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Abstract. We analyze the small scale structure in the circumstellar envelopes of NGC 7027 and IRC+10216, using high

resolution optical images in dust scattered light. We use the observations to test the proposal that globules in planetary nebulae,
typified by globules in the Helix nebula, originate in high density contrast proto-globules in the atmosphere of the progenitor
AGB star and are carried out in the circumstellar wind (Dyson et al. 1989). We find no evidence for the presence of proto−5
globules in the extended envelopes of NGC 7027 and IRC+10216 with the expected sizes and masses >
∼10 M which are
needed to produce globules like those in the Helix nebula. We do find azimuthal structure in the envelopes on size scales of
l>
∼ 0.1d where d is the radial distance, consistent with the smoothing out of small scale structure by thermal motions in the
wind acceleration region. Unless globules require special conditions not found in NGC 7027 or IRC+10216, which are among
the most likely precursors of Helix-like nebulae, our results argue against their origin in the atmosphere of the central star. We
suggest alternative scenarios for globule formation, including the fragmentation of the neutral circumstellar gas at the transition
phase by directed outflows or jets.
Key words. stars: AGB and post-AGB – stars: mass-loss – stars: individual: IRC +10216 – stars: circumstellar matter –

planetary nebulae: general – planetary nebulae: individual: NGC 7027

1. Introduction
High resolution optical observations of planetary nebulae
(PNe) have produced striking images of small-scale structure
within and around the periphery of the ionized gas. The best
known example of this micro-structure is the remarkable array
of cometary globules seen in the Helix nebula (NGC 7293).
The heads of Helix globules are ∼100 –200 in size, with photoionized surfaces facing the central star, and radially extended
tails pointing in the opposite direction (e.g., Meaburn et al.
1992; O’Dell & Handron 1996). They consist of dense knots
of cool, molecular gas and this accounts for their relative
longevity (Huggins et al. 1992, 2002; Dyson et al. 1989). The
Helix is the best studied PN with globules because it is one of
the nearest PNe and can be observed with the highest spatial
resolution. There is, however, good evidence for similar globules in other, more distant PNe, e.g., in NGC 6720 (O’Dell
et al. 2002), and they are probably a general characteristic of
PNe with envelopes of neutral gas (Huggins et al. 1996).

Send offprint requests to: P. J. Huggins,
e-mail: patrick.huggins@nyu.edu
?
Based on de-archived observations made with the NASA/ESA
Hubble Space Telescope, operated by AURA Inc. under NASA contract NAS5-26555, and on observations made with the VLT in Paranal
(Chile), operated by ESO (program 64L–0204A).

Two extreme classes of model have been proposed to explain the origin of globules in PNe. In the first, due to Dyson
et al. (1989), the globules are formed as the result of an instability in the atmosphere of the progenitor, asymptotic giant
branch (AGB) star, and are then carried out as coherent objects to their observed positions in the general wind flow. In
the second class of model (e.g., Capriotti 1973), the globules
are formed far from the central star, from an initially homogeneous envelope, as the result of an instability at or near the
ionization front of the nebula.
In this paper we examine the question of globule formation by studying the small scale structure in two archetypical
circumstellar envelopes, IRC+10216 and NGC 7027. We directly test the proposal that globules are formed by the progenitor AGB star and are carried out to their observed positions,
by searching for the expected proto-globules in the extended
envelopes. We find no evidence for such structures with the
relevant mass and size scales. We conclude that the globules
are formed at a later stage, and comment on the possible role
of multiple shells and multiple jets in the formation process.

2. The circumstellar envelopes

2.1. General properties
The archetypes IRC+10216 and NGC 7027 that we examine
provide the best opportunities to study small scale structure
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Fig. 1. The circumstellar envelope of NGC 7027 in scattered light. Left: HST image in Hα. it Center: simulation a with a smooth shell profile.
Right: simulation c with proto-globules of mass 3 × 10−5 M ; see Table 2 for details. The fields are 17.00 7 × 29.00 0 with 0.00 1 pixels.

Table 1. Properties of the envelopes.

2.2. Observations in scattered light

Name

D
(pc)

V
(km s−1 )

Ṁ
(M yr−1 )

IRC+10216
NGC 7027

120
880

14
15

1.6 × 10−5
1.6 × 10−4

in extended circumstellar envelopes at high spatial resolution.
IRC+10216 is the nearest, carbon-rich AGB star with a high
mass-loss rate, and NGC 7027 is a young PN, still surrounded
by the extended, neutral envelope ejected on the AGB. These
objects represent different stages in the AGB–PN transition,
and are among the most likely progenitors of evolved PNe like
the Helix nebula which still retain a substantial envelope of
neutral gas (Huggins et al. 1996). Table 1 lists some properties of the envelopes for later discussion, the distance D, the
expansion velocity V, and the mass loss rate ( Ṁ) measured in
CO (adapted from Loup et al. 1993; Masson 1989; Huggins
et al. 1988; Jaminet et al. 1991).
We study the small scale structure of these circumstellar
envelopes using images in dust-scattered optical light. It is assumed that the dust traces the mass in the envelopes although
the exact degree of dust-gas coupling is an open question.
For our purposes, however, we note that the dust and gas in
IRC+10216 show the same structure to the extent that it can
currently be determined (Mauron & Huggins 2000), and in the
Helix globules themselves, the dust-to-gas ratio is not anomalous (Meaburn et al. 1992; Huggins et al. 1992), i.e., there has
been no major separation of dust and gas in the material from
which the globules formed.

2.2.1. NGC 7027
The observations of NGC 7027 that we consider consist of two
1000 s exposures made through the narrow Hα filter (F656N)
with the Wide Field Camera (WFPC2) on board the Hubble
Space Telescope. The data have been retrieved from the telescope archives (Project No. 6280, PI Westphal) after processing by the WFPC2 pipeline, which includes bias subtraction,
flat-fielding, and correction for cosmic ray defects. The image
that we use (Fig. 1, left) has been extracted from the one of
four WFPC2 panels that provides good coverage of the scattered nebular light in the extended circumstellar envelope and
is least affected by defects due to saturation at the center of the
main nebula. The complete nebular system is shown by Bond
(2000), and the panel we use is at the lower right of his Fig. 4.
The pixel size of the image in Fig. 1 is 0.00 1. The image is
saturated at a level of 4000 ADU near the center of the left
hand side, and the intensity falls rapidly across the envelope to
a level near the sky background of ∼2 ADU at the right.
The intensity of the extended Hα outside the main nebula,
varies as ∼r−3 –r−4 , consistent with optically thin scattering of
nebula light by the dust envelope, as first discussed by Atherton
et al. (1979); see also Latter et al. (2000). Scattering by the envelope has been directly confirmed by high levels of polarization seen in [O] and Hα outside the main nebula by Walsh &
Clegg (1994). The radial structure in the envelope has been discussed by Bond (2000) and Kwok et al. (2001).
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Fig. 2. VLT V-band image of the circumstellar envelope of
IRC+10216 in scattered light. The field is 51.00 2 × 51.00 2 and the star
is located at the lower left corner.

2.2.2. IRC+10216
The observations of IRC+10216 that we use consist of deep V
band imaging of the circumstellar envelope obtained with the
VLT (for details see de Laverny 2002). The region of interest to the north west of the central star where the envelope is
most clearly seen is shown in Fig. 2. The pixel size is 0.00 2, the
seeing is 0.00 64 (FWHM), and the count level decreases from
2720 ± 15 (1 σ) ADU in the bottom left (near the central star),
to 2615 ± 15 ADU in the top right. The discrete background
consists of numerous, faint galaxies.
The envelope of IRC+10216 is seen in the image in dustscattered, ambient, Galactic light (although very close to the
center the light from the star is seen). The radial variation is
consistent with optically thin scattering, except within ∼1000
of the center where the envelope becomes optically thick and
the intensity reaches a roughly constant, plateau level. Limbbrightened multiple shells are clearly seen in the envelope, and
have been described in detail by Mauron & Huggins (1999,
2000).

3. Proto-globules
We focus our analysis of the micro-structure in the circumstellar envelopes by first outlining what might be expected according to the model of Dyson et al. (1989) in which globules
originate close to the progenitor AGB star. In this model, the
globules initially form as high density contrast, low temperature (10–25 K), neutral condensations in the extended atmosphere of the star as the result of a thermal or possibly a
magnetic instability (Hartquist & Dyson 1997). These protoglobules then move out as coherent objects in the wind flow,
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and are finally seen as high density-contrast, neutral globules
when they have been overtaken by the ionized nebula.
If this proposal is correct, the proto-globules must be
present in the extended, neutral, circumstellar envelopes, and
they should in principle be detectable at this evolutionary
phase. The angular resolution of millimeter molecular line observations is currently too low to search for the proto-globules,
but they are potentially observable in the high resolution optical
images in dust scattered light described above.
Key parameters in a search for the proto-globules are their
mass (Mpg ), radius (rpg ), and their scattering properties. In the
analysis that follows we adopt a representative, standard value
for the mass of a proto-globule of 3 × 10−5 M , based on observations of the Helix globules. The adopted value is a factor of
∼2 larger than lower limits on the masses of globules detected
in CO by Huggins et al. (1992) for an assumed distance to the
Helix of 200 pc, and so makes some allowance for atomic gas
in the globules, as well as possible ablation during their envelopment by the ionized nebula. This standard mass is well
below the mass range for proto-globules discussed by Dyson
et al. (1989) based on survival considerations (10−4–10−3 M ),
but these higher mass structures would be correspondingly easier to detect.
Following Dyson et al. (1989), the proto-globules are assumed to form with a characteristic size lo close to the star and
then to expand with the local sound speed co while being carried out in the wind with a velocity V (which is assumed to be
comparable with the expansion velocity of the envelope). At
time t, the radius of the proto-globule is given by rpg = lo + co t,
and the radial distance from the star (d) is given by d ∼ Vt.
Thus for large t, rpg /d = co /V. Using representative average
values of co = 0.2 km s−1 (H2 gas at 10 K) and V = 15 km s−1 ,
rpg = 0.013 d gives an estimate of the proto-globule size as it
moves away from the star. The globule will also be somewhat
flattened (Dyson et al. 1989) and we adopt a nominal flattening
by a factor of 4 in the radial direction.
The simple description given here means that the protoglobules subtend a roughly constant angle of ∼1.◦ 5 at the central star. Currently, the globules in the ionized gas of the Helix
nebula subtend a somewhat smaller angle of ∼0.◦ 5 at the star,
but this is quite consistent with the general scenario because
they are expected to have been somewhat compressed by the
increased pressure that occurred when they were overtaken by
the ionized nebula.
The final quantity needed to determine the observability of
the globules is a relation between their scattering properties and
their mass or column density. In the general case this would
require a detailed knowledge of the grains, their opacity, and
the dust-to-gas ratio. In practice, we estimate the scattered intensity of a model globule with a specified column density by
comparing it with the envelope along the same line of sight
(for which the density and column density are known from the
mass loss rate) and then by scaling to the observed intensity
of the envelope. In this way the most important uncertainties
essentially cancel out. In both cases considered below, the envelopes can be considered to be reasonably optically thin in the
directions considered. For the opacity of the proto-globules,
we use the Helix globules as a guide. These have extinction
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in the figure) corresponds to an rms which is 14% above the
level expected from photon statistics alone. Given that there are
other sources of noise in addition to the photon statistics, e.g.,
slightly different radial gradients across the strips, there is no
evidence for an important contribution to the noise from small
scale, discrete structures. On the other hand, there is significant
−1
power at frequencies <
∼0.5 arcsec , i.e., on angular size scales
◦
as
seen
from
the
central star. These variations
of >
0.12
rd
or
7
∼
account for the major contribution to the observed variance,
and are partly due to the non circularity of the prominent shells,
and partly to intrinsic variations in azimuth.
The statistics, therefore, provide clear evidence for large
scale structure in the envelope, but no evidence for small, discrete structures above the level of the photon noise.

4.2. Simulations

Fig. 3. Characteristics of the scattered light image of NGC 7027.
Top: representative intensity strips in azimuth at radii of 16.00 2
and 18.00 2; the latter has been shifted vertically for clarity.
Bottom: average power spectrum of 10 intensity strips 256 × 0.00 1 in
azimuth at radii 16.00 2–18.00 2.

optical depths of ∼0.5 through the center (Meaburn et al. 1992;
O’Dell & Handron 1996), and for our proto-globules we scale
this according to the globule size and mass.

4. NGC 7027

4.1. Overview
The image of NGC 7027 in Fig. 1 shows the prominent radial structure of the envelope, but otherwise appears relatively
smooth on small scales, with no obvious evidence for discrete proto-globules. In order to characterize the smoothness
we have extracted intensity strips in azimuth from a sector of
the image in Fig. 1 between radii 16.00 2–18.00 2 with 0.00 1 spacing, using nearest pixel intensities to preserve the noise characteristics of the image. The mean intensity of the sector is
33.8 ADU, the rms noise level is 4.3 ADU and the noise contribution to this from photon statistics is 2.4 ADU. The upper
panel of Fig. 3 shows representative intensity strips from the
sector and the lower panel shows the average power spectrum
of ten strips. The frequency of the upper end of the power spectrum (5 arcsec−1 ) is set by the Nyquist frequency and corresponds to variations on a size scale of 0.00 2. The peak of the
power spectrum at zero frequency corresponds to the mean intensity squared.
Except for the lowest frequencies, the power spectrum is
seen to be essentially flat. A flat spectrum is indicative of white
noise, and the observed level (indicated by the horizontal line

In order to test for the presence of specific small scale structures
of the type outlined in Sect. 3, we have carried out simulations
with different assumptions concerning the mass, size, and number of possible proto-globules that the envelope might contain.
For each case, we generate a synthetic image in scattered light
for comparison with the observations, focusing on the region
discussed above and shown in Fig. 1.
For the envelope we use a simple, spherically symmetric
model with a constant, average mass-loss rate (Table 1), but
within a radius range of 1700 ± 1.00 5 we compress the material
into a shell of thickness 0.00 85 (a compression by a factor of 3.5)
to roughly reproduce the structure observed in this region. This
is in fact not an essential feature of our analysis, but it facilitates
comparison with the observations. A certain mass fraction ( f )
of the shell is assumed to form Npg discrete proto-globules, of
mass Mpg and radius rpg , and the remainder (1– f ) is smoothly
distributed in the shell. The proto-globules are flattened in the
radial direction by a factor of 4, and are randomly distributed
within the shell without overlapping.
From the discussion of section 3, the diameter of a standard proto-globule at a distance of 17 00 (2.2 × 1017 cm) from
the star is 0.00 45 (6.0 × 1015 cm), and it would therefore be resolved by the observations. The optical depth through the center of the globule would be ∼0.2 along the short axis and ∼0.8
along the long axis. For simplicity, we take this to be optically
thin for the model calculations, bearing in mind that we will
overestimate the scattered intensity of a globule seen close to
edge-on by ∼50%. The illumination is from the center, and we
assume the scattering is isotropic, but the effects of a more realistic phase function essentially cancel out since we compare
the emission from the proto-globules with the average emission from the envelope in the same region. A synthetic image
of scattered light from the envelope is calculated over a grid
of pixels of size 0.00 025 and is convolved with the HST point
spread function at the wavelength of Hα. The image is then resampled at the resolution of the observations (0.00 1), scaled to
the intensity level of the sector, and photon noise is added for
comparison with the actual data.
Details of the simulations are listed in Table 2. In addition
to the parameters already discussed, we also list the globule
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Fig. 4. Close-up image and simulations of the envelope of NGC 7027. Left to right, top to bottom: observed image, and simulations a)–h) in
sequence. See Table 2 for details. The fields are 6.00 4 × 6.00 4 with 0.00 1 pixels.

density relative to a completely smoothed out, constant massloss envelope (ρpg /ρenv ), and relative to the actual ambient density in the shell (ρpg /ρsh ).

4.3. Results for NGC 7027
The results of the simulations are compared with the observations in close-up images in Fig. 4 and intensity strips in azimuth
in Fig. 5. Wider field images of simulations a and c are also
shown in the center and right hand panels of Fig. 1.

Inspection of the figures shows that the simulation most resembling the observed image is model a (Fig. 4 top, center),
which consists of a smooth shell with no proto-globules at all.
The main difference between the simulated and observed im00
ages is the presence in the latter of large scale (>
∼2 ) variations
which were already noted in Sect. 4.1. These variations are not
caused by proto-globules, but are the result of moderate azimuthal variations (with column density changes of ∼50%) and
deviations of the ring structure from spherical symmetry.
Envelopes containing standard globules (with masses of
3 × 10−5 M ) of the type hypothesized by Dyson et al. (1989)
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Table 2. Simulations of NGC 7027.
Model

Mpg
(M )

Npg

ρpg /ρenv

ρpg /ρsh

f

Comments

a
b
c
d
e
f
g
h

...
3.0 × 10−5
3.0 × 10−5
3.0 × 10−5
1.9 × 10−5
1.5 × 10−5
6.6 × 10−6
3.3 × 10−6

0
4450
2225
445
3465
4450
20 227
20 227

...
202
202
202
17
101
44
22

...
∞
115
64
9
57
∞
13

0
1.0
0.5
0.1
0.5
0.5
1.0
0.5

smooth shell, no globules
standard globules
standard globules
standard globules
Mpg = Mst /1.6 rpg = 2 rst
Mpg = Mst /2
Mpg = Mst /4.5
Mpg = Mst /9

are shown in simulations b–d for different mass fractions of the
shell in globules. In simulation b, the whole shell is in the form
of globules, which are closely packed and overlap along many
lines of sight in the image, resulting in a strong, mottled pattern.
Simulation c is an intermediate case, and in simulation d only
10% of the shell mass is in globules which overlap only rarely
in the image. In each case the globules are clearly seen with a
high signal-to-noise ratio, and although we may have overestimated the intensity of those seen edge-on by ∼50%, we can
rule out this type of envelope structure. Also, if we have significantly underestimated the opacity of the globules so that
they are optically thick in the radial direction, those on the near
side of the envelope would be easily seen in absorption against
the shell background, but there is no evidence for this in the
observations.

The observability of individual proto-globules of lower
mass can be assessed by scaling the results of simulation d
or using the analytic result given above. For the S /N ratio of
the current observations, we can rule out globules with the
same size as standard globules but with masses lower by fac−6
tors of ∼5–10, i.e., Mpg <
∼ 3–6 × 10 . Simulations f–h consider large numbers of these lower mass globules, and each
simulated image is noticeably more granular than the observations, with simulation h being close to a limiting case. The
bottom line of the analysis is that the envelope of NGC 7027
is relatively smooth and does not include high density contrast
proto-globules.

The visibility of individual globules (as in simulation d) in
the optically thin scattering limit can be obtained in an analytic approximation when the globule is spatially resolved. If
we express the peak intensity of the scattered light from the
proto-globule relative to the background envelope (assumed to
have a smooth, constant mass loss rate) as Ipg /Ienv , then it can
be shown for an ellipsoidal globule (flattened by a factor of 4)
seen edge-on in the plane of the sky at a distance d from the
2
). For a standard globstar, that Ipg /Ienv = (48Mpg Vd)/(π Ṁrpg
00
ule in NGC 7027 at an offset of 17 and the envelope parameters given in Table 1, Ipg /Ienv ∼ 3. In simulation d this estimate
is modified somewhat by the presence of the shell and by the
fact that the globule seen edge-on is only partly resolved, so the
ratio is closer to ∼1. Nevertheless, if the envelope is detected
with a good signal-to-noise ratio, the globule is easily seen.

5.1. Overview and simulations

Simulations e–h explore variations of the proto-globule parameters. The proto-globules are unlikely to be significantly
smaller than the standard case because the average dispersion
velocity that we have adopted is likely close to the minimum
it could be, and the proto-globules are unlikely to be pressure
confined in the tangential direction. They could be somewhat
larger, and model e is for low density contrast globules, with the
diameter increased by a factor of 2 and the mass reduced by a
factor of 1.6, so the density contrast is lower by a factor of ∼12;
these are also well seen in the simulated image. Significantly
larger, very low density structures could be present in the envelope and remain unseen, but such structures would not be
identified with the coherent proto-globules under discussion.

5. IRC+10216

Our analysis of IRC+10216 follows that of NGC 7027, but
with some important differences: the illumination is external,
standard proto-globules (if present) are optically thick, and the
characteristics of the observations are different. The sky background of Fig. 2 is much stronger than for NGC 7027 and is
the dominant source of noise, with the S /N per pixel lower by
a factor of ∼3. There are also some discrete features in the image, but we believe that essentially all are background galaxies or stars. The larger and brighter objects are brighter than
the plateau region (see below) and are immediately ruled out
as scattering centers in the envelope, and the more numerous,
fainter features show no statistical variation in number per unit
area, or size, versus distance from the center of the envelope,
which indicates that most or all are background objects
We focus on a region ∼3400 to the north west of the central
star roughly in the center of the field of Fig. 2 where the envelope is well seen. The shell intensity in this region is ∼35 ADU
above the background, and is a factor of ∼3 below the plateau
level seen near the center of the envelope, which corresponds
to the scattered intensity of an optically thick envelope (see
Mauron & Huggins 1999, 2000). We have extracted 10 circular strips covering the shell in this quadrant and find that the
average rms level (with the bright, discrete features masked)
is 16.6 ADU. This is only marginally above the sky background (∼15 ADU), so there is no evidence for a significant
contribution from small scale structure in the envelope. This is
confirmed by constructing the average power spectrum of the
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with τ ∼ 12 for the long axis and ∼3 for the short axis, and because of the external illumination they will shine with roughly
the same intensity as the optically thick plateau region near the
center of the envelope.
To investigate the presence of such structures, we have carried out simulations as before, assuming a shell whose thickness (2.00 4) and compression (2.5) roughly reproduce the observed shell structure seen in the center of Fig. 2. For a range
of proto-globule masses and sizes, and different mass fractions
of the shell, we compute the intensity on a grid of pixels of
size 0.00 05, approximating the optically thick lines of sight by
clipping the pixel values at the observed level of the optically
thick plateau. We then convolve with the point spread function,
group the pixels 4 × 4, scale to the envelope signal, and add
the sky background and the noise at the level seen in the observations. Because of the limited S /N of the observations, we
have also smoothed both the observations and the simulations
with a Gaussian of 0.00 33 (FWHM). Details of the simulations
are given in Table 3.

5.2. Results for IRC+10216

Fig. 5. Intensity strips of the envelope of NGC 7027 (bottom) and simulations a–h shown in Fig. 4. The strips are interpolated at 0.00 1 spacing
in azimuth at a radius of 1700 , and are offset along the vertical axis for
clarity.

strips, which is similar to that of NGC 7027 shown in Fig. 3.
Most of the spectrum is fairly flat, at the level expected from
the sky background, but there is significant power at low fre−1
quencies <
∼0.2 arcsec which corresponds to length scales of
00
>
>
∼5 , i.e., ∼0.14 rd as seen from the central star. In fact, the
fairly long-range azimuthal coherence of the shells is evident
from visual inspection of Fig. 2.
At the distance of IRC+10216 (Table 1), an offset of 3400
corresponds to 6.1 × 1016 cm, so the observed material is closer
to the star than in the case of NGC 7027 or the Helix nebula. The hypothesized standard proto-globules will therefore be
smaller, with a diameter of ∼1.6 × 1015 cm, but the angular size
(0.00 9) is not too unfavorable for ground based observations because IRC+10216 is relatively nearby. From the scaling given
in Sect. 3 we expect standard globules to be optically thick,

The results are compared with the observations in close-up images in Fig. 6. We note that the bright, discrete feature at the
bottom of the observed image (Fig. 6, top left) is brighter than
the plateau and is therefore a foreground or background object.
The fainter discrete feature at the top of the image is also unrelated to the envelope with a high probability by the arguments
given in the previous section. We ignore both features in the
discussion.
Model a of the envelope which contains only a smooth shell
and no globules at all (Fig. 6, top center) matches the observations within the noise. Models b–d are for standard globules in the shell. They are fewer in number than in the case of
NGC 7027 because of the lower mass-loss rate in IRC+10216.
If 100% or 50% of the shell is in proto-globules (models b
and c), they are well seen in the simulated images. However,
with only 10% in globules (model d), only 1 or 2 fall within the
12.00 8 field, and they cannot readily be seen against the gradient
of the shell background. Does this mean that standard protoglobules would go undetected in the envelope if they constitute
<
∼10% of the mass? The answer to this is no. The globules are
optically thick and are, in fact, bright relative to the shell, but
appear weak in simulations b–d because they are not well resolved when seen close to edge-on. However, standard protoglobules a little farther out in the envelope would be larger, and
would be seen more face-on along the line of sight in the figure. An example is shown in model e, where a few globules at
a radius 50% larger than the shell (5100 ) appear along the line
of sight: they are easily seen against the full shell. Standard
globules farther out would be even more prominent.
Simulations f–h explore variations of the proto-globule parameters. Model f is for lower density-contrast globules with
the diameter increased by a factor of 2. These are now well
resolved, even when close to edge-on, and are easily seen.
Models g and h are for larger numbers of proto-globules with
less mass: simulation g is noticeably more granular than the
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Fig. 6. Close-up image and simulations of the envelope of IRC+10216. Left to right, top to bottom: observed image, and simulations a)–h) in
sequence. See Table 3 for details. The fields are 12.00 8 × 12.00 8 with 0.00 2 pixels.

observations, with simulation h being close to a limiting
case. The bottom line of the analysis is that the envelope of
IRC+10216 is relatively smooth and probably does not include
high density contrast proto-globules.

6. Discussion

6.1. Proto-globules in circumstellar envelopes?
The above results provide good evidence against the presence of high density contrast proto-globules with masses

−5
>
∼1 × 10 M in the neutral circumstellar envelopes of
NGC 7027 and IRC+10216. We believe that these objects are
among the most likely precursors of evolved PNe with massive molecular envelopes and neutral globules like the Helix
nebula, so unless globules require special conditions not found
in NGC 7027 and IRC+10216, our results argue against globule formation in high density contrast instabilities in the atmosphere of the star.
It has been pointed out to us by Dyson (2002) that the globule formation model of Dyson et al. (1989) suggested that the
Helix proto-globules might be identified with SiO maser spots
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Table 3. Simulations of IRC+10216.

a

Model

Mpg
(M )

Npg

ρpg /ρenv

ρpg /ρsh

f

Comments

a
b
c
d
e
f
g
h

...
3.0 × 10−5
3.0 × 10−5
3.0 × 10−5
3.0 × 10−5
3.0 × 10−5
3.0 × 10−6
3.0 × 10−7

0
130
65
13
130
65
650
6500

...
6927
6927
6927
2052a
865
693
69

...
∞
5495
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Fig. 7. Structure of the inner circumstellar envelope of NGC 7027: HST WFPC2 images. Left: wide-V (F555W), field 28.00 4 × 28.00 4. Center:
unsharp mask of I(F555W)/I(814W), field 13.00 8 × 13.00 8. Right: close-up of center panel, field 5.00 9 × 5.00 9. In the left panel, the greyscale is
negative (absorption features are light); in the center and right panels, low values of I(F555W)/I(814W), which correspond to absorption
features, are dark. The images have been stretched to show details.

in the progenitor AGB envelope, which would imply an Orich atmosphere, whereas both NGC 7027 and IRC+10216 are
C-rich. In fact, the C/O ratio of the Helix nebula is an open
question: for the ionized gas, Henry et al. (1999) have measured
values of 0.98 and 0.75 at two positions in the nebula, but the
uncertainties are too large (∼100%) to draw a definite conclusion on whether it is C- or O-rich. It is clear from HST images,
however, that globules very similar to those in the Helix are
present in C-rich PNe, e.g., NGC 6720, so the C/O ratio does
not appear to be the most important consideration. On the other
hand, there could be different paths to globule formation in
C- and O-rich envelopes, and this warrants further study.
The relative smoothness of the extended envelopes that we
find is perhaps surprising in view of the fact that the inner
regions of AGB envelopes close to the central stars are reported to be far from homogeneous (e.g., Tuthill et al. 2000;
Osterbart et al. 2000; Kemball & Diamond 1997). Theoretical
considerations, however, suggest that initial irregularities can
be smoothed out on the smallest size scales as the gas moves
away from the star. When the wind velocity exceeds the local sound speed, regions of higher density can be expected
to become smooth on size scales l <
∼ 2co r/V (Sect. 3, see
also Morris 1993), and the corresponding angular size scale

subtended at the star is θ ∼ 2co /V. This will be largest in
the acceleration region, and for representative conditions in
IRC+10126 (T ∼ 600 K at d ∼ 5 × 1014 cm, e.g., Keady &
Ridgway 1993), θ ∼ 0.2 rd or ∼ 10◦ . If the bulk motion of the
gas in this region is directed radially, rather than in coherent
clumps, this angular size scale will be frozen into the flow, and
will also characterize the structure farther out.
This description of the evolution of the azimuthal structure in the envelopes is consistent with the observational results
given in Sects. 4.1 and 5.1, where the main azimuthal structure
is >
∼0.1 rd as seen from the central star. The general coherence
of the multiple shells seen in IRC+10216 and NGC 7027 also
supports this general picture.

6.2. How do globules form?
The absence of proto-globules in the extended envelopes described here is consistent with theoretical models in which
globules are formed as the result of instabilities at or near
the ionization front of the nebulae as originally proposed by
Capriotti (1973); see Dwarkadas (2000) for a summary of
more recent work. These models typically assume that the instability develops from an initially homogeneous, spherically
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symmetric or axi-symmetric envelope (and, if present, an
isotropic, fast stellar wind), so that the properties of the globules (e.g., the mass scale) are the result of the nature of the
instability or the global properties of the nebula/envelope.
There are, however, other structural properties of the environment in which PNe form that we propose may also play a
role in globule formation: multiple shells, and the shaping effects on the neutral circumstellar gas by directed outflows that
occur at the onset of PN formation.

6.2.1. Multiple shells
Multiple shells are present in both the archetypes discussed in
this paper, and are therefore likely to be common structures
in AGB envelopes. Our analysis of IRC+10216 (Mauron &
Huggins 1999, 2000) has shown that the shells are geometrically thin with moderate to high (factors 2–10) shell/inter-shell
density contrast. The presence of such structures likely has effects on the propagation of any wind-swept shell and ionization front during the development of the nebula. As they encounter and pass through these structures they will decelerate
and then accelerate, and this can be expected to significantly
increase the likelihood of instabilities. This also likely affects
the impact of more narrowly confined outflows or jets on the
circumstellar envelope and could play a role in the specific scenario described below. Detailed models would be of considerable interest.

6.2.2. The transition phase
Major effects take place at or near the onset of PN formation
that produce radical changes in the geometrical structure of the
neutral circumstellar gas, and are likely to generate microstructure as well. These include a sudden transition to bipolarity
which can lead to the formation of equatorial rings, and the
action of directed outflows or jets, which are common (e.g.,
Sahai & Trauger 1998), and are known to produce major shaping of the neutral gas (e.g., Huggins et al. 2000). The jets may
induce instabilities in the cavities they create, and if they are
multiple in character or precess, they can inscribe the envelope
with connected, fragmented structures.
For the objects studied here, IRC+10216 is still on the
AGB. Its envelope is roughly spherically symmetric, but it becomes bipolar within a few arc seconds of the star (Fig. 3
of Mauron & Huggins 2000), which corresponds to a recent, sudden (<
∼80 yr) change that may signal the onset of the
PN transition. NGC 7027 is more evolved, and the envelope
shows a complex, inner structure, which is illustrated in Fig. 7,
based on HST WFPC2 images u2sa4501t (F814W, 400 s) and
u2sa4503t (F555W, 200 s), (Bond et al. 1997; Ciardullo et al.
1999; see also Latter et al. 2000).
The features shown in Fig. 7 lie outside the ionized nebula but inside the shells discussed earlier in this paper, their
location indicating a relatively recent (<
∼2000 yr) origin in the
transition phase. In striking contrast to the smooth shells, these
features include numerous micro-jets seen in profile protruding from the inner regions (some are also seen in the close-up

image in Fig. 4); a narrow, fragmented equatorial ring and related filaments; and a remarkable, corrugated structure seen in
absorption over the face of the nebula. The middle panel of
Fig. 7 shows that the corrugations are the result of the microjets where they are viewed more face-on along the line of sight.
The close-up images of the corrugations show them to be fragmented and linearly connected, stacked parallel to one another.
The micro-jets, which appear to be produced by numerous
bullets driven into the neutral envelope, are clearly related to
the series of outflows that have created bipolar holes in the neutral circumstellar envelope as discussed by Cox et al. (2002);
see also Latter et al. (2000). One possibility is that the outflows
actually consist of micro-jets, in which case the layered structure seen in Fig. 7 might result from the precession of the jets.
A second possibility is that the micro-jets are secondary structures, caused by the bursting through of material at instabilities
in the walls of the cavities made by the primary outflows; this
effect has been modeled in the spherically symmetric case for
YSOs by Stone et al. (1995), but it could also apply to the directed flows in PNe as well. In either case the result is a highly
fragmented inner circumstellar envelope.
Based on the variation in brightness of the corrugations
seen in Fig. 7, the opacity of the fragments is ∼1 mag. The
characteristic width is ∼0.00 2 which subtends an angle of ∼1◦ –
2◦ at the central star; the thickness of the equatorial ring is
similar. These properties are remarkably similar to those we
discussed earlier for proto-globules. We believe that the subsequent development of these structures in NGC 7027 can lead to
an evolved PN with Helix-like globules. The number of current
fragments is probably ∼a few hundred, but this could grow by
further propagation of the micro-jets, the fragmentation of the
filaments, and possibly by the effects of shadowing. The later
development of globules with tails is discussed by Huggins
et al. (2002).
It is interesting to note that the distribution and kinematics of the neutral gas in the Helix nebula, which includes the
individually identified globules and those further out where
they merge, shows symmetries which indicate an earlier phase
of shaping of the envelope by bipolar outflows (Young et al.
1999). Also, O’Dell et al. (2002) have recently imaged several,
nearby, evolved PNe with HST, in addition to the Helix, and
suggest that globules may have evolved from linear structures.
Both findings support our proposal, illustrated by NGC 7027,
that globules develop from the structures created in the neutral
envelope at the onset of PN formation.

7. Conclusions
Our analysis of the archetypes IRC+10216 and NGC 7027 provides no evidence for the presence of proto-globules in their extended circumstellar envelopes. The results are consistent with
the smoothing out of small scale structure in the wind flow, and
argue against the hypothesis that globules in PNe originate in
high density contrast clumps formed in the atmosphere of the
progenitor AGB star.
We suggest an alternative scenario for the origin of globules in which the neutral circumstellar gas is fragmented at the
transition phase by directed outflows or jets.
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