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ABSTRACT

We present observations of the motions of the shells of the planetary nebulae NGC 2346, NGC 2371-2,
NGC 2440, NGC 6058, NGC 6210, IC 1747, IC 5217, J-320, and M2-9. These are all “butterfly” type
PNs, and show evidence for bipolar shocks. The observations are interpreted in terms of a fast spherical
wind, driven by the central star into a quasitoroidal envelope deposited earlier by the star, during its
slow-wind phase on the asymptotic giant branch. We show that this model, which is a straightforward
extension of the mechanism we have invoked to account for elliptical PNs, reproduces the essential
kinematic features of butterfly PNs. We infer that the envelopes of butterflies must have a considerable
equator-to-pole density gradient, and suggest that the origin of this asphericity must be sought in an as
yet unknown mechanism during the AGB, Mira, or OH/IR phases of late stellar evolution.

I. INTRODUCTION

A planetary nebula (PN) forms when a star of approxi-
mately solar mass reaches the end of its evolution on the
asymptotic giant branch, and switches from losing mass in a
fairly dense “slow wind” (usually identified with the Mira
and OH/IR stages of stellar evolution) to a mass-loss phase
in which a tenuous “fast wind”’ blows the last traces of excess
material off the stellar core, which remains as a young white
dwarf (see Balick, Preston, and Icke 1987, hereafter referred
to as BPI1987, and references therein).

It was suggested by BPI1987 that planetary nebulae of the
elliptical (E) morphological type (cf. Balick 1987, hereafter
referred to as B1987) can be interpreted in terms of a single
hydrodynamic model, namely one in which the red giant
envelope (RGE), deposited by the central star of the PN
while it was on the asymptotic giant branch, is globally inho-
mogeneous. If the RGE is roughly cylindrically symmetric
and has a mild equatorial density excess, the shocks pro-
duced by the fast wind acquire geometries whose cross sec-
tions range from prolate spheroidal to plump figure-eight
shapes (Kahn and West 1985; Icke 1988, hereafter referred
toas 11988). Hydrodynamic focusing by the inner shock can
produce cool and dense “soft bullets’’ that propagate along
the symmetry axis of the RGE, causing the characteristic
“ansae” seen in many E type PNs (BPI1987; 11988; Soker
and Livio 1988).

The existence of E type planetary nebulae, and the relative
ease with which the BP11987 hydrodynamical model repro-
duces the spectral observations, naturally leads one to sus-
pect that other PN types may be likewise explained, given
appropriate initial conditions. Good candidates might be
older E types in which the elliptical outer shock has
breached the confines of the RGE, or possibly younger ob-

) Visiting Astronomer, Kitt Peak National Observatory, National Optical
Astronomy Observatories (NOAO). The NOAO is operated by the Associ-
ation of Universities for Research in Astronomy, Inc., under contract with
the National Science Foundation (NSF).

462  Astron. J. 97 (2), February 1989

0004-6256/89/020462-14$00.90

jects in which the equator-to-pole density contrast (hence-
forth called “e/p ratio,” meaning the density on the equator
of the RGE divided by that on the symmetry axis, at a fixed
distance from the central star) is larger than in the E types.
Indeed, candidates for both of these evolutionary stages have
been found: they are members of the morphological class
known as “butterfly” planetary nebulae (B1987).

This paper is a straightforward extension of BPI1987
towards these later evolutionary stages. Our goals are to (1)
present detailed kinematic observations of butterfly PNs;
(2) show the theoretically expected behavior of spectra and
kinematic images of wind-driven shocks in inhomogeneous
PN envelopes; (3) discover spectral-line features that are
good diagnostics of aspherical shock propagation; (4) com-
pare the synthetic spectra with observations, and draw con-
clusions about the RGE density distribution, PN age, and
geometry.

II. BIPOLAR KINEMATICS—MODERATE TO EXTREME
a) Observations

The internal motions of some 45 planetary nebulae, in a
sample chosen by B1987 and expanded by Balick and Pres-
ton (1987, hereafter referred to as BP1987), were studied in
the lines of Ha and [N 11]4 6854 A (hereafter referred to as
[N 11]). The kinematics of the PNs NGC 40, 2392, 3242,
6543, 6826, 7009, 7354, and 7662 have been fully described
in BP1987 and BPI1987. In the present work, we use most of
these data and include new data on the kinematics of the PNs
NGC 2346, 2371-2, 2440, 6058, 6210; IC 1747 and 5217,
J-320, and M2-9. The data were obtained by use of the
echelle spectrograph with CCD detector on the Mayall 4 m
telescope of Kitt Peak National Observatory in April and
December 1986. The collection and calibration of the data
were carried out as described in BP1987, except where expli-
citly indicated. All velocities discussed in this paper are rela-
tive to the systemic velocity of the PN concerned. North,
south, east, and west are abbreviated N, S, E, and W, respec-
tively.

© 1989 Am. Astron. Soc. 462
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The long slit of the echelle spectrograph was placed across
one end of the image of each nebula as visible on the TV
guider at the telescope. The first exposure was taken at the
extreme E or N end (depending on whether the slit was
oriented N-S or E-W). Prior to each subsequent exposure,
the slit was uniformly offset perpendicular to the slit. All
exposures in a series were taken with the same integration
time. Details of the observations for the nebulae not dis-
cussed in BPI1987 are given in Table 1. The slit was 1” wide
for all nebulae except NGC 2346, 2371, and 6058, where a
1.5” slit was used. The seeing was about the same as the slit
width, and the skies were generally photometric. The
smoothing of the data (8.91 km s~ ' in velocity and 1” along
the slit) and comparison with instrumental resolution are as
described in BPI1987. Some raw slit spectra are included to
illustrate the correspondence with the synthetic spectra of
the hydrodynamic models (Sec. III), and to provide the
reader with a feeling for how the raw data relate to the final
images.

The smoothed data for each planetary that had been
mapped by the above process were packed into a three-di-
mensional data “cube” using the AIPS image-processing
program, where the axes are right ascension, declination,
and velocity. The data were then photographed as R.A.—
Dec. images, one such image for each 8.91 km s~ interval
along the velocity axis, and are shown in Figs. 1 and 2
[Plates 29-34]. These “isovelocity images” (also discussed
in BPI1987) are presented as a series, from the extreme blue
end of the velocity axis through the red end. These are fol-
lowed by a single “summed image” which is the sum of the
intensity distributions at all velocities. The final image in
each figure of this type is the direct-CCD image taken at the
KPNO 2.1 m telescope (B1987). It is included to give the
reader a clear understanding of the geometrical distortion of
the isovelocity images (this usually appears as a compres-
sion along the “offset”” dimension, i.e., perpendicular to the
slit).

It is important to note that the contrast of the figures that
present the echelle data has been made nonlinear (though
still monotonic) in order to show both subtle low-level fea-
tures and much brighter highlights in a single frame. In spite
of this, the full range of the data in the isovelocity images
exceeds the dynamic range of the photographic medium
used in this paper. Consequently, faint, extended features are
sometimes no longer visible.

b) Nebular Kinematic Features

In this section, we describe the general morphological,
kinematic, and other properties of interest for each nebula
that are relevant to subsequent sections. The figure numbers

TABLE I. Description of kinematic images.

Slit No. slit Integ. time Rel. slit
Nebula P.A. (°) positions  per exposure spacing (")
NGC 2346 0 11 300 4
NGC 2371-2 270 13 300 4
NGC 2440 270 9 200 2
NGC 6058 0 11 300 2
NGC 6210 350 5 — —
IC 1747 0 7 400 2
IC 5217 270 5 300 2
J-320 270 7 800 3
M2-9 0 4 — —
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refer to the appropriate nebular kinematic images.

NGC 2346 (Fig. 1). Classified (B1987) as a “‘middle but-
terfly with open ends [displaying] moderate-to-high ioniza-
tion,” this nebula has a strong contrast in emission measure
between the central region and the faint outer lobes. The
central region has the appearance in Ha and [N 11] of a
tilted ring of about 15” radius surrounding the central star.
The inclination of the ring is 40° if the ring is intrinsically
circular.

A brightened disk (dust?) perpendicular to the bipolar
lobes has been detected by speckle interferometry (Meaburn
et al. 1985). Molecular hydrogen emission is seen surround-
ing the nebula and is especially bright near the perimeter of
the central regions (Balick, Gatley, and Zuckerman 1988),
much like CO (Healy and Huggins 1988). The central star is
less affected by extinction than nearby nebulosity, suggest-
ing that the line of sight to the star does not intercept the
dense disk. Dust lanes are seen a few seconds north of the
central star in Ha and [N 11] CCD images (B1987), in ap-
parent agreement with this interpretation.

The central star is a main-sequence A star with, presum-
ably, an undetected companion which ionizes the gas. Sever-
al years ago the system began eclipsing with a 17 day period,;
however, the amplitude of the eclipses is decreasing, and the
eclipsing object is now thought to be a compact, dissipating
dust cloud (see Costero et al. 1986 for a discussion). The
mass of the disk and the nearby molecular clouds is about
10% or less of the mass of the central star(s) (Healy and
Huggins 1988).

The kinematics of the ionized regions has been discussed
by Walsh (1983), and that of the neutral gas by Healy and
Huggins (1988). The present data, which cover the nebula
much more systematically than either earlier study, show
the systematic motions of the nebula to be more complex
than was hitherto known. Even so, there is a pattern to the
kinematics which, on first inspection, seems consistent with
theidea that the nebular lobes consist of gas flowing outward
from the central regions of NGC 2346 where the central disk
and stars are situated. The grand pattern of motion is some-
what obscured by the patchiness of the nebular emission and
the tilt of the nebula with respect to the line of sight.

The isovelocity images show that the central, bright re-
gion of the nebula is visible to + 25 km s™". The best source
of information about the kinematics of the lobes is the origi-
nal set of spectrograms, one of which is reproduced in Fig. 3.
The original spectra of NGC 2346 show extremely narrow
lines at positions corresponding to the faint lobes, while the
portion of each spectral line arising from the inner nebular
regions near the star and the inclined disk appears as a tilted
elliptical cavity. As will be shown below, the tilt of the spec-
tral line is not necessarily a result of nebular rotation, but
rather a “false rotation” phenomenon caused by an e/p ratio
on the order of 1.2 and an inclination angle between 30° and
40°.

NGC 2371-2 (Fig. 2(a)). The morphological designation is
“late elliptical.” Only the Ha image is displayed owing to the
low signal-to-noise ratio of the [N 11] data. The faint bipolar
outer halo visible in the direct-CCD images is too faint to be
detected using the echelle/CCD system.

NGC 2371-2 is a “moderate-to-high ionization” nebula
(B1987). Its wind luminosity is close to the integrated nebu-
lar luminosity (Cerruti-Sola and Perinotto 1985), which
suggests that much of the nebular energy is supplied by the
wind and, therefore, wind shaping has probably been par-
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ticularly important for this object. Faint ansae NNE and
SSW of the central cavity appear in the images, especially
near zero velocity.

The detectable Ha emission spans a velocity range of

+ 36 km s~ . The two brighter emission knots diametrical-
ly N and S of the central star are displaced in velocity by
about + 10 kms~! from the systemic nebular velocity.
Fainter regions E and W of the central star have relative
motions about twice as large as those of the N-S knots. This
pattern of motions is also seen in IC 1747 (although some-
what more extreme in velocity offset), and is not compatible
with any simple pattern of uniform rotation.

NGC 2440 (Fig. 2(b)). The [N 11] line is brighter than Hor
(the ratio [N 11]/He increases from about three to 30 from
the central to the outer zones of the nebula). For this reason,
and because the [N 11] line is far less affected by thermal
broadening than is He, we present only the [N 11] kinematic
image. The slit of the echelle spectrograph was only stepped
across the inner regions of the nebula, owing to the brief
period in which NGC 2440 is observable from the northern
hemisphere. Note that E is at the top and S is to the left in
Fig. 2(b).

This bipolar “late butterfly” shows both extremely bright
lines of low ionization such as [N 11] and high ionization
such as He 11 1 4686. Studies of the variations in line ratios
are under way in this object and will be reported elsewhere.
ITUE spectra show that the central star is one of the hottest
stars ever observed (Heap 1987; see Reay, Walton, and Ath-
erton (1988) for a summary of the observations of this ob-
ject).

The most remarkable kinematics of NGC 2440 were ex-
plored by Heathcoate and Weller (1987) and others. The
present data are the first to systematically cover the nebula
and to display the results as isovelocity images. The present
kinematic images suggest that there are two independent
pairs of lobes. The larger pair consists of nearly round bub-
bles nearly E and W of the central star. Each lobe spans
about ten isovelocity images (90 km s™!), and the systemic
velocities of the lobes are offset in velocity by about 70
km s~ . Inside the large outer pair of lobes is a second,
smaller, and much more elliptical pair in P.A. — 45°. Emis-
sion from the inner pair of lobes spans about 50 km s~ ' in
Fig. 2(b).

NGC 6058 (Fig. 2(c)). This nebula is not treated in B1987,
but its resemblance to NGC 6720 suggests a similar morpho-
logical classification: middle elliptical, possibly with a high
inclination angle. This would agree with the spectral line
shapes, which give evidence of the “false rotation” phenome-
non typical of that morphological class.

NGC 6210 (Fig. 2(d)). Morphologically, this nebula is puz-
zling; it is classified as an irregular, and it appears in Ha and
radio images as a small, bright rectangle. In the CCD images
of B1987, the rectangle is seen to break up into about four
small knots in lines of low ionization such as [N 11]. There is
a very faint pair of outer knots (or perhaps ansae) about 20"
N and S of the central region. Note that a streak of faint
emission in the lower region of the fifth [N 11] isovelocity
image is a CCD defect.

Much as the Ha image is amorphous, the He line profile is
broad (FWHM 40 km s~ ') but otherwise unstructured. By
contrast, the [N 11] line shows that the E regions of the main
body of the nebula have large negative velocities, while the
opposite is true for the W regions. Indeed, the NE and SW
knots have about equal and opposite velocities, as does the
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NW and SE pair. This is roughly the pattern of the motions
seen in NGC 2371-2 and IC 1747, except that the intensities
of the various knots are highly disparate in the case of NGC
6210. One can also view the system as containing expansion
and rotation motions of order 50 km s~'. Both interpreta-
tions are somewhat ad hoc. A model for the motions and
structure of NGC 6210 is obviously fraught with difficulties.

IC 1747 (Fig. 2(e)). This PN appears at first to have a
nearly circular geometry; however, it is suspected (B1987)
of being an irregular or middle elliptical with possibly large
bipolar lobes camouflaged by their high degree of inclina-
tion. The isovelocity images show the S region of the nebula
to be approaching and the N lobe to be receding at + 53
km s/, reinforcing the impression of a high inclination an-
gle. The raw spectral line shapes suggest this as well by exhi-
biting false rotation.

IC 5217 (Fig. 2(f)). This is an “early butterfly with open
ends, possessing a sharp ionization front only in selected por-
tions of its boundary (therefore only partly ionization
bounded)” (B1987). It strongly resembles the Red Rectan-
gle. Note that S is at the left and E is at the top in Fig. 2(f).

Inthe [N 11] line, the bright linear feature appears to have
the kinematics of a ring (or, perhaps, a disk with a central
hole) expanding at 25 kms~' and seen nearly edge-on.
There is no hint of any systematic rotation. The Ha line
neither confirms nor refutes this interpretation of the kine-
matics, owing to the effects of thermal broadening. The very
faint lobes are not detected in these high-dispersion observa-
tions.

J-320 (Fig. 2(g)). Exhibiting an elongation accentuated by
the presence of faint ansae at both ends, this PN has been
classified (B1987) as either “peculiar or early butterfly.” J-
320is of particular interest in either case. It is small in angu-
lar size, with a radius near 3.2” (distance approximately 4
kpc—Acker et al. 1982). The slit width is thus relatively
large in projected physical dimensions. The central star has
strong P Cygni profiles in the lines of N 111 and O v (Perin-
otto 1983).

J-320, like NGC 6210, is spatially complex. Aside from
the central body of the nebula there are two pairs of ansae.
One pair is 4 12” N and S of the nebular center. The inner
pair is about + 10" in P.A. 330°. Neither pair lies close to a
symmetry axis of the inner region.

The kinematics are equally enigmatic. Each ansa of a pair
has equal and opposite velocity to its counterpart (the inner
pair has the largest velocity separation; however, this could
be merely a projection effect). However, no overall pattern
of motion is evident, which is also similar to NGC 6210.

M2-9 (Fig. 2(h)). By far the most interesting butterfly mor-
phologically, M2-9 presents many kinematic puzzles. B1987
classifies M2-9 as “butterfly with open ends.” The morphol-
ogy includes multiple sets of ansae at the edges of the inner
regions. Strangely, however, pairs of knots show reflection
symmetry about the (approximately E-W) equatorial line
rather than inversion symmetry through the central star.
These knots have extremely large E-W proper motions (Ko-
houtek and Surdej 1980). Balick (1988) remarks that the
nucleus of M2-9 is similar to that of a slow nova or symbiotic
star. Thus, M2-9 may not be a bona fide PN; nevertheless, it
is an interesting hydrodynamical system which merits full
consideration here.

Figure 2(h) shows faint Ha emission N and S of the cen-
tral star extending over at least ten kinematic frames. The
wavelength behavior of this emission is much like that of the
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circumstellar Ha emission line. Hence we suspect that the
broad nebular Ha emission is actually stellar light scattered
into the line of sight of the lobes.

The S and N lobes are shifted to the blue and the red with
respect to the velocity of the central star by about + 45
kms™". Since it appears that the nebula has a very high
inclination angle, the true space velocities of the lobes are
certain to be far higher. As we shall argue in subsequent
sections, the extreme elongation and narrow waist of this PN
imply an unusually high e/p ratio, with an axial tilt of about
15°.

III. THEORETICAL POSITION-VELOCITY IMAGES
a) Behavior of the Shock Fronts

We will now investigate whether the model presented by
BPI1987 for elliptical PNs also applies to butterfly nebulae.
Our hypothesis is that butterfly PNs are in all respects simi-
lar to ellipticals, except that the RGEs of butterflies are
much more aspherical than the envelopes that surround the
E types. Thus, we use the same analysis of shock motion, but
with RGE parameters that are suitably more extreme.

Following 11988, we assume that the propagation of the
shock that moves into the RGE is governed by one param-
eter only, namely the ratio of the pressure P, behind the
shock and the RGE density p, ahead of it:

k=Y+1P (1)
2 po

Here y is the adiabatic index of the gas. The quantity P, is
primarily due to the dynamic pressure* of the wind. This is a
straightforward extension of the approximation due to
Kompaneets (1960). We adopt spherical coordinates
(,0,4), but suppress the dependence on ¢ by assuming that
Po is cylindrically symmetric (this assumption is not neces-
sary for the calculation of the shock propagation, but it ap-
pears to do very well for all PNs for which we have enough
detailed information). Furthermore, we assume that the
RGE gas was deposited by a stationary supersonic wind, so
that we can write, to a good approximation,

-2 2]
Po 40 \r . 2)

The function r(8) describing the shape of the shock front is a
solution of the equation

or 1 or )2

—= |K+K|—— 3

at + ( r a6 &
(11988). Substitution of Egs. (1) and (2) gives

& AT [+ @30T, (4)

in which we have used the dimensionless quantities

*This implies that, for a constant wind speed and density, P, secularly
decreases as the nebula expands. Accordingly, the timescale 7 depends on
the volume encompassed by the shock (cf. Kompaneets 1960). We have not
taken this into account because we are primarily interested in the morpholo-
gy here; the time dependence of P, merely changes the time when a certain
shock configuration is reached, not the configuration itself. Moreover, it is
not at all likely that the density and the velocity of the fast wind are time
independent. Technically, P, (7) could be admitted by a suitable redefini-
tion of 7, but too little is known about the actual time development of the
fast wind to warrant the effort.
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x=log (r/ry); r=L [YEL P (5)
7o 2 p, .

Due to the inverse-square behavior of the RGE gas density,
we have obtained an equation for the propagation of the shock
that is particularly easy to solve: Eq. (4) can be decomposed
by means of separation of variables. For, if we assume that x
is the sum of a function of 7 and a function of 8, we readily
find that

x=ET—J\/E2/A(0) —1d0+g(E). (6)

Here E is an arbitrary constant, and g(E) an arbitrary func-
tion thereof. From this so-called “complete integral” we
may obtain other solutions of Eq. (4) by taking the envelope
of all functions in Eq. (6) for a given range of values of E
(Courant and Hilbert 1968, Part II, Chap. I, Sec. IV). Be-
cause the stellar wind is presumably spherically symmetric
(although this remains to be proven observationally), x
must be constant (which we may take to be zero) at 7 =0,
for all values of E; therefore, in our applications we have
g(E) = 0. Note, however, that other initial conditions may
be chosen; for example, if we wish to calculate how the shock
of an E type PN moves after breaching the outer layers of the
RGE, we may pick g(E) to describe the shape of an elliptical
shock at 7 = 0. Once the RGE density distribution has been
specified by means of the function 4(6), Eq. (6) can be
evaluated by a simple quadrature for any desired value of E.
(We have found Simpson’s Rule accurate enough for all our
applications.)

Because it is utterly unknown how the RGE is deposited
(see Sec. V for references to some possible mechanisms),
and a fortiori how it acquired its e/p ratio, we had to make a
guess at the function 4; a plausible expression is

A@)=1—a+aexp[Bcos (20) —B ]. (€h)

Here a and S are constants that describe the e/p ratio and
the steepness of 4(8). For small values of 3, we have used
the asymptotic form of Eq. (7):

A(0) =1—B+4Bcos (20) =1 — 2B3sin? 6. (8)

Accordingly, small values of 3 represent density distribu-
tions of which the cross-section contours are ellipses with
axial ratio (pole/equator) = /1 — 23 :1. Some examples of
A(0) and the density distribution derived from it are given in
Figs. 3 and 4. Note that small values of @ produce a density
that has an e/p ratio close to unity. Large values of 3 give a
density that is quite independent of & near the equator, but
that drops steeply in a narrow zone near the pole, thus pro-
ducing an almost spherical RGE cross section with a “fun-
nel” centered on the symmetry axis.

In Fig. 5 we show the time evolution of shock fronts tra-
velling through the density distributions prescribed by Egs.
(7) and (8), for various values of @ and 3. Note that all the
shocks evolve towards a fixed shape in a finite time, typically
on the order of 7 = 4. We will encounter this phenomenon
again when discussing synthetic PN spectra and isovelocity
images. This behavior is generic, and can be shown to be due
to the fact that the values of E in Eq. (6) always span a finite
range for a bounded function 4(8) (11988, Sec. 3.2). We
will see later that Eq. (7) with 3~4 or more (see Figs. 3 and
4) gives a good fit to the observed nebular shapes: the RGE
that surround butterfly PNs are not spheroidal, but rather
resemble spheres with an axial funnel.

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System
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FIG. 3. Graphs of the function 4(8) from Eq. (7), for @ = 0.9. Values of
PBareindicated on the curves. The RGE density is inversely proportion-
al to 4.

b) Line Shapes

The solution in Eq. (6) of the shock-propagation equation
allows us to find the shock velocity from the expressions

Dy =JA(8) sin (6 + ),

D, =JA(B) cos (6 + ), 9)
¥ = — arctan (dx/90)

—_
-
4
o
.
<

FI1G. 4. Cross sections of the RGE density distribution as derived from

‘the function A(6). Because the density is self-similar, all equidensity
contours have the same shape (although on different linear scales).
The z axis is the axis of cylindrical symmetry; the R axis lies in the
equatorial plane. Values of 3 are indicated on the curves.

466

FI1G. 5. Evolution of the shock solutions in Eq.(6), with RGE density
contours prescribed by Eq. (7), for B = 4. The top frame shows the case
a = 0.5, the bottom frame has a = 0.9. Dimensionless times 7 are indi-
cated on the curves. Notice the development of the equatorial cusp; once
this cusp has formed, the shape of the shock no longer changes (al-
though it increases secularly in linear scale; see the text).

(11988, Sec. 3.2). Here Dy is the component of the velocity
parallel to the equatorial plane of the RGE, and D, is the
component along the symmetry axis. In two-dimensional
spectroscopy, this velocity is usually the primary observable
(see Sec. IT above), so we must investigate in detail how the
shocks described by Eq. (6) present themselves in kinematic
PN images. To this end, we have calculated the position—
velocity images of a series of PN shocks, in an effort to dis-
cover the generic shapes of such images, to find features that
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are good diagnostics of aspherical shock propagation, and to
compare all these with the observations. The images are
stored in the form of a “data cube,” a three-dimensional
figure with two spatial axes and one velocity axis. Every
point within the cube has an associated scalar that indicates
the intensity of the radiation received at its particular posi-
tion and velocity.

When a thin slice, centered on a plane that is parallel to the
velocity axis, is cut out of this cube, one obtains an image
that represents a long-slit spectrum of the nebula; the width
and the orientation of the slit are given by the intersection of
the slice with a plane perpendicular to the velocity axis.
When a similar slice is cut out of the cube perpendicular to
the velocity axis, one obtains an isovelocity image of the neb-
ula, with a center and width that are determined by the posi-
tion of the slice along the velocity axis (cf. BP11987 and Sec.
IVce below). All slices in our theoretical plots have a width
that equals twice their spacing (Nyquist sampling).

We filled our synthetic data cubes as follows. For a given
function 4(6), we evaluated Eq. (6) over the full range of E
allowed by the condition that the shock be initially spherical.
Then we calculated the shape of the shock for a range of
values of the dimensionless time 7, by forming the envelope
of all x(7,6,E) (cf. 11988, Sec. 2.3). From Eq. (9) we deter-
mined the velocity vectors along the shock front. The maxi-
mum value of the radius of the shock was taken as the unit of
length, while the maximum speed became the unit of veloc-
ity. Assuming a value of the tilt angle of the RGE symmetry
axis with respect to the line of sight, we calculated the radial
velocities along the front as projected in the sky, thus obtain-
ing a surface in the space spanned by the plane of the sky and
the radial velocity. This surface was then enclosed by a cube
centered on the star, with sides of length 2, completing the
construction of the data cube.

A sample of typical synthetic PN spectra is shown in Fig.
6. These are the kind of spectra with which an observer
would be confronted before constructing a kinematic data
cube. Note, however, that the slit positions in our figures are
all parallel to the symmetry axis of the nebula; this orienta-
tion is best for showing the peculiar features of the aspherical
shock motion. It is obvious from these simulations that most
spectral features taken with the slit parallel to the major axis
of the RGE, and across the central star, have a pronounced
hourglass shape.

For a given RGE distribution, the “waistline” of a spec-
tral line becomes more narrow at later times, and is also
more narrow for RGE densities that have a larger e/p ratio.
Indeed, because every shock in our models evolves toward a
fixed shape, determined only by the function 4(6) which
describes the RGE density distribution, the relative width of
the waistline is a good indicator of the equator-to-pole con-
trast, provided that the PN is old enough to have approached
its asymptotic shape. This approach is quite clear in Fig. 5
(see also Figs. 7 and 8, below).

When the slit is placed more towards the edge of the nebu-
la, or when the e/p ratio is not too large, the lobes of the
hourglass become narrower. However, their presence is still
seen in the line shape, albeit in a devious way: due to the
combination of the shock motion and the inclination of the
nebular axis, the spectral lines appear to be tilted, giving a
false impression of rotation, especially in spectra with mod-
erate resolution. Such spectral lines look like boxlike, hol-
low, tilted ellipses, usually with ends that are rather fainter
than the sides. This is the phenomenon called “false rota-
tion” in our discussion of the observations in Sec. II.
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¢) Isovelocity Images

An isovelocity image is a slice through the kinematic data
cube perpendicular to the velocity axis. It represents an im-
age of the PN as it would be seen in the sky by a detector
tuned to an extremely narrow spectral band. Synthetic isove-
locity images of elliptical PNs were presented by BP11987,
who compared these images with observations of E type
PNs. They found that the kinematic model in which a fast
spherical wind interacts with a cylindrically symmetric
RGE accounts adequately for the observational data, pro-
vided that the presence of the “soft bullets” was taken into
account by adding the bow shocks they caused to the model
velocity field.

A sample of typical synthetic isovelocity images of butter-
fly PNs is shown in Fig. 7. The influence of the RGE density
function 4(0) in Eq. (7) can be distilled from Fig. 8, which
shows the evolution of the nebular shape as a function of
time and of the parameter 3. Some of the characteristic fea-
tures of these images are reminiscent of those found by
BPI1987 in elliptical PNs, namely a central expanding
sphere centered on the star, with redshifted and blueshifted
patches further along the symmetry axis. In our butterflies,
however, the presence of the ansae that often dominate the
appearance of E type PN is restricted to a small fraction of
parameter space. The low-ionization clouds at the tips of
these ansae are absent in butterflies.

Thus, the off-center patches in butterfly PNs can be en-
tirely ascribed to expanding bubbles above and below the
equatorial density enhancement in the RGE. The extent of
the patches in velocity space, compared with the expansion
velocity at the equator, can be traced directly to the e/p
ratio: in RGEs where the equatorial belt is very dense, a
sphere with missing polar caps expands slowly in the equa-
torial belt, while above and below it, attached to the place
where the polar caps ought to be, the bubbles expand quick-
ly. Moderately dense equatorial belts produce patches in the
isovelocity images that span a velocity range more nearly
equal to the expansion of the sphere.

d) Very Young, Very Old, or Very Tilted Butterflies

In the above, we have presented synthetic data cubes for
butterflies that mostly show a well-developed bipolar ap-
pearance. The reason for this is that this is what they general-
ly look like in actual observations, but there is a selection
effect: unless the bipolarity is quite marked, such nebulae
would not be classified as butterflies. Figure 7 shows that
even at early times, when the PNs look almost spherical as
seen in the sky, their kinematics (not the morphology) show
the influence of the e/p ratio of their RGE density. NGC
1535 is a good example of a round, compact PN which has a
conspicuous and ‘“unexpected” kinematic symmetry axis
(Clayton 1988).

Even in such early stages, the hydrodynamics of the prop-
agating shocks reveals a very visible effect of density gradi-
ents. Planetary nebulae with strong RGE asphericity should
have spectra that look much more hourglass shaped than
those of E types, which would appear rather elliptical, even
though all young PNs look very much alike morphologically
(namely, elliptical or, at most, mildly peanut shaped). Thus,
young butterfly PNs might be selectively underrepresented
in observational samples of kinematic data.

In general, equatorial cusps (such as those seen in NGC
650-1) indicate that the PN is quite old, because it has close-
ly approached its asymptotic shape; conversely, a rounded
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F1G. 8. Evolution of nebular shapes as a function of time and of the RGE parameter B (Egs. (6)
and (7)). In all frames, a = 0.95, or an e/p ratio of about 20. Top row, dimensionless time
7= 0.5; next rows, 7= 1, 1.5, 2, 2.5 (bottom row). Left-hand column, 8 = 1; second column,
B = 2; third, B = 4; right-hand column, = 8. The parameter S describes the steepness of the

central funnel of the RGE (cf. Fig. (11)). The nebular axes are 30° out of the plane of the sky.

waistline (as seen in M2-51) means a young nebula with a
RGE that has a fairly smooth density sweep from pole to
equator.

Another way in which butterfly PNs might hide is by a
large inclination with respect to the line of sight; a similar
case was discussed by BPI11987, who confirmed that the Es-
kimo Nebula, NGC 2392, is an intermediate E type seen
nearly end-on. A sample of predicted isovelocity images of
sutterflies at inclinations from 0° to 90° is shown in Fig. 9.

1V. COMPARISON BETWEEN THEORY AND OBSERVATIONS
a) Morphology

Butterfly PNs that are seen perpendicular to the symme-
try axis of their RGE reveal their age and the density con-
trast in the surrounding RGE as follows.

If the equatorial outline shows a marked cusp, the PN is
old, in the sense of having (nearly) reached its asymptotic
shape. As was shown by 11988, an initially spherical wind-
driven shock in a RGE with a density distribution described

by Eq. (2) changes its shape until the dimensionless time
equals

Terie = (VA(0) — VA(7/2)) ~!
7/2
XJ- \VA(0)/A4(6) — 1 d6. (10)

(V]
For purposes of estimation, let us assume that 4(8) is a step
function at 8 = 7/4. Substituting 7and 4 from Egs. (5) and
(2), we find that, in dimensional form, the time 7, needed to
reach the asymptotic shape is approximately

2 pe pe/pp — 1

t.=2"R
c 4 }’+1Pl ,pe/_Pp—]’

where the subscript e refers to the value on the equator at
radius R, and p to the value at the pole. Because the density
at the equator is rather larger than at the pole, at least for
butterfly PNs, we may approximate

t,=~R\p./P, . (12)

(11)
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FIG. 9. (continued)

(b)
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Substituting for P, the dynamic pressure p,, vZ of the stellar
wind, we finally get

t, z—R— P/ P - (13)
vW
Upon inserting plausible values for the wind speed v,
= 2000km s~ ', the inner radius of the cusp R = 0.2 pc, and
the ratio of the density of the RGE and the stellar wind at the
equator p, /p,, = 2500, we find that roughly 7, = 5000 yr.
Consequently, any butterfly PN that shows a sharp equa-
torial cusp is expected to be on the order of 5000-10 000 yr
old. This should be testable by observing the position of the
central star in the Hertzsprung—Russell diagram, because a
young white dwarf may evolve noticeably on this timescale.
On the other hand, if the e/p ratio p./p, is only slightly
larger than unity, as postulated for the RGEs of elliptical
PNs, Taylor expansion of Eq. (11) shows that the time need-
ed to establish the asymptotic shape of the shock scales ac-
cording to

t.x\1—p./p, . (14)

Therefore, planetary nebulae that form in RGEs with an e/p
ratio close to unity will not develop equatorial cusps: their
outer shocks will remain elliptical, or at most become mildly
peanut shaped, before the shock reaches the outer parts of
the RGE (e.g., NGC 40).

Can we expect butterfly PNs to reach their asymptotic
shape before the shock breaches the outermost radius of the
RGE? At an average speed of 50 km s, the shock travels
about 0.25-0.5 pc along the symmetry axis during the time
needed to establish the asymptotic shape. Because typical
RGE radii are larger than this, the majority of butterfly PNs
that have breached the confines of their RGE will show
equatorial cusps (indicating that the asymptotic shape has
been reached—NGC 2346 is a good example of this type of
situation).

The overall shape of the butterfly shock gives information
about the RGE density distribution. For example, if we com-
pare the shock cross sections at a fixed time (say 7 = 3) in
Fig. 7, we see that densities with a larger value of 3 (that is to
say, those with a smaller “angular scale length”: a steeper
drop of 4(8); see Figs. 3 and 4) produce more elongated
shock shapes. Increasing the value of a (producing a larger
e/p ratio) dramatically increases the equatorial constric-
tion, as a comparison of Figs. 6 and 7 shows, but it turns out
that the cross section of the bubble that rises above the equa-
torial belt is not much influenced.

This is not entirely unexpected: if the region above the
equator were as good as empty, we should simply get a pair
of expanding spherical shocks above and below the equator-
ial belt, with their centers on the symmetry axis but away
from the central star. Quantitatively, this can be seen as fol-
lows. The cylindrical radius R of the bubble cross section
obeys

R=r(0) sin 6, (15)

where 7(8) follows from Eq. (6). Taking the derivative of R
with respect to 8, we find that R is maximal when

d log /38 = — cotan 6. (16)

Using Egs. (2) and (6), we conclude that the cross section of
the asymptotic shock with a plane parallel to the equator of
the RGE is largest when @ is a solution of

cotan Q:Jp(e)/pp —1. (17)
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Here p, is the RGE density at the pole. If &,, is the solution
of Eq. (16), the corresponding cross section R, of the bub-
ble, divided by the radius #, of the bubble along the polar
axis, is

" [p®
R, /r, =sin 0, exp —f L2270 gp. (18)
o Po

This quantity is an observable: in a given butterfly PN, we
can measure the maximum distance 27, (along the symme-
try axis and through the central star) between the farthest
points of the shock, and the maximum width 2R of the
bubble perpendicular to the axis. As can be seen from Eq.
(18), the RGE density distribution p(8) occurs under a
square root and in an integrand, so that R, depends only
weakly on the peculiarities of the RGE density. According-
ly, butterflies are expected to be fairly plump figure-eight
shapes; an appreciable elongation (i.e., a small value of
R,,/r,) requires an extremely large e/p ratio. In the exam-
ples shown above, this elongation is never less than about
0.3, even for RGE densities that decrease by a factor of 10
from pole to equator.

b) Synthetic Spectra

The typical shape of the spectral lines of a butterfly PN
seen nearly perpendicular to the RGE symmetry axis is an
hourglass with rather straight sides (Fig. 6). The narrow-
ness of the waist of the figure is related to the age of the shock
and to the e/p ratio of its RGE, in the sense that young PNs
(ages less than 0.27, ) tend to have relatively wide waists, as
do PNs that have only a mild RGE gradient (equator:
pole = 2:1 or s0).

Many of our PNs have spectral lines that fit this pattern
very well. Especially good examples are:

NGC 2440, Ha (Fig. 10 [Plate 35]), notably at positions
8” S through 8” N; these line shapes are virtually identical
with those obtained with Eq. (7) in the case a =0.9,
3 = 4.0, at 7 about 1.5 or 2, with an axis that is inclined 30°-
35° with respect to the plane of the sky.

NGC 6302, [N 11] line, slit on the star at P.A. 170°. Al-
though the spectrum is quite blobby, the hourglass outline is
unmistakable.

M2-9, He and [N 11], all slit positions at P.A. 90°. Be-
cause of the considerable elongation of the bipolar shape
(length:width = 5:1), the e/p ratio should be on the order of
15. The parameters needed in Eq. (7) area = 0.9, 3 = 16, at
7= 1.5 and inclination 20°, but these values are uncertain by
about 40%.

Examples of spectral lines that show the false rotation
phenomenon, i.e., an apparent slant of the spectral line due
to a combination of nonuniform bubble expansion and incli-
nation of the RGE axis, are seen in: IC 1747, Ha, slit on the
star at P.A. 78°; NGC 6781, [N 11], slit on the star at P.A.
80°; NGC 6905, Ha and [N 11], slit on the star at P.A. 80°
NGC 2346, [N 11] (Fig. 11 [Plate 36]), slit at 16” E, 8" E,
on thestar, 8” W, and 16” W. The nebula shows rather sharp
equatorial cusps and open ends, and should therefore be fair-
ly old; on the other hand, the elongation is not extreme
(length:width = 2:1). Also, there is no indication that the
lines have hourglass lobes. This implies that NGC 2346 has a
fairly modest e/p ratio, on the order of 2.5.

We would also include NGC 7009, [N 11], slitat 3" S, on
the star, and 3" N, in the “false rotation” list. This nebula
was included in our previous sample (containing E type
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PNs), but BPI11987 concluded that their kinematic model
did not fit this object exactly: “...the caps extend to larger
velocity extremes than do the tips of the ansae [ which could
be explained by] the ad hoc assumption that the axis of the
focused flow wobbles in time.” Comparing the line shapes of
the inner part of NGC 7009 (away from the ansae) with
those of our synthetic spectra, we tend to conclude that the
outer shock in this nebula has started to expand faster at its
extremities, probably due to incipient breaching of the RGE.

V. CONCLUDING REMARKS

We extend the conclusions that BP11987 reached, for el-
liptical planetary nebulae, to butterfly PNs. We assert that
butterflies can be explained by the same physical mechanism
as E types, namely the propagation of a wind-driven shock
through a cylindrically symmetric red giant envelope with a
lower gas density at the poles than at the equator. To obtain
butterfly PNs instead of E types, the e/p ratio needs to be
typically larger than 4, but otherwise our interpretation is
consistent with the existence of a continuum of e/p ratios,
ranging from 1 for the (rare) actual spherical PNs, toward 2
for typical ellipticals, to 15 for the most extreme butterflies.
Due to the peculiarities summarized in Eq. (18), higher val-
ues than these—if they occur—are difficult to assert with
certainty. _

The comparative ease with which we can reproduce the
kinematic images of all these types of nebulae allows us to
state with some confidence that e/p ratios different from
unity are common in RGEs. Moreover, there is direct evi-
dence for disklike structures and/or molecular hydrogen in
several PNs (Meaburn et al. 1985; Balick, Gatley, and Zuck-
erman 1988). Thus, we regard the existence of a continuum
of e/p ratios as established, even though it is unknown what
mechanism of mass loss could be responsible for the depo-
sition of such aspherical RGEs. We eagerly await observa-
tions of Miras and OH/IR stars that show evidence for the
aspherical outflow that is predicted implicitly by our model
calculations.

Our interpretation of PN evolution is consistent with cy-
lindrically symmetric RGEs, which points to a rotation-re-
lated mechanism; the precession that appears to be present in
some PNs (BP1987) reinforces that view. Several authors
have tried to calculate the consequences of stellar rotation
for mass loss (e.g., Friend and Abbott 1986; Poe and Friend
1986), and some have considered the outflow from merging
binaries (Bodenheimer and Taam 1984; Soker and Livio
1988). None of these mechanisms can be regarded as estab-
lished, but the e/p ratios of actual RGEs are definitely
spread over a wide range.

Comparison between our synthetic position-velocity im-
ages and actual observations is sometimes difficult because
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of small-scale inhomogeneities in the nebulae, giving the
spectra a “‘blobby” appearance. Because of this, we have not
put much effort into modeling the brightness distribution of
the lines or the isovelocity images. More realism could be
added by calculating the density and the temperature behind
the shock, and the emission measure from these; this is possi-
ble without further assumptions, simply by applying the Hu-
goniot jump conditions. Furthermore, absorption through
the known RGE density distribution could be taken into
account (the clear presence of off-center absorption lines in
the stellar spectrum of M2-9 shows that such obscuration
can be considerable). However, the attendant problems of
radiative transfer in such inhomogeneous density distribu-
tions would then have to be solved (methods for this exist:
see Icke 1979; Icke, Gatley, and Israel 1980).

An added complication is that not all small-scale inhomo-
geneities can be ascribed to random fragments. For example,
the bright knots in the CCD image of M2-9 are symmetric
under reflection with respect to the equatorial plane. This is
quite puzzling; it certainly cannot be ascribed to precession,
as in the case of NGC 6543 (BP1987), where the ansae are
symmetric under point inversion with respect to the central
star. Moreover, M2-9 is much brighter on the eastern than
on the western side. Possibly, it is embedded in an E-W
density gradient.

Having now investigated the applicability of our scheme
for aspherical PN evolution to a broad range of morphologi-
cal types, we need to confirm (by means of numerical hydro-
dynamics) that the basic features of our interpretation are
correct. Trial computations with a cylindrically symmetric
flux-corrected-transport scheme indicate that the outer
shock evolves as expected, while the inner (reverse) shock
indeed exhibits the postulated tendency to become prolate
spheroidal. Soker and Livio (1988) have confirmed, by
means of numerical models, that focusing along the symme-
try axis and subsequent cooling occurs, as postulated by
BPI1987.
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PLATE 29

NGC 2346
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[N 1]

A .
0 km/sec > direct

FiG. 1. Kinematic image of NGC 2346 in the lines of Ha (top) and [N 11] (bottom). The first 11 frames show the nebula as it would appear through
narrowband filters of width and relative offsets of 8.91 km s~ '. The sixth frame corresponds to zero velocity. North is up in all frames. These frames have
been added to produce the twelfth frame, which shows the nebula as it would appear through a filter that passes all line emission. The final frames are
undistorted direct CCD images from B1987.
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PLATE 30
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FiG. 2. (a) Kinematic image of NGC 2371-2 in the line of Ha. The first eight frames show the nebula as it would appear through
narrowband filters of width and relative offsets of 8.91 km s ~'. All images are displayed as in Fig. 1. (b) Kinematic image of NGC 2440 in
the line of [N 11]. The first 16 frames show the nebula as it would appear through narrowband filters of width and relative offsets of 8.91
kms™'. (¢) Kinematic image of NGC 6058 in the line of He. (d) Kinematic image of NGC 6210 in the lines of Ha and [N 11]. (e)
Kinematic image of IC 1747 in the line of Ha. (f) Kinematic image of IC 5217 in the lines of Ha and [N 11]. (g) Kinematic image of J-320
in the line of Ha. (h) Kinematic image of M2-9 in the lines of Ha and [N u1].

Icke et al. (see page 463)

619

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://cdsads.u-strasbg.fr/cgi-bin/nph-bib_query?1989AJ.....97..462I&amp;db_key=AST

FT980AT. - 97- 74621

PLATE 31

‘°’ NGC 6058 - Ha

A
0 km/sec 2 direct

NGC 6210

(d)

Ho

N 1l]

0 kml/\sec > direct
T=P.A -10° T=PA0Q°

FIG. 2. (continued)
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FIG. 2. (continued)
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PLATE 35
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FIG. 10. Line shapes of the planetary nebula NGC 2440. Central line is Ha, to the right is [N 11]. (a) with the spectrographslit 8" 8 of the star, (b) 6” S,
(c) slit on the star, (d) slit 4” N. Notice the hourglass shape of the lines, especially [N 11], which is less thermally broadened than Har. Compare with the
theoretical images of Fig. 6.
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PLATE 36
1
FIG. 11. Line shapes of the planetary nebula NGC 2346. Central line is He, to the right is [N 11]. The
spectrograph slit crosses the central star of the nebula. Notice the backward slant of the lines, especially
the less thermally broadened [N 11], showing the “false rotation” phenomenon. Compare with the
theoretical images of Fig. 6.
Icke et al. (see page 473)
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