fig. 9. HR Diagram of luminosity (normalized to the
solar luminosity) versus effective temperature Tug, in the
logarithm. The values represented with white squares
correspond to HII regions in the SMC, and the black
squares to HII regions in the LMC. The solid and dotted
lines represent the ZAMS.

MCs is higher (by a factor of 2 or 4) than the corre-
sponding one for our galaxy’s ISM.

The carbon abundances for HII regions were ob-
tained for our sample (Table 11); this result is impor-
tant because it establishes more precisely the current
value of this abundance in the MCs. The chemical
abundances of helium, carbon and oxygen are, in
general, and within the errors, in agreement with



© Copyright 2015: Instituto de Astronomia, Universidad Nacional Auténoma de México

144 CARLOS ET AL.
TABLE 14
PHYSICAL PARAMETERS FOR HII REGIONS IN THE MCS
HIT logL logTess logR logT, log N, logr loge log Mion c dust lo%
(Lo) (K) (cm) (K) (em™®) (Mo) gas

LMC:

N4A 6.30 4.64 19.37 3.97 2.34 -0.23 -1.70 2.44 0.25 — -0.02
N11A 6.20 4.62 18.82 3.97 2.80 -0.22 -1.15 1.79 0.22 — 0.00
NT79A 7.49 4.70 20.01 3.98 2.90 -0.40 -3.52 3.07 0.35 — -0.11
N157 9.62 4.65 20.84 4.03 2.65 -0.91 -4.00 4.84 0.44 — -0.04
N159 6.89 4.71 20.04 4.04 1.84 0.62 -1.52 4.20 0.47 0.8 -0.56
N160A 6.46 4.72 19.47 3.96 2.34 0.78 -1.00 3.44 0.15 — -0.11
SMC:

N12B 6.44 4.83 19.84 4.13 2.31 -0.14 -2.52 2.95 0.20 2.3 0.00
NG66A 8.33 4.74 20.52 4.14 2.48 -0.82 -3.70 4.01 0.18 0.7 -0.12
N66NW 8.25 4.70 20.53 4.11 2.45 -0.82 -3.82 3.92 0.09 0.9 -0.32
N81 7.20 4.70 20.02 4.10 2.30 -1.08 -1.00 2.73 0.07 0.6 -0.13
N83A 6.50 4.70 19.93 4.07 1.99 -0.05 -2.30 3.30 0.18 — -0.69
N88 6.00 4.88 19.67 4.13 1.80 1.66 -1.09 3.45 0.49 4.5 -0.44

the literature. The largest discrepancy is found for
nitrogen in the LMC, our value being 0.4 dex higher
than that in the literature. However, the abundance
of argon in LMC is almost 0.2 dex lower in this work;
this result should be taken with caution because we
only have two objects where the argon line was ob-
served. For the SMC HII regions, the discrepancy is
less than 0.1 dex for all chemical abundances.
When compared with the MCs young stars (B
stars), the observed abundances of carbon and oxy-
gen in HII regions are in agreement. The strong
nitrogen deficiency observed in HII regions is in
agreement with the results for FGK supergiants (Ta-
ble 12). Additionally, the abundance of C + N is
larger by a factor of three in FGK supergiants com-
pared to the HII regions. However, the C/O ratio of
FGK supergiants in the LMC is quite similar to that
of HII regions. Finally, the dispersion observed in
the chemical abundances of HII regions in the MCs
suggests to us that the gas is not well mixed.
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