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Abstract. We present ISO-LWS full scan observations of C@iew of [O 1] 63 um high resolution observations, the heating
rotational emission lines (J=14-13 up to J=37-36) from two @rechanism is more likely to be a PDR.

rich post-AGB objects, AFGL 2688; AFGL 618, and one C-rich

PN, NGC 7027. The presence of high rotational lines canné¢y words: stars: circumstellar matter — stars: evolution — stars:
be explained by a spherical, constant velocity wind during tiedividual: NGC 7027, AFGL 618, AFGL 2688 — stars: late-type
previous AGB phase, but indicates a layer of warm, dense gastars: mass-loss — infrared: stars

with a substantial beam filling facto2(> 10~ sr). By simple
optically thin calculations, we estimate the total mass of gas

cooled through CO rotational lines to be typicaiy0.1 Ms. 1. Introduction

We also consider the physical processes responsible for heat- loss h dofth . h
ing and cooling the warm gas in these objects. Energy sourb&ss l0ss from a star at the end of the Asymptotic Giant Branc

for the gas could include FUV photons, resulting in a PhotoDi$GB) is thought to be in the form of a superwind. At this

sociation Region (PDR), as well as shocks driven by the intsfage, the star experiences a sudden increase in its mass loss

acting winds during this evolutionary phase. We have calculatéi€ Py up to an order of magnitude. This explanation, accom-
anled by modelling, was used by Justtanont et al. (1996) to

detailed models for the heating and cooling in C-rich PDRs ahl

shocks in order to explain the CO spectra observed. In bdpterpret observations of the extreme OH/IR star, OH26.5+0.6.
'&Eee mass loss rates drop by several orders of magnitude once

models, the gas is cooled radiatively by molecular rotation ;
star evolves off the AGB. The effective temperature of the

lines as well as by atomic fine structure lines. Both models ¢ ! ) ,
produce warm gas of500K at a density 0f 05 — 107 cm3 star rises as it moves across the HR diagram and becomes a

We conclude that the source of heating for the young Pﬁlanetary ltllebula (PN) when its surrounding shell is ion_ized
NGC 7027, is FUV photons from the central star. For the Iea@llﬁ ~ 3107 K). The enhanced mass loss has b(_aen seen in the
evolved post-AGB star, AFGL 2688, the effective temperatu?éChetype (?—star, IRC+10 216 (Mauron & Hugg'”s 1999) and
is too cool to produce many FUV photons to heat the gas. HOW-the HST images of AFGL 2688 as multiple rings around the

ever, there is evidence of a fast wind developing and hen@tral star (Sahai et al., 1998a, 1998b). The latter has evolved

the most likely heating mechanism for the envelope is shocRdl the AGB_' ) " .
For AFGL 618, the central star is hot enough to provide copi- Three highrotational transitions of CO have previously been
ous amounts of FUV photons but fast outflows have also beserved by Justtanont et &l. (1897), using the Kuiper Air-

observed and both processes may be operational. Howevep%ne Observatory (KAO) f_rom AFGL 2688, AFGL 618 and
NGC 7027. These observations revealed the presence of awarm

dense molecular layer. This molecular gas has to be heated either
Send offprint requests 1. Justtanont (kay@astro.su.se) through shocks due to the interaction of the fast and the AGB

* Based on observations with ISO, an ESA project with instrumeﬁfé'nds or through FUV photons from the central star or POth-
funded by ESA Member States (especially the Pl countries; Frankd) €t al. (1996) and Cox et al. (1996) presented preliminary
Germany, the Netherlands and the United Kingdom) with the partidSO LWS results of NGC 7027 and AFGL 2688, respectively.
pation of ISAS and NASA. Both discussed the need for a warm molecular layer in order to
** Deceased explain the observations. In this paper, we explore the heating
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and cooling mechanisms in these objects and in AFGL 618 in
more detail.

Itis known that FUV photons create a photodissociation re-
gion (PDR) around hot stars. The gas is believed to be heated by
the photoelectric effect on small grains (Tielens & Hollenbach:
1985, hereafter TH85) and/or polycyclic aromatic hydrocarbor‘%
(Bakes & Tielen51994). Itis cooled mainly via atomic fine struc= | 7
ture lines of [O1] 63 and 146:m and [C11] 158 m, as well as % )
molecular rotational lines of CO. For cooler stars, UV photoré i
are not very effective in the heating (Spaans et al. 1994). Ho@-
ever, post-AGB stars have been observed to develop a fast wiad
which leads to shocks when this wind collides with the slowey | i
moving, previously ejected, AGB wind. The shock-heated gﬁ - R
can cool via [Q] lines (if atomic oxygen is present) and molec—;“j
ular rotational lines. There are two different types of shock& — -
C- and J-shocks. The former continuous shock is characterized 7
by relatively slow shock velocities; molecules behind the shock
fronts are not dissociated; and atoms remain neutral. Magnetic
fields play an important role in C-shocks. Jump shocks, or J- wﬂ W R A S
shocks, show a discontinuity between the pre- and post-shock 100 120 140 160 180
material. The shock velocity is relatively fast and molecules Wavelength (um)
are generally dissociated and atomic species can be ionized.iJ-1 Continuum  subtracted spectra of NGC 7027 (top)
shocks have smaller warm columns of neutral gas than PDESGL 618(middle) and AFGL 2688 (bottom) along with CO
SO they require hlg.her denSIt_leS to produce the. samg [ rotational line positions from J=14-13 to J=26-25 marked as vertical
tensity. Because higher density gas produces highey/[[O11] bars. Other known emission lines are also indicated.
ratios (TH85), J-shocks have a higher ratio of ffC11] than
PDRs with the same [@intensity (Hollenbach & McKee 1989,
hereafter HM89).

In Sect. 2, we presentobservations of rotational CO lines ob- The objects span a number of evo|uti0nary phasesy from

served using the Long Wavelength Spectrometer (LWS, CleBgving recently left the AGB (AFGL 2688); to a more evolved
etall 1996; Swinyard et al., 1996) aboard the Infrared Space @Bject with a hotter central star (AFGL 618); to a young plan-
servatory (ISO, Kessler et al. 1996), which gives a full coveraggary nebula with a very hot central star (NGC 7027). There is,
between 43-19Zm. The implications of a simple analysis ofin general, an increasing trend of a faster wind and more FUV
the data are presented in Sects. 3 and 4. Various possible heq‘;mons as a star evolves to become a PN[F|g 1 shows the con-
mechanisms are discussed in Sect. 5 and results from individ§@hum subtracted spectra of the stars in our sample, with vertical
objects are compared to model calculations in Sect. 6. bars marking the wavelengths of CO rotational transitions. Also
seen, but not indicated, are HCN emission bands which form
part of emission seen in AFGL 2688 (see e.g., Cernicharo et al.
1996). We fitted Gaussians to all the CO lines detected and the
estimated line fluxes are listed in Table 1. The estimated errors
The spectra of the C-rich post-AGB stars, AFGL 2688 anéflect the uncertainty in defining the local continuum for each
AFGL 618, along with that of the C-rich PN NGC 7027 werdine and hence are minimum errors. Our estimated line fluxes
taken with ISO-LWS in full grating mode with an average resf NGC 7027 agree well with those of Liu et al. (1996), but
solving power of~ 200. NGC 7027 was observed with overour line fluxes for AFGL 2688 differ from those of Cox et al.
samplings ranging from 1/4.5 to 1/15 of a resolution eleme(#996). The latter reflect the difficulty in determining the local
(see Liu et al[ 1997 for full details), with a total integratiortontinuum baseline due to emission plateau from HCN and, as
time of 23930 sec. AFGL 2688 was also observed with a noyet, unidentified molecular transitions. We detected CO lines up
standard observation (COIF) with an oversampling rate of 1/1&J=27-26 from both AFGL 2688 and NGC 7027 as the higher
and a total integration time of 15669 sec while AFGL 618 waklines are indistinguishable from the noise in the SW part of the
observed with a standard LWS01 AOT with an oversamplirgpectrum. For AFGL 618, we detect lines up to the J=37-36 line
rate of 1/4 of a resolution element and a total integration tintefore the noise prevents the possible identification of higher J
of 3641 sec. The fluxes were calibrated with respect to Uraruses.
(Swinyard et al._1996). The ten subspectra obtained as part of It should be noted that the earlier observations done with the
each spectrum have overlaps and hence were adjusted slightND (Justtanont et al. 1997) yielded higher fluxes than those
in order to obtain the final smooth overall spectrum for eadfom LWS, by up to a factor of two in some cases (see Figs 6-8).
object. All spectra were reduced with the OLP7 LWS pipelin€omparisons of the LWS continuum flux levels with preexisting

2. Observations
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Table 1.0bserved CO line fluxes 14

transition A Line flux (x10~*° W cm™2)
(um)  AFGL 2688 AFGL 618 NGC 7027

J=14-13  186.00 4:80.2 3.10.9 2.0:0.1

J=15-14  173.63 4F%0.2 3.3:0.6 1.740.1 12
J=16-15  162.81 450.3 4.2+0.7 1.6+0.1

J=17-16  153.27 400.3 3.6:0.4 1.10.1

J=18-17  144.78 560.7 3.8t1.2 1.20.2

J=19-18  137.20 5:80.5 3.8+0.7 1.2+0.1 >
J=20-19  130.37 5:60.8 4.0t0.9 1.0t0.1 10
J=21-20  124.19 4:80.9 3.5+1.0 0.70.1

J=22-21  118.58 3:60.6 3.6+0.7 0.3+0.1

J=23-22  113.46 2:90.5 2.9+0.5 0.5+0.1

J=24-23  108.76 3:40.5 3.6+0.5 0.70.1

J=25-24  104.44 2:60.6 4.6t0.4 0.5+0.1

J=26-25  100.46 2:80.7 3.2£0.4 0.7:0.1 8 7
J=27-26 96.77 180.8 4.4#1.0 0.5+0.1 |
J=28-27  93.35 - 281.0 - L R N ‘

J=29-28  90.16 - 3820 - 1000 2000 3000 4000
J=30-29 87.19 - 2414 - E. (K)

J=31-30 84.41 - 141.3 - !

J=32-31 81.81 - 662.6 - Fig. 2. Rotation diagram of our sampled stars: triangles-NGC 7027;
J=33-32 79.36 - 181.3 - circles-AFGL 618; filled squares-AFGL 2688. The straight lines are
J=34-33 77.06 - 2614 - the best fits from which the rotation excitation temperatures in Table 2
J=35-34 74.89 - 2381.3 - are derived (see Eq. 2).

J=36-35 72.84 - 3213 -

J=37-36 70.91 - 3428 -

in the rotation diagram indicates thermalization of levels up to
IRAS and KAO photometry of these objects indicate excellegt- 27. This requires fairly high density:(= 10° cm~?) and

agreement however. warm (I" 2 300K) gas. Although the stars are in different
evolutionary stages, the regions emitting the CO lines seem to
3. CO rotational lines have very similar properties.

_ _ _ _ Using the rotation diagram and the calculated rotation
Since we measure a series of rotational CO line fluxes, Wmperature, we can calculate the total number of emitting
present them as a rotation diagram (Elg. 2). If we assume LTRglecules, assuming that the partition functidZ) can be

we can derive the temperature of the das, _ approximated asl(./2.77)K (McKee et al. 1982). Since the dis-
Assuming that the CO emission is optically thin, the fluyance of AFGL 2688 is not well known, we adopt a distance
Fy; for transitionj to i is given by of 1 kpc for this object. For AFGL 618 and NGC 7027, we
eap(—Ey /KTy Agihvyig; have taken distances of 1.8 kpg (Schmidt & Cohen 1981) and
Fji = No B T (1) 790 pc (Pottasch 1996), respectively. We are able to reasonably

fit each dataset with a single temperature. For AFGL 618, the fit
whered is the distance to the sourcd,; is the Einstein spon- to the higher-J lines is not very good. This could be due either
taneous transition probability,; is the frequency of the tran-to observational uncertainty of the line fluxes or to an intrinsic
sition, g; and E; are the statistical weight and energy abovgroperty of the object, e.g., higher-J lines originate from hotter
the ground state of the upper levelN, is the total number of gas, or it could imply that at high-J levels, CO populations are
molecules andb(7%) is the partition function. By rearrangingno longer in LTE. The results which are summarized in Table 2
the above equation, we get show appreciable masses of CO gas involved in cooling the en-
velopes. These translate into total masses of gas being cooled
E; /KT, = In(No/®(Ty)d?) — In(4wFji/Ajihv;ig;) by CO of the order of 0.1 M, assuming a CO/H abundance
= In(No/®(Tx)d*) - Y;. (2) ratio of 6104,

The derived excitation temperatures, i.e., the slopes of the best
fits for these objects fall into arange of 300-600 K (Table 2). Tt}{e
temperature for AFGL 618 is slightly higher than for the other’
two objects as exemplified by the higher rotational transitiods a first approximation to modelling the CO line emission, we
observed. The fact that we observe these emission lines poagsume that the high-J CO lines are optically thin. Following
to high density gas. Indeed, the approximate linear behavidui85, we solve the equation of statistical equilibrium at a spe-

Optically thin slab model
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Table 2. Derived parameters from the rotation diagrams (see textfof " T T T T T T T T T

details). B 1
T D Nco Mco  Mu Foeagz A TRE $ ]
(K) (pc) (molecules) (M) (Mg) - /% %{g ; % % S %5 . ]
AFGL 2688 38@:30 1000 3.6E+51  85E-5 0.14 B /% % %\ 1
AFGL 618  706:90 1800  4.4E+51  1.0E-4 0.17 s :

NGC 7027  35&15 790 6.7E+50 1.6E-5 0.03

= (W/cm?)

Table 3. Estimated temperature and density for best fit models assum-
ing optically thin CO emission (Fig] 3). The numbers in parenthess are
alternative model fits.

Ty (K) n (em~?) Ta (K) d

AFGL 2688 3802000) 5107(210°) 380(1000) 0.5(0.5)
AFGL 618  700Q000) 5107(510°) 700(1000) 0.5(0.5)
NGC 7027  3501000) 105(10%) 350(500) 0.5(1.0)

Line flux

cific temperature and density. The cooling rate by a transition
from leveli to j is given by 10-20

\\‘\\\\‘\\\\ \\\\‘\\\\\‘ I I

15 20 25 30 35 40
Aij = niAijEij(1 — Pij/Sij) (3) Jupper

whereS;; is the source function anf;; takes into account the Fig. 3. Optically thin slab models used to fit the observed CO line
2.7 K background radiation and that due to dust. The dust baflkxes. The solid line is a model with T=350K amd= 10°cm™*
ground radiation is given by a modified black body witha' ~ while T=380 K andx = 510" cm™* for the dashed line and T=700K
emissivity, an optical depthy, at 100um, and a dust temper- andn = 5107 cr.n’5 for the dotted line. We use the same symbols for
ature,T);. We approximate the collisional (de)excitation usin§'® Sources as in Fig. 2.

the formulation by de Jong et al. (1975). Fib. 3 shows the fits

to the observed fluxes, assuming optically thin emission frafrlines are excited to give results close to observed line fluxes.
a slab. The peak in the line intensity distributiop.J, is very These alternative models are also listed in Table 3 in parenthe-
dependent on the input gas densitywhile the maximum flux ses. In the low temperature case, the density is high enough that
depends on a combination of the gas and dust temperature thigehigh J levels are substantially populated in order to give the
dust optical depth and the gas column density. Both the gas anderved line fluxes. In contrast, the high temperature case re-
dust temperatures have a similar effect in raising the fluxesdfires much lower density but the kinetic temperature is high
high transition lines, making the slope of the fit shallower fagnough to excite molecules to high J levels. By simply fitting the
J>Jhax, but with the former having a much greater effect on thdistribution of line fluxes over J levels, we cannot distinguish
slope than the latter. Increasing the density results,in 8hift-  between these two competing cases, although the rotation dia-
ing towards higher J. However, different combinations of theggam favours the low temperature and high density case. Our
parameters can produce similar fits so there is no unique stligh temperature results for NGC 7027 agree with those ob-
tion. For the range of temperatures investigated (up to 2 000 kgined by Liu et al[(1996) who also calculated an optically thin
the density ranges from 30- 107 cm=3. model for these CO lines.

The parameters used to fit each dataset are listed in[Tlable 3.We emphasize here that the above calculations do not take
We are able to fit most lines in AFGL 2688, AFGL 618 anthto account the physics of the gas, i.e., heating and cooling
NGC 7027 with a single temperature and density. These simechanisms. In order to explain the observed line fluxes, we
ple fits indicate densities of 10¢ — 5107 cm™? if we assume have to explain how the gas is heated enough in order to emit
temperatures are the same as those derived from the rotationtsiise high transitions. Photons from these lines then escape from
agrams (Table|2). Note that the high density is above the critighaé surrounding medium, cooling the gas. We will briefly touch
density required for J=19-18 transition hence the gas is fully itpon radiative cooling via atomic fine structure lines, which
LTE. Below this density, the gas drops out of LTE hence the gaio contributes significantly. Their fluxes can also be used, in
temperature will not necessarily be the same as the excitatimmjunction with the CO rotational lines, to constrain the inputs
temperature. As we noted previously, the parameters usedtane calculations. In the next section, we discuss more physical
not unique to the fit. A reasonably good fit can be obtained withodels for the emission from these regions.

a high temperature and somewhat lower density. The LTE as-
sumption breaks down and the gas is subthermally excited hegct]e_|
the gas temperature is much higher than the excitation temper-
ature. Even though the density is low but the calculation takifras been shown that the high level CO lines observed in post-
into account the excitation hence at high temperature, the hi§8B objects and PNe cannot result from the emission of an

eating mechanisms
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AGB wind radiating its thermal energy content away. Indeed, =
a model with a constant wind predicts CO high rotational line L
fluxes which are well below the observations (Cox ef al. 1996;
Justtanont et al. 1997). Therefore, other mechanism(s) must be
sought to explain how the gas can be heated to a high tempgr- |
ature in order for these CO lines to be seen. In the previo@s
section, a simple, first-approach analysis of our data, indicating ™+ [~
the presence of a layer of warm, dense gas around the stars, |-
without considering the physical cause for such a layer. Her#,
we discuss the probable mechanisms which heat the gas and
excite the high CO rotational lines observed in the LWS data,é‘
Hot central stars like the nuclei of PNe produce FU\%
photons which are efficient in ionizing atoms, dissociating —© |~
molecules and heating the dust. This leads to a PDR whigh
can heat up the surrounding gas. However, for cooler stars, this
is not the case. The heating is mainly due to a newly devel-
oped fast wind which sweeps up materials in the outflow creat-
ing a shocked region and heating the gas in the process. Both
mechanisms have been used to explain the observed atomic fine8
structure lines (e.g., [@ and [C11]) in various environments,
ranging from HIl regions around young stars to PNe and the
galactic centre (e.g., Burton et al. 1990; Cohen et/ al., 1988g.4. CO line intensities from different shock models. Solid line:
Draine & McKee[1993; Hollenbach & Tielefis 1997; Lester eto = 10°cm™?; v,=20kms™!; C/O=2. Short dashed linei, =

0 10 20 30 40

J
upper

al.,[1981). 107 cm™3; v,=30km s™!; C/O=2. Long dashed linez, = 10° cm™3;
vs=30kms!; C/O=2. Dotted lineno = 10°cm™3; v,=20kms*;
C/0=4.8.

5.1. Shock model

In this section, we exclusively discuss the J-shock models singgh preshock densities comes from the optically thick region
we see the [G1] 158 m line in our sample objects, which in-sjnce the postshock density can increase by 10-100 times the
dicates the shock, if present, is dissociative and no apprecighlgshock density. The CO line intensity increases only slightly
magnetic field is expected in these circumstellar environmenfgin increasing C/O ratio since the CO abundance is, of course,

The basic calculation of heating and cooling due to a J-shockijgited by the O/H abundance and because the lines are optically
described by HM89. We present models with low shock velogick.

ities (20 and 30 km's!) and different preshock densities (10
10" cm~2) for a C/O ratio of 2 (i.e., O/H=3.10"*and C/H = ,
6.210~4)and 4.8 (i.e., C/H = 1.50~3). Although the chemistry °-2- €-rich PDR model

is not fully adapted for a C-rich case, we assume here that #§8sed on the work by TH85, models for PDRs have been devel-
chemistry of the molecular layer is not greatly affected by thghed (Latter & Tielens 2000, in prep.) which take into account
lack of C-reactions and that the CO line intensities scale Wighe C-rich chemistry in the reaction network. The code includes
the abundance of O since CO is thought to be one of the figsiotal of 94 atomic and molecular species connected by 1270
molecules to form after the gas is photodissociated by shq@gctions. It also includes the effects of X-ray ionizations and
waves. Plots of different models are presented in(ig. 4, whigBating. We adopted this latest model in order to describe the
shows the CO intensities as a function of preshock density, | \Ws observations. At present, we calculate CO line intensities
and velocity,s. up to the J=50 level.

Forthe cases with C/O=2, increasing the shock velocity from similar to the shock case, we have constructed a grid of
20 to 30kms™ while holding the preshock density the samgodels with different values for the density and incident FUV
reduces the CO intensity by almost a factor of two for highadiation fields. We considered models with two different in-
J lines. A 20kms' shock does not dissociate much of CQjdent FUV fields,G, (in units of the average interstellar
molecules while a 30knTs shock does. A further increasefjyx of 1.6x10-3 ergcnm2s~1, Habing[1968): 30° and10”.

in shock velocity above 30knts will increase the CO line For each set, we have calculated CO intensities for densities
intensities and produce a general shift of the emission curvegio1 5, 106 and 107 cm=3. We have adopted O/H=6x20"*

higher J (c.f., HM89), as CO reforms in the warm postshogfd c/H=1.10-3, giving a maximum CO/H abundance of
gas. An increase in density by a factor of ten, while keepiggox 104,
all other parameters the same, results in an increase in the COas can be seen in Figl 5, an increase in eitf¥gror den-

intensity by a factor of- 1.5. Although this reflects the largersity, , results in an increase in the line intensity. An important
total column of warm CO molecules, the CO emission at sugBntribution to the heating comes from collisional deexcitation
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of FUV-pumped vibrationally excited,, and the heating rate B i
is somewhat sensitive Gy andn. An increaseds, leads to - g
a higher heating rate of the gas and therefore to a higher gas =
temperature. As a result, CO line intensities increase and the |
maximum of the curves in Figl 5 shifts towards higher J. In- B
creasing density also leads to an increase in heating and higher
gas temperatures. Furthermore, the increased density increa%e@ I~
the excitation of subthermally excited lines. The increase inthe |
CO line intensities with increasing density is therefore moré L
pronounced than for an increaseiy. @ B
As a test, we have also calculated an O-rich model with ¢ [
C/0=0.5 for the highest values of density afig, with C/H — i
and O/H abundances of 618—* and 1.210~3, respectively. &
The resulting CO line intensity is a factor of 1.3 lower than the B
corresponding model with other input parameters held the same. ® B
The small decrease is due to the fact that the CO abundance |
remains more or less the same in both casesl(6:2, i.e., it -
traces the abundance of the less abundant species), but the total
column density of CO decreases by a small amount. As we © 0
have shown in our previous work (Justtanont ef al. 1997), the
CO cooling scales with the input CO abundance. However, the
changes in the resulting fine structure lines ofiff@nd [C11] Fig.5.CO Iineintgnsities from_differentPDR models7. The dashed lines
scale with the relative C and O abundances left over after g ©orGo = 510" and the solid lines are fdir, = 10°. Each set has
formation of CO, i.e., with C/0=0.5, the cooling due to {lds thregllm_aswnh_ (_:iensmesot) ,10° and10’ cm™° showing increasing
2.5 times that for C/0=3.0 and the cooling due tor{{dn the CO line intensities.
former case is half that of the latter.

Jupper

medium, which are a source of heating. Hora & Latter (1994)
and Hora et al[{1999) also confirmed this conclusion from their
study of H, emission lines in the near-IR.

In this section, we discuss the application of the shock and PDR We can compare the observations with the grid of shock
models to our data. In order to compare the observed fluxesnodels in Sect.5.1 (see also Fiy. 4). Even though the actual
the model calculations, we have to convert fluxes to intensiti€©/H ratio may be higher than our model runs, the change in
by assuming a source siz8)( For this we use the observedhe CO cooling will be minimal since the lines in our models
size of the NIR H emission because it is thought to arise frorare optically thick. From K images presented by Cox et al.
the H, formation region either at the surface of a PDR or ju¢l997); Latter et al.(1993); Skinner et al. (1997) and Sahai et
behind a shock front. This gives a lower limit to the source sizal. (1998b), the total solid angle of all four clumps is about
however. 210~ sr. The models give a reasonable fit to the observations
within the preshock density upper limit of 46- 107 cm~3 and

a shock velocity of 20-30knTs (Fig[8), but possibly points
6.1 AFGL 2688 towards a slightly lower density in view of the fall off of the
This object has recently left the AGB and the central star lisgh-J line intensities. This, atfirst, seemsto contradict the much
still relatively cool, with an F5 la spectral type (Crampton dtigher density inferred from the optically thin LTE calculation
al.[1975). Hence, the central star is too cool to provide copio(fect. 4). However, the post-shock density can be much higher
amounts of FUV photons to heat the gas. Sub-mm CO obsenfzn the preshock density where the CO emission is thought
tions of this object (Young et &l. 1992) show that the outflow i® occur downstream from the shock front. Although there is
complex and different velocity components exist, ranging froevidence from low-J CO observations of higher velocity gas
a relatively slow wind of 20 kms' (AGB wind) to a fast wind (Young et alL 1992), high velocity shocks cannot account for the
of 100kms'. Recently, Cox et al[ (2000) reported high resazO line fluxes observed with the LWS. High velocity shocks
lution CO observations which showed multiple outflows witkw, = 100 km s™1) are highly dissociative and predict peak CO
different velocities ¢ < 30 kms~!) which are recently ejected intensity at J=23, while the flux should level off towards higher
from the star. The density inferred from a combination of such(HM89). From our observations, the peak emission is closer to
observations and from HST observations (Sahai et al. 19988119, with relatively bright lower J lines and a decline beyond
is very high, suggesting that the star has lost a large amountisR0. A high shock velocity model also predicts a relatively
mass in a short period of im@{ ~ 10~* M, yr~1), known as bright [0 1] 63 um line, which is not seen in the spectrum (see
a superwind. Since there is a difference in the velocity of the olielow). The best models to describe such an effect are those
flows, this naturally results in shocks propagating through tkéth high density and low shock velocity (F[g. 6).

6. Discussion
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Fig. 6. Comparison between shock models and the observed L\ﬁ .
L o nsities for AFGL 618 and the PDR (lower) and shock (upper) models.
KA t I t t . S ; -
(squares) and KAO (stars) CO line intensities for AFGL 2688. S e dot-dashed line is a scaled shock modelfor= 10° cm=2 and

Fig.[4 for the key to the different models. The assumed source size IS

210—° o 1s=150km !, from HM89. The assumed source size )2 '° sr.

Cox et al. (1996) reported a good fit to the LWS CO liné also seen in sub-mm CO studies, e.g., Cernicharolet all 1989;
fluxes using a model with a density of 4€m—3, a shock ve- Young et al.[(1992); and in the CS J=2-1 by Haijan ef al. (1995),
locity of 60 kms™! and a gas temperature of 400 K. We haviadicating that shock heating may also play an important role.
also derived a high density ®0° — 107 cm—3. Cox et al. stated ~ Latter et al.[(1992) successfully modelled the observed H
that the spectrum of AFGL 2688 shows no evidence of]JO emission using a fluorescence model. A more recent study also
atomic fine structure lines, while the @ line may be present showed evidence of shock fromlémission lines (Hora & Lat-
on a plateau of an unidentified feature. We can confirm the laigk|1999). From the KAO results (Justtanont et al. 1997), it was
of the [O1] 63 and 146:m and [C11] 158m lines from our suggested that the main heating source is due to the FUV field
spectrum (Fid11). This can be used to constrain an upper lirfiitm the hot central star. Here, we compare the LWS observa-
to the shock velocity in our models. The 20 kmfshock model tions with a grid of C-rich PDR models and the best fit models
predicts line fluxes for the [@ 63 um and [Ci1] 158 um lines of  indicate, again, a high density of 16m~2 and a highG of
210723 and 510~2° Wem~—2, assuming) = 210~? sr. These 107 (Fig.[7). The density and the radiation field are high because
predicted values are consistent with their non-detection by tie object is very compacfl(~ 210~ sr). Such high values
LWS in its grating scan mode. In contrast, the 30 kthshock of n andG are consistent with the presence of much higher-J
model predicts brighter [@ lines (e.g., the [Q] 63 um lineis CO lines than in the spectra of AFGL 2688 and NGC 7027.
expected to be- 10718 Wcm™2) for both preshock densities The observations seem to lie just above the models, which may
of 10° and 10 cm~3. Essentially, in contrast to the 20 km's indicate that the source size used here is too small.
shocks, a velocity of 30knT3 is able to ionize some carbon  Since a fast wind has been observed in AFGL 618, we also
giving rise to brighter [Q1] 158 um emission also. consider the effect of shock heating. If we compare the observed
CO line intensities, assuming the above source size, we can
reasonably fit them with the model from HM89 witly = 106
cm3 andv, = 150 kms™!, by scaling the intensities of lines
This object has also been intensely studied in the IR and suip-by the CO abundance assumed here, i.e1,06:2. The low
mm since it is a bright, post-AGB star on the verge of becominglocity shock models predict CO line intensities an order of
a PN. The central star has a spectral type B0, with a temperatonagnitude below the observations (Fig. 7). Hence the heating
of 310* K (Schmidt & Cohen1981). The H and K band imagesiechanism in this object can be explained by either a PDR
reveal a bipolar extension in the E-W direction extending abomtt high velocity shock since the morphology of the object is
3" (Latter et all_1992). Hence, the source size indrhission is very complicated. Here, we have assumed that thamtl CO
only 21019 sr. Although the central star produces enough FUsmission arises from the same region, which may not necessarily
photons to heat and ionize the nebula surrounding it, a fast winel the case.

6.2. AFGL 618
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The atomic fine structure lines of [@ 63 um and [C11]
158um are also seen in the LWS spectrum. ThelJG16 :m
line may be blended with the much stronger CO J=18-17 line
(Fig.[M). The [O1] and [C11] lines could indicate a PDR or a
shock. If they originate in a shock, the [{}C 11] ratio should
be relatively high due to the weakness of thaf]A58 m line.

n

The [O1] 63 um line was observed with the LWS in its Fabry-.
Perot mode (P1: M. Meixner) which has a resolution of 8 006 —3
The profile, although it has a relatively low signal-to-noise an

is resolved and does not show the broadening of 200Km s@
seen in the sub-mm data (Fong, 1999 Priv. comm). In order o
explain the observed CO line with shocks, we need a shock
velocity of > 150kms'. Hence, we conclude that the most 4

likely heating source for the gas is a PDR.

27

6.3. NGC 7027

This is one of the best studied planetary nebulae. It has a very
hot central star with a temperature ©f2 105 K (Latter et al.
2000). At such a high temperature, the star also produces soft
X-rays. The line profiles of moleculargthow no evidence for
a fast wind in the system (Cox et &l 1997), therefore it is mdgig- 8- Comparison between the LWS (triangles)and KAO (star) CO
likely that the heating of the gas is dominated by FUV photot{g€ intensities for NGC 7027 and the PDR TgOdeB (see[Fig. 5 for keys
from the central star. The nebula is C-rich, with an estimat&te ines). The assumed source sizei§4 ™ sr.
C/O ratio of 3 (Shields 1978).

From the IR images of NGC 7027 by Graham etlal. (1993)
and by Cox et al[{1997), we assume that the CO emission oriitus region. We are able to reasonably fit the observed [O
nates from the dense torus 6f2 9", i.e., the source siz€) is and [C11] line fluxes with a model withw = 10° cm™* and
410~19 sr. The best fit PDR model gives a density of tt—3  Go = 107, assuming a source size ot sr. A similar con-
and a radiation field of 107 times the interstellar value (F[g. 8)clusion was reached by Burton et al. (1990) and Justtanont et
The more recent HST/NICMOS images of NGC 7027 revealkd (1997).
very complex structure with one, or possibly two, bipolar out- Natta & Hollenbachl(1998) calculated the effect of soft X-
flows (Latter et al, 2000). Yan et &l. (1999) calculated a thermi@lys on the neutral gas in atime-dependent PDR and showed that
and chemical model for NGC 7027. Their model was able tBis mainly affects i chemistry as well as atomic and ionized
reproduce observed line fluxes from LWS spectra quite wespecies. We also investigated the effect of X-ray photons on the
However, we find significant differences in their calculated terieating of the gas. As expected, X-rays only affect the surface
perature and those of our PDR models. In our models, the gd¢he PDR where the visual extinction is low{ < 0.1). This
temperatures remains high from the surfaeet(000—6 000 K)  thin layer does not contribute substantially to the COr][@nd
and drops sharply at, = 1 to ~ 100K. [C 11] lines. Beyond this point, these soft X-rays can no longer

We also compare the expected fluxes for the atomic fifgnetrate the PDR, hence the temperature remains unchanged.
structure lines which provide major cooling for the envelope.
The observed LWS fluxes of the [P63 ym and 146:m lines
are 5.710~17 and 2.110~'® W cm~2, respectively, and for the /- Summary

[C 11] 158 line is 4.010~'® Wcm~?. Both the [O1] 63um  We have investigated the ISO-LWS spectra of three C-rich ob-
and [C] 158 um line fluxes are in reasonably good agreemeficts in differing evolutionary stages after leaving the AGB.
with the earlier observations by Dinerstein et al. (1991). From show highly excited CO rotational lines which imply warm
the fluxes of the [Q] 63 um and [C11] 158:m lines, the ob- dense gas. Assuming the lines are optically thin, we estimate
served [Or]/[Cr1] ratio is in line with those observed for otherthe rotation temperatures of 350-700 K and masses of @,1 M
PDRs (Hollenbach & Tielens 1997) and PDR models (Kaufrom optically thin slab calculations, taking into account the
man et al. 1999; Wolfire et al. 1990). However, the PDR model§citation, we derive a density ef 106 — 5107 cm~3. Alter-

fail to reproduce the observed absolute intensities of these Iir\qa§tive|y, high temperature and low density models can also fit
This points towards the source size for which these fine structgig data. We considered two different mechanisms to explain
lines arise from being much larger, i:2.10~° sr. This larger the observed lines: PDRs and shocks. In this way, we can spec-
size corresponds to the halo seen in theitdage surrounding jfy the density via the calculation of heating and cooling of the
the denser torus (Graham etial. 1993, Latter €t al. 2000) T@% We presented grids Of mode's for C-rich Chemistry PDRs
density in the halo is also expected to be less than the smajififj for shocks. The former fully take into account the C-rich

Jupper
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chemistry. We assumed @k~ 3 bynumber for the PDR models Cox P., Maillard J.-P., Huggins P.J., et al., 1997, A&A 321, 907
(Shields 1978). Cox P., Lucas R., Huggins P.J., et al., 2000, A&A 353, L25

For the least evolved object in our sample, AFGL 2688, tikg@ampton D., Cowley A.P., Humphreys R.M., 1975, ApJ 198, L135
gas is most likely to be heated by low velocity Q0kms'!) deJong T, Chu S.-1., Dalgamo A., 1975, ApJ 199, 69
shocks. This model can also explain the lack of detection of tRE€rstein H.L., Haas M.R., Werner M.W., 1991, BAAS 23, 915
atomic fine structure lines of [@ and [C11] since a 20kms! Draine B.T., McKee C.F., 1993, ARA&A 31, 373

. 2 . . Graham J.R., Serabyn E., Herbst T.M., et al., 1993, AJ 105, 250
shock is not strong enough to ionize carbon or dissociate myg. ing H.J., 1968, Bull. Astr. Inst. Netherlands 19, 421

of CO int(_) atomic oxygen. The required preshock density fWaijan AR., Phillips J.A., Terzian Y., 1995, ApJ 446, 244
the best fit shock model 153} S 109 cm~3. Note that the CO Hollenbach D.J., McKee C.F., 1989, ApJ 342, 306 (HM89)
emission comes from higher density postshock gas therefgggllenbach D.J., Tielens A.G.G.M., 1997, ARA&A 35, 179
the derived density from the LTE, optically thin slab reflects theora J.L., Latter W.B., 1994, ApJ 437, 281
high postshock density. Hora J.L., Latter W.B., Deutsch L., 1999, ApJS 124, 195

The intermediate case of AFGL 618 can be explained Bysttanont K., Skinner C.J., Tielens A.G.G.M., Meixner M., Baas F.,
either FUV-heatingT.g ~ 3 10* K), or by high-velocity shock 1996, ApJ 456, 337
heating. Both models, again, require a preshock density JyfttanontK., Tielens A.G.G.M., Skinner C.J., Haas, M.R., 1997, ApJ
107 cm~3. LWS-FP observations of the [@ 63 m line do 476,193 )
not show evidence for the fast wind of 200 krmisseen in the Kaufman M.J., Wolfire M.G., Hollenbach D.J., Luhman M.L., 1999,

. ; ApJ 527, 795
sub-mm data. Hence we conclude that the main heating SOU\{%Sslgr M.F., Steinz J.A., Anderegg M.E., et al., 1996, A&A 315, L27

in this object is most likely a PDR. o Latter W.B., Maloney P.R., Kelly D.M., et al., 1992, ApJ 389, 347
For NGC 7027, the spectrum is compatible with FUV heafter w.B., Hora D.M., Kelly D.M., et al., 1993, AJ 106, 260
ing in a PDR. The required densitylie® cm~ with aradiation Latter W.B., Dayal A., Bieging J.H., et al., 2000, ApJ, in press
field, Gy < 107 times the interstellar value. Our models indicateester D.F., Werner M.W., Storey J.W.V., Watson D.M, Townes C.H.,
that heating due to X-rays has little effect on the CO line fluxes. 1981, ApJ 248, L109
The [0O1] and [Ci1] atomic fine structure line fluxes imply theLiu X.-W., Barlow M.J., Rieu N.-Q., et al., 1996, A&A 315, L.257
presence of a large halo of lower density, somewhat cooler gdy.X.-W., Barlow M.J., Dalgarno A., et al., 1997, MNRAS 290, L71
McKee C.F., Storey J.W.V,, Watson D.M., Green S., 1982, ApJ 259,
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