
CHAPTER 1

Introduction

1.1 Interstellar dust
Dust is associated with the diffuse and dense interstellar medium and is observed
in the envelopes and disks around newly formed stars, main-sequence stars, and
stars in the last stages of their evolution. Dust grains dominate the transfer of
radiation, transforming ultraviolet (UV) and optical stellar photons into infrared
photons. The infrared emission of the Galaxy is dominated by dust emission. Ab-
sorption and re-radiation by dust also controls the thermal balance of the gas, be-
cause dust controls the opacity and because absorbed UV photons can lead to the
ejection of electrons, which heat the gas (the photo-electric effect). Dust influences
thereby the stability of dense clumps in molecular clouds and hence star formation.
Some of the interstellar dust is incorporated into circumstellar disks around newly
formed stars, where they participate or maybe even initiate the growth of larger
dust grains into planetesimals, cometesimals, and eventually planets. Clearly, in-
terstellar dust is a major component of the interstellar medium and the nature, and
the origin and evolution of dust is a key problem within astrophysics. An overview
of the properties of interstellar and circumstellar dust can be found in the mono-
graph by Whittet (1992) and in reviews by Tielens & Allamandola (1987a; 1987b).
In this thesis, I focus on the chemical and physical interaction of dust with the gas
in star-forming regions.

1.2 Formation of stars
Stars are formed in collapsing, massive, dense clouds of dust, gas, and ice. We
discuss here the processes involved during the formation of a low mass (solar
type) star (Fig. 1.1). The infalling material forms a central object, the nascent star,
and a surrounding disk in which a planetary system may evolve. During the ini-
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FIGURE 1.1— Stages during low mass star formation. From top to bottom, later stages are shown.
The left panel gives the observed spectrum, and the right panel the geometry of the object.

tial, so-called “Class 0” phase, the protostar is highly obscured, and only visible
at far-infrared and millimeter wavelengths. The gravitational and rotational en-
ergy that is released during the collapse, leads to various violent processes. This
highly affects the dynamical, physical and chemical evolution of the material in
the surrounding protostellar envelope. In particular, some of the accretion energy
is channeled into a massive outflow. This is the star’s first attempt to clear its sur-
roundings and destroy the natal cloud. After 10,000 years, enough dust has been
removed to make the protostar also visible in the near-infrared. At this “Class I”
stage, the accretion and outflow rates have decreased by almost an order of mag-
nitude, and the protostellar mass is close to the final mass. During this phase,
which lasts a hundred thousand years, the dust close to the star is heated to several
hundred degrees, to form a core of hot gas. The material present in the disk may
be shielded from this heating. Finally, the envelope is completely removed, and
only the disk remains. Depending on the orientation of the disk with respect to us,
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the star (“Class II”, T Tauri star) becomes now optically visible. In the far-infrared,
still a significant amount of emission from the disk is observed (Fig. 1.1). After a
million years the star contracts to the main sequence, and planets may have formed
in the disk. This picture is in several aspects quite different for high mass, lumin-
ous protostars. The outflows are much more powerful, the luminosity is larger,
and the radiation field hotter, including a strong ultraviolet field. Thus, high mass
protostars are expected to have a more destructive effect on their surroundings.

1.3 Chemical evolution of star forming regions
The chemical evolution in the protostellar envelope closely follows the evolution
of the protostar itself (see van Dishoeck & Blake 1998 for a more extensive over-
view). During the initial collapse of the molecular cloud core, the density increases
(� 105 cm�3), and the temperature drops to T� 10 K, since energetic UV and optical
radiation is absorbed by dust at the cloud edge. The gas phase species (CO, atomic
H, and O) condense onto the surfaces of the cold grains in the dense cloud, where
they efficiently react to new molecules, such as H2, and H2O (Fig. 1.2a). Since hy-
drogen is the most abundant species, most new molecules will have a large dipole
moment, and a “polar” ice mantle is formed (Fig. 1.2b). When most H has been
used, apolar species such as CO and N2 condense directly, and an apolar ice is
formed. The created ice mantles can be sputtered into the gas phase by the outflow
shocks during the Class 0 and I stages. Heating by the protostar evaporates the ice
mantles, to form a hot core in the Class I phase. The heating in the hot core and
the shocks, may also lead to the formation of gas phase molecules with a reaction
barrier, such as H2O. In the hot cores of high mass protostars, the evaporated ices
can drive a rich and varied chemistry in the warm (100 K), dense (106 cm�3) gas
leading to the formation of more complex species such as dimethyl ether, methyl
formate, methyl cyanide, and vinyl cyanide (Charnley et al. 1992). Furthermore,
the large ultraviolet radiation field from massive sources or the UV field created
by cosmic ray excitation of molecular hydrogen or bombardment by cosmic rays
themselves, may initiate reactions within ice mantles, leading to refractory dust
material, which, in contrast to simple ice mantles, may survive under the harsh
conditions of the diffuse ISM (e.g. Greenberg 1982; Fig. 1.2c). Finally, in the last
stage of star formation (Class III), the interstellar ice grains that have survived in
the circumstellar disk, may be the building blocks of comets. Comets are often
thought to have delivered the volatile reservoir to the terrestrial planets and, in
that sense, interstellar ices may be the a-biotic progenitors of life on Earth.

1.4 Questions
Many of the fundamental questions in our current picture of interstellar chemistry,
and the interaction with the protostar are yet unanswered. What is the composition
of the gas and ice mantles? In particular, what is the budget of carbon-bearing
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FIGURE 1.2— Evolution of a dust grain in a dense molecular cloud. (a) -gas phase species con-
dense on the surface of the cold grain (T �10 K), and may chemically react to form new molecules.
(b) -thus, a polar or apolar ice mantle may be formed, depending on the gas phase atomic H abund-
ance. (c) -as the protostar evolves, the grain is heated, so that the apolar ice evaporates, and the
polar ice crystallizes, leading to segregation of CO2 and CH3OH in the H2O matrix (see Chapts. 4
and 5 of this thesis). The interstellar UV field, or the UV radiation from the protostar may also
initiate reactions in the ice mantle to form form complex molecules.

molecules? How important are the various processes for molecule formation, such
as gas phase reactions at high or low temperatures, reactions in the shocks of the
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FIGURE 1.3— Infrared
spectrum of the deeply
embedded massive pro-
tostar NGC 7538 : IRS9
(Whittet et al. 1996).

protostellar outflow? How important are evaporation and shock destruction of the
ice? Are these processes the same for high and low mass objects? What is the role
of geometry in the evolution of dust and molecules? How does the material in the
protostellar disk evolve to planets and comets? Is their composition very different
from that of the natal molecular cloud?

1.5 Main results of this thesis
The invisibility of protostars at optical wavelengths has long hampered the studies
of molecular clouds and star formation. The general picture of the various stages of
star formation has been constructed after the infrared sky survey by the IRAS satel-
lite (e.g. Adams, Lada, & Shu 1987). To study the chemistry around protostars, the
rotational and vibrational bands in the infrared need to be observed. Several spe-
cies have no permanent dipole moment (e.g. CH4, CO2) and thus do not have pure
rotational lines at millimeter wavelengths. The main bands of solid state species are
only present in the infrared. The opaqueness of the earth atmosphere has severely
hindered spectroscopic observations of these species. The launch of the Infrared
Space Observatory (ISO) in 1995 has opened the infrared window for astronomy.
In this thesis, spectroscopic observations of the Short Wavelength Spectrometer on
board ISO (ISO–SWS) are analyzed, addressing many of the key questions. The
2–20 �m spectrum of the massive protostar NGC 7538 : IRS9 shows that the inter-
stellar ices are composed by simple, hydrogenated (H2O,CH4,CH3OH) or oxidized
(CO2) molecules (Whittet et al. 1996). This is in favor of formation of molecules by
grain surface reactions, rather than energetic or ultraviolet processing.

In Chapt. 3 of this thesis, observations in the 7–8 �m range of massive protostars
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are presented. The detection of solid, and gas phase CH4 is reported. Through a
comparison with the laboratory CH4 ice simulations presented in Chapt. 2, we con-
clude that interstellar solid CH4 is intimately mixed with H2O, and/or CH3OH in
the ice. The abundance of gaseous CH4 is also determined in those regions. The
low gas-to-solid abundance ratio, and relatively high gas temperature, lead us to
the conclusion that this molecule is formed on the surface of grains. In Chapters 4
and 5 we study the band profiles of solid 13CO2, and 12CO2 toward many pro-
tostars. The ubiquitous presence of solid CO2 in molecular clouds is one of the
main results of the ISO satellite. We find that interstellar CO2 ices around massive
protostars are thermally processed. Thus, heating of ices is an important mech-
anism for the evolution of interstellar ices in these sources. We were also able to
determine the 12C=13C abundance ratio for a number of sources in our Galaxy. This
is the first time a galactic abundance gradient has been determined from a solid
state carrier. Finally, in Chapt. 7 we analyze the full 2-200 �m spectrum of the
low mass protostar Elias 29 in the � Ophiuchi molecular cloud. For the first time
we are able to analyze gas and solid state species, as well as the spectral energy
distribution, in such great detail, within one spectrum. We find copious amounts
of hot H2O and CO gas, but also cold ices. In many aspects, Elias 29 resembles
AB Aur: an object which has already left the protostellar phase and entered the
pre-mainsequence phase.

The 6/15 �m infrared image of the � Ophiuchi molecular cloud on the cover
of this thesis (see also Abergel et al. 1996), shows that also spatially the effect of
protostars on their natal clouds is revealed by ISO. The filaments on the West (left)
are heated (by shocks or radiation) dust grains, caused by a star outside the image.
The bright spots, with a cometary shape are probably due to shocks by embedded
protostars. The lack of emission in the South-East of the map (right-bottom), in
which Elias 29 is embedded (left of the brightest blobs near the bottom) indicates a
dense cloud, absorbing even significantly in the infrared. All the dots in the image
are protostars.

1.6 Future work
Many questions on star formation and interstellar chemistry have been answered
with the observations of the ISO satellite. However, this is more a starting than an
ending point. To find the origin of the dust, gas, and ices, such as for example at-
tempted in Chapt. 7, high spatial resolution observations are needed. New instru-
ments on large telescopes (such as the VLT on La Silla) are needed for this. Very
high spatial resolution, interferometric observations at millimeter wavelengths are
at present already possible. Also better spectral resolution observations are essen-
tial to study the dynamics of the region, to better separate various regions within
the beam (shocks, hot cores, disks, winds, envelopes), and to determine the phys-
ical conditions and chemical composition. The sensitivity of ISO is rather low, and
can be improved with bigger telescopes and more sensitive receivers, to also detect
minor species in the gas and ice.


