
 

 

 University of Groningen

Origin and evolution of ices around massive young stars
Keane, Jacqueline Veronica

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2001

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Keane, J. V. (2001). Origin and evolution of ices around massive young stars. s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-05-2023

https://research.rug.nl/en/publications/ec17feec-3431-47d7-9c92-524a096faa00


Origin and evolution of ices around massive
young stars



Cover:
Digitally generated image titled ”Natural growth pattern”; by Mike Bonnell



RIJKSUNIVERSITEIT GRONINGEN

Origin and evolution of ices around massive
young stars

PROEFSCHRIFT

ter verkrijging van het doctoraat in de
Wiskunde en Natuurwetenschappen
aan de Rijksuniversiteit Groningen

op gezag van de
Rector Magnificus, dr. D.F.J. Bosscher,

in het openbaar te verdedigen op
vrijdag 8 februari

om 14.15 uur

door

Jacqueline Veronica Keane

geboren op 26 september 1973

te Galway, Ierland



Promotor: Prof. dr. A.G.G.M. Tielens

Beoordelingscommissie:
Prof. dr. E.F. van Dishoeck
Prof. dr. J.M. van der Hulst
Prof. dr. L.B.F.M. Waters

ISBN 90-367-1558-X



To my parents and Nana-D,

for their unwavering love and support.





Contents

1 Introduction 1
1.1 The Dusty Universe: : : : : : : : : : : : : : : : : : : : : : : : : : : : : 1
1.2 Peering into the darkness: : : : : : : : : : : : : : : : : : : : : : : : : : 1

1.2.1 Laboratory infrared spectroscopy: : : : : : : : : : : : : : : : : : 1
1.2.2 Composition of interstellar ices: : : : : : : : : : : : : : : : : : : 3

1.3 The life cycle of dust : : : : : : : : : : : : : : : : : : : : : : : : : : : : 5
1.4 Star-formation: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 7
1.5 Chemistry in star-forming regions: : : : : : : : : : : : : : : : : : : : : : 9
1.6 Chemical evolution/Thermal processing in star-forming regions: : : : : : : 11
1.7 In a dusty galaxy far, far away........: : : : : : : : : : : : : : : : : : : : : 12

1.7.1 Overview : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 12
1.7.2 Dust studies of extra-galatic systems: : : : : : : : : : : : : : : : 14
1.7.3 Central engine of ultra-luminous IR galaxies: : : : : : : : : : : : 15

1.8 Aim and outline of this thesis: : : : : : : : : : : : : : : : : : : : : : : : 16
1.8.1 Aim of this thesis: : : : : : : : : : : : : : : : : : : : : : : : : : 16
1.8.2 Outline : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 16

1.9 Main Conclusions and future directions: : : : : : : : : : : : : : : : : : : 18
1.9.1 Main conclusions: : : : : : : : : : : : : : : : : : : : : : : : : : 18
1.9.2 Future directions : : : : : : : : : : : : : : : : : : : : : : : : : : 19

2 Bands of solid CO2 in the 2 – 3�m spectrum of S 140 : IRS1 21
2.1 Introduction : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 22
2.2 Observations: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 22
2.3 Results: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 23
2.4 Identification ofCO2 combination modes: : : : : : : : : : : : : : : : : : 23
2.5 Alternative candidates: : : : : : : : : : : : : : : : : : : : : : : : : : : : 24

2.5.1 Isolated water: : : : : : : : : : : : : : : : : : : : : : : : : : : : 24
2.5.2 Dangling OH-groups: : : : : : : : : : : : : : : : : : : : : : : : 24

2.6 Discussion: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 25
2.7 Conclusions: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 27



viii CONTENTS

3 Ice absorption features in the 5 – 8�m region toward embedded protostars 29
3.1 Introduction : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 30
3.2 Observations: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 30
3.3 The continuum : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 32
3.4 Absorption profiles : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 33

3.4.1 6.0�m profiles : : : : : : : : : : : : : : : : : : : : : : : : : : : 33
3.4.2 6.85�m profiles : : : : : : : : : : : : : : : : : : : : : : : : : : : 34

3.5 The 6.0�m feature : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 36
3.5.1 H2O ice : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 36
3.5.2 NH3 ice absorption : : : : : : : : : : : : : : : : : : : : : : : : : 40
3.5.3 The 5.8�m absorption: : : : : : : : : : : : : : : : : : : : : : : : 40
3.5.4 The 6.2�m PAH absorption ?: : : : : : : : : : : : : : : : : : : : 43

3.6 Analysis of the 6.85�m feature : : : : : : : : : : : : : : : : : : : : : : : 44
3.6.1 Hydrocarbons: : : : : : : : : : : : : : : : : : : : : : : : : : : : 44
3.6.2 NH+4 : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 47
3.6.3 Carbonates: : : : : : : : : : : : : : : : : : : : : : : : : : : : : 48
3.6.4 Summary of proposed 6.85�m carriers : : : : : : : : : : : : : : : 48

3.7 Discussion: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 49
3.7.1 Evidence for thermal processing of ices: : : : : : : : : : : : : : : 49
3.7.2 Composition and chemistry of interstellar ices: : : : : : : : : : : 49

3.8 Summary and Conclusions: : : : : : : : : : : : : : : : : : : : : : : : : 53

4 Trace molecular species in interstellar ices: the 5—8�m spectrum of the
protostar W 33A 55

4.1 Introduction : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 56
4.2 Observations: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 56
4.3 The absorption features: : : : : : : : : : : : : : : : : : : : : : : : : : : 57
4.4 Comparison to laboratory data: : : : : : : : : : : : : : : : : : : : : : : : 58

4.4.1 The 7.2�m interstellar feature : : : : : : : : : : : : : : : : : : : 58
4.4.2 The 7.4�m interstellar feature : : : : : : : : : : : : : : : : : : : 62

4.5 Discussion: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 63
4.5.1 Comparison of the 5–8�m region of W 33A with GL 7009S : : : : 63
4.5.2 The chemical formation pathways: : : : : : : : : : : : : : : : : : 65

4.6 Conclusions: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 65

5 Gas-phase SO2 in absorption towards massive protostars 67
5.1 Introduction : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 68
5.2 Observations and reduction: : : : : : : : : : : : : : : : : : : : : : : : : 68
5.3 Absorption features: : : : : : : : : : : : : : : : : : : : : : : : : : : : : 68
5.4 Gas-phase SO2 : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 69
5.5 Discussion: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 72

6a The obscured mid-infrared continuum of NGC 4418:- A dust- and ice-enshrouded
AGN 75

6a.1 Introduction: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 76
6a.2 Observations: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 76



CONTENTS ix

6a.3 The mid-IR spectrum of NGC 4418: : : : : : : : : : : : : : : : : : : : : 77
6a.3.1 Spectral features: : : : : : : : : : : : : : : : : : : : : : : : : : : 77
6a.3.2 Dust and ice column densities: : : : : : : : : : : : : : : : : : : : 79

6a.4 Discussion and conclusions: : : : : : : : : : : : : : : : : : : : : : : : : 80

6b Ice features in the mid-IR spectra of galactic nuclei 83
6b.1 Introduction: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 84
6b.2 Observations: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 85

6b.2.1 ISO galaxy sample: : : : : : : : : : : : : : : : : : : : : : : : : 85
6b.2.2 Selected sample: : : : : : : : : : : : : : : : : : : : : : : : : : : 85

6b.3 Ice absorption and PAH emission in the 5–7�m region : : : : : : : : : : : 86
6b.3.1 Components of the model: : : : : : : : : : : : : : : : : : : : : : 86
6b.3.2 Effects on the model of varying the component contributions and

extinction : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 89
6b.3.3 Profile appearance as a function of redshift: : : : : : : : : : : : : 91

6b.4 Classification : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 92
6b.5 Absorption and emission profile analysis: : : : : : : : : : : : : : : : : : 99

6b.5.1 Model fits : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 99
6b.5.2 Derived physical parameters: : : : : : : : : : : : : : : : : : : : : 100

6b.6 Discussion: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 103
6b.7 Conclusions: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 111

7 Modelling grain surface chemistry in dense molecular clouds 113
7.1 Introduction : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 114
7.2 Observational constraints: : : : : : : : : : : : : : : : : : : : : : : : : : 115
7.3 Chemistry : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 117

7.3.1 The chemical model: : : : : : : : : : : : : : : : : : : : : : : : : 117
7.3.2 Surface reaction network: : : : : : : : : : : : : : : : : : : : : : 121
7.3.3 Comparison with other approaches: : : : : : : : : : : : : : : : : 121
7.3.4 Numerical model: : : : : : : : : : : : : : : : : : : : : : : : : : 123
7.3.5 Parameters governing the chemistry: : : : : : : : : : : : : : : : : 124

7.4 Results: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 124
7.4.1 General trends: : : : : : : : : : : : : : : : : : : : : : : : : : : : 124
7.4.2 Oxidation versus Hydrogenation: : : : : : : : : : : : : : : : : : 126
7.4.3 CO2 : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 128
7.4.4 H2CO and CH3OH : : : : : : : : : : : : : : : : : : : : : : : : : 132
7.4.5 Comparison with molecular cloud observations: : : : : : : : : : : 137

7.5 Summary and future directions: : : : : : : : : : : : : : : : : : : : : : : 137

Nederlandse samenvatting — Summary in Dutch 139

English Summary 147

Bibliography 155

Refereed publications 163



x

Acknowledgements 165



1
Introduction

1.1 The Dusty Universe

ONCE hailed as “Vacancies in space”, the dark patches in the Milky Way are testimony
to the presence of dust which frustrated optical astronomers in the early 20th century.

In recent years, the research of ’dust’ has become firmly recognized and dust is now ac-
cepted as a ubiquitous feature of the cosmos, impinging directly or indirectly on most fields
of astronomy. Dust has many vital functions which range from being the dominant heating
mechanism of gas through the ejection of photoelectrons in molecular clouds, the dominant
opacity source controlling the spectral appearance of many objects, and to being responsible
for regulating mass loss of old stars. In addition, the study of dust and its composition is
crucial in determining the true degree of extinction in galaxies and the effect that this has on
the determination of intrinsic properties such as luminosity which is essential when deriving
masses either of single objects or of entire galaxies. On an even greater scale, recent Hubble
deep field images reveal early galaxies which are very dusty in appearance. This dust is inter-
wovenwith the star-formation and likely affects the structure and evolution of such objects
in the early Universe. Dust is also inseparably entwined with the formation and evolution
of stars and planetary systems in the solar neighbourhood. In such environments ice man-
tles form on the dust surfaces and it is now believed that these ice mantles are the dominant
reservoirs of biogenic elements in molecular clouds. Moreover, in the outer parts of budding
planetary systems, these ice grains are the progenitors of cometary bodies which then later
deliver volatiles to inner Earth-like planets. Thus, though dust only constitutes on average
�1% by mass of the interstellar medium, understanding its rˆole in the origin and evolution
of stars and galaxies is of paramount importance.

1.2 Peering into the darkness

1.2.1 Laboratory infrared spectroscopy

Due to the high visible and UV extinction of stars embedded in molecular clouds, IR spec-
troscopy is in fact the only viable way to study the composition of interstellar ices. Spec-
troscopy is the study of the interactions of radiated energy and matter. In this case, the ra-
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Figure 1.1— Characteristic vibrational frequency range of various molecular groups made up out of the abundant
elements H, C, N, and O [from Allamandola 1984]

diated energy is from the protostar and the material is present in a surrounding cold cocoon,
containing the ices among others. The absorption of the protostar photons by the constituents
of the cocoon are at well defined frequencies (vibrations) corresponding to the masses of
the vibrating atoms, the molecular geometry, and the forces binding the atoms in their equi-
librium positions. To a first approximation, the vibrations of a diatomic molecule can be
represented by a quantum-mechanical harmonic oscillator. Only those modes which exhibit
a change in the dipole moment during the vibration give rise to absorption by the IR photons.
The vibrations are generally due to (a)symmetric stretching or bending of the bonds between
two of the constituent atoms. Spectral features can be characterised in terms of the peak of
the maximum, quantifying the strength of absorption, and by the shape of the peak. Since the
IR spectrum of each molecule is unique, it serves as a reliable fingerprint in order to identify
the molecule (Fig. 1.1).

The interpretation and assignment of carriers to the absorption bands seen in IR spectra are
intimately coupled with laboratory experiments of astrophysically relevant ice analogs. In
the laboratory, the photochemical and thermal evolution of ice mantles is simulated by con-
densing mixtures of gases onto a solid substrate (T � 12K), situated in a vacuum chamber
which can then be exposed to UV photons or heated within the set-up. The production and
study of interstellar ice analogs are performed in a vacuum set-up by deposition of gas mix-
tures. The grain surface is represented by a CsI window mounted in a metal holder which can
be rotated without breaking the vacuum. The deposition of the gas mixtures must be slow
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Figure 1.2— ISO-SWSspectrum of the deeply embedded massive protostar W33A highlighting the multitude of
absorption features that are primarily attributed to interstellar ices.

in order to avoid significant warm-up of the sample due to the heat of condensation. Once
the deposition is complete the substrate is rotated 90o and the sample analysedinsitu using
a Fourier Transform Infrared Spectrometer. The ice sample is then subjected to a gradual
warm-up with spectra taken at selected temperature intervals. In comparison with interstellar
conditions the most important, but necessary, difference is in the time-scales it takes to accrete
species from the gas-phase and also for the subsequent warm-up of the ice mantles. However,
these times-scales are still much larger than the relevant atomic or molecular time-scales.
Extensive laboratory studies have shown that the detailed peak position and profile of these
ice absorption bands provide not only information on the absorbing molecule but, because of
molecular interaction, also on the immediate molecular environment. Molecules trapped in
an ice matrix lose their ability to rotate and the lines which make up the rotational branches
collapse into one broad pure vibrational band. Additionally, ices produced in the laboratory
and in molecular clouds are amorphous (i.e. no large scale structure) and each molecule
can reside in a range of sites which differ in their interaction with neighbouring molecules.
This is reflected in shifts of the vibrational frequency from one site to another. Apart from
broadening, a vibrational band can also shift in position as a consequence of the interaction
of the vibrating molecule and its surroundings. The greater the interaction with neighbouring
species, the greater the possible shift. Thus, in order to understand interstellar ices spectra, it
is necessary to study the spectroscopic properties of molecular mixtures and not simply add
absorption spectra of pure/binary mixtures.

1.2.2 Composition of interstellar ices

The launch of theInfrared Space Observatory(ISO) provided a revolution in our understand-
ing of the chemical makeup of star-forming regions. Free from the hindrance of atmospheric
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Figure 1.3— Laboratory fits (solid lines) to the13CO2 band along different lines of sight toward massive proto-
stars(histogram data) illustrating the variation in profile as a function of temperature [Boogert et al. 2000].

absorptions, theShort Wavelength Spectrometer(SWS) on boardISOwas particularly suited
to delve deeper into the realms of star formation. The 2–20�m spectrum of the massive pro-
tostar W 33A in Fig. 1.2 illustrates the wealth of absorption features present in such regions.
Broad absorption features at 3.1, 4.23, 4.67, 6.0, 6.85, 7.6, 10�m appear superimposed on
the IR continua of many sources obscured by large amounts of dust. Except for the latter, all
of these absorption features are attributed to simple molecules in an ice matrix. Among the
molecules identified areH2O, CO,CO2, CH4, andCH3OH (shown in Table 1; c.f., Ehren-
freund & Schutte 2000). Studies of the diffuse ISM, on the other hand, display a different
wealth of absorption features in the mid-IR range. In particular, a feature at 3.4�m is ubiq-
uitous along all lines of sight but is not observed in dense molecular clouds (Pendleton et al.
1994). This feature is widely attributed to carbon-rich material, which may be hydrogentated
amorphous carbon (HAC), with accompanying weak transitions at 6.8�m and 7.3�m (Chiar
et al 2000; Pendleton & Allamandola 2001). IR spectroscopic studies have played a crucial
rôle in establishing that the properties of interstellar dust in the diffuse ISM differ from those
of dust in dense molecular clouds.

Through the use and clear understanding of the principles of laboratory spectroscopy, studies
of interstellar ices have shown amongst others that solid CO is not well mixed in with theH 2O
but rather is part of an independent ice component. Also, the effect of thermal processing
on ices was seen and understood for the first time in theISO-SWSspectra. The systematic
evolution of the profile of solid CO2 ice with temperature is seen in Fig. 1.3, highlighting the
importance of thermal processing on interstellar ices and clearly illustrating the symbiotic
relationship between IR spectroscopy and laboratory spectroscopy.
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Table 1.1— Relative abundances of molecules detected towards different lines of sight. Abundances are nor-
malised to H2O for interstellar ices and cometary volatiles. Abundances for the Orion hot core are normalised to
CO. Dashes indicate a current lack of information [adopted from Ehrenfreund & Charnley 2000].

W 33A Elias 29 Elias 16 Hale-Bopp Orion
Species high-mass low-mass field-star comet hot core
H2O 100 100 100 100 >100
CO 9 5.6 25 20 1000
CO2 14 22 15 6-20 2-10
CH4 2 <1.6 — 0.6 —
CH3OH 22 <4 <3.4 2 2
H2CO 1.7-7 — — 1 0.1-1
HCOOH 0.4-2 <0.08 — 0.06 0.008
OCS 0.3 <9.2 <6 0.5 0.5
NH3 <15 — — 0.7-1.8 8
OCN� 3 — — — —
C2H6 — <0.24 <0.4 0.3 —
HCN < 3 — — 0.25 4
HNC — — — 0.04 0.02
HNCO — — — 0.06-0.1 0.06
C2H2 — — — 0.1 3-10
CH3CN — — — 0.02 0.2
HCOOCH3 — — — 0.06 0.1
HC3N — — — 0.02 0.04
NH2CHO — — — 0.01 0.002
H2S — — — 1.5 1
H2CS — — — 0.02 0.01
SO — — — 0.2-0.8 0.5
SO2 — — — 0.1 0.6
References 1,2 3,4 5,6 7,8,9 10,11

References: (1)Gibb et al. 2000, (2)Keane et al. 2001, (3)Boogert et al. 2000, (4)Ehrenfeund &
Schutte 2000, (5)Whittet et al. 1998, (6)Schutte 1999, (7)Crovisier & Brocklee-Morvan 1999,
(8)Mumma et al. 1993, (9)Rodgers 1998, (10)van Dishoeck & Blake 1998, (11)Irvine et al. 1999

1.3 The life cycle of dust

The life cycle of dust is illustrated in Fig 1.4. Formed in the cool atmospheres of old stars,
dust is gently ejected into the diffuse (atomic) ISM by winds associated with these objects.
Alternatively, some stars (massive starsM < 10M�) end their lives in an extravagant super-
nova explosion, which flings dust rich in metals into the ISM. In the diffuse ISM, this so called
stardustcan grow through accretion and coagulation, is processed by intense ultraviolet (UV)
fields and impinging energetic particles, and is destroyed by strong shocks (e.g. supernova
shocks). As many of these diffuse clouds meet and coalesce, a dense self-gravitating molec-
ular cloud is formed. The route to a self gravitating cloud can take up to tens of millions of
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Figure 1.4— A schematic overview of the way in which dust is cycled through the Galaxy (Hubble Space Tele-
scope images, accredited to NASA and STScI).
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years and in the intervening time the dust experiences strong chemical changes. Local varia-
tions in the physical conditions of a molecular cloud gives rise to dense cores which provide
strong shielding from radiation. This facilitates the formation of ice mantles on the grain sur-
faces. The grain mantle grows by accretion of gas-phase species and as a consequence of this
grain mantles may be arranged in layered oronionstructures. Grains can also in grow in size
by coagulation as a result of low-velocity grain-grain collisions. In general, the collision rate,
and hence the rate of growth, increases with cloud density. Under the influence of gravity,
a dense condensation turns into a new star surrounded by a disk of dusty material in which
planetesimals, cometesimals, and eventually planets agglomerate. Some, perhaps most, of
thestardustand the ice mantles may be retained in a largely-unaltered form. Eventually, the
new star moves into the main sequence, and evolves further where once again dust is ejected
into the ISM via stellar winds, and the cycle begins once again. The life cycle of dust is
therefore intimately bound to the formation and evolution of stars and the Galaxy.

1.4 Star-formation

Star-formation is now generally perceived to follow two distinct routes mainly determined
by the mass of dense cores in the natal molecular cloud:- low-mass and high-mass star-
formation. The scenario of low-mass star-formation is both quantitatively and qualitatively
better understood than the high-mass star-formation route. The working hypothesis for low-
mass star-formation is as follows (Shu et al. 1987). Regions within a molecular cloud con-
dense into dense cores due to the slow leaking of the supporting magnetic field through am-
bipolar diffusion. When the contraction becomes sufficiently centrally concentrated, the core
starts to collapse from theinside out. Due to rotation, a disk begins to form around the grow-
ing protostar and a strong outflow, perpendicular to the disk, is generated. Eventually as the
outflow begins to dominate, bipolar jets expand outwards and shocks the surrounding natal
material. In these shocks temperatures are raised and grains destroyed resulting in molecular
species being released into the gas-phase. Eventually, a significant fraction of the surround-
ing molecular envelope is blown away and it is at this stage that the newly formed young star
finally becomes optically visible. This schematic picture of low-mass star-formation is borne
out by a wealth of observational studies.

In contrast, high-mass star-formation, though resembling somewhat the low-mass star-
formation scenario, is poorly understood. The main reason for this is that due to the larger
mass, the durations of each physical stage occur on much shorter time-scales and are more
violent. The reduced time-scales imply that the vast majority of physical processes are in-
timately coupled and hence modeling such scenarios becomes extremely difficult. How-
ever, recently observations of high-mass protostars have allowed a global view of the various
stages to be developed. Figure 1.5 schematically depicts the geometry of 3 supposed (main)
stages of evolution of high-mass star-forming regions. ”Stage 1” represents a central proto-
star, with in-fall of material from the molecular envelope and also strong shocks generated
from the bipolar outflows. When observed in the sub-millimeter a rich shock induced chem-
istry is seen, in particular sulphur bearing compounds. The corresponding IR spectrum re-
veals a wealth of strong solid-state ice absorption features of the cold natal molecular cloud.
When the in-fall and outflows abate, a hot core phase is reached in which the evaporation of
ice-mantles gives rise to a gas-phase chemistry that involves complex and large molecules
(”Stage 2”). Hot cores are small, dense, hot, and heavily extincted clumps of gas in regions
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1.5. Chemistry in star-forming regions 9

of (massive) star-formation. As a result of the thermal evaporation of the ices, the mid-IR
spectrum is dominated by gas-phase absorption lines. As the surrounding material becomes
ionized by far-UV photons from the protostar a stage known as a photo-dissociation region
(PDR) is reached (”Stage 3” ). The sub-millimeter spectrum is rich in radicals and ions of car-
bon species. The IR spectrum also reflects the importance of photons as the incident starlight
is absorbed by large carbon molecules (polycyclic aromatic hydrocarbons or PAHS) which
fluoresce in the near- and mid-IR. This schematic evolutionary picture should be viewed with
some caution as true distinction between the different classes is difficult and the different
physical processes requires further observational studies with sufficient angular resolution.

1.5 Chemistry in star-forming regions

It is now generally accepted that interstellar molecules are formed from simpler constituents
by a variety of two body chemical reactions in situ in interstellar clouds. The primary reac-
tions can be broken into three distinct classes:- bond formation, bond destruction, and bond
rearrangement processes. Simple gas-phase schemes have been postulated to account for a
large fraction of the observational evidence and are very successful in this. The main chemi-
cal characteristics of gas-phase chemistry are large unsaturated and mostly ionized molecular
species. Crucial to the success of gas-phase chemistry are ion-molecule(bond rearrangement)
reactions which occur very rapidly, even at low (10 K) temperatures, as a strong polarization-
induced potential helps to overcome any activation barrier. Ions with large dipole moments
have large reaction rates and this facilitates even larger molecules to be formed. Neutral-
neutral reactions can also be of importance, and because of the low temperature should pos-
sess no barrier against reaction. Energetic UV and optical radiation is absorbed by the edge
of the cloud and the only ionization present is from cosmic rays which can photo-dissociate
molecules (bond destruction). In general, cosmic ray ionization is important for hydrogen and
helium atoms and in particular for hydrogen molecules when considering molecular clouds.
Gas-phase chemistry can account for the abundances of many but not all detected molecules
(e.g., Terzieva & Herbst 1998). A well known example is molecular hydrogen (H 2) which
can only be formed through chemical reactions occurring on grain surfaces (Hollenbach &
Salpeter 1970). Furthermore, the detections of large abundances of H 2O and CH3OH exceed
what is predicted by even the most optimistic gas-phase chemistry and hence an alternative
formation pathway has to be considered, namely grain surface chemistry.

Interstellar grains provide the surface for accreted species to meet and react (Allen & Robin-
son 1977; Tielens & Hagen 1982; d’Hendecourt et al. 1985; Brown 1990; Hasegawa et al.
1992; Ruffle & Herbst 2000). Therefore, surface chemistry is governed by the rate at which
gas-phase species are accreted (accretion rate), and by the rate at which species travel across
the surface (migration rate). The time-scale at which all gas-phase atoms/molecules accrete
onto the grain (� 109=n yr) is smaller than the average cloud lifetime (� 107 yr) and for an
individual grain this roughly equates to one accretion event a day. An accreted species will
be adsorbed to the surface by a van der Waals bond (physical adsorption) and the time that
a species spends on the grain surface is governed by the energy with which it is bound. The
temperature of a dust grain in a molecular cloud is on average 10 K and species which are
loosely bound to the surface (mainly H and H2) can conceivably evaporate within physically
meaningful timescales. Heavier species, on the other hand, are firmly bound to the surface
for the lifetime of the cloud, and will only evaporate if the temperature of the grain is raised.
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As a consequence of being tightly bound, heavy molecular species are trapped in their sites
and are generally not free to roam the grain surface. Lighter species, such as O, C, and N,
can migrate via thermal hopping as the energy barrier between adjacent sites is roughly one
third of the binding energy. As a consequence of the low mass of atomic H, quantum tun-
neling is the most efficient means for scanning the surface. The surface chemical network
then consists of reactions of mobile species (H, O, C, and N) with each other and other non-
mobile species. Reactions between mobile species and radicals (unpaired electrons present)
are activationless and always occur upon a “collision” . Hydrogen can also tunnel through
activation barriers and hydrogenation reactions involving for example CO are also possible.
As a consequence of the greater gas-phase abundances of H and O, and due to their increased
mobility on the grain surface, the dominant reactions are hydrogenation and oxidation. This
results in molecular species in which all the bonds are saturated. Indeed, the fundamental
signature of surface chemistry is the formation of saturated complex species, a characteristic
that can not be produced via gas-phase chemistry. Finally, thermal processing of grain sur-
face species occurs when the protostar begins to warm-up its surroundings and heat the grain
mantles (Tielens & Whittet 1997). Heating evaporates the icy mantle constituents and the
saturated complex species then drive the hot core gas-phase chemistry, illustrating the active
interplay between the gas and grains in the ISM.

1.6 Chemical evolution/Thermal processing in star-forming regions

Interstellar ices play an important rôle in the chemical inventory of molecular clouds (see
Langer et al. 2001 for an indepth review). They are an important reservoir of molecular
species containing, for example, 10% of the elemental O in the form of solid H 2O - compara-
ble in abundance to the most abundant (heavy) gas- phase species, CO. Various other species
(CO, CO2, CH3OH, CH4, H2CO, HCOOH, OCS) are present at low levels. The radiative en-
ergy of newly formed protostars warms surrounding grains sufficiently to lead to outgassing
or complete evaporation. Studies have revealed clear variations in a range of ice absorption
profiles which can be attributed to thermal processing (see Sect. 1.2.2, Fig. 1.3) of the ice.
Recent ISO results show segregation of ices according to temperature zones in the vicinity
of protostars (Ehrenfreund et al. 1998). Figure 1.6 shows a schematic drawing of the ice
segregation process in the line-of-sight toward massive protostars. All pure and trapped ices
sublimate at specific temperatures (Tielens & Whittet 1997). Apolar or hydrogen-poor ices
are formed far away from the protostar and are composed of volatile (low evaporation temper-
atures, <20 K) molecules, such as CO, O2, and N2 (Ehrenfreund et al. 1997). Hydrogen-rich
ices (polar ices), dominated by H2O ice, are formed when H is abundant in the interstellar
gas and are the major ice species above �50 K. Thermal processing of the ices also influ-
ences the gas-to-solid state ratio. Figure 1.7 shows that as the temperature increases toward
different line of sight, the solid CO ice feature decreases as the corresponding gas-phase lines
grow intensity as the CO is released in to the gas-phase. The region close to the protostar
is dominated by strong shocks and high temperatures. Under such conditions ices are usu-
ally desorbed from grains. In particular, the infrared spectra of high-mass YSO’s reveal a
rich grain-surface chemistry which drives the chemistry of “hot cores” leading to large abun-
dances of saturated complex gas phase molecules (Charnley et al. 1992; Caselli et al. 1993).
Observations and models of hot cores around massive protostars have under-pinned the key
rôle of ice mantles in the chemical evolution of such regions. The chemical composition
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Figure 1.7— ISO-SWSspectra in
the region of the CO2 �3 and CO
1-0 vibrational bands toward embed-
ded young stellar objects. CO2 ex-
ists mostly in the form of ice at
4.27�m. NGC 7538 IRS1 shows ab-
sorption due to solid CO. The sources
W3 IRS5 and AFGL 4176 show high
temperature dust and gas in the line
of sight and therefore strong abun-
dances of gaseous CO and only
small amounts of CO ice (from van
Dishoeck 1998).

of massive star-forming environments can thus be used as a “chemical” clock to time the
formation of the star.

The chemical evolution of interstellar ices is also of interest because these ices may well be
the building blocks of comets in the solar system (see Irvine et al. 2001 for an indepth review).
There is in fact reasonable agreement in the global chemical composition of interstellar ices
and at least some comets. Since comets are thought to have delivered much of the volatile
inventory (H2O and organics) to the earth and other inner planets, there may be an indirect
connection between the composition of interstellar ices, prebiotic material, and the origin of
life. Table 1 also compares the ice abundances observed toward high and low mass embedded
protostars, with the ice composition of comets. Though there are some discrepancies between
the composition of cometary and interstellar ices (e.g. OCS), in general there is a global
agreement indicating that cometary ices are a mixture of original interstellar material and
material processed in the solar nebula.

1.7 In a dusty galaxy far, far away........

1.7.1 Overview

Originally classified as “ fuzzy” nebulae, the most startling find of the early observational
studies were that some of these nebulae were in fact spiral or whirlpool like in form. Optical
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Figure 1.8— The spiral galaxy
M 51, also known as the Whirlpool
galaxy, magnificently illustrating
vast dust lanes. The smaller galaxy,
at the top, is further away and partly
behind one of the outer spiral arms
of M 51 and it has been suggested
that it is the cause of the spiral
structure seen in M 51.

images clearly revealed the presence of obscuring material in external galaxies by the exis-
tence of dark lanes stretching through many of the objects observed. Figure 1.8 dramatically
highlights the existence of vast dust lanes that weave their way between stars in the spiral
arms. Star formation is occurring within these dust lanes which contain the same mixture of
gas, dust, and complex molecules found in the Milky Way. With the advent of infrared space
telescopes (IRAS, & ISO), a new class of galaxies were discovered by IRAS which radiate
most of their energy in the (far)infrared, more than at all other wavelengths combined. A
class of objects that have recently attracted close attention are the most luminous of the in-
frared galaxies, namely ultra luminous infrared galaxies (ULIRGS), which accounted for a
significant fraction of star formation in the local universe (see Sanders & Mirabel 1996 for
an indepth review). To account for the extreme intensity of the emitted infrared radiation
(L � 1012 L�) scenarios such as interacting mergers or active galactic nuclei (AGN) activity
are the best suited. The interaction/collision of the galaxies NGC 4038 and NGC 4039, more
commonly known as the Antenna galaxies, is a beautiful illustration of a merger system with
spectacular star formation being triggered. In Fig 1.9 the optical (top) and IR images (bottom)
are jointly shown of this merger system. The optical image shows the entire merger system
revealing the whimsical tails created by tidal interaction. The IR image, on the other hand, is
of the central interaction region, indicated by the box in the optical image, where the bright
patches attest to the “fi reworks display” of newly formed stars. This region between the two
interacting nuclei accounts for roughly half of the entire luminosity through re-radiation by
the dust. Star formation in galaxies, as in our own Galaxy, enriches and controls the den-
sity and energy balance of the interstellar medium. Hence, knowledge of the dust content
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Figure 1.9— The top portion is an opti-
cal image of the hostile merger system the
Antenna galaxies. Beneath, an ISOCAM
15�m image shows the interaction region,
indicated by the box in the optical image.

of galaxies is important in order to keep the books balanced in terms of the energy flow of
galaxies by accounting both for what is emitted and what is absorbed.

1.7.2 Dust studies of extra-galatic systems

The spectral energy distribution (SED) of a galaxy can tell much about the galaxy’s stellar
evolutionary history. However, dust affects the SED in a complicated fashion. The effects
of dust on a galaxy’s SED are determined by the physical properties and spatial distribution
of the dust. However, to date knowledge of dust in galaxies other than the Milky Way and
the Magellanic clouds is very limited. The extinction curve is the dominant physical prop-
erty and generally this is the easiest to determine observationally. Extinction curves for stars
in our own Galaxy, and the Small and Large Magellanic clouds (SMC & LMC) have been
determined. In general, the curves have a common shape, but there are significant variations.
Traditionally, UV studies (and optical) have been used to investigate the extinction. Partic-
ularly useful is the 2175 Å which has been shown to vary greatly in strength in our Galaxy
(Cardelli et al. 1989), the LMC (Fitzpatrick 1985), and is notably absent in the SMC (Prèvot
et al. 1984). These studies all probe the diffuse dust and the outer parts of the molecular
clouds. To explore the spectral dependence of extinction in dense regions it is necessary to
observe in the IR part of the spectrum. Spectral absorption features in this region provide a
great deal of information on the composition and nature of dust. An important diagnostic is
the depth of the 9.7�m silicate feature and the extinction derived from it. Previous ground-
based studies were limited in their spectral coverage around this absorption band. ISO on
the other hand, provided continuous wavelength coverage allowing accurate continua to be
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Figure 1.10— The mid-IR spectrum of the galaxy NGC 4418 compared with typical spectra of normal, starburst
and seyfert galaxies. The characteristic PAH emission bands, denoted by the dashed lines, are decidedly lacking in
NGC 4418 (Spoon et al. 2001).

determined. The presence of a trough at 9.7�m, in the spectra of galaxies, has often been in-
terpreted as a gap between PAH emission bands (Helou et al. 2000) rather than an indication
of silicates in absorption, resulting in the determination of moderate-to-low extinctions. If,
on the other hand, ISOspectra are combined with 12-100�m IRAS fluxes an accurate picture
of the continuum arises and the existence of silicate absorption is more easily verified. This
approach reveals that a moderate/strong silicate absorption band is present in a significant
fraction of galaxies observed by ISO(Spoon et al. in prep.).

1.7.3 Central engine of ultra-luminous IR galaxies

ISO has offered a fresh look at the analysis of dust in different galactic types (see Genzel &
Cesarsky 2001 for an indepth review). Sensitive mid-IR spectra have considerably enhanced
our knowledge of the spectral properties of many galaxies leading to the development of di-
agnostic tools that serve as tracers of star formation (e.g ratio of PAH emission bands to the
continuum). Figure 1.10 highlights the mid-IR spectra of a variety of galaxies, dominanted in
most cases bby PAH emission bands. Most striking are the lack of PAH bands in NGC 4418,
typically tracers of star formation, and the existence of absorption bands reminiscent of fea-
tures observed toward galactic molecular clouds (see Fig 1.2). Since their discovery, the
nature and evolution of ULIRGS has remained unclear. However, ISO is helping to answer
these questions and in particular what drives the immense luminosity - AGN or star forma-
tion activity- in ULIRGS. The line-to-continuum ratio of the 7.7�m PAH emission band used
to distinguish between starburst-dominated and AGN-dominated is based on evidence that a
starburst galaxy presents strong PAH features while an AGN has a strong continuum with
low contrast emission bands (Genzel et al. 1998 and Lutz et al. 1998). In addition, the ratio
between the flux density at 7.7 and 6.0�m has been suggested as a reliable diagnostic of
the degree of star-formation activity (Tran et al. 2001). Generally a source is classified as
starburst-like if the 7.7�m line-to-continuum ratio is > 1 and AGN-like if the 7.7�m line-
to-continuum ratio < 1. However, the recent detection of (strong) absorption bands in the
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6-7�m region (Spoon et al. in prep.) implies that continua deduced must take into account
these bands as well as the silicate feature. Additionally, Spoon et al. report the presence of
a broad 8�m band which, when combined with PAH emission as a signpost of unconcealed
star formation, facilitates the classification of ice galaxy spectra (galaxies showing ice ab-
sorption bands) into three classes of decreasing broad-8�m-feature-emission and increasing
PAH emission. This might in fact represent an evolutionary sequence extending from the
strongly concealed beginnings of star formation (and AGN activity) to the less enshrouded
more advanced stages of star formation (and AGN activity). It is therefore essential to ascer-
tain the nature and amount of dust as the shape of a galactic IR spectral energy distribution
depends exclusively on the dust, and also in order to constrain the physical phenomena and
elucidate the evolutionary status of IR-bright galaxies.

1.8 Aim and outline of this thesis
1.8.1 Aim of this thesis

The life cycle of dust is intimately intertwined with the formation and evolution of stars and
the Galaxy. Dust dominates the heating of clouds by the ejection of photoelectrons, regulates
the mass loss of old stars by radiation pressure, and also serves as the first building block for
the formation of planetesmals. Additionally, since dust absorbs radiation, it is responsible for
the extinction and therefore the spectral behaviour of a diverse range of objects such as proto-
stars, starburst nuclei, along with young galaxies in the early universe. These processes of the
lifecycle are accompanied by concomitant chemical processing of the dusty material by en-
ergetic photons, shocks, and stellar winds. These chemical processes continuously reshuffle
the nature of prebiotic elements and produce a drive towards greater molecular complexity. It
is clear that a fundamental understanding of the nature and the composition of dust, in a wide
range of objects, will lead to a greater understanding of the galaxy and beyond.

In this thesis, the rôle of dust in three realms of star formation is investigated:-(1)dense
molecular clouds (thermal processing); (2) hot cores (complex chemistry); (3) external galax-
ies (star formation tracer). Dust in dense molecular clouds is sufficiently shielded that icy
mantles form on the grain surfaces. Observations of the ice species cannot only be used
to determine column densities but also explore specific interactions and subsequently grain
mantle composition through the analysis of intrinsic profiles. In addition, the sensitivity of
the icy material to the environment is revealed by comparing observations along different
lines-of-sight. These results show segregation of ices according to temperature zones and
highlight the importance of thermal processingaround massive protostars. The region close
to the protostar, the hot core, is a harsh environment, where dust ice mantles have evapo-
rated or sputtered back into the gas-phase. This release of molecular species, many of which
formed on grain surfaces, then drives a rich complex chemistryprimarily resulting in the for-
mation of complex organic molecules. Finally, the association of interstellar ices in molecular
clouds with star formation can be applied to infrared observations of galaxies. The detection
of (ice) absorption features serve as star formation tracers, helping to elucidate the nature of
the interstellar medium in other galaxies.

1.8.2 Outline

Chapters 2–4present the observations of solid state ice bands in the ISO-SWSmid-infrared
spectra toward a sample of embedded high-mass protostars. A study of this nature reveals the
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composition of the ices, along with the processes that are acting on the dust in regions close
to young protostars. First, the results on the analysis of the high resolution 2–3�m spectrum
of the young stellar object S 140 IRS1 are presented in Chapter 2. The spectrum reveals two
narrow absorption lines that are attributed to the modes of a combination of different vibra-
tional bands of solid CO2 ice. Fits by laboratory analog spectra confirm previous results that
the CO2 ice along this line of sight experiences significant thermal processing. All the solid-
state CO2 bands observed over the range 2–16�m are simultaneously fitted by a laboratory
mixture rich in CH3OH even though CH3OH is a minor constituent along this line of sight.
Continuing along the lines of thermal processing, Chapter 3discusses the nature of strong
ice absorption features observed in the 5–8�m range of massive protostars. This region is
dominated by absorption bands at 6.0 and 6.85�m, and is awash with a wide variety of likely
molecular carriers. This is the first high resolution study of these bands. The bulk of the
6.0�m is assigned to amorphous water (H2O) with, in some cases, additional contributions
from formic acid (HCOOH) and formaldehyde (H 2CO). The carrier of the 6.85�m remains
elusive, however a number of previously suggested candidates, such as methanol (CH 3OH),
can at most only account for a small fraction of the band. Comparing the positions and pro-
files of these bands along different sight lines, in combination with laboratory spectra, helps
to disentangle the species contributing to these bands. We show that systematic variations in
both the position and the profile of the 6.0 and 6.85�m interstellar absorption bands can be
directly attributed to thermal processing of the ices. Weak absorption bands at 7.2 and 7.4�m
clearly seen toward only one of the embedded protostars, W 33A, are investigated in Chapter
4. These bands are assigned to HCOOH, the formate ion (HCOO�), and/or acetaldehyde
(CH3HCO). The complete 5–8�m region was searched for spectral signatures of the pro-
posed carriers and additional weak features, lying within the stronger absorption bands, and
support for the presence of these molecules was found.

In Chapter 5, we present the first detection of the �3 ro-vibrational band of gas-phase sul-
phur dioxide (SO2) in absorption in the mid-infrared around 7.3�m of a sample of deeply
embedded protostars. This molecule is associated with the inner hot core regions of young
protostars. All sources show remarkably similar SO2 column densities, suggesting perhaps
that the formation route for SO2 has saturated. The origin of the high excitation temperature
and the high abundances of the observed SO2 is discussed.

Chapter 6turns the attention to star-formation in external galaxies. The ISO mission has
considerably enhanced our knowledge of the mid-IR properties of normal, starburst, Seyfert
and Ultra-luminous galaxies. In Chapter 6a, an analysis of the mid-IR spectrum of the galaxy
NGC 4418 is presented. The spectrum has strong solid state ice absorption bands that are
consistent with features observed toward dense Galactic molecular clouds. The nature of the
central source in NGC 4418 could not be inferred from the mid- to far-IR spectrum alone,
given the absence of any “signpost” , like 6.2�m PAH emission, and fine structure lines. Our
findings of strong absorptions due cold silicates and ices in NGC 4418 led us to believe that
the same absorptions might be present in the mid-IR spectra of other galaxies. Chapter 6b
presents the analysis of a large sample of galaxies (250) observed by ISO, which resulted in
19 galaxies showing strong evidence for 6.0�m H2O ice absorption, and in a number of cases
absorption at 6.85�m. The complicated interplay of the 6.0 � water ice absorption band and
6.2 � PAH emission feature are modelled, helping to elucidate the presence of ice absorption.
We classify the galaxies according to the strength of the 6.2�m PAH emission band and
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on the nature of the 7–8�m region, resulting in 3 distinct classes:- (1) galaxies with a clear
6.0�m feature and little to no 6.2 PAH feature; (2) galaxies showing a 6.0�m feature which
is partly filled in by 6.2�m PAH emission; (3) galaxies exhibiting a 6.0�m feature largely
filled in by 6.2�m PAH emission. Finally, it is suggested that this might in fact represent an
evolutionary sequence extending from the strongly concealed beginnings of star formation to
the less enshrouded more advanced stages of star formation.

In Chapter 7, a chemical model exploring the rôle of grain surface chemistry in sites of
star-formation is presented. In light of the recent observations of formic acid (HCOOH) and
formaldehyde (H2CO) by ISO (see Chapters 3 & 4), we re-visit the grain surface reactions
that are believed to be responsible for the production of these and other molecules. We have
limited the model to the primary hydrogenation and oxidation reaction schemes. The com-
position of the growing grain mantle is determined on the basis of the relative accretion rates
of the gas-phase molecules (H, O, CO, O2) and the diffusion controlled surfaces reactions.
In particular, reactions of atomic H with CO and O2 are of importance in interstellar grain
surface chemistry. The resulting abundances are then compared with the results of ISOand
the importance of each reaction step is explored.

1.9 Main Conclusions and future directions
1.9.1 Main conclusions

The data and model calculations presented in this thesis offer new insights into the star-
formation process. Here, the overall conclusions are presented.

� The thermal processingof ices by the newly formed protostar is a pervading theme
through most of the chapters presented here. Signatures of thermal processing are de-
tected by comparing the profiles of ice absorption features observed along different
lines of sight. The bulk of the 6.0 �m absorption band, observed toward high-mass
embedded protostars, is well matched by laboratory amorphous water profiles of dif-
fering temperatures. It seems clear, that for some sources there is additional absorption
present in this band. Notably, this extra absorption is not clearly detected in sources that
are best matched by warm H2O ice, suggesting perhaps that the molecules responsible
are volatile. Furthermore, there is an obvious trend in the data which shows that the
shift in the peak position of the 6.85�m absorption band parallels the lack of additional
components contributing to the 6.0 �m feature, and hence may be attributed to thermal
processing. From a comparison with various temperature tracers of the thermal history
of ices, it is also concluded that the components (volatile and robust) of the 6.85 �m
are related through thermal processing. Additionally, two narrow absorption features at
2.7 and 2.77 �m, detected for the first time towards an embedded protostar, are well fit-
ted by heated laboratory spectra of the combination modes of solid CO 2. The profiles
suggest that ”segregated boundary phases of pure CO 2” are formed and thus the ice
in this line of sight must have been subjected to significant heating, in agreement with
previously studied CO2 bands. Thus, heating of dust mantles is an important aspect
of interstellar ices around newly formed stars, with the result that evaporated mantle
species will subsequently enrich the gas and drive a complex hot core chemistry.

� This work has also presented the first detection in the infrared of gas phase SO 2 in
absorption towards a sample of protostars. The SO2 column densities are similar along
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all lines of sight suggesting that the SO2 formation has saturated. The origin of the
high abundance, and high temperature, is uncertain as both are not easily explained by
standard hot core chemistry models. Likewise, indicators of shock induced chemistry
are lacking.

� The detection of absorption features in the 6 –8 �m mid-infrared spectral region of
a sample of galaxies is reported for, in some instances, the first time. By modelling
the interplay of 6.0 �m water absorption and 6.2 �m PAH emission, it is possible to
disentangle to the two components and hence estimate the degree of water absorption.
Nineteen galaxies show strong evidence of 6.0 �m water absorption, with varying de-
grees of intensity for the 6.2 �m PAH emission band. Based on this sample, ice seems
to be strongly present in most ULIRGS, whereas it is weak or absent in the majority of
starbursts and Seyferts. Additionally, several galaxies show a broad continuum feature
near 8.0 �m that is not related to the 7.7 �m PAH emission band. The interplay of PAH
emission and the broad 8.0 �m feature shows strong similarities with Galactic star-
forming molecular clouds. Depending on the strength of the the 7.7 �m PAH emission,
it will be difficult to disentangle contributions from both components to the resulting
7.7 –8.0 �m peak. This may erroneously over-predict the 7.7 �m PAH flux. The 19
galaxies are grouped into 3 classes based on the presence of 6.2 �m PAH emission
and the nature of the 7.7 –8.0 �m feature: PAH emission or absorbed mid-IR contin-
uum, or a combination of the two. This classification might reflect an evolutionary
sequence from strongly obscured beginnings of star-formation (and AGN activity) to a
less enshrouded stage of advanced star-formation (and AGN activity), as the PAHs get
stronger and the broad 8.0 �m feature weakens.

� Simple, accretion limited models of grain surface chemistry can reasonably account
for the observed ice composition towards molecular clouds. The densities at which ice
mantle formation occurred is � 104 –105 cm�3, which from timescales considerations
is also expected to be the onset of the accretion era. The models also show that hy-
drogenation and oxidation reactions are equally important, and that the chemistry is
essentially controlled by a few key reactions. Essentially, kinetic considerations for
reactions occurring on the grain surface are very important in determining the overall
chemistry and a better understanding of these processes are required.

1.9.2 Future directions

The results presented in this thesis highlight a number of avenues that should be explored
by future research studies of star-forming regions. Observationally, in the coming years,
space based missions such as the Herschel Space Observatory (far-infrared) and the Next
Generation Space Telescope (NGST) will provide greater sensitivity and resolving power.
The heterodyne spectrometers (HIFI) on board Herschel will facilitate ultra high resolution
spectroscopic studies of star forming clouds, newly born stars, and old dying stars in the vir-
tually unexplored 80-700�m wavelength range. NGSTwill enable studies of the very earliest
phases of protostellar collapse in order to characterise the physical conditions in pre-stellar
cores and the initial conditions found during the star-formation process, and subsequently
test theoretical predictions. Furthermore, NGSTwill be capable of studying the evolution
of material as a function of position in protostellar systems. In the immediate future, the
Space Infrared Telescope Facility (SIRTF) will study the temperature and density structures
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of molecular clouds in order to characterise the physical conditions and chemical compo-
sitions from which protostars are formed. Additionally, SIRTFwill be able to conduct a
comprehensive study of the visible and dust-obscured star formation in galaxies, directed at
understanding the physical processes that trigger and regulate the star formation rate. An
understanding of the processing of energy from stars through the gas and dust in the ISM,
combined with UV and visible studies of star formation, will help to place the evolution of
galaxies on a common physical foundation. The sensitivity of spectroscopy in near- and mid-
infrared atmospheric windows from the ground has greatly improved with the advent of large
8 m class telescopes (such as the ESO-VLT). These offer exciting perspectives with which
to probe the constituents of ices in a much wider variety of interstellar environments. At the
expected sensitivity of the new instruments, it is now possible to probe molecular species
down to the 1% abundance level in the ice not only toward high-mass embedded objects, but
also toward the much weaker low-mass star-forming objects. A combination of the available
observational tools will provide definitive insights into the physical processes connecting star
formation to the ISM properties of galaxies.

Laboratory simulations of interstellar ices will play an essential rôle in the quest to under-
stand the interactions of molecules in ice matrices and the subsequent effects on the spectral
signatures. Current laboratory databases need to be expanded as they do not contain suf-
ficiently extensive ranges of ice mixtures and future laboratory studies should also include
new compounds in polar as well as apolar mixtures. Furthermore, precise laboratory simu-
lation studies are necessary to clarify the effects of thermal and energetic processing on the
ices. On a per molecule basis, new surface experiments are designed so that the molecular
constituents, morphology and thickness of the ice samples can be changed as the ice mantles
grow. This enables studies of a wide range of different polar and apolar ices, in both crys-
talline and amorphous phases, from sub-monolayer coverages to a film thickness where the
surface behaviour is substrate independent. This will allow measurements of the probability
of an adsorbate sticking to the ice surface, and build a comprehensive picture about the nature
of the bonding between different ices and adsorbates. Finally, laboratory studies are needed
to confirm the reaction energy barriers and to refine the kinetics of many chemical reactions
that are believed to occur on grain surfaces.

Refinement of theoretical modelling studies of star-forming regions will go hand in hand
with improvements in the two above fields. More accurate determinations of the abundances
of gas phase species will help to better constrain the input parameters for the chemical mod-
els. A complete Monte Carlo approach (though computational heavy) is needed to accurately
model the chemistry occurring on grains. Furthermore, quantum chemical studies of the en-
trance and exist channels of many reactions are necessary in order to evaluate their efficiency
under astronomical conditions.

Future studies of star-formation sites will, in particular, yield a more complete census of the
natal molecular material, give insight into the physical and chemical processing of this mate-
rial, and help elucidate the role of molecules in the evolutionary sequence of star-formation.
Hence, the coming years promise to provide a wealth of new information and as a conse-
quence important inroads into the understanding of the global star-forming process will be
made.



2
Bands of solid CO2 in the 2 –3�m

spectrum of S 140 : IRS1
Originally published as J.V. Keane, A.C.A. Boogert, A.G.G.M. Tielens, P. Ehrenfreund, W.A.

Schutte, A&A 375, L43, (2001)

Abstract

We investigate the 2 –3�m ISO–SWS spectrum of the luminous protostellar
object S 140 : IRS1. Two narrow absorption features are detected at 2.70 and
2.77 �m, which are well fitted with laboratory spectra of the �1 + �3 and the
2�2 + �3 combination modes of solid CO2. The ice in this line of sight must
have been subjected to significant heating, in agreement with previously studied
CO2 bands. A combined laboratory fit to all CO2 bands detected toward S 140 :
IRS1 shows, among others, the need for particle shape calculations for the CO 2

stretching mode. Finally, we discuss the absence of features of isolated H 2O and
dangling OH groups in the spectrum of S 140 : IRS1.
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2.1 Introduction

ICE species toward massive protostars were discovered by their characteristic stretching and
bending modes at infrared wavelengths (e.g. Willner et al. 1982; Ehrenfreund & Schutte

2000). From band profile analyses, it is now well established that in specific interstellar
environments the most abundant species (H2O, CH3OH and CO2) reside on the grain mantle
mixed with highly diluted volatiles (CO, CH4, OCS) (e.g. Tielens et al. 1991; Gibb et
al. 2000). A spectral region that received little attention so far is the 2–3 �m region, as
wavelengths longer than 2.6 �m are not observable from the ground, a problem remedied by
the launch of the Infrared Space Observatory (ISO). Laboratory studies show that this region
is awash with a wide variety of combination modes and isolated bands of ices including those
of CO2 and H2O (Hagen & Tielens 1981; Sandford & Allamandola 1990,1993; Ehrenfreund
et al. 1996).

The abundant presence of CO2 ice in molecular clouds and star forming regions has been
well established (d’Hendecourt & de Muizon 1989; de Graauw et al. 1996; d’Hendecourt
et al. 1996; G�urtler et al. 1996; Whittet et al. 1998). Recently, detailed studies of the
12CO2 (Gerakines et al. 1999; Boogert 1999) interstellar absorption bands have revealed that
variations in the profile of these bands reflect different degrees of thermal processing of the
ice mantles and variation in their chemical composition. The 12CO2 bands are due to strong
transitions and hence the detailed profiles and peak positions will depend on the grain shape
and size (Ehrenfreund et al. 1997; Boogert et al. 1999; Baratta et al. 2000). The conclusions
based on the 12CO2 bands are confirmed by an analysis of the much weaker 13CO2 band
(Boogert et al. 2000), for which grain shape effects are unimportant. The CO 2 combination
modes, which absorb weakly in the 2 – 3�m spectral region, are also not affected by particle
shape effects, and provide a new and independent test of the physical and chemical properties
of interstellar CO2-ices.

Isolated molecules have been studied extensively in the laboratory in the 2 – 3�m spectral
region (Sandford et al. 1990,1993; Ehrenfreund et al. 1996). Thermal and energetic processes
in the interstellar medium destroy sites in the ice matrix where such pockets could reside
and lead to conversion of isolated molecules over relatively short time-scales into polymers.
Therefore the detection of features due to isolated molecules requires cold and UV shielded
astronomical environments.

Here, we identify for the first time the CO2 combination modes along the line of sight toward
an embedded object and perform a search for bands of isolated molecules.

2.2 Observations

The protostellar object S 140 : IRS1 was observed with ISO-SWS in the high resolution
”SWS06” mode (de Graauw et al. 1996). The spectrum was reduced with version 9.5 of the
SWS pipeline using the latest calibration files. All detector scans were checked for excessive
noise levels, deviating continuum slopes, flux levels and dark current jumps. Clipping all
points that deviate by 3� or more ensured that hits due to cosmic rays were also removed.
Bad scans were cut out of the data and the remaining scans were averaged and rebinned to
two points per resolution element at the maximum resolving power of band 1b (R � 2500).
Figure 2.1 shows the final reduced spectrum. Also plotted is the detector response curve to
check the reliability of the observed spectrum. No obvious residuals of the detector responsiv-
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Figure 2.1— ISO-SWS AOT 6
spectrum of S 140 : IRS1 (a). For
comparison the detector response,
scaled to the brightness of this
source, is shown (b).

ity are apparent in the interstellar spectrum, that might affect our study of narrow absorption
features.

2.3 Results

The spectrum of S 140 : IRS1 shows two narrow absorption features near 2.70�m and
2.78�m and perhaps a broader absorption feature around 2.73 �m. The independent up and
down scans agree well for the 2.70�m band and this feature is detected at the > 6� level. The
2.78�m band differs in the individual scans and this feature is only detected at the 3� level.
The 2.73 �m feature occurs only at the 2 � level and will require further confirmation. The
spectrum was converted to optical depth scale by adopting the polynomial continuum shown
in Fig. 2.1. The peak positions, widths (FWHM) and central optical depths are summarized
in Table 2.1.

2.4 Identification of CO2 combination modes

The 2.70 and 2.78�m bands seen in the astronomical observations match the � 1 + �3 and
2�2 + �3 combination bands of CO2, measured in the laboratory. These bands have been
studied in detail by Sandford & Allamandola (1990) and Ehrenfreund et al. (1997) in vari-
ous ice mixtures at different temperatures. The 2�2 + �3 combination mode has a similar
behaviour as the �1 + �3 mode at 10 K. Astronomical observations indicate the existence of
different types of ices, such as hydrogen-rich (H2O dominated, polar ices) or hydrogen-poor
(apolar ices), as well as thermally processed ices. In pure 10 K CO2 ice or CO dominant ice
mixtures, the peak position of the �1 + �3 band is centred at higher frequencies and has a
slightly narrower width than the observed interstellar feature. When H 2O is added a large
broadening and substantial shift to lower frequencies is observed. A slight narrowing, but an
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Table 2.1— Spectroscopic properties of the absorption features. Errors are shown in the parenthesis

� (�m) Feature � FWHM � a

cm�1 cm�1

2.70 �1 + �3 3707.8 (0.5) 4 (1) 0.076
2.78 2�2 + �3 3600.3 (1.15) 5 (1.5) 0.026
2.73 3660.5 (3) 10 (1.5) 0.014

aError on � is 0.007

even greater shift to lower frequencies, occurs when CH3OH is added (Boogert et al. 2000).
This difference between polar mixtures (H2O or CH3OH dominated) and apolar mixtures
(e.g. CO dominated) is similar to that observed by Ehrenfreund et al. (1998) and Boogert et
al. (2000) for the fundamental 12CO2 and 13CO2 bands.

After an initial broadening, the widths of both combination bands narrow dramatically
with increasing temperature. The CO2 is then in a segregated, pure CO2 state (Ehrenfreund
et al. 1999; Boogert et al. 2000). A comparison of the interstellar CO 2 combination bands
with laboratory CO2 profiles in different mixtures reveals that both the positions and the
widths of the interstellar features can well matched by various mixtures provided that the
laboratory ices are heated (Fig. 2.2a,b,c,d) in order that “segregated boundary phases of pure
CO2” are formed. Thus, the observed interstellar CO2 combination bands in S 140 : IRS1
reflect a pure segregated CO2 phase. The broader 3660 cm�1 (2.73�m) interstellar feature
is not matched by any of the CO2 laboratory mixtures.

2.5 Alternative candidates

2.5.1 Isolated water

Isolated H2O, in low temperature matrices, has been extensively studied in the laboratory
and displays a set of bands between 2.5 and 2.9 �m, with both position and width sensitive
to matrix composition and concentration (Hagen & Tielens 1981; Ehrenfreund et al. 1996).
Monomers and dimers show sharp bands (�3 and �1) between 3800 cm�1 and 3400 cm�1.
The position and the width of the interstellar 3700 cm�1 feature can be well matched by
isolated monomeric H2O in a CO dominated matrix (Fig. 2.2e). The �1 mode of monomeric
H2O, on the other hand, is at a higher frequency than the interstellar 3600 cm�1 feature. An
assignment of the 2.70�m band with monomeric H2O requires a significant amount of CO
(CO/H2O>100) but the amount of CO detected along the line sight toward S 140 : IRS1 is
very small (< 1 %). Hence, we conclude that the observed interstellar 2.70�m band is not
due to isolated H2O.

2.5.2 Dangling OH-groups

Water molecules link to each other in clusters through hydrogen bonds and the last OH group
is referred to as a dangling bond. The relative intensity and position of the band depends
strongly on the matrix composition (Hagen & Tielens 1981). CO 2 will act as a weak base
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Figure 2.2— A comparison of the S 140 : IRS1 CO2 combination modes with various heated laboratory ice
spectra (a-d). Additionally, isolated H2O in a CO matrix is compared to the ISO-SWS spectrum (e).

resulting in a broad, weak OH-stretching band lying between 3700 cm�1 and the main OH-
stretching band of completely bonded H2O molecules (Hagen et al. 1983). The terminal
OH-band may account for the interstellar “3660 cm�1” feature (if it is real).

2.6 Discussion

Extensive analyses of the CO2 bands toward different lines of sight (Gerakines et al. 1999)
yield inconclusive results about the exact composition of ice mantles. In the case of S 140 :
IRS1, the line of sight is dominated by H2O and the only other major species present is CO2

which is 20% relative to H2O. CH3OH is a very minor constituent of the ice mantle toward
S 140 : IRS1 (< 3 % of H2O; Allamandola et al. 1992). Furthermore, the lack of volatile
species, such as CO, indicate that this line of sight is warm. Fitting the interstellar CO2 bands
by a heated laboratory mixture constrained by the observed H 2O, CO2, and CH3OH abun-
dances (Fig 2.3; dot-dashed line) reveals that the combination modes are the only bands that
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Figure 2.3— Simultaneous fits to all the detected solid CO2 bands toward S 140 : IRS1 by different laboratory
mixtures. The dot-dashed line denotes a fit based on the observed abundances, the dashed line represents the po-
lar + annealed fit of Gerakines et al. (1999), the solid line denotes the annealed mixture of Boogert et al. (2000), and
the dotted line represents the particle shape corrected spectrum of the annealed mixture (see Sect. 2.6).

are reasonably matched. The spectral signatures of the other CO 2 bands are poorly matched
by this mixture and in particular the stretching mode is significantly narrower than the inter-
stellar band. Gerakines et al. (1999) have shown that the CO2 stretching and bending modes
can be well matched by a combination of the heated mixture of H 2O:CO2:CH3OH = 1:1:1
and an H2O:CO2 = 100:14 polar mixture at 10 K (Fig. 2.3; dashed line). The CO 2 combi-
nation bands are well fitted by this model since the heated component produces a segregated
boundary pure CO2 phase required to match these bands (Sect. 2.4). However, due to the
large contribution by the apolar mixture (50%), a broad feature appears around 3650cm �1

that is not apparent in the interstellar spectrum. Alternatively, Boogert et al. (2000) have
shown that the heated H2O:CO2:CH3OH = 1:1:1 mixture alone provides an excellent fit to
the CO2 bending mode (Fig 2.3; solid line). The combination modes and the 13CO2 band are
also well matched. However, the profile of the CO2 stretching mode is not as successfully
reproduced. One possible reason may be that the absorption profile is very sensitive to the
shape and size of the grains. Ehrenfreund et al. (1997) showed that particle shape effects are
important for strong transitions and that substantial profile changes occur. Assuming a dis-
tribution of ellipsoidally shaped particles and adopting the method of grain shape corrections
applied by Ehrenfreund et al. (1997), we find that the blue side of the CO 2 stretching mode
is now better fitted (Fig. 2.3; dotted line). However, there is still considerable uncertainty
regarding the optical constants (Barrata et al. 2000) and which type of particles should be
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used. Due to the inherent weakness of the combination bands and the 13CO2 band, they are
insensitive to grain shape and hence there are no variations in their spectral profiles.

Two crucial results emerge from fitting the various mixtures to all the solid CO 2 bands
observed toward S 140 : IRS1. Firstly, the combination modes are only fitted if the various
mixtures are heated so that a segregated boundary phase of pure CO 2 is formed. Hence, the
CO2 combination bands are not useful in constraining the ice mantle composition. Secondly,
a mixture based on the observed interstellar abundances fails to match the observed solid
CO2 bands. The best fitting mixtures of Gerakines et al. (1999) and Boogert et al. (2000)
reveal that the CO2 bands are only successfully matched by laboratory mixtures that contain
significant amounts of CH3OH which contradict the observations that show CH3OH is a
minor constituent of the ice toward S 140 : IRS1. The current laboratory database does
not contain a sufficiently extensive range of CH3OH mixtures and therefore the effects of
varying CH3OH intensities in H2O:CO2 mixtures are not readily assessable. Thus, further
laboratory studies of CH3OH in H2O:CO2 matrices are required.

The CO2 column density can be determined from the central optical depth and FWHM,
using the band strength of pure solidCO2 determined by Gerakines et al. (1995). We find that
the column densities derived, from both combination bands, agree with the CO 2 stretching
and bending mode column densities (4.2� 10 17 cm�2; Gerakines et al. 1999). This agree-
ment also shows that over this wide wavelength range (2.7 - 16 �m) the same ice column is
probed. Hence, in contrast to previous discussions— which centred on the methanol column
density derived from the 3.5�m and 6.8�m absorption features (Allamandola et al. 1992)—,
radiation transfer effects do not mar the column density derivations, at least for S 140 : IRS1.

2.7 Conclusions
We have presented ISO-SWS observations of the 2–3�m region toward the embedded ob-
ject S 140 : IRS1. The spectrum shows for the first time two narrow absorption features
near 2.7 and 2.77�m attributed to the combination modes (� 1 + �3 and 2�2 + �3) of solid
CO2 ice. The derived column densities agree with previous estimates derived from the CO 2

stretching and bending modes. The main results presented here show that simultaneous fits
to the solid CO2 stretching, bending, combination and 13CO2 bands are achieved using an
H2O:CO2:CH3OH= 1:1:1 laboratory mixture. This illustrates that the relative strengths and
profiles of the combination bands are in good agreement with the otherCO 2 bands. Applying
particle shape corrections significantly improved the fit to the peak of the fundamental CO 2

stretching mode. Furthermore, isolated water can be excluded as a cause of these bands,
however multimers near 2.7�m may be present.
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Ice absorption features in the

5 – 8�m region toward embedded
protostars

Originally published as J.V. Keane, A.G.G.M. Tielens, A.C.A. Boogert, W.A. Schutte, D.C.B.
Whittet, A&A 376, 254, (2001)

Abstract

We have obtained 5 – 8�m spectra towards 10 embedded protostars using the
Short Wavelength Spectrometer on board the Infrared Space Observatory (ISO-
SWS) with the aim of studying the composition of interstellar ices. The spectra
are dominated by absorption bands at 6.0�m and 6.85�m. The observed peak
positions, widths and relative intensities of these bands vary dramatically along
the different lines of sight. On the basis of comparison with laboratory spec-
tra, the bulk of the 6.0�m absorption band is assigned to amorphous H 2O ice.
Additional absorption, in this band, is seen toward 5 sources on the short wave-
length wing, near 5.8�m, and the long wavelength side near 6.2�m. We attribute
the short wavelength absorption to a combination of formic acid (HCOOH) and
formaldehyde (H2CO), while the long wavelength absorption has been assigned
to the C-C stretching mode of aromatic structures. From an analysis of the
6.85�m band, we conclude that this band is composed of two components:
a volatile component centered near 6.75�m and a more refractory component
at 6.95�m. From a comparison with various temperature tracers of the ther-
mal history of interstellar ices, we conclude that the two 6.85�m components
are related through thermal processing. We explore several possible carriers of
the 6.85�m absorption band, but no satisfactory identification can be made at
present. Finally, we discuss the possible implications for the origin and evolu-
tion of interstellar ices that arise from these new results.
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3.1 Introduction

INFRARED spectroscopy has long been an important tool for the study of objects embedded
in or located behind molecular clouds. Superimposed on the IR continua of many sources

are absorption bands (Merrill et al. 1976; Willner et al. 1982) which, because of their widths,
have been attributed to vibrational transitions of molecules in ices (Whittet 1993). Among the
(simple) molecules that have been identified in interstellar grains are: H 2O, CO2, CH3OH,
CO and CH4, which are believed to be frozen onto the grain mantles (Whittet et al. 1996).
A comparison of these spectral features, along different lines of sight, is a diagnostic of the
evolutionary state of grain mantles.

The 5 – 8�m region is of particular importance since this region probes absorption bands
of saturated hydrocarbons and carbonyls which are not as severely blended or influenced by
strong absorption features, as in other spectral regions. Broad 6.0�m and 6.85�m absorption
features dominate the 5 – 8�m region and were previously investigated with the aid of low
resolution airborne spectroscopy (Willner et al. 1982; Tielens et al. 1984; Tielens & Al-
lamandola 1987; d’Hendecourt et al. 1996; Schutte et al. 1996). These results seemed to
indicate that both features were nearly always constant in position and width. Furthermore,
it appeared that the band intensities were relatively constant with respect to each other. The
6.0�m band was assigned to absorption by H2O ice, while the 6.85�m band was attributed
to CH3OH (Tielens & Allamandola 1987). With the new high resolution observations of the
Short Wavelength Spectrometer on board the Infrared Space Observatory (ISO – SWS) it is
now possible to examine more closely the mid – infrared range.

The reduction procedures used to obtain the astronomical spectra are discussed in Sect.
3.2. In Sect. 3.3, we present the 5 – 8�m spectra and analyse the spectral features. The
identifications of the observed spectral features, and the comparisons with laboratory data,
are discussed in Sect. 3.4 and Sect. 3.5. Finally, the evidence for thermal processing and the
subsequent implications for the composition of interstellar ices are presented in Sect. 3.6.

3.2 Observations

The spectra were obtained with ISO – SWS. All but one of the sources, GL 989, were ob-
served in the high resolution AOT6 mode (�/��=1600). The source GL 989 was observed
in the AOT1 fast scanning mode (�/��=400). The data were reduced with the SWS Inter-
active Analysis package (de Graauw et al. 1996) using the latest version of the calibration
files. Individual detector scans were checked for bad dark current subtraction and high noise
levels. Bad detectors were removed and the remaining detectors were checked for dark cur-
rent jumps. The wavelength regions affected by these jumps were cut out of the data and the
scans were flat-fielded to the rebinned down scan using a first order polynomial. Clipping all
points that deviate by 3� or more ensured that hits due to cosmic rays were also removed.
In some sources, it was found that band overlaps did not match. To correct for this, band 2c
(7.0�m � � � 12.0�m) was shifted up or down in order to match the edge of band 2b at
7.0�m. Comparison of the up and down scans revealed that there were no differences in the
continuum slope or the profiles of the features. The reduced unsmoothed spectra are shown
in Fig. 3.1. In addition to our sample, we have included the low mass object Elias 29 (Boogert
et al. 2000b) and the high mass object GL 7009S (d’Hendecourt et al. 1996).
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Figure 3.1— ISO-SWS AOT6 observations of the 6.0�m and 6.85�m features towards different young stellar
objects (YSO’s). W33A had to be plotted separately (c) in view of the strength of the ice features.
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Figure 3.2— Plot of two base-
line extremes used to demonstrate
the robustness of the peak position
of the interstellar features. In the
first panel, (a), S140:IRS1 is shown
with two different choices for con-
tinuum. The continuum subtracted
profiles, in panel (b), show that
there is no shift in peak position or
variation in the shape of the profile

3.3 The continuum

The spectra in Fig. 3.1 show, in all cases, the well known absorption features at 6.0 and
6.85�m. In addition the spectra of W 33A, GL 2136, W3 IRS5 and Mon R2 IRS3 show
weak absorption features at 7.25 and 7.41�m; first discussed by Schutte et al. (1999) for
the young stellar object W 33A. These will be further discussed in Keane et al. (2001b) and
also in Chapter 4of this thesis. Also present in NGC 7538:IRS9 is an emission line due to
the H2 0-0, S(5) transition. The presence of gas phase H2O absorption lines between 5.5
and 6.6 �m toward some of the massive young stars in our sample has been well established
(Helmich et al. 1996; van Dishoeck & Helmich 1996). Gas phase water lines are present in
the spectra of GL 2136, W3 IRS5, Mon R2 IRS3 and HH 100 (Boonman et al. 2000).

A local continuum was defined for the 5 - 8 micron region, fixed to the observed 5.3 -
5.6�m flux. A modified black body (���), with � = 1, was adopted as the continuum fitted at
5.5�m. As an example, Fig. 3.2a shows the adopted continuum for S140:IRS1. Anticipating
our discussion in Sect. 3.4, the 6.0�m band is largely due to H 2O ice. The dot-dashed line
in Fig. 3.2a shows the corresponding laboratory H 2O feature. The water ice band extends
well beyond the 6.85�m feature. To accommodate this wing, we have adopted the dotted
continuum in Fig. 3.2a. For comparison, we also consider a modified black body continuum
fitted at 5.5 and 7.4�m. The two profiles of the 6.0 and 6.85�m absorption features derived
from these two continua agree very well in position and profile (Fig. 3.2b). The two different
continua only introduce slightly different total optical depths. This analysis has been applied
to all the sources and no significant deviation in peak position or profile is found.

Peak positions, widths and optical depths for the features are summarized in Table 3.1.
Given the ’fl atness’ of the bottom of the absorption features, and the contamination by water
lines a typical uncertainty of 12 cm�1 was determined on the peak position and FWHM.
The error on the depth was determined from the noise seen in the bottom of the absorption
features which results in a typical uncertainty of 0.1.
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Figure 3.3— Derived 6.0�m and 6.85�m optical depth profiles plotted in order of increasing wavelength shift
seen in the 6.0 �m and 6.85�m bands. The sources are all normalized to the depth of the strongest feature. The
dashed vertical lines indicate the 6.0�m and 6.85 �m positions.

3.4 Absorption profiles

The continuum subtracted spectra are shown in Fig. 3.3. Two vertical lines are drawn to guide
the eye at 6.0�m and 6.85�m, corresponding to the peak positions indicated by previous low
resolution infrared spectroscopy of young stellar objects. As these higher resolution ISO
observations make evident: previous peak position assignments are no longer applicable. We
also emphasize that there are considerable differences in the strength and detailed shape of
the absorption features.

3.4.1 6.0�m profiles

The 6.0�m band profile, in particular its width, varies between the observed lines of sight
(Fig. 3.3). The short wavelength side of the absorption band, in some sources, has a steeper
slope where there appears to be an absorption shoulder near 5.8�m, which is most notable in
the spectra of NGC 7538:IRS9, W 33A, GL 989 and GL 7009S. There is also some evidence
for a weak absorption feature near 6.25 �m, most notable in the spectrum of W33A.
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Figure 3.4— Best fits for the interstellar 6.0�m feature with solid H2O laboratory ice (see text for temperature
of fits).

3.4.2 6.85�m profiles

The 6.85�m band profile varies remarkably in both peak position and profile between the
observed lines of sight (Fig. 3.3). The 6.85�m feature of NGC 7538:IRS9 peaks at the short-
est wavelength position whereas the 6.85�m band of Mon R2:IRS3 peaks at the longest
wavelength position. Since it seems that the long wavelength wing of NGC 7538:IRS9 pro-
file could be fitted by the Mon R2:IRS3 profile, we have subtracted the latter from NGC
7538:IRS9. For clarity this new profile is called component 1 and the Mon R2:IRS3 profile
is called component 2. We hypothesize that the 6.85�m band in all sources consists of a
combination of these two components (Figs. 3.5 & 3.6). Table 3.2 summarizes the fraction of
component 1 and component 2 fitted to all the sources. Thus we conclude that the interstellar
6.85�m band observed in protostellar spectra likely consists of two components. Whether
these components are chemically different or are essentially the same component which is
being influenced by a different chemical or physical environment is discussed in Sect. 3.6 &
3.7.
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Table 3.1— Observed spectral characteristics of features in the 5 – 8 �m region

Parameter NGC 7538 GL W 33A GL GL Elias S 140 W 3 Mon R2 HH100 Units
IRS9 7009Sa 989 2136 29 IRS1 IRS5 IRS3

ID tag b 1 2 3 4 5 6 7 8 9 10

�c6:0 1666 1680 1684 1671 1700 1667 1652 1652 1652 1667 cm �1

��c6:0 158 150 172 185 136 130 157 185 141 137 cm �1

�d6:0 0.43 1.2 1.81 0.21 0.3 0.24 0.21 0.32 0.19 0.23

�c6:85 1473 1462 1471 1471 1459 1470 1451 1459 1437 1470 cm �1

��c6:85 83 85 79 88 69 91 92 98 71 — cm�1

�d6:85 0.29 1.1 0.78 0.11 0.23 0.07 0.13 0.25 0.23 0.09

�c5:83 1718 1718 1721 1718 1715 — — — — — cm�1

��c5:83 30 47 30 32 47 — — — — — cm�1

�d5:83 0.15 0.54 0.34 0.03 0.08 — — — — —

�b6:2 1597 1597 1589 1597 1605 — — — — — cm�1

��c6:2 60 58 65 65 34 — — — — — cm�1

�d6:2 0.07 0.14 0.32 0.03 0.03 — — — — —

a taken from d’Hendecourt et al. 1999; b A number assigned to the sources to help identify them in Fig. 8

c The typical uncertainty is 12 cm�1; d The typical uncertainty is 0.1
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Figure 3.5— A plot of the amount of component 1 (dashed line) and component 2 (dotted line) contributing to
each of the 6.85�m feature (see Table 2 for the ratio of component 1 to component 2).

3.5 The 6.0�m feature

3.5.1 H2O ice

The 6.0�m band has long been assigned to the bending mode of amorphous H 2O ice (Tielens
& Allamandola 1987), which is supported by the presence of the H 2O stretching mode at
3.1�m. We first analyzed the 6.0�m band by fitting laboratory spectra of pure amorphous
H2O ice, varying the ice temperature to optimize the fit (Fig.H2Ofits). The temperatures of
the ice bands that gave the best fits are shown in Table 3.2. All sources are fitted best by
ices with temperatures � 50 K, except for Mon R2:IRS3 which is well fitted by an 80 K
ice. Since the laboratory spectrum of amorphous H2O does not vary much upon warm-up
to 50 K, it is very difficult to distinguish between the profile of a colder ice (10 K) and that
of a warmer ice (50 K). The presence of warmed-up H 2O ice in space is well known from
studies of the 3.1 �m H2O band (Smith et al. 1989) and the derived temperatures agree well
for those sources in common between these two samples. Thermal processing of interstellar
ice is also apparent from the profiles of the various solid CO2 modes (Gerakines et al. 1999;
Boogert 1999; Boogert et al. 2000a).

For 4 objects in our sample, good fits to the 6.0�m band are obtained by fitting just
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Figure 3.6— A comparison of the 6.85 �m feature to the fit achieved by combining the component 1 and 2
profiles.

amorphous H2O ice (Elias 29, W 3:IRS5, Mon R2:IRS3 & HH 100). For the remaining
sources, (NGC 7538:IRS9, W 33A, GL 989, GL 2136 & S 140:IRS1), subtracting H 2O ice
from the 6.0�m band reveals at least two additional components absorbing in this region
(Fig. 3.4). The excess absorptions are centered at 5.83�m and 6.2�m (cf. Fig. 3.10 and Sect.
3.5.3 & Sect. 3.5.4).

In the case of W 33A, and to a lesser extent GL 7009S, the H2O ice fit to the edge of the
blue wing of the 6.0�m band is very poor. There are two possible ways to account for this:
1) the adopted continuum is incorrect, or 2), the 6.0�m band in these two sources is mainly
due to an unknown absorber. Addressing the first possibility, adopting the laboratoryH 2O ice
spectrum we derive the continuum shown for W 33A in Fig. 3.7a (dotted line). Compared to
the original continuum, there is a curious break shortwards of 5.5�m. Of course, one might
presume the presence of a weak absorber peaking at a shorter wavelength but the full SWS
spectrum of this source shows no indication for this (Gibb et al. 2000). As to the second
possibility, we have subtracted the maximum amount of H 2O ice possible (determined from
the 3.1�m ice band; Fig. 3.7c solid line) and the residual absorption is shown, for W 33A, in
Fig. 3.7d (solid line). A substantial part of the 6.0�m feature is then due to an unknown ice
compound that happens to absorb at exactly the same peak position and with the same width
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Figure 3.7— Plot (a) shows the continuum (solid line) chosen for W33A along with the unusual continuum (dotted
line) which seemed necessary to fit the 6.0�m band. The additional absorption near 5.5�m that results from this un-
usual continuum (dotted line) is shown along with the profile determined from the adopted continuum (solid line) in
plot (b). Plot (c) shows the depth of the H2O fit as determined from the column of H2O ice in the 3.1�m interstellar
ice band (solid line), and if determined from the depth of the 6.0�m interstellar band (dotted line). The H2O sub-
tracted profiles are shown in plot (d), illustrating the substantial absorption from components other than H2O if the
3.1�m ice band column density is used (solid line).

as H2O ice. Moreover, there is no evidence for any other strong absorption features due to
this species in the mid-IR range. Neither of the two solutions is very satisfactory and detailed
radiative transfer studies may help to elucidate the continuum uncertainty.

An additional problem is that the H2O column density derived from the 3.1�m band is
much less than that derived from the 6.0�m band (Gibb et al. 2000). While not as extreme
in other sources, this discrepancy between the 6.0 and the 3.1�m H 2O column densities
seems to be a general problem. Fig. 3.8a compares the optical depths of the 3.1�m and
6.0�m bands with laboratory measurements of their relative strengths. All sources fall above
the line in Fig. 3.8a, indicating that either the depth of the 3.1�m feature or the depth of
the 6.0 �m band is incorrect. Part of this discrepancy may reflect the problem of the long
wavelength wing in the 3.1�m feature which cannot be fitted by absorption due to small (�
0.3�m) amorphous H2O ice (Hagen et al. 1981). The additional absorption has been alter-
natively attributed to the C — H stretching vibration of hydrocarbons, to extinction by large
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Figure 3.8— 6.0�m feature optical depths versus 3.1�m optical depths and integrated areas of the 3.1�m band.
To match a source with its corresponding number see Table 1. GL 7009S, source 2, was not plotted as there is
high extinction at 3.1�m . The left panel, (a), plots 6.0�m feature optical depths (determined from this work)
vs 3.1�m optical depths (taken from the literature). The solid line represents the expected optical depths for the
3.1 �m and 6.0�m bands, as calculated from a laboratory H2O ice sample at 10K. See text for explanation of
difference between predicted and observed optical depths. The right panel, (b), attempts to correct for the deviation
seen in the left panel. In this case the integrated area for the 3.1�m feature, including the long wavelength wing
(see text), is plotted against the 6.0 �m optical depth. The solid line represents the expected integrated 3.1�m area
and 6.0�m optical depth for a given 3.1�m optical depth.

H2O ice grains and to absorption by H2O hydrogen bonded to strong bases, such as NH3,
(Hagen et al. 1981; Léger et al. 1983; Tielens & Allamandola 1987; Sellgren et al. 1994).
If we attribute the long wavelength wing to absorption by H 2O, the integrated strength of the
3.1�m band is increased by about 40 %. Fig. 3.8b plots the 6.0�m optical depths as a func-
tion of the calculated integrated area for the 3.1�m band (defined from 2.7 �m to 3.7�m).
The solid line is the relationship between the integrated area of the 3.1�m band and the
optical depth of the 6.0�m band measured for H2O ice in the laboratory. This procedure im-
proves the fit of the experimental data to the observations (Fig. 3.8b), suggesting that indeed
the long wavelength wing may be due to absorption by H 2O ice. The source W33A remains
however an enigma.

For W33A, additional constraints on the column density can be gleaned from the H 2O 3�L
combination mode, which extends from 3.7�m to 5 �m (Gibb et al. 2000). The H 2O col-
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umn density, for this band, agrees well with the column density derived from the 3.1�m H 2O
band rather than the 6.0�m H2O feature. This discrepancy between the H2O column densi-
ties derived for W33A from the 3.1�m and 6.0�m band has been noted before (Tielens &
Allamandola 1987) and ascribed to the presence of a reflection nebula associated with the
disk geometry around the protostar (Pendleton et al. 1990). In this way, near-IR photons
may preferentially scatter through the poles suffering relatively little extinction, while the
mid-IR photons follow a more extinguished direct path. As a result, column densities derived
from long wavelength features might be augmented relative to those derived from features
at shorter wavelengths. Evidence of such a scenario should also be found in other absorp-
tion features which fall within the same wavelength range as the H2O features, but the well
known CO2 bands at 4.27�m and 15.2�m do not lend support to this scenario as the column
densities derived from these features are very consistent.

Summarizing: Overall, H2O ice provides a good fit to the observed 6.0�m band and the
6.0�m H2O column densities were determined by assuming that H2O ice is the dominant
carrier of this band (see Table 3.2).

3.5.2 NH3 ice absorption

The presence of solid state NH3 has in general been very difficult to establish since the main
vibrational bands blend with the H2O and silicate bands. Recently, Lacy et al. (1998) iden-
tified a feature at 9�m (1110 cm�1), in the spectrum of NGC 7538:IRS9, with the strong
inversion mode of NH3. New detections of NH3 ice have also been reported by Chiar et al.
(2000) toward the Galactic Center (stretching mode) and by Gibb et al. (2000) toward W33A
(inversion mode). The spectral presence of NH3 ice in other regions of the spectrum implies
that there must also be NH3 absorption (NH-deformation mode) at 6.15 �m contributing to
the 6.0�m feature.

Comparison of the 9�m inversion mode with various laboratory profiles indicate that
the NH3 is most likely frozen in an H2O-rich ice (Lacy et al. 1998; Gibb et al. 2000).
The measured column density of NH3 toward NGC 7538:IRS9 is 9.3� 1017 cm�2 (Lacy et
al. 1998) and 1.7� 1018 cm�2 toward W33A (Gibb et al. 2000). Examination of various
H2O:NH3 laboratory mixtures reveals that the maximum amount of NH 3 that can be present
without altering the profile of the 6.0�m H2O band is � 9 % relative to H2O. As the amount
of NH3 is increased, the 6.0�m profile shifts to longer wavelengths as a consequence of the
NH3 feature protruding from the bottom of the water band at 6.14�m (Fig. 3.9). This upper
limit to the NH3 abundance can be expressed in terms of column density: 9� 10 17 cm�2 and
3.6� 1018 cm�2 respectively, which are consistent with the recent observations of the 9.1
�m NH3 features.

3.5.3 The 5.8�m absorption

Examining the spectra, we note that the excess absorption centered at 5.83�m (1715
cm�1) may actually consist of two components: a narrow (0.05�m) feature at
5.81�m superimposed on a broader (0.2�m) component at about 5.83�m (Fig. 3.10). Ab-
sorption in this wavelength range is characteristic of the C=O stretching mode of carbonyl
groups. Ketones, aldehydes, carboxylic acids, and esters all show a strong carbonyl stretch
between 1870 cm�1 and 1700 cm�1. For each of these classes of molecules the range in ab-
sorption frequency of the carbonyl stretch is actually much less. Electro-negative groups or
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Table 3.2— Column densitiesa , observed physical parameters and the ratio of the 2 components seen along different lines of sight

Object C1
C2

b H2O HCOOH H2CO CO2

Fhot

Fcold

c TH2O Thotcore Ref
3.1 �m 6 �m K K

NGC 7538:IRS9 1.4 70 100 1.8 3.1 16.3 2.1 10 180� 40 1,2,1,1,1,3,4,1,5
GL 7009S 1 — 110 — 3.3 25 1.0 10 740� 255 1,6,7,6,1,1,8
W 33A 0.9 110 400 1.8 7.1 14.5 1.3 10 120� 14 1,9,1,1,1,3,4,1,5
GL 989 1.3 20 46 0.4 0.6 — — 10 — 1,10,1,1,1,1
GL 2136 1.0 50 57 1.0 1.6 7.8 2.8 �30 580� 60 1,11,1,1,3,4,1,5
Elias 29 1 30 60 — — 6.48 2.0 �50 1100� 300 1,12,1,12,4,1,4
S 140:IRS1 0.5 20 56 — — 4.2 3.2 10 390� 10 1,2,1,3,4,1,5
W 3:IRS5 0.6 58 63 — — 7.1 4.1 10 577� 10 1,2,1,3,4,1,5
Mon R2:IRS3 0.0 16 59 — — 0.1 4.3 80 310� 34 1,10,1,13,4,1,14
HH 100 1 24 57 — — 5.9 1.1 10 — 1,15,1,14,4,1

a In units of 1017 cm�2

b Ratio of component 1 to component 2

c Calculated as F(45 �m)/F(100 �m) from ISO-LWS spectra

References:—(1) This work; (2) Allamandola et al. 1992; (3) Gerakines et al. 1999; (4) Boogert et al. 2000a;

(5) Mitchell et al. 1990; (6) d’Hendecourt et al. 1996; (7) d’Hendecourt et al. 1999; (8) Dartois et al. 1998;

(9) Gibb et al. 2000; (10) Smith et al. 1989; (11) Skinner et al. 1992; (12) Boogert et al. 2000b;

(13) Boogert (private communication); (14) Giannakopoulou et al. 1997; (15) Whittet et al. 1996
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Figure 3.9— Laboratory profiles
of pure H2O ice and H2O/NH3

mixtures compared to the in-
terstellar 6.0�m band of NGC
7538:IRS9. As the amount of NH3

in the mixtures is increased, the
profile of the H2O band begins to
change, resulting in a protruding
feature near 6.14�m associated
with NH3. Increasing the NH3

abundance, relative to the H2O
ice, results in the distortion of the
smooth 6.0�mH2O ice band,
which is not seen in the interstellar
source.

atoms attached to the alcoholic oxygen tend to increase the frequency of the C=O stretching
vibration.

HCOOH

While HCOOH was originally considered as a candidate for the full 5.8 �m feature, here
we only attribute the underlying broad component to HCOOH. Fig. 3.10 shows a comparison
between the 5.8 �m absorption and the C=O stretching mode of HCOOH. Assuming a band
strength of 6.7 � 10�17 cm/molecule for the C=O stretching mode (Maréchal 1987), the
abundance of HCOOH determined is shown in Table 3.2. We emphasize that HCOOH has a
very extended red wing, which prevents a good fit to the narrow component of the 5.83�m
absorption feature.

HCOOH also has strong absorption bands at 3.06�m and 8.2 �m, however these are
blended with the H2O and silicate bands respectively. Another HCOOH band is expected
near 7.25�m, and indeed a weak feature near 7.24�m has been detected in some of the
sources (Keane et al. in prep.). It has been proposed that the 7.24�m absorption, in W33A,
is well matched by the CH deformation mode of HCOOH (Schutte et al. 1999). However,
sources which show no evidence for 5.8�m absorption (e.g. Mon R2:IRS3) do display a
prominent absorption feature near 7.24�m (Keane et al. 2001b).

H2CO and other candidates

Formaldehyde is a good candidate for the narrow 5.81�m component (d’Hendecourt et al.
1996). Aldehydes, ketones and saturated aliphatic esters all absorb at 5.7 - 5.9�m. Ketones
and esters tend to have peak a position that is blue of the interstellar 5.8�m feature. Fig. 3.10
compares a laboratory spectrum of pure H2CO at 10 K to the 5.8�m interstellar absorption
feature. The H2CO profile is considerably wider than the observed feature. However, substi-
tuting H2CO into a H2O dominated mixture results in a narrowing of the laboratory feature
(Schutte et al. 1993).

The H2CO column density was determined from the observed integrated, narrow
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Figure 3.10— Comparison of the
6.0�m band residuals with possi-
ble candidates. The top two pan-
els are possible candidates for the
5.8�m absorption feature. All lab-
oratory profiles are at 10 K. The
WR 118 profile is representative of
the 6.2�m absorption feature in the
diffuse ISM and the dotted line is
the continuum (Schutte et al 1998;
Chiar et al. 2000).

5.81�m band using the laboratory integrated strength of pure H 2CO which is not affected
by substitution (AH2CO = 9.6� 10�18 cm/molecule; Schutte et al. 1993; see Table 3.2). Be-
sides the 5.8�m band, which is the strongest band, H2CO has a feature at 6.68�m with a
strength roughly a third of the strength of the carbonyl mode. This feature is difficult to find
due to its proximity to the 6.85�m absorption band. H 2CO has been tentatively identified
through a very weak feature at 3.47�m (C-H stretch) in W 33A (Brooke et al. 1999) and GL
2136 (Schutte et al. 1996). Our estimates of the H2CO column densities are in agreement
with these studies. All other H2CO bands are considerably weaker and would pose quite a
challenge to try and identify them.

3.5.4 The 6.2�m PAH absorption ?

In the massive protostars, the peak position of the red excess is centered at 6.24�m (1602
cm�1) and this is characteristic of the C-C stretching modes of aromatic structures. Schutte
et al. (1996) proposed that the 6.2�m feature may be the absorption counterpart of the
well known 6.2�m PAH emission feature. The nature of the carrier imposes restrictions on
the carbon abundance required to reproduce the strength of the interstellar 6.2�m feature.
Adopting the intrinsic strength for neutral PAHs, the fraction of the elemental carbon locked
up in PAHs is calculated to be about 83 % for NGC 7539:IRS9.

However, the intrinsic strength of this band is very sensitive to the degree of ionization
(Langhoff 1996; Hudgins & Allamandola 1995). The charge due to cosmic ray ionization of
the gas will be transferred through charge exchange or proton transfer reactions to the PAHs.
This may keep a substantial fraction of the PAHs ionized (Lepp & Dalgarno 1988) and the
fraction of carbon in PAHs is then only 20 ppm relative to H (7 % of the elemental C), a
very reasonable amount given observations of the UIR bands (Tielens et al. 1999). Note,
however,that this implicitly assumes that PAHs remain in the gas phase and do not freeze out
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in the ice mantles.

The 6.2�m band might, in principle, also be due to carbonaceous dust. In the case of
Hydrogenated Amorphous Carbon (HAC), formed from the burning of benzene (Colangeli et
al. 1995), the strongest absorption band still requires an amount of carbon 100 ppm relative
to H (35 % of the elemental C) to be locked up in HACs, which though not unreasonable is
more than that required for gaseous PAHs.

The profile of the 6.2�m absorption feature toward the YSO’s differs somewhat from
the diffuse medium 6.2�m absorption feature (WR 118 in Fig. 3.10), which has also been
tentatively identified with PAH absorption (Schutte et al. 1998; Chiar et al. 2000). The
6.2�m feature toward embedded objects is generally broader, smoother in appearance with
a peak position slightly to the red of the diffuse feature which shows a pronounced peak
at 6.18�m. An absorption feature at 3.25�m, which is tentatively attributed to absorption
by gas phase PAH molecules, was first detected in spectra of Mon R2:IRS3 (Sellgren et
al. 1994, 1995), and later detected towards S 140:IRS1 (Brooke et al. 1996). These are
precisely the sources for which we do not observe a 6.2 �m band. Likewise, sources with
clear 6.2�m bands, such as W 33A and NGC 7538:IRS9, do not show the 3.25�m band.
While this may reflect a difference in the degree of ionization — PAH cations have a weak
3.3 �m feature while neutral PAHs have a weak 6.2�m band —, it sheds some doubt on this
proposed identification.

Nevertheless, we deem the identification of the 6.2�m band, seen toward molecular
clouds, with the C-C stretch of aromatic structures as credible, since the abundance con-
straints for carbon can be well met.

3.6 Analysis of the 6.85�m feature

As discussed in Section 3.4.2, all observed 6.85�m features can be well fitted by 2 compo-
nents. Fig. 3.5 shows the separate components contributing to each observed 6.85�m feature,
while Fig. 3.6 compares the fit to the observed profile. A realistic candidate (or candidates)
must account for the shift in position between the sources and the apparent lack of substruc-
ture within the 6.85�m absorption feature.

3.6.1 Hydrocarbons

The 5 - 8�m region is dominated by the CH, OH, and NH deformation modes and the C=O
stretching mode. The 6.85�m feature falls at the correct frequency for identification with the
deformation modes in saturated hydrocarbons (Hagen et al. 1980; Tielens & Allamandola
1987).

Aliphatic hydrocarbons

Simple saturated aliphatic hydrocarbons, such as methyl (-CH3-) and methylene (-CH2-)
groups, give rise to an asymmetric deformation band occurring at 6.76 - 6.94�m, which in
the presence of adjacent unsaturated groups shifts beyond 6.94�m. The absorption pro-
file of these bands, in alkanes (CnH2n+2), are too narrow to account for the interstellar
6.85�m feature. Furthermore, if the 6.85�m band was a result of the combination of satu-
rated and unsaturated -CH3-/ -CH2- modes then some substructure is expected in the feature.
Furthermore, an assignment with saturated aliphatic hydrocarbons would imply the presence
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Figure 3.11— A comparison of
the 6.85�m feature (components 1
& 2) with the deformation mode of
solid CH3OH mixtures at 10 K. The
triple peak structure of CH3OH is
more pronounced in an H2O mix-
ture, while the substructure for pure
CH3OH becomes smoothed. The
complete 6.85�m band of NGC
7538:IRS9 is also shown, for com-
parison with pure CH3OH which
has minimal substructure but is
broader than the interstellar feature.

of strong -CH3-/-CH2- stretching modes near 3.4 �m, contrary to the observations which are
consistent with at most a very weak 3.4�m band, lost in the 3.1�m wing. Thus, saturated
aliphatic hydrocarbons are not a major component of the 6.85�m feature.

Methanol and alcohols

The alcoholic OH group, which is electro-negative, coupled with the CH deformation mode
produces an absorption that is much broader than the saturated aliphatic features. Based
upon comparison of low resolution spectra with laboratory ice samples containing methanol,
CH3OH has been proposed as the carrier for the 6.85 �m feature (Tielens & Allamandola
1987). The presence of CH3OH was confirmed, to some extent (but see below), by the
detection of the CH3OH stretching mode at 3.54�m (Grim et al. 1991; Allamandola et
al. 1992). Also, detailed fits to the interstellar CO2 stretching and bending modes reveals
the presence of CH3OH ice mixed in with the CO2 (Gerakines et al. 1999; Boogert 1999).
However, Grim et al. (1991) pointed out that the CH3OH column densities derived from
the 3.54 and the 6.85�m bands were inconsistent. Furthermore, the recent high resolution
ISO observations have revealed additional serious failings with the CH3OH assignment to
the 6.85�m band. In no specific order they are, incorrect peak position, lack of substructure,
and finally a column density discrepancy.

The problems associated with incorrect peak position and lack of substructure are inti-
mately coupled with the composition of the ice mixture. As shown by Schutte et al. (1996)
for NGC 7538:IRS9, a comparison of the 6.85�m feature with a composite spectrum of
H2O:HCOOH:CH3OH highlights that the methanol feature falls somewhat red of the inter-
stellar feature. Furthermore, upon warmup the band position remains very stable. Fig. 3.11
summarizes the peak positions of the CH3OH deformation mode in various ice mixtures. In
the case of component 1, CH3OH is consistently at too long a wavelength, whereas, compo-



46 Chapter 3: Strong Absorption Features in the 5 – 8�m region of protostars

nent 2 is at slightly longer wavelengths than the CH3OH profiles. The degree of substructure
observed in the laboratory profiles is also quite considerable, whereas the interstellar profiles
show very little evidence for substructure. The degree of substructure, however, is very sensi-
tive to the matrix composition (Fig. 3.11). A pure CH3OH laboratory sample displays a fairly
smooth profile. However, upon increasing the amount of H 2O or CO2, substructure within
the band begins to appear. This substructure is usually characterized by three narrow peaks
and a broad shoulder. The broad shoulder of CH 3OH makes its profile much broader than
either of the interstellar components. In particular, component 1 shows very little evidence
of a wing on the long wavelength side. The shoulder diminishes in strength when CH 3OH
is placed in a CO2 rich matrix but there is then a very pronounced double peak structure to
the band. A powerful constraint on the matrix composition can be gleaned from the CO 2

bending mode seen toward embedded objects. This feature is very sensitive to ice composi-
tion and temperature (Gerakines et al. 1999, Boogert 1999) and can only be fitted by specific
laboratory mixtures. It is evident from fitting laboratory profiles to the CO 2 bending mode
that in addition to CH3OH, a substantial amount of H2O must be present. The inclusion of
H2O ice implies that there will always be a very pronounced triple peak profile to the CH 3OH
deformation band. In principle, many different ice compositions might be present along the
line of sight, so that the observed feature may therefore be a superposition of many different
profiles, either pure or mixed mixtures. However, the addition of many different CH 3OH
laboratory profiles at various temperatures failed to produce a smooth profile similar to the
interstellar 6.85�m band.

The abundance discrepancy has been highlighted for sometime (Grim et al. 1991). As-
suming that the 6.85�m band is due solely to CH3OH, the column density that is derived
is significantly higher than what is derived from the CH3OH stretching mode at 3.54�m.
Adopting the column densities derived from the 3.54�m feature, it is very obvious that, in
the majority of cases, CH3OH can contribute at most 10 % to the 6.85 �m band (Fig.3.12),
an exception being GL 7009S, where 30 % of the feature may be due to CH 3OH (Dartois et
al. 1999). In a way, this may be the same problem as seen for the 3.1�m and 6.0�m H 2O
bands and discussed in Sect. 3.5. CH3OH column densities have not been determined due to
the lack of support for a CH3OH assignment to the 6.85�m feature.

In summary, though CH3OH is present in this band there are many reasons not to assign
this as the dominant 6.85�m carrier. The most obvious problem is that laboratory CH 3OH
profiles peak at a different wavelength and have significant amounts of substructure whereas
in comparison the interstellar feature is very smooth.

The effect of carbonyl and nitrile groups

If electro-negative groups are attached to hydrocarbon chains, the intensity of the stretching
mode at 3.4�m decreases while the deformation mode at 6.85�m becomes stronger (Wexler
1967). When an unsaturated group, such as a carbonyl group (C=O), is adjacent, the bending
intensities are increased approximately 10 times in the 6.8 - 7.3�m region,while the stretch-
ing intensities are reduced by a similar factor (Wexler 1967; d’Hendecourt & Allamandola
1986). The same effect is also observed if nitrile groups (C�N) are attached, with no apparent
shift in position of the bending and stretching modes. Though it may be possible to account
for the weakness of the 3.4�m hydrocarbon band, new absorption bands arise from the at-
tachment of electro-negative groups. If C=O groups are attached, a very strong CO stretch



3.6. Analysis of the 6.85�m feature 47

Figure 3.12— The interstellar
6.85�m feature compared to
solid CH3OH at 10 K, using
the 3.54�m CH3OH band as an
estimate for the amount of CH3OH
that can contribute to this band.
The solid line is the column density
of CH3OH as determined from the
3.54�m CH3OH band, while the
dotted line is the maximum about
of CH3OH that can be fitted to the
interstellar 6.85�m band.

is expected near 5.75�m with an intensity approximately 5 times greater than the deforma-
tion mode. Also, if C�N groups are attached, absorption is expected between 4.37�m and
4.44�m. Neither the C=O or C�N is seen in the interstellar spectra. Furthermore, the band
intensity of the CH deformation mode near 7.3 �m will also increase in strength, paralleling
the 6.85�m band. Though an absorption feature is observed in all sources near 7.3�m, its
strength is inconsistent with that expected from attaching electro-negative groups.

3.6.2 NH+4

An identification with the NH+
4 ion was proposed by Grim et al. (1989). The NH+

4 ion is
produced by UV photolysis of specific ices containing H2O, CO and NH3. However, the
photolysed mixture had to be heated to a specific temperature in order to shift the ion band
to the appropriate interstellar position. NH+

4 can also be produced by the simple acid base
reaction: HNCO + NH3 �! OCN� + NH+

4 (Keane 1997). The band position of the ion
is sensitive to temperature and hence it may account for the observed shift in peak position.
However, an exclusive assignment of NH+

4 to the 6.85�m feature would imply significant
absorptions due to counter-ions. A feature at 4.62�m (Schutte & Greenberg 1996) has been
tentatively identified as absorption by a negative ion, OCN�. If the absorption at 6.85�m
is due to NH+

4 then a correlation with the 4.62�m feature would be expected. There is
no evidence for such a correlation. In particular, some sources that have a very prominent
6.85�m absorption feature do not display absorption at 4.62�m, (eg. Mon R2:IRS3). Thus,
NH+

4 is not a major component of the 6.85�m feature because of the spectral mismatch and
in view of the absence of sufficient counter ions.
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Figure 3.13— A comparison of
the 6.85�m feature (components 1
& 2) with carbonates. The dotted
line (...) is dolomite (CaMgCO3)
and the dashed line (- - -) is calcite
(CaCO3)

3.6.3 Carbonates

Infrared spectra of interplanetary dust particles, IDPs, have shown the presence of absorption
features near 7.0�m and 11.4�m which are characteristic of carbonates and it has been pro-
posed that carbonates are likely candidates for the interstellar 6.85�m feature as well (Sand-
ford & Walker 1985; Hecht et al. 1986). The IDP carbonates are probably due to reactions of
CO2 with hydrated magnesium or calcium in an aqueous (planetismal) environment (Huang
& Kerr 1960). The peak-position of this carbonate band is sensitive to particle size and shape
(Huffman 1977) and therefore might account for the wavelength shifts of this band seen in
our sample. However, the carbonate profile is considerably broader than both components of
the interstellar 6.85�m (Fig. 3.13). If carbonates are present, then associated with the 7.0�m
peak are weaker features at 11.4�m and 27�m. If the 7.0 �m feature has an optical depth of
� , then the 11.4 �m and 27�m features are expected to have optical depths of � /4 and � /3,
respectively. The 6.85�m band of W33A has an optical depth of 0.78, therefore the 11.4�m
feature is required to have a depth of 0.15. Though the search for the 11.4�m feature is made
difficult by strong interstellar silicate absorption at 10 �m, the carbonate feature should be
seen as a narrow absorption profile superimposed in the silicate feature and is not. Hence,
carbonates are not a realistic choice for the 6.85�m feature.

3.6.4 Summary of proposed 6.85�m carriers

The carrier(s) responsible for the interstellar 6.85�m band has not been conclusively iden-
tified. A successful candidate must account for three stringent observational criteria — 1)
shift in position, 2) lack of substructure, 3) be abundant —, and none of the proposed candi-
dates match all three requirements. Furthermore, the two components of the 6.85�m band
(NGC 7538:IRS1 and Mon R2:IRS3) are poorly matched by any of the suggested candidates.
Even if the interstellar 6.85�m band is considered as a single component, this still does not
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help to elucidate the carrier. Small contributions to the 6.85�m feature can be attributed
to CH3OH and NH+

4 . However, neither of these molecules can account for the bulk of the
6.85�m band, either because of abundance constraints or due to the lack of sufficient counter-
ions. The remaining proposed 6.85�m carriers (e.g. carbonates) are not viable candidates as
their profiles never approximate the observed interstellar feature.

3.7 Discussion

3.7.1 Evidence for thermal processing of ices

The importance of thermal processing for the evolution of interstellar ices is now well es-
tablished. The effect of thermal processing is particularly evidenced in the profiles of the
12CO2 and 13CO2 absorption bands (Gerakines et al. 1999; Boogert 1999; Boogert et al.
2000a,2000b). Comparison of the band profiles toward massive hot cores revealed double
peaked structure within the 13CO2 stretching and 12CO2 bending modes, most likely caused
by the heating of polar ices. While not as sensitive, the observed profile of the 3.1 �m and
6.0�m H2O ice bands is also a trace of heating of interstellar ices. To establish that there is,
in fact, a temperature sequence amongst the sources, it is useful to compare the dust colour
temperatures at different wavelengths. Assuming dust radiates as a blackbody, and using
the 45�m and 100 �m fluxes determined from ISO-LWS, Boogert et al. (2000a) found that
sources with hotter dust have a more pronounced 13CO2 wing, which is evidence of process-
ing. Another useful temperature tracer is the CO2 ice abundance. For massive objects with a
low CO2 abundance the 13CO2 peak is narrower, evidence for an ice that has been processed.
Furthermore, sources displaying a high hot/cold dust ratio also appear to have a larger column
of cold CO2 ice.

Extending this analysis to the 6.85�m absorption feature reveals a similar trend; that
is, the variation in the profile of the 6.85 �m band parallel the trend of thermal processing
obvious from these tracers. Sources which display a large amount of component 2 in the
6.85�m band also have a high hot/cold dust flux ratio (Table 3.2; Fig. 3.14a). As the amount
of component 2 contributing to the 6.85�m band decreases so too does the amount of hot
dust. Similarly, comparing the ratio of the components contributing to the 6.85�m band
and the CO2 column density reveals that sources with a greater amount of component 1
also show have a larger CO2 column densities (Fig. 3.14b) indicating that these are colder
sources. Decreasing contribution of component 1 correlates with decreasing abundance of
CO2, demonstrating that our sources also display a temperature (evolution) trend as noted by
others (Boogert 1999; Boogert et al. 2000a; Gerakines et al. 1999). Because it is unlikely
that there are two (unknown) species which have dominant absorption bands near 6.85�m
and no other obvious bands, we conclude that upon thermal processing, the peak position of
the “6.85�m” interstellar band shifts from about 6.85�m to 7.0�m.

3.7.2 Composition and chemistry of interstellar ices

Comparison of the interstellar spectra, along different lines of sight, provides a more com-
plete inventory of the ice mantles. The pivotal reactions which govern the composition of
interstellar ices arise from the hydrogenation and oxidation of CO. In recognition of the re-
cent ISO observations, it is timely to reconsider the chemical origin of the detected molecules
and to compare the observed abundances with theoretical models.
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Figure 3.14— The ratio of component 1 to component 2 as a function of the ratio of hot to cold dust (a) and the
total CO2 column density (b). Open symbols are for sources with unreliable (contaminated) 45/100�m flux

Table 3.3 summarizes the observed composition of interstellar ices towards deeply em-
bedded objects. The most striking aspect of this Table is the apparent simplicity of the com-
position of interstellar ices. Infrared observations clearly show that interstellar grain mantles
consist mainly of H2O, as evidenced by the strength of the 3.1�m and 6.0�m H 2O ice bands.
In the majority lines of sight, CO2 is the second most abundant molecule, except toward GL
7009S where CH3OH is the second most abundant molecule.

It is generally accepted that grain surface reactions, through hydrogenation and oxidation
of accreting species, favours the formation of simple molecular species (Tielens & Hagen
1982; Hasegawa & Herbst 1993; Hiraoka et al. 1994). The composition of the grain mantle is
determined by the most abundant accreting species. H2O ice is observed to be the dominant
component of grain mantles, but the mechanism for forming H 2O is somewhat uncertain.
H2O might be formed through direct reactions of accreted O and H atoms. However, in
a diffusion limited grain surface network, there will never be an H ”waiting” for an O to
initiate the H2O formation, since H reacts readily with CO and other species (or evaporates;
Tielens & Charnley 1997). The fate of an accreted O is less certain. Some studies (Tielens &
Hagen 1982) suggest O reacts rapidly (i.e. on timescales of a day) with CO and, hence, the
direct H2O formation route from O + H is also blocked. If O were to react with CO, then H 2O
formation has to occur through O2 and O3 hydrogenation (where O3 is formed from O2 + O)
and theoretical calculations show that this is a major route (Tielens & Hagen 1982). However,
other studies maintain that the O + CO reaction does not occur (Grim & d’Hendecourt 1986),
leaving the O available for H2O formation.

CO is directly accreted from the gas phase. The reaction pathway to H 2CO and CH3OH
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Figure 3.15— Measured abun-
dance ratios of H2CO and CO rel-
ative to CH3OH in interstellar ices
(diamonds). The solid lines rep-
resents the model results from the
hydrogenation of CO (cf. text for
details; Charnley et al. 1997).
Along the curve, the CO/H accre-
tion probability varies from small
(left) to large (right). The cross in-
dicates observed abundances in the
Orion Compact Ridge (Wright et al.
1996).

is through the sequential addition of H:

CO ! HCO ! H2CO ! CH2OH ! CH3OH (3.1)

The reaction proceeds relatively unhindered through the ability of H to tunnel through any
activation barriers and react with a species on the grain surface. The intermediate radical,
HCO, can rapidly react with other atoms including O which can lead to HCOOH formation.
The reactions involved have been studied in the laboratory by van IJzendoorn et al. (1983),
and more recently by Hiraoka et al. (1994; 1998). These studies seem to imply that H 2CO
is more susceptible to hydrogenation than CO. Indeed, the probability for the reaction of an
accreted H atom with an H2CO molecule is 103 times more likely than with a CO molecule.
Using these relative probabilities the abundance ratios of CO, H2CO and CH3OH can be
readily calculated (Charnley et al. 1997). In this scheme, the relative abundances of CO,
H2CO, and CH3OH will depend on the ratio of the H and CO accretion rates, �H, and the
quantity �H = ProbfCOg/ProbfH2COg, where ProbfXg is the probability for a single H on
a grain surface to react with a single X; i.e., �H represents the competition between CO and
H2CO for atomic H. In Fig. 3.15 we compare our observed values with the theoretical abun-
dance ratios of CO/CH3OH and H2CO/CH3OH for different values of �H (solid lines). For
comparison, the abundance ratios of the warm gas observed in the compact ridge of Orion,
which are generally supposed to originate from evaporated ices, are also shown. The agree-
ment between observations and models lends general support to the proposed hydrogenation
scheme of CO on grain surfaces as the origin of CH3OH and H2CO in interstellar ices, if
H/CO � 10�2.

Grain surface reactions can form HCOOH through the reactions of accreted atomic oxy-
gen with the formyl radical, HCO, produced through the hydrogenation of CO. The observed
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Table 3.3— Relative abundances of ice species detected towards different lines of sight compared with predicted abundances from
theoretical modelsa

Ice NGC 7538 GL W 33A GL GL Elias S 140 W 3 Mon R2 HH100 Theoryb

IRS9 7009S 989 2136 29 IRS1 IRS5 IRS3
H2O 100 100 100 100 100 100 100 100 100 100 100
CO 12 15 2.2 5.2 1.9 3 0.4 2.5 — 11.7 0.4
CO2 16.3 21 3.6 — 13 10.8 7.5 11.3 0.17 5.8 9
CH3OH 3.2 30 5 — 4.5 2 6.8 8.4 1.5 — 43
CH4 1.3 3.6 0.4 — — 0.8 — — — — 0.007c

HCOOH <
�

3 — <
�

3 1 1.7 — — — — — 0.003
H2CO 2 3 2 1.3 3 — — — — — —d

OCS — 0.17 0.05 0.04 — 0.04 — — — — 0.4
NH3 9.3 — 4.5 — — 4.6 — — — 4.2 1
XCNe 0.9 3.7 2 — 0.3 0.1 — — — — —

CO(apolar) 11.6 — 0.5 1.5 — 2.4 — 1.7 — 7.9 —

N(H2O) 3�m

N(H2O) 6�m

f 1.4 — 3.6 2.1 1.1 2.4 2.8 1.1 3.5 2

Notesg 1 2 3 4 5 6 7 8 9 10

a All results are expressed as a percentage of the 6.0�m N(H2O) column density.

b Determined under the reducing condition of n = 104 cm�3

c CH4 is formed through hydrogenation of atomic C, which was underestimated in these calculations (see text)

d The Tielens & Hagen calculations stopped hydrogenation of CO at H2CO. Recent experimental and theoretical studies
(Hiraoka et al. 1994; Charnely et al. 1997) show that with H-rich conditions, essentially all H2CO is converted into CH3OH

e Assuming that the band is OCN�

f Multiply the abundance by this ratio to compute the abundance relative to the 3.1�m N(H2O) column density

g Notes:—(1) Data from Boogert et al. 1996; Chiar et al. 1996; Demyk et al. 1998; Gerakines et al. 1999; this work;
(2) Data from Dartois et al. 1998; Dartois et al. 1999; (3)Data from Boogert et al. 1996; Chiar et al. 1996;
Demyk et al. 1998; Gerakines et al. 1999; Gibb et al. 2000; this work; (4) Data from Boogert (private communication);
Palumbo et al. 1997; (5) Data from Brooke et al. 1999; Gerakines et al. 1999; Pendleton et al. 1999; Schutte et al. 1996;
(6) Data from Boogert et al. 2000b; (7) Data from Allamandola et al. 1992; Gerakines et al. 1999;
(8) Data from Allamandola et al. 1992; Gerakines et al. 1999; (9) Data from Boogert (private communication);
Smith et al. 1992; (10) Data from Boogert et al. 2000a; Whittet et al. 1996
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HCOOH/H2O abundance ratio is in agreement with calculations at low gas phase densities
(�10�3 cm�3; Tielens & Hagen 1982).

As discussed above, grain surface chemistry may also lead to the formation of CO 2 if the
reaction of atomic O with CO is rapid. Calculated abundances (CO2/H2O� 0.1, independent
of density) agree well with the observations. However, if the reaction were instead slow, then
CO2 might be formed through photolysis, likely of ices containing H 2O and CO (Whittet et
al. 1998). The relatively constant CO2/H2O ratio in interstellar ices suggests that photolysis
is unlikely to be important.

Likewise, CH4 can be formed through hydrogenation of accreted C atoms. Earlier grain
chemistry models, (Tielens & Hagen 1982), had little gaseous C and consequently predicted
little CH4 to be present in the ice. Currently, it is generally accepted that UV photons pro-
duced by cosmic ray excitation of H2 (Prasad & Tarafdar 1983) keep about 1 % of the carbon
in atomic form (Gredel et al. 1989) in the gas phase and this can explain the measured solid
CH4 abundances. Those grain chemistry models which start from a fully atomic gas pro-
duce copious amounts of solid CH4 (d’Hendecourt & Allamandola 1986; Brown et al. 1988)
which is not observed and this scenario can therefore be ruled out (Boogert et al. 1998).

The synthesis of NH3 is through the hydrogenation of N on interstellar grain surfaces.
Most of the nitrogen in the gas phase may be locked up in N 2 and hence the abundance of
NH3 in grain surface models is generally low. The low abundance of solid NH 3 in interstellar
ices again implies grain surface chemistry starting from an accreting molecular gas. Finally,
OCS is thought to form through the reaction O + CS (Tielens & Hagen 1982) which has a
negligible activation barrier (Palumbo et al 1997).

An alternative way to produce some of these simple molecules is by various forms of pro-
cessing. Ultra-violet photolysis of CO containing ices has been suggested as an alternative
way to form interstellar CO2 (see above). The UV photons generate small radicals which,
because of the excess energy available, can overcome considerable activation barriers. In par-
ticular, UV photolysis of CO and NH3 mixtures has been suggested as a possible mechanism
for the production of the XCN feature (Grim & Greenberg 1987; Schutte & Greenberg 1997).
However, recent laboratory studies have shown that the XCN band can also be produced by
acid-base reactions of HNCO and NH3 (Keane 1997). Though laboratory experiments also
indicate that UV photolysis can lead to rather complex molecules, there is a lack of obser-
vational evidence for their presence. Summarizing, except for the 4.62�m XCN band and
possibly the unidentified 6.85�m band, all observed features are due to simple molecules
whose abundances may be well explained by simple grain surface reactions.

3.8 Summary and Conclusions

We have observed the 5 – 8�m region toward a sample of 10 protostars. The observa-
tions clearly show that both the 6.0�m and 6.85�m absorption feature, detected toward all
sources, vary in position, width and relative intensity. The bulk of the 6.0�m feature is H 2O
ice and, for three of the sources, appears to be the only component contributing to this band.
For the remaining sources additional components are absorbing in the 6.0�m band. It seems
clear that there are at least an 3 additional components present in the 6.0�m band. The extra
absorption has been attributed to HCOOH (at 5.83�m), H2CO (at 5.81�m) and aromatic
structures (at 6.2�m). A fourth component, NH3, is also believed to be contributing to the
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absorption but is not readily detected due to the strength of the H 2O ice band.

The H2O column density derived from the 6.0�m feature is, for all sources, consis-
tently greater than the column density derived from the 3.1�m band. However, if the long
wavelength wing of the 3.1 �m band is attributed to absorption by H 2O ice, the 6.0�m and
3.1�m column densities are more consistent with each other. All sources are best fitted by a
cold (T � 50 K) laboratory amorphous H2O ice, except Mon R2:IRS3 which is fitted by an
80 K profile, which is consistent with previous work (Smith et al. 1989).

The 6.85�m band displays systematic variations in position and profile, which we at-
tribute to two components based upon the two extremes of peak position (NGC 7538:IRS9
and Mon R2:IRS3) seen along the different lines of sight. The 6.85�m features of all sources
can be fitted by varying combinations of these components. Furthermore, there is a notable
trend in the data which shows that the shift in 6.85�m peak position parallels the lack of
additional components contributing to the 6.0�m band and hence may be attributed to ther-
mal processing of ices. The 6.85 �m band in those sources with warmer ice and dust are
comprised mainly of the Mon R2:IRS3 profile.

No satisfactory candidate for the 6.85�m band has been found. CH 3OH, long believed to
be the carrier of this band, can contribute at most only a small fraction to the band, based on
the abundance determined from the 3.54�m CH3OH feature. The strong triple peak struc-
ture observed in laboratory CH3OH spectra is also not seen in the interstellar 6.85�m band.
Contribution from NH+

4 is minimal, based on the abundance of counter ions. Furthermore,
the 6.85�m feature does not seem to correlate with absorption bands of other ions. Finally,
an assignment to carbonates is not realistic, since the profiles of the carbonate features are
considerably broader than the interstellar 6.85 �m band.
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Abstract

Spectral signatures of the carriers of the weak 7.2 and 7.4�m bands observed
towards the high mass embedded protostars W33A and GL 7009s are examined
over the complete 5–8�m region. These bands have been assigned to formic
acid (HCOOH), the formate ion (HCOO�), and/or acetaldehyde (CH3HCO).
We have investigated the infrared spectral characteristics of these species in real-
istic interstellar ice analogs over the 5–8�m region. Each of these species show
several bands in this wavelength region. Comparison with the interstellar spectra
support the assignment of the 7.2 and 7.4�m bands to HCOOH and HCOO�.
We discuss the chemical origin of these species and suggest that HCOOH is a
product of hydrogenation and oxidation of CO. HCOO� may reflect an acid-
base reaction with NH3 at low temperatures.
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4.1 Introduction

WITH the advent of the Infrared Space Observatory (ISO) the composition of icy grain
mantles in the environments surrounding embedded protostellar object has been an-

alyzed in unprecedented detail (Ehrenfreund & Schutte 2000 for an indepth review). By
comparing the interstellar spectra with spectra of astrophysical ice analogs obtained under
simulated space conditions a variety of frozen molecules were clearly identified, including
CH4, 13CO2, 12CO2, HCOOH and H2CO (Boogert et al. 1997; Gerakines et al. 1999;
Schutte et al. 1996; Gibb et al. 2000; Keane et al. 2001a). Ground-based observations had
already established the presence of H2O, CO, CH3OH, and OCS in the interstellar mantles
(Willner et al. 1982; Tielens et al 1991; Schutte et al. 1991; Geballe et al. 1985).

To a large extent the composition of icy grain mantles reflects the chemical conditions
as gas phase molecules can accrete onto the grains and become incorporated into the icy
mantles. Not only do the grains act as a sink for gas phase molecules but they also serve
as a medium for the formation of new species through grain surface reactions (Tielens &
Allamandola 1987). Eventually, as the surrounding environment is heated by the evolution
of the protostellar object the molecules are released back into the gas phase according to
their sublimation temperature. Ultimately, the fate of the icy mantles in star-forming regions
governs the chemical evolution of young stellar objects and their environments (Charnley et
al. 1992; Caselli et al. 1993). Therefore, it is essential to obtain a thorough inventory of their
composition.

Two weak absorption features centred at 7.2�m and 7.4�m are present in the spectrum
of the high-mass young stellar object W33A. The positions of these band are characteristic
of the CH deformation modes of organic molecules. Schutte et al. (1999) spectroscopi-
cally studied a number of possible carriers embedded in low-temperature astrophysical ice
analogs and narrowed down the potential candidates to three species: formic acid (HCOOH),
acetaldehyde (CH3HCO) and the formate ion (HCOO�). In addition to having features at
7.2�m and/or 7.4�m, these molecules have (strong) features between 5.5 and 6.5 �m. The
purpose of this paper is to examine the complete 5.5–8�m region of W33A in order to
spectroscopically verify the presence of these species.

The layout of this Chapteris as follows. We briefly summarize the reduction procedure
in Sect. 4.2 and in Sect. 4.3 present the detected absorption features. In Sect. 4.4 possible
carriers of the interstellar 7.2�m and 7.4�m features embedded in astrophysical ice analogs
are compared to the spectrum of W33A. Sect. 4.5 discusses the likely chemical formation
scenarios for each of the carriers and we summarize the results in Sect. 4.6.

4.2 Observations

A high resolution (R = �=�� > 1500) grating mode observation of the 5–8�m region of
W33A and a moderate resolution (R ' 1000) observation of GL 7009 were obtained with
the short wavelength spectrometer onboard ISO (de Graauw et al. 1996). Previous studies
have analyzed the main absorption features in the ISO-SWS spectra observed towards these
sources (d’Hendecourt et al. 1996; Gibb et al. 2000; Keane et al. 2001a). For this study, the
data have been re-reduced with latest reduction package OLP 10 of the SWS-pipeline which
incorporates the most recent calibration files. All detector scans were checked and corrected
for dark current memory effects and detector response residuals. Clipping all points that
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Figure 4.1— ISO-SWS 5.5 to
8�m spectra observed towards the
massive embedded proto-stellar ob-
jects W 33A and GL 7009. The
dashed curves indicate local 3rd or-
der polynomials adopted as base-
lines.

deviate by 3� or more ensured that hits due to cosmic rays were also removed. Figure 4.1
shows the fully reduced spectra.

4.3 The absorption features

To allow a general comparison of the 5–8�m interstellar spectra of W33A and GL7009S,
a local 3rd order polynomial extending from 5.3�m to 8�m was adopted as the continuum
(dashed lines in Fig. 4.1) which neglects any contributions from emission or absorption
bands lying beyond 8�m. In the case of W33A, a local continuum was adopted for the
7—7.5�m range (Fig. 4.1; solid line) in order to study the profiles of the weak absorption
bands near 7.2�m and 7.4 �m. This approach reduces possible contamination of the 7.4�m
band by the long wavelength wing of the 6.8�m band and the short wavelength wing of the
7.6�m CH4 absorption band (Boogert et al. 1997). The optical depth spectra of W33A and
GL7009S, shown in Figure 4.2a, closely resemble each other with deep absorptions at 6.0,
6.85, and 7.6�m which have been extensively studied before (Boogert et al. 1996; Dartois
et al. 1998; Gibb et al. 2000; Keane et al. 2001a). In addition, W33A has two clear weak
absorption features centered at 7.2�m and 7.4�m which were previously studied by Schutte
et al. (1999). Careful examination of the same wavelength region in GL7009S does not
reveal the presence of a feature near 7.4�m but there is an indication of very weak absorption
near 7.2�m. Nevertheless, due to the lower spectral resolution the absorption profile is poorly
defined and thus its reality is uncertain. A number of other high mass embedded protostars
show spectral structure between 7.2�m and 7.5�m but in view of an accompanying narrow
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absorption at 7.35�m this structure has been identified with the Q, P, and R branches of
gas-phase SO2 (Keane et al. 2001b).

Figure 4.2a also shows laboratory H2O fits (dashed lines) to the interstellar 6.0�m fea-
ture. These assume that the bulk of the 6.0�m band is due to H 2O. Comparison with the
strength of the 3.0�m H2O feature suggested that for W33A the bulk of the 6.0�m band
might actually be due to other species (Keane et al. 2001a; Gibb et al. 2000). This may also
be the case for GL7009S, however, since the 3.0�m band of this source is not yet observed
this cannot be verified. Thus while this procedure may overestimate the contribution of H 2O
to the 6.0�m feature, it serves to better reveal several superimposed narrow absorption fea-
tures. Figure 4.2b compares the residual absorption bands of W33A and GL7009S. W33A
shows two absorption components around 5.85�m. A narrow absorption near 5.85�m which
is also very apparent in GL7009S, and an underlying broad component extending to about
6.1�m (Keane et al. 2001a). Furthermore, W33A has a broad absorption centered around
6.3�m (see Fig. 4.2b). However, it should be remembered that the strengths and shapes
of the residual absorptions are very sensitive to the amount of H 2O ice subtracted from the
6.0�m band.

4.4 Comparison to laboratory data

The 7.2�m and 7.4�m interstellar absorption bands lie in the wavelength region character-
istic for the CH deformation modes of organic species. Schutte et al. (1999) narrowed down
the number of candidates by comparing the observed 7–8�m spectrum with literature spectra
of organic molecules at room temperature. In a second elimination round, spectroscopy was
obtained of the remaining candidates under astrophysically relevant conditions, i.e., embed-
ded in interstellar ice analogs. The outcome of this process features formic acid (HCOOH) as
the main candidate for the 7.2�m and two possible candidates for the 7.4�m band, namely
acetaldehyde (CH3HCO) and the formate ion (HCOO�). Figure 4.3 summarizes the peak
position and width of the 7.2�m band of HCOOH and the 7.4�m bands of CH 3HCO and
HCOO� in various laboratory mixtures at 12 K and subsequent warm-up. In this study we
investigate the spectral signatures of these candidates over the complete 5–8�m range.

4.4.1 The 7.2�m interstellar feature

Figure 4.3a summarizes the spectral behaviour of the CH deformation mode of HCOOH
embedded in a number of laboratory ice analogs. Pure HCOOH is not shown as the FWHM
is � 40 cm�1 over the entire temperature range (12 K–80 K). In general, all the HCOOH
laboratory mixtures give a good match to the spectral characteristics of the interstellar 7.2�m
band, provided that the HCOOH is sufficiently diluted. The H2O/HCOOH mixtures only
approximate the interstellar band if they are heated to 80 K or more.

The 7.2�m (1383cm�1) feature in laboratory mixtures of H2O/NH3/HCOOH and
H2O/NH3/N2H4 resembles the interstellar feature. However, since the laboratory mixtures
contain both an acid (HCOOH) and a base (NH3), HCOO� and NH+

4 are formed by acid-
base chemistry (Schutte et al. 1999). HCOO� also has a feature at 7.2�m and therefore,
in these mixtures the 7.2�m band is generally a superposition of bands due to HCOOH and
HCOO�. In addition,HCOO� has a feature at 7.4�m which is twice as strong as the 7.2�m
band in both of the HCOO� producing mixtures. This feature is, in fact, a good candidate for
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Figure 4.2— The left panel (a) shows the optical depth profiles of the 5–8�m region for W 33A and GL7009S
derived by subtracting the dashed-baselines shown in Fig. 1. The laboratory H2O profiles (dashed lines) fitted to the
6.0�m feature are also shown. The right panel (b) reveals the residual absorption features that lie in the 5.5–6.5 �m
region after the water has been subtracted from the 6.0�m band, indicated by the dashed lines. The positions of the
7.2�m and 7.4�m features are labeled by the solid vertical lines. The dotted line denotes the solid state methane
(CH4) absorption band (Boogert et al. 1996, 1998).

the interstellar 7.4�m band (see Sect. 4.4.2). Since for W33A, the 7.2�m and 7.4�m bands
are of similar intensity, HCOO� could provide at most 50 % of the 7.2�m feature. The labo-
ratory data are summarized in Figure 4.3a is limited to spectra for which the intensity ratio of
the 7.2 over 7.4�m band is consistent with that ofW33A, i.e., >

�
1. In this case 50 % or more

of the laboratory 7.2�m feature is due to HCOOH. Since in the presence ofNH 3 the HCOOH
during warm-up quickly converts to HCOO� (Schutte et al. 1999), this condition is only met
at T <

�
50 K for the H2O/NH3/HCOOH mixture and at T <

�
80 K for the H2O/HCOOH/N2H4

mixture. As an example, the inset in Fig. 4.4 compares the interstellar 7.2�m feature with
the CH deformation mode of HCOOH in the H2O/CH3OH/HCOOH = 100/40/12 mixture at
12 K (dashed line). The laboratory band provides a close match to the interstellar feature.
Adopting a band strength of 2.6�10�18 cm molec.�1 for the 7.2�m HCOOH band (Schutte
et al. 1999), a column density of 6.5�1017 cm�2 is derived. This corresponds to an abun-
dance of 6 % relative to H2O ice (using an H2O column density of 1.1� 1019 cm�2 towards
W33A; Gibb et al. 2000).

The inset in Fig. 4.5 compares the 7.2�m feature in the mixture H 2O/NH3/HCOOH at
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Figure 4.3— The peak position versus full width half maximum (FWHM) variations of various heated laboratory
mixtures. The solid dots indicate indicate the highest temperatures (�80 K) of the mixtures and the crosses indicate
the parameters of the interstellar features seen towards W 33A. Panel (a) compares the 7.2�m HCOOH ice band
in different mixtures with the position and width of the interstellar 7.2�m feature. The spectral characteristics of
7.2�m band of the H2O/NH3/HCOOH mixture showed little, if no variation, upon warm-up and is designated by
the diamond. Panel (b) compares the 7.4�m bands of CH3HCO (grey lines) and HCOO� with the interstellar
7.4�m feature.

12 K and at 80 K with the W33A band. We note again that in these mixtures the 7.2�m
band generally is a combination of features due to HCOOH and HCOO�. Warm-up to
80 K causes almost full conversion of the HCOOH to HCOO�, as can be monitored from
the disappearance of the HCOOH 1220 cm�1 feature (8.2�m ; Schutte et al. 1999). The
12 K spectrum, in which a significant amount of HCOOH is still present, gives a good match
to the profile of the 7.2�m band as well as to the relative intensity of the 7.2 and 7.4�m
features. In the 80 K spectrum, in which almost all the HCOOH is converted to HCOO�,
the 7.2/7.4 intensity ratio corresponds to HCOO� only and is about half the observed ratio.
Thus, if the interstellar feature is indeed a combination of the 7.2�m bands of HCOOH and
HCOO�, the observed relative intensity of the 7.2 and 7.4�m features shows 50 % of the
7.2�m band would be provided by HCOO�, and the other 50 % by HCOOH. In this case
the HCOOH column density would therefore equal half of the value that was derived above
under the assumption that the entire band is do to this molecule, i.e, 3.2� 10 17 cm�2. This
corresponds to an abundance of 3 % relative to H2O.
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Figure 4.4— Comparison of the H2O subtracted laboratory mixture H2O/CH3OH/HCOOH at 12 K (solid line),
set by the maximum depth of the 7.4�m band, with the full 5–8�m spectral region of W33A. The bands at
5.85�m and 7.2�m are due to HCOOH, and the structure near 6.8�m is due to CH3OH. In order to ”match” the
interstellar 6.0�m band, H2O is added to the laboratory mixture (i.e., the solid line) and the combined spectrum is
denoted by the dashed lined. The inset is a magnification of the laboratory fit to the interstellar 7.4�m feature.

Matching HCOOH to the interstellar 7.2�m band implies that there will also be a spectral
signature of HCOOH near 5.85�m (1709cm�1) due to the C=O stretching mode. This
feature is � 10 times stronger than the 7.2�m feature. To search for this band, Figs. 4.4 and
4.5 compare the overall 5–8�m spectrum with the laboratory spectra. It has been previously
suggested that this HCOOH feature is present in the 6.0�m band of W33A (Schutte et
al. 1996; Keane et al. 2001a). Figure 4.4 shows the 5.85�m HCOOH band (solid line)
that results from the fit to the 7.2�m assuming that the entire band is due to HCOOH. In
order to match the interstellar 6.0�m, H2O is then added to the HCOOH fit and the resulting
spectrum is represented by the dashed-line (Fig. 4.4). At face value, the intensity of this mode
which needs to be present if the entire 7.2�m band is ascribed to HCOOH is too large to
be consistent with the interstellar spectrum. However, we note that this apparent discrepancy
may be caused by an overestimate of the contribution ofH 2O to the 6.0�m feature (Sect. 4.3).
If, on the other hand, HCOOH only contributes to half of the 7.2�m band, then the strength of
the 5.85�m band is also reduced. In this case, the fit to the interstellar 6.0�m is significantly
better and is more consistent with the interstellar spectrum.
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Figure 4.5— Comparison of the laboratory mixture H2O/HCOOH/NH3 at 12 K (dashed line) and 80 K (solid
line), set by the of the 7.4�m feature, with the full 5–8�m spectral region of W33A. The features at 6.3 �m,
7.4�m , and part of the 7.2�m band are due to HCOO�. The structure around 5.9�m is attributed to HCOOH.
The grey lines represent the fits to the interstellar 6.0�m band achieved by combining H2O with the corresponding
HCOOH/NH3 laboratory mixtures. The inset is a magnification of the match to the interstellar 7.4�m feature by
HCOO�and also shows the contribution fo the formate ion (combined with HCOOH) to the interstellar 7.2�m
band.

4.4.2 The 7.4�m interstellar feature

Formate ion

The formate ion (HCOO�) was produced in situ by low temperature acid-base reactions in-
volving formic acid (HCOOH) and either NH3 or N2H4 and we refer the reader to Schutte et
al. (1999) and Boudin et al. (1998) for a more detailed explanation. The 7.4�m (1350 cm �1)
�(C-O) feature of HCOO� is rather sensitive to the composition and temperature of the
ice mixture (Fig. 4.3b). With NH3, the peak shifts 5 cm�1 during warm-up, but no shift
is observed with N2H4. In the presence of CH3OH, the HCOO� band shifts to shorter
wavelengths and no longer provides a match to the interstellar 7.4�m feature. Figure 4.3b
demonstrates that the position and width of the HCOO� band are highly variable and only
one of our laboratory mixtures (H2O/HCOOH/NH3) falls within the errorbars of the inter-
stellar band. The inset in Figure 4.5 shows the fit to the interstellar band by HCOO� in
the H2O/HCOOH/NH3 mixture at 12 K (dashed line) and at 80 K (solid line). With a band
strength of 1.7�10�17 cm molec.�1 for the 7.4�m band of HCOO�(Schutte et al. 1999),
a column density of 7�1016 cm�2 is derived. This corresponds to an abundance of 0.6 %
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relative to H2O ice (using an H2O column density of 1.1� 1019 cm�2; Gibb et al. 2000).

Within the 5.5–8�m spectral region HCOO� has an additional band near 6.3�m
(1587cm�1). A feature around 6.3�m is weakly visible in the spectrum of W33A superim-
posed on the 6.0�m band (Fig. 4.2a; Keane et al. 2001a), after the H 2O has been subtracted
from the 6.0�m band (Fig. 4.2b). Figure 4.5 shows the complete 5–8�m spectrum of the
laboratory H2O/HCOOH/NH3mixture which provides the best HCOO� fit to the 7.4�m
interstellar feature. The HCOO� band produced at 12 K (dashed line) near 6.3�m has a
profile similar to that of the interstellar 6.3�m band, though the width of the laboratory band
is narrower. Upon warm-up the laboratory feature strengthens and broadens slightly (solid
line), producing a reasonably good fit to the the red wing of the interstellar 6.0�m band of
W33A. In fact, the H2O/HCOOH/NH3 laboratory mixture manages to successfully account
for the 6.3�m and 7.4�m features and part of the 5.85�m and 7.2�m absorption bands. If
HCOO� is the carrier of the interstellar 7.4�m band then signatures of counter ions must
also be present in order to maintain charge balance. NH+

4 is the counter ion produced through
these reactions and has a band at 6.8�m which is similar in position to an interstellar band.
The spectral main signature of NH+

4 at 6.8�m has little influence on the spectrum since the
band is weak and is therefore consistent with the interstellar data.

Acetaldehyde

Figure 4.3b clearly shows that all CH3HCO containing laboratory mixtures (grey scale) have
peak positions that lie close to the interstellar band and which also do not change signif-
icantly upon warm-up. At 12 K, the FWHM of the laboratory band approximates that of
the interstellar feature but upon warm-up the FWHM narrows considerably. Of the four
CH3HCO mixtures investigated, the laboratory mixture of H2O/CH3OH/CH3HCO at 12 K
best approximates the parameters of the interstellar 7.4�m feature. A comparison of the
H2O/CH3OH/CH3HCO laboratory mixture (dashed line) to the 7.4�m interstellar feature
is shown in the inset of Figure 4.6. Both the position and the width of the interstellar feature
are well fitted by the 7.4�m (1350cm�1) CH3HCO band, though the laboratory band is
slightly narrower (Fig. 4.3b). Adopting a band strength of 1.5�10�18 cm molec.�1 for the
7.4�m (1350cm�1) acetaldehyde band (Schutte et al. 1999), a column density of 8�10 17

cm�2 is derived, corresponding to an abundance of 7 % relative to H 2O.

Relative to the 7.4�m CH deformation band, acetaldehyde also has a band, �2.3 times
stronger, near 5.85�m (1709cm�1), which is similar in position to an existing interstellar
absorption band. Figure 4.6 examines this feature by comparing the overall 5–8�m spectrum
with the laboratory spectrum. The solid line represents the CH3HCO mixture as determined
by the best fit to the interstellar 7.4�m band and the dashed line shows the fit to the interstellar
6.0 �m band that is achieved by adding H2O. This approach highlights that CH3HCO could
be deemed to be consistent with the interstellar data (Fig. 4.6), but that the interstellar 6.3 and
7.2�m bands remain unaccounted for.

4.5 Discussion

4.5.1 Comparison of the 5–8�m region of W 33A with GL 7009S

Comparison of the spectra of W33A and GL7009S could further elucidate the carriers of
the various weak features in this region from the (non-) correlations between their intensities.
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Figure 4.6— Comparison of the H2O subtracted laboratory mixture H2O/CH3OH/CH3HCO (solid line) at
12 K, which is set by the maximum depth of the 7.4�m feature, with the full 5–8�m spectral region of W33A.
The features near 5.85�m and 7.4�m are due to CH3HCO. The dashed line represents the fit to the interstellar
6.0�m achieved by combining H2O with the CH3HCOmixture (solid line). The inset is a magnification of the
laboratory fit to the interstellar 7.4�m feature.

Relative to W33A, GL7009S has a strong 5.85�m feature and a weak 6.3�m absorption
band. There is no clear evidence for the 7.2�m and 7.4�m absorption bands. Hence the
carrier(s) of the 7.2 and 7.4�m features can at best be only minor contributors to the 5.85�m
band, but they might dominate the 6.3�m band. Therefore, comparison of the W33A and
GL7009S spectra shows that the 5.85 and 7.4�m features do not correlate. This would imply,
that while the intensity of the 5.85�m feature of W33A is consistent with CH3HCO being
the carrier of the 7.4�m band, this band cannot be regarded as additional evidence for its
presence. On the other hand, the comparison reveals that there is a correlation between the
6.3 and 7.4�m bands. Besides the 7.4�m band, the feature at 6.3�m in the W33A spectrum
could also be ascribed to HCOO�. In addition, an assignment of HCOO� implies that
HCOOH must also be present, or else HCOO� could not have been formed. Hence, fitting
the 7.4�m absorption feature of W33A with HCOO� not only matches the 6.3�m feature
but also the 7.2�m absorption band. Simultaneously matching three absorption bands in this
manner lends support to the presence of HCOO�, at least in the case of W33A.
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4.5.2 The chemical formation pathways

Chemical reactions based upon the hydrogenation of CO on grain surfaces have been pro-
posed as chemical pathways for many species including HCOOH and CH 3HCO (Tielens
& Hagen 1982; Tielens & Allamandola 1987). The radical HCO is the controlling step in
the reactions and due to the abundant nature of atomic hydrogen, the likely progression of
the chemical pathway is to form H2CO through the addition of another hydrogen. HCOOH
is also believed to be formed through the same chemical pathway, but in this case atomic
oxygen must react with HCO and with the addition of an hydrogen the chemical route is
completed. The derived HCOOH column density (Sect. 4.4.1) implies an abundance of 3–
6%, which compared to the abundances of CH3HCO and H2CO indicates that the route to
HCOOH is just as efficient. A route for CH3HCO formation is for atomic C to combine
with HCO followed by the addition of 3 atomic hydrogens. The column density derived for
CH3HCO in W33A, in Sect. 4.2.2, corresponds to an abundance of � 7% relative to the
H2O column density. The H2CO toward W33A is � 2% (Keane et al. 2001a), though this
must be reduced by a half if CH3HCO is contributing to the C=O stretch (see Sect. 4.5.1).
Hence this assignment would imply that there is more CH3HCO than H2CO in W33A and
consequently this means that the HCO radical can as readily react with C as it does with H.
If this is the case then there must be a high abundance of atomic C. However, CO tends to
lock-up a significant portion of the atomic C and this must somehow be destroyed in order to
free up the carbon (i.e. cosmic rays; Gredel et al. 1989). A knock-on effect would then ensue
as H2CO will proceed to CH3OH and CH3HCO to CH3CH2OH (Charnley et al. 1992) and
therefore the relative abundance of H2CO to CH3HCO is directly coupled to the relative
reaction probability of H with the two aldehydes. Hence, the formation of CH 3HCO is not
ruled out but the efficiency of this chemical pathway awaits confirmation through laboratory
studies of surface reaction-rates.

Adopting the column density derived for HCOO� in Sect. 4.2 implies an abundance
of � 0.6%. HCOO� can be formed through simple acid-base chemistry involving HCOOH
and NH3 (Schutte et al. 1999). Though warm-up of the laboratory analog increases the
production of HCOO�, it is clear that at 12 K there is already some HCOO� formed (Sect.
4.2.1, Fig. 5). Both HCOOH and NH3 have been tentatively identified in W33A and there
is growing evidence of their presence in other sources (Gibb et al. 2000; Lacy et al. 1998;
Keane et al. 2001a). Therefore, our present knowledge of the composition of the ices in
circumstellar regions is fully consistent with the presence of both these parent molecules.
We thus conclude that HCOO� is a viable candidate for the 7.4�m band within our present
understanding of the chemistry of interstellar ices.

4.6 Conclusions

We have analyzed the full 5–8�m spectrum of W33A and searched for spectral signatures
of proposed carriers of the 7.2�m and 7.4�m interstellar absorption features. The CH defor-
mation mode of formic acid (HCOOH) is a good candidate for the 7.2�m band. Both the po-
sition and the width of the interstellar band are well matched by laboratory mixtures in which
the HCOOH has been diluted. The strong 5.85�m C=O stretching mode of HCOOH could
be responsible for part of the interstellar 6.0�m absorption feature. The derived HCOOH
abundance is 3–6 %. A factor 2 uncertainty is caused by a possible contribution of HCOO�,
since if this species is responsible for the 7.4�m band, it will contribute about 50 % of the
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7.2�m feature.

A comparison of the spectra ofCH3HCO andHCOO� with the spectrum ofW33A over
the entire 5–8�m range has not conclusively revealed which of these two candidates should
be assigned as the carrier of the 7.4�m band. It must be noted however that besides the
7.4�m band, a feature at 6.3�m is present in the W33A spectrum which could be ascribed
to HCOO�. On the other hand, while an assignment of the 7.4�m feature to the CH bending
mode of CH3HCO is consistent with the W33A 5–8�m spectrum, there is no additional
spectroscopic support for the presence of this molecule. The new spectroscopic data therefore
seem to support an assignment of the 7.4�m band toHCOO� rather than toCH3HCO. From
an astrochemical viewpoint, there are viable chemical routes for both carriers in interstellar
ices.
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Abstract

We present the first detection of the �3 ro-vibrational band of gas-phase SO2

in absorption in the mid-infrared spectral region around 7.3�m of a sample of
deeply embedded massive protostars. Comparison with model spectra shows that
the derived excitation temperatures correlate with previous C 2H2 and HCN stud-
ies, indicating that the same warm gas component is probed. The SO 2 column
densities are similar along all lines of sight suggesting that the SO2 formation
has saturated, but not destroyed, and the absolute abundances of SO 2 are high
(�10�7). Both the high temperature and the high abundance of the detected
SO2 are not easily explained by standard hot core chemistry models. Likewise,
indicators of shock induced chemistry are lacking.
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5.1 Introduction

OBSERVATIONS with the Infrared Space Observatory (ISO) have dramatically increased
our knowledge of the active chemistry occurring within star-forming regions. Extensive

studies have revealed a vast richness of solid-state molecules embedded in icy grain mantles
(Ehrenfreund & Schutte 2000) which highlight the crucial role of grain surface chemistry in
molecule formation. Paralleling this, the infrared and submillimeter (Boonman et al. 2000;
Lahuis & van Dishoeck 2000; van der Tak et al. 2000a) observations of gas-phase molecules
directly probe the chemical and physical conditions of the star-formation process. By com-
bining the solid-state and gas-phase observations, a detailed picture of the evolving chemistry
emerges which can serve as a stringent test of proposed chemical models of star-forming re-
gions.

Sulphur-bearing species are particularly interesting to study as they were originally pro-
posed as tracers of shocks since the increased availability of OH radicals will lead to en-
hanced abundances of specific molecular species (Hartquist et al. 1980). The chemistry of
sulphur-bearing molecules in warm gas is essentially governed by neutral-neutral reactions
involving H2S formed on grain surfaces and subsequently evaporated into the gas-phase (c.f.
Charnley 1997). The destruction of H2S frees atomic sulphur, which can then readily react
with OH and O2 to produce SO. SO2 is easily formed through the conversion of SO by OH.
Above�200–300K, the OH radicals are driven into H 2O and the formation of SO2 is halted.
Except for the detection of the �3 band of gas-phase SO2 in emission towards Orion (van
Dishoeck et al. 1998), only purely rotational lines of SO 2 in the submillimeter have been
detected toward massive star-forming regions. Abundances of �10�9 (Schreyer et al. 1997)
are typically derived which are much lower than model predictions (Charnley 1997). SO 2

abundances up to 10�7 are only found in Orion-KL in the so-called plateau gas associated
with the low-velocity outflow (e.g. Blake et al. 1987, Sutton et al. 1995). This gas is known
to contain high abundances of OH (Melnick et al. 1987), and hence, the formation of SO 2 is
intimately connected with the availability of reactive OH.

Here we present the first detection of infrared gas-phase SO2 in absorption in the �3
ro-vibrational band towards a sample of embedded massive protostars.

5.2 Observations and reduction
High resolution AOT 6 (�=�� � 1600) grating mode observations of the massive protostars
presented in this article were made with the Short Wavelength Spectrometer (SWS) on-board
ISO. The �3 ro-vibrational mode of SO2 lies within Band 2C which suffers from instrumen-
tal fringing of varying severity. In order to extract unimpeded SO 2 �3 absorption profiles, the
fringes were corrected for by dividing the observed fluxes by cosine functions fitted to the
data in wavenumber space (Lahuis & van Dishoeck 2000). The data were flat-fielded to the
average level and then rebinned to the wavelength grid with a constant binsize of 0.003 �m
which corresponds to �=�� � 2500: The fully reduced 7—8 �m spectra are shown in Fig-
ure 5.1, where the noise level is approximately 4–5 % for 3� significance.

5.3 Absorption features

The 7—8 �m spectra (Fig. 5.1), towards all lines of sight, display a richness of broad and
narrow absorption features attributable to solid-state and gas-phase molecular species. The
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Figure 5.1— ISO-SWS AOT 6 spectra towards six massive protostars. The thin solid lines indicate the locally
defined 4th order polynomials adopted as the continua. Some of the sources were offset for clarity by a constant
factor indicated in the brackets.

region is dominated by the red wing of the 6.85 �m feature and the blue wing of the 10 �m
silicate feature (Keane et al. 2001a). The feature near 7.6 �m is well fitted by gas-phase
and/or solid CH4 (Boogert et al. 1997; Dartois et al. 1998). The spectra in Fig. 5.1 show
evidence for weak features between 7.2 �m and 7.4 �m. The spectrum of Mon R2:IRS3
is particularly revealing in that it shows a narrow absorption feature at 7.342 �m flanked
by broader red- and blue-shifted bands. This structure is reminiscent of the P, Q, and R
branch structure of gaseous molecules. The other sources show similar structure albeit less
pronounced due to the presence of gas-phase H 2O absorption lines (Boonman et al. 2000). A
weak broad feature has been seen toward W 33A centered at 7.25 �m and has been attributed
to solid HCOOH (Keane et al. in prep.). However, this feature is easily distinguished from
the spectral structure observed here as it is shifted to the blue and cannot explain the observed
Q- and P-branch structure. We attribute the spectral structure between 7.2 �m and 7.4 �m to
gas-phase SO2.

5.4 Gas-phase SO2
The modeling of the spectra has been performed using synthetic spectra from Helmich
(1996) combined with the molecular line data from the HITRAN 2000 database
(http://www.hitran.com). Following the same analysis as in Lahuis & van Dishoeck (2000)
and Boonman et al. (2000) a homogeneous source has been assumed with a single temper-
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Figure 5.2— Synthetic gas-phase SO2 spectra calculated at various temperatures and column densities for a
spectral resolution R� 2000. For all panels the Doppler parameter is 3 km s�1 . The dashed line shows the shift in
the R-branch as a function of increasing excitation temperature.

ature Tex and column density N . Since the SO2 models are not sensitive to the linewidth,
a Doppler b parameter of 3 km s�1 is adopted here, corresponding to the mean value of
the submillimeter SO2 lines. Figure 5.2 illustrates the expected spectral structure of the �3
ro-vibrational band of gas-phase SO2 for different column densities and excitation temper-
atures. A global comparison with the observations shows that the observed features imply
typically a column of a few times 1016 cm�2 of warm (>

�
200 K) SO2.

Using these models, we have made detailed fits to the observed absorption features. Half
of the sources show the presence of strong gas-phase H2O absorption in the �2 ro-vibrational
band extending well into the 7.2–7.5 �m region. Therefore the H 2O model fits of Boonman
et al. (2000) have been included in the modeling of gas-phase SO 2. In the sources GL 2591,
NGC 7538:IRS1, and GL 2136 gas-phase CH4 is also present and this has been included
in the models, although it affects the SO2 band only moderately ( <

�
2%). The best fitting

models have been determined using the reduced � 2
� -method and are shown in Fig. 5.3. The

corresponding excitation temperatures and column densities are listed in Table 5.1.
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Table 5.1— SO2 excitation temperatures and column densities in comparison with other gas-phase molecules.

Source Tex (K) N (1016 cm�2) N (SO2)

N (H2)c

SO2 H2O
a COb
hot HCNc C2H2

c SO2 H2O
a COb
total COb
hot HCNc C2H2

c 10�7

Mon R2:IRS3 225+50�70 300 310d — — 4�0.8 60 980d 444d — — 8.2
W 3:IRS5 450+100�100 400 577 400 500 5�0.8 40 2580 1260 0.5 0.3 3.8
GL 2136 350+100�50 500 580 600 800 6�0.8 150 2200 1500 3.5 1.5 5.5
GL 2591 750+70�100 450 1010 600 900 6�0.4 350 1280 558 4 2 6.3
GL 4176 350+175�75 400 >

�

500c 500 700 4�1.0 150 1600c 800c 2 1 5.0
NGC 7538:IRS1 700+300�400 176b 176 600 800 4�1.0 <20 1740 840 1 0.8 4.7

a Boonman et al. 2000 unless otherwise noted; b Mitchell et al. 1990 unless otherwise noted, using 13CO and assuming

12CO/13CO = 60; c Lahuis & van Dishoeck 2000; d Giannakopoulou et al. 1997
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Figure 5.3— The continuum divided spectra upon which the best fitting models (grey) are superimposed. Also
shown are the H2O model spectra (offset) used for the modeling except in the case of NGC 7538:IRS1. The position
of the gas-phase CH4 band is indicated for the sources where it was included in the modeling along with the SO2 Q,
R, and P branches (thick solid lines).

5.5 Discussion

Molecular abundances can serve as a direct means of probing the chemical history of star-
formation. The derived SO2 excitation temperatures range from 200�700K and are in good
agreement with those inferred for HCN and C2H2 (Table 5.1), which are good tracers of
warm gas (Lahuis & van Dishoeck 2000). The SO2 column densities show little variation
from source to source with typical abundances of 4–8� 10�7 relative to the total H2. The
infrared SO2 abundances are roughly consistent with the SO2 abundances of�10�7 observed
in the submillimeter towards the Plateau, the Compact Ridge, and the Hot Core in Orion
(Sutton et al. 1995). The relative constancy of the Orion SO 2 abundances is striking given
the physical differences that exist between the afore mentioned regions in Orion. On the other
hand, the derived SO2 abundances in hot cores are much higher than SO 2 abundances in dark
clouds (Irvine et al. 1983). More recently, Hatchell et al. (1998) have found gas-phase SO 2

abundances of 5�10�10 to 2�10�8 in hot core regions, which are a factor of �10 less than
what is derived here. Some of this difference may well reflect the beam dilution suffered by
the submillimeter observations. Thus, given the Orion template, there are two possible origins
for the high abundance of gaseous SO2:-hot core chemistry or shock induced chemistry.

In hot core chemistry, the SO2 originates from oxidation of sulphur bearing species by
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OH (Charnley et al. 1997). This limits the SO2 to gas with temperatures in the range� 100 to
� 200 K. The observed SO2 temperature is well above this, though it is possible that this high
temperature reflects radiative pumping by the dust. Moreover, HCN and C 2H2 appear in gas
with similar temperatures to that of the SO2. This is difficult to reconcile since the formation
of SO2 becomes very inefficient for temperature above�230 K, whereas the route to HCN is
greatly enhanced (Charnley 1997; Boonman et al., 2001; Rodgers & Charnley 2001). Thus,
SO2 cannot be abundant in gas which has become enriched in HCN through the removal of
OH. The SO2 and HCN abundances must therefore peak at different radii from the protostar
in order for standard hot core models to be compatible. Alternatively, the SO 2 may be formed
on grains surfaces and then be released into the gas by evaporation. Grain surface chemistry
models predict an abundance of � 3 � 10�3 relative to H2O on the ice (Tielens & Hagen
1982; Tielens private communication), which is a factor >

�
10 less than what is derived here.

Another aspect is that the SO2 column density does not vary between the sources, whereas
H2O shows large variation. The constancy of the SO2 column density can be explained by
the fact that the SO2 is only abundant in a narrow zone between �90 K (the ice evaporation
temperature) and �230–300K (the OH ! H2O transition), whose mass does not vary much
in spite of the different total masses of the sources (Doty et al., in prep.).

The presence of SO and SO2 has often been quoted as evidence for shocks (Hartquist et
al. 1980). The degree to which the SO2 abundance is enhanced depends on whether most
of the sulphur is initially in atomic form (� 10�7, Pineau des Forêts et al. 1993) or locked
up in stable molecules (� 10�8, Leen & Graff 1988). A good aspect of the shock induced
chemistry hypothesis is that the SO2 and HCN may be colocated in gas which contains freshly
(i.e., <

�
3.4�104 yr) released grain mantle molecules. However, the lack of increased SO 2

line widths at submillimeter wavelengths would seem to indicate the decay of shock activity
within the region sampled by the submillimeter observations. In addition, the presence of
fragile molecules sensitive to destruction by shocks (e.g. H2CO; van der Tak et al. 2000b)
makes shock-induced chemistry less likely as the source of SO2 for these sources.

In general, the gaseous SO2/H2S ratio serves as a sensitive chemical clock for the star
formation process and searches for these molecules at high spectral resolution are needed to
help resolve the issue of the origin of the gas-phase SO2.
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The obscured mid-infrared

continuum of NGC 4418:- A dust-
and ice-enshrouded AGN

Originally published as H.W.W. Spoon, J.V. Keane, A.G.G.M. Tielens, D. Lutz, A.F.M.
Moorwood, A&A 357, 898, (2001)

Abstract

We report the detection of absorption features in the 6–8�m region superim-
posed on a featureless mid-infrared continuum in NGC 4418. For several of
these features this is the first detection in an external galaxy. We compare the
absorption spectrum of NGC 4418 to that of embedded massive protostars and
the Galactic centre, and attribute the absorption features to ice grains and to
hydrogenated amorphous carbon grains. From the depth of the ice features, the
powerful central source responsible for the mid-infrared emission must be deeply
enshrouded. Since this emission is warm and originates in a compact region, an
AGN must be hiding in the nucleus of NGC 4418.
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6a.1 Introduction

THE ISO mission has considerably enhanced our knowledge of the mid-IR properties of
normal, starburst, Seyfert and Ultra-luminous Infrared Galaxies (ULIRGs). The spectra

of most sources are dominated by ISM emission features, the most prominent of which are
the well-known PAH emission bands at 6.2, 7.7, 8.6, 11.3 and 12.7�m. The PAH features
and the emission lines have been used qualitatively and quantitatively as diagnostics for the
ultimate physical processes powering the galactic nuclei (Genzel et al. 1998; Lutz et al. 1998;
Rigopoulou et al. 1999; Tran et al. 2000). A broad absorption band due to the Si-O stretch-
ing mode in amorphous silicates, centered at 9.7�m, is also commonly detected in galaxies.
Since the center of the silicate absorption coincides with a gap between the 6.2–8.6�m and
11.3–12.8�m PAH complexes, it is not readily apparent whether a 9.7�m flux minimum
should be interpreted as the “ trough” between PAH emission features or as strong silicate
absorption, or as a combination of the two. In spectra observed towards heavily extincted
Galactic lines of sight, a strong silicate feature is often accompanied by ice absorption fea-
tures in the 6–8�m region (e.g. Whittet et al. 1996). Until recently this combination had
not been reported in equally extincted extragalactic sources, despite detections of ice features
at shorter wavelengths (Spoon et al. 2000; Sturm et al. 2000). In this Letter we report on
the detection of ices in the strongly absorbed, ISO-PHT-S spectrum of NGC 4418, a nearby
(D=29 Mpc; 1arcsec=140pc) luminous (L IR=1011 L�) bright IRAS galaxy. NGC 4418 and
the distant ULIRG IRAS 00183-7111 (Tran et al. 2000) are the first detections of these ice
features in external galaxies.

NGC 4418 is well-known for its deep 9.7�m silicate feature (Roche et al. 1986). Ad-
ditional evidence for strong extinction is the weakness (H�) and absence (H�, Br�, Br) of
hydrogen recombination line emission (Kawara et al. 1989; Ridgway et al. 1994; Lehnert
& Heckman 1995; L.Kewley, priv.comm.), commonly detected in galaxies. HST-NICMOS
images (Scoville et al. 2000) show hardly any structure in the inner 400pc�400pc, except
for large scale extinction (�AV �2). The IRAS colors of NGC 4418 indicate that — unlike
most other galaxies — the 12–100�m emission of NGC 4418 is dominated by a warm dust
component, peaking shortward of 60�m (see Fig. 6a.1). VLA radio maps at 6 and 20 cm
(Condon et al. 1990; Eales et al. 1990) show NGC 4418 to be compact (70pc�50pc at most).
This, as well as the presence of large quantities of warm dust, has been taken as evidence for
the presence of an otherwise hidden AGN in NGC 4418. In this Chapterwe present mid-IR
spectral evidence lending further support for the presence of an AGN in NGC 4418.

6a.2 Observations

A low resolution (�/�� �90) ISO-PHT-S spectrum of the central 24 00�2400 of NGC 4418 was
obtained on 1996 July 14 as part of a project on the interstellar medium of normal galaxies
(Helou et al. 2000). The measurement was carried out in triangular chopped mode, using
a chopper throw of 150arcsec. The resulting spectrum is thus free of contributions from
zodiacal light. The ISO-PHT-S data were reduced using PIA 8.2. The absolute calibration is
accurate to within 20%. The resulting spectrum is shown in Fig. 6a.1.

In Fig. 6a.1 we compile the 1–3000�m (spectro)photometric observations of NGC 4418,
including the new, standard reduced, ISO-PHT-S, ISO-CAM and ISO-LWS observations.
Stellar emission probably dominates the near-IR regime up to 4�m, beyond which a strong
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Figure 6a.1— The 1-3000�m spectral energy distribution of NGC 4418, including the new ISO-PHT-S, ISO-
CAM and smoothed ISO-LWS data. The data shown in grey is the spectrophotometry of Roche et al. (1986). Other
data shown has been taken from Dudley (1997), Lisenfeld et al. (2000), Roche & Chandler (1993), Soifer et al.
(1989) and Wynn-Williams & Becklin (1993). The dotted and dashed curves show two choices for the local mid-IR
continuum. The dotted line interpolates the peaks of the observed data, whereas the dashed line assumes a stronger
18�m silicate absorption.

mid-infrared continuum sets in. The SED reveals that a substantial part of the emission
emanates from optically thick warm dust (Roche & Chandler 1993; Lisenfeld et al. 2000),
peaking at 40–60�m. Also shown in Fig. 6a.1 are two equally possible choices of local
continuum which we have adopted to analyse the ice, hydrogenated amorphous carbon (HAC)
and silicate absorption. This will be discussed in detail in Section 6a.3.2.

6a.3 The mid-IR spectrum of NGC 4418

6a.3.1 Spectral features

The mid-IR spectrum of NGC 4418 (Fig. 6a.2) bears little resemblance to the spectrum of
(almost) any other galaxy obtained by ISO. The spectra of normal and starburst galaxies
(Rigopoulou et al. 1999; Helou et al. 2000) are dominated by strong PAH emission fea-
tures. Seyfert galaxies with a clear line of sight to AGN-heated hot dust, on the other hand,
are dominated by a strong mid-IR continuum with PAHs barely recognizable (Clavel et al.
2000). The mid-IR spectrum of NGC 4418 is rich in features but does not resemble PAH
spectra. Rather it is similar to spectra observed towards heavily extincted Galactic lines of
sight, such as deeply embedded massive protostars or the Galactic centre (Fig. 6a.2). These
show no evidence for PAH emission features but do show strong absorption features. A sim-
ple criterion for the role of PAH emission and absorption features is based on the location
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Figure 6a.2— A comparison of the ISO spectra of NGC 4418, M 82, the embedded massive protostar W 33A and
the Galactic centre (Sgr A�). Except for NGC 4418, the spectra have been scaled and offset. We removed the strong
7�m [Ar II] line from the Sgr A� spectrum. The vertical dashed lines facilitate comparision between the four spectra
with well known Galactic absorption features. The arrows mark the rest wavelengths of the 6.2, 7.7, 8.6 and 11.3�m
PAH features. The zero flux levels for M 82, NGC 4418 and W 33A are indicated with horizontal dotted lines.

of maxima in the 6–7�m region: PAH spectra show the 6.2�m emission feature, whereas
absorption spectra show a peak at 6.5–6.7�m, which is not an emission feature but a window
of reduced absorption between two features.

A detailed comparison of the absorption features with Galactic templates may be able
to shed further light on the origin of the extinction in NGC 4418. The absorption features
were determined by fitting a local polynomial to the peaks of the 5.8–8�m spectrum of
NGC 4418. The absence of the 6.2�m PAH feature indicates that emission features are very
weak in the spectrum, and justifies this simple procedure to derive the shape and depth of the
absorption features. Fig. 6a.3 shows the resulting NGC 4418 optical depth spectrum along
with the optical depth spectrum of ices towards the massive protostar W 33A (Gibb et al.
2000) and the spectrum of the Galactic centre (Sgr A�), which displays absorptions due to
ices as well as features due to dust in the diffuse ISM (Chiar et al. 2000). The spectrum of
NGC 4418 shows absorption features at 6.0, 6.8, 7.3, 7.6, 10 and 18�m (Table 6a.1). The
6.0�m feature in NGC 4418 is similar to that in the Galactic sources but with a perhaps more
pronounced long wavelength wing. The 6.85�m feature is considerably narrower than the
molecular cloud feature but is similar in width to the diffuse ISM feature. The band at 7.3�m
is substantially broader than the molecular cloud and diffuse ISM features. The absorption
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Figure 6a.3— The optical depth spectra for W 33A, NGC 4418, and Sgr A�. The vertical lines indicate the posi-
tions of the 6.0, 6.85, 7.3, and 7.6�m ice and HAC absorption bands seen toward Galactic lines of sight.

band near 7.6�m is similar to that observed locally.

The presence of ice along the line of sight toward NGC 4418 is suggested by the iden-
tification of the 7.6�m band with CH4 (Boogert et al. 1996, 1997) and by the presence of
the 6.0�m band due to H2O ice (Keane et al. 2001a; Chiar et al. 2000). The origins of
the 6.85�m and 7.3�m bands in NGC 4418 are unclear. Interstellar ices also show features
at these wavelengths, however, their relative strengths as well as widths are markedly dif-
ferent in NGC 4418. The 6.85�m and 7.3�m band ratios are consistent with the features
observed towards Sgr A�, which have been attributed to CH deformation modes in HAC-like
dust grains (Chiar et al. 2000). Thus, as for the Galactic centre, both ice characteristics for
shielded dense molecular cloud environments and HAC-like grain characteristics for diffuse
ISM dust seem to be present along the line of sight. This conclusion could be tested through
observations in the 3�m window, which contains the strong 3�m H 2O ice band and the
3.4�m CH stretching modes of HAC materials. Guided by variations seen for the Galactic
centre region (Chiar et al. 2000), and between M 82 and NGC 1068 (Sturm et al. 2000), we
speculate that the relative weight of ice and HAC components may vary considerably among
galaxies.

6a.3.2 Dust and ice column densities

The column densities of the ice species can be derived by dividing the integrated optical depth
(�int) by the molecular band strength (Gerakines et al. 1995; Boogert et al. 1997). Table 6a.1
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Table 6a.1— Observed parameters for the NGC 4418 features.

� � �int carrier N
[�m] [cm�1] [1017 cm�2]
6.0 0.8 87 H2O 73
6.85 1.1 27 HAC? �200
7.3 0.6 12 HAC? �200
7.67 0.12 1.2 CH4 1.6
9.7 7 — silicates —
18 �1.5 — silicates —

atomic H �2�106�
�Column to the mid-IR dust source calculated assuming galactic
gas to dust ratios. Note that the X-ray absorbing column to the
central engine may be even higher.

summarizes the computed column densities of CH4 and H2O ice. The column densities are
consistent with those derived for embedded massive protostellar objects in molecular clouds
(Boogert et al. 1996; Keane et al. 2001a). Also shown in Table 6a.1 are the calculated HAC
column densities for the 6.85 and 7.3�m bands, assuming the intrinsic integrated band inten-
sities for saturated aliphatic hydrocarbons from values by Wexler (1967). These integrated
intensities are stronger than other current literature values (Sandford et al. 1991; Furton et al.
1999). For NGC 4418 a substantial fraction of the carbon is locked up in HAC (�20%) as
compared to the Galactic centre (a few % in Sgr A�; Pendleton et al. 1994).

As mentioned previously (Sect. 6a.2), two continua, differing only longward of 8�m were
considered for NGC 4418 (Fig. 6a.1). The effect of the different continua on the silicate fea-
ture is noticable when fitting the silicate profile by the Galactic Centre Source GCS 3, a pure
absorption feature, i.e. no intrinsic emission (Figer et al. 1999). However, the exact opti-
cal depth is still difficult to determine due to saturation of the silicate feature in NGC 4418.
Adopting the dotted line in Figure 6a.1 results in a NGC 4418 silicate profile in which the
blue wing is well matched but the red wavelength wing is poorly fitted by the GCS 3 pro-
file. If however the dashed line is adopted, then the fit to the red wing improves while still
maintaining a reasonable match to the blue wing of the 10�m silicate band. The 9.7�m
and 18�m optical depths for the second case are �9:7 �7 (corresponding to AV �130) and
�18 �1.5. These numbers, along with the derived hydrogen column density, are shown in
Table 6a.1. The apparent optical depth ratio of the 9.7/18�m silicate bands, regardless of
adopted continuum, is significantly larger than the ratio determined by Demyk et al. (1999)
for two Galactic protostars. This might suggest that complex radiative transfer effects are
important.

6a.4 Discussion and conclusions

We have compared the ISO-PHT-S spectrum of NGC 4418 with spectra of our template
sources and found no sign of PAH emission, neither from the nucleus, nor from that part
of the disk contained within the 24 00� 2400 ISO-PHT-S aperture. Instead we found deep
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absorption features imposed upon a featureless mid-IR continuum. We identify the 6–8�m
absorption features with foreground ices and HAC-like grains.

The nature of the central source in NGC 4418 cannot be infered from the observed mid-
to far-IR spectrum alone, given the absence of any “signposts” , like the 6.2�m PAH emis-
sion feature (FPAH <6�10�20 W/cm2), and of fine structure lines ([O I], [CII] and [O III],
Malhotra et al. (1999); F[NeII] <2.3�10�20 W/cm2, from archival ISO-SWS data). Both a
heavily enshrouded AGN or a similarly extincted nuclear starburst could be responsible for
the observed continuum. Even if a starburst could be accomodated within the compact central
source (<70 pc in the mid-IR (Scoville et al. 2000) and 25–70 pc at 6 and 20 cm (Eales et al.
1990; Kawara et al. 1990)), it would be highly unlikely to block the escape of any mid-IR
starburst indicator from a region of that size. The most likely origin is therefore a heavily
enshrouded AGN as suggested previously by Roche et al. (1986), Kawara et al. (1990) and
Dudley & Wynn-Williams (1997). The 0.1 00 point source (5mJy) detected with the Parkes
Tidbinbilla Interferometer (PTI) at 13cm (Kewley et al. 2000; L.Kewley, priv.comm.) may
actually pinpoint the AGN itself. Far-IR to millimetre sizes are less well constrained but the
warm IRAS colours suggest that the emission in this range also arises in the nuclear region.

Our finding of strong absorptions due to cold silicates and ices in NGC 4418 leads us
to believe that the same absorptions may be present in the mid-IR spectra of other galaxies.
Indeed, we have found similar absorptions in about a dozen of 225 galaxies observed spectro-
scopically by ISO. Spectral identifications have to be done with great care since simultaneous
presence of PAH emission makes other spectra more complex than the one of NGC 4418.

Since the overall shape of the NGC 4418 6–11�m spectrum with its maximum near 8�m
mimicks at first glance a PAH spectrum, we point out the need for high S/N spectra to clearly
identify the indicators for bona fide PAH spectra or absorption dominated spectra. The most
obvious discriminator is the 6.2�m PAH peak to be contrasted with the 6.5–6.7�m pseudo-
maximum in absorption spectra, which is due to a window between two absorption features.
In a forthcoming paper we will address this issue for our large ISO galaxy sample.
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Originally published as H.W.W. Spoon, J.V. Keane, A.G.G.M. Tielens, D. Lutz, A.F.M.

Moorwood, submitted to A&A

Abstract

Mid infrared spectra provide a powerful probe of the conditions in dusty galac-
tic nuclei, because they contain tell-tale signs of the emission features associ-
ated with regions of star formation, ice absorptions due to cold molecular cloud
material, and silicate absorptions in circumnuclear regions. Here we report the
detection of 6–8�m water ice absorption in 19 galaxies observed by ISO. While
the mid-IR spectra of some of these galaxies show a strong resemblance to the
heavily absorbed spectrum of NGC 4418, other galaxies in this sample also show
weak to strong PAH emission. The 19 ice galaxies are part of a sample of 104
galaxies with good S/N mid-IR ISO spectra. Based on our sample we find that
ice is present in most of the ULIRGs, whereas it is weak or absent in the large
majority of Seyferts and starburst galaxies. This result is consistent with the pres-
ence of larger quantities of molecular material in ULIRGs as opposed to other
galaxy types.
Like NGC 4418, several of our ice galaxy spectra show a maximum near 8�m
that is not or only partly due to PAH emission. While this affects only a small
part of the galaxy population studied by ISO, it stresses the need for high S/N
data and refined diagnostic methods, to properly discriminate spectra dominated
by PAH emission and spectra dominated by heavy obscuration.
The spectral variation from PAH emission to absorbed continuum emission near
8�m shows strong similarities with Galactic star forming clouds. This leads us
to believe that our classification of ice galaxy spectra might reflect an evolution-
ary sequence from strongly obscured beginnings of star formation (and AGN
activity) to a less enshrouded stage of advanced star formation (and AGN activ-
ity), as the PAHs get stronger and the broad 8�m feature weakens
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6b.1 Introduction

PRIOR to the ISO mission, the mid-IR spectra of galaxies could only be studied from
the ground in certain windows of reduced atmospheric absorption. For the far brighter

Galactic sources less limitations applied, as these could be studied with airborne telescopes,
like the Kuiper Airborne Observatory (KAO: 1974-1995). Hence, before the advent of ISO,
most of the prominent mid-IR ISM features had already been studied in some detail for
Galactic sources, but not yet for extragalactic sources. Equipped with three mid-IR spec-
tro(photo)meters, ISO has since enhanced considerably our knowledge of the mid-IR spectral
properties of normal, starburst, Seyfert and Ultra-luminous Infrared Galaxies (ULIRGs).

The mid-IR spectra of most sources are dominated by ISM emission features, the most
prominent of which are the well-known PAH emission bands at 6.2, 7.7, 8.6, 11.3 and
12.7�m. The PAH features and the emission lines have been used qualitatively and quan-
titatively as diagnostics for the ultimate physical processes powering galactic nuclei (Genzel
et al. 1998; Lutz et al. 1998; Rigopoulou et al. 1999; Clavel et al. 2000; Helou et al. 2000;
Tran et al. 2000). A broad absorption band due to the Si-O stretching mode in amorphous
silicates, centered at 9.7�m, is also commonly detected in galaxies. Since the center of the
silicate absorption coincides with a gap between the 6.2–8.6�m and 11.3–12.8�m PAH com-
plexes, it is not readily apparent whether a 9.7�m flux minimum should be interpreted as the
“ trough” between PAH emission features or as strong silicate absorption, or as a combination
of the two.

In spectra observed towards heavily extincted Galactic lines of sight, like deeply embed-
ded massive protostars, a strong silicate feature is often accompanied by mid-IR ice absorp-
tion features due to molecules, believed to be frozen onto the grain mantles (Whittet et al.
1996; Keane et al. 2001). Among the simple ice molecules that have been identified in these
grains are: H2O, CO2, CH3OH, CO and CH4 ice. The first detections of interstellar ices in
external galaxies were reported by Spoon et al. (2000) and Sturm et al. (2000) in the nuclear
spectra of NGC 4945, M 82 & NGC 253. At the low resolution of the ISO-PHT-S spectropho-
tometer a deep and broad 3.0�m water ice feature, with the red wing extending far beyond
the 3.3�m PAH feature, is clearly visible in the spectrum of NGC 4945. Also identified in
the spectrum of NGC 4945 are absorptions due to 4.26�m CO 2 ice and the unresolved blend
of 4.62�m ‘XCN’ with 4.67�m CO ice and 4.6–4.8�m CO gas.

The first detections of 6–8�m ices in extragalactic sources were made in the strongly
absorbed mid-IR spectra of NGC 4418 (Spoon et al. 2001) and IRAS 00183-7111 (Tran et al.
2001). Especially rich is the spectrum of NGC 4418, which displays absorption features due
to 6.0�m water ice, 6.85 & 7.3�m hydrogenated amorphous carbons (HAC) and 7.67�m
CH4 ice, accompanied by a very deep 9.7�m silicate feature.

Encouraged by these findings we have searched our database of �250 galaxies observed
spectroscopically by ISO for galaxies showing similar 6–8�m absorptions. In this Chapter
we present the outcome of this search, which resulted in a sample of 19 galaxies showing
evidence for the presence of 6.0�m water ice. Section 6b.2.1 describes the sample. In Sec-
tion 6b.3 we discuss the complex interplay of 6.0�m water ice absorption and 5.25, 5.7 &
6.25�m PAH emission as well as the effect of redshift on the detectability of the blue wing
of the water ice feature in ISO data. Section 6b.4 describes the classification of the ice galax-
ies. In Section 6b.5 we present the absorption and emission profile analysis. The results are
discussed in Section 6b.6. Conclusions are stated in Section 6b.7.
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6b.2 Observations

6b.2.1 ISO galaxy sample

In order to study the mid-infrared spectral properties of galaxies we have created a database of
some 270 ISO galaxy spectra. The database has been compiled from observations performed
with the PHT-S, CAM-CVF and SWS-01 instrument modes of ISO. The database comprises:

� Nearly all ISO-PHT-S galaxy observations, except for galaxies at R.A. 13–24 hrs from
the “Normal Galaxy” program (P.I. G. Helou).

� Four ISO-SWS-01 spectra of nearby galactic nuclei (Sturm et al. 2000).

� ISO-CAM-CVF spectra from the ZZULIRG proposal (Tran et al. 2001), as well as the
active galaxy spectra discussed by Laurent et al. (2000).

By nature, this sample is not complete in any strict statistical sense.

6b.2.2 Selected sample

We have defined a subsample of galaxies with good S/N spectra and sufficient wavelength
coverage blueward of 6.0�m. The criteria we applied were (S/N) 6:5�m>8 and, for ISO-
PHT-S in addition, cz>3000 km/s. The resulting sample of 104 galaxies misses many of the
observations of fainter ULIRGs and nearby galaxies in the ISO archive. It is dominated by
Seyferts, which constitute nearly half the sample.

Within this sample we found 18 more galaxies showing 6.0�m H 2O ice absorption
(Figs. 6b.5—6b.8). We also looked for galaxies showing the opposite: no sign of water ice
up to �ice <0.1–0.3 along the line of sight. Within our sample of 104 good S/N galaxy spec-
tra, 28 galaxies fulfil this criterion. Examples of ice-poor galaxies are shown in Figs. 6b.2,
6b.9 & 6b.10. For the remaining 50 out of 104 galaxies, the quality of the spectra is either
not good enough to detect the presence of a 6.0�m water ice feature (a higher S/N criterion
would have biased the sample against PAH-dominated spectra, which are weaker at 6–7�m
than continuum dominated AGN spectra), or to establish an upper limit better than 0.3 for the
amount of water ice.

In the following Sections we show spectra for 32 galaxies. These spectra were obtained
using the ISO-CAM-CVF (Cesarsky et al. 1996), ISO-PHT-S (Lemke et al. 1996) and ISO-
SWS (De Graauw et al. 1996) spectro(photo)meters aboard ISO (Kessler et al. 1996).

The ISO-CAM-CVF spectra of galaxies I 00183–7111, I 00188–0856, Arp 220 and
I 23515–2917 have been taken from Tran et al. (2001). The ISO-CAM-CVF spectra of
NGC 253, NGC 520, NGC 613, NGC 1068, M 82, NGC 1365, NGC 1808, NGC 4945, M 83,
Circinus and I 23128–5919 have been taken from Laurent et al. (2000).

The ISO-PHT-S spectra of galaxies Mrk 334, NGC 23, I 01173+1405, NGC 828, I 04385–
0828, I 05189–2524, MGC 8–11–11, I 06035–7102, UGC 5101, Mrk 231, Mrk 273, Mrk 279,
I 15250+3609, Arp 220, I 17208–0014, PKS 2048–57, I 20551–4250 and I 23128–5919 have
been reduced using standard routines of PIA 1 versions 8.1–9.0.1. The ISO-PHT-S spectra of
NGC 4418 and NGC 4945 have been taken from Spoon et al. (2001) and Spoon et al. (2000),
respectively.

1PIA is a joint development by the ESA Astrophysics Division and the ISO-PHT Consortium
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The ISO-SWS spectrum of the nucleus of NGC 1068 has been taken from Sturm et al.
(2000), that of the Orion Bar from Peeters et al. (in prep.), and, finally, that of the nucleus of
Circinus from Moorwood et al. (1996).

6b.3 Ice absorption and PAH emission in the 5–7�m region

Before discussing the presence and strength of ice features in the sources of our sample, we
illustrate the interplay of emission and absorption using a simple toy model. This is nec-
essary since the 6�m ice feature is not always seen against a well-defined continuum. The
‘PAH’ emission features at 7.7, 6.2, 5.7, and 5.25�m may be present as well, leading to pos-
sible confusion of minima between emissions with absorption. In addition, the wavelength
coverage of the ISO data limits the accessible range, in particular for low redshift objects ob-
served with ISO-PHOT-SL (starting at 5.84�m). Our model produces high resolution spectra
(R=�=�� � 1000) of the 5–7�m spectral region, comprising an H 2O ice absorption fea-
ture and PAH emission bands superimposed on a continuum. Here, we describe the various
components of the model, the consequences of rebinning to the lower ISO-PHT-S and ISO-
CAM-CVF resolution (R �40–90) and also explore the effect that extinction may have on
the resulting spectra. In addition, we produce model-spectra at different redshifts in order
to investigate the effect that this has on the spectral signatures, in particular the relationship
between redshift and wavelength coverage, which is particularly important for ISO-PHT-
S spectra.

6b.3.1 Components of the model

The components chosen for the model closely mimic absorption (ice) and emisson (PAH)
features seen toward a variety of Galactic objects that have been extensively studied at high
resolution. The spectra are modelled as: Fcontinuum � exp[��(H2Oice)] + PAHs. In order
to allow easy comparison of the model generated pseudo-spectra, a false flat continuum is
adopted. In Sect. 6b.5 the flat continuum is replaced by continuum choices fitting the indi-
vidual observed spectra. Our model ignores any contribution from the PAHs to the overall
continuum. This so-called PAH continuum can be seen in for instance the spectrum of the
reflection nebula NGC 7023 (Moutou et al. 1998) as the continuum extending below the
PAH features. Since the PAH continuum only serves to dilute the other continuum and its
associated ice feature, we ignore it here.

Studies of Galactic star-forming regions, in particular high mass embedded protostars,
with the short wavelength spectrometer (SWS) of ISOshow a strong absorption feature cen-
tred around 6.0�m. The bulk of this absorption band has been attributed to H 2O ice, al-
though there is also evidence of additional molecules contributing to this feature in a number
of sources (Keane et al. 2001a). As a conseqence of this, the astronomical 6.0�m feature
varies somewhat from source to source. For illustrative purposes, we have elected there-
fore to represent the 6.0�m ice absorption profile by a laboratory spectrum of amorphous
H2O ice at 12 K, which has been shown to satisfactorily reproduce the feature observed in
Galactic young stellar objects (Keane et al. 2001a). The left panel of Fig. 6b.1a shows the
profile of the 12 K H2O feature (database of the Sackler Laboratory for Astrophysics in Lei-
den: http://www.strw.leidenuniv.nl/�lab/). The most striking aspect of this
profile is the broad long wavelength wing which extends at least as far as 8.0�m. There is
little or no variation in the H2O profile for temperatures <

�
50 K. For temperatures greater
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Figure 6b.1— A sequence of plots illustrating the effect of rebinning a pseudo high resolution spectrum (left
panels) to the lower resolution of ISO-PHT-S and ISO-CAM-CVF (right panels). A redshift of CZ=12000 is adopted
and the grey scale represents the ISO-CAM-CVF rebinned spectra. The pseudo spectrum is composed of 6.0 �m
H2O ice absorption and PAH emission bands found in the 5–7 �m range, superimposed on a flat continuum as
shown in panel (a). In the remaining panels, (b, c, and d), the relative contributions of the H2O absorption and PAH
emission profiles are varied to investigate the behaviour of the spectral signatures.

than this the broad wing becomes deeper and extends well beyond 8.0�m. The right panel
of Fig. 6b.1a shows the H2O spectrum after it has been rebinned to the lower resolution of
ISO-PHT-S (histogram) and ISO-CAM-CVF (grey line), assuming a cz=12000 km s�1. The
profile is of course very similar but for the ISO-PHT-S spectrum there is incomplete pixel
coverage of the short wavelength wing when compared to the ISO-CAM-CVF spectrum.
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Figure 6b.2— A collection of spectra showing strong 5.25 and 5.7�m PAH features. The four galaxies shown in the middle and
right panels were observed using ISO-CAM-CVF, in low spectral resolution. The left panels show the spectrum of the Orion Bar,
as observed in high spectral resolution by ISO-SWS (upper left) and degraded to ISO-CAM-CVF resolution (lower left). Note that
the four galaxies shown represent the strongest cases of 5.25�m and 5.7�m PAH emission. The average galaxy may have far lower
5.25�m/6.2�m and 5.7�m/6.2�m PAH ratios
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The dominant PAH emission features (6.2, 7.7, 8.6, 11.3�m), observed toward a vari-
ety of Galactic sources, show a wide degree of variation in the detailed profile shapes and
relative intensities (Peeters et al. in prep.). On the other hand, observations of PAH emis-
sion bands in external galaxies reveal very little variation in the profiles (Rigopoulou et al.
1999; Helou et al. 2000). Since one of the main aims of the model is to investigate the
effect of rebinning spectral features to the lower resolutions of ISO-PHT-S and ISO-CAM-
CVF, adopting extra-galactic PAH emission profiles is inappropriate. Instead, high resolution
Galactic PAH emission band profiles are adopted. The ISO-SWSPAH emission spectrum of
the Orion bar PAH is chosen for the model as this is a good representation of a region of active
star-formation (Peeters et al. in prep.). The left panel of Fig. 6b.1a shows the high resolu-
tion spectrum of the Orion Bar. Apart from the typical 6.2�m PAH CC stretching mode, the
observed spectrum also shows evidence for two weak PAH emission features near 5.25�m
and 5.7�m (left panel of Fig. 6b.1a). The nature of these weak PAH features is not very well
studied but they are believed to be combinations or overtone bands involving C-H bending
vibrations (Allamandola et al. 1989). The strength of these weak bands relative to the strong
6.2�m band is variable. Of a sample of 35 compact HII regions studied by Peeters et al. (in
prep.) roughly 10% of the sources show evidence for these weak PAH bands. Consequently,
because of their variable strength, their presence is not always assured in spectra showing the
dominant PAH bands and there is no rule of thumb defining an expected ratio for the intensity
of these weak PAH bands to the 6.2�m band. The Orion bar is among the Galactic sources
with the strongest 5.25 and 5.7�m features relative to the 6.2�m feature. Comparison with
high S/N CAM-CVF spectra of the brightest nearby starbursts suggests it to be fairly repre-
sentative for those objects however (Fig. 6b.2, confirmed by SWS spectroscopy of M 82 and
NGC 253 (Sturm et al. 2000)). We hence adopt the Orion Bar as a template for the 5.25,
5.7, and 6.2�m PAH features. The PAH spectrum in Fig. 6b.1 was obtained by subtracting
a spline continuum from its spectrum. Fig. 6b.1 then suggests that in the presence of strong
PAH emission, a shallow 6.0�m ice absorption of less than about 10% of the peak height
of the 6.2�m PAH feature is very difficult to discriminate from the minimum between the
5.7 and 6.2�m PAH features, especially for the limited wavelength coverage of ISO-PHT-S.
Finally, the 7.7 and 8.6�m PAH bands have been clipped from the spectrum as they will be
dealt with separately (Spoon et al. in prep.).

The right panel of Figure 6b.1a shows the Orion-Bar PAH features rebinned to the lower
resolution of ISO-PHT-S (histogram) and ISO-CAM-CVF (grey line). In rebinning, the peak
height of the 6.2�m feature is reduced, more for ISO-CAM-CVF than for ISO-PHT-S. In the
ISO-CAM-CVF spectrum, the weak PAH bands are still present, though they are flattened
and broaded as compared to the high resolution spectrum. Only the peak of the 5.7�m weak
PAH feature is present in the ISO-PHT-S spectrum since at a cz of 12000 km s�1 the first pixel
is at 5.6�m. This is discussed further in Sect. 3.3. Finally, the location of the water (i.e., in
front, behind or mixed with the PAHs) had little effect on the resulting shape of the spectral
features, in particular on the profile of the 6.2�m feature. We hence ignored extinction on the
PAHs in our toy model. Detailed fits to the extragalactic spectra are presented in Sect. 6b.5,
in which the flat continuum is replaced by continua determined individually for each galaxy.

6b.3.2 Effects on the model of varying the component contributions and extinction

To investigate the interplay of the H2O absorption feature and the 6.2�m PAH emission
bands, the relative contribution of each component is varied. This is shown in Fig. 6b.1b–
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Figure 6b.3— Panel (a) shows a
mid-IR extinction law of the Galatic
centre derived from hydrogen re-
combinatin lines (Lutz 1999). Il-
lustrated in panel (b) is the effect
of extinction on the model spectra
for different amounts of Av , assum-
ming the above extinction curve.
The continuum level is centred at
1. As the amount of extinction in-
creases, the intensities of the 6.2,
7.7, and 8.6�m PAH bands are re-
duced as the features becomes “hid-
dden” by the extinction. The effect
is most severe for the 8.6�m band
as all profile information becomes
lost within the 10�m silicate fea-
ture.

d, where the left panel is the high resolution input spectrum and the right panel represents
the rebinned low resolution pseudo spectra of the model. The dotted line indicates the flat
continuum. Panel (b) illustrates the effect of a strong H2O band on the PAH emission bands.
Regardless of the fact that the 6.2�m features lies within the long wavelength wing of the
H2O feature, its profile is preserved (left panel). The 5.7�m weak PAH band, on the other
hand, is lost within the short wavelength wing, though there is a slight hint of a peak at
5.7�m. The 5.25�m PAH feature is still present as the H2O profile does not reach as far as
this short wavelength position. Rebinning to the low resolution of ISO-PHT-S and ISO-CAM-
CVF (right panel) shows that the H2O feature, in combination with the 6.2�m PAH emission
band, dominate the model spectrum and there is little if no evidence for the weak PAH bands
in the ISO-PHT-S spectrum. Only the ISO-CAM-CVF spectrum reveals the presence of the
5.25�m weak PAH band, due to the wider wavelength coverage. As the strength of the H 2O
absorption band is reduced (Panels (c) and (d)), the 6.2�m feature starts to dominate the
model spectra and now only weakly sits within the long wavelength wing of the H 2O feature.
Also, the spectral signature of the 5.7�m weak PAH band starts to become pronounced and
in Panel (d) the structure is clearly distinguished lying above the flat continuum. The crucial
result of this study is that the profile of the 6.2�m PAH band is little affected by the presence
of an H2O ice absorption feature. In addition, it is evident from this analysis that the weak
PAH bands do not influence the overall characteristics of the structure seen in the model
spectra. However, the weak PAH emission features may enhance/mimick the effects of weak
ice absorption.

The possible effect that extinction may have on the spectral features of the pseudo spectra
were also investigated. In light of the fact that the Galactic Center has been well studied
and also because of the homogeneous nature of the foreground extinction, the extinction
law derived by Lutz (1999) for the Galactic Centre is adopted (Fig. 6b.3a). We have also
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Figure 6b.4— A comparision of the spec-
tral apperance of panel (b) from Fig. 6b.1 re-
binned to ISO-PHT-S resolution as a func-
tion of redshift. At low redshifts the pres-
ence of 6.0 �m H2O ice absorption is not
very convincing. However, as the redshift
is increased the starting position of the first
pixel shifts to lower wavelengths resulting
in more of the 6.0 �m H2O profile being
clearly discernible. Since the wavelength
coverage of ISO-CAM-CVF (grey line) is
significantly larger than that of ISO-PHT-S,
there is not much variation in wavelength of
the first pixel with redshift.

investigated the effect of other extinction laws (Tran et al. 2001; Draine 1989) but they
are substantially the same and only the effects of the Lutz Law are discussed in detail here.
The extinction is applied as if the continuum+PAH+ice combination were behind a column
of material. Though the situation is less clear for external galaxies, this approach allows
for a qualitative assessment of the effect of extinction on the model spectra. In order to
clearly demonstrate the effect of extinction, the 7.7 and 8.6�m PAH bands of the Orion
Bar have been included. The top plot in Fig. 6b.3b shows the unextincted (A v=0) model
spectrum. As the degree of extinction increases from Av=0 to Av=25 the 8.6�m PAH band
is ”eaten away” by the short wavelength wing of the 10�m silicate feature. Eventually,
the depth of the silicate band is so great that the 8.6�m feature is completely lost within
this band. The same effect, but with less severity, is noticeable for the 7.7�m emission
feature. In the case of the 6.2�m band, the peak intensity decreases as the degree of extinction
increases, but information on the profile shape remains intact and distinguishable. Thus,
the spectral characteristics of features shortward of 7�m are unaffected by the effects of
extinction. Furthermore, due to the sensitivity of the features beyond 7�m to the degree of
extinction they have been neglected in the model.

6b.3.3 Profile appearance as a function of redshift

We have also investigated the effects of redshift combined with the limited spectral coverage
on the appearance of the spectrum. A redshift (cz) range of 0 km s�1 to 20 000 km s�1 was
chosen as this is representative of the cz range of the observed galaxies (Table 6b.1). Fig-
ure 6b.4 illustrates the spectral variation as a function of redshift. The high resolution spec-
trum shown in panel (b) of Fig. 6b.1 was adopted as the input to the rebinning routines and
as before the histogram and the grey line represent the ISO-PHT-S and ISO-CAM-CVF re-
binned data, respectively. Since the spectral coverage of ISO-CAM-CVF extends down as



92 Chapter 6b: Ices in galactic nuclei

far as 5�m there is not much variation in the position of the first pixels as a function of
redshift. Hence in Figure 6b.4 only one ISO-CAM-CVF spectrum is shown. For redshifts
of 6000 km s�1 or greater, the 6.0�m H2O absorption profile is readily seen in the model
ISO-PHT-S spectra. On the other-hand, the presence of H2O is not so obvious in ISO-PHT-
S spectra for redshifts less than 6000 km s�1. As the redshift decreases the pixel coverage
of the short wavelength wing of the H2O absorption feature diminishes and only one or two
pixels begin to rise at the shortest wavelengths. Consequently, there is not much real evidence
for the blue wing of the H2O band even though the original high resolution model spectrum
clearly shows strong H2O ice absorption (panel (b) in Fig. 6b.1). In the case of the 6.2�m
PAH emission band, the only notably change is that the rebinned structure of the profile peak
varies with redshift.

6b.4 Classification
We have classified the galaxies in our sample into six categories, based on their mid-IR spec-
tral properties. The first three catagories comprise the galaxies with evidence for the presence
of 6.0�m water ice absorption in their spectra:

� Class 1: These galaxies (Fig. 6b.5) exhibit a 6.0�m H2O ice absorption feature, with-
out contamination by 6.2�m PAH emission. Galaxies of this type also show other
6–8�m absorption features – most commonly the 6.85�m feature, attributed to HAC.
Note that all galaxies in this class have a broad flux peak at�8�m. Judging from their
complete 2–200�m SEDs, all Class 1 galaxies have a deep 9.7�m silicate feature.
For the two galaxies for which 2–5�m ISO-PHT-S data is available, NGC 4418 and
IRAS 15250+3609, there is a sharp increase in flux between 5 and 6�m.

� Class 2: These galaxies (Fig. 6b.6) show 6.0�m H2O ice absorption features, partially
filled-in by weak 6.2�m PAH emission. Other 6–8�m absorption features are not
always as apparent. Note that like in Class 1, all galaxies in this class have a broad
8�m feature.

� Class 3: These galaxies (Fig. 6b.7& 6b.8) exhibit a 6.0�m H 2O ice absorption feature,
largely filled in by strong 6.2�m PAH emission. No other 6–8�m absorption features
have been found. All galaxies in this class show a 7.7�m PAH emission peak, clearly
narrower than the broad 8.0�m feature seen in Class 1 & 2 galaxies.

Table 6b.1 lists the classification for all 19 ice galaxies. For completeness we also list
galaxies with 3.0�m ice absorption in their nuclear spectra: NGC 253, M 82 and NGC 4945
(Sturm et al. 2000; Spoon et al. 2000). Only for NGC 4945 has the usually far weaker
6.0�m feature also been detected – at similar strength as the 3.0�m one. This apparent
inconsistency may be due to aperture size effects (the 3.0�m feature was measured by ISO-
PHT-S; the 6.0�m feature by ISO-CAM-CVF) or due to dilution by less obscured emission,
filling in the water ice features.

Within our sample of 104 galaxies with good S/N spectra and sufficient wavelength cov-
erage we also recognize three other classes of spectra:

� Class 4: These galaxies (Fig. 6b.9) show a smooth featureless continuum in the 5–
6�m range as well as definite signs of 9.7�m silicate absorption. The presence of
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Figure 6b.5— Class-1 mid-IR galaxy spectra. Galaxies in Class 1 exhibit a clear 6.0�m ice absorption feature,
without clear evidence for the presence of a 6.25�m PAH feature. All sources in this class have in common that
they have a broad continuum flux peak near 7.7�m, clearly broader than a 7.7�m PAH feature. The panels on the
left show the 5–12�m spectra on a linear scale, while the panels on the right show the same spectra on logarithmic
scale, with smoothed and rebinned 2–5�m ISO-PHT-S spectra and 12-100�m IRAS fluxes added. All fluxes have
been k-corrected. The thick grey lines show what the 5.5–8.0�m continuum would be like if no ice absorption were
present. The vertical error bars at 5.8 and 11�m denote the pixel to pixel flux error (1�), while the horizontal error
bars denote the gradually changing ISO-CAM-CVF spectral resolution (R�40).
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Figure 6b.6— Class-2 mid-IR galaxy spectra. Galaxies in Class 2 exhibit a clear 6.0�m ice absorption feature,
with clear evidence for the presence of a 6.25�m PAH feature. All sources in this class have in common that they
have a broad continuum flux peak near 7.7�m, clearly broader than a 7.7�m PAH feature. The panels on the left
show the 5–12�m spectra on a linear scale, while the panels on the right show the same spectra on logarithmic
scale, with smoothed and rebinned 2–5�m ISO-PHT-S spectra and 12-100�m IRAS fluxes added. All fluxes have
been k-corrected. The thick grey lines show what the 5.5–8.0�m continuum would be like if no ice absorption were
present. For Arp 220 both the ISO-PHT-S (black) and ISO-CAM-CVF (grey) spectrum are shown in the left panel.
The vertical error bars at 5.8 and 11�m denote the pixel to pixel flux error (1�).
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Figure 6b.7— Class-3 mid-IR galaxy spectra. Galaxies in Class 3 exhibit a narrow 6.0�m ice absorption feature,
partially filled in by the wings of the 6.25�m PAH feature. All sources in this class have in common that the flux
peak near 7.7�m has the typical PAH width. The panels on the left show the 5–12�m spectra on a linear scale, while
the panels on the right show the same spectra on logarithmic scale, with smoothed and rebinned 2–5�m ISO-PHT-S
spectra and 12-100�m IRAS fluxes added. All fluxes have been k-corrected. The thick grey lines show what the
5.5–8.0�m continuum would be like if no ice absorption were present. For NGC 4945 both the ISO-PHT-S (black)
and ISO-CAM-CVF (grey) spectrum are shown in the left panel. The vertical error bars at 5.8 and 11�m denote the
pixel to pixel flux error (1�).
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Figure 6b.8— Class 3 (continued)
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Figure 6b.9— Class 4 mid-IR galaxy spectra. Galaxies of this kind are ice-poor and show the presence of silicates
along the line of sight. The presence of silicates is inferred from the absorption feature at 9.7�m, characteristic for
silicates. The upper limit on H2O ice is inferred from the absence of a 6.0�m absorption feature. For NGC 1068 and
for Circinus three spectra are shown: the ISO-SWS nuclear spectrum in grey and the ISO-CAM-CVF nuclear and
total spectra in black. The offset between the three spectra is most likely an aperture effect. The panels on the left
show the 5–12�m spectra on a linear scale, while the panels on the right show the same spectra on logarithmic scale,
with smoothed and rebinned 2–5�m ISO-PHT-S spectra and 12-100 �m IRAS fluxes added. All fluxes have been
k-corrected. The vertical error bars at 5.8 and 11�m denote the pixel to pixel flux error (1�), while the horizontal
error bars denote the gradually changing ISO-CAM-CVF spectral resolution (R�40).
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Figure 6b.10— Class 5 mid-IR galaxy spectra. Galaxies of this kind are ice-poor and show no clear evidence
for the presence of silicates along the line of sight. Note the clear mismatch of the IRAS FSC fluxes with the ISO-
CAM-CVF nuclear spectra for both NGC 613 and NGC 1365. This most probably is an aperture-size effect. The
presence of strong PAH emission both short- and longward of 9.7�m makes it difficult to completely rule out silicate
absorption in the nuclei of NGC 613 and NGC 1365. Compared to Circinus and NGC 520 however (Fig. 6b.9), the
silicate depth must at least be small. The panels on the left show the 5–12�m spectra on a linear scale, while the
panels on the right show the same spectra on logarithmic scale, with smoothed and rebinned 2–5�m ISO-PHT-S
spectra and 12-100 �m IRAS fluxes added. All fluxes have been k-corrected. The vertical error bars at 5.8 and
11�m denote the pixel to pixel flux error (1�), while the horizontal error bars denote the gradually changing ISO-
CAM-CVF spectral resolution (R�40).
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silicate absorption is most easily determined by interpolating the 6�m ISO and the
12�m IRAS flux points (or in case of ISO-CAM-CVF, using the 13–15�m continuum
instead).

� Class 5: These galaxies (Fig. 6b.10) show a smooth featureless continuum in the 5–
6�m range without clear signs of 9.7�m silicate absorption. The absence of a clear
silicate absorption feature is most easily determined by interpolating the 6�m ISO
and the 12�m IRAS flux points (or in case of ISO-CAM-CVF, using the 13–15�m
continuum instead).

� Class 6:These galaxies (Fig. 6b.2) clearly show 5.25 and 5.7�m PAH features, with-
out clear signs of 9.7�m silicate absorption. The absence of a clear silicate absorption
feature is most easily determined by interpolating the 6�m ISO and the 12�m IRAS
flux points (or in case of ISO-CAM-CVF, using the 13–15�m continuum instead).

Table 6b.3 lists the observed mid-IR features for the 13 out of 27 Class 4–6 galaxies
displayed in this paper. It is hard to quantify consistently the limits on ice absorption in
these three classes because of the presence of PAH features. For Class 4 and 5 we estimate
�ice <0.1–0.3. For Class 6, in all spectra the presence of weak 5.7�m and strong 6.2�m
features may easily mask ice features as strong as � ice=0.3. We note that among the Class
6 galaxies, both NGC 253 and M 82 do have a weak 3.0�m water ice feature (Sturm et al.
2000), but the 6.0�m ice limit is �ice=0.3 for both galaxies.

The total number of ISO galaxies classified into Classes 1–6 is small: just 46 out of
�250 galaxies in our sample. The combination of both a good coverage of the 5.5–6.0�m
range and a good S/N over 5.5–6.5�m proves to be a hard requirement to meet. With its
superior sensitivity and better coverage of the 6�m region, SIRTF can be expected to refine
our classification, find new members and provide a larger sample for statistical analyses.

6b.5 Absorption and emission profile analysis

6b.5.1 Model fits

The model described in Sect. 6b.3 is now applied to the Class 1–3 sources presented in
Sect. 6b.4. The flat continuum of Sect. 6b.3 is replaced by the 5–8�m continua derived
individually for each source (dashed lines in Figs. 6b.5 –6b.8). For Class 2 and 3 sources,
the continua were determined by interpolating the ISO-PHT-S short wavelength spectrum
(2–5�m) linearly or logaritmically (depending on the SED shape) to the long wavelength
IRAS data, ignoring the presence of PAH emission features. For Class 1 sources we followed
another recipe. In the absence of contamination by PAH emission bands, we assumed the
8�m flux peak to represent the local 8�m continuum (see Sect. 6b.6 for a discussion on the
nature of the 8�m flux peak). For the three sources observed with ISO-CAM-CVF we then
derived the 5–8�m continuum by interpolating to the observed 5�m flux. For NGC 4418
and I 15250+3609 we interpolated to the reddest 2–5�m ISO-PHT-S data point, assuming a
continuum shape similar to that of I 00188–0856. Note that for all Class 1 sources we in-
cluded a 6.85�m absorption feature due to hydrogenated amorphous carbon (HAC; Furton
et al. 1999). A (strong) 6.85�m absorption feature is commonly observed towards Galactic
lines of sight (Chiar et al. 2000; Keane et al. 2001a).
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Figure 6b.11 displays the model fits to all the sources, except for the three sources dis-
cussed below (Fig. 6b.12). The grey histogram represents the model and in all cases the
model spectra match very well the observed data. For two sources, Arp 220 and NGC 4945,
the ISO-CAM-CVF spectra have also been included (thin line). Reading from left to right,
of the first 5 panels in Fig. 6b.11 a HAC absorption feature has been included for four of
the sources. This profile matches very well the strong absorption feature seen near 6.85�m
in these sources. In the case of I 00188–0856, absorption between 6.4 and 7.4�m is not
consistent with the 6.85�m absorption profile and therefore only the 6.0�m H 2O profile is
modeled. We are not aware of any other valid or likely candidate that can give rise to the
absorption observed in I 00188–0856. For the remainder of the sources, this feature has been
omitted from the model. A qualitative comparison of the panels of Figure 6b.11, reveals that
the observed features at 6.0�m and 6.2�m are successfully reproduced for all sources.

For three of our ice galaxies (Mrk 231, NGC 828, Mrk 334) proving the presence of
6.0�m ice absorption – the very key to membership of Classes 1–3 – turned out to be non-
trivial. For each of these galaxies (see Fig. 6b.12) the number of pixels in the blue wing is
small, as is the depth of the ice feature. In all cases continua exist which do not require the
presence of 6.0�m ice absorption. However, such continua, which are defined here as the
superposition of hot dust plus PAH continua, must give a good fit in the 6–8�m range (i.e.,
any emission above or below the continuum level should be accounted for by known emis-
sion and absorption features) and the continuum should join smoothly to the long wavelength
(�12�m) data. In the case of Mrk 231, there is a preference for the fit requiring the presence
of water ice (Fig. 6b.12, left panel). This fit adopts a much more realistic continuum (cf.
Fig. 6b.6) and it provides a more realistic value for the 6.2�m/7.7�m PAH ratio than the fit
not requiring the presence of water ice (Fig. 6b.12, right panel). Moreover, the fit without
water ice would result in a very broad 7.7�m PAH feature which does not resemble PAH
features in Galactic sources. However, the total amount of ice absorption is difficult to quan-
tify. A slightly lower but still permissible continuum can reduce the ice optical depth by a
factor 2. For the other two galaxies (NGC 828, Mrk 334) the fits with and without water ice
are equally viable.

6b.5.2 Derived physical parameters

Table 6b.1 summarizes the physical parameters of the detected features. The range in opti-
cal depths of the H2O absorption band is large, extending from small depths of � ice=0.13
(I 05189–2524) to very deep features with � ice=1.3 (UGC 5101). The optical depths of the
H2O band were converted to column densities by dividing the peak optical depth by the in-
trinsic peak strength (4.2�10�20 cm2 molecules�1; Hagen et al. 1983). The derived column
densities are comparable to H2O column densities determined for Galactic molecular clouds
(Keane et al. 2001a). All sources in Class 1, except for I 00188–0856, also show evidence
for additional absorption features centred at 6.85�m, 7.3�m, 7.67�m. The 6.85�m feature
resides in the long wavelength wing of the H2O band, and hence the depth of this feature
is more accurately determined by dividing out the continuum plus H 2O feature rather than
just the continuum. For Class 1 galaxies, except for I 00183–7111, the depth of this feature
is very strong and is greater than the corresponding H 2O optical depths. In Galactic dense
molecular clouds, on the other hand, the water ice absorption is always the stronger of the
two (Keane et al. 2001a). The origin of the 6.85�m feature is unknown. The presence of
a 7.3�m feature in some spectra suggests it is carried by HAC residing in the diffuse ISM,
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Figure 6b.11— A comparison of all the sources with the best fitting models which contain both H2O ice absorption and PAH emission
bands. The grey histogram data represent the model fits. The three sources plotted in Figure 6b.12 are not shown here.
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Figure 6b.12— Examples of 3 sources which show only a few pixels in the 6.0 �m range and which might hinder
the interpretation of H2O ice being present. The left panel shows the best fits by a model containing both H2O
absorption and 5–6�m PAH emission. The right panel shows the best possible fits by a model which only contains
5–6�m PAH emission features. The adopted continua are denoted by the dashed lines and the resulting fits are
represented by the line shown in grey. Note that since our model does not take into account the 7.7 and 8.6�m PAH
features (see Sect. 3.1), the quality of the fit can only be tested shortward of 7�m.

very much like the Galactic Centre (Chiar et al. 2000). An absorption feature at 7.3�m is
present in the spectra of I 15250+3609 and NGC 4418 (Spoon et al. 2001). On the other
hand, many Galactic young stellar objects show a strong 6.85�m feature due in part to an
unidentified ice component (Keane et al. 2001a). Observations of the 3�m region could
distinguish between these two possibilities because HAC material presents a strong 3.4�m
absorption feature which is absent in Galactic YSOs (Pendleton et al. 1994; Pendleton &
Chiar 1997). A 3.4�m absorption feature observed towards a few extra-galactic sources has
been tentatively attributed to HAC (Wright et al.1996). Finally, one source, NGC 4418, has
an absorption feature at 7.67�m which has been attributed to methane ice (CH 4; Spoon et al.
2001).

Since the 6.2�m feature lies, in general, within the wing of the H 2O absorption band
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and hence slightly beneath the continuum, it is necessary to subtract a combination of the
continuum plus H2O from the observational data. After subtraction, the intensity (W cm�2)
of the 6.2�m band is determined between 6.0�m and 6.55�m. The derived 6.2�m PAH
intensities are listed in Table 6b.1. Note that for models in which the water ice is mixed with
or in front of the PAH emitting region, the intrinsic 6.2�m PAH intensities would be greater.

An estimate of the 9.7�m silicate optical depth (�sil) for each of the sources is also given
in Table 6b.1. In order to be able to compute this quantity the 9.7�m continuum was in-
terpolated from the 5–8�m continuum and the long wavelength data (>12�m). For some
sources the peak absorption of the silicate feature is saturated and the true depth of the band
is thus uncertain. In these cases fitting the wings of the feature can be attempted. Given
the possibility of additional sources of emission along the line of sight, however, we prefer
here to just state lower limits for �sil. The column density of hydrogen is computed from the
9.7�m silicate depth by assuming a Galactic conversion factor:- NH = NH

AV
� AV

�sil
� �sil =

�sil � 3:5� 1022 cm�2; (Roche & Aitken 1984; Bohlin et al. 1978).

6b.6 Discussion

Within our sample of 104 galaxies with good S/N and sufficient wavelength coverage short-
ward of 6.0�m, we have found water ice in up to 19 galaxies and upper limits of better
than �ice=0.1–0.3 for the absence of water ice absorption in another 27 galaxies. Although a
small sample, it is of interest to correlate galaxy types with the mid-IR absorption/emission
characteristics. The results of our analysis are presented in Table 6b.2.

Table 6b.2 suggests that water ice might be a common species in ULIRGs, since 13 out
of 20 do show ice. Seyferts, on the other hand, seem to be ice-poor, with ice detected in only
2 out of 62 galaxies. For starburst galaxies the numbers are less obvious, with 4 detections
on a total of 21 galaxies.

In order to investigate this issue further we have composed average spectra for the three
main galaxy types listed in Table 6b.2. Since the presence of 5–6�m PAHs in spectra compli-
cates the detection of the 6.0�m water ice feature, we have decided to generate separate aver-
age spectra for continuum-dominated Seyferts and ULIRGs and for PAH-dominated Seyferts
and ULIRGs. We classify a spectrum as continuum-dominated when the 6.2�m PAH line-
to-continuum ratio is less than 0.15 and PAH-dominated when the ratio exceeds this value.
The resulting five average spectra are shown in Fig. 6b.13 and are based on 138 out of 250
galaxy spectra in our database. The galaxies included in the averaging process were selected
on the basis of their noise after scaling by their individual 6.5�m flux.

The top panel of Fig. 6b.13 shows the average PAH-dominated Seyfert galaxy, composed
of 34 galaxy spectra. In addition to the well-known PAH emission features, the spectrum
shows the 6.99�m [Ar II] and 10.54�m [S IV] forbidden lines, the latter of which usually is
strong in active galaxies. The spectrum bears no trace of 6.0�m water ice absorption. The
second panel of Fig. 6b.13 depicts the average continuum-dominated Seyfert, composed of
45 galaxy spectra. The spectrum is dominated by the [S IV] line, with traces of [Ar II] and of
weak PAH emission — the latter in accordance with our selection criterion of 6.2�m-PAH
L/C<0.15. The 9.7�m silicate absorption feature is strikingly absent, as is the 6.0�m water
ice absorption feature. The third panel of Fig. 6b.13 shows the average continuum-dominated
ULIRG, composed of 11 galaxy spectra, among which are all Class 1 sources except for
NGC 4418, as well as the Class 2 source Mrk 231. The spectrum is dominated by a broad
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Table 6b.1— Observed physical parameters for the features residing in the 3–8 �m spectral region.

Target Galaxy CZ Class H2O ice H2O ice PAH HAC HAC N(H2O) N(H)a

type 3.0�m 6.0�m 6.25�m 6.85�m 7.3�m

[km/s] � � 10�19Wcm�2 � 1018 cm�2 1022 cm�2

NGC 23 SB 4566 3 0.94 5.6 22.0 >3.54
I 00183–7111 Ulirg 98032 1 0.20 — 0.3

p

4.6 >7.1
I 00188–0856 Ulirg 38550 1 0.55 — 12.8 >5.3
NGC 253 SB 245 – 0.25b

I 01173+1405 SB 9362 3 0.70 2.5 16.3 >3.54
NGC 828 SB 5374 2 0.78 11 18.1
Mrk 334 Sy2 6582 3 0.55 2.0 12.8 >2.12
I 05189–2524 Sy2 12760 2 0.13 1.1 3.0 >7.1
I 06035–7102 Ulirg 23823 3 0.70 0.9 16.3 >3.54
UGC 5101 Ulirg 12000 3 1.30 2.0 30.2 >3.54
M 82 SB 203 – 0.2b

NGC 4418c Sy? 2179 1 0.90 — 1.1

p

21.0 >24.3
Mrk 231 Ulirg 12660 2 0.14 1.5 3.3 >1.6
NGC 4945 SB/Sy2 560 3 0.90d 0.90 47 21.0 >10.6
Mrk 273 Ulirg 11132 3 0.60 1.5 14.3 >3.54
I 15250+3609 Ulirg 16000 1 1.20 — 1.3

p

28.0
Arp 220 Ulirg 5450 2 0.74 2.3 17.2
I 17208–0014 Ulirg 12900 3 1.14 3.3 26.5 >3.54
I 20551–4250 Ulirg 12788 2 0.70 1.4 16.3 >3.54
I 23128–5919 Ulirg 13371 3 1.30 2.5 30.2 >2.83
I 23515–2917 Ulirg 100800 1 0.45 — 1.1 10.5 >4.25

a NH = 18:9��sil

5:34�10�22

b Sturm et al. 2000; c Spoon et al. 2001; d Spoon et al. 2000
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Table 6b.2— Break-down of ice and ice-free galaxies over the three main galaxy types in our sample of ISO
galaxies having good S/N spectra and sufficient wavelength coverage blueward of 6�m.

Gal. 6�m ice no 6�m ice
type PHT-S CAM-CVF PHT-S CAM-CVF
Seyfert 2/55 0/7 12/55 6/7
ULIRG 9/13 4/7 1/13 1/7
Starburst 3/13 1/9 1/13 6/9

flux peak centered at�8�m. A 6.0�m water ice feature can be easily recognized, starting at
�5.6�m and reaching maximum depth at 5.9–6.0�m. The spectrum is noticeably different
from the other continuum-dominated spectrum, the Seyfert spectrum, in the panel above. The
fourth panel shows the average PAH-dominated ULIRG, composed of 19 galaxy spectra. In
this case the selected sources contain several Class 2 and 3 sources. The spectrum shows
strong resemblance to the average PAH-dominated Seyfert, with two exceptions: (1) a clear
6.0�m water ice feature, partially filled in by 6.2�m PAH emission; and (2) the absence
of the [S IV] line. The fifth and last panel of Fig. 6b.13 shows the average starburst galaxy,
composed out of 29 galaxy spectra. The spectrum is completely dominated by PAH emission
features, probably up to and including the weak 5–6�m features (Fig. 6b.2). The presence of
this spectral structure near 6.0�m forces a higher upper limit to the amount of ice than in the
two average Seyfert spectra.

The average spectra largely confirm our initial findings: ULIRGs have on average more
ice than Seyfert and starburst galaxies. The absence of contaminating PAH emission in the
continuum-dominated Seyfert spectrum implies a tighter upper limit for the presence of water
ice absorption than in the PAH-dominated Seyfert and starburst spectra.

Also of interest is the presence of a broad flux peak centered at �8�m in the continuum-
dominated ULIRG (Fig. 6b.13, middle panel). In the absence of strong 6.2�m PAH emission
(L/C<0.15), the 8�m flux peak cannot be attributed to strong and exceptionally broad PAH
emission. We will come back to this issue later this Section.

The presence of water ice in ULIRGs comes as no surprise. ULIRGs are merger systems
in which the tidal forces have allowed molecular material from the galaxy disks to accu-
mulate in the nuclei of the system (e.g. Solomon et al. 1997; Downes & Solomon 1998;
Sakamoto et al. 1999; Tacconi et al. 1999). In the many dense shielded cloud cores, that are
likely to be present, water ice can survive until these clouds are dispersed by starformation.
Clearly, the “ icy” ULIRGs still have ample cold dense molecular material to continue star
formation for some time. In Galactic dense molecular clouds the 6.0�m water ice absorption
feature is seen against the mid-IR continuum of deeply embedded protostars, like W 33A and
NGC 7538 IRS9. In external galaxies, the background continuum source might also be pro-
vided by hot dust associated with the AGN torus or with starburst activity. The similarity of
the average ULIRG spectrum (Fig. 1 of Lutz et al. 1998) to Class 3 spectra with strong PAHs,
suggest that ice absorption in ULIRGs is preferentially linked to a scaled up star formation
process. The lower luminosity example of NGC 4418 cautions, however, that this link cannot
be generalized to all individual objects: ice absorption may also be seen against AGN.
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Figure 6b.13— Panels showing the average spectra of PAH-dominated (6.2�m-PAH L/C>0.15) and continuum
dominated (6.2�m-PAH L/C<0.15) Seyferts, ULIRGs and starburst galaxies. Grey shaded areas indicate the stan-
dard deviations in the average spectra. Vertical dotted lines denote the central wavelengths of well-known spectral
features (see text).
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Table 6b.3— Overview of features observed in the galaxies shown in Figs. 6b.2, 6b.9 & 6b.10, all displaying no
sign of 6�m ice absorption.

Target Galaxy CZ 5�m 9.7�m
type PAH silicate

[km/s] emission absorption
NGC 253 SB 245 ++ ?
NGC 520 SB 2281 ++ +
NGC 613 SB 1475 – ?
NGC 1068 Sy2 1148 – +
NGC 1365 Sy1.8 1636 ? ?
I 04385–0828 Sy2 4527 ++
NGC 1808 Sy2 1000 ++ ?
MGC 8–11–11 Sy1.5 6141 –
M 82 SB 203 ++ ?
M 83 SB 516 ++ ?
Mrk 279 Sy1.5 8814 –
Circinus Sy2 439 ? ++
PKS 2048–57 Sy2 3402 +
++ = strongly present
+ = present
? = maybe present
– = absent

Little can be derived from our data on the ice absorption properties of lower luminosity
starbursts. The very strong PAH emission features prevent the detection of moderately strong
6.0�m features. In fact, given the lower obscuration of starbursts compared to ULIRGs or
to Galactic protostars, weaker ice features in starbursts are expected for similar properties of
the obscuring matter. The examples of M 82 and NGC 253 (Sturm et al. 2000) suggest that
the 3�m region may be better suited to quantify such weaker ice absorptions, with the caveat
for ground-based observations of the 3�m region being a difficult atmospheric window. Ice
is seen in these starbusts at 3�m but not detectable in the heavily structured 6�m spectrum.

The conditions for the existence of water ice near Seyfert nuclei seem to be generally
poor. If most of the obscuration occurs in a dense torus that is surrounding the nuclear region
and heated by the X-rays from the central engine, ices are unlikely to survive. Indeed, 3�m
spectra of AGN (Bridger et al. 1994; Wright et al. 1996; Imanishi 2000; Sturm et al. 2000)
tend to show 3.4�m hydrocarbon absorptions but no ices.

The low number of Seyfert and starburst ice-galaxies, as inferred from the mid-IR spectra,
might indicate that dense shielded molecular cloud cores are far less abundant in these sys-
tems than in ULIRGs. Likely, most of the absorption in Seyferts originates in the dense toroid
surrounding the nuclear region, which is thoroughly energetically or thermally processed by
the X-rays of the internal monster and therefore contains no ices.

As a corollary and as illustrated by Fig. 6b.9 the presence of silicates does not automati-
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Figure 6b.14— Schematic view of the impact of dust and ice absorption on a mid-IR continuum spectrum. All
shaded areas combined constitute the adopted local mid-IR continuum. The black area is all that is left of the local
continuum after ices and silicates absorb substantial portions of the 5–12�m local continuum. Note the presence
of an emission-like broad feature near 8�m in the resulting observed spectrum, which at first glance or at poor S/N
may be mistaken for 7.7�m PAH emission.

cally imply the presence of water ice. If the environment is not sufficiently shielded or is too
warm, water ice cannot exist. For the five galaxies displayed (one starburst galaxy and four
Seyferts) this might be the case.

Conversely, does water ice correlate with the presence of shielding dust (e.g., silicates) ?
Except for I 05189–2524, all our ice-galaxies show a strong 9.7�m silicate absorption feature
(see Table 6b.1), with �sil >1.5 for most sources. The ratio � ice/�sil spans a range of <0.10
for I 00183–7111 to 1.8 for I 23128–5919, with a mean value of 0.67 for the galaxies with a
non-saturated silicate feature. In contrast, all five Class 1 galaxies have � ice/�sil <0.37. This
suggests that silicate and water ice optical depths are not correlated on the galaxy-wide scale
that we probe with our ISO observations. We note that low mass protostars in individual
clouds (e.g. Taurus) do show a good correlation between ice optical depth and the strength
of the silicate feature (Whittet et al. 1983, 1988). However, for massive luminous protostars
in different clouds, no such correlation exists, largely due to the extensive thermal processing
of the environment by the newly formed star (cf. Tielens & Whittet 1997). Obviously, the
abundance of water ice is controlled by special conditions, which in our sample are apparently
only met in some of the regions within our Class 1 ice galaxies.

We have searched our three classes of ice-galaxies for other commonalities. We consid-
ered correlation with galaxy type (Seyfert, starburst or ULIRG), with far-IR colors, and with
silicate optical depth, but found no correlation among our three classes.
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Though originally published as a unique source, it is apparent from our study that some
characteristics of NGC 4418 are seen in a larger number of galaxies. Mid-IR absorptions of
water ice are detected in about one sixth of the galaxies for which ISO spectra of adequate
S/N are available, and perhaps the majority of ULIRGs. These detections range from spectra
dominated by an absorbed continuum (Class 1) over spectra mainly showing absorption sig-
natures but also clear PAH emission (Class 2) to spectra that resemble normal PAH emission
spectra subjected to additional dust and ice obscuration (Class 3).

Short of full spectral modelling, empirical criteria help to assess the relative importance
of emission and absorption in shaping these spectra. First and most important is the distinc-
tion between a 6.2�m PAH emission and the 6.5–6.7�m pseudo maximum in an absorption
dominated spectrum (Spoon et al. 2001). Second, there are differences in the shape of the
maximum in the 8�m region. PAH dominated spectra exhibit relatively narrow 7.7 and
8.6�m emissions (e.g. Helou et al. 2000, Rigopoulou et al. 1999). Also, they show a very
steep rise between 7.2 and 7.7�m. Obscuration of such a spectrum (assumed to be intrinsi-
cally unchanged) affects mainly the relative strengths of such features but keeps the 7.7�m
peak narrow (�0.6�m FHWM, e.g. Fig. 6b.3; Fig. 6 of Rigopoulou et al. 1999) and its ascent
steep. In contrast, absorption dominated spectra tend to show a wider, less well defined peak
around 8�m (e.g. Fig. 6b.14), with significant variation depending on continuum shape and
optical depth of the various features.

The change from an absorbed continuum to an absorbed PAH spectrum is illustrated fur-
ther in spectra of three adjacent positions in the Galactic star forming complex W 3 (Fig. 6b.15
, D. Cesarsky, priv. comm.). The top panel towards the infrared source is dominated by a con-
tinuum absorbed by ice, HAC, and silicates with a broadish 8�m bump. The middle panel
is an intermediate case and the bottom shows an obscured PAH spectrum. These spectra
illustrate that the qualitative features discussed above and outlined in the schematic views
of Fig. 6b.3 and Fig. 6b.14 can indeed originate from radiation transfer through a dense and
dusty medium, and that star formation in our own galaxy can reproduce the full range of
phenomena.

Differences in the shape of the 8�m maximum may help in understanding the vast major-
ity of sources that are not pure absorbed continua. Is the frequently observed weakness of the
6.2�m feature (compared to the 7.7/8�m maximum) due to obscuration of a PAH-dominated
spectrum or due to superposition of a little obscured PAH spectrum and a strongly obscured
continuum? The intrinsic 6.2/7.7 PAH ratio is quite stable for many Galactic sources (Peeters
et al. in prep.) as well as the ISM in normal and starburst galaxies (Helou et al. 2000;
Rigopoulou et al. 1999, our Fig. 6b.2). Lutz et al. (1998) and Rigopoulou et al. (1999)
argued in favour of obscuration as cause of the 6.2 weakness, using an observed correlation
between 6.2/7.7 feature ratio and extinction to the starburst region, as measured from inde-
pendent mid-IR emission line data (Genzel et al. 1998). On the other hand, suggestions have
been made of an effectively unobscured ’surface layer’ producing most of the PAH emis-
sion, CII line emission, and submm continuum of ULIRGs (e.g. Fischer et al. 2001, Haas
et al. 2001). Such an approach tackles problems like the observed [C II] deficit of ULIRGs
at the expense of breaking the link between PAHs and the star formation observed in the
mid-infrared fine structure lines, and of introducing an unknown fully obscured component.

Water feature optical depths of �ice �1 (Table 6b.1) are sufficient to modify the ratio of
the 6.2 and 7.7�m PAH features by a factor�2. While this is enough to explain the weakness
of the 6.2�m feature in many objects by obscuration, both the uncertainty in the optical depth
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Figure 6b.15— ISO-CAM-CVF
spectra of three adjacent posi-
tions in the W 3 molecular cloud
(D. Cesarsky et al., 2001, in prep.),
showing a gradual transition be-
tween a PAH-dominated mid-IR
spectrum (bottom) and a strongly
absorbed hot dust continuum (top).
The vertical dotted lines show
the positions of 6.0�m water ice,
6.25�m PAH, 6.85�m HAC and
7.7�m & 11.3�m PAH.

values and the lack of knowledge to which extent the ice features apply to the PAHs and/or
an underlying continuum make conclusions for individual objects very difficult. Here, use of
the shape of the feature near 7.7/8�m can help with breaking the degeneracy. As long as the
intrinsic shapes of the PAH features are assumed to remain constant, a wider than usual peak
near 8�m argues for a considerable contribution of a heavily absorbed continuum. Our Class
1 and 2 spectra (Fig. 6b.5 and 6b.6) suggest that this is the case for a number of galaxies.
In a future paper (Spoon et al. in prep.) we will derive quantitative fits to the high quality
Class 2 spectrum of Arp 220, arguing for a best fit with a considerable contribution by an
absorbed continuum. The existence of Class 1 and Class 2 sources implies that estimates
of the PAH contribution on the basis of a line-to-continuum ratio (Genzel et al. 1998) or
of fits with extinction laws that do not include ices (Tran et al. 2001) will overestimate the
importance of PAHs, more noticeably for the simple line-to-continuum ratio. This effect is
highly relevant for some of the Class 1 and 2 spectra, but less so for Class 3 or the ULIRGs in
general. High S/N spectra, extended wavelength coverage, and fits of the entire wavelength
range with PAHs and continua obscured by dust and ices are needed for quantitative progress.

The issue of broad 8�m features is complicated further by the presence of yet another
category of ”8�m maxima” in addition to PAHs and absorbed spectra: Several luminous
AGN-like ULIRGs (Tran et al. 2001; Taniguchi et al. 1997) show broad 8�m maxima on
top of a smooth mid-infrared continuum, with PAH absent or very weak. Clear examples
for this include I 09104+4109, I 00275–2859, I 22192–3211, and I 23529–2119. The key
difference to our Class 1 and Class 2 spectra with broad 8�m maxima is that these objects
do not show the very deep silicate feature of the absorbed Class 1 and 2 spectra. Tran et al.
(2001) discussed these features in terms of self-absorbed silicate emission or a modified PAH
origin, without definite conclusion. Recent surveys of galactic PAHs (Peeters et al. in prep.;
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Verstraete et al. 2001) fail to observe similar profiles even under unusual conditions. The
nature of these features remains uncertain.

It is interesting to speculate in analogy to Galactic sources that our classification might
reflect an evolutionary sequence. If an evolved starburst is represented by a a PAH spectrum,
while strong mid-infrared continua are typical for the [H II]-region continuum of intense com-
pact starbursts (Laurent et al. 2000) or AGN, then Class 1 may trace the deeply embedded
beginnings of star formation (or AGN activity), while the latter classes reflect more advanced
and less enshrouded stages.

Finally, a point of caution. Since the 3.0�m water ice absorption extends over a difficult
part of the L band, its definition is not easy in ground based spectra like those of Imanishi
et al. (2001). Its short end is outside the L band and its long end coincides with the 3.3�m
PAH emission and 3.4�m hydrocarbon absorption. A gradually increasing continuum from
3.15 to 4.0�m is however visible in their spectrum of UGC 5101. Depending on the location
along the line of sight, the water ice absorption will strongly affect measured quantities like
the 3.3�m continuum, the 3.3�m PAH flux, its equivalent width and the 3.3�m-PAH-to-
far-IR flux ratio. Hence, in galaxies with water ice absorption (like UGC 5101, � ice=1.3),
both uncorrected 3.3�m and 6.2�m PAH fluxes will provide underestimates when used as
star formation indicators. For the 3.3�m PAH, aperture losses of present instruments are
an additional reason for underestimates as in the case of UGC 5101 where the north-south
oriented 1.200 slit of Imanishi et al. (2001) is perpendicular to the orientation of the >2 00 star
forming region (Genzel et al. 1998).

6b.7 Conclusions

Following the discovery of water ice in NGC 4418 (Spoon et al. 2001), we have searched
our sample of ISO galaxy spectra for galaxies showing similar signs of 6.0�m water ice
absorption. We have found in total 19 galaxies, which we grouped into three classes. The
classification is based on the presence of ice absorption, 6.2�m PAH emission, and the nature
of the 7.7–8�m feature: PAH emission or absorbed mid-IR continuum, or a combination of
the two. We also looked for galaxies showing no signs of water ice absorption. This sample
contains 27 galaxies with water ice upper limits ranging from � ice=0.1–0.3, depending on the
S/N and the complexity of the 5–7�m spectrum. We classified these galaxies in another three
classes (Class 4–6), depending on the presence of 9.7�m silicate absorption and 5–6�m PAH
emission.

We have modeled the complicated interplay of 6.0�m water ice absorption and 6.2�m
PAH emission, which in ISO-PHT-S spectra takes place at the blue end of the PHT-SL range
and, hence, only can be recognized in galaxies with a redshift in excess of 3000 km/s. For
spectra obtained with the ISO-CAM-CVF instrument no such limitations apply. Our mod-
eling supports the presence of ice in the Class 1–3 sources, although for several sources the
presence of ice is not required for a good fit to the observed spectrum.

Based on a subsample of 104 good S/N ISO galaxy spectra with sufficient wavelength
coverage blueward of 6�m, a substantial fraction of ULIRGs (13 out of 20) contain detectable
amounts of water ice. On the other hand, the majority of Seyfert (2 out of 62) and starbursts
galaxies (4 out of 21) probably do not. These presumptions are confirmed by the spectral
structure seen in our average spectra of Seyfert, ULIRG and starburst galaxies: water ice
absorption is only obvious in the average ULIRG.
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Class 1 & 2 ice galaxies are dominated by a broad feature near 8�m which indicates a
strong contribution by a dust and ice-absorbed continuum, similar to that seen in NGC 4418.
These observation stress the need for high S/N data and refined diagnostic methods, to prop-
erly discriminate spectra dominated by PAH emission and spectra dominated by heavy ob-
scuration.

The interplay of the broad 8�m feature and PAH emission, as seen in our ice galaxies,
shows strong similarities with features seen in Galactic star forming clouds. This leads us
to believe that our classification of ice galaxy spectra in three classes might reflect an evo-
lutionary sequence from strongly obscured beginnings of star formation (and AGN activity)
to a less enshrouded stage of advanced star formation (and AGN activity), as the PAHs get
stronger and the broad 8�m feature weakens.
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Abstract

Interstellar ices show a varied composition with distinct water-rich and inert
components containing a variety of carbon-bearing species, including CO, CO 2,
H2CO, CH3OH, and CH4. We have developed a model for grain surface reac-
tions among accreting atoms, radicals, and molecules. This model is centred
around key hydrogenation and oxidation reactions:- H + CO, H +H 2CO, and
O + CO. The results show that water-rich ices are formed at densities� 105cm�3

where atomic hydrogen is an abundant gas phase species. Inert ices, on the other
hand, form at higher densities. We have applied this model to examine the dis-
tribution of the carbonaceous species CO, CO2, H2CO, CH3OH, and CH4. The
distribution of oxygen, in the accreting gas, among atomic and molecular oxygen
(O2) controls the CO/CO2 ratio. The observed CO/CO2 ratio on the accreting
gas is high (>

�
0.35). The actual CO oxidation route is not clear. According to

our results both the reactions O + CO and OH + CO can accommodate observed
abundances of CO and CO2. The abundance ratios of CO, H2CO, and CH3OH
reflect the ease with which H2CO is hydrogenated as compared to CO. Our
models are in good agreement with the observations for equal probability for
these two reactions (on a per species basis). The models best approximate the
observed ice mantle compositions for densities 104 –105cm�3, which is the den-
sity at which accretion becomes comparable to the free-fall timescale. Finally,
our results are based upon a Monte Carlo approach to surface chemistry and they
have revealed that under some circumstances a ”cascade” can convert all of the
O3 into H2O. Such a cascade is difficult to incorporate into (modified) rate
equation approaches to grain surface chemistry.
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7.1 Introduction

ORIGINALLY, interstellar grains were believed to only play a passive role in interstellar
chemistry by acting simply as reservoirs of molecules that has previously condensed out

from the gas phase. A well known exception was H2, which had been shown to be formed
exclusively on grains (Hollenbach & Salpeter 1971). However, it soon emerged that a sub-
stantial fraction of the catalogued gas phase species could not in fact be formed through gas
phase chemistry or their abundances were considerably greater than what a gas phase origin
could account for. Notably, CH3OH could not be produced efficiently in gas phase models
and a surface chemistry origin through the successive hydrogenation of CO was proposed as
the major route to CH3OH (Tielens & Allamandola 1987; Hiraoka et al. 1994; Charnley
et al. 1997). Also, as the process of D-fractionation is very temperature-sensitive (Millar et
al. 1989), high abundances of deuterated species in warm gas (e.g., HDO, HDCO, D 2CO,
CH2DOH, CH3OD) betray the credible role of grains as cold storage ”cells” in the preserva-
tion of these species from a previous cold dark phase. In principle, these species may have
formed through gas phase reactions although all of these have viable grain surface routes.
Thus, grain surface chemistry is now well established as having a pivotal role in the origin
and evolution of interstellar molecules in cold regions associated with star formation (Allen
& Robinson 1977; Tielens & Hagen 1982; d’Hendecourt et al. 1985; Brown 1990; Hasegawa
et al. 1992; Ruffle & Herbst 2000).

As the hot core forms and heats the surroundings, small saturated species are liberated
from the mantles, either by evaporation or shocks, into the gas phase and initiate the drive
toward molecular complexity (Charnley et al. 1992; Caselli et al. 1993). As a result, different
mantle compositions can lead to strong chemical variation between different sources (i.e.,
nitrogen-bearing species or oxygen-bearing organic species; Blake et al. 1987; Charnley et
al. 1992; Caselli et al. 1993; Rodgers & Charnley 2001). These ” foreign” grain surface
chemistry species injected into the warm gas will be converted back to CO and other typical
gas phase species on a timescale of � 104yr. During this conversion, complex molecules are
made; some of these may have prebiotic significance (Ehrenfreund & Charnley 2000; Snyder
1997).

Although oxygen plays a crucial role in interstellar chemistry (i.e., in the formation of
H2O), the abundance of molecular oxygen has long been a key problem in astronomy. Recent
attempts to estimate the O2 abundance using the Infrared Space Observatory(ISO) were
unsuccessful and the results suggested that O2 comprised as little of 6% of the total oxygen
budget in dense molecular clouds (Vandenbussche et al. 1999). However, the launch of the
Submillimeter Wave Astronomy Satellite(SWAS; Melnick et al. 2000) has allowed, for the
first time, serious constraints to be placed on the amount of O2 in cold molecular clouds.
These results seem to suggest that the O2 abundances in dense molecular clouds is extremely
low (i.e., � 10�7; Goldsmith et al. 2000). Thus, though some atomic O is locked-up in CO,
there must be a substantial gas phase atomic O abundance which will then have considerable
consequences for the chemistry. It is worth noting that, in dense cold cores - the formation
sites of ice mantles-, which are well shielded from photodissociation, the abundance of O 2

could well be larger (Spaans & van Dishoeck 2001).

In this work we present a simple, accretion limited model for the chemistry occurring on
grain surfaces. We use this model to address a few of the key questions on the composition
of interstellar ice mantles, notably the distribution of cabron over the carbonaceous species
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CO, CO2, H2CO, CH3OH, and CH4. In section 7.2 we outline the contraints placed on the
composition of interstellar ices by the observations. The chemical model and the parameters
governing the chemistry are described in Section 7.3, along with a comparison with other
grain surface chemistry approaches. In Section 7.4, we first present the general results of
the grain surface chemistry and then discuss in some detail the important processes. Finally,
Section 7.5 presents the conclusions and the main issues that arise from this work.

7.2 Observational constraints

Our knowledge of the composition of interstellar ices has grown dramatically after the launch
of ISO. Interstellar ices have been detected by their vibrational bands in the infrared spectra
of objects embedded in or located behind molecular clouds (see Tielens & Whittet 1997;
Ehrenfreund & Schutte 2000 for reviews). In many instances, spectra are awash with ice
absorption features and as a result, it was possible to make an almost complete inventory
of the icy molecular material for the first time down to the �% level in abundance. Cur-
rent abundances of interstellar ices in contrasting environments, along with typical cometary
abundances, are summarised in Table 7.1. The most striking aspect of Table 7.1 is the appar-
ent simplicity of the composition of interstellar ices. Infrared observations clearly show that
interstellar grain mantles consist mainly of H2O. One of the most notable accomplishment
of ISOwas the discovery of the ubiquitous presence of CO 2 ice along all of lines of sight (de
Graauw et al. 1996; Gerakines et al. 1999; Boogert 1999; Boogert et al. 2000a). In addi-
tion, carbon-bearing species such as CO, CH3OH are detected, along with trace amounts of
CH4, H2CO, and HCOOH (Boogert et al. 1996,1998; Dartois et al. 1999; Ehrenfreund et al.
1998; Gerakines et al. 1999; Gibb et al. 2000; Keane et al. 2001a). NH 3 is also observed,
though there is considerable uncertainty about its abundance (Gibb et al. 2000; Dartois &
d’Hendecourt. 2001). Table 7.1 also compares interstellar ice abundances with cometary
abundances. Although there are some discrepancies in the deatils between the composition
of cometary and interstellar ices (e.g. OCS), in general there is remarkable agreement in the
species present as well as their gobal abundances indicating that cometary ices are a mix-
ture of original interstellar material and material processed in the solar nebula (Mumma et al.
1993; Irvine et al. 2000).

Careful analysis and modelling of the spectral signatures of these ices have revealed many
aspects of their molecular environments. In particular, it has been shown that there are a num-
ber of independent ice components along most lines of sight which are generally classified
as distinct polar (H2O-rich) and apolar (CO-rich) phases (Tielens et al. 1991; Chiar et al.
1995,1998; de Graauw et al. 1996; Boogert et al. 1999; Gerakines et al. 1999). CO 2 is
located almost exclusively in the polar component of the ices implying that the CO 2 formed
simultaneously with the H2O. CO, on the other hand, is found in both polar and apolar states.
In connection with this, variations in the shape and the peak position of profiles observed to-
ward some luminous protostars have revealed the importance of thermal processing of the
molecular material, presumably by the newly formed star. The bending mode of CO 2 is par-
ticularly sensitive to its environment and as such has served as a diagnostic of the conditions
of the icy environment around protostars. Evolution of the band profile with temperature has
been demonstrated, with evidence for segregation of the mantle constituents when the grain
is heated (Ehrenfreund et al. 1996, 1998; Gerkaines et al. 1999). Studies of the 13CO2 fea-
ture have also shown structure consistent with segregation between CO 2 and polar molecules
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Table 7.1— Abundances of interstellar ices for different lines of sight and typical abundances seen in comets.a

Species NGC 7538:IRS9 W 33A Elias 29 Elias 16
high-mass high-mass low-mass dark cloud comets

CO2 (total) 24 14 22 18 3-20
(polar) 16 13 — 18 —
(apolar) 8 1 — — —

CO (total) 16 9 5.6 25 5-7
(polar) 2 6 0.8 3 —
(apolar) 14 2 4.8 22 —

CH3OH 4 22 < 4 <3 0.3-5
CH4 2 2 <1.6 — 0.2-1.2
H2CO 2-4 2-6 — — 0-5
HCOOH < 3 < 3-7 — — 0.05-0.1
OCS 0.05 0.3 <0.08 — —
OCN� 1 10 <0.24 <2 0.02-0.1
NH3 <10 <15 <9.2 — —
Referencesb 1,2,3,4,5,6 1,3,4,5,6 7 1,8 9,10,11,12

a Relative to H2O (i.e., H2O=100), except in the case of the cometary abundances which are normalised to CO.
b References:(1) Whittet 1997 and refs. therein; (2) Schutte et al. 1996; (3) Gerakines et al. 1999; (4) Gibb et

al. 2000; (5) Keane et al. 2001a; (6) Boogert et al. 1996,1998; (7) Boogert et al. 2000; (8) Whittet et al. 1998;
(9) Mumma et al. 1993,1996; (10) Crovisier et al. 1996; (11) Wink et al. 1998; (12) Irvine et al. 2000.

which arises from thermal processing (Boogert et al. 1999). The abundance of apolar CO has
been shown to correlate with the overall ice temperature as determined from the profile of 3.0
�m ice band towards luminous protostars (Smith et al. 1989). Since CO is highly volatile,
its abundance varies inversely with the degree of thermal processing. The abundance of po-
lar CO does not seem to correlate with temperature indicators and this suggests that a small
fraction of the CO has become encased within the H2O matrix, implying that both species
condensed simultaneously (Sandford & Allamandola 1988).

The results of ISOhave placed strong constraints on the composition of interstellar ices.
The observations clearly show that there is a preference for simple, saturated species. Ad-
ditionally, they provide evidence for different ice phases, i.e., H 2O dominated and an inert
apolar phase dominated by CO. Considering the carbon budget, we recognise that, for ices
dominated by H2O-ice (polar ices), CO2 and CH3OH are generally the dominant species
towards luminous star formation. In dark clouds dominated by low-mass protostars, in con-
trast, CH3OH has not been discovered in the ice and theCH3OH/CO2 ratio is� 0.15. Likely,
these two species result from hydrogenation and oxidation of accreted CO on the grain surface
(Tielens & Hagen 1982; Tielens & Allamandola 1987). The presence of CO 2 indicates oxi-
dising conditions in a grain mantle that is otherwise formed in a reducing environment (e.g.,
H2O, CH3OH) may well be a characteristic of grain surface chemistry (Tielens & Hagen
1982). The other carbonaceous ice species, CH4 and NH2CHO, are present at the trace level
(� 0.05 of the carbon). Hence, these observations are particularly important in guiding stud-
ies concerned with modelling the chemistry that occurs on icy grain mantles: specifically, the
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presence of polar and apolar ice and the distribution of carbon over the carbonaceous species.

7.3 Chemistry

7.3.1 The chemical model

We have adopted a “scoundrel approach” (Charnley et al. 1992) and consider that chemical
reactions occurring on the grain surface are solely responsible for the formation of the molec-
ular species investigated here. The model follows the Monte Carlo accretion limited method
of Tielens & Hagen (1982), which is based upon two essential and simplifying assumptions-:

(i) the accretion timescale >> the timescales for reaction of the accreted atom H, N, C, or O,
with other species;

(ii) there is no desorption of grain mantle species and thus the surface chemistry is not coupled
to the gas-phase.

The reactions considered here are presumed to occur only between weakly bound sites (i.e.
from one physisorbed to another physisorbed site).

Accretion

The constituents of the gas are limited to the species that dominant the bulk composition of
the gas, i.e., H, C, CO, O, O2, N, and N2. A gas-phase species i accretes on to the grain at a
rate:

Racc(i) = ni v(i)� a
2; (7.1)

where ni and �vi are the gas-phase abundance relative to hydrogen and the mean velocity of
the species i, and a is the grain size. Thermal velocities of the gas phase species are given by:

�vi =
q
(3kTg=mi); (7.2)

where mi is the mass of the gas species i, Tg is the temperature of the gas (10 K) and k is
the Boltzmann constant. It is assumed that the sticking coefficient (i.e. the probability that
a species stays on the surface after the collision) is unity for all species striking the grain
surface. Accretion is a random process with a probability given by:

Pacc(i) = Racc(i)=
X
j

Racc(j); (7.3)

where the summation is over all gas phase species. The accretion timescale, �acc, is then
given by:

��1acc =
X
i

Racc(i) (7.4)

For a 1000Å grain, �acc� 105 s at n = 104 cm�3 and T = 10 K.
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Table 7.2— Elemental fractional abundances of gas-phase species

Species Fractional
Abundance (cm�3)

H 1
O 3.4�10�4
C 1.4�10�4
N 7.5�10�5 a
a Meyer et al. 1997

Gas phase composition

The adopted gas-phase elemental abundances are summarised in Table 7.2. Inside molecular
clouds, hydrogen is mainly in molecular form. Cosmic ray ionisation and dissociative recom-
bination processes maintain a low density of atomic hydrogen of�1 cm�3, i.e., an abundance
of 1/nH, with nH the total density of hydrogen nuclei. Observations and theoretical studies
consistently show that within a dense cloud, carbon is almost exclusively locked up on CO
(Keene 1990). Cosmic ray ionisation of H2 produces a low-intensity FUV field, even inside
dense clouds (Prasad & Tarafdar 1983), and this FUV field dissociates a minor amount of
CO. The carbon released drives the chemistry of more complex species in the gas phase as
well as the formation of CH4 on grain surfaces. Calculated abundances of (neutral/ionised)
carbon are then typically� 0.01 relative to CO (Gredel et al. 1989). We have adopted a C/CO
fraction of 0.03 in all of our calculations. The reservoir of nitrogen in molecular clouds is
unknown. Theoretical studies suggest most of the nitrogen is in the form of N 2. We have
adopted an atomic nitrogen abundance of 0.1 relative to N 2, which can react on grain sur-
faces to form, among others, NH3. The gas phase oxygen budget in molecular clouds is not
well known. A substantial fraction is locked up in CO. The remainder is generally thought to
be in atomic (O) or molecular (O2) form, or alternatively in H2O. SWAS has placed strong
limits on the O2 33–12 (Bergin et al. 2000) and H2O 110–101 (Snell et al. 2000) lines in
dark clouds. However, these observations are difficult to interpret in view of the large SWAS
beam. In line with theoretical studies (Spaans & van Dishoeck 2001), we assume that the
gas phase H2O abundance is low. We have elected to treat the O/O2 (fO2

) ratio as a free
parameter in our studies.

Mobility

We assume that all species are physisorbed rather than chemisorbed on the ice surfaces. The
mobility of an accreted species, i.e. the ability to diffuse from one physisorbed site to another,
is crucial to the likelihood of a reaction occurring on the grain surface. Theoretical studies of
H diffusion on ice surfaces show that quantum mechanical tunnelling dominates the diffusion
process at 10 K with a diffusion timescale which varies between 10�12s and 10�9s depending
on the assumptions (Hollenbach & Salpeter 1971; Leitch-Devlin & Williams 1984; Tielens
& Allamandola 1987). Much slower tunnelling times have been inferred from experiments
of H on silicate and graphite surfaces (Katz et al. 1999). However, this analysis ignored
chemisorption of H, which actually controls the mobility of H on these surfaces (Cazaux &
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Tielens in prep.). On ice surfaces chemisorption does not occur and quantum mechanical
tunnelling will be rapid. Either of these timescales for H-diffusion on an ice surface are much
less than the accretion timescale and as will be discussed below, the precise value is of no
consequence. Atoms heavier than H (N, C, and O) are presumed to diffuse through thermal
hopping:

��1hop = �0 exp

�
�Edif

kTd

�
; (7.5)

where Td is the dust temperature (10 K) andEdif represents the barrier that must be overcome
in order for the species to diffuse from one site to another. � 0 is the characteristic vibrational
frequency (i.e., represented as an harmonic oscillator) of the grain surface species, and we
have chosen to use a value of 1012 s�1. We have adopted Edif � 0.3Eb = 240 K, where
Eb denotes the binding energy of the species to the grain surface, which is typically 800 K
for atoms on an icy grain surface (Tielens & Hagen 1982). This leads to a thermal hopping
timescale of�10�2s for these atoms. The time it takes a diffusing species to visit all sites on
the grain surface (i.e. scan the surface) is:

�scan = N �; (7.6)

where depending on the diffusing species � is either � tun or �hop y. For a 1000 Å grain, N
� 106 and �scan is then � 10�3s for atomic H and 104s for C, N, and O. Both of these are
less than the accretiont timescale. We note that heavier atoms, radicals or molecules are more
strongly bound to an icy surface (Tielens & Allmandola 1987) and hence, on an accretion
timescale, such species are immobile.

The process of roaming the grain surface is essentially that of a random walk. An ac-
creted species will remain on the grain surface for a time equal to time it takes the species to
thermally desorb (evaporation timescale):

�evap = ��10 exp

�
Eb

kTd

�
; (7.7)

where relevant binding energies are given by Tielens & Allamandola (1987). The desorption
timescale of atomic H is then �103s, i.e. much less than the accretion timescale but larger
than �scan. For atomic C, N, and O as well as all other species the evaporation timescale
is long compared to all other relevant timescales (at 10 K). A mobile H atom can visit each
reacting site then at most:

� = �evap=�scan; (7.8)

which for the parameters above is � 106. Of course, if the atom reacts rapidly, � may be
much less. For the other atoms, the relevant timescale to consider is the accretion timescale,
and � is then 10.

We assume that species with unpaired electrons react upon “collision” on a grain surface.
Reaction of atoms with molecules having paired electrons may also occur upon collision
depending on kinetic considerations (Tielens & Hagen 1982). The probability for an H atom

y Actually for a perfect H2O surface �scan is proportional to
p
N . However, we do not expect the surfaces of

interstellar ices to be perfect.
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(i) to react with a non-radical species (j) depends on the barrier against reaction (activation
barrier, Eaj ):

Pi;j = � �0 exp

�
�2a

~

q
2mEaj

�
; (7.9)

where � represents the time spent in a site (in this case �tun). If the reactant is not an H atom
(i.e. either N, C, or O) then the term in the exponent is replaced by the likelihood of thermally
hopping over the activation barrier (Ea=kT d). The probability of an atom reacting within one
evaporation timescale (�evap) is then given by:

�i;j = �j k Pi;j ; (7.10)

where �j is the surface concentration of the co-reactant and k is the number of times the atom
enters a specific site. We note that the diffusion timescale drops out, and thus the reaction
probability in each visit is independent of the exact rate at which a species diffuses across
the surface. A faster diffusion timescale limits, of course, the reaction probability but that is
exactly counteracted by the increase in the collision rate. For reactions with negligible acti-
vation barriers (i.e. radicals), Eq. (7.9) reduces to unity. The potential of a reaction occurring
is then determined by the probability of finding a coreactant:

�i;j = �j N
�1 ��1i ; (7.11)

where �i is either due to tunnelling or to thermal hopping, depending on the nature of the
diffusing species. The key point is that a reaction will occur within an evaporation timescale
for H.

The overall reaction rate of species i with species j must then be weighted by all the
reactions that are possible for species i:

Ri;j = �i;j=

nX
l=1

�i;l ; (7.12)

where the summation is over all reactions possible. Now, within this competition of surface
species for a newly accreted H, when there is another radical on the surface, atomic H will
react with this radical even if the surface is otherwise completely covered (�=1) with reaction
partners with Ea as low as 450 K. On the other hand, if there is no radical ”waiting” on
the surface, H will ”select” among the coreactants according to the activation barrier and
the surface concentration of the coreactants involved. We stress once more that the reaction
probability (Eq. 7.11) is independent of the diffusive timescale and the total reaction time
(e.g., the exact value of k). If there is no radical or other coreactant for the H waiting on the
surface, the H atom will evaporate without reaction.

For the other atoms, the maximum barrier of reaction to be considered is E a = 300K for
�i = 10�3 and Ea = 370K for �i = 1. In practise, this may be of importance for the reactions
O + CO and O +O2. For these two reactions, we have adopted PO;CO = PO;O2

, and hence, an
accreted O-atom will select among these two species according to their surface concentration.
For C- and N-atoms, we have ignored reactions with activation barriers.
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7.3.2 Surface reaction network

The adopted surface chemistry reaction network is similar to that of Tielens & Hagen (1982).
There are 40 surface reactions in our network which also involve 5 non-radical species and
over half of the reactions are hydrogen addition. These reactions along with the correspond-
ing activation barriers are documented in Table 7.3. For atomic H, reactions with activation
barriers can be of importance. For C and N, we have only included atom-radical reactions.
The surface chemistry of atomic O is unclear. Besides atom-radical reactions, some experi-
mental studies suggest that atomic O may react with CO and O2, while others contradict this.
We will come back to this in Section 7.4.3. For H2, we only include the reaction with OH
(Tielens & Hagen 1982). Furthermore, the reaction H + OH as route to H 2O is not considered
as we have elected to make the OH, once it is formed, react immediately with H 2.

The barrier for the reaction of atomic hydrogen with H 2CO is not well determined even
though this reaction is a crucial step in the formation of CH3OH (Charnley et al. 1997). The
likelihood of an H atom reacting with an H2CO molecule is ultimately determined by the size
of the activation barrier. We have elected to vary this activation barrier between the estimated
values, 230 K and 1850 K. Finally, the reaction H +N2H2 ! N2H + H2 (R25 in Table 7.3)
has been included as an example of an abstraction reaction. In the presence of excess H, this
reaction “absorbs” the hydrogen through sequential abstraction and addition reactions, which
lead to H2 formation.

7.3.3 Comparison with other approaches

Approaches to modelling grain surface chemistry fall into two very distinct categories which
are essentially defined by whether surface- or gas-phase chemistry is the priority. In the first
method, the surface chemistry is governed by the rate at which species are transported to the
grain surface. This is the accretion limitedapproach and has long been established as relevant
for many astronomical conditions (Hollenbach & Salpeter 1971; Allen & Robinson 1977;
Tielens & Hagen 1982; Tielens & Allamandola 1987; Tielens & Charnley 1997). The model
described above, in Sect. 7.3.1, also adopts this approach. Allen & Robinson (1977) were
the first to construct a model involving a large set of reactions involving atoms and/or radi-
cals. However, given the fact that reactions involving molecules were not addressed and that
a reaction product was immediately desorbed into gas-phase, hydrogenation did not occur.
This meant that simple hydrogenated molecular species were not formed. Also, the size of
the grain was small enough that differences in migration timescale of light and heavy species
became unimportant. In contrast, Tielens & Hagen (1982) considered surface reactions on
large grains, which greatly reduced the mobility of heavier species. As a consequence, reac-
tions involving the atoms H, O, N, and C dominated and in particular, many hydrogenated
and oxidised molecular species were formed. Moreover, the authors were the first to consider
reactions that formed H2 by the abstractionof atomic H which helped to ”mop up” , and thus
control, the free hydrogens. Determination of the surface abundances is accomplished by a
Monte Carlo procedure.

In the second method, the chemistry is governed by the coreactant collision rate of the
accreted species on the grain surface and is more generally referred as being reaction limited.
This approach is driven by the desire to express the reaction probabilities in terms of rate
equations, as is commonly done for gas-phase chemistry. This method was first introduced
by Pickles and Williams (1977) and is the more widely employed (d’Hendecourt et al. 1985,



122 Chapter 7: Grain surface chemistry in interstellar clouds

Table 7.3— Grain surface reactions

Reactants Products Ea (K) Reactants Products Ea (K)

R1: H CO HCO 1000 R28: O CO CO2 1000
R2: H HCO H2CO a R29: O O O2

a

R3: H H2CO CH3O b R30: O O2 O3
a

R4: H H2CO H2COH b R31: O HCO HCOO a

R5: H CH3O CH3OH a R32: O N NO a

R6: H H2COH CH3OH a R33: O NO NO2
a

R7: H O OH a R34: O NO2 NO3
a

R8: H O2 HO2 1200 R35: O CN OCN a

R9: H HO2 H2O2
a

R10: H H2O2 H2O + OH 1400 R36: C N CN a

R11: H O3 O2 + OH 450
R12: H HCOO HCOOH a R37: N N N2

a

R13: H CN HCN a R38: N NH N2H a

R14: H N NH a R39: N HCO NHCO a

R15: H NH NH2
a

R16: H NH2 NH3
a

R17: H C CH a

R18: H CH CH2
a

R18: H CH2 CH3
a R40: H2 OH H2O + H 2600d

R20: H CH3 CH4
a

R21: H NO HNO a

R22: H NHCO NH2CO a

R23: H NH2CO NH2CHO a R41: O HCO CO2 + H a;e

R24: H N2H N2H2
a R42: OH CO CO2 + H 80e

R25: H N2H2 N2H + H2 650c

R26: H NO2 HNO2
a

R27: H NO3 HNO3
a

a Negligible activation barrier.
b Varied from 230 K to 1850 K.
c from Tielens & Hagen 1982.
d H2 is assumed to reside on the grain and atomic H is a byproduct (Schiff 1973; Tielens & Hagen 1982).
e Alternative CO2 forming reactions, see Sect. 7.4.3.

Brown & Charnley 1990; Hasegawa et al. 1992; Hasegawa & Herbst 1993a; Caselli et al.
1993,1994; Shalabiea & Greenberg 1994). The models of d’Hendecourt et al. (1985) were
the first to couple the surface and gas-phase chemistry in a time-dependent manner. These
authors included non-thermal desorption mechanisms which resulted in a substantial return of
species back into the gas. Brown & Charnley (1990) adopted the approach of d’Hendecourt et
al. but also considered a more complex chemistry. A reduced grain surface reaction network
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was used, and the explicit desorption mechanisms of d’Hendecourt et al. were neglected. A
more recent treatment by Hasegawa et al. (1992) of the reaction limited method has become
the standard and it is instructive to compare the mathematical treatment of the reaction limited
approach with the diffusion limited approach.

In the reaction limited method the surface reaction rate between surface species i and j is
given by-:

Ri;j = �i;j(Rdif;i + Rdif;j)NiNj nd; (7.13)

where Rdif is the inverse of the time its takes for an adsorbed particle to visit every site on
the grain (�scan), �i;j is the probability for a reaction to occur on an encounter, and n d is the
dust-grain density (Hasegawa et al. 1992, Eq. 5). Considering this on a per-grain basis, we
can rearrange Eq. (7.13) in the nomenclature adopted in Sect. 7.3.1. Assuming that species i
is an H atom, Eq (7.13) then becomes-:

Ri;j = Ni �i;j Rreact Tdif ; (7.14)

where Rreact is the total reaction rate which limits the number of times each site is visited.
�i;j is the probability that the accreting and diffusing radical reacts with j rather than with
other species, and Tdif is the transmission coefficient associated with the site-to-site diffusion
process of the mobile species. The most salient aspect of Eq. (7.14) is that compared to
Eq. (7.10) the diffusion factor does not drop out and thus that the rate equation is intimately
linked to the mobility of the reacting species. This approach is accurate only when a large
number of reacting species are present on the grain since averaged abundances are considered
(Tielens & Charnley 1997). As emphasised throughout, R react >> Racc and therefore this
condition is not fulfilled and this approach may lead to erroneous results, where species with
different surface mobilities are considered.

7.3.4 Numerical model

The grain surface chemistry described in the preceding sections is modelled in the following
manner. One by one, species are picked randomly from the gas according to Equation (7.3),
and land on the surface. In principle, either an atom or a molecule can be chosen from the
gas phase. If an atom (either H, C, O, or N) is picked, then one of the available surface
coreactants, with which it can react, is chosen according to Equation (7.12). As described in
Sect. 7.3.1, an atom selects a coreactant based on the probability of overcoming the reaction
activation barrier and on the surface concentration. Therefore, if a radical, which has no
activation barrier, is present it is chosen above all else, otherwise a coreactant is chosen
according to its surface concentration. If no coreactant is available, then a moving atom
which is not H remains on the surface until it is selected for a reaction. In the case of atomic
H, if a reaction does not occur within its evaporation timescale, then the H evaporates. If,
on the other hand, the accreted gas phase species is a molecule (CO, N 2, or O2), which does
not diffuse and there is no diffusing atom on the surface, the accreted species is trapped in a
surface site.

The numerical model is based upon a Monte Carlo method. A random number generator
selects initially the accreting gas phase species and then its coreactant, conforming to the pro-
cedure described above. Ten million (107) species are accreted from the gas phase, resulting
in, typically, five million (5�106) reactions being followed. The abundances of trace species
are then, on average, reliable (3�) at the 10�3 level w.r.t to the total ice abundance.
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7.3.5 Parameters governing the chemistry

The chemistry in the model is in essence governed by three parameters, which are varied in
order to gauge their influence on the overall chemistry. These parameters are: (1) the density
of hydrogen nuclei, (2) the O/O2 ratio, and (3) the ratio of the probability of an atomic H to
react with CO relative to H2CO. The total hydrogen nuclei density (nH) in a molecular cloud
varies from 103 cm�3 to about 106 cm�3. The relative abundance of a gas phase species (n i)
is determined by ni/nH (c.f., Sect. 7.3.1). Thus, the accretion rate of a species is proportional
to the density.

In light of the recent SWAS results, which indicate that O2 is only a trace constituent of
the gas, we have elected to include a variable parameter fO2

which controls the O/O2 ratio.
The gas phase abundance of O is then given by (1-2fO2

)(AO-AC)nH cm�3, where AO and
AC are the elemental abundances of O and C (e.g., the CO abundance). The O 2 abundance is
then given by fO2

(AO-AC)nH cm�3. In the context of this study, the parameter fO2
is varied

from 0.01 to 0.45 which corresponds to O2 abundances of 2�10�6 and 9�10�5, respectively
Finally, the ratio of the probability of an atomic H to react with CO relative to H 2CO (i.e.

P = PCO/PH2CO) is elected to be a free parameter. The reason for this is, as mentioned in
Sect. 7.3.2, that the reaction barrier for H with H2CO is not well determined, and hence we
have chosen to vary this from 230 K to 1850 K. Essentially, PCO and PH2CO are evaluated by
Equation (7.9) whereby the only variable is Ea of H2CO. Therefore, when the H2CO barrier
is low, atomic H preferentially reacts with H2CO. On the other hand, when the H2CO barrier
is high, atomic H will react preferentially with CO. Thus, the composition of the ice mantles
formed in the models not only reflects the physical conditions of the gas but also the kinetics
of the reactions occurring on the grain surface.

7.4 Results

The results are discussed in the context of different model conditions. The specific param-
eters being investigated are: the O2 abundance and the activation barrier of H2CO. Before
addressing the finer details of each particular model, we first describe the general trends of
the grain-surface chemistry.

7.4.1 General trends

First consider models without ”H-absorption” reactions (c.f., Sect. 7.3.2). At low densities,
and with a low O2 fraction (Fig. 7.1a), atomic hydrogen is the most abundant gas-phase
species which gives rise to a reducing environment on the grain surface. This results in water
formation through the O + H (R7) reaction route, while CO is efficiently driven to CH 3OH.
As the gas becomes denser the accretion rate of atomic gas-phase O increases and thereby
shifting the grain-surface chemistry. The most striking aspect is that all of the accreted CO
becomes thoroughly oxidised into CO2. The excess O is converted first into O3. The surface
concentration of O3 temporarily increases, until an accreting H reacts with O3 (R11) to OH.
The OH then reacts immediately with H2 on the surface to H2O, releasing an additional H
which can react again with O3. This run-away process continues until either all the O3 is
converted or the released H reacts with another coreactant present. As a result, the H 2O re-
mains high in these calculations at all densities while the O3 abundance is small. The O2

abundance is limited by its reaction with H and is also never high. Finally, at the density
when the atomic O and H accretion rates are similar, the competition between hydrogenation
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Figure 7.1— The calculated fractional abundances (f) of solid-phase grain mantle species as a function of hydro-
gen density. Panels (a) and (b) represent the results of a model without nitrogen chemistry, whereas panels (c) and (d)
represent a model with nitrogen chemistry. The two left panels represent models with low O2 gas-phase fractions,
while the panels on the right denote models with high O2 gas-phase fractions. In all panels CO is denoted by the
line with diamond symbols to allow easy comparison.

and oxidation of radicals becomes important. This is specifically relevant for the formation
of HCOOH.

For models with a high O2 fraction in the gas-phase, the chemistry proceeds in a slightly
different manner (Fig. 7.1b). At low densities, atomic H coverts all O and O 2 into H2O and
CO into CH3OH. As the atomic H accretion rate drops relative to that of the other species,
atomic O predominantly oxidises CO to CO2, but some CO remains at the highest densities.
Also, in contrast to the low O2 case, the O3 abundance can build up because O2 quickly
”absorbs” the H released by R11. Then, the composition shifts from a water-dominated ice
to a more inert matrix containing large abundances of CO and O 2. The abundance of CO2

in these inert matrices reflects directly the O/O2 accretion ratio. Note that there is also some
H2O present due to the occasional reaction of H with O3 and the resulting cascade (see
above).
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Recalling the observational constraints highlighted in Sect. 7.2, CO is detected in both
apolar (H2O poor) and polar (H2O rich) states. However, in Fig 7.1a &, b CO is only present
at the higher densities and only in a predominantly apolar state. The reason for this is that,
at the lower densities in the H-rich conditions, CO is efficiently depleted by H reducing
reactions. This is due not only to reactions with H accreted directly from the gas phase but
also as a result of reactions with atomic H created as reaction byproduct. The cascade (c.f.,
R40) set up by the OH produced in reactions R10 & R11, terminates through H-addition
with CO. As the density increases and gas phase conditions change to H-poor, CO is able to
accumulate on the grain surface. In order to reproduce the observations, an efficient means
of ”absorbing” the excess atomic H is needed, thereby limiting the aggressive hydrogenation
of CO. The work of Tielens and Hagen (1982) introduced, for the first time, reactions that
formed H2 by the abstraction of atomic H, i.e. H + HX!H2 + X. This can also be viewed
as an ideal way with which to ”absorb” the excess atomic H. We have elected to use only
one such reaction involving N2H2 (R25 in Table 7.3). In the absence of a radical on the
surface, this reaction competes well with all other relevant hydrogenation reactions. While
this reaction allows the ”survival” of acccreted CO and its daughter products H 2CO and
CH3OH on the ice, it has little influence on the remainder of the ice mantle composition. Also
the absolute abundance of N2H2 (which is produced from atomic N) is of little consequence
since the intermediate radical N2H is not diverted to other species (Allen & Robinson 1977).
We note that there are many other species which can similarly absorb excess atomic H at low
densities. These include potentially interesting ice mantle components such as H 2S, N2H4,
and various metal hydrides (Tielens & Hagen 1982; Tielens & Allamandola 1987).

Figure 7.1c, shows the resulting grain surface chemistry when the abstraction reaction is
incorporated under low O2 conditions. CO is now seen at the intermediate densities, along
with the H2O. However, the fractional abundance of CO is still very low, whereas the frac-
tional abundance of CO2 is notably high, even at low densities. The excess H now prefers
to react with N2H2 as opposed to CO. However, the reaction O + CO still limits the abun-
dance of CO in a polar environment. This is also reflected in the fractional abundance of
CH3OH, which is significantly lower than for the cases shown in Fig. 7.1a & b. The efficient
conversion of CO into CO2 also represses the amount of CH3OH produced.

Within in this context, models with a high O2 fraction, and with the H abstraction reac-
tion, have a chemistry that starts to resemble more the observations (Fig. 7.1d). In this case,
CO is now present at substantial levels with the H2O at intermediate densities. In line with
this, the CH3OH fractional abundance is also greater at the lower densities as less of the CO
is converted in CO2. In addition, the H2O fractional abundance decreases with increasing
density. This is because the two main H2O formation pathways, namely the H2O2 route
(R10) and the O3 cascade (R11), are both now stringently controlled by the abstraction reac-
tion (R25).

Thus, in light of the above discussion, we elect to adopt both a high O 2 fraction and the
abstraction reaction (R25 in Table 7.3) from here on. As an aside, we note that within this
scheme, HCOOH is not formed since oxidation of the HCO radical is no longer competitive.

7.4.2 Oxidation versus Hydrogenation

Figure 7.2 shows the calculated abundance ratio of CO2 and CH3OH relative to CO for differ-
ent gas phase O2 abundances. Along each line, the gas phase density increases from bottom
to top and the oxidising conditions parallel this. The reducing conditions increase from left
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Figure 7.2— The abundance ratio of CO2 and CH3OH relative to CO for different O2 abundances (fO2
, see

Sect. 7.3.5). Along each curve, the total density is varied from low (upper right) to high (lower left) densities. A
given fO2

controls the atomic O/H ratio and hence the oxidising and reducing conditions. The diamonds denote the
observed abundance ratios derived using the solid state CO (filled) and gas phase CO abundances (open).

to right. For a given fO2
, this controls the atomic O/H ratio and hence the oxidising and

reducing conditions.
Superimposed are the interstellar abundance ratios observed toward a number of high-

mass embedded protostars. The solid diamonds indicate the abundance ratios derived using
the observed solid state CO abundances. Because CO is a very volatile molecule a small in-
crease in the dust temperature may cause some of the solid state CO to evaporate into the gas
phase (also known as outgassing; Sandford & Allamandola 1988). There is clear evidence
for the importance of thermal processing in the observed profiles of the CO 2 band towards
massive protostars. Hence, some of the gaseous CO along the line of sight may have cycled
through the grain mantles. We therefore also show the data observed towards massive pro-
tostars normalised to the gaseous CO column density. Comparison of the observations with
the data reveals two points. First, the high abundance of solid H 2O attest to the importance
of hydrogenation reactions. However, the observed CO 2/CH3OH ratios show that oxida-
tion reactions have been of great importance as well. Depending on whether outgassing has
been important or not, the derived densities at which ice mantle formation occurred was 10 4

and 105 cm�3, respectively. Second, the observed mantle composition requires a rather high
O2 abundance. Essentially, this reflects the adopted high efficiency of the O + CO!CO 2
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Figure 7.3— The calculated fractional abundances when the CO2 forming reaction CO + O is switched off. The
chemistry was run with a high O2 fraction and only major molecular species are shown.

reaction on the grain surface.

7.4.3 CO2

While early laboratory studies (Tielens & Hagen unpublished) showed that the reaction
O + CO!CO2 occurs at low temperatures in ice matrices with excess CO, subsequent lab-
oratory investigations by Grim & d’Hendecourt (1986) showed that this reaction likely pos-
sessed an appreciable activation barrier. In order to account for the observed interstellar CO 2,
it was therefore initially hypothesised that photolysis of interstellar ices containing H 2O and
CO was the origin of interstellar solid CO2. In light of observations of field stars, which
show little if no evidence for UV radiation (Whittet et al. 1996), this view has dropped from
favour. By default, the O + CO reaction remained in theoretical models as no viable alter-
native existed. However, recently laboratory studies are once again questioning the O + CO
surface reaction (Fraser et al. in preparation). Figure 7.3 shows the grain surface chemistry
that occurs when the CO2 forming reaction is turned off. Of course, in this case CO2 is
not formed. Compared with Fig. 7.1d, the most obvious difference is that at each density the
fractional abundance of CO is very large with the end result that at high densities the man-
tle is predominantly composed of CO. Furthermore, the fractional abundances of H 2O and
O3 are generally larger. The reason for this is that atomic O now quickly reacts with O 2 to
O3 (R30). Therefore, in the H-rich phase (i.e. low densities), H readily reacts with the O 3 to
H2O. When the gas phase conditions switch to H-poor, the only major route for atomic O is
to O3, which then accumulates to significant levels on the grain surface. Additionally, at the
highest density, trace species such as NO3 and HNO3 are present around the 1% to 2% level.
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If the O + CO route is not a viable reaction pathway, and also neglecting photolysis, then
CO2 must be formed in another (efficient) manner in order to account for the large abun-
dances seen toward molecular clouds and field stars (Gerakines et al. 1999). CO 2 produced
in the gas phase and subsequently accreted onto the grain can only account for a minor frac-
tion of the observed CO2 (Herbst & Leung 1989; Millar et al. 1991). Shocks may be an
efficient process to produce gaseous CO2 (Charnley & Kaufmann 2000). Whether this is
the origin of solid state CO2 depends then on the rate at which molecular cloud material is
cycled through shocks since the rate at which gaseous CO2 is converted back to other species
in quiescent regions is similar to the rate at which gaseous CO2 accretes.

Recently, Ruffle & Herbst (2001) have investigated two alternative grain surface routes for
CO2: CO + OH!CO2 + H and/or O + HCO!CO2 + H. Both of these reactions may posses
large activation barriers. The first CO2 forming reaction involves the intermediate forma-
tion of HOCO (Milligan & Jacox 1971) and thus cannot simply be viewed in a bimolecular
abstraction scheme. The formation mechanism is then in fact:

CO + OH 
 HOCO�%!
HOCO
HCO2 �! CO2 + H (7.15)

There is considerable discussion in the chemical literature on the kinetics and energetics of
this reaction, driven largely by its importance in sooty environments (Schatz et al. 1987;
Fulle et al. 1996). If HOCO can rearrange into the HCO2 complex, then the H dissociation
channel barrier is lower than the entrance channel and likely CO 2 formation could occur.
This is as opposed to H trying to dissociate directly from HOCO, which is deemed to have a
higher exit barrier. In that case, the resulting HOCO radical may react to form HCOOH. The
second reaction follows the scheme:

O + HCO 
 HCOO� %�!
HCOOH
CO2 + H (7.16)

In our study we have assumed that the intermediate, highly excited, radical HCOO stabilises
on the grain surface and is ultimately reduced by atomic H to HCOOH. In line with the
discussion above, HCOO might molecularly dissociate into CO2 + H. However, Milligan &
Jacox (1971) have shown that HOCO is the product formed in the photolysis of CO in a
H2O matrix.

In order to assess the efficiency of these alternative CO2 forming routes, we have run
the models with the O + CO reaction switched off, and with either reaction (7.15) or (7.16)
incorporated. The results are shown in Figs. 7.4 & 7.5, where in both cases only relevant
surface species are plotted. Here, we only discuss the chemistry in the context of the CO 2

reactions. Figure 7.4 displays the fractional abundances that result from reaction (7.15) for
both a low and a high O2 fraction (fO2

). Strikingly, CO2 is abundantly produced in the
density regime n= 104 –105cm�3 for both fO2

conditions. This is a direct reflection of the
fact that reaction (7.15) is weighted to the surface concentration of CO which is accretes in
great amounts at large densities. For n� 5cm�3 (i.e., poor atomic H conditions), OH is no
longer formed and the route to CO2 is broken. This explicitly means that reaction (7.15)
is only a viable alternative for CO2 production for intermediate densities (104 –105cm�3).
Notably, in the low the fO2

case, HCOOH is present around the 1% level as direct result of
atomic O more efficiently oxidising the HCO radical. The results of the other possible CO 2
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Figure 7.4— The fractional abundances of relevant surface species for the CO2 forming reaction CO + OH (see
text for details). Panels (a) & (b) are run under low and high fO2

conditions, respectively.

route, reaction (7.16), are shown in Fig 7.5, under low fO2
conditions. In this case, we have

elected to allow the two end products (i.e., CO2 or HCOOH) to have an equal chance of
being formed. This aspect is clearly reflected in the fact the CO2 (line denoted by diamonds)
and HCOOH directly trace each other. At low densities, as a result of atomic H being more
abundant than atomic O, the HCO radical is preferentially hydrogenated and as a consequence
the CO2 fraction is low. At higher densities, the abundance of atomic H decreases sufficiently
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Figure 7.5— Fractional abundances versus density for relevant surface species when the CO2 forming reaction
O + HCO is substituted for the O + CO reaction (see text for details)and run under low fO2

conditions. CO2 is
denoted by the open triangles.

to allow reaction (7.16) to proceed. If, on the other hand, the O 2 fraction is large then the
available gas phase atomic O decreases and as a consequence the rate at which reaction (7.16)
occurs diminishes. In this case, CO2 is not formed (to any significant extent) and is thus not
a viable alternative to the traditional CO2 forming reaction O + CO.

A comparison of the model abundances of CO2 and its progenitor CO, which result from
the various CO2 forming reactions, with their corresponding observed interstellar solid state
abundances may help to further elucidate the efficiency and hence relevancy of each of the
possible CO2 routes. Figure 7.6 shows such a comparison for which the possible CO 2 form-
ing reactions were run under different initial O2 gas phase abundances. The O +CO2 reaction
is represented by the solid lines, with density increasing from from left to right. In line with
Fig. 7.2, the models that best approximate the data are for conditions with a high fO2

fraction
and a density of a around n= 104 –105cm�3. This reaction, as mentioned earlier, is an effi-
cient mechanism to produce CO2. The dashed lines in Fig. 7.6 denote the model abundances
that arise from theCO2 forming reaction OH + CO. This route toCO2 can reasonable account
for the observed abundance ratios for the density range n= 10 4 –105cm�3 (see Fig. 7.4) and
thus, in principle, is a viable alternative to the O + CO pathway. On the other hand, Fig. 7.6
clearly illustrates that the CO2 forming reaction O + HCO (reaction 7.16; dotted line) is not
efficient at producingCO2, irrespective of the initial O2 fractional gas phase abundance (note:
fO2

= 0.31 in this case falls outside the parameter space of Fig. 7.6).

Ignoring for the moment the kinetic uncertainties of these reactions, there are additional
issues that need to be addressed. In particular, because of the low temperatures, reaction
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Figure 7.6— A comparison of model CO2/H2O and CO/H2O abundance ratios for the different CO2 forming
reactions - CO + O (solid line); O + HCO (dotted line); OH + CO (dashed line). The numbers denote different O2
fractional gas phase abundances (fO2

, see Sect. 7.3.5). Also plotted are the observed abundance ratios (filled dia-
monds) for a number of high- and low-mass protostars (c.f., Gerakines et al. 1999; Keane et al. 2001a; Nummelin
et al. 2001).

(7.15) will only occur if the OH formed finds itself adjacent to the CO molecule. If the OH
is not formed adjacent to a CO molecule, the OH will react rapidly with H2 to H2O. Hence,
whether either of these alternative routes to CO2 (i.e., reactions (7.15) & (7.16)) are viable
on grain surfaces remains to be seen. Further experimental and quantum chemical studies are
required to settle these issues.

7.4.4 H2CO and CH3OH

The formation of CH3OH on grain surfaces involves the successive hydrogenation of CO,
shown in Eq. (7.17).

CO
P1�!
1

HCO �!
2

H2CO
P3�!
3

CH3O �!
4

CH3OH (7.17)

Steps 2 and 4 in Eq. (7.17) are barrierless and atomic H reacts readily, ensuring that the rad-
icals HCO and CH3O do not accumulate on the surface. Steps 1 and 3, on the other hand,
are believed to have appreciable reaction barriers. The accumulation of CO and H 2CO there-
fore depends on the probability of H reacting with either species. In Fig. 7.1d (the adopted
model), H2CO never accumulates on the grain surface, whereas CO does. This results from
the assumption that the reaction barrier for the hydrogenation of H 2CO is considerably lower
than the corresponding barrier for CO and consequently atomic H preferentially reacts with
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Figure 7.7— Fractional abundances versus hydrogen density of relevant surface species for different H2CO acti-
vation barriers. The dot-dashed lines indicate species that are significantly affected by varying the H2CO activation
barrier.

H2CO. In Fig. 7.7, model results are presented varying the H 2CO activation barrier from
230 K to 1850 K. Fig 7.7a is the same as Fig. 7.1d where essentially all the H 2CO is reduced
to CH3OH. As the H2CO activation barrier is increased to 1000 K, the amount of H 2CO on
the surface also increases to just less than the 1% level. In this model, as the conditions change
from reducing to oxidising, the reaction sequence (7.17) terminates more often at H 2CO. Of
course for high densities all hydrogenation reactions decrease in importance. These effects
are even more pronounced when the activation barrier for hydrogenation of H 2CO is 1850 K
(Fig. 7.7c), Now H2CO can accumulate at high levels (�20%) on the grain surface. Strik-
ingly, the overall chemistry is very similar in all cases. We note that when the activation
barrier for the H2CO reaction increases the H, that now does not react with H2CO, reacts
with H2O2 instead and the abundance of the latter decreases slightly from panel Fig. 7.7a
through c. As a result, H2O is also more abundant.

Alternatively, the chemistry of Fig. 7.7 can be expressed in terms of the ratio of the proba-
bility for H to react with CO relative to H2CO, i.e. P = P1=P3 in Eq. 7.17. Figure 7.8 shows
the abundance ratios H2CO/CH3OH and CO/CH3OH for different reaction probability ra-
tios. The diamonds in Fig. 7.8 indicate the H2CO/CH3OH and CO/CH3OH interstellar ice
abundance ratios observed toward a number of high-mass embedded protostars. The observed
abundance ratios of CO/CH3OH is based upon the total solid CO column density, including
the apolar component. However, in our model the CH 3OH and H2CO are largely limited to
the water-rich (polar) phase. If we had normalised to the polar CO abundance only, the filled
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Figure 7.8— The abundance ratio of H2CO and CO relative to CH3OH. The curves show the results for the
ratio of the probability of H to react with CO relative to H2CO. Along each curve the CO/H accretion probability
varies from small to large. The diamonds indicate observed abundances toward a number of embedded young stellar
objects. Plotted are the results using the solid state CO (filled diamonds) and with the gas phase CO (open diamonds).
The circles denote the gas phase composition of the Orion Compact ridge (see text; Sutton et al. 1995; Wright et al.
1996) and the box surrounding them denotes the range of literature values.

diamonds would, in general, shift only slightly to the left, with one object would shifting sig-
nificantly. Since the solid state (solid diamonds) CO abundance are sensitive to outgassing,
the observational values may not accurately reflect the true CO abundance (as discussed in
preceding paragraph). However, gas-phase CO abundances can be used (open diamonds).
Also plotted in Fig. 7.7, are a number of abundance ratios derived for the Orion Compact
Ridge (filled circles; Sutton et al. 1995; Wright et al. 1996). The variations seen in these
points might well reflect the fact that Orion molecular cloud OMC-1 is a complex region and
observations might suffer from confusion (i.e., observations of the Compact Ridge might be
(slightly) contaminated by nearby regions). Within the context of our models, the conditions
that best account for the composition of ices toward the embedded protostars were accretion
during an intermediate density (n� 104cm�3) gas-phase and for an assumed P � 1, i.e., it
is equally probable that an H can react with CO as with H2CO on a per-species basis (i.e.,
assuming equal �i). This approach was first considered by Charnley et al. (1997), in which
they solved the hydrogenation chemistry of CO to CH3OH analytically disregarding all other
reactions. Their resulting abundances differ somewhat from ours. We have checked that our
numerical model reproduces the Charnley et al. results if we switch off all other reactions.
As it turns out, the other hydrogenation reactions do have an important influence on the CO,
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Figure 7.9— As Fig. 7.8, but in this case the abundance ratios are determined from gas phase data (van der Tak et
al. 2000a,b). The diamonds indicate the observed gas phase abundances towards the embedded young stellar objects
shown in Fig. 7.8. The triangles are additional objects from the study of van der Tak et al. (2000a,b). As in Fig. 7.8,
the circles denote the Orion Compact Ridge abundance ratios.

H2CO, CH3OH abundance ratios at high densities (low atomic H in the accreting gas) when
the competition for H is fierce. It is this aspect that causes the curves to level off to the right
of Fig. 7.8. Charnley et al. (1997) derived a value of 10�3 for P which is much lower than
our best fit value of (P � 1). However, their value for P was based on comparison to the
observations of the Orion Compact Ridge, which falls in the region where the curves are lev-
elling off. Hence, because of their limited chemistry, their study underestimates the value of
P considerably. We note also, that the Orion Compact Ridge observations are outlyers with
regard to all other sources and would indicate a value for P of � 10�1.

In contrast to ice studies, observations of gaseous CO, H2CO, and CH3OH in hot cores
(van der Tak et al. 2000a,b), reveal high density, cold environments that have little atomic H
(e.g., high density) and therefore are not conducive to hydrogenation (Fig. 7.9). The model
can reproduce the observed ratios in the gas phase of hot cores if we extend the curves to high
densities (� 106cm�3). However, the agreement is largely artificial because abundances of
all hydrogenated species is very low at high densities. These gaseous ratios are difficult
to reconcile with observed interstellar ice abundances unless only a minor fraction of the
CO observed in hot cores has been cycled through the ice phase in massive star forming
regions. Under the conditions indicated by the CO, H2CO, and CH3OH abundances, the
accretion is mainly of inert species and additionally there is little atomic O present. As a
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Table 7.4— Comparison of model abundances with observed ice abundances a

Model 1b Model 2c

Species protostarsd Elias 16 103 104 105 103 104 105

H2O 100 100 100 100 100 100 100 100
CO2 (total) 14 –24 18 54 64 106 18 30 133

(polar) 13 –16 18 54 64 — 18 30 —
(apolar) 1 –8 — — — 106 — —- 133

CO (total) 5 –16 25 0.01 1 14 0.03 6 153
(polar) 1 –6 3 0.01 1 — 0.03 6 —
(apolar) 2 –14 22 — — 14 — — 153

CH3OH 4 –22 <3 28 20 0.7 54 61 0.9
NH3 <15 — 10 1 — 12 0.5 —
CH4 2 — 4.4 2 0.4 3.4 4.4 0.5
H2CO 2 –6 — — — — — 0.1-1.7e 0-0.5e

HCOOH 0 –7 — 0.07 — — — — —

NH2CHO — — — 3 9 — 19 30
H2O2 — — — 4 3 0.3 21 7
a % relative to H2O
b Low O2 fraction
c High O2 fraction
d Based on ice abundances towards high-mass and low-mass objects listed in Table 7.1
e Depending on whether the activation barrier for H2CO is 670 K or 1000 K

result, little H2O will be formed through standard surface chemistry and any H 2O or its
derivative (e.g. H3O+) has to be formed locally (e.g., through the reaction O +H 2 and
OH +H2) in the warm gas. Possibly, the observed ice composition and hot core compositions
can be reconciled by considering that, unlike the hot core material, ices sample quiescent
material, much further away from the collapsing core, which have never experienced the
extreme conditions associated with the protostellar core forming process. Alternatively, the
gas phase abundance ratios in Fig. 7.9 might have fallen, at one stage, close to the P � 1 curve
which is favoured by the solid state abundance ratios and simply with time evolved to their
current positions. In this respect, the gas phase abundance ratios might reflect a later stage of
the star-forming process whereby these species are converted into other molecules. Indeed,
models of the gas phase chemistry of warm molecular material around protostars show that
after the mantles have been injected into the gas phase, the abundances ofCH 3OH andH2CO
decrease, with H2CO decreasing at a more rapid rate (Charnley et al. 1992). As a result, the
data points in Fig 7.9 will shift to the lower right corner, i.e., in the direction indicated by
the arrows. In this way, the bulk of the CO can still cycle through the ice phase in massive
star forming regions. Further theoretical studies are necessary to elucidate the discrepancy
between the solid state abundance ratios and their corresponding gas phase values.
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7.4.5 Comparison with molecular cloud observations

In Table 7.4, we compare the abundances of selected species of our model with abundances of
observed interstellar ices. Model abundances of distinct polar and nonpolar phases are given
to compare more directly with the observations and all abundances are normalised to H 2O.
Generally the observations, especially the distribution of carbon over the (polar) CO, CO 2

and CH3OH species, and the models are in good agreement with the models for n� 10 4–
105cm�3. We note that at these densities, the accretion timescale becomes comparable to the
dynamical timescale of protostar formation (104-105yr). Furthermore, comparison of Fig. 7.7
with the observed solid state H2CO abundances, suggests that the activation barrier of H2CO
is�1500 K. However, there is a considerable discrepancy between the abundance of CH 3OH
produced by the models and what is actually observed. To a large extent, this results from
the high adopted gaseous C/O ratio which in the models is � 0.45 as opposed to an observed
ratio of, in the case of Elias 16, � 0.25 in the ices. Models run with lower C/O ratios result
in CH3OH abundances which are quite comparable to the obervations. The observed apolar
CO reflects high densities (>105cm�3) in the models when the gas phase is H-poor. NH3 and
CH4 abundances are set by the adopted atomic N and C abundances in the gas phase. Their
good match with the observations is therefore not surprising. Strikingly, although HCOOH
is observed towards protostars, in our models it is simply not produced. Oxidation of the
HCO radical does not appear to be efficient as the atomic O generally prefers routes that
terminate in H2O. On the other hand, H2O2 and NH2CHO have not yet been observed
but both species are present at substantial levels, for n� 104–105cm�3, in our models. A
concerted effort should be made to search for signatures of these molecules. At even higher
densities (106cm�3; not shown in Table 7.4) and in the case of the high fO2

models, HNCO
and OCN are present just beneath the 1% level.

7.5 Summary and future directions
We have presented a simple, Monte Carlo accretion limited model of the chemistry occur-
ring on grain surfaces. The chemical network consists only of a small but important set of
predominantly hydrogenation and oxidation reactions. Two essential and simplifying condi-
tions are assumed: 1) the reaction timescale is significantly less than the accretion time of the
next species and 2) the surface chemistry is not coupled to the gas-phase. In addition, atomic
hydrogen is assumed to quantum mechanically tunnel when diffusing across the surface and
when reacting with a reaction partner. Particular attention is paid to the sensitivity of the
grain surface chemistry to the O2 fraction. Furthermore, the activation barrier regulating the
hydrogenation of H2CO, and the subsequent formation of CH3OH, is investigated. To assess
the repressing nature of H-reducing reactions on the overall chemistry, we have included an
H-abstraction reaction that ”absorbs” excess free hydrogen. Below we discuss the principal
results of this study and highlight the important issues that remain to be resolved.

1. We find that hydrogenation and oxidation reactions are equally important on the grain
surface. The high abundances of solid H2O attest to the importance of hydrogenation
reactions. H-abstraction (”mopping up” of excess hydrogen) allows the ”survival” of
accreted CO, and its daughter products H2CO and CH3OH, but has little influence on
the remainder of the ice mantle composition. However, the reaction O + CO still limits
the abundance of CO at the low densities. The efficient conversion of CO into CO 2

also represses the amount of CH3OH produced.
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2. Our simple grain surface chemistry can reasonably account for the observed ice com-
position toward molecular clouds. The results show that water-rich ices are formed
at densities � 105cm�3 where atomic hydrogen is an abundant gas phase species. In-
ert ices, on the other hand, form at higher densities. However, the observed mantle
compositions require, in the context of our models, a rather high fO2

abundance. This
essentially reflects the adopted high efficiency of the O + CO!CO2 grains surface re-
action. Clearly, establishing the abundance of solid O2 is crucial for understanding the
grain surface chemistry.

3. The derived densities at which ice mantle formation occurred is�10 4–105cm�3. Also,
from timescale considerations, this is the density at which the accretion becomes com-
parable to the free-fall timescale.

4. The chemistry is essentially controlled by a few key reactions, namely:-

O+CO ; O +O2

H+CO ; H +H2CO

The above oxidation reactions block the H2O forming reaction O + H and the dominant
routes to H2O are then the hydrogenation of O2 (through H2O2) and oxidation of O2

(through O3) where in this case the O2 acts as a catalyst. The hydrogenation reactions
are the controlling steps in the formation of CH3OH, though both of these steps have
considerable activation barriers. Within the context of our model, comparisons with
observations show, that it is equally probable that an H can react with CO as with
H2CO on a per-species basis. This implies that the activation barriers for each step are
similar. Experimental studies are casting/reviving serious doubts about whether atomic
O can react with CO to CO2. Observationally,CO2 ice is ubiquitous with surprisingly
similar abundances in contrasting environments, and therefore alternative formation
routes to CO2 must be investigated. It is possible that CO2 could be formed by either

CO+OH or O + HCO

In the context of our models, CO + OH can reasonably account for the observed CO 2

ice abundances, but only in density regime n� 104–105cm�3 where the CO2 produc-
tion is efficient. O + HCO, on the other hand, is not a efficient reaction for CO 2 for-
mation. Nevertheless, there is considerable uncertainty about the kinetics of these two
reactions and more theoretical and experimental studies are need in order to establish
if they are in fact viable pathways to form CO2 on interstellar grain surfaces.

5. The origin of HCOOH is unclear as our models did not produce any significant amounts
of HCOOH when run under interstellar chemical conditions that best matched the
global observed ice abundances. Oxidation of HCO seems to be an inefficient source
for HCOOH. Possibly, the reaction OH + CO, and its intermediate product HCO2,
can lead to efficient production of HCOOH, though further experimental and quantum
chemical studies are required.

6. Finally, our results reveal that under certain circumstances a ”cascade” can set in con-
verting rapidly all O3 into H2O. Such a cascade is difficult to incorporate into (modi-
fied) rate equation approaches to grain surface chemistry.
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Het stoffige heelal

DONKERE vlekken in de Melkweg, ooit “ leegten in de ruimte” genoemd, getuigen van
de aanwezigheid van stof – de frustratie van de eerste optische astronomen. William

Herschel gebruikte tegen het eind van de 18e eeuw als eerste de term “gaten in de hemel”
als omschrijving voor donkere vlekken omgeven door grote aantallen sterren. Een van de
fraaiste van deze donkere nevels is een wolk in de richting van het sterrenbeeld Ophiuchus,
afgebeeld in Figuur 1, waarvan inmiddels bekend is dat hoge concentraties stof en moleculair
gas praktisch al het zichtbare licht van achtergelegen sterren absorberen. Men noemt deze
nevels gewoonlijk Barnard’s objekten, naar E.E. Barnard, die rond 1900 vele van deze objek-
ten ontdekte en catalogiseerde. De zoektocht naar de aard van deze donkere vlekken mondde
uit in twee belangrijke theorieën. In de eerste stelde Herschel voor dat groepen sterren an-
dere naburige sterren naar zich toetrekken en daarmee een leegte veroorzaken. Een andere
theorie ging er van uit dat deze donkere plekken uit echte materie bestaan. A.C. Ranyard was
de eerste die opperde dat het licht van sterren door verduisterende materie wordt tegenge-
houden. Deze laatste theorie werd uiteindelijk aanvaard, nadat R. Trumpler kon bewijzen
dat het licht van ver weg gelegen sterren wordt verzwakt bij de passage door verduisterende
materie. H.N. Russel was de eerste die met het idee kwam dat de donkere vlekken uit fijn stof
zouden bestaan. Door aan te nemen dat deze vlekken door zwaartekracht bijeengehouden
worden kon Russel de massa berekenen en de relatie tussen donkere en lichte nevels verk-
laren. Door gebruik te maken van het stofconcept kon Russel onderscheiden tussen nevels
waarin het sterlicht op stofdeeltjes weerkaatst - een zogeheten reflectienevel- terwijl an-
dere nevels het sterlicht absorberen en het omliggende gas verhitten, een emissienevel. Deze
inzichten zijn nog altijd niet gewijzigd. Zodra het stofconcept algemeen aanvaard was, werd
stof louter als een lastpost beschouwd, vooral omdat het zwakke sterhopen verder weg leek
te plaatsen dan zij in werkelijkheid staan.

In de afgelopen jaren echter geniet onderzoek aan het stof zelf veel erkenning; het wordt
gezien als een alomtegenwoordig onderdeel van de kosmos en beı̈ nvloedt rechtstreeks of
onrechtstreeks de meeste sterrenkundige disciplines. Stof speelt veel verschillende rollen in
de Melkweg. Zo worden onder andere moleculaire wolken vooral door stof verwarmd, en
controleert stof het massaverlies van oude sterren. Stof is ook onlosmakelijk verbonden met
de vorming en evolutie van sterren en planetenstelsels. Een elementair inzicht in de aard en
de samentelling van stof in een aantal erg verschillende objekten zal ontegensprekelijk leiden
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Figuur 1— Wat ooit
voor een gat in de ruimte
werd aanzien staat nu bij
astronomen bekend als een
donkere moleculaire wolk.
Hier afgebeeld is eén van de
meest in het oog springende
exemplaren van deze donkere
absorptienevels, een wolk in de
richting van het sterrenbeeld
Ophiuchus bekend onder de
naam Barnard 68. Een hoge
concentratie stof en moleculair
gas absorbeert praktisch al
het zichtbare licht van de
achtergelegen sterren. [VLT
ANTU & FORS1, ESO].

tot een beter begrip van ons melkwegstelsel en alles daarbuiten.

De levenscyclus van stof

De alomtegenwoordigheid van stof komt duidelijk naar voor in zijn levenscyclus (zie Hoofd-
stuk 1, Fig. 1.4.). In de koele atmosferen van oude sterren vormen zich koolstofrijke
stofkiemen die - deinend op de wind van deze ouder wordende roethopen - de ruimte inzeilen
tussen de sterren in (het inter-stellair medium, of ISM). In sommige gevallen zijn de sterren
zo zwaar dat ze hun leven beeindigen met een geweldige explosie - een zogenaamde super-
nova - die het metaalrijke stof de ruimte inschiet. In het ISM kan dit sterrenstof groeien door
het opslorpen van kleinere deeltjes (accretie) of doordat twee stofdeeltjes van vergelijkbare
grootte aan elkaar blijven plakken (coagulatie). Intense ultra-violet straling en botsingen
met zeer energierijke deeltjes kunnen de eigenschappen van het stof veranderen. Stofkorrels
kunnen ook worden vernietigd door sterke schokken, zoals in supernovae voorkomen. Het
stof klontert samen in steeds groter wordende wolken die bij elkaar komen en versmelten, en
er ontstaat een dichte, stabiele moleculaire wolk. Het kan tientallen miljoenen jaren duren
vooraleer zo’n stabiele wolk gevormd is, en in de tussentijd ondergaat het stof grote chemis-
che veranderingen. Door lokale variaties in de fysische omstandigheden in de moleculaire
wolk ontstaan kernen met hoge dichtheden. Deze kernen zijn zo compact, dat straling er
niet kan in doordringen; bijgevolg daalt de temperatuur en er vormt zich een laagje ijs op de
stofkorrels. Onder invloed van de zwaartekracht verandert de compacte kern in een nieuwe
ster, omgeven door een schijf van stoffig materiaal waaruit planetoiden, kometen en tenslotte
planeten ontstaan. Mettertijd wordt ster langzaam volwassen en veroudert, waarbij ze op-
nieuw stof de ruimte inblaast en de cylus opnieuw begint. De levenscyclus van stof is daarom
nauw verbonden met die van sterren en ons Melkwegstelsel.
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De vorming van sterren: een stoffig begin

Verspreid over onze Melkweg bevinden zich reusachtige koude gaswolken, die het licht van
de achterliggende sterren tegenhouden. Deze koude, donkere wolken zijn de kraamkamers
van sterren. Figuur 2 geeft een overzicht van de vorming van een ster met lage massa in zo’n
wolk. Door de lage temperatuur van de wolk bewegen de atomen en moleculen langzaam
genoeg om de dichtere delen in de wolk toe te laten onder invloed van de zwaartekracht
samen te trekken tot klonten (figuur 2a). Zodra in het centrum van een klont de dichtheid
een bepaalde kritische waarde overschrijdt wordt de klont instabiel en begint ineen te storten.
In het centrum bevindt zich de kern of protoster, die langzaam zwaarder wordt naarmate er
meer materie op neervalt (figuur 2b). Dit stadium van neerslag is het enige stadium in het
proces van stervorming dat nog niet direct geobserveerd is. Door rotatie vormt zich een schijf
rond de protoster en er ontstaat een sterke uitstroming loodrecht op de schijf (figuur 2c).

a) b)

c) d)

e) f)
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Figuur 2— Schematisch overzicht van de vorming van een
lage-massa ster [Hogerheijde 1998; naar Shu et al. 1987].

Tijdens dit stadium valt er nog steeds
materiaal op de ster. Uiteindelijk
blaast de protoster het omringende
materiaal grotendeels weg; alleen de
schijf blijft over (figuur 2d). De
protoster is nu zichtbaar geworden.
Terwijl de protoster verder samen-
trekt, bezinkt de schijf (figuur 2e) en
kleine hemellichamen of planetesi-
malen vormen zich uit het stof. Na
een miljoen jaar stopt de samen-
trekking en is de ster volwassen; in de
schijf kunnen zich planeten gevormd
hebben (figuur 2f).

Het stervormingsproces zoals hier-
boven beschreven geldt enkel voor
sterren met een lage massa. Veel
minder is bekend over de vorming
van sterren met een hoge massa,
in hoofdzaak doordat de stadia van
het vormingsproces veel korter en
heviger zijn. Dit proefschrift concen-
treert zich op de eigenschappen en
de samenstelling van het materiaal in
gebieden waar zich sterren met hoge
massa vormen (vergelijkbaar met de
stadia (a) tot (c) van sterren met lage
massa) en op een goed begrip van de
effecten van stervorming op dit stof-

fige materiaal.
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Figuur 3— Illustratie van hoe de atomen van een molecuul (in dit geval CO2) naar elkaar toe of van elkaar af
bewegen als een foton van een bepaalde energie wordt geabsorbeerd (overgenomen van Jan Cami)

Turen in het donker

De geboorte van sterren is gedurende lange perioden niet visueel waar te nemen omdat de
protoster verborgen ligt achter de stofwolken die er langzaam op neervallen. Het licht (stral-
ing) dat de protoster uitstraalt wordt geabsorbeerd door de omringende stofcocon. Door de
absorptie van straling wordt het stof echter warm en begint te stralen in het infrarood. Infra-
rood licht ontsnapt makkelijk uit de stofwolken en othult zo wat er in de stellaire kraamkamer
gebeurt. Infrarood spectroscopie is de enige manier om de samenstelling van het stof in ster-
vormingsgebieden te bestuderen.

Spectroscopie bestudeert de interacties tussen uitgestraalde energie en materie. In dit geval
komt de uitgestraalde energie van de protoster en de materie van de omhullende koude stof-
wolken. Deze stofwolken bevatten onder andere ijs. Moleculen veroorzaken absorptielij-
nen in de spectra van dichte moleculaire wolken. Absorptie van protoster-fotonen door de
moleculen in de stofwolken gebeurt alleen op bepaalde frequenties (vibraties). De vibraties
komen meestal door (a)symmetrische rekking of buiging van de bindingen tussen de atomen
waaruit het molecuul is opgebouwd (figuur 3). Deze spectrale lijnen worden gekarakteriseerd
door de plaats van de piek, de mate van absorptie en de vorm van het lijnprofiel. Elk mole-
cuul heeft zo een uniek infrarood spectrum; dit kan als een vingerafdruk gebruikt worden om
het absorberend molecuul te identificeren. Laboratoriumexperimenten leveren de “vingeraf-
drukken” van specifieke moleculen in het infraroodspectrum door de omstandigheden van het
interstellair medium na te bootsen en hierin ijsmengsels te bestuderen. In deze experimenten
sijpelt een gas bestaande uit (een mengsel van) zuivere stof(fen) langzaam in een vacuüm-
kamer waar het condenseert op een koud oppervlak. Hierna wordt van het condensaat een
infrarood spectrum opgenomen. De samenstelling van het gas, de temperatuur en de mate
van blootstelling aan straling kunnen in het laboratorium gevarieerd worden. Uitgebreide
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studies laten zien dat de positie van de piek en de vorm van de absorpiebanden van het ijs niet
alleen informatie levert over het absorberende molecuul zelf, maar ook over de onmiddellijke
omgeving die met de moleculen reageert.

Gerijpt stof : weg tot chemische verrijking

Diep binnenin molekulaire wolken leveren stofdeeltjes het oppervlak waarop opgeslorpte
gasdeeltjes elkaar ontmoeten en reageren (Fig. 4a). Wanneer dit gebeurt, groeit er een dun
laagje ijs op het oppervlak en het stof wordt met rijp bedekt. Men noemt dit stof-oppervlak
chemie. Een individueel stofdeeltje slorpt ruwweg één gasdeeltje per dag op. De temperatuur
van een stofdeeltje in een molekulaire wolk is gemiddeld 10 K (� -263 Celsius) en deelt-
jes die slechts losjes gebonden zijn aan het oppervlak - voornamelijk atomair en molekulair
waterstof (H & H2) - kunnen op korte tijd verdampen. Zwaardere deeltjes daarentegen zijn
sterk gebonden aan het stofoppervlak en zullen slechts verdampen wanneer de temperatuur
van het stofdeeltje wordt verhoogd. Door die sterke binding zijn zware molekulaire deeltjes
als het ware gevangen op hun plek en kunnen ze niet vrij bewegen over het oppervlak van
het stofdeeltje. Lichtere deeltjes, zoals zuurstof (O) en koolstof (C), kunnen migreren door
over het oppervlak te springen (”hopping” ). Atomair H “ tunnelt” over het oppervlak omdat
het bijzonder licht is. Wanneer twee deeltjes met elkaar botsen vinden er reacties plaats en
wordt een product gevormd enkel en alleen als er genoeg energie aanwezig is om de barrière
die de reactie tegenwerkt te overwinnen. Reacties tussen beweeglijke deeltjes en radicalen
(deze bevatten ongepaarde elektronen) hebben geen barriere te overwinnen, zodat bij elke
botsing een reactie plaatsvindt. Omdat H en O in grotere concentraties in het gas aanwezig
zijn en dankzij hun grotere mobiliteit op het stofoppervlak, zijn de meest voorkomende reac-
ties hydrogenatie (H-toevoeging) en oxidatie (O-toevoeging). Dit levert molekulaire soorten
op die geen verdere reactie meer kunnen aangaan, zogenaamd “verzadigde” soorten. Stof-
oppervlak chemie is dus bij uitstek herkenbaar aan de vorming van verzadigde complexe
deeltjes aangezien deze niet kunnen gecreëerd worden door chemische reacties die in gas
plaatsvinden.

Interstellair ijs speelt een belangrijke rol in de chemische inboedel van molekulaire wolken.
Ze dienen als een opslagsplaats voor een diverse verzameling molekulaire deeltjes zoals wa-
ter, methanol en formaldehyde. De stralingsenergie van nieuw gevormde protosterren ver-
warmt het omringende stof in voldoende mate om de ijsmantels gedeeltelijk of zelfs geheel
te verdampen. Waarnemingsgericht onderzoek toont duidelijke variaties in verscheidene ijs-
absorbtieprofielen die kunnen worden toegeschreven aan thermische bewerking van het ijs.
Elke soort ijs - hetzij zuiver, hetzij ingekapseld in andere ijssoorten - verdampt bij een spec-
ifieke temperatuur, typisch voor specifieke zones in de nabijheid van protosterren. Op grote
afstand van de protoster zorgt de lage temperatuur er voor dat vluchtige deeltjes, zoals kool-
monoxide (CO), neerslaan op het oppervlak. Atomair H is schaars in deze gebieden, zodat er
een waterstof arme (apolaire) ijslaag onstaat. Dichter bij de protoster worden waterstof rijke
(polaire) ijsmantels gevormd. Deze bevatten, naast water, methanol, ammonia en methaan.
Dit polair ijs verdampt om en bij de 80 K (� -193 Celcius) en kan daardoor overleven in de
gebieden met hoge temperaturen dichtbij de ster. Als gevolg van het neerslagproces vormen
de ijsmantels een structuur die doet denken aan üienschillen” (Fig. 4b). Het gebied dichtbij
de protoster wordt gedomineerd door sterke schokken en hoge temperaturen. Ook kan ul-
traviolette straling van de protoster de ijsmantels bewerken zodat er complexe organische
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Figuur 4— Evolutie van een stofdeeltje in een dichte molukelaire wolk. (a) chemische stoffen in de gasfase slaan
neer op het oppervlak van een koud stofdeeltje en reageren met elkaar tot nieuwe molekulen. (b) Afhankelijk van
de concentratie atomair H in de gasfase vormen zich polaire of apolaire ijsmantels. Het resultaat lijkt op de schil-
lenstructuur van een ui. (c) Wanneer de protoster evolueert, wordt het stofdeeltje opgewarmd, waardoor het apolaire
ijs verdampt en het polaire ijs gaat schiften (”segregate” ). Ultraviolette straling van de protoster kan daarnaast de
ijsmantels bewerken, waardoor complexe organische molekulen vormen [Boogert 1999].

molekulen worden gevormd. Onder dergelijke condities zal uiteindelijk al het ijs van het stof
verdampen. De complete verdamping van het ijs leidt tot hoge concentraties van verzadigde
complexe molekulen in gasfase die op hun beurt de chemische processen beheersen die grote,
organische moleculen vormen in het gas dicht bij de ster. Daardoor is de weg naar chemis-
che verrijking sterk afhankelijk van de interactie tussen stofdeeltjes en het gas van het ISM,
waarbij het stof als platform dient voor complexe chemie.

Mijn promotieonderzoek
In dit proefschrift wordt de rol van stof in drie verschillende domeinen van stervorming on-
derzocht (namelijk in dichte moleculaire wolken, hete kernen en melkwegstelsels). Met de
lancering van het Infrared Space Observatory (ISO) door het Europese ruimteagentschap ESA
in 1995 kregen astronomen toegang tot het complete infraroodbereik - doorgaans tegenge-
houden door de aardse atmosfeer en bijgevolg niet waarneembaar vanaf de aarde. Dnakzij
de hoge gevoeligheid, de resolutie en het golflengtebereik is ISObij uitstek geschikt voor het
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waarnemen van stervormingsgebieden. In dit proefschrift worden drie onderzoeksmethoden
(te weten astronomische spectra, laboratoriumspectra en modellen) gecombineerd die van
cruciaal belang zijn om stervormingsgebieden dicht bij jonge zware sterren te begrijpen.

Het overgrote deel van het proefschrift gaat over de waarnemingen van vaste-stof ijsban-
den in de ISO-SWS2–8�m spectra in de richting van verscholen zware protosterren. Deze
spectra tonen voor het eerst twee smalle absorptielijnen die veroorzaakt worden door een
combinatie van verschillende vibrationele banden van vast CO 2 ijs. Vergelijkingen met
laboratoriumspectra bevestigen eerdere resultaten dat het CO2 ijs langs deze gezichtslijn
een aanzienlijke thermische bewerking ondergaat. Een opmerkelijk raadsel dat dit werk
heeft voortgebracht is dat de interstellaire absorptiebanden het best overeenkomen met
een laboratoriummengsel rijk aan methanol (CH3OH) – en dat terwijl zuiver CH3OH zelf
maar in kleine hoeveelheden aanwezig is langs deze gezichtslijn. Voorts werd het 5–
8�m gebied van dichte moleculaire wolken geanalyseerd. Dit gebied, in Fig. 5 afgebeeld
voor de dichte wolk W 33A, vertoont voornamelijk absorptiebanden bij 6.0 en 6.85�m.

Figuur 5— Een vergelijking van ISO spectra van verscheiden-
heid aan objecten. De verticale streepjeslijnen vergemakkelijken
de vergelijking van de drie spectra met die van bekende Galactis-
che absorptiebanden. De pijlen geven de posities aan van de PAH
emissiebanden [Spoon et al. 2001].

Een groot aantal moleculen
hebben echter vibrationele ban-
den in dit gebied. Vergelijking
van de posities en profielen van
deze banden langs verschillende
gezichtslijnen, in combinatie met
laboratoriumspectra, helpt om te
ontrafelen welke stoffen aan deze
banden bijdragen. Het overgrote
deel van de 6.0�m band wordt
toegeschreven aan amorf water,
met in sommige gevallen toevoeg-
ingen van mierenzuur (HCOOH)
en formaldehyde (H2CO). De
drager van de 6.85�m band blijft
ongrijpbaar, ook al omdat een
aantal eerder voorgestelde kandi-
daten zoals methanol (CH3OH)
hooguit een klein deel van de band
verklaren. Wij hebben voor het
eerst aangetoond dat systematische
variaties in zowel de positie als
het profiel van de 6.0 en 6.85�m
interstellaire absorptiebanden di-
rect toegeschreven kunnen worden

aan thermische bewerking van het ijs. Zwakke absorptiebanden op 7.2 en 7.4�m werden
duidelijk waargenomen in slechts één van de verscholen protosterren, W 33A. Deze banden
worden toegeschreven aan HCOOH, HCOO� en/of CH3HCO. Een grondige zoektocht in het
5–8�m gebied naar andere banden van de voorgestelde dragers ondersteunt de aanwezigheid
van deze moleculen in W 33A. De moleculaire samenstelling van het ijs in deze bronnen
wordt vergeleken met modellen om het relatieve belang van de twee belangrijkste processen
te bepalen: stof-oppervlak chemie in koude donkere wolken voorafgaand aan stervorming
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en thermische bewerking door de nieuw gevormde sterren. Het blijkt dat de chemische
reakties die op het stofoppervlak plaatsvinden leiden tot vorming van stoffen zoals CH 3OH
die vervolgens verdampen en een rijke en complexe chemie voortdrijft in de buurt van de
nieuw gevormde ster.
Buiten ons eigen melkwegstelsel maakte ISO het voor astronomen mogelijk om voor het eerst
rechtstreeks stervorming in andere melkwegstelsels te onderzoeken. Zo is vooral onze ken-
nis over de mid-infrarode spectrale eigenschappen van een divers scala aan melkwegstelsels
aanzienlijk verrijkt. Een klasse van objecten die de laatste tijd nogal de aandacht trekken zijn
de helderste melkwegstels in het infrarood, de zogenaamde Ultra Luminous Infrared Galaxies
(ULIRGS), die een aanzienlijk deel van de stervorming in het nabije heelal voor hun rekening
nemen. De spectrale energieverdeling (SED) van een melkwegstelsel kan veel vertellen over
de stervormingsgeschiedenis van dat stelsel. Eerst hebben we het mid-infrarode spectrum ge-
analyseerd van het melkwegstelsel NGC 4418, zie figuur 5, dat veel details bevat, maar niet
lijkt op spectra kenmerkend voor andere melkwegstelsels (bijvoorbeeld M 82 in figuur 5).
In de spectra van normale en ’starburst’ melkwegstelsels springen vooral emissiebanden van
polycyclische aromatische koolwaterstoffen (PAHs) in het oog. Het spectrum van NGC 4418
heeft daarentegen sterke absorptiebanden bij 6.0 �m en 6.85 �m en zwakke absorptiebanden
bij 7.2 �m en 7.7 �m, die nog niet eerder gevonden zijn in dit soort objecten. De banden
bij 6.0 �m en 7.7 �m worden toegeschreven aan H 2O en CH4 ijs (typisch voor een dichte
moleculaire wolk), terwijl de banden bij 6.85 �m en 7.2 �m karakteristiek zijn voor gehydro-
geneerd amorf koolstof (HAC; typisch voor het diffuus interstellair medium). Deze spectrale
signaturen komen sterk overeen met signaturen waargenomen in dichte moleculaire wolken in
de Melkweg (figuur 1.19). De detectie van sterke absorptie door koude silicaten en verschil-
lende soorten ijs in NGC 4418 deed ons vermoeden dat dezelfde absorptiebanden aanwezig
zouden kunnen zijn in de mid-infrarode spectra van andere melkwegstelsels. Bestudering van
een groot aantal (250) melkwegstelsels waargenomen met ISO, resulteerde in 19 stelsels met
bewijs voor 6.0 �m H2O ijs absorptie, en in een aantal gevallen voor absorptie bij 6.85 �m.
Daarom besloten wij om de melkwegstelsels te classificeren op basis van de sterkte van de
6.2 �m PAH emissieband en de kenmerken van het 7-8 �m gebied; we onderscheiden zo 3
afzonderlijke klassen:- (1) sterrenstelsels met een duidelijke 6.0 �m band en weinig of geen
6.2 �m PAH emissie; (2) stelsels met een 6.0 �m band, slechts gedeeltelijk opgevuld door 6.2
�m PAH emissie; (3) stelsels met een 6.0 �m band, grotendeels opgevuld met 6.2 �m PAH
emissie. We vermoeden dat deze classificatie een evolutie zou kunnen vertegenwoordigen
van een stadium waarin het begin van stervorming volledig aan het zicht onttrokken is tot het
stadium van de minder ingekapselde, verder gevorderde fasen van stervorming.

Conclusies
Samengevat is de belangrijkste conclusie van dit proefschrift dat het stof en het ijs dat zich
op het oppervlak van dit stof vormt een cruciale rol vervullen in stervormingsgebieden van
zware sterren. In de eerste plaats traceert het ijs in dichte moleculaire wolken de mate van
thermische bewerking door de pasgevormde ster. In de hete kernen dicht bij de ster verdampt
het ijs en geeft zo de aanzet tot een rijke chemie die uiteindelijk leidt tot de vorming van
complexe organische moleculen. Tenslotte kan ijs ook gebruikt worden om na te gaan in
welke mate stervorming voorkomt in ver verwijderde sterrenstelsels en zo een licht werpen
op het evolutiestadium waarin heldere infraroodsterrenselsels zich bevinden.
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The Dusty Universe

ONCE hailed as “Vacancies in space” , the dark patches in the Milky Way are testimony
to the presence of dust which frustrated early optical astronomers. In the late Eighteen

Century Willem Herschel first coined the phrase “holes in heaven” when he viewed dark
markings surrounded by numerous stars. One of the most picturesque of these dark nebulae
is a cloud toward the constellation Ophiuchus, shown in Figure 1, where it is now known that
high concentrations of dust and molecular gas absorb practically all the visible light emitted
from background stars. These dark nebulae are commonly referred to as Barnard objects
after E.E. Barnard who discovered and cataloged many of these objects around 1900. The
quest to understand the nature of these dark markings resulted in two main theories being
postulated. Firstly, Herschel suggested that clusters of stars would pull nearby stars toward
them which would then leave voids in their wake. Alternatively, it was hypothesized that
these dark patches consisted of real matter. A.C. Ranyard was the first to seriously suggest
that light from stars was being cut out by obscuring matter. The latter theory was eventu-
ally adopted after R. Trumpler produced quantitative proof that the light of distant stars was
dimmed by the passage through the obscuring material. H.N. Russel was the first to suggest
that the dark patches were composed of fine dust. By assuming that these patches were held
together by gravity, Russel went on to calculate the amount of mass, and also explain the
relationship between the dark nebulae and bright nebulae. By invoking the concept of dust,
Russel managed to distinguish that starlight in some nebulae bounced off the dust produc-
ing reflection nebulae. While in others, starlight was absorbed by the dust and heated the
surrounding gas resulting in emission nebulae. These views hold true for today. Once the
concept of dust was accepted, it soon became regarded merely as a nuisance, most notably
making faint star clusters appear farther away than they otherwise were.

In recent years though, the research of ’dust’ has become firmly recognized and dust is now
accepted as a ubiquitous feature of the cosmos, impinging directly or indirectly on most
fields of astronomy. Dust has many rôles in the Galaxy, such as being the dominant heating
mechanism of molecular clouds to regulating the loss of material from old stars. Dust is also
inseparably entwined with the formation and evolution of stars and planetary systems. It is
clear that a fundamental understanding of the nature and the composition of dust, in a wide
range of objects, will lead to a greater understanding of the galaxy and beyond.
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Figure 1— What used to be
considered a hole in the sky is
now known to astronomers as a
dark molecular cloud. One of
the most notable of these dark
absorption nebulae is a cloud
toward the constellation Ophi-
uchus known as Barnard 68,
pictured above. A high con-
centration of dust and molec-
ular gas absorb practically all
the visible light emitted from
background stars [VLT ANTU
& FORS1, ESO].

The lifecycle of dust

The pervasive nature of dust is clearly reflected in its lifecycle (see Chapter 1, Fig. 1.4).
Formed in the cool atmospheres of old stars, dust seedlings, rich in carbon, billow out on
the winds of these aging soot stacks into the medium between the stars (interstellar medium,
ISM). In some instances, stars are so massive that they end their lives with a violent explo-
sion, known as a supernova, which catapults dust rich in metals into the ISM. In the ISM, this
stardustcan grow through accretion of smaller pieces of dust and by dust particles sticking
to each other (coagulation) forming dust grains. Its nature can be altered by intense ultravi-
olet (UV) radiation and by energetic particles hitting the dust particle. In addition, the dust
can be destroyed by strong shocks (e.g. supernova shocks). The dust starts to clump into
ever growing clouds and as many of these clouds meet and merge, a dense stable molecular
cloud is formed. The route to a stable cloud can take up to tens of millions of years and in
the intervening time the dust experiences strong chemical changes. Local variations in the
physical conditions of a molecular clouds give rise to dense cores. These cores are so dense
that radiation cannot penetrate which causes the temperature to drop and a layer of ice then
forms on the surface of dust grains. Under the influence of gravity, a dense core turns into a
new star surrounded by a disk of dusty material in which planetesimals, cometesimals, and
eventually planets agglomerate. With time, the new star matures slowly, and eventually ages
where once again dust is ejected into the ISM via stellar winds, and the cycle begins once
again. The life cycle of dust is therefore intimately bound to the formation and evolution of
stars and the Galaxy.
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Starformation: dusty beginnings

Enormous cold clouds of gas, that appear as dark blobs that obscure the background
starlight, are scattered about our Galaxy . These cold dark clouds are the birth sites of
stars. Figure 2 gives a schematic overview of the different stages associated with the for-
mation of a low-mass star. The cold temperature of the cloud means that the atomic
and molecular inhabitants move slowly enough to allow denser segments within the cloud
to gravitationally contract into clumps (Fig. 2a). When the density at the centre of a

a) b)

c) d)

e) f)
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Figure 2— Schematic overview of the different stages of the
formation of a low-mass star.

clump exceeds a critical value, it be-
comes unstable and begins to col-
lapse. At the center is the core (pro-
tostar), growing in mass as material
rains inwards (Fig. 2b). This stage
of pure infall remains the only unob-
served stage of starformation. Due to
rotation, a disk begins to form around
the growing protostar and a strong
outflow, perpendicular to the disk, is
generated (Fig. 2c). During this stage,
material is still falling inwards. Even-
tually, the material around the proto-
star is blown away, and only the disk
remains. The new star is now opti-
cally visible. As the star continues
to contract, the disk begins to set-
tle (Fig. 2e) and starts to form solid
bodies or planetesimals out of the
dust. After a million years contrac-
tion stops and the star is fully formed,
and planets may have formed in the
disk (Fig. 2f).

The star-formation scenario sketched
above relates only to low-mass stars.
In contrast, high-mass star-formation,
though resembling somewhat the
low-mass star-formation scenario, is
poorly understood. The main reason

for this is that due to the larger mass, the durations of each physical stage occur on much
shorter time-scales and are more violent. This thesis focuses on determining the nature and
composition of the material in regions of high-mass starformation (similar to the low-mass
stages (a) to (c)), and on understanding the effects that the starformation processes have on
this dusty material.

Peering into the darkness

For extended periods it is not possible to observe the birth of stars at visible wavelengths
as the protostar is hidden by dust layers that slowly rain down onto it. The light (radiation)
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Figure 3— Cartoon illustrating how the atoms of a molecule (in this case CO2) move towards or away from each
other when a photon of a certain energy is absorbed [adopted from Jan Cami private communication].

emitted by the protostar is absorbed by interstellar dust in the surrounding cocoon, and be-
comes heated. The dust re-emits the radiation as infrared (IR) radiation which can easily pass
through the obscuring material and thus reveal the events occurring inside the stellar nursery.
IR spectroscopy is the only viable way to study the composition of the dust in starforming
regions.

Spectroscopy is the study of the interactions of radiated energy and matter. In this case,
the radiated energy is from the protostar and the material is present in a surrounding cold
cocoon, containing amongst others ices. Molecules are detected as absorption features in the
spectra of dense molecular clouds. The absorption of the protostar photons by the molecular
constituents of the cocoon are at well defined frequencies (vibrations). These vibrations
are generally due to (a)symmetric stretching or bending of the bonds between the atoms
of a molecules (Fig. 3). Spectral features can be characterized in terms of the peak of the
maximum, quantifying the strength of absorption, and by the shape of the peak. Since the IR
spectrum of each molecule is unique, it serves as a reliable fingerprint in helping to identify
the absorbing molecule.

The assignments of specific molecules to the absorption bands seen in IR spectra are sup-
ported by laboratory experiments of ice analogs which mimic the interstellar conditions. The
general procedure consists of slowly flowing the gas from which the ice is made into a high
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vacuum chamber. This gas, which can be pure or a mixture of pure substances, is directed
to and condenses on the surface of a cooled substrate. An infrared spectrum is then taken
of the sample. Composition, temperature, and exposure to radiation are all parameters that
can be duplicated varied in the laboratory. Extensive laboratory studies have shown that the
peak position and shape of these ice absorption bands provide information not only on the
absorbing molecule but, because of molecular interaction, also on the immediate molecular
environment.

Frosted dust:- pathway to chemical enrichment

Deep inside molecular clouds, dust grains provide the surface for accreted species to meet
and react (Fig. 4a). As this happens a thin icy layer builds up on the surface and the dust
becomes frosted. This is generally referred to as grain-surface chemistry. For an individual
grain roughly one species a day is accreted from the gas. The temperature of a dust grain in
a molecular cloud is on average 10 K (� -263 celsius) and species which are loosely bound
to the surface, mainly atomic and molecular hydrogen (H & H 2), can conceivably evaporate
within physically meaningful timescales. Heavier species, on the other hand, are firmly bound
to the surface for the lifetime of the cloud, and will only evaporate if the temperature of the
grain is raised. As a consequence of being tightly bound, heavy molecular species are trapped
in their sites and are generally not free to roam the grain surface. Lighter species, such as
oxygen (O) and carbon (C), can migrate by hoppingacross the surface. Atomic H actually
tunnelsacross the surface as it is particularly light. Reactions occur when two species collide
and a product is formed if enough energy is present to overcome a barrier against reaction.
Reactions between mobile species and radicals (unpaired electrons present) are activationless
and always occur upon a “collision” . As a consequence of the greater gas-phase abundances
of H and O, and due to their increased mobility on the grain surface, the dominant reactions
are hydrogenation (H-addition) and oxidation (O-addition). This results in molecular species
in which all the bonds are saturated. Thus, the fundamental signature of surface chemistry
is the formation of saturated complex species, a characteristic that can not be produced by
chemical reactions occurring in the gas.

Interstellar ices play an important rôle in the chemical inventory of molecular clouds. They
serve as a reservoir for a diverse range of molecular species, which include amongst others
water, methanol, and formaldehyde. The radiative energy of newly formed protostars warms
surrounding grains sufficiently to lead to outgassing or complete evaporation of the icy man-
tles. Observational studies have revealed clear variations in a range of ice absorption profiles
which can be attributed to thermal processing of the ice. All pure and trapped ices evapo-
rate at specific temperatures, which can be reconciled with specific zones in the vicinity of
protostars. Far away from the protostar, the low temperature allows volatile species such as
carbon monoxide (CO) to accrete onto the surface. In these regions atomic H is scarce and an
ice layer deficient in H (apolar) forms. Closer to the protostar, ice mantles rich in H (polar)
are formed. These contain, besides water, methanol, ammonia and methane. Such polar ices
generally evaporate around 80 K (� -193 celsius) and can therefore survive in high tempera-
ture regions close to the star. As a consequence of the accretion process, the icy mantles are
arranged in structures that mimicking “onion layers” (Fig. 4b). The region close to the pro-
tostar is dominated by strong shocks and high temperatures. Ultra-violet radiation from the
protostar may also process the ice mantles forming complex organic molecules. Under such
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Figure 4— Evolution of a dust grain in a dense molecular cloud. (a) gas-phase species condense on the surface
of the cold grain and chemical react to form new molecules. (b) depending on the gas-phase atomic H abundance,
polar or apolar ice mantles are formed giving a layered onion effect. (c) as the protostar evolves the grain is heated,
so that the apolar ices evaporates, the polar ice segregates. Ultra-violet radiation from the protostar may also process
the ice mantles forming complex organic molecules [Boogert 1999].

conditions all ices eventually evaporate from the grains. The complete evaporation of the ices
leads to large abundances of saturated complex gas phase molecules in the gas-phase. This
then helps to drive the gas-phase chemistry in regions very close to the star, producing large
organic molecules. Therefore, the pathway to chemical enrichment is intimately dependent
on the interplay between the dust grains and the gas of the ISM, with the dust providing a
platform for complex chemistry.

My research
In this thesis, the rôle of dust in three different realms of starformation (namely dense molec-
ular clouds, hot cores, and external galaxies) is investigated. With the launch of the Infrared
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Space Observatory (ISO) by the European Space Agency in 1995, the complete infrared win-
dow, generally blocked from the ground because of interference by the earth’s atmosphere,
was finally opened for astronomy. Given the high sensitivity, resolution, and wavelength
coverage provided by ISO, it is particulary suited to observations of starforming regions.
This thesis combines three investigative methods (astronomical spectra, laboratory spectra
and modeling) that are crucial in helping to understand starforming regions close to massive
young stars.

The bulk of this thesis work presents the observations of solid state ice bands in the
ISO-SWS2–8�m spectra toward a sample of embedded high-mass protostars. These re-
vealed for the first time two narrow absorption lines that are attributed to the modes of
a combination of different vibrational bands of solid CO 2 ice. Fits by laboratory ana-
log spectra confirm previous results that the CO2 ice along this line of sight experi-
ences significant thermal processing. A notably enigma that has arisen from this work is
that the interstellar absorption features are best matched by a laboratory mixture rich in
methanol (CH3OH) even though CH3OH is a minor constituent along this line of sight.

Figure 5— A comparison of ISO spectra observed towards
a variety of different objects. The vertical dashed lines facili-
tate comparison between the spectra with well know Galactic
absorption features. The arrows mark the positions of the PAH
emission features [Spoon et al. 2001].

In addition, the 5–8�m region of
dense molecular clouds was anal-
ysed. This region, shown for the
dense cloud W 33A in Fig. 5, is
dominated by absorption bands at
6.0 and 6.85�m. However, a wide
variety of possible molecular car-
riers have their vibrational bands
in this region. Comparing the po-
sitions and profiles of these bands
along different sight lines, in com-
bination with laboratory spectra,
helps to disentangle the species
contributing to these bands. The
bulk of the 6.0�m is assigned to
amorphous water (H2O) with, in
some cases, additional contribu-
tions from formic acid (HCOOH)
and formaldehyde (H2CO). The
carrier of the 6.85�m remains elu-
sive, however a number of previ-
ously suggested candidates, such
as methanol (CH3OH), can at most
noew only account for a small frac-
tion of the band. We have shown
for the first time that systematic
variations in both the position and

the profile of the 6.0 and 6.85�m interstellar absorption bands can be directly attributed to
thermal processing of the ices. Weak absorption bands at 7.2 and 7.4�m were clearly de-
tected toward only one of the embedded protostars, W 33A. These bands have been attributed
to HCOOH, the formate ion (HCOO�), and/or acetaldehyde (CH3HCO). A thorough search
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of 5–8�m region for additional spectral signatures of the proposed carriers lends support
to the presence of these molecules in W 33A. The molecular composition of ices in these
sources were compared to models, helping to determine the relative importance of the two
basic processes involved: grain surface chemistry in the cold dark clouds prior to star for-
mation and thermal processing by the newly formed star. It is clear that chemical reactions
occurring on the surfaces of grains leads to the formation of species such as CH 3OH, which
when evaporate from the grain then drives a rich and complex chemistry in regions close to
the newly formed star.

Moving beyond our own Galaxy, ISOallowed astronomers to directly probe, for the first time,
star-formation occurring in other galaxies. In particular our knowledge of the mid-IR spectral
properties of a diverse range of galaxies has been considerably enhanced. A class of objects
that have recently attracted close attention are the most luminous of the infrared galaxies,
namely ultra luminous infrared galaxies (ULIRGS), which accounted for a significant fraction
of star formation in the local universe. The spectral energy distribution (SED) of a galaxy can
reveal much about the galaxy’s stellar evolutionary history. We first analysed the mid-IR
spectrum of the galaxy NGC 4418, shown in Fig. 5, which is rich in features but does not
resemble spectra typical of other galaxies (such as M 82 in Fig. 5). The spectra of normal and
starburst galaxies are generally dominated by strong polycyclic aromatic hydrocarbons (PAH)
emission features. The spectrum of NGC 4418, on the other hand, clearly shows strong 6.0
�m, 6.85�m, along with weak 7.2�m, and 7.7�m absorptions which have not been identified
before in these environments. The bands at 6.0�m and 7.7�m are attributed to H 2O and CH4

ice (dense cloud material), whereas the features at 6.85�m and 7.2�m are characteristic of
hydrogenated amorphous carbon (HAC; diffuse interstellar medium material). These spectral
signatures are very consistent with features observed toward dense Galactic molecular clouds
(Fig. 5). Our findings of strong absorptions due cold to silicates and ices in NGC 4418 led us
to believe that the same absorptions might be present in the mid-IR spectra of other galaxies.
We examined the spectra of a large sample of galaxies (250) observed by ISO, which resulted
in 19 galaxies showing strong evidence for 6.0�m H 2O ice absorption, and in a number of
cases absorption at 6.85�m. This led us to classify the galaxies according to the strength of
the 6.2�m PAH emission band and on the nature of the 7–8�m region, resulting in 3 distinct
classes:- (1) galaxies with a clear 6.0�m feature and little to no 6.2 PAH feature; (2) galaxies
showing a 6.0�m feature which is partly filled in by 6.2�m PAH emission; (3) galaxies
exhibiting a 6.0�m feature largely filled in by 6.2�m PAH emission. We hypothesize, that
this might in fact represent an evolutionary sequence extending from the strongly concealed
beginnings of star formation to the less enshrouded more advanced stages of star formation.

Conclusions
The important conclusion from my thesis work is that dust, and the ices that form on it, play
a cruical rôle in massive starfoming regions. Firstly, in dense molecular clouds, ices serve as
diagnostics for the degree of thermal processing that occurs from the newly formed star. In
the hot core regions, close to the star, the ices are evaporated from the dust grains and drive
a rich chemistry leading to the formation of complex organic molecules. Finally, ices act
as a tracer of the degree of star formation occuring in galaxies beyond our own and help to
elucidate the evolutionary status of IR-bright galaxies.
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