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Abstract. Planetary nebula axial ratios have been used to in- Before being able to assess the viability of such mecha-
vestigate the intrinsic structures of sources having elliptical nisms, however, itis clearly desirable to know something of the
circular morphologies, using methods previously applied to érinsic structures of these sources; a problem which is, as it
liptical galaxies. The results appear to indicate that most sucins out, far from easy to resolve. Although it is likely that
nebulae have intrinsic axial ratigsn the range 0.92:0.75, and bipolar sources do indeed possess intrinsically bipolar struc-
that gradients of surface brightness with axial ratio are most cdures, collimated by circum-nebular disks, and that most ellip-
sistent with oblate shell structures. It remains possible howewgral/circular structures derive from spheroidal nebulae, it is far
given the uncertainties in the analysis, that many circular fstom easy to establish whether this is unambiguously the case
ellipsoidal planetary nebulae also have prolate configuratiofar all such nebulae. One method for determining PN structures
Whilst there may be evidence for an evolution of axial ratio wits, for instance, to combine kinematic and morphological data to
nebular radius, there appears to be little variation with Galaarrive at self-consistent solutions (Weedman (1968) and Wilson
tic latitude. This would suggest that nebular asphericities gE958) represent two early and more general analyses of this
not, in the main, dependent upon interaction with the interstgpe, although a multiplicity of individual source studies have
lar medium, and that the variation of axial ratio with progenitalso been undertaken (see for instance the discussion of NGC
mass is also quite low. 6720 below)). Such methods are however far from fool-proof,
and have been applied to only a limited proportion of sources.
Key words: ISM: planetary nebulae: general — ISM: structuréThese analyses are also dependent upon model assumptions;
they often presume for instance that the velocity of expansion
is proportional to nebular radius. Such assumptions may be ap-
1. Introduction plicable to certain nebulae, but less relevant for the generality

of sources.
Investigations of the morphologies of planetary nebulae have a case in point - and one which emphasises the uncertainties

revealed as many as 17 differing categories of shell structufgs,ch analyses, and the way that our understanding of shell
ranging from classically circular sources (a quite rare commaglyctures may evolve with time - is that of the well-known
ity as it turns out) through to bipolar and irregular nebulae (e.,gﬂg nebula NGC 6720. Its morphology may at first sight ap-
Kromov & Kohoutek 1968; Greig 1972; Zuckerman & Allefpear to imply an intrinsically spheroidal shell structure, and
1986; Schwarz et al. 1993; Manchado, Guerrero & Stanghellijis was indeed suggested by Gurzadyan (1970), Atherton et
etal. 1996.)-. o . ) al. (1978), Curtis (1918) and many others. More recent inves-

The origins of these differing morphologies remains a ma{yations however have suggested that the bright optical ring is
ter of speculation, although it is possible that bipolar sourcgg-Jike (Lame & Pogge 1994), and that this disk is collimating
derive from progenitors within binary systems (Bond & Liviog pipolar flow oriented along the line of sight (Bryce etal. 1994).
1990); where stars are engirded by planetary systems (Sap@interesting however to note that certain of the evidence used
et al. 1991); or perhaps through the action of magnetic fielgs jeduce the toroidal structure (high ring/centre intensity ra-
(Pascoli 1987). Alternatively, it seems possible that ellipticgbs in low excitation lines) is inconsistent with the variation
shells may arise through the coupling of low mass companigsintensities and kinematics for higher excitation transitions
(large planets or brown dwarfs) with superwind outflows (SOKE)étherton et al. 1978; Kupferman 1983), and may be miscon-
1992), or through the effects of stellar rotation, together wittsived (Phillips & Reay 1980). Unresolved filaments and sheets
shocks and/or photospheric dust condensation (Asida & TugRay ead to precisely similar outcomes. It is therefore possible
man 1995; Dorfi & Hofner 1996). An attempt to explain globahat our understanding of this source will be found to have fol-
properties in terms of ejection mechanisms has been outlingded a closed loop, and that the source is as it first appeared (a
by Balick (1987). spheroidal nebula).
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Placing the doubts concerning this particular source to of981), Fasano & Vio (1991) and others. This will not however
side, it seems likely that many bipolar nebulae are indeed belrggemployed in the present analysis.
viewed pole-on, and that certain ellipsoidal or circular nebu- In the following, therefore, we shall be intent to determine
lae may represent disks. Given however that most nebulae laog/ far such methods, so successfully applied to galaxies, may
circular or elliptical (2/3 of sources in the IAC Morphologicaklso be used to investigate the structures of planetary nebulae.
Catalog are so (Manchado et al. 1996)), and that the proportide shall show that the range of intrinsic axial ratids mod-
of highly elongated sources is proportionately low, it seems thesgt, and that shells are most likely to be oblate - certainly, such
most PN are more likely to be spheroidal (see also our latslutions would seem to offer the best fit to observed trends.
comments). However, it will also become clear that it is less easy to discrim-
This, in turn, introduces another area of uncertainty. Whilstate between prolate and oblate shells than was the case for
many models of PN formation would favour oblate shell strugralaxies, and that the analysis of PN structures is a significantly
tures (certainly those postulating stellar rotation or planetary imore complex undertaking.
teraction as the dominant shaping mechanisms), others favourFinally, we shall use the data to investigate evolutionary
explanations in terms of prolate shocks and shell structures (érgnds in ellipticity, and the possible influences of the ISM and
Livio et al. 1996; Balick et al. 1987). There is kinematical eviprogenitor mass in leading to shell asphericities.
dence to favour both of these options, and it is just as possible
(given the observed morphologies) that PN shells are intringi- Observational data set
cally oblate or prolate. It might even be possible that certain .
ellipsoidal shells arise from tilted cylindrical shells (see for iné-1- OPtical data base

stance Volk & Leahy (1993)) - although such cases might alteffe have assessed axial ratios for some 204 nebulae, based (pri-
natively be explained in terms of evolved prolate structures, iarily) upon imaging published by Manchado et al. (1996),
which the major axis limits of the shells are faint, or have begrerek & Kohoutek (1967), Schwarz et al. (1992), Bassgen et
disrupted and removed by interior nebular winds. al. (1999), and upon more than 70 images deriving from the

This ambiguity (whether shells are prolate or oblate) engeRST (see for instance Hajian 1999). We have selected images
dersasense ofdejavu, sinceitis precisely such uncertainties ifidch appear well resolved, and derive (where possible) from
used to inform studies of elliptical galaxies. In fact, and as W&posures in H or H 3; images, that is, which are likely to
now know, many elliptical galaxies may not be axi-symmetrigrovide an accurate indicator of structure within the primary
so much as triaxial (Fasano & Vio 1991; Merritt 1992). Neveipnised mass.
theless, the methods employed to investigate the oblate/prolateThere are various deficiencies in this data, and it is as well
ambiguity in galaxies may also be applied to PN. to make these clear from the beginning. The first of these is that

There are at least three main ways in which this may b@hough the sources selected are usually very much greater
undertaken. In the first of these, one may “deconvolve” the ofr size than the seeing disk (at least, so far as can be assessed
served distribution of axial ratios by assuming random orientgom images of neighbouring field stars), it remains possible that
tions of the PN to the line of sight; a procedure which has beggrtain of the smaller sources may be “rounded” somewhat; that
outlined by Mihalas & Binney (1981) for galaxies, and appliegxial ratios in a small proportion of the sources may be greater
with varying degrees of sophistication by Sandage et al. (197fhan is intrinsically the case.

Ryden (1996), and Tremblay & Merritt (1995). By bringing an  The second problem is that HI images are not available for
armoury of statistical weapons to bear upon this question, sughof the sources; indeed, the greater proportion of the images
authors have claimed to show that the intrinsic distribution gfsed here are based upon broad-band exposures, or upon expo-
ellipticities would be non-physical were galaxies spheroidal ag@lres in other ionic transitions (such[a8l] or [OlI1]). Whilst
axi-symmetric (i.e. prolate or oblate). In reality, however, we atRe axial ratios of many of the sources appear invariant with
inclined to believe that this procedure is of itself unsatisfactofynic transition, this is not true in all cases; a few sources (and
(at least, it would be so where it is applied to PN); the rangfe may cite A78 and NGC 3587 (“The Owl") as typical cases)
of data which determines whether sources are, or are not &fipear to have slightly differing axial ratios in differing tran-
symmetric is quite small, and represents but a small proportigifions (e.g. Manchado et al. 1996a difference which may

of the total data set, whilst errors in observed axial ratios ma¥ enhanced through Varying shell intensities and photographic
be appreciable (around 7% or so in the mean; see Sect. 2). exposure periods.

We therefore favour combining this procedure withasecond Measures of independent images for a variety of sources
method outlined by Marchart & Olsen (1979), whereby obseguggests that mean errors in axial ratio are of orser~ 0.07.
vational trends of surface brightness with axial ratio are used to Finally, it should be emphasised that unlike the case of ellip-
distinguish between oblate and prolate model solutions. tjcal galaxies, for which there are a cornucopia of contour maps,

A further procedure, based upon an algorithm publishggere are relatively few such maps available for PN; one must
by Lucy (1974), attempts to fit solutions for the distributioRely on non-systematic data bases of CCD and photographic
of intrinsic ellipticities by means of an iterative procedure; gnages (although see also our later remarks concerning radio
method which has been applied by Binney & de Vaucouleuigaps). Not only that, but it is clear that whilst elliptical galax-

ies display a great structural uniformity (i.e. they display sim-
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ilar trends of surface brightness with radius), this is again not The ratios derived from radio mapping are again not en-
the case with elliptical or circular PN. The latter sources mdiyely free from bias. Thus for instance, although the mapping
be sharp-edged, or fade away gradually with increasing radidata base is appreciable, the number of sources observed with
they may be “filled” structures or ring-like. There is, in brieflow relative beam size is proportionately small. Even in these
a greater variation in PN surface brightness characteristics thatter cases (and particularly where beams are non-circular) the
is observed in galaxies. beams may be such that deconvolution of the results leads to
As noted in Sect. 1, certain of the sources may actually repgnificant changes in axial ratio. We have therefore been care-
resent disks rather than spheroids; and although the proportigiito deconvolve all of the results using quoted beams, and by
of disks is probably low (for reasons also given in Sect. 1) dssuming the beams to have Gaussan cross-sections along any
is clear that they may bias the analysis to be presented belpatticular position angle.
Given for instance that the projected axial ratios of the disks A second problem arises from the limited dynamic ranges
vary as cod), it is easy to show that such sources would leaaf many of the radio maps (i.e. the restricted ranges in surface
to a much larger proportion of sources at low values:@gfv< brightness measured through radio interferometric techniques)
0.5 say) than would be expected for spheroids. compared to equivalent optical imaging. This, in turn, means
Finally, we note that certain nebulae may contain multipthat such maps pick-out out only the brightest parts of a shell,
shells, and it is pertinent to ask which of these envelopesaitd may give a misleading impression of the overall shell struc-
is appropriate to measure. Examples of this phenomenon hawes. An example of this is NGC 7293, where optical imaging
been noted by Chu etal. (1987), Jewitt et al. (1986), Hajian etshows the presence of an oblong (and somewhat disrupted) shell
(1997), and Balick et al. (1992), wherein it would appear thathich is significantly fainter towards the major axis limits. The
many PN are enveloped by faint (and more-or-less circulaggometric configuration of this shell would suggest ratios
symmetric) shells. 0.77. In the radio maps, on the other hand, only the brighter
These outer shells are most likely to arise through priamore complex structure is fully revealed, implying axial ratios
phases of mass-loss along the red giant branch, or multipleich are significantly greate#(0.89).
phases of ejection along the AGB. They have been observedFortunately, a comparison of optical and radio measures of
in only a small proportion of sources, and are not included in(see below) suggests that such biases are relatively infrequent.
the present analysis. The limited dynamical range of the radio maps may also
Afurther type of double envelope structure has been notechirake it difficult to discriminate between spherical and other
sources suchas NGC 7009, NGC 2392, NGC 3242 and so fortebular structures. In the cases of bipolar nebulae, for in-
The secondary envelopes are in this case much brighter thanstaace, it is clear that we are in many cases detecting only the
halos cited above, although they are again fainter than the gmiight (toroidal?) nuclei, leaving the tell-tale outer structures
mary (interior) shells. It seems likely that they arise throudio be missed altogether. Fortunately however, such nebulae can
the recession of ionisation fronts at a turn-around phase in stedually be identified using optical imaging, and appropriately
lar evolution; a period during which the central-star hydrogemeeded-out.
burning layers become exhausted, and ionising fluxes decreaserinally, it is worthwhile pointing out that as for the opti-
(Phillips 2000). We have, for these cases, included axial ratica results mentioned above, the radio mapping is open to quite
for both of the shells, although they again represent but a snsslvere source selection effects; biases which will require in-
fraction of the total nebular data base. corporating in our later statistical modelling (see Sect. 4). We
Finally, it should be emphasised that given the image dgave noted above, for instance, that the optical results are bi-
lection techniques described above, then there will be a based against sources which are very small or large; and these
against intrinsically smaller nebulae (which are too compact¢éomments are even more apposite in the case of the radio map-
resolve) and larger sources (which are too faint to adequatplpg. Fainter (and larger) Abell-type structures are, for instance,
image or detect); indeed, we shall note that most of the presertorded to only low levels of S/N (where they are mapped at
sample lies within a radial rang® log(R/pc)~ 2. Where there all); and indeed, most such nebulae remain still to be measured.
is any evolution in ellipticities (viz. the discussion in Sect. 5Certain smaller nebulae have been resolved through the use of
then this may impose a greater uniformity upon axial ratios théong-baseline interferometry - although even here beam sizes
is in reality the case. are usually such as to preclude a reliable determinatien of
This limited range in shell radii leads, in turn, to a restric-
tion in the nebular mass raeg a constraint which is of great
relevance for our later statistical modelling.
In addition to the optical data cited above, we have sought to In order to investigate the nature of this constraint in more
incorporate the results of radio mapping by George et al. (197dgtail, we note first that root mean square (rms) densities appear
Terzian et al. (1974), Kwok (1985), Basart & Daub (1987}p decline monotonically with increasing nebular radii, and that
Zijlstra et al. (1989), and Phillips & Mampaso (1988); we shathe scatter in this trend is low (cf. Fig. 1, where we show the
later note that the two sets of data (optical and radio) refervariation in n(rms) adapted from Phillips (1998)). It may be
substantially differing collections of sources; the overlap in theoted from Fig. 1 that dlog@frms))/dlog(R)=2 -1.94. This, in
data sets is comparatively small. turn, impliesthat shellmasses vary as log).065log(R), and

2.2. Radio data base
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Fig. 2. The distribution of shell masses for the combined optical ar'qg. 4. Histogram of the observed distribution &(in axial ratiosa,

radio data sample. It should be noted that the zero point of the datg§ether (solid curve) with a sixth order polynomial least squares fit
set arbitrarily at zero

that one may concatenate the two data sets for the purpose of
such arelation can then be used to evaluate the mass distribusi@istical analysis.
of nebulae in the combined optical and radio sample. Finally, we note that where axial ratios are later compared
This mass distribution is illustrated in Fig. 2, where we hav@ radio surface brightnesses, it would seem reasonable to use
used statistical distances and angular radii from Zhang (1998¢ combined radio and optical ratios in such an analysis.
in order to determine R. Note, also, that we are representing It is clear, therefore, that great care should be taken in in-
here the relative variation in shell mass; the zero point of tkerpreting these results, although we believe that they are for
mass function is of no relevance for our later modelling. the most part accurate; certainly the general trends are so. Simi-
It is clear, from this, that most sources occupy a regime @frly, we believe that the conclusions which will be reached are
masses which is quite narrow, and of orddog(M) ~1.6. trustworthy, although the statistical significance of the results is
Finally, a comparison of the radio and optical axial ratid€ss than can be achieved for comparable samples of galaxies.
is illustrated in Fig. 3; where it will be noted that although the
overall data base (optical and radio combined) |r!clud_es SOWI& insic distribution of axial ratios
320 sources, only 31 nebulae are common to both lists (if one ex-
cludes NGC 7293 mentioned above). Several conclusions nidye histogramic distribution in observed axial ratios for circular
be drawn from this comparison. and elliptical PN is illustrated in Fig. 4, whence it is seen that
The first is that despite the caveats outlined above, the ogteak values occur close to0= 0.89, and that there is a long tail
cal and radio estimates afappear in reasonable concordancextending down tax = 0.43. We have fitted this distribution with
Second, it would seem that the agreement is sufficiently secarsixth order least squares polynomial regression curve (solid
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1

we are inclined to view such analyses as futile - at least where
AN "INTRINSIC" VARIATIONS they are applied to PN. Such high axial ratio regimes depend
\ IN AXIAL RATIOS upon far too few data points, and cannot be considered in any
way reliable.

A further point to note is that some of the more highly elon-
gated sources may, in particular, have been mis-classified. This
problem of mis-classification washes both ways however (i.e. a
few sources may be erroneously classified as elliptical, and vice
versa), and in any case affects only a small proportion of the
sources. Our conclusion is that whilst the distribution of sources
havings < 0.55 is unreliable, it is almost certainly qualitatively
correct.

' ’ ' ' ' Taken as a whole, it is apparent that most circular and ellip-
1 0.9 0.8 0.7 0.6 0.5 . . . . . .
INTRINSIC AXIAL RATIO (B) tical PN possess intrinsic ratios lying betwe®n 0.6 and 0.95;

. o S . . a conclusion which represents a useful datum in the proceeding
Fig.5. The distributions of intrinsic axial ratio8 predicted where analysis.

nebulae have oblate or prolate structures. Note that both distributions
(prolate and oblate) are similar, and reasonably strongly peaked about
B = 0.82. The analysis responsible for these curves is based up
normalised version of the function Y illustrated in Fig. 3
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As has been noted by Marchant & Olsen (1979), the trend of

curve), and the normalised version of this curve will be takerface brightness With axial ratioa should be quite different

to represent the observed functior)i{n our later analyses of deépending upon whether galaxies are prolate or oblate; oblate

intrinsic axial distributions. Small deviations between the leagglaxies are expected to yield gradientgdi< 0, whilst gra-

squares fit and histogram are statistically insignificant. dients for prolate galaxies would be positive. The analysis for
The procedure for determining the intrinsic distribution dplanetary nebulae is comparable, although not identical.

axial ratios for a randomly oriented population of spheroids ~ Thus, for instance, the observed axial ratio for a spheroidal

has been outlined by Mihalas & Binney (1981), who note tha@lanetary nebulae will vary as

¢ N(B)prdp o = (cos? O + 3" sin? 9)°
0o 1—=p6va?2 -2
with respect to the anglé between the line of sight and axis

where n =1 and p = 0 fooblate spheroids, @n = -2, p =2 ot nepylar symmetry, wherr = 2, s = 0.5 fooblate spheroids,
for prolate spheroids. The corresponding inverse form of thigq , = -2, s =-0.5 for prolate spheroids. Where the total radio

N(a) =a"

expression is given by (Tremblay & Merritt 1995) or Balmer line emission is given by, it then follows that
4 d P N(a)aldo surface brightness is given throughH Fror/maghg.
N(B) = g 8" \/m a5 \/(% Given that we shall later compare observed axial ratios with
70 F-a radio surface brightnesses, Tt is appropriate also to note that

where m = 1, g = O foroblate spheroids, @m = -1, q = 3 Fror is expected to vary closely asn.2V, where n is the
for prolate spheroids. It should be noted thaaind« are both mean electron density and V is the nebular volume. We shall
defined as the ratio of the minor axis to the major axis (respessume thatydepends upon the harmonic mean nebular radius
tively ; and k in the case of3, and @ and ky for o), and that Rg,, in @ monotonic manner; that is, that o« Rya,” (see

they are therefore both less than unity. discussion in Sect. 2.2); wheregR; is given by (a b;2)%-33
We have used these relations to determine the distributitmn oblate sources, by (#b;)°-33 for prolate sources, andis a
of sources Ng) illustrated in Fig. 5. constant.

As may be seen, the distribution in axial ratios would be What, in general, might be expected for such a model simu-
closely similar where sources are oblate or prolate; the oblééon of surface brightness trends? The first thing to note is that
spheroids being biased %3 ~ 0.03 to lower values com- when a nebula is prolate, thenwould be expected to increase
pared to the prolate solutions. The slight increase i)Mér with increasing projected axial ratie. We have illustrated this
(3 < 0.55 is probably not significant, as is also the case for ttendency in Fig. 6, where we indicate the cases where the axial
negative-going trend wher@> 0.95. The tendency for M) ratio a/b, = 0.4 is constant and only the angle of inclination
to be less than zero at high values/rises because of thevaries (solid curves), and whefle= 0, and @b, varies between
functional relation adopted for M{; a trend which somewhat 0.4 and 1 (dashed curves). The curves have differing gradients,
under-represents sources having 1. A very similar negative but the tendencies are identical; dlag(tl« is in all cases posi-
going trend has also been noted for elliptical galaxies. Whilste. In the case of oblate spheroids, on the other hand, the trends
Tremblay & Merritt (1995) analyse this negative variation in dewould be precisely the reverse, and we would predict values of
tail, and attempt to come to far-reaching statistical conclusiomog(ls)/da which are negative.
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Fig. 7. Variation of surface brightness with axial ratiofor a random

Fig. 6. The variation of surface brightness with axial ratio anticipatesample of 237 model oblate spheroids. The solid line corresponds to a
for prolate spheroids, given that a) the intrinsic axial ratid@ = 0.4 |east squares trend. It appears that both the scatter in results, and mean
is constant, and changes in ellipticity occur through varying anglesgrdient dlog(l)/da are similar to the observed trends illustrated in
inclinationd (solid curves); and k) = 0, but (a/b;) is variable (dashed Fig. 9

curves). Both of these analyses yield positive gradients dlgdd,

with individual curves corresponding to differing relat.ive. shell mass!_ S—
(values of relative mass are indicated as numbers within the graphE 1+
2
© 08t
It is now pertinent to ask what trends are actually fourz OBLATE
where more detailed model simulations are undertaken. We sig 6 T SOLUTIONS SOLUTIONS
assume for the purposes of this analysis that: é
= 04+
a) the model nebulae are oriented randomly with respect to A
line of sight. €021
b) that the distribution of axial ratios is as illustrated in Fig. £3 A
c¢) that the distribution of model masses is identical to that ¢ 0 Ay
the observed sample (i.e. as indicated in Fig. 2). 35 27 19 -11 -03 05 13 21 29
d) that the nebular filling factorsare, in the mean, invariant MODEL GRADIENT

with shell radius. Fig. 8. Distribution of model gradients dlog(Vdo determined using

This last point needs some further explication. The proporti&ﬂ Monte-Carlo simulations of surface brightnesadainst axial ratio

of the nebular volume which is filled by gas depends upOI,]a._Solutlon_s relevant for pr_olate spheroids are indicated by_the b_Iack
._spikes, whilst oblate solutions are represented by the white spikes.

both the small scale structure of the envelopes (the clumpingss . . iy X

€ two curves, one shifted to the right (positive model gradients)

or micro-structure of the shells) and the large-scale or MACLR the other to the left, correspond to the approximate ranges and

structures of the outflows (whether the sources have large wigghyipytions of deduced model gradients. Whilst prolate and oblate
blown cavities, and so forth). There have been claimsdthey  sojutions overlap, it is clear that observed values of diogih are
vary with radius R (Mallik & Peimbert 1988), although it seemgost consistent with oblate solutions

likely that most of these trends are due to errors in the data, and
the ways in which these propagate through to the estimatioen of
(Kingsburgh & Barlow 1992; Kingsburgh & English 1992). The  An example of one such graph (derived for oblate sources)
best current understanding seems to be ¢hatinvariant, and is illustrated in Fig. 7, where the gradient is dlag(tlo: = -2.61.
we shall assume this to be the case in the proceeding analysis. The gradients thus deduced depend upon the size of the
Following the rules outlined above, we have constructeddata base, and the specific (random) sample of data which is
data base of 53,000 prolate and oblate model solutions, aedected; variations between samples can cause wide swings in
randomly selected from these 40 subsets of 237 data poidisg(l,)/d«. This is illustrated in Fig. 8, where we plot individ-
each (corresponding to the total of observed axial ratios foeal gradients determined for the prolate and oblate model dis-
which there are published radio surface brightnesses (see latéijjutions (the prolate gradients are identified by shaded spikes,
20 of the subsets correspond to oblate structures, and 20dblate with white spikes), and least squares solutions for the dis-
prolate structures. Each of the subsets is then used to plot surtaibeitions of the gradients (shaded parabolas); where the shapes
brightness against the projected (i.e. “observed”) axial ratjosof the parabolas are determined from fits to the prolate and oblate
and determine gradients dlog)ida. solutions combined.
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F|g..9. Obs.erved. variation of radio surface.brlghtness.te.mperatfure I:—rig. 10. Variation of observed axial ratios with values of nebular radius
against axial ratiax. Although the scatter is large, this is precisel

what would be expected from a Monte-Carlo analysis (see Fig. 5). Tylﬁken from Zhang (1995). There appears to be a trend for axial ratios to

L : . S jncrease with increasing radius. The solid line corresponds to a linear
gradient is consistent with the presence of intrinsically oblate nebu ar .
structures ast squares fit

an assured trend (correlation coefficients are low), but it would

It would seem, from this, that the gradients/db deter- (if true) bias the trends in Fig. 9 towards the oblate solutions;
mined for prolate models occupy a broad swathe of valuesspecifically, it would of itself contribute a slope dlogido: =
the right of the figure (i.e. towards positive values of the gradil.96.
ent), whilst oblate solutions are located towards negative values Deducting this component from the least-squares trend in
of gradient (i.e. to the left). Itis also clear however that unlike tHeig. 9 would then leave a residual gradient (dIQyfla)r =
case of the galaxies, where both regimes were well separat€d1.
the prolate and oblate parabolas overlap - and that the overlapWe therefore conclude that because of the unique charac-
is appreciable. The possibilities for uncertainty are therefaigristics of PN shells, it is not possible to discriminate between
rife, since oblate nebulae may give rise to gradients which arelate and prolate solutions to the same degree as in elliptical
essentially indistinguishable from those for prolate sources. galaxies. While deduced gradients (dloyda)z = -0.81 are

Itis also clear, on the other hand, that where observed graatiere consistent with oblate solutions than with prolate shell
ents are large and positive (greater, say, than dlp'd@ ~ 1.8) structures, neither possibility can be entirely discounted.
then observed shells would be better explained in terms of pro- We note, finally, that if mass loss rates (and shell masses) are
late solutions; with corresponding negative gradients favouriggeater for higher axial ratio nebulae than more circular sources,
oblate solutions. as has been proposed by Soker (2000), then this might also lead

Given this situation, it is then pertinent to ask what the grée positive gradients in the log(l-« plane. Such a mechanism s
dient of the observed nebular sample is - is it large and positivewever little more than a theoretical speculation, and it would
(i.e. consistent with oblate shells), or more consistent with treniig interesting to see if further evidence is found to support this
predicted for prolate modelling? suggestion.

The answer to this question may be determined from Fig. 9,
where we have plotted observed axial gradients against radia S s
surface brightnesses taken from Zhang (1995). It is clear tﬁatkvolutlon in ellipticities
the scatter in the results is very similar to that deduced frofine variation of axial ratier against nebular radii deriving from
our modelling; it is almost identical to that illustrated in Fig. 7Zhang (1995) is indicated in Fig. 10.

It is also clear that the gradient is dlogfda = -2.77; that is, As may be seen, there is some evidence for an increase in
that gradients are negative, and at the outer limits of the oblatean axial ratio with increasing radius; larger nebulae are, on
solution range illustrated in Fig. 8. the whole, more circular than smaller nebulae.

One might therefore conclude that most nebulae are oblate, We know of no modelling which has attempted to simulate
and that prolate solutions are unlikely to explain observed neduch trends in detail, although such a variation is by no means
ular ellipticities. implausible. Initially oblate shells might well become more cir-

Before jumping to such a conclusion, however, it is as watllar under the continued action of radiation pressure and in-
to consider one further bias which has not so far been condigrior stellar winds; both of which mechanisms are expected to
ered in this analysis. We shall note in Sect. 5 that axial ratibe spherically symmetric.
may increase very slightly with increasing nebular radius, with Such trends should however be treated with caution. Al-
gradients dlog(R)/d being of order 1.04. This is by ho meanshough it is certainly interesting to note this variation, it should
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0.008 where b is less than%nd|«| = 0.847+ 0.019 for b>
15°. There is, in brief, a tendency to greater circularity at larger
latitudes, although the difference is not statistically significant.

It would therefore appear that whilst shell deformation is
relevant for certain nebulae, itis by no means a critical influence
for the majority of PN.

A further factor which may create latitude dependent varia-
tions in« is that of progenitor mass. It is of course well known
that lower mass stars will, in the main, possess larger mean
galactic latitudes than stars of higher mass (see for instance
Phillips 1989). It also appears that certain nebular structures de-
pend rather strongly upon progenitor mass - the most celebrated
case being perhaps that of the bipolar nebulae (e.g. Corradi &
Schwarz 1995).

It is interesting, in this context, to note that Manchado,

Fig. 11. Variation of axial ratioa with Galactic latitude b for all of \jjjqver & Stanghellini et al. (2000) have claimed a dependence

the sources in the present sample. The least squares trend (solid lj
which is marginally consistent with the hypothesis of shell deformatiocpenci

by the ISM, has a gradient with low statistical reliability

BEhebular morphology upon galactic latitude, such that sources
ned by them to have round morphologies have mean galactic
latitudes|b| = 12°, whilst elliptical shells have mean latitudes
|b| = 7°, and bipolars are concentrated towaltojs= 3°.

be pointed out that statistical determinations of radius (similar If this is so, however, and there really is a correlation be-
to those used here) can probably be trusted to no better thagen progenitor mass (and therefore latitude) and the intrinsic
~ 40%. (Zhang 1995), whilst the correlation coefficient for thetructures of such shells, then one must conclude that this too

least squares fit in Fig. 8 is also smalk£r0.24).

6. Influence of the interstellar medium
and progenitor masses upon nebular ellipticities

has left little evidence in the trends of axial ratio with latitude.
It would seem that if the proportion of differing nebular types
changes with b, then the mean axial ratios of these morpholog-
ical types must be broadly the same.

Itis by now well established that certain planetary nebulae, par-

ticularly those which are large and old, are strongly interactinig Conclusions

with the interstellar medium (ISM). It is clear for these cases

that the ram pressure of gas in the ISM, acting upon the PN &ke have determined axial ratiasfor 320 circular and elliptical
velopes, is sufficient to cause marked ellipticity of the outflowganetary nebulae. These data are used to analyse the distribu-
and departures from axial symmetry - as witnessed for instanimas of intrinsic axial ratiog by assuming that the sources are
by central star offsets relative to the nebular shells (e.g. Jacqdvglate or oblate spheroids. We have, furthermore, evaluated
1981; Borkowski et al. 1990; Krautter et al. 1987; Tweedy &eoretical trends of surface brightness withand compared

Kwitter 1996).

these with observed trends, in an attempt to determine whether

Given the likely gradient of ISM density with height abové®N shells are oblate or prolate. Such procedures, previously em-
the galactic plane, it then follows that such effects, whepoyed in the study of elliptical galaxies, appear to imply that
present, should increase towards the galactic plane; that nebkshells are most typically oblate in structure. We find however
ulae with high Galactic latitudes b should be more circular thtktat various simple discriminatory tests, so useful in the case of

those having low values of b.

elliptical galaxies, are significantly less clear-cut when applied

Evidence for related kinematic effects (i.e. retarded expato-planetary nebulae. While the variation of surface brightness
sion velocities towards the Galactic plane) has been outlinedlgywith axial ratio« is expected to differ where shells are pro-

Hippelein & Weinberger (1990).

late or oblate, there is also a considerable overlap in solutions,

The present results are illustrated in Fig. 11, where it maych that gradients dlog{fda may be similar for both types
be noted that there is indeed a slight tendency to lower axadlshell structure. It therefore remains possible that many PN
ratios at low Galactic latitudes (note the least squares fit givehells have intrinsically prolate configurations.
by the solid line). The correlation coefficient is however low, Whatever the nature of nebular structures, on the other hand,
and the significance of the trend not terribly high. A similait would appear that the distribution of axial ratios is likely to be
analysis may also be undertaken for those sources havingtRngly peaked about=0.82, and to extend over a range 0.65
> 0.3 pc; sources, in brief, which are presumably more prore3 < 0.95; although an apparent deficiency of sourcegifor
to such asymmetries. This however yields an almost identi€a®5 reflects uncertainties in the distribution of nebulae having

outcome.

a > 0.95. Similarly, although a certain proportion of outflows

Another way of statistically expressing this conclusion iappear to possess < 0.55, the distribution of Nf) for this

to note that mean axial ratios take the vallies= 0.830+

regime is extremely insecure.
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We note (although at a low level of confidence) that thekewvok, S. 1985, AJ 90, 49
may also be a trend for axial ratio to increase with nebular Lame, N.J., Pogge, R.W. 1994, AJ 108, 1860
radius R; a variation which, if true, would not be unduly suf-ivio, M., Adam, F., Balick, B. 1996, AAS Meeting 188, #38.05
prising. There is however very little evidence for a variation ¢cy. L.B. 1974, AJ 79, 745 N .
o with Galactic latitude b, suggesting that most nebulae, eviégnchado. A., Guerrero, M.A., Stanghellini, L., Serra-Ricart, M. 1996,
those which are quite large, display little interaction with the "¢ 'AC Morphological Catalog of Northern Galactic Planetary
ISM; certainly insufficient to account for observed asphericéj% Nebulae (Spain, IAC)

. - . allik, D.C.V., Peimbert, M. 1988, RMA&A 16, 111
ties. Similarly, it would seem (for the same reasons) that t nchado, A., Villaver, E., Stanghellini, L., Guerro, M.A. 2000, in

deper_ldence of mean axial ratio upon progenitor mass must alsopsymmetrical Planetary Nebulae I1: From Origins to Microstruc-
be quite low. tures, ASP Conference Series XXX, eds. J.H. Kastner, N. Soker &

) S. Rappaport
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