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In the vicinity of the southern hemisphere giant HII region NGC 3603 we discovered a new plan-

etary nebula: PN G291.4—00.3 located at RAj2000.0 = 11h14m32.51 + O.S3, DECj2000.0 = —61°0002" + 1”.
Monochromatic images reveal a central ring-like structure accompanied by onsets of arc-like filaments which
might outline a bipolar outflow. Analysis of the nebula spectrum shows that helium and nitrogen are enriched,
while oxygen, sulphur and argon abundances seem to be solar. The central star must be hot (above 100kK) and
having a luminosity of more than 3000 L. All evidence shows that PN G291.4—00.3 is a high-excitation, density
bounded planetary nebula of the type I, coming from the high-mass end of the intermediate mass stars.
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1. Introduction

Planetary nebulae (PNe) represent the penultimate state
in the evolution of intermediate mass stars. They consist
of a shell of gas ionized and excited by the ultraviolet
radiation of the very hot central star before it fades into a
white dwarf. The nebula’s shell contains material ejected
by the star and being returned to the interstellar medium.

Among them, there is a class of objects with bipolar
and/or filamentary morphology. Most of them are type I
objects (He/H >0.125 and log(N/O) > —0.3; Peimbert &
Torres-Peimbert 1987). They have large expansion veloc-
ities and are mostly found in the galactic plane, with a
scale-height of 130pc. Their central stars lie in the HR
diagram generally on the tracks of higher masses (Corradi
& Schwarz 1995). Thus, their progenitor stars must have
been rather massive and one may expect that helium and
nitrogen synthesized in the star are ejected via the neb-
ula. However, theoretical calculations do not yet permit
to reproduce the observed abundances in a quantitative
way.
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* Based on observations obtained at the European Southern
Observatory, La Silla, Chile.

In this paper we report the discovery of a new type I
PN in the Galaxy: Sect. 2 deals with the detection on a
wide field image, Sect. 3 discusses the follow-up narrow
band imaging observations and Sect. 4 presents the anal-
ysis of spectral data. In Sect. 5 we discuss the evolutionary
status of the nebula and the central star.

2. Detection: WFI imaging

PN G291.4—00.3 was discovered serendipitously on wide
field CCD exposures centered on the giant HII region
NGC3603. These images were obtained with the Wide
Field Imager (WFI) mounted at the ESO/MPG 2.2m
telescope on La Silla on Jan. 21st 1999 under moderate
seeing conditions (~1").

The camera used a mosaic of 8 CCDs, each a
2k x 4k pixel array, providing a total detector size of
8k x 8k pixels with a field-of-view of about 0°54 x 0754
at an image scale of 07238 per pixel. Images were taken
through narrow-band filters at 6580 A (Ha & [NTI]) and
6760 A ([SII]), as well as a medium-passband filter at
8160 A which was used to measure continuum emission.
Integration times for each filter were 10 minutes, split into
5 dithered exposures to compensate for the gaps between
the CCDs, bad pixels and cosmics. Some basic information
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Fig. 1. Imaging results obtained with narrow band filters centered on the He, [O III] and [S II] lines as well as line free continuum
(8160 A and 6659 A, respectively). The data sets were taken with the WFI mounted at the ESO / MPG 2.2m telescope (left
panels) and with EFOSC 2 at the ESO 3.6 m telescope (right panels). Intensities are scaled logarithmic. Position and orientation
of the 1”2 wide slit used for spectroscopy is given in the upper right panel.
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Table 1. Overview on the obtained data sets.
Imaging

telescope date uT airmass filter Ac AN exp. time
(start) (start—end) [A] [A] [s]
ESO /MPG 2.2m & WFI | 21.01.99 | 08:30:21 1.19-1.19 # 856 Ha & [N11] 6585 70 600
08:48:20 1.20-1.20 #857 [SI]] 6760 50 600
08:12:07 1.18-1.18 # 851 Cont 8160 240 600
ESO 3.6 m & EFOSC2 08.08.99 | 23:12:34 1.66-1.68 #694 Ha & [N1]] 6577 62 300
23:24:00 1.72-1.74 # 689 [OI1]] 5004 56 300
23:18:16 1.69-1.71 # 698 Ha red 6659 61 300

Spectroscopy

telescope date uT airmass grism A range disp. exp. time
(start) (start—end) [A] [A / pix] [s]
ESO 3.6 m & EFOSC2 07.08.99 | 23:38:26 | 1.77-1.83 [ #11 3215-7319 4 600
23:26:56 | 1.71-1.76 [°] #12 6025-10 286 4 600

Notes: [a] rotator angle = 25976 , parallactic angle = 8974 ...91°6; [b] rotator angle = 25976 , parallactic angle = 86°9...89°1.

on the used filters is given in Table 1. The faintest sources
detected in the continuum filter have I band magnitudes
of the order 22 mag.

The images were reduced using standard IRAF proce-
dures. While photometric calibration was applied on the
Ha image, astrometric calibration was performed on the
WEFTI continuum image by making use of the Digitized Sky
Survey 2 (DSS2) and the TYCHO—-2 catalogue (Hog et al.
2000), both accessible e.g. via the Centre de Données as-
tronomiques de Strasbourg (CDS). In a first step, nearby
TYCHO—-2 sources were registered on the DSS2 im-
age and afterwards identified on the WFI continuum
mosaic: 8959-317-1, 8959-478-1, 8959-2415-1, 8959-2476-1
and 8959-2563-1. Note that the most nearby TYCHO—-2
source 8959-2437-1, which is the brightest source of the
finding chart presented in Fig. 2, is unfortunately located
just outside the field-of-view of our WFI data.

Then, within the ICRS reference frame we determined
the position of the continuum source visible in the west-
ern part of the ring-like PN feature (Fig. 1; for a discus-
sion of its possible association with the PN see Sect. 3).

scale (07238). Comparison with the USNO—A2.0 cat-
alogue yields 0225-10792553 (RAj2000.0 = 11714™32501,
DECJ2000.0:761000,02{,1; R = 11™7 and B = 16m3)
to be a likely counterpart of our continuum source.
Anyway, as the center position of the PN itself is
only poorly defined by the ring-like feature but appears
to be offset from the continuum source by about +174
in right ascension and 40”4 in declination (Fig. 1), the
positional accuracy should be restricted to &2” in right
ascension and +1” in declination. Taking into account
this limitation, our best estimate for the PN position is

Its pOSitiOH is RAJQOOO‘O = 11h14m31.59, DECJQOOO‘O = S 504, @
—61°00'02”3 with a nominal accuracy of about +073 £ _ j
in both right ascension and declination. This value ap- “\):g 0 405
pears reasonable as it is of the order of the WFI pixel - g

RA j2000.0 = 117143251 4 053, DECj2000.0 = —61°00'02"
+ 17

By cross-checking the source position with several
catalogues — e.g. the Strasbourg-ESO Catalogue of
Galactic Planetary Nebulae (Acker et al. 1992), the IRAS
Catalogues (Beichman et al. 1988) and a survey of OH
maser sources (Caswell 1998) — as well as by search-
ing in the CDS-SIMBAD astronomical database we re-
alized that this object had not been properly identified
and characterized before. Moreover, in a recent survey
of the southern zone of avoidance it was misclassi-
fied as a galaxy (RKK2906; RAjan00.0=11"14™3250,
DECj2000.0 = —61°00'03"; Kraan-Korteweg 2000).

5.0

100 1

h
»

DEC 20000

-
~501

o
»

—100+

3.0

-50

Offset ["]
RApooeo = 117114M32%1

Fig.2. Finding chart of PN G291.4—00.3 (DSS2 R plate).
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3. Morphology: EFOSC 2 imaging

Follow-up narrow band imaging observations were per-
formed on Aug. 8th, 1999 at the ESO3.6m telescope
(the finding chart of the PN is presented in Fig. 2).
Details of the observations are summarized in Table 1.
Figure 1 shows the images taken: similarly to the WFI
data PN G291.4—00.3 appears as a bright nebulosity in
the Ha & [NTI] filter, is quite faint in [OIII] and not de-
tectable in the continuum (diameter ~11").

Its overall appearance consists of a roughly north-
south elongated ring-like structure with short onsets of
spiral-like arms at the northern and southern tips, which
is superposed on rhomb-like shaped diffuse emission. The
central ring appears to be tilted by 50° to 55° against the
plane of sky. Its diameter is about 6” along the major axis.
The arc-like shaped filaments extending the ring are sug-
gestive of a wide-angled hourglass-shaped bipolar outflow
(PA ~ 80°).

In the light of Ha & [NII] we can distinguish roughly
at the north and south side of the PN one or two very faint
pair(s) of jet-like structures which are not visible in the
[OIIT] or [SII] images. A closer study of the orientation
and symmetry of those bipolar structures might allow to
localize the central star, because each pair is always ori-
ented along opposite radial directions from the central star
(Balick 1987).

On our WFT continuum image (Fig. 1; detection limit
corresponding to I ~ 22™) no star is found at the very
center of the nebula. But there are two stars near the
center of the nebula which — at first sight — appear as
possible candidates for or companions of the central star.
A fairly bright one, located in the western part of the ring
and likely to be USNO—A2.0 0225-10792553 (R = 11™7,
B = 16™3; see Sect. 2), is visible in all six panels of Fig. 1.
Another, fainter star coincides with the eastern part of the
ring.

Both are located about 1.5” from the PN center which
corresponds to a projected distance of at least 9000 AU
or 0.04pc at a heliocentric distance of 6kpc (Sect. 5).
The true separation therefore would be comparable to or
larger than the largest values found for wide binary central
stars of PNe (e.g. 10600 AU is estimated for Abell 30 by
Ciardullo et al. 1999), making a real physical association
with our nebula rather unlikely.

It is more plausible that both sources are simply field
stars: On the continuum image of Fig. 1 we count 15 stars
which are at least as bright as the star in the western part
of the ring. This suggests that one such star is expected
to be found every 12” x 12", which roughly corresponds to
the area covered by the PN. For the fainter star a similar
consideration holds.

4. Nebular properties: Spectroscopy

4.1. Observational material

Spectroscopic  observations were performed using
EFOSC 2 at the ESO 3.6 m telescope on Aug. 7th, 1999.
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Fig. 3. Optical spectrum of PN (G291.4—00.3 obtained with
EFOSC2 at the ESO 3.6 m telescope.

Table 2. Observed and dereddened line fluxes of PN
G291.4—00.3, normalized to F'(HB) = 100. The fluxes marked
with an asterisk are scaled from Cuisinier’s spectrum (see text).
The wavelength calibration is limited by the spectral resolu-
tion (4A) of the spectrum. The errors of the flux calibration
are typically 10% for the strongest lines and up to a factor of
2 for the weakest lines. Contributions to the error budget are
discussed in the text.

| A[A] | ident. | observed | dereddened
4686 | Hell 89 113
4861 | HpB 100 100
4959 | [O11]] 328 270
5007 | [O111] 1061 792
5754 | [N1I] 153 21
5876 | Hel 87: 10:
6548 | [NTI] 4400* 256
6563 | Ha 5000* 283
6583 | [N1II] 13 700* 758
6678 | Hel 90: 4:
6716 | [SII] 756 35
6731 | [SII] 933 43
7006 | [ArV] 224 6
7136 | [ArIII] 1061 27
7325 | [O11] 394 9

We used a 172 wide slit on grisms #11 and #12 covering
the wavelength range from about 3200 to 10300 A at a
dispersion of 4 A per pixel. Position and orientation of
the slit are indicated in Fig. 1, corresponding rotator
and parallactic angles are given in Table 1. The slit was
always kept oriented perpendicular to the horizon, to
minimize the influence of differential refraction. The total
exposure time was 10 min for each part of the spectrum
and the seeing was measured to be about 076.

The data was reduced in the usual way. However,
for technical reasons no arc spectra could be taken for
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grism #11. We therefore used in the blue part the nebu-
lar lines for a rough wavelength calibration. Furthermore,
no observations of standard stars could be done. We cor-
rected for the overall wavelength response of the system
by using the measured throughput provided by the staff of
the 3.6 m telescope'. The red and blue spectra were scaled
in flux as to give in the region of their overlap (6050 to
7300 A) a good match in both the continuum and the six
line features in common (better than 10 percent in the
stronger lines).

The CCD image of the red spectrum shows rather
strong ripples. As the detector’s quantum efficiency drops
strongly longward of 7500 A, corrections become rather
uncertain at these wavelengths. Therefore, we decided to
exclude the reddest part (A > 7500 A) when combining the
blue and red spectrum. But nevertheless it should be men-
tioned that the [STII] lines at 9069 A and 9532 A are quite
strong, their flux being about half of that of Ha + [N1I].

In the range from 4000 A to 7500 A (Fig. 3) the spec-
trum exhibits emission lines typical of a highly ionized
planetary nebula, such as HeII 4686 and [O III] 5007, as
well as lines from low ionization species such as [NII] and
[STI]. The continuum rising towards the red is due to the
star USNO—A2.0 0225-10792553, which is superposed on
the western part of the ring as mentioned above. Its red
colour thus makes it even less likely to be the central star
of the nebula.

The Ha line is completely blended with the [N II] 6583
and 6548 lines. The [STI] doublet at 6731 A and 6717 A is
marginally resolved and is treated by multi-gaussian fit-
ting. The observed line fluxes are presented in Table 2. If
there were no calibration problems with the data, the mea-
surement errors on the line fluxes — relative to H3Z — would
be estimated to be about 10% for the strongest lines, go-
ing up to a factor of two for the weakest lines. From a
comparison of the throughputs measured with different
stars and at different times, we estimate that the uncer-
tainties of the wavelength dependent response are of the
order of 20%.

Recently, F. Cuisinier (priv. comm.) took high-
resolution (0.25A) long-slit spectra of the PN near Ha
with the 1.6 m telescope at the Pico dos Dias Observatory
(Brazil). Based on this data set the Ha flux from the entire
nebula is determined as [3.8+£0.4] x 10~ ergem 2571
The dereddened [NII]/Ha ratio is found to be 2.6 £0.3.
We use these more reliable data in place of our own,
by scaling our data to give the same Ha + [NII] flux.
This is legitimate because our low resolution spectrum
is not affected by differential atmospheric refraction (see
Sect. 4.1).

The high-resolution spectra show two components of
the [N1I] lines: the NE part of the ring has a radial (helio-
centric) velocity of —6.5kms~!, while +15 kms~? is mea-
sured for the SW part, with an accuracy estimated to be
+1.5 kms™! (for 90% confidence). The velocities at other
positions conform with the interpretation of a bipolar

! http://www.ls.eso.org/lasilla/Telescopes/360cat/
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Table 3. Results of the plasma diagnostics of PN
G291.4—00.3. The third column gives the abundances obtained
with adopted electron temperature and density.

c 2.84+0.2 -
EC 7 -

ne [em™3] | 12007425° | 1200
T. [K] 1270071559 | 10000
He 11.23 [ 11.23

N 9.00 | 9.04

¢} 8.58 | 8.94

S 7.41 7.31

Ar 6.34 | 6.58

flow with a deprojected velocity of about 20 kms~! and
the SW part of the ring and its associated arms receeding.
The radial velocity of the PN is +5 kms™!.

4.2. Plasma diagnostics

We use the plasma diagnostics code HOPPLA (for a de-
scription see Acker et al. 1989; Koppen et al. 1991) to
derive the basic plasma parameters from the spectrum:

— The observed intensity ratio of the Ha and H/3 lines of
49 + 8 gives an extinction constant c=3.84+0.2;

— This gives a HG flux of log F(HB) = —14.1, just below
the detection limit for the nebulae in the catalogue of
Acker et al. (1992), which is about —14.0 (K6ppen,
unpublished);

— From the ratio of the [SII] 6731 and 6717 lines we
derive an electron density of ne = 12007220 cm=3;

— The electron temperature T, = 12 70071590 K in the N+
zone is obtained from the dereddened ratio of the [NII]
lines at 6583 + 6548 and 5754 A.

The program performs the above analysis iteratively until
all three quantities have sufficiently converged.

Since He Il 4686 is as strong as Hf3, an excitation class
of 7 can be assigned. However, the [OIII] lines are weaker
than one would expect for such high excitation, being only
about 10 times stronger than HB3. A most likely expla-
nation is that the nebula is density bounded, with the
nebula’s outer edge being right inside the O™ zone. For
a spherically symmetric object this would imply that no
emission from low ionization species should be observable.
The clear presence of such emission indicates that the neb-
ula is strongly matter bounded in some directions, but
nearly ionization bounded in others. This conforms neatly
with the bipolar appearence on the images.

With the derived electron temperature and density we
finally determine the ionic and — with standard ionization
correction factors — the elemental abundances. The Hel
lines at 5876 A and 6678 A have an intensity ratio of 2.5,
much smaller than the theoretical ratio of 3.5. Evidently,
the 6678 A line is close to the noise level and has been
overestimated. The value taken from the 5876 A line is
accepted.
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The results of the plasma diagnostics are collected in
Table 3. As the obtained electron temperature is rather
high in comparison with other type I nebulae (see the next
section), we also show the results derived with a reduced
temperature. We consider these values more reliable. In
both cases the enhanced values of helium and nitrogen
abundances clearly identify our object as a genuine type
I planetary nebula.

Gruenwald & Viegas (1998) have checked the applica-
tion of the plasma diagnostics method with spherical and
bipolar photoionization models. The helium abundance
and the abundance ratio N/O tend to be progressivly over-
estimated in nebulae around hot stars. They show that for
stellar temperatures between 100 and 200 kK, this error is
less than 0.05 dex for He/H and less than 0.3 dex for N/O.
We tried to check directly our plasma diagnostics with cal-
culated spectra of 3-D models, although the sets of lines
available were different from the one we used for our PN:
The moderately excitation spectrum by Monteiro et al.
(2000) yielded He/H 0.035 dex higher than assumed, O/H
0.2 dex lower and N/O 0.1 dex higher, but no [OII] is given
and the electron temperature is determined from [OIII].
For the high excitation model A (of either geometry) by
Morisset et al. (2000) the helium abundance could not be
derived due to absence of the Hel line, O/H was 0.1 dex
lower and N/O 0.3dex higher, but the [OII] 3728 lines
are used. While this reflects the results of Gruenwald &
Viegas (1998), it does not seriously affect the classification
of our object as type L.

4.3. Comparison with other type | nebulae
and photoionization modeling

While the plasma diagnostics is an efficient means of in-
terpretation, its results are dependent on weak diagnostic
lines and (in some cases not very accurate) corrections
for unseen stages of ionization. Additionally, it does not
provide a check for a physically consistent description of
either ionization or thermal balance in the nebula. In the
following, we compare the spectrum with those computed
with photoionization models and those observed in other
type I nebulae. Here we do not intend to construct an indi-
vidual detailed model for our object which can account for
all the observational data. Because of the limited quality
of our spectral data, we concentrate on the gross features.
For this reason we shall restrict ourselves to rather simple
models.

We use the code GWYN (details may be found in
Koppen 1979; Rauch et al. 1996; Tajitsu et al. 1999) to
compute spherically symmetric, dust-free nebulae in ion-
ization and thermal equilibrium with the radiation from
the central star. The nebula shell is assumed to be a filled
sphere of constant density and chemically homogeneous.
We shall neglect any density or temperature fluctuations,
as well as any dynamical effects. Certainly, the complex,
definitely non-spherical geometry of our nebula cannot
be modeled by a one-dimensional code, and thus the
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comparison with the observed spectrum will be somewhat
limited. But it may provide valuable first constraints for
a future much more dedicated modeling.

In the absence of any direct information about the cen-
tral star which would be essential to fix stellar parame-
ters such as surface gravity and chemical composition, we
represent the central star for simplicity by a blackbody
spectrum of specified temperature and luminosity. In this
context, the models serve as an interpolation device, not
as a tool to derive e.g. the stellar temperature. The diffuse
ionizing radiation due to emission by all relevant ions is
treated in the outward-only approximation.

The HelIl 4686 line is stronger than H{. Since in ion-
ization bounded nebulae this line cannot be more intense
than about 60 percent of Hf (Stasiriska & Tylenda 1986),
this is a clear indication that the nebula is strongly den-
sity bounded. It also means that it is impossible to de-
rive the stellar temperature from this line ratio. Hence,
we compute various grids of models, varying the temper-
ature of the central star (between 80 and 200kK) and its
luminosity (100, 10 and 10* L). For the chemical com-
position of the nebula we use solar abundances: He =11.0,
N =8.07 and O =8.83 (in the usual logarithmic notation
12+ log X/H). The other set, to represent a type I com-
position, has enhanced helium (11.2) and nitrogen (8.57)
but depleted oxygen (8.33).

The data of the 19 other type I bipolar PNe (listed
in Corradi & Schwarz 1995) are compiled from: Aller &
Keyes (1987), Peimbert & Torres-Peimbert (1987), Shaw
& Kaler (1989), Kingsburgh & Barlow (1994), Perinotto
et al. (1994), Costa et al. (1996), Corradi et al. (1997)
and Perinotto & Corradi (1998). Many of these nebulae
have large angular sizes, and thus the spectroscopic ob-
servations pertain to only a small region. Depending on
the position, the high or low ionization lines may thus be
under- and overestimated. In the plots we have usually
taken the data from central regions, thus e.g. Hell will
tend to be too strong and [O1I] too weak. For NGC 2440
we show the data from all 6 regions observed by Perinotto
& Corradi (1998).

In Fig. 4 we present results on the He IT 4686 and Hel
5876 lines. The two grids of ionization bounded models
show that the Hell line intensity remains far below the
value observed in our PN, while the Hel line is essen-
tially sensitive to the helium abundance. For high tem-
perature, low luminosity stars the models exhibit a slight
enhancement of the Hel line, because in these ionization
bounded models the Het zone extends somewhat further
than the HT-Strémgren-sphere. As a contrast, all density
bounded models of a given helium abundance are essen-
tially confined to a straight line in this plot, because here
both helium and hydrogen are ionized in the entire vol-
ume determined by the outer boundary, and the position
of a nebula on the locus is determined by what fraction is
filled with the He™™ zone. Since the recombination lines
are not very sensitive to the electron temperature, details
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Hel5876 / HJ

0.5
He 114686 / HB

Fig.4. The intensities of Hel 5876 and He Il 4686 lines com-
puted with spherical photoionization models of different stellar
temperatures (from 80 to 200kK) and luminosities (from 100
to 10* L) for nebulae with gas density 1200 cm ™~ and different
helium abundances. The full lines represent a grid of ionization
bounded models of solar composition, dashed lines refer to ion-
ization bounded models with type I composition. The dashed
elongated lines are the corresponding grids for density bounded
models. Also shown is the position of our PN (filled circle) in
relation to PN G321.6—02.2 (“x”, Corradi et al. 1997), several
regions in NGC 2440 (small circles, Perinotto & Corradi 1998),
and other type I PNe (“47).

of the model do not matter much. Therefore, one obtains
a simple expression for the straight line locus:

Hel5876/H3
1.45

Hell4686/H3  n(He) 1
12.0 ~ n(H) S

which depends on the helium abundance n(He)/n(H) (so-
lar value 0.1). For our PN we get a helium abundance
of 0.17 corresponding to a logarithmic value of 11.22, as
derived via the plasma diagnostics. Such a large value is
found also in a few other objects: He2-111, NGC 6537
and Mz 1 all are beyond the locus for 11.2. For NGC 2440
we depict the various regions observed by Perinotto &
Corradi (1998); all show very much the same helium abun-
dance, somewhat below 11.1.

In Fig. 5 we display for the same model grids and ob-
jects the intensity ratio of [NII]/[OII] as a function of the
helium abundance given by the simple relation Eq. (1).
As NT and O7 ions exist in the same zone, this line ratio
measures quite directly the N/O abundance ratio. This
is clearly shown here. For our PN one needs a N/O ra-
tio about 3 times the solar value, log N/O s —0.25. The
plasma diagnostics gave a much higher value of +0.42,
because of the rather high electron temperature derived
from the weak [NII] 5755 line whose intensity was most
probably overestimated (see below). Though our PN ap-
pears to be somewhat more extreme than NGC 2440,
PN G321.6—02.2 (“x”, Corradi et al. 1997) requires an
even higher N/O ratio while He 2-111 is more extreme in
terms of the helium abundance.
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Fig.5. Similar to Fig. 4, but for the line ratio [NII]6583/
[O11) 7325 versus the combination of HeIl and Hel line inten-
sities which measures the He abundance.

The small spread of the models in this figure is caused
by two effects: The derivation of helium abundances from
the recombination lines by plasma diagnostics is quite re-
liable (and the quantity on the abscissa is a simplified
form of it), provided there are no substantial pockets of
neutral helium present, as would be the case in low exci-
tation objects. This is also shown by Gruenwald & Viegas
(1998; their Fig. 4). The form of the stellar flux distri-
bution influences the ratio of volumes of the Hett and
Het zones, but not the sum which is what determines the
helium abundance. Secondly, N* and O™ share almost
identical ionization zones because of their close ionization
potentials. Since this is determined by atomic physics, one
would expect this to hold in more general situations other
than spherical nebulae. The differences seen in the figure
are due to the emissivity of [OII] 7325 depending more
strongly on electron temperature than [NII)6583. This is
because the [O IT] 7325 emission is governed by collisional
excitation to the ?P level which is high above ground
level. The intensity ratio [NII]6583/[O1I] 7325 increases
by about 30 percent when the electron temperature is low-
ered from 10000 K to 9000 K.

Our PN has a very strong He Il line but a rather weak
[OIII] line, which could be an indicator for a density
bounded nebula. Figure 6 compares the computed line
ratios HeII/HeI and [OIII)/[OII], which are insensitive
to the abundances, with the observed values. Ionization
bounded, solar abundance models are unsuitable to ex-
plain the observations, as the Hell line cannot get suffi-
ciently strong. Changing the helium, nitrogen and oxygen
abundances to a type I PN pattern does not change the
situation at all. Density bounded, solar abundance mod-
els give HeII/Hel as large as needed to match our PN,
but the [OIIT] /[O II] ratio comes out far too large because
of the cutting of the O" zone. This behaviour is typical
for spherically symmetric models, and so this plot might
be taken as a diagnostic for the nebular geometry. So far,
little can be said whether this or a similar diagram would
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Fig. 6. Similar to Fig. 4, but for the line ratio [O III} 5007/
[O11) 7325 plotted against HeII14686/HeI5876.

allow definitive conclusions about the nebula geometry, in
particular since ionization ratios depend also on the stellar
flux distribution and how much the ionizing radiation field
is modified by any internal dust. With respect to the other
type I objects, our PN is quite extreme but the spectra
from NGC 2440 have very similar line ratios.

The electron temperature sensitive line ratio [NII]
6583/5755 is by about 30 percent lower than the aver-
age one observed in other nebulae as well as from models.
Most likely the intensity of the weak 5755 A line has been
overestimated. A temperature of 10000 K seems more ap-
propriate, the derived chemical composition is presented
in the third column of Table 3. The lower temperature
increases mainly [O ITI] 5007, thus bringing up the oxygen
abundance. The N/O ratio becomes log N/O = +40.1,
more consistent with Fig. 5, but still a factor 2 larger,
similar to the results of Gruenwald & Viegas (1998).

The comparison with the sulphur lines shows that the
estimates for the [STII] lines given in Sect. 4.1 would be
quite acceptable both for models and other type I objects.
Nonetheless, we do not accept them for any analysis.

Our PN has a [Ar V]/[ArII] line ratio as high as one
would expect from the other nebulae for such a strong
HelI line.

All in all, the spectrum of our object does not show any
serious deviations from other type I nebulae. The inten-
sity of the [NII] 5755 line must have been overestimated,
and thus the electron temperature used in the plasma di-
agnostics. Hence, the N/O ratio is most likely not as high
as deduced from the plasma diagnostic, but it still is large
enough to make our PN a genuine type I object in the
definition of Peimbert & Torres-Peimbert (1987).

5. The nature of PN G291.4-00.3
5.1. Position in the galaxy

One rough estimate of the distance is obtained by appli-
cation of a simple Shklovski method: assuming a nebular
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Fig.7. The relation between extinction c¢ and distance of
simulated objects in the direction of PN G291.4—00.3, ex-
pected from a model for the Galactic extinction by small clouds
(Koppen & Vergely 1998).

ionized mass of 0.2 Mg and a volume filling factor of 0.75,
one gets from the observable Hf flux and with an angular
diameter of 11” (which roughly covers the whole emis-
sion seen in Fig. 1) a distance of 3.2 kpc. However, as the
distance decreases with the 5/3 rd power of the angular
diameter, the rather ill-defined size of the nebula suggests
that this value may be rather uncertain.

An independent constraint can be derived from the
measured extinction to the object: from simulations of
observations in the direction of our PN with a statistical
Galactic extinction model based on the extinction due to
two populations of small clouds (Képpen & Vergely 1998),
one obtains a mean relation between extinction and dis-
tance as shown in Fig. 7. A value of ¢ ~ 3.8 would be ex-
pected for objects in a rather large range, between about
5 and 15kpc away.

This model does not take into account any existing
localized structures, such as spiral arms. The line-of-sight
toward the PN crosses tangentially the Sagittarius-Carina
spiral arm (Georgelin & Georgelin 1970). The NGC 3603
giant HII region is located roughly at the more distant
intersection on the same line-of-sight. A foreground color
excess E(B — V) of about 1.5 has recently been measured
for NGC 3603 (Girardi et al. 1997). The PN’s E(B — V)
of 2.6 hence suggests a lower limit of about 6—7kpc for
the distance of PN G291.4—00.3.

Thirdly, the heliocentric radial velocity measured with
the [NII] doublet lines in Cuisinier’s high resolution spec-
tra is +54 1.5 kms~!. If we consider that the star follows
closely the galactic differential rotation, then — in the sim-
ple case of a flat rotation curve with Ry = 8.5 kpc and
ve = 220 kms~! — this value gives two possible solu-
tions for the heliocentric distance: 0.7 kpc (rather unlikely
given the large interstellar extinction provided by the neb-
ular data) and 5.5kpc. The second value is in good agree-
ment with that obtained for the neighboring HII region
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NGC 3603 from radio observations (d=6.1=£0.6kpc;
De Pree et al. 1999).

All preceeding arguments show that the distance re-
mains quite uncertain. For further analysis we shall rather
adopt a distance of 6 kpc.

We can check the consistency of this distance with the
other observational data: from the measured total HG flux
F(HpB), the interstellar extinction ¢, the distance D and
the density n~np~n., one gets the emitting volume V/
from

4nD? - F(HB) - 10° = hw(HP) - npne - aen(Te) - €V(2)

with the effective recombination coefficient g (Te) for
the HS line (cf. Osterbrock 1974), and the filling factor
€ denoting what fraction of the full sphere volume (V =
47 R3 , /3) is emitting. One may thus compute the angular
diameter of the region in arcsec d = 2 - 206265 Ryeb/ D,
where Ryep, is given in parsec. To evaluate this and other
derived formulae and their inverse relations, and to ob-
tain other parameters as well, an interactive Java applet
is available on the Web?. With the values for our PN and
a unity filling factor, we get an angular diameter of 14”6
for a nebula density of 1200cm™ or 11” for 1800 cm 3.
If we had used a distance of 3kpc, the density would be
2500 cm 3. Most likely, this slight inconsistency is caused
by the Ha flux having been overestimated, as it was ex-
trapolated from the area covered by the slit to the whole
nebula. Another possibility is that due to the overall out-
ward decrease of density, the mean density in the H* zone
is somewhat larger than what is measured by the [SII] line
ratio. Thus we believe that the values for distance, angular
size and density are resonably consistent with each other.

It is worth noting that in this estimate we could use a
unity volume filling factor, while the complex shape of the
nebula would suggest a smaller value. Checks with other
type I nebulae gave inconclusive results, as the total flux of
Hp emission from the large nebulae with complex shapes
is also not measured directly.

5.2. Evolutionary status of nebula and central star

Since the nebula is certainly density bounded, no di-
rect information about the central star’s temperature can
be drawn from e.g. the strength of the Hell 4686 line.
However, given the adopted distance, we may use the ob-
served flux in the HeII line as a constraint on temperature
and luminosity of the central star. Following Harman &
Seaton (1966) the number of photons emitted per unit
time by the nebula in this recombination line

4rD? - Fy(He Il 4686)
hu(He I14686)

= n(Het) - ne - aen(Te) -

et (Te) [ aa(Te) (4)

v (3)
= N(He")

2 http://astro.u—strasbg.fr/ koppen/stroemgren/
Stroemgren.html
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Fig. 8. Constraints for the position of the central star of PN
G291.4—00.3 in the HR diagram, obtained from the observed
flux of the He IT 4686 line (shaded area) and the Ha flux (thick
dashed line). A distance of 6kpc is assumed. We also depict
evolutionary tracks of PN central stars (Blocker 1995): filled
circles indicate the ages of 200, 500, 1000 (large), 2000 and
5000 years after leaving the AGB. The tracks are identified
with their initial and final masses.

is proportional to the number of photons emitted by the
central star per unit time which are capable of ionizing
He™:

dv.

N(tie) = ani? - [ T EW %)

saev IV

Equation (4) applies strictly for nebulae which are opti-
cally thick in the Hell Lyman continuum and that the
nebula absorbs all photons produced by the star. In our
density bounded object the fraction of ionizing photons
which do not lead to a recombination line photon may
well be substantial, and thus the central star’s luminosity
could be higher. Likewise, any substantial absorption of
ionizing photons by dust in the nebula would push up the
required luminosity by that amount.

If we assume for simplicity blackbody spectra, we ob-
tain a constraint for the position of the central star in the
HR diagram, shown as the shaded area in Fig. 8. Applying
the same argument to the flux of the hydrogen recombina-
tion lines, one gets as a lower limit for the luminosity the
thick dashed curve, which does not give any further con-
straint. Comparison with theoretical evolutionary tracks
of post-AGB stars shows that our PN’s central star would
be compatible with being on a track of a massive progen-
itor star. While it seems tempting to associate the cen-
tral star with the most massive track, one has to keep in
mind the rather uncertain distance, the limited quality of
the available data and the unknown fraction of absorbed
photons. If e.g. the object was as close as 3kpc, the con-
straint region would be placed towards luminosities four
times lower, thus giving a much greater overlap with the
tracks. Moreover, changes of the same size are also to be
expected from the unknown filling factor, dust absorption
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and deviations of the true flux distribution of the central
star from that of a blackbody.

Therefore, we shall take this constraint as a confirma-
tion that the central star is a genuine post-AGB object,
but not yet as a good measure of its mass.

6. Conclusion

Optical imaging and spectroscopy confirm that the emis-
sion line object found on WFI images is a genuine
planetary nebula (PN G291.4—00.3), and that it is a high-
excitation bipolar type I nebula. The chemical composi-
tion shows enhanced helium and nitrogen. Oxygen, sul-
phur and argon abundances seem to be solar.

The radial velocity derived from the [NII] lines indi-
cates that the PN might be associated with the giant HII
region NGC 3603.

From the He IT luminosity, some constraints on the cen-
tral star can be placed: it is rather hot (at least 100 kK)
and luminous (at least about 3000 L ). This is quite con-
sistent with its origin from a fairly massive main sequence
star (about 5 Mg). Such a star would have passed through
the phase of thermal pulses on the AGB, and thus would
have synthesized and ejected nitrogen as well as helium.
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