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ABSTRACT 

High spatial resolution, narrow band, infrared line images and CO (1—0) mm interferometer data are 
presented for NGC 7027. These data trace emission from the central H II region (Bra), the interme- 
diate photodissociation region [H2 1—0S(1) and 3.3 /im dust feature], and the molecular 
circumstellar envelope [CO (1—0)]. The H II region lies in a cavity in the CO envelope, and consists 
of a smooth elliptical shell. A striking change of morphology is seen in the H2 emission and the dust 
feature. The H2 1—0 S(l) emission is composed of two components: (1) an incomplete elliptical ring 
of knots which bounds the ionized gas; (2) a remarkable thin shell which loops around the H II region 
with fourfold symmetry. The dust emission is similar to that from the ionized gas, but is displaced 
further from the center, and extends at low surface brightness into four “ears” which fill in the bays 
delineated by the outermost loops of H2 emission. No 3.3 /xm emission is detectable beyond the outer 
H2 shell. The outer loops of H2 emission and the 3.3 /im emission occupy the region between the edge 
of the H II region and the inner edge of the molecular gas. It is natural to ascribe the morphology of 
NGC 7027 to a photodissociation region which separates the ionized and molecular gas. If this is 
correct then the exterior H2 loops are due to molecular gas heated by the far-UV emission escaping 
from the H II region, and delineate a photodissociation front. The H2 and CO kinematics rule out 
shock excitation of the H2 emission and favor UV excitation. 

1. INTRODUCTION 

The young planetary nebula NGC 7027 is remarkable 
on account of its association with a substantial circumstel- 
lar molecular envelope (Mufson, et al 1975). The pres- 
ence of such a significant envelope, which is probably the 
remnant of a cool, slow, wind from the progenitor red 
giant, is unique, and NGC 7027 therefore presents an im- 
portant opportunity to study the interaction of the newly 
formed H II region with the circumstellar material. This 
interaction takes two forms, namely a mechanical interac- 
tion in which a fast wind from the central star ploughs into 
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the slowly moving red giant wind and determines the shape 
of the resultant planetary nebula (e.g., Kahn & West 1985; 
Balick et al 1987), and a radiative interaction, where far- 
ultraviolet radiation (6 eV</zv<13.6 eV) emerges from 
the H II region and dissociates and heats surrounding mo- 
lecular gas. 

This paper describes new high angular resolution infra- 
red line imaging and mm-wave interferometry of 
NGC 7027 which trace this interaction. The infrared data 
consist of images of 2.122 ¡xm H2 emission, the 3.28 ¡xm 
dust feature and Bra. Emission from H2 was discovered in 
NGC 7027 by Treffers et al (1976). Beckwith et al 
(1980) demonstrated that the H2 emission was from mol- 
ecules which are outside the ionized gas. Gatley et al 
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Fig. 1. Continuum subtracted infrared line images presented 
as contour plots of NGC 7027. All contours start at 10% of the 
peak intensity, and increase in linear steps of 10% up to the 
peak. A linear grey scale spanning 5% to the peak is also 
included, (a) The Bra emission at 4.05 /¿m. The first contour 
is 4.6X 10-2 erg s-1 cm-2 sr_1. (b) The 3.28 ¿¿m dust feature. 
The first contour is 1.06 erg s-1 cm-2 sr-1/¿m-1. (c) The 
2.12 /im emission. This map traces H2 1—0S(1). The inner 
ring of knots, which is coincident with the H II region also 
includes a contribution from He I 2.11 /¿m. The outer loops are 
pure H2. The lowest contour is 2.4X 10~4 erg s_1 cm-2 sr-1. 

(1988) presented the first H2 line emission image of 
NGC 7027. Images of the dust feature emission and Bra 
are presented by Woodward et al ( 1989, 1992). A prelim- 
inary discussion of the current infrared data appears in 
Graham et al (1990). The 3.28 /xm dust feature was dis- 
covered by Merrill et al (1975). Images of this emission 
have been presented by Woodward et al (1989, 1992). 
Interferometer CO (1—0) maps of NGC 7027 have been 
presented by Masson et al (1985) and Bieging et al 
(1991). 

2. OBSERVATIONS 

Observations of NGC 7027 were made at the Cassegrain 
focus of the Hale 200 inch telescope with an infrared cam- 
era equipped with a Santa Barbara Research Corporation 
InSb 58x62 detector array. The pixels project to 0'.'31 
X0"31 on the sky. The camera is equipped with circular 
variable filters (CVF) which allow narrow band imaging 
in the 2 and 3 /zm windows at 1.3%. Observations 
in the 2 fim window included the lines H2 1 — 0 S( 1 ) 2.122 
/xm and continua at 2.09 and 2.19 jum. The 3 /xm observa- 

tions consist of five CVF setting centered about the 3.3 jtxm 
dust feature, and four positions around Bra 4.051 fim. 
Continuum subtracted line images are presented in Fig. 1. 
The angular resolution is ^0"8. The magnitude calibration 
was determined from observation of standard stars from 
Elias et al ( 1982). The magnitudes were converted to flux 
densities using stellar models and absolute visual measure- 
ments of a Lyr (Oke & Schild 1970) 

Aperture synthesis observations of CO (1—0) at 115 
GHz were made using the Owens Valley Millimeter Ar- 
ray.2 Five telescope configurations were used, with base- 
lines as long as 200 m east-west, and 140 m north-south. 
The synthesized beam width was 2"8. The shortest pro- 
jected baseline was 8.3 m, implying that emission struc- 
tures of scales ^30" or larger are resolved out. Conse- 
quently, 70% of the total CO flux is missing from these 
data. The 32x1 MHz filter bank provides a velocity reso- 
lution of 2.6 over 83 km s-1 at 115 GHz. Based on lower 

2The Owens Valley Radio Observatory is operated by the California In- 
stitute of Technology, with support from the National Science Founda- 
tion. 
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Fig. 2. Interferometer CO (1—0) channel maps of NGC 7027. The maps are continuum subtracted. The 
number at the lower left of each panel is yLSR in km s-1 for that channel. The contour levels are —0.8, —0.4, 
0.4, 0.8, 1.6, 2.4, 3.2, and 4.0 Jy/beam. Negative contours are dashed. The last panel shows the 115.27 GHz 
continuum map. The contours are -0.08, 0.08, 0.20, 0.35, 0.50, 0.62, and 0.74 Jy/beam. The synthesized 
beamwidth is 2"8. The map center is RA 21 5 9.57 DEC 42 2 2.8 (1950.0). 

sideband measurements, the continuum flux integrated 
over the H II region is 4.6 Jy, in good agreement with the 
earlier measurement of Masson et al (1985). The result- 
ant continuum subtracted channel maps are shown in 
Fig. 2. 

3. RESULTS 

3.1 Infrared Images 

The Bra emission, presented in Fig. 1(a), is composed 
of a smooth elliptical shell with a minor axis diameter of 
6". The intensity is peaked at two symmetrical points along 
the minor axis, and is very similar to the free-free emission 
mapped at cm wavelengths (Masson 1989). At low surface 
brightness levels ansae extend from the north-west, south- 
east, and possibly to the south, confirming structure in the 
6 cm map. The current Bra data are in good agreement 
with the observations of Woodward et al ( 1989). 

The dust feature image at 3.28 /xm [Fig. 1 (b)] is, at first 
sight, rather similar to the emission from the H II region 
[Fig. 1(a)]. However, the radius of the prominent central 
shell is clearly larger than the H II region (cf. Woodward 
et al 1989). Low surface brightness emission extends well 
beyond the edge of the H II region. There is some degree 
( ^ 5%) of limb brightening of this faint emission, partic- 
ularly at the position adjacent to the southern end of the 
H II region. The emission has a sharp outer edge with the 

possible exception of the “blow out” to the north-west 
where the faint emission extends to the edge of the image. 

The 2.12 /xm morphology is quite remarkable [Fig. 
1(c)]. It consists of two components: (1) an incomplete 
elliptical ring of knots which bounds the ionized gas; (2) a 
thin shell at a greater radius, which loops around the H II 
region with fourfold symmetry at a maximum diameter of 
14". The central ring of knots is almost exactly coincident 
with the Bra emission from the H II region—the east and 
west limbs are displaced only ~0"2 further from the center 
of the nebula than the Bra emission. The two brightest 
2.12 /xm knots, on the west limb, straddle the Bra peak. 

The bandpass of the 2.12 /xm image was centered on the 
H2 1 — 0 S( 1 ) line. In the H II region this image includes 
H2 1—0S(1) and He I 3P—3S 2.114 /xm. High resolution 
spectroscopy shows that within the H II region the He I 
line accounts for 20% of the flux in our bandpass (Smith 
et al 1981 ). Thus, most of the emission at 2.12 /xm within 
the H II region must be due to H2 1 — 0 S( 1 ). Nonetheless, 
the 2.12 /xm CVF image cannot tell whether the central 
knots are H2 or He I emission. This ambiguity is resolved 
by images of NGC 7027 obtained using the infrared cam- 
era in tandem with a Fabry-Perot at A/AA = 3000 (Herbst 
& Beckwith 1988). These Fabry-Perot data resolve the H2 

and He I lines and show the H2 emission in the H II region, 
and reveal that the brightest knots on the east and west 
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limbs of the H II region are indeed knots of H2 emission. 
Consequently, we infer that He I 2.114 /xm is smooth like 
Bra. This is not surprising because Ha and He I 5876 A 
images of other planetary nebulae are similar (e.g., Aller 
1984). The Fabry-Perot observations and unpublished 
long slit spectroscopy with the grism installed in the infra- 
red camera show that, as expected, the outer loops of emis- 
sion beyond the H II region are entirely due to H2 emission. 
Most of the H2 flux ( — 80%) comes from these outer 
loops—in accord with Beckwith et al (1980) who mod- 
eled the H2 emission as a thin shell with a diameter of 12". 

In Fig. 3 (Plate 7) the three infrared images have been 
combined into a three-color image to permit comparison of 
their spatial extend. Figure 3 shows the dust emission ex- 
tends well beyond the H II region, and that it is bounded by 
the H2 emission. The south-east “ear” is clearly filled in 
with dust emission, while the others are fainter. The over- 
lap of the H2 and dust in the outer regions is particularly 
interesting. In some places the H2 emission and dust are 
coextensive (i.e., cyan) all the way to the edge of the neb- 
ula, for example to the west near the minor axis, and par- 
ticularly to the north at the major axis. However, there are 
other locations where the dust emission is relatively weak 
compared to the H2 e.g., the south-west loop. 

3.2 Millimeter Maps 

The CO (1—0) maps in Fig. 2 show a high degree of 
symmetry in agreement with the results of previous mm 
observations (Masson et al. 1985; Bieging et al 1991 ). The 
redshifted, yLSR = 29.5-40 kms“1, and blueshifted mate- 
rial, yLSR= 11.3-24.3 kms“1, form incomplete arcs dis- 
placed to the northeast and southwest of the H II region, 
respectively. These arcs are shown most clearly in Fig. 4, 
which displays the emission integrated from ^lsr= 11-3-40 
km s“1. The integrated emission is dominated by two lobes 
which lie along the minor axis of the H II region at a 
distance of 7" from the center of the nebula. This figure 
emphasizes the axial symmetry of the CO distribution. 

4. DISCUSSION 

4.1 CO Kinematics 

The CO channel maps contain information regarding 
the kinematics of the molecular envelope of NGC 7027, 
but this information is rather difficult to extract directly 
from these maps. Therefore, we present position-velocity 
diagrams for the major and minor axis of the CO cloud in 
Fig. 5. These diagrams are useful because they provide a 
summary of the kinematic information. The minor axis lies 
at a position angle (PA) of 65°, passing through the north- 
east and southwest CO lobes adjacent to the H II region. 
This axis is approximately parallel to the PA of the minor 
axis of the H II region (60°; Masson 1986). 

Figures 5(a) and 5(b) show a ring of emission charac- 
teristic of a resolved expanding shell. The most noteworthy 
aspect of these plots is the large velocity gradients at offsets 
of ±8". This abrupt change in velocity leads to a locus of 
maximum emission which is distinctly box shaped. These 
figures also emphasize the dumpiness of emission seen in 
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Fig. 4. The integrated CO (1—0) emission from vLSR 
= 11.3-40 kms-1 for NGC 7027. The integrated emission 
consists of two lobes which lie along the minor axis of the 
H II region at a distance of 7" from the center of the nebula. 
Contours run from 10% of peak in linear intervals of 10% to 
the peak. The lowest contour corresponds to an average flux 
per channel of 0.19 Jy/beam. The synthesized beam width is 
2"8. The data are also displayed as a linear greyscale covering 
the same data range. 

the channel maps and demonstrate that it is also present in 
the velocity domain, suggesting that the clumps corre- 
spond to genuine three-dimensional structures. However, 
the minor axis plot shows that the two dominant CO lobes 
seen in the central velocity channel map are part of an 
equatorial ring which forms a large, relatively coherent, 
structure. This is in contrast to the major axis emission 
distribution which is more fragmented. 

Quantitative information regarding the kinematics of 
NGC 7027 can be found by comparing the position veloc- 
ity plots with a model consisting of an expanding, optically 
and geometrically thin, triaxial ellipsoidal shell. This 
model is similar to those proposed for the H II region (e.g., 
Atherton et al. 1979; Masson 1986; Roelfsema et al. 1991 ). 
Expansion laws of vozra, with a = — 1, 0, and 1 were con- 
sidered. In all cases the expansion was assumed to be ra- 
dial. As the model has a large number of free parameters— 
the axes’ lengths, the expansion velocity, a, and the 
inclination—formal least-squares fitting was not per- 
formed. Rather, position velocity plots for a large range of 
parameters were calculated and compared by eye with the 
observations. The first deduction from this exercise is that 
only uniformly expanding models (a=0) can account for 
the “boxy” shape of the locus of maximum emission. Ho- 
mologous expansion (a=l) predicts ellipsoidal position 
velocity plots, which are inconsistent with the long straight 
sections seen in Figs. 5(a) and 5(b). On the other hand 
a = — 1 predicts position velocity plots with cusps and con- 
cave sections which are not seen. 

Uniform radial expansion of a prolate spheroid, inclined 
to the line of sight, leads to a velocity field which is con- 
sistent with the observed position velocity diagrams. For a 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 
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Fig. 5. (a) is the major axis (PA 155°) position velocity plot 
of the CO (1—0) data, (b) is the minor axis (PA 65°) 
position velocity plot. Note the distinctly box-shaped con- 
tours which are characteristic of a uniformly expanding pro- 
late ellipsoidal shell. In both plots the dotted line shows the 
locus of emission from a thin uniformly expanding shell. See 
Table 1 for the model parameters. 

radial flow, the expansion velocity can be determined di- 
rectly from the separation of the emission peaks along the 
major axis. The minor axis dimension is the diameter of the 
ring at the central velocity. The ratio of the extreme veloc- 
ities in the major and minor axis plots gives the inclination 
angle. A uniform expansion model, with parameters which 
are listed in Table 1, is compared with the observations in 
Figs. 5(a) and 6(b). It is clear from this comparison that 
the model provides a good explanation for the kinematic 
data, and a thin shell can account for a substantial fraction 
of the observed CO emission. 

Better agreement could undoubtedly be achieved by a 
model consisting of a thick shell with some velocity dis- 
persion. As the CO (1—0) optical depth probably ap- 

Table 1. Kinematic model of the CO shell. 

Inclination of major axis to the line of sight 60° 
Major axis radius 16" 
Minor axis radius 7" 
Systemic velocity (LSR) 25.6 km s-1 

Expansion velocity 14 km s_1 

proaches unity along some lines of sight (Jaminet et al 
1991), a more complete model should also include radia- 
tive transfer effects. 

4.2 Comparison of Infrared and mm Maps 

Figure 6 shows an overlay of the H2 and CO at the 
systemic velocity. The correlation between the H2 and CO 
emission in the figure is striking. The inner ring and outer 
loops of H2 sit in the central CO cavity. Within the limits 
of the resolution of the CO data the lowest CO contour 
delineates the outer boundary of the H2. The maxima in 
the CO along the minor axis are aligned with the indenta- 
tions in the outer H2 shell along this direction. The sec- 
ondary pair of CO peaks, to the north and south, are as- 
sociated with the pinching in of the H2 shell along the 
major axis. However there is an offset of ^35° between the 
axes joining the secondary CO peaks and the H2 indenta- 
tion along the major axis. The “blowout” seen in faint H2 

emission to the north-west lies along the axis with least CO 
emission. 

Several studies of NGC 7027 show that the CO (1—0) 
is not very optically thick, i.e., r( 1 —0) £ 1, and the inten- 
sity is approximately proportional to column density 
(Deguchi et al 1990; Jaminet et al. 1991 ). Thus, CO maps 
reveal the density structure of the circumstellar molecular 
gas. If the kinematic model of Sec. 4.1 is correct, then the 

Fig. 6. Contours of CO (1—0) emission at uLSR = 25.6 
km s_1, which corresponds to the central velocity. The con- 
tours are linear starting 10% of peak and increasing in steps 
of 10%. The lowest contour is 0.5 Jy/beam. This figure also 
shows the H2 emission displayed as a greyscale. The display 
corresponds to a linear stretch from 10% to maximum. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 
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central channel map corresponds to a planar slice perpen- 
dicular to the line of sight through the center of the shell, 
and this channel should show the envelope in cross section 
giving the most unambiguous measure of the structure of 
the molecular envelope free from projection effects. 

The current CO distribution reflects the original spatial 
distribution of the ejected material and its subsequent mod- 
ification by the central star. A fast wind from the star 
forms a bubble of hot, high pressure gas which sweeps up 
the previous ejecta into a thin shell (e.g., Kahn 1983). If 
the shock driven by the expanding bubble is fast enough 
(i;5£ 25-45 kms-1; Kwan 1977; Draine et al 1983) then 
the swept-up molecular gas is completely dissociated. Ion- 
izing radiation from the star forms an H II region which 
expands behind an ionization front. Far-UV radiation (6 
eV< Av< 13.6 eV) can escape from the H II region. Since 
this radiation can dissociate H2, a photodissociation front 
precedes the ionization front. Shocks and UV light can 
vibrationally excite H2. Thus the remarkable correlation 
seen between CO and H2 in Fig. 6 arises because the outer 
H2 loops delineate either a shock or a photodissociation 
front propagating into the molecular envelope. In general, 
both a shock and a photodissociation region will surround 
the H II region. We discuss our observations with the goal 
of deciding which is responsible for the observed infrared 
emission. 

4.3 The Origin of the CO Kinematics 

At first sight the kinematic model appears contrived 
because the ellipsoidal shell at different distances from the 
central star expands at the same speed. This might suggest 
that the gas along the poles of the nebula must have decel- 
erated in order to reach a greater distance from the star, 
yet currently be moving at the same velocity. Implicit in 
this is the assumption that the CO which forms the shell 
was ejected at a single epoch. A much more likely picture 
is that the CO originally formed a thick uniformly expand- 
ing shell. Interaction with the H H region then eroded the 
molecular shell. If the density is lower along one axis, then 
the cavity will increase in size faster in this direction. The 
net result is a prolate ellipsoidal shell with the same veloc- 
ity along the major and minor axes. 

4.4 Shock Excitation 

Several observations suggest supersonic motions are 
present in the molecular envelope of NGC 7027. There- 
fore, it is important to investigate the role of shocks in 
determining the observed morphology at infrared and mm 
wavelengths. However, we anticipate the conclusion of this 
and the following section by stating that shocks are prob- 
ably not responsible for exciting the H2 emission or its 
relationship to the CO. 

Figure 6 shows that the morphology of the central CO 
cavity does not match the H II region, but rather the outer 
H2 loops. This can be explained if a dissociative shock 
propagates ahead of the ionization front into the molecular 
gas. The dereddened average surface brightness of the H2 

1—0 S(l) emission in the loops is ^SxlO-4 

A RA (arc seconds) 

Fig. 7. Comparison of the 3.3 /¿m dust feature, displayed as 
a greyscale, with contours of H2 emission. The 3.3 /xm dust 
emission is bounded by the H2, providing compelling evi- 
dence that the outer H2 loops delineate a photodissociation 
front. 

erg s_1 cm-2 sr_1, assuming ^=0.34 mag (Woodward 
et al 1992). For a density in the equatorial plane of 
/íh2 3 X 104cm-3 (lamínete/a/. 1991) a shock velocity 

of vs^25 km s-1 is required (Draine et al 1983). There is 
no observational evidence for such fast shocks in 
NGC 7027. 

The highest velocity CO (1—0) emission is observed at 
vlsr=3-5 and 47.7 kms-1, i.e., Ap—±22.5 kms-1 (cf. 
Fig. 2). This emission is located close to the edge of the 
H II region at its northern and southern ends. Masson 
et al (1985) also reported high velocity emission towards 
the center of the nebula, and attributed it to a layer of 
shock accelerated neutral gas surrounding the H II region. 
The similarity of the expansion speed of the high velocity 
CO and the ionized gas (23 km s-1, e.g., Roelfsema et al 
1991), suggests that the surrounding molecular gas has 
been shock accelerated by the expansion of the H II region 
(cf. Jaminet 1991). The resulting shock speed is vs~S.5 
km s-1 for the isothermal case, given the observed expan- 
sion speeds of the ionized and molecular gas. The principal 
coolants of slow shocks (vs<\5 km s-1) in dense molec- 
ular gas (/ih=104-106 cm-3) are pure rotational lines of 
H2 and [O l] fine structure lines (Draine et al 1983; Mc- 
Kee et al 1984). Consequently, the molecular shock in the 
envelope of NGC 7027 is too slow to produce observable 
1—0 S(l) emission. The kinematics of the H2 emission, 
discussed in Sec. 4.5, confirm this conclusion. 

4.5 A Photodissociation Region Surrounding NGC 7027 

An alternative explanation for the cavity in the CO shell 
and the close correlation with the outer H2 loops is that the 
H2 emission comes from radiatively heated gas in a photo- 
dissociation region. The thin, limb brightened H2 morphol- 
ogy is consistent with emission from a photodissociation 
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region (Tielens & Hollenbach 1985). Figure 7 compares 
the 3.3 /im dust feature with the H2 emission and shows 
that they are coextensive outside the H II region. (See also 
Fig. 3.) The 3.3 /¿m dust feature usually delineates the 
interfaces between ionized and molecular gas (e.g., Sell- 
gren et al 1990). Therefore, this figure provides compel- 
ling evidence for a photodissociation region between the 
ionized gas and the inner edge of the CO cavity. 

Far-UV radiation excites both H2 and 3.3 ¡im dust emis- 
sion. The excitation of these species occurs in distinct parts 
of the photodissociation region, and the emission should 
have a distinctive morphology. The photodissociation front 
is located at a distance equivalent to A v=\-2 mag into the 
neutral cloud, and corresponds to the penetration depth of 
far-UV light (Tielens & Hollenbach 1985). The exact po- 
sition depends upon the relative importance of dust extinc- 
tion and molecule self shielding. The H2 is collisionally 
excited in UV heated gas; the abundance of vibrationally 
excited H2 is sharply peaked at the photodissociation front 
(Tielens & Hollenbach 1985; Burton et al 1990). The 3.3 
jum feature is due to the fundamental C—H stretch mode 
of hydrogenated bonds on carbon molecules such as poly- 
cyclic aromatic hydrocarbons (e.g., Puget & Leger 1989). 
The 3.3 /im emission is fluorescently excited by far-UV 
light and therefore traces the penetration of this radiation 
into the gas surrounding the H H region. Figures 3 and 7 
show that the 3.3 /¿m dust emission extends well beyond 
the edge of the H II region, but that it is bounded by the 
outer loops of H2 emission. This is precisely the morphol- 
ogy expected for a photodissociation front where the prop- 
agation of far-UV light is determined by dust extinction. 

The size of the gap between the H II region and the CO 
is correct for a photodissociation region assuming that at- 
tenuation of far-UV is dominated by dust and standard 
extinction—^Ar

H= 1.6x 102l^r cm-2. The minor axis di- 
mensions of the H II region and the CO shell are 3" and 7", 
respectively. Thus, the width of the photodissociation re- 
gion is :~4". At a distance of 880 pc and with = 3 
X 104 cm-3, the column in the photodissociation region is 
~3xl021 cm-2. This column of gas corresponds to Ay 
= 1.8 mag, and falls within the expected range of 1-2 mag. 
The larger size of the CO shell along the major axis pre- 
sumably indicates a corresponding lower density in this 
direction. 

The observed H2 surface brightness is similar to that 
expected for the physical conditions in NGC 7027 accord- 
ing to photodissociation region models (cf. Black & Van 
Dishoeck 1987; Burton et al 1990). If the density in the 
equatorial plane at the edge of the H II region is nH 

~ 3 X 104 cm-3 and the far-UV radiation field is 2X 103 

times the interstellar field at a radius of 1" (Black & van 
Dishoeck 1987) then I^q^^S.SxIO-5 

erg s_1 cm-2 sr_1 (Sternberg 1988). Models of photodis- 
sociation regions show that the vibrationally excited H2 

emission comes from a region <5Ä/Äc=i0.1 (Tielens & Hol- 
lenbach 1985). The limb brightening factor for a spherical 
shell of radius R, and thickness ÔR, is 2(2R/0R)05. There- 
fore, the peak 1—0S(1) surface brightness excited by 
far-UV radiation should be 4.9X 10~4 erg s-1 cm~2 sr“1, 

or about 60% of the typical observed H2 surface bright- 
ness. The calculated surface brightness depends on uncer- 
tain properties of the circumstellar shell, such as the gas 
temperature, the gas-to-dust ratio, the optical properties of 
the dust grains, and the details of the surface chemistry 
which lead to formation of H2. For example, different grain 
models lead to fluxes which vary by a factor of about 3 
(Black & Van Dishoeck 1987). Consequently, the mea- 
sured infrared H2 flux is in accord with that calculated for 
the photodissociation region model. 

CO observations imply that the density is comparable to 
the critical density (tí^11 ^ 104 cm-3) for thermalization of 
the lower (v%2) vibrational levels of H2. Therefore, mea- 
surement of the relative intensity of t> = 1 — 0 and y=2 — 1 
transitions cannot be used as an unambiguous diagnostic 
for UV heating (Sternberg & Dolgarno 1989). On the 
other hand, the H2 rotation and vibrational populations in 
NGC 7027 are not in LTE. This observation lead Tanaka 
et al ( 1989) to decompose the H2 emission into a mixture 
of thermal and fluorescent components. As Tanaka et al 
point out, the thermal component does not necessarily 
mean shocked gas. The presence of both components is 
qualitatively consistent with emission from a dense photo- 
dissociation region. The detection of [C II] 158 /xm emis- 
sion for NGC 7027 is also consistent with the photodisso- 
ciation region interpretation (Genzel et al 1988). 

Shock excited and photodissociation region H2 emission 
have distinct kinematic signatures. Emission from a pho- 
todissociation region is found at the rest velocity of the 
illuminated gas, while shock excited emission comes from 
accelerated gas and therefore is seen at a different velocity 
from the ambient, unshocked material. For an isothermal 
shock the velocity difference is equal to the shock velocity 
(Spitzer 1978). A high resolution spectrum of the 
1 — 0S( 1 ) emission from NGC 7027, in a small beam pass- 
ing through the center of the nebula, shows a double 
peaked profile characteristic of an expanding shell (Ge- 
balle 1990). The separation of the peaks corresponds to an 
expansion velocity of 15 km s_1. There is none of the high 
velocity molecular gas (6y= ±40 km s-1) which would be 
present if the H2 emission were shock excited. On the con- 
trary, the H2 shell is expanding at essentially the same 
speed as the CO shell. Therefore, the simplest interpreta- 
tion is that the bulk of the H2 emission comes from un- 
shocked gas which is part of a photodissociation region at 
the inner edge of the CO shell. 

4.6 Comparison with the Orion Bar 

Similar stratification of ionized gas, dust feature emis- 
sion and vibrationally excited H2 is found in the Orion Bar 
(Sellgren et al 1990), and is one of the reasons for attrib- 
uting the 3.3 pm and H2 emission to a photodissociation 
region. The similarity between the Orion photodissociation 
region and NGC 7027 is also quantitative because the ratio 
of peak H2 and dust surface brightnesses are also compa- 
rable: /¿(3.3 jUm)//H2 = 1700 pm~x in the Orion photodis- 
sociation region; /^(3.3 pm)/IHi = 2900 /xm_1 for 
NGC 7027. 
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The main difference between the Orion bar and 
NGC 7027 is that H2 and 3.3 jum emitting dust are present 
in the H II region in NGC 7027. This difference is most 
likely due to the youth of the ionized region in NGC 7027 
[ — 600 yr, Masson (1989)]. PAHs are destroyed and de- 
hydrogenated inside an H II region by the ionizing flux and 
hot electrons, but the time scale must be longer than the 
age of NGC 7027. If there has been inadequate time for 
substantial destruction of PAHs in NGC 7027, then the 
larger value of 7^(3.3 in NGC 7027 may also be 
due to the youth of the nebula. The presence of the inner 
ring of H2 adjacent to the H II is harder to explain. The 
implication is that some H2 survives the passage of the 
photodissociation front. This would point to the presence 
of dense molecular knots in which H2 can survive the in- 
terval between the arrival of the photodissociation and ion- 
ization fronts. 

5. CONCLUSIONS 

We have presented high resolution infrared and mm line 
data for the planetary nebula NGC 7027 which allow us to 
investigate the nature of the transition region between the 
outer edge of the H II region, and the inner edge of the 
nebula’s molecular envelope. This region is traced by vi- 
brationally excited H2 emission and the 3.3 /¿m feature of 
interstellar dust. The H2 morphology is particularly strik- 
ing, and consists of an inner shell of emission adjacent to 

the H II region, and outer loops which are coincident with 
the inner edge of the CO shell. 

The emission is stratified, with Bra, 3.3 /¿m dust and H2 

occupying a central cavity in the CO distribution. Both the 
dust feature and the H2 emission extend well beyond the 
edge of the ionized gas and bridge the gap between the edge 
of the H II region and the inner edge of the molecular gas. 
The H2 bounds the 3.3 fim dust emission. This morphology 
is characteristic of a photodissociation region. The ob- 
served H2 surface brightness is consistent with the emission 
from far-UV heated molecular gas. 

The kinematics of the CO are in accord with emission 
from a shell expanding uniformly at 14 km s-1. Compari- 
son of the CO observations with Geballe’s (1990) high 
resolution spectrum of the H2 1 — 0 S( 1 ) line show that the 
bulk of the H2 emission comes from gas at the same veloc- 
ity as the CO shell, i.e., unshocked gas. The CO channel 
maps show regions of gas shock accelerated by the expan- 
sion of the H II region. However, these shocks are too slow 
to excite observable H2 emission. 
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