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INFRARED IMAGING AND SPECTROSCOPY OF THE HELIX WITH ISOCAM*
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ABSTRACT

We report infrared images of the Helix Nebula centered at 6.9 um (LW?2 filter) and 15 um (LW3 filter) obtained
with ISOCAM on board the Infrared Space Observatory (I0). Threefieldswere also measured using the | SOCAM
circular variable filter (CVF). The CVF data show that the 5-16.6 um spectrum is dominated by the pure
(v = 0-0) rotational lines of molecular hydrogen from the §7) to the §2) transitions. The strong S5) H, line
accounts for most of the emission detected in the LW2 filter. The only atomic lines detected are [Ne 1] 12.81
pm and [Ar 1] 8.99 um, which are weak, and [Ne m] 15.55 pm, which is strong and accounts for most of the
emission in the LW3 filter. No emission bands or continuum of small dust particles are detected despite the
carbon richness of the Helix Nebula

The H, emission traces the individual cometary globules of the molecular envelope of the nebula, whereas
the [Ne m] emission is distributed along this envelope toward the inner regions of the ionized cavity. The
intensities of H, rotational lines are accurately predicted using arotational temperature of 900 + 50 K and column
densities of ~3 x 10% cm™2 The total luminosity in the H, lines ~4 L, (6% of the star luminosity) is much
higher than predicted for photodissociation regions. The significant absence of mid-infrared dust featuresindicates
that in this evolved planetary nebula, the molecular-sized dust particles might have been destroyed by the exposure

to the radiation field from the central hot star.

Subject headings: infrared: 1ISM: lines and bands— planetary nebulae: individual (NGC 7293) —
stars: AGB and post-AGB — stars: mass loss

1. INTRODUCTION

The Helix (NGC 7293, PK 36—57.1) is one of the nearest
planetary nebulae (PNe) with an estimated distance of ~160
pc (Cahn et a. 1992). The optical appearance of the nebula
consists of the well-known double-ring structure, approxi-
mately 10" in diameter (Warner & Rubin 1975; Walsh & Mea-
burn 1987). Similar ring structures are found in the massive
envelope of molecular gas associated with the Helix, which
forms a large broken shell surrounding the ionized cavity
(Healy & Huggins 1990; Kastner et a. 1996). This molecular
envelope is very inhomogeneous (Forveille & Huggins 1991;
Young et al. 1997) and consists of numerous dense conden-
sationsthat are associated with the cometary globules (Huggins
et al. 1992) seen at optical wavelengths (Meaburn et a. 1992;
O'Dell & Handron 1996). The variable extinction across the
face of the nebula (Warner & Rubin 1975) and the extinction
of background [O 1] 5007 A emission in the globules (Mea-
burn et al. 1992) both indicate the presence of dust in the Helix.
The infrared emission was mapped by the IRAS satellite and
has been studied by Leene & Pottasch (1987).
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In this Letter, we report imaging of the Helix at mid-infrared
wavelengths using the ISOCAM camera (Cesarsky et a. 1996)
on board 1O (Kessler et a. 1996). The observations reveal at
unprecedented angular resolution (6”) and sensitivity (mJy
level) the mid-infrared emission in an evolved PN. Additional
spectro-imagery using the ISOCAM CVF reveals the com-
position of the mid-infrared emission.

2. OBSERVATIONS AND RESULTS

The images were taken in 1996 May in the LW2 (5-8.5 um)
and LW3 (12-18 um) filters. With apixel size of 6", the camera
field is 3" x 3’ (32 x 32 pixels). The extent of the optica
nebula (14’ x 14') was covered with a raster map of 15 x
15 frames with an overlap of haf a frame for each raster
position. Theintegration time per frame and thetotal integration
time were, respectively, 8.4 and 5052 s for LW2 and 25.2 and
8205 s for LW3.

The images have been reduced following Abergel et al.
(1996). In addition, an interactive method (to be reported else-
where) has been applied that makes use of the data redundancy
(each point in the sky is observed by different pixels of the
camera) to identify long-term glitches and remove the time-
correlated noise. The calibration is based on the system re-
sponse value given in the ISOCAM observer’s manual.

Three fields were also observed in 1997 April using the
ISOCAM CVF: two in the northern part of the molecular en-
velope and one toward the western rim. A pixel size of 6” was
used, yielding atotal field of view of 3' x 3. Complete scans
of the long-wavelength CVF were obtained: the LW-CVF2
from 16.6 to 9.0 yum and the LW-CVF1 from 9.4 to 5.0 um.
The effective spectral resolution is~40. The data reduction and
photometric calibration were carried out following Boulanger
et a. (1996). In addition, we have used calibration data to
correct for the stray light associated with the zodiacal emission.
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2.1. LW2 and LW3 Imaging

The ISOCAM LW2 and LW3 images of the Helix Nebula
are displayed in Figure 1 (Plate L3). The image in the LW2
filter (around 6.9 um) shows highly structured emission where
the globules, filaments, and wisps of the nebula are clearly
seen. The inner ring is significantly weaker than the outer ring.
The overall appearance of the LW2 emission is similar to the
morphology of the optical [O 1] emission (Warner & Rubin
1975). The halo and the emission in the polar regions, present
a low level in optical images (Walsh & Meaburn 1987), are
well detected in the LW2 image with intensities only factors
of 2-3 lower than for the inner structures. At lower levels, the
LW2 emission shows numerous rays extending outward radi-
aly from the edge of the outer ring. These rays link the outer
ring with the halo in the northeast. In contrast, there isno LW2
emission in the inner cavity.

The LW3 emission (around 15 pm) is morphologically very
different from the LW2 image. Its distribution is much
smoother and more concentrated toward the center. It isequally
strong in the outer and inner rings, and the low-level emission
fillsthe inner cavity and peaks around the position of the central
Star.

2.2. Spectro-imagery

The 5-16.6 um CVF spectrain the western rim show a series
of emission lines on a continuum (Fig. 2). This continuum is
remarkably well fitted by the zodiacal light spectrum from
Reach et a. (1996) (see Fig. 2). We aso estimated the con-
tribution of the zodiacal light using the Diffuse Infrared Back-
ground Experiment (DIRBE) data for the ecliptic coordinates
and solar elongation of the Helix observations, and we found
that the derived amplitude is much less than the absolute cal-
ibration of ISOCAM (~15%). Hence, any mid-infrared dust
continuum from the Helix can at most be 15% of the zodiacal
light, i.e., lessthan 4 MJy st at 15 um. After subtraction of
the zodiacal contribution, the CVF spectra are dominated by
the series of the pure (v = 0-0) rotational lines of molecular
hydrogen from the 7) to the §2) transitions. In addition, there
is weak [Ne 1] and strong [Ne 1] emission and also weak
[Ar m] toward the [Ne 1] peak (Fig. 3 [Pl. L4]). No other
atomic lines are detected. Finally, no dust emission bands are
present in the CVF spectra, including the PAH bands at 6.2,
7.7, 8.6, and 11.3 um, which usually dominate the spectra of
young carbon-rich PNe—see, e.g., Beintema et al. (1996).

Line images have been extracted from the CVF observations
to show the distribution of molecular and ionized gas in the
western rim. Figure 3 displays the distribution of the emission
in the H, §5) and S3) lines compared with that of the
[Ne m] 15.5 um line. The H, emission extends along a south-
east-northwest direction and shows a complex structure with
distinct peaks of emission, matching the structures seen in the
millimeter CO emission (Young et a. 1997). The peaks in the
S(3) and §(5) emission are different, indicating that the rota-
tional temperature varies dightly from structure to structure.
The [Ne 1] emission is smoother, clearly separated from the
H,, and peaks in the direction of the ionized cavity. Similar
results have been found for the northern fields, and these will
be discussed elsewhere.

3. DISCUSSION

The ISOCAM data on the Helix allow a detailed study of
both the molecular and ionized gas in this evolved PN. The
spectro-imaging results demonstrate that, in three fields, the
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Fic. 2—Full CVF spectrum toward the peak of the H, S(5) emission in the
western rim of the Helix Nebula (see Fig. 3). The dashed line displays the
zodiacal emission. The feature at about 14.5 um is caused by residual memory
effects, after a cosmic-ray hit.

mid-infrared emission isentirely caused by molecular hydrogen
and neon lines. No dust bands are detected, and there is no
continuum emission. We believe that these results apply to the
entire nebula. The LW2 map isthus an image of the H, emission
from the §7) to S4) lines, which explains its similarity to the
optical [O1] emission noted previously. The LW3 map ismostly
a result of the [Ne 1] 15.5 um line, which accounts for its
similarity to the [O m] or Ha images (Warner & Rubin
1975)—note that the 1) line of H, is within the LW3 filter
at the long wavel ength edge of the passband. The six rotational
lines of H, provide basic information on the excitation of the
molecular hydrogen in the Helix, and the absence of any dust
signature (emission bands or continuum) indicates that small
grains have been destroyed in thisevolved PN. In thefollowing,
we address both issues in detail.

3.1. Molecular Hydrogen Excitation

The H, excitation diagram for the §5) peak of the western
rim is shown in Figure 4. The statistical weightsused in Figure
4 include a factor of 3 for ortho-H, and 1 for para-H,. The
good temperature fit confirms a posteriori that the adopted
ortho-pararatio is close to 3. The H, excitation diagram shows
that at the S(5) peak of the western rim, the molecular hydrogen
is well characterized by a single temperature of T,, ~ 900 *+
50 K up to energies of about 7500 K. Comparable temperatures
are derived toward the other peaks. Theinferred column density
of warm H, is ~3 x 10" cm?, and the total intensity of the
observed H, linesis2.3 x 10* ergscm 2 st g%, Thesingle
excitation temperature implies al so that the density of the emit-
ting gas is well in excess of the critical density of the highest
level observed, i.e., n(H,) > 10° cm™3,

The far-UV radiation (within the wavelength range of H,
absorption lines that can lead to photodissociation, 921-1120
A) at 0 ~ 4’ from the central star (the distance of the shell) is
estimated to be x ~ 6 (in units of the interstellar radiation field
as given by Habing 1968) for the adopted distance of 160 pc
and a central star luminosity and temperature of L = 60 L
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Fic. 4—H, excitation diagram for the peak in the H, §(5) emission of the
western rim showing a plot of the natural logarithm of the column density,
corrected for the statistical weight, in the upper level of each H, transition vs.
the energy of that level, E,. The dashed line represents a single temperature
fitted to the data with T,,, = 900 + 50 K.

and T = 120, 000 K, respectively (Bohlin et al. 1982). For such
a low radiation field, the far-UV mean intensity is 8 x 107*
ergs cm 2 s* sr~*. Hence, the observed H, emission (at the
peak) corresponds to ~30% of the incident radiative energy.
From the integrated flux in the LW2 map (2.5 x 1072 W m?)
and the excitation diagram (Fig. 4), the total luminosity in the
H, lines is estimated to be ~4 L, i.e., 6% of the stellar |u-
minosity. This is extremely high compared with what is nor-
mally observed in photodissociation regions (PDR), where the
H, lines represent only a fraction of a percent of the available
rediative energy as, eg., in the Orion Bar (Parmar, Lacy, &
Achtermann 1991) or S140 (Timmermann et al. 1996). For
radiation fields of x ~ 6, the calculated fluorescence emission
is typicaly 2 x 1077 ergs st cm™2 sr~* for the §5) H, line
(using the model of Burton, Hollenbach, & Tielens 1992), i.e.,
2 orders of magnitude lower than observed (~10~* ergs s*
cm 2 srh). Also at these low-incident far-UV fields, the gas
temperature predicted by PDR models (20-50 K; Hollenbach,
Takahashi, & Tielens 1991) is much too low to explain the
observed pure rotational emission. Finally, the absence of mid-
infrared dust features introduces a severe difficulty in the H,
excitation through UV radiation, since it suppresses the im-
portant photoelectric heating of the gas by small grains (Bakes
& Tielens 1994).

X-rays are apotential source of gas heating by photoionizing
the atoms and molecules and depositing a fraction of the pri-
mary and secondary electron energy into heat (Maloney, Hol-
lenbach, & Tielens 1996 and references therein). With an X-
ray luminosity of 1.3 x 10® ergss * (Leahy, Zhang, & Kwok
1994) and a physical size of the envelope of 6 x 10*" cm (4'),
the X-ray intensity is well below the far-UV flux and the flux
observed in the pure rotational lines of H,. The role of X-rays
is thus negligible.

Another possibility is excitation by shocks. C-shocks are
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unlikely because the magnetic field in the Helix Nebula is
expected to be very weak. For nondissociative J-shocks with
a shock velocity v, ~ 10 km s* and a preshock density of 10°
cm3, the calculated temperature and column density of the
shocked H, gas are 1000 K and 6 x 10 cm 2, respectively
(Burton et al. 1992), consistent with the observations. Disso-
ciative J-shocks will produce column densities that are too high
(~10* cm™?) and temperatures that are too low (~400 K) com-
pared with the observations and therefore are ruled out. The
shock excitation of the H, can be placed in the context of the
interacting wind model, where the fast wind from the central
star sweeps up the slowly moving AGB wind material. How-
ever, the luminosity in the H, lines (~4 L) implies a very
high ratio of mechanical-to-radiative luminosity. The required
mass-loss rate (3 x 107® M, yr*) and wind velocity (1000
km s™*) are similar to the values suggested by Leahy et al.
(1994) on the basis of the X-ray emission. However, the X-ray
sourceisunresolved (lessthan 15”), which is unexpected within
the framework of the interacting wind model. Moreover, there
is no direct evidence for P Cygni profiles in the spectrum of
the central star (Cerruti-Sola & Perinotto 1985).

In summary, despite the fact that the globules in the Helix
show atypica PDR morphology (an ensemble of dense glob-
ules with ionized surfaces and C 1/CO layers), the far-UV ra
diation from the central star appears to be much too low to
account for the H, line intensities and the high temperatures
(900 K) that are observed. Nondissociative J-shocks are able
to reproduce the observed temperature and column densities.
However, shocksimply avery high mechanical luminosity, and
there is no strong evidence in the Helix for a stellar wind with
the required mass-loss rate and velocity. The influence of the
extreme-UV radiation from the star could perhaps play an im-
portant role in heating the H, if the molecular hydrogen sur-
vives up to the ionization front. Future observations should
help to further constrain the excitation of the molecular hy-
drogen in the Helix. In particular, measurements of high-v rov-
ibrational H, lines will test the importance of fluorescence,
observations of the fine-structure lines of [C 11] and [O 1] will
allow abetter understanding of the interface regions, and meas-
uring high-J CO lines will assess if shocks are important since,
in this case, according to models the CO lines should account
for ~10% of the total infrared luminosity.

3.2. Dust Destruction

The C/O ratio in the Helix has not been measured, but ev-
idence strongly suggeststhat the envel ope of the Helix iscarbon
rich. First, the abundances of molecular species such as CN,
HCN, HNC, and HCO" are comparable with the abundances
measured in C-rich nebulae (Bachiller et al. 1997). Second, the
high abundance of neutral carbon (C I/CO ~ 6) that has been
measured toward the western rim is only expected in carbon-
rich environments (Young et al. 1997). In view of the carbon
richness of the Helix molecular envelope, the absence of the
familiar PAH emission featuresin the CVF spectraissurprising.
The upper limit on the intensity of the PAH featuresis 1 order
of magnitude lower than in PDRs of comparable x-value such
as Ophiucus (Boulanger et al. 1996). Thus, in the Helix, PAHs
are underabundant not only within the ionized gas but aso in
the gas layers shielded from Lyman continuum photons. This
isunlike what is observed in well-known H 11 region/molecular
cloud interfaces such as M17 (Giard et a. 1994).

The absence of PAH emission bands in the mid-infrared
spectra implies that no molecular-sized dust particles are pres-
ent in the envelope of this evolved PN. A possibility is that
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the small particles have been destroyed by exposure to the
strong radiation field of the central star in thefirst few thousands
years of the PN phase. In any case, the Helix will not enrich
the interstellar medium in PAHSs or small grains. It would be
of interest to study other evolved carbon-rich PNe and check
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if this result is general, in which case an efficient process of
producing small grains must be activein theinterstellar medium
to account for their ubiquitous presence in space.

This work was supported in part by NSF grant AST-96-
17941 (to P J. H.).
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Fic. 1.—ISOCAM maps of the Helix Nebula in the LW2 filter (5.0-8.5 um) (upper panel) and the LW3 filter (12.0-18.0 um) (lower panel). The angular
resolution of the ISOCAM images is 6”. The maximum nebular emission is 2.5 MJy sr* in both images.
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Fig. 3.—Distribution of the emission in the H, §5) and S(3) lines, and the [Ne mi] line in the western rim of the Helix Nebula. The contours are from 2 x
10°t0 9 x 10°in steps of 2 x 10°° ergscm 2 s . Also shown are full CVF spectra toward the H, and [Ne 1] emission peaks. The contribution of the
zodiacal light has been subtracted as explained in the text. The rotational lines of molecular hydrogen and the atomic fine-structure lines are labeled.

Cox et al. (see 495, L24)

PLATE L4



