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Abstract. Direct imagery and long-slit, spatially resolved A kinematical study by Sabbadin & Hamzaoglu (1982 a)
echellograms of the high excitation planetary nebula NGC 1568Gggests that NGC 1501 is a prolate spheroid of moderate el-
allowed us to study in detail the expansion velocity field, tHeticity.

physical conditions (electron temperature, electron density, ion- The spectral type of the exciting star is WC4/ OVI
ization) and the spatial distribution of the nebular gas. (Aller, 1976, Tylenda et al., 1993, Gorny & Stasinska, 1995).

An electron temperature of 11500K and a turbulence @he star has a high temperature, betwéenly ey =
18 km s ! are derived by comparing thesHand [Olll] emission 4.91-4.98K (Sabbadin, 1986, Stanghellini et al., 1994) and
line profiles, but large, small scale fluctuations of both thesez Tiyodel atmosphere = 5.13K (Koesterke & Hamann, 1997a).
guantities are present in the ionized gas. Itis loosing mass at a rate 62 x 10~ "Moyr—! (Koesterke &

The radial density distribution shows external peaks up tamann, 1997a) and terminal wind velocities of 1800 or 3300
1400 cn13; they have steep outwards profiles and extended kms ! (Koesterke & Hamann, 1997a and Feibelman, 1998,
wards tails probably originated by Rayleigh-Taylor instabilityespectively).
and winds interaction. It is one of few PNe nuclei showing nonradial g-mode pul-

The complexity of the expanding motions indicates that tleations (Bond et al., 1993, 1996, and Ciardullo & Bond, 1996).
main part of NGC 1501 is a thin ellipsoid of moderate ellipticityi-ollowing the “born-again scenario” proposed by Iben et al.
but the presence of a pair of large lobes along both the maf@®83; see also Bkker, 1985 and Herwig et al., 1999), these ex-
and the intermediate axes and of a multitude of smaller buntpsmely hot, hydrogen deficient stars suffer a late thermal pulse
spread on the whole nebular surface, makes the general Befgcting the hydrogen rich layers and exposing the naked C/O
structure of NGC 1501 like a boiling, tetra-lobed shell. core) after they reached the White Dwarf cooling sequence and

This peculiar morphology can be qualitatively explained iare possible precursors of the short-period GW Vir (PG 1159-
terms of interaction of the slow nebular material with the inten€85) pulsating White Dwarfs. Hamann (1997) and Koesterke &
and fast wind from the WC4/QOVI central star. Hamann (1997b) suggest the evolutionary sequence [WC-late]

— [WC-early] —» [WC-PG1159]— PG1159.
Key words: ISM: planetary nebulae: individual: NGC 1501 Recently we started a long-term observing program aimed
— ISM: kinematics and dynamics — ISM: planetary nebulat investigate the physical conditions and the spatial structure
general of selected PNe through direct imagery and long-slit Echelle
spectra. This article concerns NGC 1501 and its plane is as
follows: in Sect. 2 we present the observational material; Sect. 3
contains the expansion velocity field; the physical conditions
(electron temperature, turbulence and electron density) of the
The little studied, high excitation planetary nebula (PN) NG®©nized gas are analysed in Sect. 4 and the tomographic maps in
1501 (PNG144.5+06.5, Acker et al., 1992) is “a very irregul&ect. 5; in Sect. 6 we describe and discuss the resulting spatial
and patchy elliptical disk, about 56"x48n P.A.=98. The pe- model; conclusions are drawn in Sect. 7.
riphery shows traces of a broken ring formation; the brightest
portions are the edges at the ends of the minor axis. Relatively
faint” (Curtis, 1918).

At least a dozen of distance estimates of this nebula
contained in the literature. They spanin the range 0.9 Kpc (A-1. Imagery
nuel et al., 1984; statistical distance based on the surface radio- _ ) ) _
brightness) to 2.0 Kpc (Acker, 1978; individual distance basdd'® Pest imagery of NGC 1501 available in the literature goes
on the average extinction in the galactic disk) and roughly pe ﬁCk to M'nkOWSk' (1968)' who obtaineddHand [OllI] inter-
around 1.3 Kpc (the value we will adopt in the present paper€rence filter platgs with the Hale Telescope at Mount Palomar,
evealing the intricate nebular structure (but see also Chu et al.,
Send offprint requests t&. Sabbadin (sabbadin@pd.astro.it) 1987, and Manchado et al., 1996a).

1. Introduction

%eObservational material
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Fig. 1.Broad-band R image of NGC 1501 (exposure time 600s, seeigg 2 The same R frame of Fig. 1 after the application of a soft Lucy-
0.78") obtained with the 3.58m lItalian National Telescope (TNG)Richardson restoration (point spread function=seeing, 10 iterations),
North is up and East is on the left. At higher contrast a very fail§nowing in great detail the tangledatstructure of NGC 1501. The
diffuse and roundish envelope appears, extending up'tdi® the  hajoes around stars projected onto the nebula are artifacts due to the
central star. deconvolution.

The superior spatial resolution of HST hasn’t yet been eaments and condensations (“bearing a resemblance to the con-
ploited for NGC 1501, at the moment, only four broad-bandplutions of the brain” is the suggestive description given by
quite underexposed frames of the nebula (taken by Howarhncis G. Pease in 1917).

Bond on September 7, 1995, during a snapshot survey for com-

panions of PNe nuclei) are contained in the HST archives; he- | . .
cause of the low surface brightness of the emitting gas, tf?ée? - High resolution spectra
little add to Minkowski’s Hx plate published in the frontispieceOn December 1998,14500—-800( spatially resolved, long-

of the IAU Symposium N. 34 proceedings. slit spectra of NGC 1501 (+ flat fields + Th-Ar calibrations +

On September 1999, a broad-band R image of NGC 156dmparison star spectra) were secured with the Echelle spectro-
(exposure time 600s, seeing 0'J6vas obtained with the Op- graph (Sabbadin & Hamzaoglu, 1981, 1982 b) attached to the
tical Imager Galileo (OIG) mounted on the 3.58m ltalian NaZassegrain focus of the 182cm Asiago telescope and equipped
tional Telescope (TNG, Roque de los Muchachos, La Palnveth a Thompson 1024x1024 pixels CCD.

Canary Islands) and equipped with a mosaic of two thinned, We selected four position angles: Pq@pparent major axis,
back-illuminated EEV42-80 CCDs with 2048x4096 pixels eaddfter Curtis, 1918), 10(perpendicular to the apparent major
(pixel size=13.5 microns; pixel scale in 2x2 binned mode=0.14«is), 55 and 1453 (intermediate positions). All spectra were

" pix~1). The CCD data array was processed in the usual wegntred on the exciting star; we used the stellar continuum as a
using standard IRAF packages. position marker and to correct the data for seeing and guiding

The appearance of NGC 1501 in the R band, shown in Fig.uhcertainties. The slit-width was 0.200 mm (2&n the sky),
is almost entirely due to & emission; the contamination ofcorresponding to a spectral resolution of 13.5 krh..5 pixel).

[NI] ( AA6548 and 6584\) and of Hel 0\5876,&) amounts to The calibration in wavelength and flux was performed in the
4% and 3%, respectively; other fainter lines contribute for lestandard way using the IRAF Echelle packages.

than 2% (see Kaler, 1976, Stanghellini et al., 1994, and the next Ha and A5007A of [Oll1], the dominant emissions in our
sub-section). spectra, present the same structure in every detail (but not in

Our R image reveals the presence of a diffuse, roundigte line width: as normally observed, the first is broader than
envelope framing the main nebular body and extending up téhee second, because of the larger thermal motions). Besides H
distance of 34 from the central star (this halo is too faint to bend A5007A (and the correlated lines #and \4959A), only
reproduced in Fig. 1). a few, faint emissions were detected, due to the low surface

The application of a soft Lucy-Richardson restoration (poibrightness of the emitting gas; they all mimic tha Eind [OII1]
spread function=seeing, 10 iterations; Fig. 2) to the original ructure. The line intensities, integrated over the whole nebula
frame highlights the bubbly structure of NGC 1501, rich of filand the entire velocity profile, are listed in Table 1; only relative
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Table 1.Integrated line intensities particular, the large H expansion velocity, as large as for the
other lines).
AA) ion I(obs.) I(corr.) More precise informations can be obtained from the detailed
4686  Hell 30 33 analysis of the expansion velocity field at the four position an-
4861 HI 100 100 gles. These are shown in Fig. 3 fonkthe velocity and intensity
4959 [0l 430 400 distributions derived foh5007A of [Ol11] coincide with the Hy
5007 [OIl] 1300 1200 ones; though the [NII] line at6584A is too weak for an accu-
5876  Hel 16 10 rate study, its intensity and velocity trends appear very similar
6560  Hell 10: 4. to those observed inddand [OIl1].
6563  HI 665 285 The Ha radial velocity distributions of Fig. 3 present the
6584  [NII] 24 10

classical bowed shape expected of an expanding shell, but they

7135  [Arl] 22 ! are so inhomogeneous and distorted that a simple model (like
. - a triaxial ellipsoid) is decidedly inadequate to fit all the data.
Table 2. Expansion velocities Note, in particular:
)EA) 1on (eli/P). (fn?es"_lf’l) — the comparable nebular extent at P.A.21perpendicular
to the apparent major axis) and at P.A.2§mtermediate
6563  HI  13.6  80t3 direction):

6584 [Nl 145  84+3

— the noticeable differences in both the expansion velocity
5876 Hel 24.6 82t3

7135 (AN 27.6 8243 field and the nebL.JI.ar structure at P.A._£56nd 143 (be- .

5007 [Ol 351  81t2 ing these two pos[tlon apgles symmetrically arranged ywth

4686 Hell 54.4  79:3 respect to the major axis, we would expect almost mirror
structures for a simple rotational figure);

— the similarity of both the velocity field and the intensity

fluxes are reported here, since the observational conditions (thedistribution at P.A.=10 and 143 (suggesting that one of

sky was stable only at intervals) prevent the accurate calibration the axes of symmetry is projected in PL70).

into absolute fluxes.

The interstellar extinction was derived by Comparing the ob- Moreover, the imagery of the nebula (taken a few months
servedta /Hp intensity ratio with the dereddened value givegfter the spectroscopic material) stands out a further compli-
by Brocklehurst (1971) fof'e = 10*K and Ne = 10* cm™%;  cation: the direction of the apparent major axis of NGC 1501
we obtainc(H3) = 1.05 & 0.10, in agreement with the valuesseems closer to 12Cthan to 100 (the P.A. we used), or to
of 1.1 and 0.96 reported by Kaler (1976) and Stanghellini et ab and 98 (the P.A. given by Pease, 1917, and Curtis, 1918,
(1994), respectiVE|y. respective|y)_

The close resemblance of thetand [Olll] emission struc-  To make easier the interpretation of the velocity maps of
ture and the weakness (or the absence) of low excitation lingg, 3 in terms of an acceptable model, we believe convenient
(in particular, [NII] atAA6548 and 6584 and [SII] atAM6717 the introduction of a parting line at an apparent distance of about
and 67317) indicate that NGC 1501 is an optically thin, density 57 from the central star, separating the “low latitude” ionized

bounded PN. gas from the “high latitude” one.
The “low latitude” velocities are quite regular elliptical arcs
3. The expansion velocity field (i.e. projections of a triaxial ellipsoid), whose tilt is maximum

) at P.A.=10 and P.A.=143, and minimum (but not null) at
The peak separation, measured at the centre of each nebplar-10@ (i.e. close to the apparent major axis). To be no-
emission, gives the expansion velocities contained in Tablegged that the un-tilted velocity ellipse occurs at P80 (cor-
where ions are put in order of increasing ionization potentighsponding to the line of nodes; this agrees with the forego-
For a.II ions (but not HI) 'ghe estimated error n th? €XpansIQAg indication that one of the axes of symmetry is projected at
velocity is essentially anti-correlated to the emission intensitig;s ~17(r). The intensity distribution appears knotty and ir-
the large uncertainty in kicomes from the line broadening dugegylar at P.A.= 55and 100, while at P.A.=10 and 143 it
to thermal motions. _ _ presents two symmetric, extended condensations (as normally

Previous expansion velocity measurements in the nebulagiserved in bipolar PNe).
; —1
back to Robinson et al. (1982, [Olll]) = 78 kms™) and The “high latitude” velocity maps of Fig. 3 are characterized
to Sabbadin & Hamzaoglu (1982a, by an extreme variability: they are faint, extended and asymmet-
2 Vexp(Hat) = 2vep ([O111]) = T6km s71). ric at P.A.=10 and 145, faint, extended and quite symmetric
at P.A.=100, knotty, bright, symmetric and small at P.A.=55

The very low (if any) expansion gradient present in NGC 1501he general impression is that they represent hemispheric bub-
confirms that stratification effects are negligible and sugges$ies protruding from the ellipsoidal region of NGC 1501; in
that the main nebular emission occurs in a narrow shell (notesiome directions (as in the East sector of P.A.=2)0fultiple
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Fig. 3. Ha position-velocity contour
maps observed in NGC 1501 at
P.A.=10 (almost perpendicular to the
direction of the apparent major axis),
P.A.=5%, P.A.=100 (close to the di-
rection of the apparent major axis) and

high lat.
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structures appear, i.e. an external, smaller dome overlaps theSince in NGC 1501 the Hand O layers do coincide, we
internal, larger one. have:

A further, remarkable feature of the “high latitude” zones i 2 2

: . " . s = fIW(H —W([OIIT 2

Fig. 3 is the internal, weak, diffuse emission present at all the FIWH)zora1 ( ])m“_l] _ (_)
four position angles, indicating that a low density ionized g#smean value ofl'e = 11500 + 500K is derived by analysing
Comp|ete|y fills these nebular regions_ both the blue-shifted and red-shiftedvtdnd [O|||] profiles in

In order to decipher the complex gas motion observed e central region of the lines; the spreadlie, only partially
NGC 1501, adetailed analysis of the nebular physical conditiofige to instrumental + measurement uncertainties, testifies the

will be performed in the next section. existence of electron temperature variations within the ionized
gas, although no clear correlation was found with position and/or
flux.

4. Physical conditions The only previousT'e determination in this nebula is re-

4.1. Electron temperature (Te) ported by Stanghellini et al. (1994), who obtairiée=10700 K

. fromthe 4363/5004A [Olll]intensity ratio. Moreover, some sta-

In absence of diagnostic line intensity ratios (e.g. 4363/%00istical works on a large sample of PNe (e.g. Cahn et al., 1992,
of [Olll] and 5755/6584A of [NII]), the electron temperature and Phillips, 1998) adofte=15100 K, based on the strength of
of the ionized gas was derived by comparing theahd [Olll]  the Hell \4686A line and Kaler's, 1986, calibration.
emission line profiles; the basic assumption is that, for a given Having obtainedr'e, the value of {2, + W2,,) can
Te, the thermal motion in H is four times larger that in O (th@e inferred from relation (1); since in NGC 1501 the expansion
former element being sixteen times lighter that the second).velocity gradient is small (see Table 2), it can be neglected,

CAVEAT :This method can be rightly applied to PNe onlgllowing us to quantify turbulent motions in the ionized gas.
if the Ht and O"* layers do coincide (as in NGC 1501, whichpe obtain forW,ubulence @ Mean value of 18 kme from
is an optically thin, high excitation PN). In many cases, thigoth the Hv and [Ol11] profiles, but small scale fluctuations (up
presence of large stratification effects invalidates the results,10km s') are present.
since H and O** are emitted in separated layers expanding A comparison with previous data reported in the literature
in differentways (due to the presence of a gradientin the velocigt PNe gives poor results, because of our “caveat”, of the scarce
field). Similarly, the H and N* line profile comparison fails in bibliography and of the different reduction methods. We recall

medium and high excitation PNe. the analysis performed by Gesicki etal. (1998) on seven PNe, in-
The full width at half maximum (W) of an emission line isdicating that the highest turbulent motions (15 km)occur in
the convolution of different components: M 3-15, anebula powered by a WC 4—6 star. Although this result

is weakened by the evidence that M 3—15 is ionization bounded
(at least in some directions), we agree with the statement of
H?ﬁse authors: “It is possible that nebulae with [WC] central
the existence of a radial gradient in the expansion velocity fieﬁ]t.ars have less _regular velocity fields than the other I?Ne._.. The
A further broadening factor concernsaHits seven fine assumed very high tur_bule_nce may only be an z_approx_lrn_atloq to
structure components can be modeled as the sum of two eq{l%‘[ore complicated situation with strong velocity variations in
adi

Gaussians separated by OﬁMDyson & Meaburn, 1971, and al direction”.
Dopita, 1972).

2 _ 2 2 2 2
Wtotal - I/Vinstr. + Wthermal + Wturbulence + Wgradient (1)

where the last (too frequently neglected) term takes into acco
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100 INorth — PA—10° | Southd ionization andl'e=constant,& Ne? (we implicitly assume the
80 F 11000 constancy of the local filling factog;, within the slice of nebula
60 [ ] identified by the zero-velocity pixel columa; is the fraction
40 = 7500 of the local nebular volume which is actually filled by matter
28 *} /AN VY AT }: 0 with density Ne; the local nebular volume is given by: (pixel
100 EN—FE PA=550 S_WH area)<t, wheret = ’I‘AU/’UeXp).
__ 80F 31000 In short: the zero-velocity pixel column, isolating a slice of
S 60f ] nebula unaffected by the expansion velocity field, establishes a
= gg 3 39500 — direct link between the intensity profile and the ionic and elec-
= 7 VAN U S }: 0 ‘E tron dens.lty distributions, thus gllqwmg us'the detailed a}naly5|s
. 100 CRast PA=10Q0° West] o of the radial gas structure (and ionization) in the expanding neb-
= 80~ 41000 ula.
§ 60 1 Z The Hux zero-velocity column distributions, corrected for
= 38 3 /\ //\ 7200 contamination by the adjacent spectral columns and for seeing
S i VAR VAN }: 0 and gwdlng uqcertalntles (for detall.s,see Sabbadin etall., 2009),
100 ES—| PA=145° N—W1 are shownin Fig. 4; they are normalized to the strongestintensity
80 F 41000 (i.e. the peak in the N-E sector of P.A.=55
60 ] The radial density profile of NGC 1501 results quite com-
40 = 7900 plex; the main features, common at all the four position angles,
28 AN do are the following:
40 =0 0 =0 10 — the outermost parts correspond to the faint, roundish halo
arcsec detected in our R image (representing the vestiges of the

Fig. 4. Relative (left ordinate scale) and absolute (right ordinate scale) Photospheric material ejected in the AGB phase);

radial density trends obtained from ther#ero-velocity pixel columns.

— the density peaks are located in the external nebular regions

Note the steep outwards profile and the broad inwards tail present at (close to the edge of the bright disk visible in Figs. 1 and
all the four position angles (less evident in P.A.2p5

2); their distribution confirms that the main component of
NGC 1501 is a shell of moderate thickness;
— the density peaks show steep outwards profiles;

4.2. Electron density (Ne)

Also Ne diagnostic line ratios (e.g. 6717/ 6781of [SII],
3726/372%R of [Oll], 4711/4740A of [ArlV] and 5517/5537A

of [CIIII]) are absent in our echellograms of NGC 1501. In order
to derive the electron density, we will proceed in three steps:

— inwards tails of different shapes are present at all the four
position angles; their extent seems anti-correlated to the
height of the density peak: small at P.A.25termediate
at P.A.=10, broad at P.A.=145(note the detached struc-
ture in the N-W sector) and at P.A.=10(Mote the jagged
profile).
a) determination of the relativ&e radial trend in the “zero- o ) } ] .
velocity pixel column” (as defined by Sabbadin etal., 2000); Very similar radial density trends are obtained by analysing
b) transformation to absoluf€e values by means of a suitablée [Olll] zero-velocity pixel columns.
calibrator: In order to scale to absolute values the relative electron den-
c) extension of the absolut¥e determination to the whole Sity profiles shown in Fig. 4, we will utilize the direct intensity-
nebula’s slice covered by the slit. Ne (cm~?) relation given by the k zero-velocity pixel column
of NGC 40 (observed in the same nights and with the same in-
Points a) and b) will be discussed here and point c) in the n&gtumental setup used for NGC 1501).
section, dedicated to tomography. We recall that the [SII] red doublet is quite strong in the low
Let's consider a long-slit, spatially resolved, high resolwexcitation PN NGC 40 (Aller & Epps, 1976, and Clegg et al.,
tion spectrum of a typical planetary nebula expanding.gf. 1983), thus an accurate determinations can be obtained

Following Sabbadin et al. (2000), the zero-velocity pixel cofrom the diagnostic ratio 6717/6721(Sabbadin et al., 2000).
umn of an emission line represents the slice of nebula centred From the general expression:

in the plane of the sky crossing the exciting star and having

a depth along the line of sight= rAv/vey,, Wherer is the AnD?F(Ha) = hv/
nebular radius and\v is the pixel spectral resolution. As an 0
example, in the velocity maps shown in Fig. 3, the observed H

. . . we obtain the following relation between the surface bright-
zero-velocity column at each position angle is represented bx a

vertical strip centred at36km s~ (systemic radial velocity of stéejO?f the zero-velocity pixel columns of NGC 1501 and
NGC 1501) and.0km s~ * wide. '

At every position along the slit, the intensity in the zeroNe; IVexp 17y D€y 2 05 /ey 04
velocity columnis proportional t/ e Ni; inthe case of complete e, — (Izvexpzr’{D161,1) <T61>

R

/(Jég,g N(H")Needmrdr 3

(4)
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where the suffixes (1) and (2) referto NGC 1501 and to NGC 4€lpn above, theV(H*) tomographic maps coincide with the
respectively/ is the Hx intensity in a pixel of the zero-velocity Ne ones (but for a scaling factor of 1.1). The same situa-
column (corrected for interstellar extinctiony, is the apparent tion occurs forN(O**), but in this case the scaling factor
nebular radiusD is the distance ang is the local filling factor is 3.67 x 102; in fact, the \5007A intensity reported in Ta-
(as previously defined). For both nebulae we assunied= ble 1 givesN (O+)/N(HT) = 3.0(£0.4) x 10~* (see Aller
1.IN(HT). & Czyzak, 1983 and Aller & Keyes, 1987). Moreover, the ion-
The calibration through relation (4) gives for NGC 1501 thization structure of NGC 1501 suggests that most oxygen is
absolute radial density profiles shown in Fig. 4, right ordinatioubly ionized, so thav(0)/N(H) ~ N(O*+)/N(H"); to
scale. The following parameters (some taken from the literatut® noticed that Stanghellini et al. (1994) report for this neb-

were adopted: ula N(O*T)/NH*') = 3.72 x 107* and N(O)/N(H) =
NGC 40: c(H%)=0.60, Te=8000K, vex,=25kms™?, 5.7 x 1074

r""=20", D=1.1Kpc. The only previousNVe determination in NGC 1501 dates
NGC 1501: c(H)=1.05, Te=11500K, vex,=40kms™t, back to Aller & Epps (1976), who observed at low spec-

r"’=28', D=1.3Kpc. tral resolution a small region centred’2@rom the star (in

Moreover, we assumed (NGC 40 = ¢(NGC 150) = P.A.=128); they derivedI(6717)/1(6731) = 0.78, corre-
1; in general, this appears to be a reasonable condition; sospending taVe=1200 cnt? (for Te=11500 K). Their direction
particular cases will be discussed later-on. is intermediate between our P.A.=r08nd P.A. =145; at a
The estimated inaccuracy in thée scaling factor is=20%, distance of 20 from the central star we obtain the following
mainly due to our poor knowledge of the PNe distances; fortdensity peaks:
nately, ir] relation (4) the electron density has a low dependance Ne(blue shifted)=900 crm and
on the distance. _ , Ne(red shifted)=1000 cn? in P.A.=100;
We wish to point out that the foregoing method [i.e. the use )
of a PN (NGC 40) as a density calibrator for an other PN (NGC Ne(blue shifted)=700 cm® and
1501)] represents a proceduescamotagewe were forced to  Ve(red shifted)=900 cm® in P.A.=148.

adopt it since the night sky during the observational run was Unfortunately, a more detailed comparison appears haz-
stable only at intervals. A more elegant analysis, based on Hgous, due to the differences in the spectroscopic resolution
“absolute” surface brightness [i.e. formula (3)] will be presenteghd reduction procedure, and, in particular, to the presence of
and discussed in a future paper dedicated to the double envelgp@l scale density fluctuations within the nebula.

PN NGC 2022. The de-projected expansion velocities of NGC 1501 (di-
rectly obtainable from Fig. 5, given the linear position-speed
relation used) span in the range 38 to 55@-2) kms!. The
slowest motions occur in the densest regions at P.A.=t0l

To derive the de-projected expansion velocity field and the réaA.=14%; the combination (high density + low expansion ve-
gas distribution within the slice of nebula covered by the spdocity) here observed suggests that the minor axis of the cen-
troscopic slit, we will follow the original method described byral ellipsoid is projected at P.A17(@ (in agreement with the
Sabbadin (1984) and Sabbadin et al. (1985), and recently aqlications given in Sect. 3). The largest expansion velocities
plied by Sabbadin et al. (2000) to the low excitation PN NG[55(+2) km s~'] correspond to the high latitude, untilted, hemi-
40. spheric bubbles at P.A.=100n this case, the combination (low

The basic consideration is that the position, radial thicknedsnsity + high velocity) suggests that we are (almost) observ-
and density of each emitting region in an extended, exparidg the projection of the major axis of the central figure. Finally,
ing object can be obtained from the velocity, FWHM and fluXrom geometrical considerations, the projection of the interme-
respectively. diate axis can be put at PA30°.

In the case of NGC 1501, the limited number of emissions Fig.5 summarizes most of the observational results given
detected and the total absence of stratification effects acrossithine previous sections, confirming the composite structure of
nebulaforce usto use alinear position-speed relation. Moreowbe nebula: NGC 1501 is an ellipsoid of moderate ellipticity,
from the angular extent of the ellipses fitting the “low latitudetieformed by a pair of large lobes along both the major and
nebular regions in Fig. 3, we will adop{ = 20”7, wherer; is intermediate axes and by a number of minor bumps scattered
the nebular radius in the radial direction at the apparent position the whole nebular surface (in a few cases, see for instance
of the central star (for details, see Sabbadin, 1984). Finally, #ne big “ear” in the N-W sector of P.A.=145the dimensions of
electron temperature of 11500 K and a turbulence of 18km sthese “minor bumps” appear comparable to those of the lobes

5. Tomography

(both constant over the nebula) are assumed. related to the axes of the central ellipsoid).
The adoption of other (reasonable) sets of parameters In Fig.5, the absence of the broad, inwards tail at low lati-
doesn’t substantially modify the results here obtained. tude is probably due to instrumental limitations: intuitively, our

Our tomographic analysis of NGC 1501 mainly concerrechellograms of an extended PN like NGC 1501 have a “spa-
the electron density; th&e structure of the nebula at the foutial” resolution along the slit which is better than the “spectral”
position angles is shown in Fig.5. According to the discusesolution along the dispersion. Due to projection effects, the
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Fig.5. Spatial reconstruction of théve
structure of NGC 1501 derived at P.A.=10
(almost perpendicular to the direction of the
apparent major axis), P.A.=35P.A.=100
(close to the direction of the apparent ma-
jor axis) and P.A.=14% The minimum den-
sity shown isVe=200 cm 3, while the max-
imum density (Ve=1380 cm ®) is reached
by the approaching gas located in P.A.=145
(N-W sector), at an apparent distance of 13
fromthe central star. NGC 1501 being an op-
tically thin, high excitation PN, théV (H™)
° and N(O*") tomographic maps coincide
PA=145 with the Ne ones (but for a scaling factor of
1.1 and3.67 x 10%, respectively).

Pa=100°  Fast S°E

“low latitude” zones (dominated by the expansion velocity fieldjutermost contour of the model is enhanced; moreover, Fig. 6
have a “spectral” resolution, the “zero-velocity pixel columntontains:
has a “spatial” resolution (being unaffected by the expansion
velocity field) and the “high latitude” zones an hybrid resolu-— the directions (A, B and C) of the semi-axes a, b and c of
tion. Clearly, this gradual variation in resolution conditions the the central ellipsoid;
tomographic reconstruction. In other words: we cannot exclude the large lobes associated to the major and intermediate axes;
the presence of a low density, inwards tail also at low latitude- some “secondary” bubbles identified in the spectra and/or
Only deep observations at much higher spectral resolution could in the imagery; due to projection effects, only those at (or
solve the question. near) the nebular edge are detectable;

Having said this, we believe that Fig.5 adequately repro~ the extent of the faint, roundish, external envelope visible in
duces the true matter distribution in NGC 1501, and that the the Hx image.
faint, inwards emissions visible at high latitude do represent the
trace of the original ellipsoidal structure (note, in particular, the Although rare, the peculiar morphology of NGC 1501 is not
sharp radial profile in the high latitude zone at P.A=3Hd unique amongst PNe. A quick look at the main imagery cata-
the detached structure in the N-W sector of P.A.=14#iting logues allowed us to identify three more candidates: A 72 and
the ellipsoid projection). This implies that some acceleratingGC 7094 are faint, high excitation PNe presenting a complex
agent partly swept-up the lower density regions of the triaxifilamentary structure (Manchado et al., 1996a); IC 4642 is quite
ellipsoid, causing both the extended, hemispheric bubbles dnitjht, at high excitation, decidedly tetra-lobed in both the H
the broad, inwards density tails. The final result of this accelnd [OlIl] images published by Schwarz et al. (1992).
eration is constituted by the spatial structure illustrated in the Moreover, Manchado et al. (1996b) introduced the morpho-
next section. logical class of quadrupolar PNe, containing five compact ob-
jects (M 2-46, K 3-24, M 1-75, M 3-28 and M 4-14); these
nebulae present two pairs of lobes, each pair symmetric with
respect to a different axis. A sixth candidate, NGC 6881, was
An opaque sketch of the resulting 3-D model for NGC 1501 a&dded by Guerrero & Manchado (1998). Following these au-
given in Fig. 6, superimposed to the R frame of the nebula. THers, a quadrupolar PN can be formed by precession of the

6. Spatial model
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The most intriguiging characteristic of the matter distribu-
tion in NGC 1501 is the presence of an inwards tail in the radial
density trend; this tail, particularly evident in the directions of
the lobes, can be the result of hydrodynamic processes in the
nebular shell. Following Capriotti (1973; see also Breitschwerdt
& Kahn, 1990, Kahn & Breitschwerdt, 1990, and Garcia-Segura
et al., 1999), in the first evolutionary phases, when the PN is
still ionization bounded, Rayleigh-Taylor instabilities occur at
the ionization front, forming a series of knots, condensations
and radially arranged fingers (see Dyson, 1974, and Bertoldi &
McKee, 1990) which expand slower than the ionization front.

Similar instabilities are produced also by the interaction of
the fast stellar wind with the low velocity nebular material (Vish-
niac, 1994, Garcia-Segura & Mac Low, 1995, and Dwarkadas
& Balick, 1998); in this case the optical thickness of the neb-
ula is unimportant. If confirmed, the extremely large value of
M (log M = —6.28 M® yr—1) derived for the WC4/OVI nu-
cleus of NGC 1501 by Koesterke & Hamann (1997a) using the
standard atmosphere model for Wolf-Rayet stars, would indi-
cate winds interaction as the main responsible of both the radial

Fig. 6. Opaque sketch of the resulting spatial structure of NGC 15Qb ity distribution and the large expansion velocity observed
(superimposed to the red frame of the nebula). The model contains; *his nebula

the directions (A, B and C) of the semi-axes (a, b and c) of the central
ellipsoid; — the large lobes associated to the major and intermediate

axes; — some secondary lobes visible at (or near) the nebular edg@,a—r gas, an intense and lasting mass-loss of hydrogen depleted

the extent of the faint, roundish envelope detected in the R image. S&¢ He, C and O enriched photospheric material would produce
orientation and scale as Figs. 1 and 2. enhanced ionic and chemical composition gradients across the

nebula (as recently observed by Sabbadin et al., 2000 in NGC
40, a low excitation PN powered by a WCS8 star).
Moreover: if winds interaction and/or Rayleigh-Taylor in-

rotation axis of the central AGB star, possibly in the presengabilities are the sources of the inwards tails detected in the
of a binary companion, associated with multiple shell ejectiofiensity distribution of NGC 1501, these tails are essentially
Finally, the general spatial structure derived for NGC 15@pnstituted of knots and condensations; if they survived ion-
(i.e. two pairs of bipolar lobes on axes having different oriefization and/or heating by conduction, we expegtail) <
tations and intersecting at the central star) presents noticeab(&ain shel), whereg; is the local filling factor, as previously
ana|ogies with the model Suggested by Balick & Preston (1ggigflned In other words: the true electron densities in the blobs
their Fig. 4) for NGC 6543. and condensations forming the inwards tail are larger by the fac-
In the case of NGC 1501, the modest departures from t# [e(main shel] /¢ (tail)]>-° than the values shown in Figs. 4
spherical symmetry can be explained in terms of small inhom@?d 5, where we assumegdtail) = ¢;(main shel) = 1.
geneities occurred during the super-wind ejection (for instance, Unfortunately, our observational material is inadequate to
due to stellar rotation), later enhanced by photoionization aii@nsform the previous speculations into quantitative results to
winds interaction (see Dwarkadas & Balick, 1998 and Garcige compared with the theoretical predictions. Detailed, deep
Segura et al., 1999). The introduction of a close companisfidies at higher spatial and spectral resolution of this (over-
(as suggested for NGC 6543 by Balick & Preston, 1987, atfpked so far) PN are needed to answer the stimulating questions
Miranda & Solf, 1992), or even of a binary companion (as préere excited.
posed by Manchado et al., 1996b, for quadrupolar PNe) appears
unnecessary for NGC 1501. 7. Conclusions
Clearly, the tetra-lobed shape is a simplification of the true
spatial structure of this nebula; a close inspection to the obs€he radial density distribution of the ionized gas in the high exci-
vational data indicates that each macro-lobe is constituted dation PN NGC 1501 presents density peaks up to 140G¢m
heap of small components, that some morphological different¢bsy have steep outwards profiles and extended inwards tails
exist amongst the lobes associated to the major axis of thepbbably originated by Rayleigh-Taylor instability and winds
lipsoid and those connected with the intermediate axis, and tirdaeraction.
these lobes are only roughly aligned with the axes of the central By comparing the | and [Olll] emission line profiles we
figure. An extended spectroscopic coverage of the nebula isigrive an electron temperature of 11500 K and a turbulence of
progress, in order to obtain the detailed spatial structure of th&km s !, but large, small scale fluctuations of both these quan-
ionized gas. tities are present in the ionized gas.

To be noticed that, besides the dynamical effects on the neb-



1120 F. Sabbadin et al.: The tetra-lobed planetary nebula NGC 1501

The complex expansion velocity field observed in this nelilegg R.E.S., Seaton M.J., Peimbert M., Torres-Peimbert S., 1983,
ula is fitted by an ellipsoid of moderate ellipticity, deformed MNRAS 205, 417
by a pair of large lobes along both the major and intermedid#ertis H.D., 1918, Publ. Lick Obs. 13, 55
axes and by a multitude of minor bumps scattered on the wh&igPita M., 1972, A&A 17, 165
nebular surface. Dwarkadas V.V., Balick B., 1998, ApJ 497, 267
The peculiar morphology of NGC 1501 can be qualitativel§Y3°" J-E- 1974, Ap&SS 35, 299
explainepd in terms cE)f integrgction of the nebular gas with thel>o" J.E., Meaburn J., 1971, AZA 12, 219
. . eibelman W.A., 1998, ApJS 119, 197
intense and f§1§t wind from the WwcC4/ovi centlral star. Garcia-Segura G., Langer N., Rozycska M., Franco J., 1999, ApJ 517,
The exquisitely observational nature of this paper exempts g7
us for hunting sophisticate evolutionary models; since our raggrcia-Segura G., Mac Low M.-M., 1995, ApJ 455, 160
is finished, we strecth the baton to someone else (hoping to eeeicki K., Zijlstra A.A., Acker A., Szczerba R., 1998, A&A 329, 265
a “modellist” ready to catch it and to put on a winning burst aborny S.K., Stasinska G., 1995, A&A 303, 893
speed). Guerrero M.A., Manchado A., 1998, ApJ 508, 262
Hamann W.-R., 1997, In: Habing H.J., Lamers H.J.G.L.M. (eds.) Plan-
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