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Abstract. We present observations taken with the Short Wave- In this paper we present ISO-SWS observations of (proto)
length Spectrometer (SWS) on board the Infrared Space @kanetary nebulae ((P)PNe). We have selected three well-studied
servatory (ISO) of three evolved C-rich stars, the post-AGabjects with alarge range in excitation conditions, and for which
star HR 4049 and two planetary nebulae, IRAS21282+5050 drigh-quality ground-based spectra already exist, i.e. HR 4049
NGC 7027. The spectra are dominated by the well-known ife.g. Waters et al. 1989; Geballe et al. 1989; Roche et al. 1991;
frared emission bands, attributed to Polycyclic Aromatic HyBuss et al. 1993) IRAS21282+5050 (e.g. de Muizon et al. 1986;
drocarbons (PAHs). The SWS spectra for the first time allowNagata et al. 1988; Witteborn et al. 1989; Jourdain de Muizon
complete overview of the richness of the PAH spectrum wittt al., 1990; Roche et al. 1991; Justtanont et al. 1996) and
high spectral resolution and high S/N. We present an inventddC 7027 (e.g. Gillett et al. 1973; Russell et al. 1977; Geballe
of the spectral features in the 2.4—jih wavelength window. et al. 1985; Nagata et al. 1988; Witteborn et al. 1989; Lowe et
al. 1991; Sandford 1991). We present an inventory of the ob-
Key words: stars: AGB and post-AGB — stars: mass loss — dustrved emission bands and a comparison with published data.
— planetary nebulae — infrared: stars We identify the emission bands in terms of the PAH hypoth-
esis, but we stress that other components may also contribute
to the bands. In an accompanying paper (Molster et al. 1996)
we discuss shapes and strengths of some of the more prominent
bands.

1. Introduction

The presence of infrared emission bands at 3.3, 6.2, 7.7, 8.6 and
11.3pmin the spectra of C-rich evolved objects has been knownThe observations
for over two decades (see elgterstellar DusfIAU symposium

135(1989), eds. L.J. Allamandola & A.G.G.M. Tielens). Thesg,g ghservations were done with the Short Wavelength Spec-
bands are due to C-C and C-H stretching and bending vibratigisneter (SWS; de Graauw et al. 1996) on board ESA's Infrared
in an aromatic hydrocarbon material and various compoungsace Observatory (ISO; Kessler et al. 1996). Here we concen-
have been proposed, which all have an aromatic microstructyige o the emission bands. Data reduction was carried out
in common (ie., PAH_S’ QCC, coalgger &_ Puget, 1984; Alla- ;sing version 4.1 of the SWS off-line processing pipeline. Flux
mandola et al. 1985; Sakata et al. 1987; Papoular et al. 198Q)inration is believed to be accurate to about 10 percent at the
Analysis of the energetics of the excitation/emission proc%??ortestwavelengths and 30-50 percent at 3@48Schaeidt

has now firmly established that the carrier is quite smalb0 ¢ 41 1996). For a description of the wavelength calibration of

C-atoms) and hence is properly referred to as PAH moleculgg;s \ve refer to Valentijn et al. (1996). Figure 1 shows the
(cf., Allamandola et al. 1989; hereafter referred to as ATB). spectra, rebinned to a resolution of 500, and Figure 2 the con-

Send offprint requests t®.A. Beintema tinuum subtracted spectra. We found that it is difficult to draw

* Based on observations with 1SO, an ESA project with instrumerffd€ continuum for NGC 7027 between 5 and i because
funded by ESA Member States (especially the Pl countries: Franee spectrum is dominated by emission bands. In Figure 1 two
Germany, the Netherlands and the United Kingdom) and with the pgessible continua are drawn and Figure 2 shows the subtracted
ticipation of ISAS and NASA spectra for both cases. Note the richness in emission bands.
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Table 1. Summary of observed bands Wave number [cm™']
HR 4049 IRAS21282+5050 NGC 7027 100 2220 ‘ 1000 : 600
Amax F} fwhm Fé Amax F| fwhm Fg Amax F] fwhm Fg

(um) @y) (um) (um) Jy) @m) (um)  (Qy) @m) 8o
3.248 0.33 0.009 0.12 3.248 0.32 0.010 0.1
3.296 5.13 0.045 9.24 3.294 2.13 0.040 2.82 3.287 19.8 0.037 20.2
3.342 0.22 0.021 0.2

80

3.397 0.54 0.030 0.78 3.398 3.49 0.024 2.7 40

3.423 1.17 0.036 1.7 20 L
3.435 0.41 0.012 0.24 HR 4049
3.467 0.70 0.014 0.4 | | |

3.478 0.40 0.016 0.27 3.481 0.53 0.011 0.3

80 - IRAS 21282+5050
3.531 2.34 0.019 1.62 3.538 0.54 0.016 0.1 3.518 0.76 0.016 0.42
3.546 0.62 0.008 0.1
3.569 0.52 0.017 0.24 3.574 0.28 0.017 0.12

680

Flux [Jy]

3.757 1.04 0.024 0.7 w0b
3.633 0.48 0.023 0.39 3.624 0.41 0.009 0.12
5.234 8.00 0.114 11. oo b
5.650 4.86 0.192 17.1

6.010 5.50 0.102 2.80 6.006 1.29 0.060 1.14
6.258 14.5 0.165 26.2 6.217 11.4 0.168 17.9 6.219 51.6 0.150 68.4
6.318 2.06 0.024 0.36 NGC 7027
6.940 2.33 0.257 4.62 6.924 1.37 0.217 16.4 8oa
7.602 4.89 0.076 1.14 7.609 2.22 0.106 1.29 7.594 15.7 0.150 9.6
7.892 23.56 0.496 47.1 7.724 12.3 0.486 32.4 7.815 75.1 0.554 174
8.068 2.00 0.059 0.8
8.593 1.95 0.077 1.14
8.679 12.5 0.250 12.8 8.626 7.96 0.351 7.98 8.585 42.7 0.320 31.
9.707 5.06 0.112 3.78 9.533 2.49 0.721 7.47

1000

600 -

400

200 -

10.44 5.81 0.398 55.
11.04 7.85 0.102 3.3¢ 11.05 4.08 0.096 1.38 11.05 18.0 0.080 5.64 5 10 15
11.26 159 0.152 9.7% 11.23 24.6 0.243 15.1 11.22 238 0.215 125
11.30 2.07 0.027 0.2]1

11.67 2.73 0.068 0.6 )
11.88 5.17 0.103 1.9 11.76  8.58 0.064 1.9 Fig. 1. SWSum 2.4-20pm spectra of the programme stars. The

11.95 13.0 0102 5.04  dashed lines indicate the location of the continuum.
12.05 8.83 0.334 6.4

12.75 5.19 0.487 6.90 12.63 13.2 0.469 23.¢ 12.73 71.6 0.449 79.
13.48 3.80 0.105 0.84 13.58 14.9 0.294 11.4 ) . ) )
16.99 133 1.087 20.1 17.03 36.0 0.694 43.2  wing on the 3.29G:m peak is evident in the SWS data. Buss

1802 4400384 25 117_86 7216.2 03% 10] et al. (1993) discuss the 5—-18n spectrum of HR 4049. The
Notes to Table 1f Peak flux;* total flux in band, in 1014w m=2. - . .

SWS spectrum agrees very well with their spectrum, both in flux
level and strength of the features. The spectrum of Roche et al.
(1991) shows that the 7.7-8u6n band has an extended wing
to about 10um; this wing is resolved into a separate feature at
Table 1 lists, for each star, the peak wavelength and FWHJ7 um in the SWS spectrum. The shape of the Jdn8band of
(both inzm), the peak flux (in Jy) and the total flux in the ban&oche et al. agrees well with our data; we confirm the presence
(in 10~** W m~2). The accuracy of the wavelength of the pea#sf a 11.05 and a 12.m feature.
of the emission bands is abast\ /A ~ 0.001, and the band  The 3.3um spectrum of IRAS21282+5050 taken by Jour-
fluxes have an error of about 20 %. We stress that several badai® de Muizon et al. (1990) compares well with our SWS
severely blend (such as 7.7, 8.8, 11.05, 11.3 etc) and that gpgctrum, despite the rather low S/N of the SWS spectrum
may affect the derived band strengths. We measured these lianghat wavelength region. The bands near 3.294, 3.397 and
strengths with respect to the local continuum. 3.569um are confirmed. The red wing on the 3.4 feature

The spectrum of HR 4049 shows absorption bands at wageen in ground-based spectra is resolved into a separate bump at
lengths of about 2.8, 4.2 and 4un. These bands could be due3.435um. The feature at 3.518m seen by Jourdain de Muizon
to gas-phase molecules, such asithstretch vibrational band et al. (1990) is not obvious in our spectrum, but this may be due
of H,0 (2.7-2.8um), CG, or SiO (near 4.2um), and the CO to the presence of an AOT band edge near 3.80(de Graauw
fundamental ro-vibrational band (near 4.). Evidence for et al. 1996). The feature at 3.478n is probably the same as
CO absorption in the near-IR spectrum of HR 4049 was foutitht seen at 3.46m in ground-based spectra. Note the blue
by Lambert et al. (1988). We note that O-rich molecules are nging on the 3.294,m C-H stretch. The 8—-18m spectrum of
expected in HR 4049 in view of the strength of the C-rich IRRAS21282+5050 taken by Roche et al. (1991) agrees with the
emission bands. SWS spectrum. The extended wing of the 7.7+8&% bands

A comparison of groundbased (Geballe et al. 1989) aig] as in the case of HR 4049, resolved into a separate feature
SWS spectra of HR 4049 in the 8n region shows that the near 9.5um. We confirm the presence of an extended wing out
3.296, and 3.53am features inthe SWS data agree well with thi® about 13um, ending in the 12.7m band. We find a feature
groundbased spectrum. The 3.40% feature seen by Geballenear 17um which is quite prominent, but was not found by Just-
et al. does not appear to be present however. A prominent bialeont et al. (1996). The SWS relative spectral response curve

3. Comparison with ground-based data
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3000 1000 600 This spectral region is dominated by the strong 3.28%fea-
T T - ture due to the aromatic C-H stretch. Following the suggestion
of Jourdain de Muizon et al. (1990), which was strengthened
by arguments of Joblin et al. (1996), we attribute the 3.40
band to the asymmetric stretch in methyl groups attached to
PAHSs. The spectrum of methyl coronene also shows very weak
bands near 3.35 and 34& (Joblin 1992). There is no obvious
sign of the three strong ethyl coronene bands in this wavelength
region. Based upon the detection of the 2-0 overtone of the
C-H stretch in IRAS21282+5050 (Geballe et al. 1994), the fea-
ture at 3.435%um is assigned to the 2-1 hot band of the C-H
stretch (Barker et al. 1987). In the same vein, the weak feature
in IRAS21282+5050 at 3.58m may be due to the 3-2 C-H
stretch. HR 4049 shows relatively strong features near 3.43 and
3.55um, which may well be the C-H hot bands. In that case,
the 2-0 should be readily detectable in this source. Possibly, the
smallest PAHs, which dominate the emission in these hot bands,
survive better in the weaker UV radiation field of this source.
The peak position of the aromatic C-H stretch is somewhat sen-
sitive to molecular structure and internal excitation (cf., Joblin
et al. 1995). The weak bands at 3.248 and 3.@dtcould thus

30T HR 4040

10

40 -
IRAS 21282+5050

300 - NGC 7027

Flux [Jy]

200 —

100 —

300 - NGc 7027 = be due to somewhat larger, less excited and somewhat smaller,
o more highly excited PAHs, respectively. There are a number of
200 - weaker features in these three spectra. These could be due to

100

tions are also possible. For example, the weak bands at 3.53 and
3.64 in NGC 7027 could be due to the C-H stretch in aldehydic
° z 0 = groups attached to PAHS.
A [pm] The 5-8um region:The strong “6.2" and “7.7}:m bands
dominate this part of the spectrum and are assigned to aromatic
Fig. 2.C_ontinuum subtracted spectra of the programme stars; the sngalc stretching modes (ATB). HR 4049 and to a lesser extent
panel gives the SWS 2.4-4m spectrum IRAS21282+5050 show a weak band at 1. Perhaps, it is
connected to the 3.248m feature. In any case, we would as-
. . sign it to a (weak) C-C mode, possibly in a minor population
has a complex shape around/m which may cause SPUMOUS,¢ bAHS. The strong C=0 stretching mode of aldehydic groups

features. ) .
also absorbs in the 5.75—@uf region but generally peaks at
Nagata et al. (1988) show a 38n spectrum of NGC 7027 somewhat shorter wavelengtt 6.8um; Schutte et al. 1990).

with emission_ bands at 3.295, 3.396, 3.46 and 3,5116that The “7.7" um band shows evidence for two independent com-

we also see in the SWS data. However we do not find the o7 6 and 7,8 (cf., Bregman 1989). The uén fea-

13_h55110ar1d 3.581m1t featufrﬁlsGsce;:gzl;y Nballg?]tad%t ?/I\}'tglgSS ure is quite evidentin NGC 7027 (cf., Cohen et al. 1985). Non-
€ 10-13um spectrumo published by Vvitte orrEompact PAHs show prominent C-C modes at this wavelength

et Ial. .(1989) S?OWS the Stﬁn&lm? ffature\lvwf}i'cz wef ' asdosmall compact PAHSs (ie., pyrene). However, this band can
solve mtciéwSo eaturei.a:] SII /\aio 511’21]' Ve find a ea(; also be due to deformation modes of peripherat Gkdups. We
ture at~ 10. > M on whic [Sv] ~LLIM IS SUPETPOsed. 5 recognize that these narrower features are perched upon a
The underlying plateau and Fhe weaker bands near 11.0 #bad plateau which extends from about 5.5 tqub® which is
12.7pm were .already noted in ground based spectra (Comwn to vary independently (e.g. Bregman et al. 1989). Per-
Pft al.l\lle9€(>’;5,7(\)/\gt7teaorn et SI' 1989; RO;'e _et _T‘l' 199hl). In adciqéps, this plateau is due to blended C-C modes in larger PAH
fuon, Shows abump near A, simi ar tothatseen . siers £ 300-400 C-atoms). Finally, weak features at 5.23
in IRAS21282+5050, but which may be an artifact of the da}ﬁ.'d 5.65.m are present in the spectrum of NGC 7027. These
reduction. have been assigned to combination bands of the out-of-plane
C-H deformation modes (Allamandola et al. 1989).
4. Identification of bands: the PAH hypothesis _The 8-1Lm region: Bands in this region are due to C-

H in-plane deformation modes. The well known &% band
The 3um region:At the resolution and sensitivity of the SWSdominates this spectral region. However, all three sources show
the plateau in the@m region is resolved into several indepenevidence for weaker features, whose peak position varies be-
dent components and a number of new features are detecteden 9.5 and 10.am depending on the H substitution pattern

L} as s/ C-C overtone and combination bands (ATB). Other identifica-
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(Bellamy 1970). The observed pattern is consistent with tBeegman, J.: 1989, imterstellar Dust IAU Symp. 135, Eds. L. Alla-
presence of isolated H's, as inferred from the out-of-plane C- mandola & A.G.G.M. Tielens, p. 109
H deformation mode. However, at this point, confusion witRregman, J.D., Allamandola, L.J., Witteborn, F.C., Tielens, A.G.G.M.,
stretching vibrations of peripheral C-C and C=0 groups cannot Geballe, T.R.: 1989, ApJ 344, 791
be excluded Buss Jr, R.H., Tielens, A.G.G.M., Cohen, M., Werner, M.W., Bregman,
4 o Thic - i ¢ J.D., Witteborn, F.C.: 1993, ApJ 415, 250

The 11-1%m region:This is the region of the C-H out-of- o L\l s < 6 M Allamandola, L.J.: 1085, Apd 299, 193

plane deformation modes, which in interstellar spectra is do

@éballe T.R., Lacy, L.H., Persson, S.E., McGregor, P.J., Soifer, B.T.:
inated by the 11.3im band (Cohen et al. 1985). The 1t 1985 ApJ'292yéoo ' ’ ' gor, 7., Solter

band may well correlate with the 6.0 and 3.248 bands. Bands gepalle, T.R., Noll, K.S., Whittet, D.C.B., Waters, L.B.F.M.: 1989,
in this region are very sensitive to the H-substitution pattern. apJ 340, L29

Bands between 11 and 1160 are generally assigned to pe6eballe, T.R., Joblin, C., d’'Hendecourt, L., Jourdain de Muizon, M.,
ripheral H's isolated on the aromatic ring. The 12m feature Tielens, A.G.G.M., leger, A.: 1994, ApJ 434, L15

is consistent with three adjacent H's (ATB), while the weagillett, F.C., Forrest, W.J., Merrill, K.M.: 1973, ApJ 183, 87

12.1m band in IRAS21282+5050 can be assigned to duo Hag Graauw, M.A. et al.: 1996, A&A (this volume)

These assignments are somewhat under debate since theseJa¥#gain de Muizon, M., d’'Hendecourt, L., Geballe, T.R.: 1990, A&A
positions seem to be sensitive to ionization (Langhoff 1996% 2,35' 367 ) e ,

and this effect has not been sorted out completely, yet. The rj blin, C., 1992, Ph. D. Thesis, Univesskaris 7

. . oplin, C., Boissel, P., &ger, A., d'Hendecourt, L., Defourneau, D.:
derlying broad plateau in NGC 7027 may represent a blend °P1995, AGA 299, 835

various weak out-of-plane deformatiqn modes, possibly COﬂ)'blin, C., Tielens, A.G.G.M., Allamandola, L.J., Geballe, T.R.: 1996,

nected to the larger PAH clusters. Finally, we note that this ppj 458 610

emission plateau extends to about/dr in IRAS21282+5050 jourdain de Muizon, M., d’'Hendecourt, L.B., Geballe, T.R.: 1990,

(Justtanont et al. 1996) and that may be difficult to explain with A&A 235, 367

out-of-plane deformation modes. Justtanont, K., Barlow, M.J., Skinner, C.J., Roche, P.F., Aitken, D.K.,

The long wavelength modd@resently our data possibly re-  Smith, C.H: 1996, A&A 309, 612

veal only one band, near k. This spectral 'poorness’ mayKessler, M.F. etal.: 1996, A&A (this volume)

partly reflect the difficulty to detect (weak) emission featurd@mbert, D.L., Hinkle, K.H., Luck, R.E.: 1988, ApJ 333, 917

againstthe “dust" continuum which rapidly increases in stren égg':c’:' %Egéﬂgﬁ'.ig‘;ﬁyié\hﬂg 183 2819

with wavelength. Also, PAH modes in this wavelength region IU. "o oo 0o 45 1 wehlau, W.H., Maillard, J.-P.: 1991, Apd

are intrinsically weak (ATB). Long wavelength bands are due 368, 195

to skeletal vibration and hence, in general., very _specn‘lc forl\/?olster, F.J. etal.: 1996, A&A (this volume)

particular PAH structure. As a corollary, this implies that, Ungyizon, M. de, Geballe, T.R., d’Hendecourt, L., Baas, F.: 1986, ApJ

like the mid-IR spectral regions, bands from a collection of 306, 105

PAHs do not line up well, further hampering their detectiomagata, T., Tokunaga, A.T., Sellgren, K., Smith, R.G., Onaka, T.,

The 17um feature, if real, may well be the in-plane ring defor- Nakada, Y., Sakata, A.: 1988, ApJ 326, 157

mation mode. The out-of-plane ring deformation mode occurd@poular, R., Conrad, J., Giuliano, M., Kister, J., Mille, G.: 1989, A&A

lower frequencies. The 2im feature observedin some sources 217,204

may well be related to such vibration, which one might call tfgoche, P.F., Aitken, D.K., Smith, C.H.: 1991, MNRAS 252, 282

drumhead mode, where adjacent rings bend Out-of-plane. RUSSS", R.W., SO|fer, B.T., WI"nEI', S.P.: 1977, ApJ 217, L149
Sakata, A., Wada, S., Onaka, T., Tokunaga, A.T.: 1987, ApJ 320, L63
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