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ABSTRACT

The identification of two new Planetary Nebulae in the Sagits Dwarf Spheroidal Galaxy
(Sgr) is presented. This brings the total number to fourhBaw PNe were previously clas-
sified as Galactic objects. The first, StWr 2-21, belongs éorttain body of Sgr, from its
velocity and location. The second, the halo PN BoBn 1, hagatilon, distance and velocity
in agreement with the leading tidal tail of Sgr. We estimbtg 1.0 per cent of the Galactic halo
consists of Sgr debris. The specific frequency of PNe indieatiotal luminosity of Sgr, in-
cluding its tidal tails, of\lyy = —14.1. StWr 2-21 shows a high abundance of [O#H}-0.23,
which confirms the high-metallicity population in Sgr uneoed by Bonaficio et al. (2004).
The steep metallicity—age gradient is due to ISM removahduthe Galactic plane passages,
ISM reformation due to stellar mass loss, and possibly siocref metal-enriched gas from
our Galaxy. The ISM re-formation rate of Sgr, from stellarssioss, i x 104 Mg yr—t,
amounting to~ 10 M, per orbital period.

HSTimages of three of the PNe reveal well-developed bipolarpinologies, and pro-
vide clear detections of the central stars. All three stath deep spectra show WR-lines,
suggesting that the progenitor mass and metallicity detersnwvhether a PN central star de-
velops a WR spectrum. We show that the temperature of the WiRadstars is higher at lower
metallicity. Expansion velocities are determined for tinebulae. Comparison with hydrody-
namical models indicates an initial density profilepak »—2. This is evidence for increasing
mass-loss rates on the AGB. Peak mass-loss rates are elafat 10~4 My yr—*.

One of the Sgr PNe, He 2-436, provides the sole direct deteatf dust in a dwarf

spheroidal galaxy, to date.

Key words: Galaxies: individual: Sagittarius dwarf spheroidal; Ritmy nebulae: extra-
galactic; Stars: mass loss’ Stars: Abundances

1 INTRODUCTION

Planetary Nebulae (PNe) in Local Group dwarf galaxies pl®vi
valuable indicators of the star formation history. They aspe-
cially important for the age-metallicity relation, sindeey allow
us to break the age—metallicity degeneracy inherent inucelo
magnitude diagrams. Their abundances can provide steltden
osynthesis information for metallicities often very diffat from
local, Galactic PNe. They are also important for studyinge®iy-
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lution itself. Knowing the age and metallicity of the stelf@opu-
lation also allows one to study the formation and evolutibthe
PNe as function of these properties. In particular, PNe fdum

ing the catastrophic mass loss which terminates the Asyimpto
Giant Branch (AGB) evolution. The dependence of the mass los
on metallicity is not understood (Zijlstra 2004; van Loord20van
Loon et al. 2005), and PNe in systems with well-determinetiast
populations are crucial for studying this important praoile

The Sagittarius dwarf galaxy (Sgr) is our nearest neighbour
at a distance of 25 kpc, less than half that of the Large Magll
Cloud. Its location behind the Galactic Bulge contributedts late
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discovery (Ibata et al. 1994). The present mass and luntjnase
low, within the range of dwarf spheroidals. The abundaneege
from SMC-like to LMC-like for different star-formation epbs
(e.g. Layden & Sarajedini 2000; Alard 2001). Sgr is strondjly-
rupted by its interaction with the Milky Way (Putman et al.020
Helmi & White 2001; Dohm-Palmer et al. 2001), and was inigial
a substantial galaxy, in accordance with its relativelyhhigetalic-
ity. Some distant carbon stars in the Galactic halo may ddéram
the tidal streams of Sgr (Mauron et al. 2005). The same has bee
suggested for distant halo globular clusters (Bellazziai.€2003).
What fraction of the Galactic halo was strippped from Sgras n
known.

Zijlstra & Walsh (1996) discovered that two previously cata
logued (Galactic) planetary nebulae were located in thétiadags
dwarf galaxy on the basis of their location and radial velesi
They are thus the closest extra-galactic PN. A detailedyaizal
based on ground-based spectra and radio continuum datai¢Rud
et al. 2000) showed that the two nebulae have the same sisdlar
genitor mass of 1.2 and almost identical progenitor light el-

tified situated within 2 of Wray 16-423. Its velocity was mea-
sured using a newly obtained WHT spectrum (see Section 4.1).
The mean measured heliocentric radial velocity of the &hd

[O III]4959,5002& lines was 1231 kms™! (error on mean). This
agrees to within 5 km's' with the other two Sgr PNe, leaving little
doubt about the association with Sgr.

All three identified members are located within the southern
extension of Sgr, in the same area where its globular chuster
found. There is no PN candidate in the core region of Sgr cen-
tred on M54 (centré, b = 5.57, —14.17, core radius 234 arcmin:
Majewski et al. 2003). The only catalogued PN in this regida,
2-418, has an acceptable velocity of +115 km but a diameter of
14 arcsec (Ruffle et al. 2004) which is too large for a brightd®N
the distance of Sgr. Assuming that this region has been ywedvi®
uniform depth, the lack of bright PNe towards the assumedhdhou
core region of Sgr is noticable. There is no evidence of higime-
tion in this direction.

A few more newly discovered PNe in this general region have
been presented by Parker et al. (2003). These are extendéairain

ement abundances. One of the nebulae, Wray 16-423, underwenand are certainly not Sgr members.

PN ejection about 1500 yr previous to its twin He 2-436. Aatliff
ential abundance analysis revealed the first conclusivieage for
third-dredge-up oxygen enrichment (Péquignot et al. 2000at

Walsh et al. (1997) suggested that PRMG1
(PN G006.60-41.9) was a possible Sagittarius PN. Its abun-
dance is similar to those of the two Sagittarius PNe (Dudziak

the two PN have such closely matching ages and abundances oft al. 2000)). We can now rule out this proposed association.

non-dredged-up elements, pointed very strongly to théartagéng
to the same, short-lived star-formation episode.

In this paper we present a new, third member of the Sgr PN
population, and show that it arose from a recent, higheahigty
star-formation epoch. One further Galactic halo PN is fotmbe
a Sgr member, located in the leading tidal arm. This objextes
an older, much lower metallicity population.

Observations with the NTT EMMI spectrometer of this 4-accse
nebula showed that its heliocentric velocity 420+2 kms™!
(LSR velocity +24kms™'). The Sagittarius stream 20 degrees
from the main body is thought to have a velocity close to 100
kms™! (Ibata et al. 2001) which does not favour membership.
(Helmi & White (2001) predict velocities at this positioroskr to

50 km s !.) Recent mappings show that the tidal plane of Sgr does

Section 2 discusses the PNe membership of Sgr. In Section 3not pass through this position (Majewski et al. 2003). Wechate
we present new HST images for three PNe, and deep spectyoscop that PRMG 1 is a foreground object.

of the new, high-metallicity PN. Kinematical models arecdissed
in Section 5. The central stars and the nebular morpholagies
discussed in Section 6. The abundances and the implicdtiotise
evolution of the Sagittarius dwarf galaxy are discussedeictiBn
7.

2 MEMBERSHIP
2.1 A Sgr-core member: StWr 2-21

The main body of Sgr lies behind the Bulge, at a Galactialdétof
minus 15-20 degrees. The distance is betwieer: 2 kpc (Alard
1996) andd = 26.3 £+ 1.8 kpc (Monaco et al. 2004). Confusion
with the Bulge foreground population is important, but hare in
fact relatively few Bulge PN more than 15 degrees from theaGal
tic Centre. The two known members, Wray 16-243 and He 2-436,
were identified as located in the main body of Sgr based om thei
identical radial velocities (Zijlstra & Walsh 1996). Anathobject
located in the same region (Hb 8) was shown to have a very dif-
ferent velocity and was classified as a foreground objeathEu
PNe in Sgr, wrongly classified as Galactic Bulge PN, are andist
possibility: many Bulge PNe have no known velocity, and ¢her
are suggestions that the Sagittarius galaxy could have hathla
mass>10°M, (Jiang & Binney 2000). We therefore conducted a
search through the literature for catalogued PN in the tie®f
the Sagittarius galaxy, and to test for a radial velocity patible
with Sgr membership.

A little studied PN, StWr 2-21 (PN G005:218.6), was iden-

2.2 A possibleleading-tail member: BoBn 1

We also searched along the plane of the tidal tails (Majees&l.
2003; Newberg et al. 2003). This identified BoBn 1, a welld#d
halo PN, as a candidate. Its heliocentric velocity of +174skr
(Wright et al. 2005) is opposite to the trailing tail at thigation
(Majewski et al. 2004). However, the positional agreemsstifi-
ciently close (and halo PNe are sufficiently rare) that thestjon
may be asked whether BoBn 1 could be part of a separate tail.

A dynamical simulation by Law et al. (2005) shows the vari-
ous streams of debris, separated into trailing and leadiifg) and
associated with different tidal dislocations events. Tineasns are
always located in the same orbital plane but are moving fewifit
directions and are at different distances. BoBn 1 is locatexddi-
rection where the leading and trailing streams cross. Attftiation
the leading stream is moving outwards, along the line oftsiGe
particular velocity is somewhat model dependent, but thecity
of BoBn 1 is within the range of the predictions. The distatwe
the Sun of the leading stream at this location is around 20kipe
distance to BoBn 1 is quoted as 22.5kpc and 16.5 kpc by Hawley
& Miller (1978) and Henry et al. (2004), respectively. (istes to
PNe are difficult to ascertain, and the quoted distance isrtzia
by at least 30 per cent.) The agreement in position, velauiky
distance makes an association of BoBn 1 and the Sgr leadirgg ta
likely one.

The leading tail is observationally not as well constraiasd
the trailing tail (Law et al. 2005). The identification of ther stars
in the Sgr leading tail will be needed to remove the model depe

© 2006 RAS, MNRASD00, 000—-000
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Table 1. The Sgr PNe. For the first three objects, stellar magnitudeular flux, and diameters are derived from the HST imagesepted here. Data for
BoBn 1 are from Wright et al. (2005) but the position was redetned. Stellar classification is discussed below.

PN | b RA DEC Vhel my (star) log F(Ha) diameter  star

(J2000) (kms1t) (mag) (ergenm2s—1)  (arcsec)
He 2-436 48 —227 193206.70 —341257.4 +133 1725+ 0.1 —11.74 0.6 [WO 4]/[WC 4]
StWr2-21 52 —-18.6 19142335 —-323416.6 +129 19.7+£0.1 —12.26 2.7 [WO 2]
Wray 16-423 6.8 —19.8 192210.63 —-313038.7 +133 18.85+£0.2 —11.55 1.45 [WC 4]/wels
BoBn1 108.4 -76.1 0037 16.03 —1342585 +174 —12.425 2

dence in the proposed association.The accurate velocBpBh 1
may also be useful in constraining the Sgr tidal models.

No other catalogued PNe were identified as potential mem-
bers. The list of possible PNe in the ESO-Strasbourg catelod
Planetary Nebulae (Acker et al. 1992) was also checkedoAtgth
it contains three objects of interest (K 2-4, Y-C 43, ESO 34)-all
are nebulae of large radius which rules out distant PNe. Hney
possibly misclassified galaxies.

The four identified Sgr PNe are listed in Table 1.

3 HST IMAGING

We obtained SNAPshot WFPC2 images in three different filwérs
the three PNe in the main body of Sgr. Observations wereethrri
out in a sequence of two cosmic-ray-splittkéxposures, one V-
band exposure and two [@] exposures. For He2-436 and Wray
16-423, exposures times are 100 seconds for the individoa
posures, 60 sec for the V-band and 80 seconds for eaah] [€x-
posure. The faintest object, StWr2-21, was observed fom2gi
140 sec in K and [O11]. The objects were placed on the CCD of
the Planetary Camera (PC). The pixel scalé.ist55”. Pipe-line
reduced images were retrieved.

The calibration of the three filters used (F502N, F547M,
F656N) is described in O'Dell & Doi (1999). The filter respens
is taken from the WFPC2 handbook. The F656N filter is centred o
Ha wth a peak transmission above 70%. It has a0% response
at the [NI1] 65483 line and a few per cent at the 658 11] line.
The Hel line at 656@ can also contribute but this line is weak in
all cases. The F502N filter has a 60% transmission at th& JO
line without significant pollution from other lines. The FAd is
used as the continuum filter, and is best suited to detectethieat
star, and other possible confusing stars—it is little aéfddy strong
emission lines. Nebular bound-free continuum dominatestb-
ular flux in this filter.

Photometric calibration was done with the calibration con-
stants (PHOTFLAM and the Vega-based zeropoint) listed & th
WFPC2 handbook. The central stars of all three nebulae are de
tected in the F547M images. ThenHmage was scaled and sub-
tracted from the F547 image, to remove the nebular continuum
The stellar magnitudes, converted to Johnson V, are listddlble
1. They were measured in a circular apertures of 7-11 pirelisis,
using aperture corrections shown in the WFPC2 handboolkhéor t
V-band filter and the PC. The accuracy is 0.1-0.2 mag, lintited
the faintness of the stars. In addition to the magnitudesgThalso
lists the line fluxes measured from the images.

Fig. 1 shows the resulting images. Here the images were ro-
tated to the same orientation, while rebinning to keep thmesa
square pixel size. All images are shown to the same spati.sc
The images reveal bipolar structures in all three PNe. Ttgela
difference in size is clear. The peak intensity drops by dofac

© 2006 RAS, MNRASD00, 000-000

of roughly 100 between He 2-436 and StWr2-21 (in the depicted
images the fluxes have been scaled to the same peak for the [O
Ill] images). He 2-436 is very compact. The inner radius i§/on
just resolved, as shown by the two peaks separated by a single
pixel. It is significantly elongated. Wray 16-423 shows a ptim
cated morphology, with an inner bipolar structure sourdmehby

a second, fainter structure rotated at an angle relativheariner
countours. The outer contours show elongation. Finalir&-21

is the largest nebula, and shows an elliptical outer stracind a
bipolar inner structure. There is some evidence for a wilog¢b
bubble towards the East which in [@] appears as a closed outer
shell. As for Wray 16-423, a rotation between the inner anrou
structures is apparent.

Fig. 2 shows radial intensity profiles along the minor axid an
along the major axis (90 degrees rotated). These were ebtain
rotating (and rebinning to the original square pixel sipeglign the
major axis with the image axes, and averaging three adjaowist
or columns through the geometric centroid of the source. Fhe
band profiles show the central star, although in the case 2436
only marginally.

4 SPECTROSCOPIC OBSERVATIONS
4.1 Low resolution spectroscopy of StWr 2-21

We observed StWr2-21 with the ISIS spectrometer on the 4.2m
WHT La Palma telescope on 1999 July 19. The holographic
H2400B grating was used, and the EEV12 CCD detector with a
pixel scale of 0.14 and a coverage of 446 A slit width of
1.5arcsec was employed giving a line width of 5 pixels andalte

ing spectral resolution of 0.38A single exposure of 900s was ob-
tained with the slit at a parallactic angle; the seeing waasuesd

at about 2 arcsec. The spectrum was centred atﬁiaﬂﬁwing the

He 11 46863, H3 and the [Q11]14959,5002 lines to be studied. A
Cu-Ar arc lamp exposure was employed for wavelength caldmma
and a 5th-order fit to the line positions was employed (r.onghe

fit <0.0l&). An exposure of the spectrophotometric standard star
BD+33°2642 (Oke 1990) was made with a broad (5.0 arcsec) slit
and used to establish the absolute flux calibration for thiér3t21
spectrum.

A deep, low-resolution spectrum with larger wavelength-cov
erage was obtained with EFOSC2 on the ESO 3.6m telescop (Pat
1990). An acquisition image was obtained with an [O Il1] filte
(centre 5004, width 56A; ESO Filter #689) and spectra at a paral-
lactic angle with a 1.2 arcsec slit were obtained over theslemgth
ranges 3050-6100 (grism #03) and 4090-7/f5>:{grism #04). The
seeing was 1.6 arcsec measured from the acquisition imdge. T
exposure time was 1800s, split into two sub-exposures;rapa
300s exposures were also obtained to provide all strong lime
saturated. The measured spectral resolution wasfdrthe bluer
spectrum and 1R for the redder spectrum. Broad-slit observations
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Stur 2-21
Wray 16-423
East

He 2-436

(OIIT1]

1 arcsec

@
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Figure 1. Contour plots in [QI1], V-band and ki of the three Sgr PNe. The peak fluxes are scaled to give appately the same peak value for all {©]
images. A small constant was subtracted from the StWr 2-20@® to suppress the lowest contour. Contour levels ar&4t94,8,12,16,24,28,32,36,40

scaled counts. At the distance of Sgr, 1 arcsec correspord8 1017 cm

of the standard star EG274 (Oke 1990) were obtained with both 4.2 Echelle observations

gratings for flux calibration.

The spectral images were bias-subtracted and flat-fielded by He 2-436 and StWr 2-21 were observed with the ESO NTT tele-

exposures to a continuum lamp illuminating the inside ofdtbme.
Wavelength calibration was applied using the exposuresQo-a
Ar arc lamp fit by a third order polynomial. The spectrum of the
PN was extracted over the extent of the emission, sky subttac
and flux calibration applied from the spectra of EG274. Table
presents the observed line fluxes determined by inter&gfiveng
Gaussians to the lines for the longer exposures, with gubisti of
the fluxes for the saturated lines from the shorter expog{@esl]
doublet and K). Errors on the line fluxes, from propagation of the
photon counts on the lines and the error in fitting the undegly
continuum, are also listed in the Table.

The extinction is zero within the errors, as derived fromftjre
drogen line ratios. For comparison, the extinction towaktiay 16-
423 isE(B — V) = 0.14 (Walsh et al. 1997), consistent with the
forground extinction towards Sgr. He 2-436 has higher exitim
due to dust within the nebula.

scope during June 2001, as part of a larger survey of PNe diswar
the Galactic Bulge (Gesicki et al. 2006). The echelle spestre
obtained using the red arm of the combined imager/speepbgr
EMMI. Echelle grating 14 was used with cross disperser 3. The
wavelength coverage is approximately 4300-840Dhe slit width
was 1’, providing a resolution of 60 000. The slit length is limited
to 3arcsec by the need to avoid order overlap. The seeingéwor
than 1 arcsec) did not allow us to use the spatial resolutibarent

in the data, and we summed the spectrum over the slit length.

Wavelength calibration was done using a ThAr lamp. The data
was flat-fielded and corrected for the response functionguain
standard star. No absolute flux calibration was attemptkd. é-
posure time of 120 sec aimed at obtaining good line profilethi®
strongest lines in the spectrum only. Line profiles used taiob
velocity fields were determined for four lines. For Wray 1834
similar but much deeper observations were published indRie&i

© 2006 RAS, MNRASD00, 000—-000
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Figure 2. Cross sections of the three nebulae observed with HST. Tidgsrare summed over three adjacent rows. Dashed linesafilepalong the minor
axis (typically showing the two peaks) and continuous limesalong the major axis. The insets show the inner 0.2 aofdde 2-436, showing the flattening
in [O 111] and Ho, compared with the central peak seen in V which is due to theaestar.

Zijlstra (2003). The data reduction used here is as destiibthat
paper.

The line ratios from these data are listed in Table 2. In the
following sections we describe models based on these neav dat
These are combined with existing models for the previoustykn

Sgr PNe. No new data was obtained for BoBn 1, and this object is

not included.

5 EXPANSION VELOCITIES
5.1 Description of themodels

The internal kinematics of PNe are dominated by expansibe. T
expansion velocity together with the physical size of thbuhe
gives a measure of the elapsed time since the ejection ofere n
ula, the dynamical age. This can be compared to the therneal ag
defined by the temperature of the central star and its raengbér-
ature increase. The latter is a sensitive function of thesmoéshe
central star. The dynamical age together with the stellaptza-
ture can therefore be used to derive the stellar mass.

The internal kinematics are dominated by the expansion of
the nebulae. Hydrodyamical models (e.g. Schonberner 2085b)
predict that the expansion velocity is not uniform, but ttifer-
ent layers (at different radii) expand at different ratelse Bchelle
spectra clearly show the broadened lines due to the exparzsio

© 2006 RAS, MNRASD00, 000-000

determination of the internal velocity field is needed to mefan
overal expansion velocity. The mass-weighted expansitocing
(Gesicki & Zijlstra 2000) is used for calculating a dynantiage.

We will follow the usual procedure, as outlined in Gesicki &
Zijlstra (2003). Here we first use a photoionization modetiéa
termine where within the nebula a certain line originatesl ase
the measured line profiles to fit a velocity field as functiornraf
dius. The model assumes a spherical symmetric nebula. Telmo
we use (the Torun models) do not currently implement asymimet
nebulae, and neither do we have sufficient observationatcants
to fit such models. (For instance, asymmetric velocity medet
quire knowledge of the angle between the polar axis and dreepl
of the sky, which would require spatially resolved echeflecra.
Our spectra lack spatial information.) The Torun models alg-
proximate the star with a black body. However, the resukixpgan-
sion velocity is found to be relatively robust to these agstions.

The computer model first solves for the photo-ionizationi-equ
librium, where we attempt to reproduce the observed linenisit
ties and the observed radial surface brightness distobufiThis
photo-ionization model is by necessity different from thaed in
section 6, and is not suitable for abundance determinajidts
compare the models with both major and minor axis cross@ecti
of the nebulae, but do not attempt to fit these individuallye Tine
profiles are calculated, taking into account the slit aperfwhich
may not cover the full nebula) and the seeing (which scaligins
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Figure 3. Model fits to the line profiles of He 2-436. Left: parametergtaf ionization model, showing the radial distribution oé tincluding the density,
electron temperature, velocity field, and the ionic distiitn. Middle: radial surface brightness profiles: modeli¢slines) versus the observed major and
minor axis profiles from the HST images, fig. refprofiles. Ridfitted line profiles.
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Figure 4. Model fits to the line profiles of StWr 2-21. details as in Fig. 3
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Table 2. StWr2-21 Emission-line flux ratios as measured from the low-
dispersion spectra, relative to |##=100.0..

RestA Identification Obs. flux error  Obs. flux
A) (EFOSC2) (1SIS)
3425 [Ne V] 1.73 0.23

3440 ol 10.16 0.19

3705 HI 0.59 0.08

3726 [omn 34.36 0.16

3753 ol 3.90 0.07

3769 HI 3.31 0.09

3796 HI 4.70 0.07

3814 He ll 151 0.06

3835 HI 6.67 0.09

3869 [Ne 1] 70.97 0.20

3889 H1+Hel 16.69 0.11

3922 He ll 0.40 0.11

3969 H 1+ [Ne lll] 35.89 0.15

4026 Hel 2.05 0.14

4070 [S 11] (blend) 1.99 0.08

4101 H 24.60 0.11

4188 cl 0.27 0.05

4200 He ll 0.61 0.04

4267 cl 0.78 0.08

4340 Hy 43.710 0.11

4363 [O 1] 10.32 0.07

4387 Hel 0.39 0.10

4471 Hel 3.40 0.07

4543 He ll 1.22 0.07

4648 cl 2.75 0.57

4685.7 Hell 41.86 0.11 38.1
4711.4 [ArIV]+Hel 4.05 0.06 4.0
4740.2  [Ar1V] 3.15 0.07 3.3
4861.3 H3 100.00 0.00 100.0
4923 Hel 1.23 0.06

4958.9 [0l 355.65 0.51 359.4
5006.8 [O1l] 1062.02 189.91 1047.2
5412 He ll 3.69 0.04

5518 [crm 0.50 0.04

5539 [Cl] 0.46 0.04

5755 [N 0.30 0.11

5805 CIv 0.90 0.11

5876 Hel 11.04 0.13

6300 o1 1.37 0.07

6312 [S1 2.12 0.04

6363 o1 0.46 0.06

6408 He ll 0.19 0.04

6548 [N 1] 2.01 0.06

6563 Hox 279.07 49.76

6584 [N 1] 11.53 0.07

6678 Hel 2.65 0.04

6716 [sn 2.00 0.04

6731 [S1] 2.97 0.04

6891 He ll 0.35 0.04

7065 Hel 2.33 0.07

7136 [Ar 1] 9.36 0.07

7175 Hel 0.57 0.06

7211 2.98 0.09

7322 [on 2.26 0.08

7362 0.43 0.07

Observed I# flux = 1.294 0.01 x 10~ 13 (EFOSC2) and 1.0610~ 13
(ISIS) ergs cn2 s~ 1
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rays from outside the aperture into the slit). The velocigdfiis
adjusted to fit the line profiles of all lines simultaneousty.the
present analysis the computer codes are adapted to workawith
optimization routine. We applied the publicly availabld KRIA”
computer code which is based on a genetic algorithm (Gesicki
2006). The line profiles include thermal broadening, orgethi(ex-
pansion) velocities, and turbulence. However, for the ledesgr
PNe we did not find evidence for a turbulent component.

5.2 Kinematical modelsfor three PNe
5.2.1 He 2-436

The spectra are spatially unresolved, as shown by the fatthk
lines are unsplit (Fig. 3). Four lines are suitable for théowity
analysis; the weakest of these ([ 6311,5\) was filtered to smooth
the noise. The lines are approximately of Gaussian shaph, wi
[O 1] and [Sin] slightly narrower than the other two.

In accordance with the HST images we build an appropriate
photoionization model assuming the density distribut®adncen-
trated towards the inner radius. The chemical compositizhliae
ratios have been adopted from Dudziak et al. (2000) and Walsh
etal. (1997). A parabola-like expansion velocity resultedccept-
able fit to the observed line profiles.

The adopted solution is shown in Fig. 3. Panels on the left
present the model structure. Shown are: the assumed radiad-h
gen density distribution together with the computed etettlen-
sity and temperature; the derived velocity distributiond ahe ra-
dial distributions of emissivities for lines shown in righainels,
normalized to unity. The other panels compare models wittesb
vations. In the middle the observed HST surface brightnesfi¢s
from Fig. 2 are compared to the computed ones. The obsemgatio
(dots and dashes) are rescaled to the normalized modelgsrofil
(draw line). The panels on the right compare the computeliti(so
lines) with the observed (circles) emission line profiles.

522 Stwr2-21

The 2-arcsec nebula is expected to be partially spatiadigived by
the spectrograph slit. Only four emission lines are stramgugh
to be considered in our analysis. The IHand H3 lines are un-
split, [O111] shows a partial split, and [N] is split more clearly but
is also more asymmetric. For the model fitting we used only the
stronger (blue) peaks from the asymmetric couple.

The best-fit model that reproduces both thé ftlux and the
line ratios of Table 2 is a density-bounded one. Such a madel r
produces the very similar size of the images in the two dffiefil-
ters (Fig. 1), because in this case the ionization stratifinds very
weak and the emissivity distribution of [@] and Hx follows the
same density distribution. (The computed emisivities sfawlei
and [N11] a clear stratification, but no images are available to test
this.) To reproduce the small size of the central cavity, weded
to apply a density distribution concentrated towards threavith
inner radius close to the central star.

The linearly increasing velocity field reproduces reldtive
well the four observed emission lines.

5.2.3 Wray 16-423

An analysis of the velocity field of the nebula Wray 16-423 was
published in Gesicki & Zijlstra (2003). The high quality speim
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Wray 16—423
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Figure 5. Model fits to the line profiles of Wray 16-423. details as in.Fg

allowed for extraction of nine emission lines which strgngbn-
strained the deduced velocity field. The result indicatedyh fae-
locity spike located inside the nebula and also suggesteelsepce
of a low density extended outer region.

The previous modeling was done without the benefit of a high-
resolution image. We redid the modeling, searching for ssitgn
distribution that reproduces as well as possible the new HST
ages. The obtained density field is similar to that from Gesic
Zijlstra (2003), but the maximum is placed somewhat furfhem
the centre and the outer density is higher.

With the improved density structure we returned to the old
spectra. The genetic algorithm found a velocity field simia
that from Gesicki & Zijlstra (2003) with a high velocity rem in-
side the nebula. The fit considered eight of the nine lineg/athio
Gesicki & Zijlstra (2003) (excluding the most noisy one) uFig.

5 we present only the most representative four lines. Thecitgl
profile is more complicated than found for the other two PN#, b
this is partly caused by the fact that more lines are avalalold
that therefore the velocities as function of emissivities better
constrained. This allowed us to search for a higher-ordettisa.
The low-order behaviour is similar to the other objects.

5.2.4 Results

for the three PNe. The important parameter are the masditeeig
which the dynamical and stellar time scales are equal.
ing the youngest and StWr 2-21 the oldest nebula. The difterés

smaller than the size would imply, as He 2-436 has a smallrexpa
sion velocity. The derived velocities are within the uswalge for

Velocity [km/s]

Table 3. Parameters and results of the velocity field analysis

He 2-436  Wray 16-423  StWr 2-21
log F(HB) —-114 —11.89 —-12.6
[O/H] —0.52 —0.51 —0.35
Test 58100 82000 146000
log Tot 4.76 4.92 5.16
log L/Lg 3.89 3.6 2.95
model Rout [pC] 0.03 0.095 0.16
model Rinner [PC] 0.001 0.008 0.02
model Mijon 0.084 0.40 0.25
outer boundary ioniz ioniz density
angular diam [arcsec] 0.5 1.6 2.6
Vaver [Km/s] 19 32 32
turbulence [km/s] 0 0 0
dyn. age [yr] 1650 3100 5200
dyn. core mass 0.62 0.61 0.61

Galactic objects (Gesicki & Zijlstra 2000). Available dataggests
that the metallicity has little effect on the PN expansioegigki &
Zijlstra 2003). This is in contrast to AGB outflow velocitiagich

are strongly dependent on metallicity (Marshall et al. 2004e
reason is that the PN expansion is largely dominated by tke ov
pressure within the ionized region, and has acceleratedisiantly
Table 3 presents the summary of the parameters of Torun siodel during the post-AGB phase. The kinematic models show that al
three stars have comparable core (final) masses. There $¢earsy
expansion velocityyaver, the dynamical age, and the core mass for atic uncertainty, in that some assumptions are made on hew th
nebula accelerates, and that the radius used for the dyabage

As expected, there is an age progression with He 2-436 be- is taken as 0.8 of the outer (model) radius. (The latter tethis

is approximately the mass-weighted radius.)

All three nebulae show an asymmetry in the line profiles with
the blue component stronger. The difference is very minétar2-
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436, larger in Wray 16-423 and strongest in StWr2-21. In adles

do the ionization levels tracing the outer-most regionstisas [O]

and [N11]) show the largest effect. The effect of the asymmetry on
the line modelling is discussed in Gesicki & Zijlstra (2008)e
velocity structures are more regular than the density artefoper-
ature profile, as shown by the line profiles. The cause for the b
asymmetry is not known, but one can speculate about a nelttio
the movement of the nebulae through the gas in the Galadtc ha

6 DISCUSSION: STARSAND NEBULAE
6.1 Photo-ionization modelling

Emission lines are sensitive to the local conditions in thbuae:
density, temperature, radiation field, and elemental adoces.
This sensitivity allows for accurate models, with imprayiac-
curacy when more lines are available. Deep spectroscopierob
vations of Wray 16-423 and He 2-436 have previously been used
to obtain photo-ionization models of both nebulae (Dudztkl.
2000). Neither object could be well described by a set of umiq
conditions, but each required two sectors with differentecimg
factors and conditions. Their model parameters are list@dble 4.
The models have filling factor unity and assume constantspres
within each zone. Table 4 also lists the radii and thicknesived
from the HST images. The models were derived before the HST
images became available: the values predicted by the madels
largely confirmed by the new images presented above. The-stru
tures observed by HST confirm the need for at least two-zorte mo
els. The complexity in the images exceeds what can be repeddu
in the models, but the large-scale geometry confirms theqihesl
capability of the models of Dudziak et al. (2000).

Photoionization modelling of StWr 2-21, again using NEBU,
is discussed in detail in Péquignot et al. (2006, here&fager I1).
Models are based on the fluxes listed in Table 2, but with mieor
visions suggested by a spectrum synthesis. The synthesiasea
to investigate the contribution of weak, not individuallgtdcted,
lines on the spectrum. It also allowed us to resolve blemdppi-
tant at the moderate resolution of the observations, anctect
Wolf-Rayet features (see Section 6.3).

As for the two objects modelled by Dudziak et al. (2000),
at least two sectors are necessary to reproduce the obdarged
flux ratios. With the constraint of the nebular size derivexhf the
HST images, the two-sector models for StWr2-21 turn out i@ha
a combined covering factor much less than unity. A low-dgnsi
gas with no specific signature in the spectrum may fill in mdst o
the 'empty’ sector, as confirmed by trial calculations. Gitleat the
overwelmingly dominant sector is strongly matter-boundied ex-
istence of such a component is not too surprising. Althotghaly
not emit much of the line flux, this sector may encompass a very
significant fraction of the ionized mass, which is therefordy a
lower limit in the two-sector model.

The question of the uniqueness of the solution is discussed i
Paper Il. Itis difficult to obtain unique models in the cas&tivr 2-

21. The carbon abundance, which controls the energy outpiieo
nebula and therefore the effective temperature of the akesttr, is
poorly constrained for lack of UV spectra. Most optical nextn-
nation lines of carbon have mildly accurate fluxes. Moreofad¥
lowing a suggestion made for other PNe, these recombinkties
may partly trace cool H-poor clumps embedded in the nebuia (e
Liu et al. 2004; Péquignot et al. 2003). The NEBU model gekbc
in Table 4 is therefore typical but not unique. Nonetheltss pxy-
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Table 5. Absolute (dereddened) stellar magnitudes for three Sgr, Rile
a distance of 25kpc. V-band values are from the HST data ali¥band
values are derived from Walsh et al. (1997).

PN E(B-V) Y B
He 2-436 0.28 —-0.61+0.1 —0.3:
StWr2-21 0 +2.70 £0.1

Wray 16-423  0.14 +1.43+0.2 +1.7:

gen abundance is relatively well defined. Abundances difigen
this model are provided in Table 6 and discussed in Sectibn 6.

We used a Cloudy model as an independent check on the
NEBU results. We used version 05.10.06 of Cloudy, last desdr
by Ferland et al. (1998) and modified to include additional-st
lar atmospheres as described below. The two codes are mdepe
dent, and use different assumptions regarding the nebtriz-s
tures. A different stellar atmosphere model was used: veseire
the NEBU code a Clegg & Middlemass (1987) model was adopted,
in the Cloudy model we used a He/C (i.e. H-poor) model of Rauch
(2003). Cloudy also allows the use of dust within the ionized
gion: we ran models both with and without dust. The dustlesd-m
els were marginally better, but in view of the uncertainiieshe
modelling, it seems doubtful that this is significant. Clguzbn-
firmed the need for a two-component model to obtain a reason-
able fit. In the Cloudy models the microscopic volume filliagtor
(Osterbrock 1989) was treated as a free parameter. It apener
to unity, tentatively indicating that the nebular matersahomoge-
neous. But this required a much less luminous star than fiuie
NEBU model. Radii and density of the components are also some
what different. The oxygen lines are poorly fitted in compani to
the NEBU results. Convergence to a full solution with Cloues
not attempted. NEBU outputs are presented in Paper II.

6.2 Thecentral stars: HR diagram

The absolute stellar magnitudes, dereddened and converdetin-
son V, are listed in Table 5, for an assumed distance of 25Kpe.
data are corrected for extinction, derived from the/Hg ratio. A
standard extinction curve witRy = 3.1 is assumed. B-band value
are also given: these are from the long-slit spectroscopi/ath
et al. (1997) and are of lower accuracy.

Fig. 6 shows the location of the stars on the HR diagram, based
on the photoionization models. The uncertainty on the desds
upto 10 per cent, leading to a systemic uncertainty inflogf 0.1
dex, which is not included in the error bars. The depth of the S
main body has not been measured but is likely less than 1 kpe (M
jewski et al. 2003).

The dashed lines in Fig. 6 show the models of Bloecker
(995b), labelled by their core mass. The speed of evolusoa i
strong function of core mass. The 'dynamical core mass’ inéla
3 gives the mass which is consistent with the dynamical agleeof
nebula. In all three cases, this mass is around 0.61-062(The
systematic uncertainty in the distance of 10 percent, dhices a
~ 1 per cent error in the core mass, which is much less than the
model uncertainties of- 0.02 M : Gesicki & Zijlstra 2000). The
photoionization models yield a stellar luminosity whichaidittle
lower than corresponds to these masses. However, the nmodgls
underestimate the stellar luminosity if there is littleized gas in
some directions.

The stellar magnitudes can also be used to derive observed
locations in the HR diagram. We used the stellar atmosphece m
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Table 4. Results of the multi-sector photo-ionization models. éalfor StWr 2-21 are from Paper Il. Values for He 2-436 and VGy23 are from Dudziak
et al. (2000) Observed radii (third and fourth rows) are fid8iT data presented here (except for BoBn 1). The coverirtgriaare the fractions of the total
solid angle, as seen from the central star, occupied by eadelsector. The penultimate row gives the radial opticaktiess at the ionization threshold of
H where required. The last row gives the fraction of the tmtaized mass in each sector.

He 2-436 Wray 16-423 StWr 2-21 BoBn 1 (units)
Tog 0.7010° 1.0710° 1.1910° 1.3010° K
L 5.40103 4.35103 4.10103 5.20103 Lo
Mion 0.02 0.25 0.06 0.27 Mo
Rinner (HST, observed) 6103: 21072 4102 - pc
AR (HST, observed) 31072 5102 8102 (~0.1) pc
Model sectors | 1] | Il | 1] | Il
lonization/density bounded ionization ionization ioriea  density ionization  density ionization  density
< Ny > 2.710° 2.010* 9.510% 3.610% 1.9103 1.6103 1.3103 1.1108 cm—3
Ri,r, (model) 811073 811073 231072 231072 491072 491072 131072 131072 pc
AR (model) 711074 231072 281072 591072 9.01072 411072 1910°! 1.610°! pc
Covering factor 0.62 0.38 0.17 0.83 0.0074 0.372 0.028 0.437
7(13.6eV) - - - 6.7 - 1.2 - 3.1
Mass fraction 0.100 0.900 0.108 0.892 0.092 0.907 0.115 50.88

els of Clegg & Middlemass (1987) to calculate predicted Yiha
magnitudes as function of temperature and luminosity. Esalts
are shown in Fig. 6: the squares show the luminosities of dCleg
& Middlemass (1987) models at specific temperatures, fitiete
observed V-band magnitudes. The long-dashed lines cotinect
squares; the stars are expected to fall along these linedagt,

if the dynamical mass is assumed, the stars should be located
the corresponding intersection between the long-dashddttan
solid lines.) For He 2-436, the bright stellar magnitudeidates

a cooler star than given by the photoionization models. Thetm
likely explanation is that for this H-poor [WC] star, the Helthod-
els of Clegg & Middlemass (1987) overpredict the flux at iamigz
wavelengths. For Wray 16-423 a similar but smaller effecien.
The stellar magnitude of StWr2-21 was used as a constrathein
NEBU model. The relatively bright star rules out the low lmws-

ity of the Torun model, confirming that much of the stellariead
tion escapes in directions with low density gas as requinetthe
NEBU model. We note that the results do depend on the atmo-
sphere model, e.g. using the more modern models of RaucB8)200
could yield different results. The composition of the stethtmo-
spheres, and the existence of a strong wind, introduce Hisagt
additional uncertainty.

6.3 Thecentral stars: WR lines

After subtracting all the nebular emission lines from thecipum

of StWr2-21 by means of spectrum synthesis, two broad festur
at 382Q and 580% were revealed. The resulting stellar spectrum
is discussed in Paper Il. The presence of broad 8811+34 and
Civ 5801+12A emission points to a very hot WR star of subclass
[WO] (Acker & Neiner 2003). The intensity ratio in the speatr
synthesis (see paper Il) is\D 3822/Civ 5805~ 7.8 + 2. The
uncertainties arise from the ill-defined 'half line widtH the 3822
line (taken as 1300km/s compared to 750km/s for 5805), aad th
blending of the stellar 5805 line with (weaker) nebular 58@%s-
sion. In a difficult blend, we find G/ 4658/Civ 5805~1-1.5, and
there is a indication for Ov1 5290/Civ 5805~ 0.25 (where both
lines are assumed to have the same width). These line raties i

cate [WO 2] star, perhaps midway between subclass 2 and 3, ac-

cordnig to Acker & Neiner (2003).
The two PNe previously known also show WR lines (Walsh

et al. 1997). We reclassified these stars using the schemekef A
& Neiner (2003), and the data of Walsh et al. (1997) subject to
the reanalysis of Dudziak et al. (2000). The adopted subetas
are listed in Table 1. The main constraint is the absence rokso
important lines, suggesting they are much weaker than. Eor
He 2-436, the Ha line points at a possible [WO 4] class. Wray 16-
423 is more uncertain, but the detected lines are consistight
[WC 4]. The higher temperature of the star of Wray 16-423 is no
reflected in its subclass. However, this is not unusual anWwRy
nuclei, where the subclass also traces the strength of éfiarst
wind (Crowther 1999). The narrow lines of Wray 16-423 coufba
be interpreted as indicative of a weak emission-line staiq.

All three Sgr PN with deep spectra therefore show evidence
for WR-type emission lines. Gorny (2001) estimates th&tger
cent of Galactic PNe show [WR]-type central stars. A highac{
tion is found in the Galactic Bulge (Gorny et al. 2004), ped
inantly with late subtypes. To this should be added the weak
emission-line starswels Gesicki et al. 2006) which occur with
roughly equal frequency as do WR-type central stars. To fihd a
three studied Sgr objects to fit in this category, supportsiatso
where the fundamental parameters of the progenitor stasgyma
metallicity) determine whether a star develops a WR winds Th
in contrast to models where the occurence is random, caysibe b
precise timing of the last thermal pulse (for a review seecBér
2001). There is no evidence for WR-central stars to be more ma
sive than non-emission-line stars (Pottasch 1996), buc@ex al.
(2006) find that Galactic [WC] stars show a narrower, intetiai
range of core masses, compared to non-emission-line StegSgr
PNe fit within this mass range.

6.4 ThelR-[WC] stars

Among Galactic [WC] stars, there is a subgroup with unuguall
strong IRAS emission. He 2-436 has similar characteristics
associated with an IRAS point source (Zijlstra et al. 19%4jd
scaling its 12-micron flux (0.22 Jy) to a typical distance afagtic
PNe of 2.5kpc would put it among the brightest such objedte T
class of IR-[WC] stars is discussed by Zijlstra (2001).

The Galactic IR-[WC] stars have late subtypes, of 8—-11 {Zijl
stra 2001) . He 2-436 shows a much earlier subtype. Threleefurt
extragalactic [WC] stars are detected by IRAS: SMP58 and GMP
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Figure6. Location of the three stars in the HR diagram. The solid lamesthe theoretical evolutionary models of Bloecker (99Etielled with the core mass
in solar units. The long-dashed lines show the location efstiars based on the V-band magnitude: from right to left U8&-Wray 16-423 and StWr2-21.
The square symbols show the specific models of Clegg & MiddE={1987) used in deriving these lines. The photoionizatiodels are shown by the plus
signs: in all cases they are on or to the left of the corresipgnidng-dashed line.

in the Large Magellanic Cloud and SMC N6 in the Small Magel- cated; relatively bright and showing symmetry axes whi@hraot
lanic Cloud (Zijlstra et al. 1994; Pena et al. 1997; Stdsinst al. well aligned with those of the inner torus. The outer regiamssen-
2004) (the last object has no 12n detection). The two LMC ob- sitive to the mass-loss evolution on the AGB (Monreal-lbetal.
jects have subclass [WC5-6], and SMP N6 has [WO 4] on the scale 2005) and interaction with the ISM (Wareing et al. 2005). fEhis
of Acker & Neiner (2003). The extragalactic stars have mumh e an indication that the asymmetry in the outer stucturesosgathe

lier subclassses than comparable Galactic stars. ThegstRARS direction of motion of the galaxy (towards WNW): interactiwith
flux densities require a high dust optical depth, and indieadense, the tenuous medium in the Galactic halo surrounding Sgr neay b
compact nebula. The cause of the differences between ttgista  affecting the nebular expansion.

different galaxies is not clear. Assuming that the higher-density tori can be associated wit

the ionization-bounded sectors in the NEBU models (Tablehé)
tori of Wray 16-243 and He 2-436 contain roughly 10% of thaltot
6.5 Nebular structures mass of the nebulae. This should be taken with care, as the mod
. . els are imperfect representations. For StWr2-21, the HSAgén
6.5.1 Bipolarity suggests that the torus does not show a strong ionizatiot fron-
The HST images show a Very similar globa| morph0|ogy between sistent with the model where this sector has a Very low CDgeri
the three imaged objects. All show a torus-like structuréhw  factor. For Wray 16-423, the torus has a clear sharp edge-as ex

lower-density regions in the polar directions. In the dlésation pected from an ionization front. In both cases, the masdiérac

of Greig (1971), all three objects are of class B, indicatifen- may be underestimated. For He 2-436, the dense sector hag a ve
hanced AGB mass loss in the equatorial plane. The imagestdo no small thickness which suggests that the ionization frostifarely
show the’butterﬂy’ morpho|ogy of the more extreme bipo|ebn penetrated the hlgh density inner shell. The low total mdshe
ulae, suggesting the density contrast between equatorales is model also suggests that a large fraction of its mass is rnabye

not extreme (in the scheme of Balick & Frank (2002), the disiec  ized.

would be considered as intermediate between ellipticaltdpad- The masses in the nebulae ARE typical compared to Galactic
lar). The fact that all three nebulae show similar structigein- objects. The bipolar structures are also typical, with bbgalactic
teresting in view of suggestions that the primary factoedatn- PNe showing similar morphology (Corradi & Schwarz 1995) 2He
ing the nebular morphology is stellar progenitor mass (&ir& 436 has perhaps a more extreme structure, with a very preedun
Schwarz 1995). Reviews on PNe morphologies can be found in compact torus and a high density contrast. A humber of Galact
Kwok (2000) and Balick & Frank (2002). post-AGB stars show similar structures, but these havecajlyi

The outer structures of the two larger objects are more dempl cool and unevolved central stars.
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Stanghellini et al. (2003) finds similar statistics on marph
ogy between the LMC, SMC and the Galaxy. Our sample agrees
with the prevalence of the same basic morphological tygemrd-
less of environment. This is an important result: it prosidwi-
dence against models where the (mild) bipolarity is cauyeslb-
stellar/planetary companions (Livio & Soker 2002), as thauld
tend to introduce a metallicity dependence which is not nlesk
Strongly bipolar nebulae may be the product of a unique ¢aslu
for each object (Soker 2002): for the milder stuctures sesa,ta
single evolutionary cause may be preferred.

6.5.2 Double shell

The presence or absence of a double-shell structure is aorimp
tant characteristic of PNe. The evolution of a PN is domidédtea
few effects: (i) the expansion and density profile of the protpr
AGB wind; (ii) the fast wind from the central star blowing inthe
AGB wind; (iii) the ionization of the swept-up nebula and ttee
sultant pressure imbalance (Perinotto et al. 2004; Sdrdeb et al.
2005). The fast wind sets up a compressed rim at the innargadi
this is the usual PN. The over-pressure in the ionized reggtmup

a swept-up shell further out. This leads to the 'double $lcelh-
sisting of the bright inner rim and the fainter outer sheéiriRotto

et al. (2004) presents and extensive set of hydrodynamiodein
for spherical PNe, to show how this structure evolves astionc
of AGB mass loss and central star mass. The double shell eppea
after the ionization front breaks out from the inner rim, ghd
nebula becomes density-bounded. In earlier phases wherf@Nh
is ionization bounded, only the rim is seen.

A double shell is evident in the radial profiles of Wray 16-423
and StWr2-21 (Fig. 2). The nebula can be approximated by the
hydrodynamical model for a 0.6054yicentral star (sequence 6 of
Perinotto et al. 2004). Here the nebula becomes densitydsolaf-
ter approximately 3500 yr. The outer radius of the rim of Wtéy
423 (~ 1.5 x 10'" cm), and the brightness contrast between the
rim and shell of a factor of 4-5, are to first order consisteitt tihe
corresponding Perinotto model in the early density-bodmuease.
(The spherical asymmetry in the nebulae will cause diffeesrin
evolution with respect to the symetric models.) This modsua
high AGB mass-loss rate, peaking3ak 10~* Mg yr~* (case B2
of Bloecker (1995) was used). It also has a too high progeniass
of 3Mg. The size of the rim increases with lower mass-loss rate,
but it is not a strong function. The models suggests that foumi
M > 3x10"° Mg yr~* can also be accommodated in order to ex-
plain the observed structure. A high peak mass-loss ratensver
more likely, as AGB mass-loss rates are known to increaske wit
time.

The outer shell of StWr2-21 is less distinct because of a low
contrast: the brightness contrast is a factor of 2-3. Than&%o
models show an increasing contrast with time. As StWr2-21 is
the more evolved nebula, this suggests its evolution habee
identical to that of Wray 16-423. However, the differencesrala-
tively minor. The structure of the nebula changes stronfigr éhe
star enters the cooling track, but this has not yet happeveufer
StWr 2-21 (section 6.2).

He 2-436 shows no indication for such a double shell strectur
This is as expected in its early phase of evolution, wherddhe
ization front is still trapped inside the rim. The models afdziak
et al. (2000) require a central dense inner shell togethér wi
lower-density component. However, comparison with thegesa
suggests this can be interpreted as the torus and the poles, flo
rather than a radial double-shell structure.

6.5.3 Dynamics

The models of Perinotto et al. (2004) and Schonberner €G@05)
also predict velocity fields, which can be compared to thesied
here. The flow velocities are sensitive to the wind densitycstire.

The youngest object, He 2-436, shows a decreasing velocity
with radius over the highest density gas. As in all casesyétec-
ities increase again towards the outer edge (ionizatiom)rdhe
predicted velocities in this phase show the same behaviooba
served, but the predicted velocities are around 10khhile the
observed expansion is faster. For Wray 16-423, a compticage
locity field is found which shows only a vague resemblancénéo t
predicted one (within the highest density gas, the slightide of
expansion velocity with radius is consistent with the medak is
the value of the velocities in this region of around 20 km.sThe
observed sharp increase near the inner edge is not predictes
the increase in the low density outer gas.

For StWr 2-21, the velocities increase linearly with radins
contrast to the other two modelled nebulae. This is a predifda-
ture of more evolved nebulae, and is a better indicationsoévb-
lutionary state than the density contrast of the rim andlshéke
observed velocities (reaching 50 km'snear the outer edge) are
somewhat large compared to the model values.

The issue of high observed expansion velocities is addiesse
by Schonberner et al. (2005), who shows that velocitiehayeer
if a steeper initial density distributiom, < »~%, is assumed. Our
expansion velocities, compared to Fig. 12 of Schonberhed.e
(2005), indicate values af = 2.5 for He 2-436, andx ~ 3 for
the other two objects. This density distribution is expddtem an
AGB wind which increases in time.

We note that both the Torun models and the Schoenberner
models are one-dimensional. This is a significant limitafiar in-
trinsically 3-d objects. Observed structure in the velpfiéld, such
as found in Wray 16-423, may result from averaging over tiffe
directions. The derived parameters in the Torun models:agee
expansion velocity, dynamical age and mass, have been stwown
be robust against assumptions regarding nebular strydiutesf-
fect such as turbulence are not. Three-dimensional kiriemmatd-
els are being developed (e.g. Morisset et al. 2005) but frdrdr
dynamical models are still restricted to 1-D.

6.6 Evolution

Both stars and nebulae are consistent with an evolutiomapyence
where He-2436 is the youngest, Wray 16-423 more evolved and
StWr2-21 is the most evolved nebula, but where the initialdto
tions were very similar. The dynamical ages (Table 3) clesinbw

this sequence; the nebular radius increases whilst theétdeinsps

and the ionization front moves out. For StWr 2-21, veryditf the
mass is still neutral.

The IRAS detection of He 2-436 (Zijlstra & Walsh 1996) also
shows this object to be young with strong heating of the dust i
proximity to the star. The absence of an IRAS detection fer th
other two objects is consistent with their much cooler eigubc
dust.

The comparison with the hydrodynamical models, especially
based on the velocity fields, suggests that the AGb massdoss

increased with time, and reached peak values ¢H~* Mg yr—?.
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6.7 Abundances

Abundances for the Sgr PNe are listed in Table 6. Values f&-He
436 and Wray 16-423 are from Dudziak et al. (2000). StWr2-
21 abundances are from the models discussed in Section 6.1
The carbon abundance, based on the C Il recombination line at
4267,5\, is uncertain. The Cloudy model indicated lower abun-
dances for StWr2-21, by about 0.15 dex. We consider the fully
converged NEBU model as more accurate, but either modelshow
that StWr2-21 has higher abundances than the other PNe.

We also give abundances for BoBn 1. Unlike for the other Sgr
PNe, arelatively good IUE spectrum is available for this RbLn-
dances of BoBn 1 have been obtained by Howard et al. (1997) fro
models. However, for consistency with the other three PNe, t
abundances derived from a two-sector NEBU model worked out
by Péquignot (unpublished) are quoted in Table 6. The N, ® an
Ne abundances are in excellent agreement with a recent Eempi
tion by Perinotto et al. (2004) (who do not provide S and AheT
NEBU results on the other hand differ somewhat (but for déffe
reasons) from either Howard et al. (1997) or the re-coripitaby
the same group (Henry et al. 2004).

Table 6 shows the elemental abundances relative to the solar
abundance of Lodders (2003). These abundances have besn und
discussion, and a downward revision to [O/H] =8.66 has been p
posed (Asplund et al. 2004). This revision has problemsodpr-
ing the known depth of the solar convection zone (Basu & Antia
2004).

The two previously analyzed PNe have identical abundances,
which agree well with those of the carbon stars of Sgr. St\®t 2-
has a higher abundance. BoBn 1 has a complicated abundance pa
tern. This is an extraordinary object in that the neon abnoe&x-
ceeds that of oxygen. Such an abundance pattern can onlysecta
by dredge-up of nuclear-burning products. The neon enlmagice
may indicate that the star has suffered a Very late ThermksiePu
(VLTP), similar to for example Sakurai's Object (Hajduk dt a
2005). Alternatively, binary coalescence can be consitleZeN,O
and Ne cannot be used to constrain its progenitor abundémsie:
high abundances reflect their formation within the stag(fgnot
et al. 2000; Péquignot & Tsamis 2005). However, both théusul
and argon abundances of the PN indicate that [FefH}-2 and
possibly as low as-2.3, considering that, for low metallicity stars,
[Fe/H] tends to be a few 0.1 dex smaller than [Ar/H] (e.g. @hyr
et al. 2004).

The [S/O] of the three PNe in the core of Sgr-d.60 for
StWr2-21, and-1.70 and—1.77 for the other two objects. This is
close to but perhaps a little lower than the solar valuedistérable
6 (—1.59: the revision of Asplund et al. (2004) would give an even
higher solar ratio). Caffau et al. (2005) present sulphundances
for five stars in Terzan 7, a globular cluster in Sgr with a rtietyy
similar to He 2-436 and Wray 16-423. They find [SEO]-1.71,
identical to our result. Sulphur and oxygen are both prodine
massive supernovae, but the lower ratio in the lower meillob-
jects may be due to primary oxygen production in low-metifi
AGB stars (Péquignot et al. 2000).

7 DISCUSSION: THE SGR GALAXY
7.1 Sgr Luminosity

We can estimate the luminosity of the Sgr galaxy from its Pdie p
ulation. The specific frequency of PNe is fairly well detemsrd
within the Local Group: Magrini et al. (2003) findg N (PN) =
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log Lv — 6.92, in solar units. This predicts for Sgr a value of
Lv = 1075 L, or My = —14.1, provided the PNe population in
Sgr is now reasonably complete. The lack of PNe near theecehtr
Sgr may raise doubt on this, however the centre is also lgdkin
globular clusters. Majewski et al. (2003) derive, = —13.27 for
the main body, assuming a King profile. We confirm their suepic
that this underestimates the total luminosity.

Assuming a mass-to-light ratio of 25-50 (lbata et al. 1997,
Majewski et al. 2003), the total mass of Sgr becomés= 1-
1.5 x 10° M. This is close to the minimum value required for
its survival up to the present (Ibata et al. 1997). The faat tme
PN is found in the tail makes it likely that the tails accouot &
significant fraction of the Sgr mass, but not a dominant foact

7.2 Theenrichment history of Sgr

StWr2-21 shows noticeably high abundances compared to He 2-
436 and Wray 16-423. The identical abundances of the latigr s
gest their progenitor stars formed in a single, major stamftion
burst which took place in a well-mixed ISM. The burst has been
dated at 5Gyr ago, based on the AGB colour, and breaking the
age-metallicity degeneracy with the PN abundances (Dldial.
2000).

Evidence for a more metal-rich population was presented by
Bonifacio et al. (2004), based on spectroscopy of 10 redtgiars.
They derive [Fe/H} —0.25. This is in agreement with StWr 2-21,
for which we find [O/H]= —0.23. The high metallicity suggests a
recent star formation event. The last major burst of stané&tion in
Sgr occured between 0.5 and 3 Gyr ago (e.g. Layden & Sarajedin
2000); Bonifacio et al. (2004) date it at 1 Gyr or less. (Mdrart
one event may have occured.) Assuming 1 and 5 Gyr, progenitor
masses for the PNe would be 2.2 and\.c3 respectively.

The fact that only one of the PNe shows this high metallicity
does not agree with the finding of Bonifacio et al. (2004) that
large majority of their stars shows the higher metallidijowance
should be made for the small number of objects in both surveys
The difference could also be related to the location of the&irs:
Bonifacio et al. (2004) surveyed a region located midwayvben
the core region of Sgr and the three PNe. Bellazzini et aD§20
find that the large majority of the Sgr population has a mietgfl
in the range [M/H] =0.4—0.7 and an age o8.0 & 1.5 Gyr. The
more metal-rich, younger population traced by StWr2-21 maty
be uniformly distributed.

All four PNe are strongly carbon rich. The morphology of the
Sgr dwarf has been traced extensively with M giants (Majéwsk
et al. 2003; Bellazzini et al. 2006). However, the PNe confinat
even for the most metal-rich and youngest population, 3edigi-
up causes the AGB stars to evolve into carbon stars.

BoBn 1 derives from a much more metal-poor population. The
existence and significance of such a population in Sgr is sHow
the metal-poor clusters M54 (which may be the nucleus of &u)
Arp2 have metallicity [Fe/H]=-1.8 (Layden & Sarajedini 2000),
and Ter 8 is reported as [Fe/H}=2.0 (Layden & Sarajedini 1997).
The RR Lyrae population also shows a minor but significantpop
lation with [Fe/H]S —2 (Cseresnjes 2001). BoBn 1, if its associa-
tion with Sgr is confirmed, may derive from this earliest plagion
of Sgr.

7.3 Evolution of Sgr

The abundance distributions of Dwarf Spheroidal galaxedyd-
ing Sgr, differ from dwarf irregular galaxies of similar limosities.
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Table 6. Comparison of abundances, given on a logarithmic scaleemier 12.

Elem. Wray 16-423 He 2-436 StWr2-21 BoBn 1 Galactic Sular Wray-©® He2-® St-® BB-® GPNe-®
PNe

H 12.00+.00 12.00 12.00 12.G60.00 12.0@t.00 12.00 - - - - -

He 11.03t.01 11.03:.01 11.00 11.01 11.85.03 10.99 +0.04 +0.04 +0.01 +0.02 +0.06

C 8.86+.06 9.06t.09 9.00: 8.83 8.8%.30 8.46 +0.40 +0.60 +0.54 +0.37 +0.35

N 7.68+.05 7.42+-.06 7.88 7.84 8.14.20 7.90 -0.22 -0.48 -0.02 -0.06 +0.24

o 8.33£.02 8.36£.06 8.53 7.75 8.6%2.15 8.76 -0.43 -0.40 -0.23 -1.01 -0.07

Ne 7.55£.03 7.54+.06 7.72 7.83 8.18.15 7.95 —-0.40 -0.41 -0.23 -0.12 +0.15

Mg 6.98+.30 - - - 7.62 —-0.64: - - - -

S 6.67-.04 6.59t.05 6.93 5.16 6.9%1.30 7.26 -0.59 -0.67 -0.33 -2.10 -0.35

Cl 4.89t+.18 - - - 5.33 —0.44: - - - -

Ar 5.95+.07 5.78t.08 6.10 4.46 6.38.30 6.62 -0.67 -0.84 -0.52 -2.16 -0.24

K 4.65+.22 - - - 5.18 —-0.53: - - - -

@ Mean composition and scatter for non-Type | Galactic PNeg@&burgh & Barlow 1994))

b Solar system abundances are from Lodders (2003)

Both contain old stars of very low abundances (which in dwrarf
regulars show a more spheroidal-like distribution: Min&itZijl-
stra 1996). But whereas younger stars in dirr galaxiesasglat low
abundances, with a strong relation between [O/H] and gdlaxy
nosity (Pilyugin 2001), for dSph galaxies younger starsracee
metal-rich (Grebel et al. 2003). For galaxies of similar snasd
luminosities, the dSph galaxies have a dominant populatiich
is much more metal-rich than do dirr galaxies (e.g. Mated3)99
Different reasons have been suggested: more efficientreneict,
less infall of unprocessed gas or a large amount of tidgbstrg
(Grebel et al. 2003). dirr galaxies may have low efficienceim
richment due to blow-out of stellar ejecta by supernovaehey
may benefit from continuous infall of unprocessed extractid
HI. dSph galaxies may have lacked any subsequent gas ibésgh (
den & Sarajedini (2000) argue for a closed-box chemicalidian

box model. All these points are consistent with the propsertif the
dSph galaxies, including Sgr.

A second possiblity to be considered is that the dSph cagture
gas from the Galactic halo. Assuming that the halo contameser-
voir of cooling gas originating from a Galactic Fountain,aaxy
in orbit within the halo can be expected to capture some af thi
gas. This can explain the very high metallicities, as the gak has
metallicities appropriate for the host galaxy. In comhiomtwith
the self-enrichment scenario above, this would give an éxster
increase of metallicity with time. It is noticeable that thetallicity
of the most recent star formation event in Sgr has a metg|lias
shown by StWr 2-21, not below that of regions of the outer Giada
plane.

We finally note the similarity with the Fornax dwarf, a galaxy
with similar mass and properties to Sgr. It also shows eviden

in Sgr). Present dSph systems may also have had a much highefor an extended star formation history with increasing rieta

luminosity/mass in the past with the present galaxy being an
remnant of the original system. It is however likely that taeise is
related to the location of the galaxies: dwarf spheroidegsfaund
near large galaxies while dwarf irregulars are more isdlate

The ISM in which the recent star formation of Sgr occured
is unlikely to have been original. The orbit of Sgr takes ibtigh
the Galactic plane, outside the solar circle, every 1GyrooiThis
is believed to be a possible cause of sudden star formatimtishu
but the passage will also strip Sgr of its gas. At presenetieno
evidence for ISM within the main body of Sgr although strigpél
has been found along its orbit (Putman et al. 2004).

Two sources of ISM renewal can be considered. The first is
mass loss from stars, as traced by the planetary nebulaehiidee
PNe in the main body of Sgr suggest a current stellar deaghofat
about10~3 yr~!. For progenitor masses of 1.3-1.5:Mand stel-
lar remnants of 0.6 M, the mass return rate to the ISM becomes
5 x 107" Mg yr~'. Over 1 Gyr, the approximate orbital period of
Sgr, the ISM can reack 10° M, which may be sufficient to trig-
ger star formation. In the absence of significant rotatiomestel-
lar population, this lost mass will congregate in the pasgntell.
Thus, the next star formation event will occur near the eeotithe
galaxy, as is observed in Fornax (Saviane et al. 2000). Asrilge
inal low metallicity ISM has been preferentially removeke ten-
richment efficiency will be considerably higher than in thesed-

ity. Both the old and the youngest population {at2 10® yr even
younger than Sgr) have similar metallicity to their coupgets in
Sor, [Fe/Hl= —0.4, to —2.0 (Saviane et al. 2000). Fornax has suf-
fered much less ram pressure stripping and tidal strippiog the
Galaxy, being in a much more distant orbit. This suggeststhea
fast chemical evolution is not dominated by gas removalufho
ram pressure. Instead gas accretion, or lack thereof, nieg tihe
evolution. Enrichment in Fornax and Sgr may have been aecele
ated by a lack of an external source of metal-poor gas (asa@dp
to isolated dlirr galaxies), or by accretion of enriched gg=eted

by our Galaxy.

The origin of the difference in enrichment history between
dSph and dirr galaxies is still an enigma (Grebel et al. 2003)
is worth testing whether the isolated transition galaxiesMeen
dirr and dSph, such as Phoenix, happen to be located in egfon
a low density of accretable, non-enriched gas.

7.4 Thetidal tails

The tidal tails of Sgr encircle the Milky Way Galaxy in a corapl
cated pattern. The system clearly has had a long historysofigh
tion. The models of Law et al. (2005) show how different pafts
the tails trace different distortion events.

The Sgr tidal tails are an important, but not dominant, dentr
bution to the Galactic halo. On statistical grounds, Beiiaizet al.
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(2003) argue that 4 of the 35 halo globular clusters shoulthked
with Sgr debris. Since approximately 10 halo PNe are known, o
finding that one of these (BoBn 1) is a tidal member of Sgr igie |
with the globular cluster fraction.

Bellazzini et al. (2003) do not consider the globular cluste
beyond 60 kpc, as falling beyond the apogee of the Sgr orbit. B
the tidal streams are found out to 80-100 kpc (Law et al. 2005)
and at least one of their discarded distant clusters (NGG)i61
attributed to Sgr debris (Newberg et al. 2003). No halo PNe ar
known at anywhere near such distances, possibly becaua@of f
ness.

The tidal tails trace the older, metal-poor population of Sg
(Alard 2001; Bellazzini et al. 2002), as shown by its RR Lystars
(Cseresnjes 2001). (Bellazzini et al. (2006) argue thaditimeinant
metal-rich population should also be distributed aroursl ttdal
tails.) The globular clusters indicate that the [Fe/H] df tinlal tails
is around—1.5 to —1.9. This population becomes dominant in the
tails because of the age-metallicity gradient: the eadigtuptions
affected the older, less metal-rich population.

Within the Local Group, populations with [Fe/i] —1 show
indications for a deficit of PNe (Zijlstra 2004; Magrini et 2D03),
related to a lower mass-loss efficiency on the AGB. This weuld
hance the fraction of peculiar objects (e.g. VLTP nebutaeyhich
the formation rate does not depend on metallicity), to whuiate-
gory BoBn 1 likely belongs.

8 CONCLUSIONS

The main points of our study of the PNe population of the $agit
ius dwarf spheroidal galaxy can be summarized as follows.

1. Two new PNe are discovered in Sgr, bringing the total num-
ber to four. One is located in the leading tidal tail, the ottieee
are located in the main body, south of the main centre of Sge. T
PNe population (assuming the sample is complete) indicatedh-
solute visual magnitude af/y = —14.1 for Sgr, including its
leading and trailing tails. A stellar death rate i6f > per year is
derived.

2. HST images of the three PNe in the main body of Sgr show
very similar, bipolar morphologies, consisting of a dersguato-
rial torus and lower density, more extended polar regiohss fiype
of morphology is also common among Galactic PNe, and thexefo
the origin is unlikely to be dependent on metallicity-degemt ef-
fects, as would be expected if planetary companions pratiglan-
gular momentum required for the equatorially-enhancedbsnitss.
Whereas for strongly bipolar PNe it has been argued thay eler
jectis the product of a unigue evolution (Soker 2002), ferrttildly
bipolar nebulae a single cause is preferred.

3. Analysis of the central stars shows that all are on the-post
AGB track, prior to entering the cooling track. The effeetiem-
peratures are betwe&x 10* and1.1x 10° K, and masses are close
to 0.61 M. Post-AGB ages are between 1000 and 5000 years.

4. All three analyzed PNe show WR emission lines, with early
subclasses of [WO 2] to [WC4]. WR-type central stars of PNe
form a minority population among Galactic PNe. Their proemoe
in the Sgr galaxy suggests that the progenitor star chaistote
(mass, metallicity) determine the occurence of such stdrs is
in contrast to models where the (random) timing of the lasstrttal
pulse is the crucial factor.

5. Photoionization models for the three PNe with HST images
yield abundances of [O/H} —0.23 for one object and [O/H:
—0.55 for the other two. The first object confirms the reality of
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the metal-rich population uncovered recently by Bonifagtcal.
(2004), and suggests it accounts for a substantial parteoStr
stellar population, albeit not its majority. The identielundances
of the other two objects argue for a short-lived burst in diweked
ISM: this burst has been dated at 5 Gyr ago. The higher metslli
object may date from a burst roughly 1 Gyr ago. The fourthabje
BoBn 1, located in the tidal tail, has very unusual abundsiacel a
non-standard history, but a progenitor metallicity of [fet —2is
indicated. This object may belong to the oldest populatioBgy.

6. The mass-weighted expansion velocities are similardaseh
of Galactic PNe, and show no indication of a metallicity effe
Kinematic ages and core masses are derived: all three slhjece
similar core masses of around 0.6, MThe age—velocity relation,
compared to hydrodynamical models, suggest a steep ibéraity
distribution, ofp o ~3. This indicates that the preceding AGB
stars showed mass-loss rates increasing with time.

7. The ISM reformation rate of Sgr due to stellar mass loss is
5% 107% Mg yr—!. This amounts ta0° M, over one orbit, which
may be sufficient to trigger renewed star formation.

8. The steep metallicity-age gradient, and the very high re-
cent abundance, must be due to a combination of strippinglef o
ISM from Sgr, with enrichment from its own stellar mass |08se
fact that Fornax, which is in a much wider orbit around theklil
Way, shows very similar recent enrichment, may indicaté rdva-
pressure stripping is not the dominant effect. We suggesettcre-
tion of gas originating from the Milky Way may play a role. Elis
based on the fact that the most metal-rich population hastalme
licity not too different from that of the outer regions of thlky
Way Galaxy.

9. We finally note that He 2-436 provides the sole direct detec
tion of dust in a dwarf spheroidal galaxy, to date.
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