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Abstract. We present a high signal-to-noise ISO Long Wavenolecular lines. It is a young, dense PN with a hot central star
length Spectrometer (LWS) grating spectrum of the planetaff.s = 140000 K). Optical and UV spectroscopy shows that
nebula NGC 7027 from 43—1@4n. In total 40 emission lines it is C-rich with a C:O ratio of 2 + 0.2 (Middlemass 1990,
have been detected, with 30 identified. From the ionized regidf90 hereafter; Gruenwald &&juignot 1989, GP89 hereafter).
we observe fine-structure lines from [, [N 111] and [O111]. The ionized regions, partly obscured by heavy circum-nebular
The [O1] and [C11] fine-structure lines from the photodissocidust extinction (M90), are surrounded by a massive molecular
ation region are the strongest features observed in this spectralelope. NGC 7027 was the first PN to be detected in both
region. Amongst the molecular lines, 11 pure rotation CO lin€0O and H emission (Mufson et al. 1975; Treffers et al. 1976),
from J=14-13 up to J=24-23 have been detected. The maistl subsequently in various other molecules, including HCN,
striking result, however, is the detection in this carbon-rich ne@N, GH,, HCO', N,H*, and CJ, pointing to a rich on-going
ula of the 0-HO 179.53im and the OH 119,3m fundamental ion-molecule dominated chemistry. It was the first object found
lines. Astrophysical implications are briefly discussed. to exhibit the now well-known UIR bands (Gillett et al. 1973),
which have been attributed to aromatic molecular species. KAO
Key yvords: planetary nebulae: general — planetary ”ebUIa@bservations revealed strong [D63um, 146:m and [C11]
individual: NGC 7027 — ISM: atoms — ISM: molecules 158:m emission lines from the photodissociation region (PDR),
1. Introduction the interface between the ionized nebula and its molecular en-
. . . velope (Ellis & Werner 1984). Here we present a high signal-to-
B e Jpse rang spectum of NG 7027 between 43
' obtained with the LWS (Clegg et al. 1996) on board the Infrared
Send offprint requests &.-W. Liu (xwl@star.ucl.ac.uk) Space Observatory (ISO; Kessler et al. 1996).
1 Based on observations with ISO, an ESA project with instruments
funded by ESA Member States (especially the Pl countries: France
Germany, the Netherlands and the United Kingdom) and with the par-
ticipation of ISAS and NASA.
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Fig. 1. The ISO LWS spectra of NGC 7027 between 43+1i®4 after division by a fifth order polynomial fit in the ldg, — log A plane to the
continuum, with detected features labelled. The complete spectrum before normalization by the continuum fit is shown in the insert.

2. Observations tures, the same spectrum normalized by the fitted continuum is

The data described here were obtained during the PerformaPII&-{*t,eOI in Fig. 1, W'_th clietected-llnes Iabellgd.
Verification Phase of ISO, in Revolution 39 (December 27) Lines from the ionized region:In the high electron den-
1995), using a non-standard LWS observation mode (COIEYY environment of NGC 7027, ionic fine-structure lines are
Three observations were made, each consisting of 5 full gratogf)ongly suppressed by collisional de-excitation. Theui®
scans with two 0.5 sec integration ramps at each grating posg™M and 8&m lines have a flux ratio of 9.3, which is within
tion. The spectra were sampled at 1/15 of a spectral resolutith P’ cent of its high density limit. In the model for NGC
element, the latter being Qu& in second order (SW1-Sws; /027 presented by GP89 (central st = 1.9x10° K and
A<93um) and 0. in first order (LW1-LW52 >80um). The L = 9500L, at a distance of 1 kpc), the ionized region ex-
total on-target time was 14520 sec. The spectra were flux c4f/dS from 2 to 4 arcsec and the mean electron density
brated relative to Uranus (Swinyard etal. 1996). The sub-spe@Pd temperaturé,, weighted by G" ions, are 7.%10° cm~
from the ten LWS detectors have significant overlaps in wayad 1.3<10° K, respectively. The predicted strengths of the IR
length and small scaling factors have been applied such that thiy] @nd [O111] lines, relative to the optical forbidden lines
joined smoothly to form a complete spectrum from 431194 and the UV mterpombmanon lines, are too great by a fac-
~ 1.45 (adopting &'/H* = 2.3x10% GP89). However,

The mean scaling factor was 0.05 dex, except for SW1, whéps i '
a scaling factor 0f-0.21 dex was used. the [N 1] 122um line is faint and good agreement is found

between the observations and the model in the case of the
N 1] 0.1749m/[N 111] 57um ratio. The discrepancy concern-

3. Results ing the [O111] lines may suggest that, is incorrectin the GP89
The complete spectrum after merging the sub-spectra from thedel. Nonetheless, is also %&10* cm~2 in the model of

ten detectors is presented in the insert in Fig. 1, together withigyes et al. (1990), whereas in the model of M90 the den-
to the continuum level. Over the observed wavelength range, gy of 5x10* cm~—2 would predict even higher [@1] IR line

dust continuum increases sharply towards shorter wavelendthges. Alternatively, the discrepancy may indicate the presence
by more than two orders of magnitudef. No definite broad of strongly obscured material that shows up only in the IR (see
emission/absorption bands characteristic of dust features taedifferential extinction model proposed by M90).

detected, in strong contrast to the near- and mid-infrared wa2g-Atomic lines from the PDR: The [O1] 63um, 146um and
length region. There is however an apparent rise in the contihe [C 11] 158um fine-structure lines, the dominant cooling lines
uum longwards of 16&m until 185um, where it returns to the of the PDR, have been detected previously by the KAO (Ellis
underlying level again (Fig. 1), a phenomenon not seen in afyVerner 1984), with reported fluxes of (3210), (12 + 0.4)
other LWS spectra so far. It could be due to a broad feature,and (34 + 1.0) x 10~ W cm~2, respectively, in agreement

to the blending of multiple emission lines. The emission linegith the ISO LWS measurements within the quoted errors. For
detected and their fluxes are given in Table 1. In total 40 linasgiven C:O abundance ratio, Watson (1983) has shown that
are listed, with 30 identified. To illustrate better the weak fethe A\63um/\146um and\A63um/A158um ratios can be used to
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Table 1.LWS far-infrared emission line fluxes from NGC 7027

Avac(pm)  ldentification Det  Aops(um)  Flux?
51.82 [Om] SW2 51.78  886.
56.23 HD (0,0) R(1Y SW2 5624 163

"o SW3  56.22 228
57.33  [N1] SW2  57.30  175.
moo SW3  57.31 162
63.18 [O1] SW2  63.17 4360
moo SW3  63.17 3980
? 2 SW4 7422 241
? 2 SW4 7458 221
79.15 OHWIL;pJ=3-"T13,d=3 SW5 7920 140
?2 2 Sw5  79.81 159
84.51 OWIly, J=7/2-5/2 SW5 8448 173
?2 2 SW5 86.14 6.34
88.36 [O111] SW5 8840  97.9
moo LWl 8835 923
88.76 Hi12aY SW5 8880 9.28
? 2 SW5  90.08 216
LW1  90.06 126
? 2 Lwi 97.76 9.28
104.44 CO (0,0) J=25-24+7 LW2  104.44  9%56
108.76 CO (0,0) J=24-23 LW2  108.77  4°B0
111.86 H1aY Lw2  111.86 3.52
112.07 HD (0,0) R(0) Lw2  112.07 8.79
113.46 CO (0,0) J=23-22 LW2  113.46 303
118.58 CO (0,0) J=22-21 Lw2 11858 593
119.34 OHII3, J=5/2-3/2+? LWl 119.68 27.1
moo LW2  119.71  30.4
121.90 [N11] LW2  121.89 534
mo Lw3  121.88 7.4%9
124.19 CO (0,0) J=21-20 Lw2 12419 3b5
moon LW3 12417  4.95
130.37 CO (0,0) J=20-19 LW3  130.35 8.44
137.20 CO (0,0) J=19-18 LW3 13718 121
?2 2 LW3 14212 293
moon LW4  142.04 3.14
14478 CO (0,0) J=18-17 LW3  144.80 94
mo LW4 14479  6.45
14552 [O1] LW3 14554  187.
moo LW3 14553  188.
149.24 CHII,(0,0)33-1" w3 14923 2,08
?2 2 Lw3 14994 2.1d
? 2 Lw3  151.73 3.6
153.27 CO(0,0) J=17-16 LW3  153.27 10.0
moo LW4  153.30 13.0
157.74 [Cm] LwW3  157.76  355.
moo LW4  157.80  382.
" LW5  157.75  318.
162.81 CO (0,0) J=16-15 Lw4  162.84 17.8
moo LW5  162.82 145
173.63 CO (0,0) J=15-14 LW5  173.66 21.2
174.61 0-HO (0,0) 3:-2), LW5  174.64 2.29
? 2 LW5 17559 2.78
179.53  0-HO (0,0) 2101 LW5 17956 13.8
180.49 0-HO (0,0) 21-2), LW5 18052 2.18
186.00 CO (0,0) J=14-13 LW5 186.02 225

@) jn 1072° W cm~2; ® identification questionablé) weak & noisy.

L259

derive the temperature and density in the PDR. For NGC 7027,
if we assume C:0 = 2, the line ratios measured by I1ISO (and
by the KAO) fall in the high temperature area of the diagnos-
tic diagram where they are no longer sensitive to temperature
variations. In fact, for C:@ 2 the observed ratios (with an es-
timated uncertainty of 15 per cent) would sugdést 2000 K,
much too high compared to the typical value of 1000 K found
for the PDR. One possibility is that the two [[Jlines, in partic-

ular the\63 um line, are optically thick. Foi" = 1000 K and
assuming thermal broadening only, art Holumn density of

~ 10?* cm—2? (Ay ~ 0.5 mag) will yield unit optical depth for
theA63um and\146um lines. Assuming that the [@] 158um

line (which requires higher Kicolumn densities to become op-
tically thick than do the [Q] lines) is optically thin and that

C* is the dominant form of carbon, then for C/H =1103
(GP89, M90) and a distance to NGC 7027 of 700 pc (Hajian et
al. 1993), we find a total mass (H + He nuclei) of 0.1, for

the PDR, ten times smaller than the mass of the cold molecular
envelope seen in mm-wave CO lines (Jaminet et al. 1991; J91
hereafter).

3) Molecular lines: Eleven CO pure rotational lines have been
detected, from J=14-13 up to J=24-23 (A weak feature is de-
tected at 104.44:m, coincident in wavelength with the CO
J=25-24line. However, it appears to be too strong as compared
to other CO lines detected and thus could be a blend). Their
fluxes are plotted in Fig.2 against Ju. Also shown are fluxes
for the J=3-2, 2-1 and 1-0 lines (compiled from various map-
ping data) and the J=17-16 line as measured with the KAO by
Justtanont et al. (1995). Assuming an emitting slab of uniform
temperature and density, the relative fluxes of the high-J CO
lines measured by ISO are best fitted using= 1000 K and
n(H2) = 10 cm2. A (slightly inferior) fit can also be achieved
with 7' = 700 K andn(H,) = 10° cm~3. For comparison, we
also show the emissivities of CO lines from a slab of the same
density but with a temperature 6f= 30 K, characteristic of the
low-J CO mm-wave lines (J91), normalized to the J=1-0 line,
which is only moderately optically thick (J91). Fig. 2 shows that
the high-J CO lines originate from the warm PDR, where the
molecules are rapidly photodissociated and have a typical tem-
perature of around 1000 K. The total number of CO molecules
in the PDR is estimated to be6Lx 10°%, only 2 per cent of

the total number of Cions in the same region as derived from
the [C11] 157um line (see above). As expected, most of the CO
molecules in the warm PDR have been dissociated.

Theoretical PDR calculations by Burton et al. (1990) show
that the relative fluxes of the FIR and mm-wave CO lines pro-
vide a sensitive diagnostic for the FUV radiation field and gas
density. In their PDR model for NGC 7027, which consists of
two components, one ai(H) = 10° cm 2 and Gy = 10°
and another oh(H) = 10° cm 2 and Gy = 10°, with the
former contributing 2/3 of the total emission, the predicted
[O 1]A63um/[C 11]A157um line ratio and the CO J=16-15 to
J=1-0 line ratio are respectively a factor of 3 and 6 lower than
observed. Comparison of Fig. 2 with their Fig. 5 indicates a FUV
radiation field of 10 < G <10° and a density of 10<n(H) <10
cm~3. Such a density is much higher than the value 8tcto3,
which best fits the relative emissivity distribution of the high-J
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o L LA B L B B O + H; — OH + H (with O released by CO photodissociation)
and OH + B — H,0 + H could yield appreciable abundances
of OH and HO despite the strong photodissociating radiation
field. In this scenario, the OH and,B lines would come from
the warm PDR with a temperature f1000 K.

For pure collisional excitation and a density ofH,) ~
10° cm~3 (§3.2), Large Velocity Gradient model calculations

log F(Ju - Ju-1) (10-1® W cm-2)

¢ predict that the size of thed® emitting region would greatly

-2 exceed that of the NGC 7027 PDR (201 arcsetin the near-
N R T T T IR lines of Hy; Cox et al. 1996). Moreover several line optical
o 5 10 15 20 25 30 depths would then be large, resulting in lines from levels with

Ju Tex ~ 200 K, such as 138.53, 108.08, and 113.%¢ exceed-

. im0 o -
Fig. 2. CO pure rotational line fluxes measured by ISO’s LWS (fiIIeI g 20-40%of the strength of the 1795 line, in contradiction

circles), the KAO (open box) and ground-based mm-wave observatid’ﬁgh observation. An glternatlve possibility is em|s§|qn froma
(open circles), plotted against the rotational quantum number of thé2) ~ 10°cm ™3 medium atl’ ~ 1000 K. The emitting re-
upper level, Ju. The solid and dashed lines show the flux distributid®n size can then be reduced to an acceptable value and only
of the CO lines as a function of Ju in an equilibrium slab of uniforfhe 179.%um line is thick ¢ ~ 5) whilst other lines are still
temperature of 1000 K (normalized to the J=16-15 line) and of 30tKin, with predicted intensities not exceeding 10% of that in the
(normalized to the J=1-0 line). In both cases ardensity of 16 cm™  179um line. The abundance of @ cannot be accurately de-
and a He:H abundance ratio of 0.2 by number have been assumedrived from the optically thick 179.58m line —a good detection
of an optically thin HO line is instead required. A tempera-

CO lines (Fig. 2), but seems to be consistent with the constraiftge 0f 1000 Kis consistent with the production of the observed
imposed by the OH and 4@ lines, discussed below. OH and O molecules by endothermic reactions withdithe

The most surprising resultfromthese ISO LWS observatioffsYden atoms liberated by the photodissociation of CO. We note

. ; . Yy Ny
isthe discovery in this C-rich nebula of the g®1179.53:m and that Fhe relqtlvely high density M(HZ? ~ 10° em?is plaqs_l .
OH 119.3uim fundamental lines, which have excitation energi@é.e’ n th.at It cprrgspond; to approximate pressure equilibrium
of Tex = 80 and 120 K, respectively (it is noteworthy that thig"Ith ?he inner 'OrP'Zed region. o

was the first spectrum in which a FIR water vapour emissign qully, thereis marginal evidence foremlsglonfromtheCH
line was detected). The OH 11943 line is blended with an 143%mline, the HD 56 and 112 fundamental lines, and from

unidentified feature. From Gaussian line profile fitting (no%]e H1 recombllnatlon . H I2and H 1.31 (Table 1). Fapry—
that due to\-doubling, the OH 118m line itself consists of two erot observations are required to confirm these detections.
components separated by Qr2), we estimate fluxes of 1.34 an
1.53x 10~ W cm~2for the OH line and the unidentified line (at .
11989+ 0.05:m), respectively. In addition to the fundamentdpurton M.G., Hollenbach D. J., Tielens A.G.G.M., 1990, ApJ 365, 620
line, two other OH lines have been tentatively detected, t %EE%P.Bic’;sitllilrﬂ nggfl;;g'; ;’O;U?e omont A.. Guilloteau S.. 1993
79.15um (Tex = 182 K) and 84.5am (Tex = 290 K) lines. N N . . " '
For 0-H,0O, apart from the fundamental transition, the next tweof :Da ng:e;rly l\llggglaA;is":e b;/(\elzusnberger &A. Acker, Kluwer, p.227
observable lines of lowest excitation energy are at 17;m_61 Ellis H. B., Werner M. W., 1984, BAAS 16, 463
(Tex = 162 K) and 180.48m (Tex = 160 K), both blended with Giliett . C., Forrest W. J., Merrill K. M., 1973, ApJ 183, 87
a much stronger line. Evidence for the presence of these t@fienwald R.B, Bquignot D., 1989, IAU Symposium 131, Planetary
H,O lines is however provided by the asymmetric profiles of Nebulae, ed. S. Torres-Peimbert, Kluwer, Dordrecht, p. 224 (GP89)
the features, though their fluxes, derived from profile fitting, akgjian A. R., Terzian Y., Bignell C., 1993, AJ 106, 1965
quite uncertain (Table 1). Jami.net. P.A., Danc.hi W. C., SuttonE. C., Russell A. P. G., Sandell G.,

The chemistry leading to the formation of significant B'Ieg'p/lg |J= H.t' V:/"Tgegg't'hl,ggli ApJ 380, 461 (J91)

. : : essler M. F,, etal., , this volume

iam(r)]unt; (I)I‘]: (\)/\|/_| a?dirgolirr]nzl(:cglies mna: tﬁ-rlch e?b\?;irtorl?etrlh]usttanont K., Tielens A. G. G. M., Skinner C. J., Haas M. R., 1995, in
s unce da - Ve "?‘ e. N _e 0. Scﬁu hePOTSd‘U ythattne airborne Astronomy Symp. on the Galactic Ecosystem, ASP Conf.
H20 and OH emission arises in a hypothetical cdfd{ 30 Ser., Vol. 73, eds M. R. Haas, J. A. Davidson, E. F. Erickson, p.429

K) oxygen-rich outer zone for the following reasons: (a) a des@@yes C.D., Aller L.H., Feibelman W.A., 1990, PASP 102, 59
search by us with the IRAM 30-m telescope has failed to det@gtidiemass D., 1990, MNRAS 244, 294 (M90)

SiO 130.27 GHz J = 3-2 line emission down to a sensitivityufson S. L., Lyon J., Marionni P. A., 1975, ApJ 201, L85

level of 10 mK; (b) OH emission lines with excitation energieSwinyard B. M., et al., 1996, this volume

of 182 K and 290 K above the ground state are probably deeffers R.R., Fink U., Larson H.P., Gautier T.N., 1976, ApJ 209, 793
tected (see above); (c) radicals such as HOQH*" and CG WatsonD. M., 1983, in Galactic & Extragalactic Infrared Spectroscopy,
have previously been identified as originating in the warm PDR ©ds M. F. Kessler & J. P. Phillips, Reidel, p.193

(e.g. Cox et al. 1993), suggesting that OH aneDHalso origi-

nate in this chemically active region. One possibility is that at

the elevated temperaturesin the PDR, the endothermic reactions

eferences



