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We review the chemical processes that are important in the evolution from 
a molecular cloud core to a protostellar disk. These cover both gas phase 
and gas grain interactions.  The  current  observational  and  theoretical state 
of this field are  discussed. 

I. INTRODUCTION 

. . The  study of chemical evolution from interstellar gas and  dust  to 
planetary systems is a key to understanding the pathways and  the 
processes leading to solar origins. The formation of stars and  planetary 
systems begins with the collapse of a dense interstellar cloud core, a 
reservoir of gas and  dust from which a protostar  and circumstellar 
disk are assembled. Throughout  these evolutionary stages, simple and 
complex molecules that are formed deplete onto  grains  and a portion 
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of these ices is ultimately  incorporated  into stars and  planetary bodies. 
There is now substantial observational evidence of chemical evolution 
throughout  the formation and evolution of protostars  and  protostellar 
disks. Clues to  the degree of chemical processing also come  from studies 
of comets in our own solar system (see chapter by Irvine et  al.). Much 
of  the  interest is driven by the inventory of carbon-bearing species 
which,  likely, formed one  stepping  stone towards the organic inventory 
of comets,  meteorites,  and  planetary bodies in the solar system and, 
by inference, in other  planetary  systems as well. 

The wealth of new observations at various wavelengths show the 
need  for chemical evolutionary models that cover the history of the for- 
mation of the proto-solar nebula, from the forming dense core, to gas 
infalling onto  and evolving in an accretion disk, onward to  the plane- 
tary disk. Over the  last decade, the following scenario has emerged. In 
the cold molecular cores prior to star formation, much of the chemistry 
is dominated by low-temperature gas-phase reactions leading to  the 
formation of small radicals and  unsaturated molecules. Small amounts 
of long carbon-chains form at early times if the material is initially 
atomic-carbon rich. Gas-grain interactions are also important as ob- 
servations show that ices form in cold molecular clouds prior to star 
formation. Surface reactions play an important role in the formation 
of the ices. However, it is during the collapse phase, that  the den- 
sity becomes so high that most molecules accrete  onto the grains and 
are incorporated into  an icy mantle. After the new star  has formed, 
its  radiation  heats  up  the  surrounding envelope, so that  the molecules 
evaporate back into  the gas phase, probably  in a sequence according . 
to their  sublimation  temperatures.  In  addition, the outflows from the 
young star penetrate the envelope, creating high temperature shocks 
and lower temperature  turbulent regions in which both volatile and re- 
fractory  material  can  be  returned.  These freshly evaporated molecules 
then  drive a rich chemistry in the “hot cores” for a period of lo5 yr. 
Some of this gas-phase and icy material  can  be incorporated through 
accretion  into the circumstellar disks surrounding the young star. Fi- 
nally, the envelope is dispersed by winds and/or ultraviolet photons, 
leading to the  appearance of photon-dominated regions in the case of 
high-mass young stars. 

In  this chapter, the chemistry of the pre-stellar cores, collapse en- 
velopes and circumstellar disks is  briefly discussed. The emphasis lies 
0n.a discussion of those species that are most characteristic of a par- 
ticular  evolutionary  phase,  but which are not necessarily the dominant 
species in  terms of elemental abundances. More detailed reviews of 
various aspects include Tielens and Charnley (1997), van  Dishoeck and 
Blake (1998), Hartquist  et al. (1998), van Dishoeck  (1998b) and van 
Dishoeck and Hogerheijde (1999). 
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11. OBSERVATIONS OF CORES AND ENVELOPES 

A.  Gas-phase  Species 
Nearly 120 different molecules have been detected in the  interstellar 

and circumstellar gas, not counting the different isotopic varieties (see 
Ohishi 1997 for an overview). Most have been observed through their 
rotational  transitions at  (sub)millimeter wavelengths, but species  like 
CHI and CO2 can only  be measured through infrared absorption lines. 
One of the most important  detections of the  last decade is the H$ ion, 
a key player in the ion-molecule chemistry networks (Geballe and Oka 
1996, McCall et al. 1998). New species continue to be discovered, either 
through  systematic line surveys or  through dedicated searches based 
on laboratory frequencies. For example, the frequency measurements 
of more than  thirty new carbon-chains in the laboratory (McCarthy et 
al. 1997) has  stimulated deep searches for them in interstellar clouds 
(Langer et al. 1997). 

A large number of different carbon chain molecules (including, e.g., 
ring  chain carbenes C2,+1H2, cumulene carbenes H2C,, cyanopolyynes 
HCz,+lN, methylpolyynes H2C2,+lN, methylcyanopolyynes H2C2,N; 
free radicals C,H) have been detected  in  dark cloud cores with typical 
abundances of with respect to hydrogen. Laboratory  spectra of 
long carbon chains may reproduce observed features of some Diffuse 
Interstellar  Bands (DIBs) (Kirkwood et al. 1998) and, hence, carbon 
chains may be ubiquitously present in the diffuse interstellar medium as 
well. The infrared emission spectrum of interstellar clouds is dominated 
by the vibrational modes of large Polycyclic Aromatic 'Hydrocarbon 
molecules (PAHs) and, as a class, these species lock up a few percent 
of the elemental carbon (i.e., an abundance of - Both  these 
classes of species are likely to be pervasive and  stable components of 
the chemistry of protosolar systems and indeed PAHs are known to be 
abundant in carbonaceous meteorites (Henning and  Salama 1998). 

A . l .  Pre-stellar cores. The cold, dark cloud cores are  important 
sites with which to probe the interstellar chemistry prevailing prior to 
the onset of collapse.  More than 100 dark cores have been identified 
through  optical  extinction and molecular line studies (c.f.  Benson et al. 
1998 and references therein,  Turner et al. 1998). The best studied dark 
cores in terms of their chemical composition are TMC-1 and L134N. 
About half of the known interstellar molecules  have  been detected  in 
TMC-1 (Ohishi et al. 1992, Ohishi and Kaifu 1998). Detailed maps in 
a number of species have most recently been provided by Pratap  et al. 
(1997). The southern part of TMC-1 is particularly rich  in unsaturated, 
long carbon chains, whereas the  northern  part is  chemically similar to 
the high-latitude cloud  L134N, consisting mostly of simple radicals and 
ions. In both clouds, significant chemical gradients have  been found 



across the cores, which  have  been attributed either  to age effects (see 
3III.A) or differential depletion of elements like 0, C  and S. 

Figure 1 illustrates the richness of complex species detected in 
TMC-1, including the cumulene carbene H2Cs (H2C=(C=)4C) (Langer 
et al. 1997),  the  carbon chain radical CsH (Velusamy and Langer. 
1998), the  shorter cumulene carbene chains H2C3,  HzC4, and several 
other complex molecules. Although  the relative abundances of the cu- 
mulene carbenes are  distributed similarly to those of other complex 
carbon compounds such as HC2n+lN  and  CnH,  the  spectral  shapes in 
Figure 1 show that  there  are at least three pre-stellar fragments along 
this line-of-sight with different intensity  ratios among these molecules. 
Indeed very  high spectral  resolution, well sampled, CCS maps, confirm 
that  the emission  comes from a highly clumped gas, loosely associated 
with pre-protostellar structures (Peng et al. 1998). Thus, chemical dif- 
ferentiation among the velocity components is large, indicating chem- 
ical evolution on small spatial scales (10,000 AU) owing, perhaps, to 
the density  and grain-dependent chemical processing. It seems unlikely 
that fragments formed so close together in relative isolation should have 
such intrinsically different chemical composition without some chemical 
evolution,  in which some of the fragments have evolved more rapidly 
because of initially higher density or dynamical factors. 

Systematic surveys of characteristic molecules in a larger  number 
of dark cores have been performed by Suzuki et al. (1992) using C2S, 
HC3N and NH3, and by Benson et , a l .  (1998) in CzS, C-CQHI and 
N2H+. In both  studies, the carbon-chain molecules are found to corre- 
late.wel1 with each other,  but  not with NH3 nor N2H+. The C2S/NH3 
or CzS/N2H+ abundance  ratios  have been proposed as indicators of the 
amount of time that  has passed since the gas was atomic-carbon rich, 
as illustrated in Figure 2 (Bergin and Langer 1997). In this  scenario 
TMC-1 is found to be  one of the youngest clouds yet studied. 

A long-standing question concerns the amount of depletion in these 
dark cores. An illustrative  example is provided by the quiescent core 
L1498, studied by Kuiper et al. (1996)  (see Figure 3). The C2S, CS 
and NH3 maps show a chemically differentiated structure,  with the 
carbon-rich molecules more abundant in the diffuse outer  part,  and 
NHs dominant in the denser cloud center. Observationally, depletion 
is very difficult to prove, because every cloud has a “skin” in which the 
abundances  are close to normal (Mundy and McMullin 1997). Even if 
the skin contains only a few percent of the  total column density, the 
higher abundances can effectively mask any depletions deep inside. The 
case of L1498 provides some evidence for depletion of CO at the core 
center, since offsets between the C’80 emission  (Lemme et  al. 1995) 
and  the far-infrared continuum have been found (Willacy et al. 1998a). 
Another interesting example is provided by the dark cloud IC 5146, 
for  which the comparison of the extinction Av derived from infrared 
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star counts with the C L 8 0  emission suggests depletion at Av > 20 
mag (Kramer et a l .  1998). Direct observations of ices  in dark clouds 
indicate that  the column density of solid CO may be comparable to 
that of gas-phase CO,  and  that up to 40% of the heavy elements may 
be condensed onto the grains  (Chiar  et  al. 1998, Schutte 1999). 

A.2.  Cold collapse envelopes. The increasing densities and de- 
creasing temperatures  during collapse result in enhanced depletion of 
gas-phase molecules  in the envelopes. The  dust obscuration is too high 
at  this  stage for direct observations of ices with current  instrumenta- 
tion. Careful modeling of the line and  dust emission  on various scales 
appears  the only  way to probe the abundances in this phase. One of 
the best-studied cases is that of the deeply embedded YSO NGC 1333 
IRAS4, where depletions of more than a factor of 10 have been in- 
ferred (Blake et al. 1995). Studies of other class 0 YSOs suggest that 
this  phase of high depletion is short lived, however (Hogerheijde et al. 

Chemical differentiation such as seen toward L1498 is still observed 
in the  outer, less dense parts of the collapsing envelopes.  An example is 
provided by the deeply embedded object B335 (Velusamy et  al 1995), 
where CCS and  other  radicals  are  located predominantly in the  outer 
infall envelope. CS is abundant  further  in, while NH3 is more abundant 
close to  the circumstellar disk. Thus, we can trace  the sequence by 
which these simple species are chemically transformed and freeze out 
onto  dust to form  icy grain  mantles that populate planet-forming disks. 

Systematic observations of molecules other  than CO have bein per- 
formed for only a few deeply embedded YSOs. For NGC 1333 IRAS4A, 
only weak  emission from other species is found,  and most of it is as- 
sociated  with the outflow (Blake et al. 1995). In contrast, a wealth 
of molecular lines has been detected  in the circumbinary envelope of 
IRAS 16293 -2422 (Blake et al. 1994, van Dishoeck et al. 1995), in- 
cluding organics such as CH30H  and CH3CN in the warm, inner part 
of the envelope on scales of a few hundred AU that result from the 
interaction with the outflow. The optically thin lines of Hi3CO+ and 
HI3CN trace  the dense envelope on scales up to a few thousand AU, 
whereas the optically thick HCO+ and HCN outline the walls of the 
outflow cavity. Apparently, a larger fraction of the envelope has been 
affected for IRAS 16293 -2422 than for NGC 1333 IRAS4A. A similar 
trend is found for three deeply-embedded YSOs in Serpens, SMMl, 
SMM3 and SMM4 studied by Hogerheijde et al. (1999). 

A  systematic high resolution study of the HCO+ and CS lines in 
the envelopes of a set of more evolved, but  still embedded low-mass 
objects  in  Taurus  has been performed by Ohashi et al. (1991, 1996) 
and Hogerheijde et al. (1997, 1998) using a combination of single dish 
and interferometer data. As for the deeply embedded objects, HCO+ is 

1999). 
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found to  be an excellent tracer  of the inner envelope structure  and mass, 
whereas N1H+ appears  to  trace preferentially the quiescent outer enve- 
lope (Bachiller and  Perez-Gutierrez 1997, Benson et al. 1998). NzH+ 
may be destroyed by proton  transfer to CO and Hz0 in  regions where 
these molecules are  not significantly condensed onto grains (Bergin et 
al. 1998). In B5 IFW, HCN, but  not  HCO+, also appears  to avoid 
the inner part of the envelope (Langer et al. 1996), as does CS (Langer 
and Velusamy 1999). This  distribution is consistent with the result of 
Blake et al. (1992), who found the  CS/CO  ratio in the inner envelope 
of HL Tau  to be a factor to 25 to 50  less than  that of the  surrounding 
dense core. 

Detailed chemical studies of the envelopes of high-mass Y S O s  have 
been performed for several objects, including W 3 IRS5  (Helmich & van 
Dishoeck 1997), NGC 2264 IRSl (Schreyer et al. 1997) and AFGL 2591 
(Carr  et al. 1995, van der Tak et al. 1999). Most of them show a simple 
chemistry, with little or no evidence for high abundances of complex 
organic molecules such as those found in hot cores (Blake et al. 1987, 
Sutton  et al .  1995). These  studies are interesting because they  can  be 
combined with direct observations of solid-state species for the same 
liie-of-sight (see see $ I I  B below). 

B. Ices 
Interstellar ices have been detected  in  absorption by their vibra- 

tional  bands in the infrared,  either  toward background field stars, or, 
more often, embedded young stars (see Whittet 1993, Tielens and Whit- 
tet 1997 for overviews). The YSOs heat  their  surrounding  dust to a few 
hundred K, providing a bright  continuum  against which the ices in the 
colder envelope can be seen in  absorption. The availability of a grating- 
resolution  spectrometer  in  space, the Short Wavelength Spectrometer 
(SWS) carried by the Infrared Space Observatory (ISO), represents an 
advance  in our observational capability at least as significant as that 
which occurred when such instruments were first used on ground-based 
telescopes more than two decades ago,  and allows an almost complete 
inventory of the major  constituents of ices and organics. 

B . l .  Inventory of aces. A sample  spectrum  taken with the ISO- 
SWS covering the wavelength range 2.5-20 pm at a mean resolving 
power A/AA M 1000 toward the well-known embedded massive young 
star W 33A is  shown in Figure 4. The spectrum is dominated by 
strong,  broad  features centered near 3 and 10 pm,  attributed to HzO- 
ice and silicates, the primary  constituents of the mantles and cores of 
the grains, respectively. HzO-ice  is represented by its bending mode at 
6.0 pm as well as the stretching  mode at 3 pm.  The  spectral  signatures 
of various carbon-bearing molecules are also present in the  spectrum. 
Prominent amongst these  are the CO stretching mode at 4.67 pm  and 



Cllernistry of Protostellar Matter 7 

the  stretching  and bending modes of l2C02  at 4.27 and 15 pm, as 
well as the stretching mode of l3COs at  4.39 pm. It is notable that 
signatures of CH-bonded carbon are less  in  evidence:  only CH30H  and 
CH4 are securely identified. 

Absorption at 4.62 pm is associated with CN bonds in an uniden- 
tified  molecule or ion  (‘XCN’), and a weak feature at 4.9 pm is most 
likely identified with OCS. Unidentified features include a shallow ab- 
sorption at  3.47 pm buried in the ‘wing’ of the deep ice feature, and 
the more prominent 6.85 pm  band;  these seem  likely to be caused by 
CH stretching  and deformation modes in hydrocarbons (Allamandola 
et al. 1992; Schutte et al. 1996) but no convincing fits with labora- 
tory analogs have yet been reported. Solid NH3 is difficult to  detect as 
the N-H feature at 2.95 pm is effectively  blocked  in objects with deep 
3.0 pm H2O-ice bands like W 33A. A tentative detection of the 9.6 pm 
band  has been made by Lacy et al. (1998) toward NGC7538 IRS9, in- 
dicating an abundance of -10% with respect to  Hz0 ice. Observations 
of other lines of sight suggest that  the NH3 abundance is no more than 
a few percent (Smith et al. 1989; Whittet  et al. 1996).  From theoretical 
considerations, 0 2  and N2 are also expected to be abundant,  but since 
these species have no intrinsic  dipole moment, they very hard to detect 
in the infrared  (Ehrenfieund and van Dishoeck  1998, Vandenbussche et 

As SWS data reduction techniques continue to be refined, detailed 
analysis becomes feasible, encompassing also the weaker features of less 
abundant species in ice-rich sources like W 33A and NGC7538 IR39. 
Of greatest  interest are organic molecules of potential exobiological  sig- 
nificance. Tentative evidence for an organic acid (R-COOH, most likely 
formic acid, HCOOH) has recently been presented (Schutte  et al. 1996, 
1999), and preliminary analysis indicates that  it may be ubiquitous 
(Keane et al. 1999). Finally, detailed  studies of the CH stretch re- 
gion have placed upper limits on the abundances of ethane (C2Hs) and 
ethanol (CH3CH2OH) in the mantles (Boudin et  al. 1998). 

al. 1999). 

B.2. Heating and evaporation of ices. The sensitivity of the man- 
tle  material  to environment is studied by comparing obsetvations for 
different sources. A problem is that both processed and unprocessed 
material may  be present at different locations along the line of sight 
toward YSOs, so that  it is also important to observe background field 
stars to give a measure of unprocessed mantle properties. Table 1 
compares the ice abundances for five interstellar lines of sight: one qui- 
escent dark cloud and four YSOs. All abundances  are normalized to 
N(H20) = 100. Elias 16 is a field star behind the Taurus  Dark Cloud 
in a line of sight close to TMC-1, where the kinetic gas temperature is 
Tgap x 10 K (Pratap  et al. 1997). Each of the four YSOs has both cold 
and  warm/hot gas and  dust components in the line of sight (Mitchell et 



al. 1990). Sources are  ordered from  left to right in Table 1 in a sequence 
of declining solid CO abundance. Since CO is the most volatile of the 
primary  constituents of the ices (in pure form, it sublimes at  - 16 K),  
its  abundance varies inversely with the degree of thermal processing. 
Estimates of Tgad (Table 1) are consistent with this conclusion: solid 
CO is most abundant in the quiescent cloud, and  undetected toward 
GL2591, where Tgar > 30 K. 

Modeling the solid state features of molecules such as CO and C02  
allow not only their abundances  but also their molecular environment 
within the mantles to  be examined. Distinct ‘polar’ and ‘non-polar’ ice 
phases,  dominated by HZ0 and  CO, respectively, have  been identified 
(Tielens et al. 1991; Chiar  et al. 1995,  1998; de Graauw et al. 1996; 
Boogert et al. 1999; Gerakines et al. 1999). These ices evidently form 
under  distinctly different conditions: polar, HzO-rich mantles accumu- 
late in regions where atomic  H  has appreciable abundance in the  gas, 
so that accreting CNO-group species typically become hydrogenated; 
non-polar mantles accumulate  in regions where essentially all the H is 
molecular, including species such as CO, 0 2  and N2 which may freeze 
directly out of the gas as well as form by surface catalysis (see 5111 B). 

The bending mode of l2CO2  near 15 pm is an especially sensitive 
diagnostic of the ice environment and  the degree of thermal processing 
(Ehrenfreund  et al. 1996, 1998; Gerakines et al. 1999). SWS observa- 
tions of four representative sources, ordered in sequence of increasing 
T‘,, are illustrated  in  Figure 5; also shown are fits based on  labora- 
tory  data.  In polar ice mixtures, the 15 pm feature is broad  (FWHM 
= 10-25 cm-l)  with.no  substructure; however, sharp peaks (FWHM = 
2-4 cm-l) near 15.27 pm  and 15.15 pm  appear in non-polar molecules 
containing C02, or in  pure  annealed C02.  The systematic evolution 
of the profile with temperature evident in Figure 5 provides a strong 
indication that  thermal processing is an  important process (perhaps 
the dominant process) in the environments of embedded YSOs. The 
presence of a non-polar COz component only in YSOs suggests that 
some segregation of mantle  constituents (especially H20,  CH30H  and 
C02) might be taking place as the grains are warmed. Further evi- 
dence for thermal processing arises from detailed study of the 13C02 
stretch  feature (Boogert et al. 1999) which  shows structure consistent 
with segregation between C02 and  polar molecules. 

The overall abundance of C02 is surprisingly similar (Table 1) in 
contrasting environments. As C02 forms easily in the  laboratory by 
UV photolysis of ice mixtures  containing  CO,  it might be assumed that 
the  C02 abundance should measure the degree of radiative processing. 
The detection of C02 ice in the  dark cloud environment (Whittet  et al. 
1998) was thus  something of a surprise: C02 formation can evidently 
occur in clouds remote from local embedded sources of radiation. Be- 
cause C 0 2  is located almost exclusively in the polar (HzO-dominated) 



component of the ices  in dark clouds, it must form simultaneously with 
H20. If surface catalysis is the  primary  route, a problem for chemical 
models (8 1II.B) is to explain why COz is generally much more abun- 
dant  than CH30H or CHd,  given that it  must form in a hydrogenating 
environment. If photolysis is the  primary  route  to C02, it must be 
driven by ambient photons from the interstellar radiation field, or by 
cosmic rays. 

An important motivation for the  study of interstellar ices  is to al- 
low detailed comparison with comets (see Table l). Information on 
the composition of comets comes both from observations with ground- 
based and space-based telescopes and from in situ  studies (see chapter 
by Irvine et al. for an in-depth review). Note that cometary  abun- 
dances in Table 1 represent typical values/ranges and do not refer to 
any individual comet. Although preliminary, these results do suggest 
that cometary  and  interstellar  abundances are broadly similar. In- 
terstellar and nebular models for cometary origins predict systemati- 
cally different abundances for many species: the generally low  NH3 and 
CH4 abundances measured in  comets,  together with high CO/CH4 and 
CH3OH/CH4 ratios, and deuterium enrichment (see chapter by Irvine 
et al.), are  sukestive of a substantial  contribution from interstellar 
ices. 

111. CHEMICAL MODELS 

A.  Gas-phase  Chemistry 
The basic gas-phase molecular processes and chemical networks de- 

veloped to explain the observed abundances have been described exten- 
sively in the literature (see Herbst 1995, van Dishoeck  1998 for recent 
overviews). At the low densities of interstellar clouds, only two-body 
reactions are  important. Processes such as radiative association, p h e  
todissociation, dissociative recombination and ion-molecule reactions 
can  form, destroy and rearrange molecular bonds. 

Chemical models of star-forming regions require the specification 
of the initial chemical and physical conditions, namely density, temper- 
ature, radiation field, initial elemental abundances,  and even geometry 
(e.g., Millar et al. 1997, Lee et al. 1996a). Of these the density and 
temperature can be constrained through observations, while the radia- 
tion field is typically parameterized  in  terms of a “standard”  interstellar 
radiation field  (e.g., Habing 1968) attenuated according to  the  depth 
(e.g. visual extinction). The initial elemental abundances are based 
on observations of diffuse clouds such as C Oph (see Meyer 1997), but 
often additional depletion is assumed for dark clouds. 

One of the principal aims of the modeling efforts is to develop sets 
of tracers  that can be used to discriminate between various stages of 
dense core evolution. For pure gas-phase chemical  models the main 



time-dependent aspects depend on how the various elemental pools 
(e.g. C, 0, N, S, etc..) interact,  both  internally  and with each other. 
The main driver of the chemistry starts with cosmic-ray ionization of 
the  dominant molecular species, HZ, with an estimated rate of C H ~  m 
( 1  - 5) x loet7 s-l (Lepp 1992; van Dishoeck and Black 1986, Plume 
et al. 1998). Ionization of  Hz produces HZ, which reacts rapidly with 
HZ forming H: and H. The H: ion then  reacts with numerous atoms 
and molecules leading to a rich chemistry. 

The most important  transition in the chemistry is the eventual 
production of  CO from neutral and ionized atomic carbon. If dark cores 
are assumed to evolve  from  diffuse gas,  the carbon is initially present as 
C+. Since the C+ + HZ + CH+ + H,  reaction is endothermic, C+ can 
recombine with electrons to form neutral  carbon within a few hundred 
years. C then reacts with HZ, OH, and O2 to produce CO within lo5 - 
lo6 years at typical cloud densities of lo4 - lo5 ~ m - ~ .  This  multistage 
process is quite  important since the creation of more complex organic 
species and carbon chains (e.g., CCS, HC3N) requires large abundances 
of C and C+ for carbon insertion reactions to be effective. Thus, the 
concentrations of complex molecules tend to peak at early times (- 
lo5 years)  and decline as equilibrium is approached (see Figure 2). 
C+ also reacts slowly via a radiative association reaction, C+ + H2 
+ CHZ + hv, providing another molecular formation  pathway  during 
the neutralization phase. It competes with  carbon recombination only 
after the electron fractional  abundance has decreased by 1-2 orders of 
magnitude. 

The main time-dependent aspects of the other elemental pools, 0, 
N, and S, depend on how their  chemistry is linked to  that of carbon. 
The oxygen chemistry begins with HZ + 0 + OH+ + H20" + &0+, 
where the  latter dissociatively recombines to form OH, H20,  and 0 
with a branching  ratios that have only recently been measured in the 
laboratory (Williams et al. 1996; Vejby-Christensen et al. 1997). 0 2  

is produced  through reaction of 0 and OH. The abundances of these 
simple oxygen-bearing molecules are low at early times, as OH, 0 2 ,  

and  Hz0 react with C  and  C+. The primary N-bearing molecules (Nz, 
NH3) form  via simple ion-molecule and neutral-neutral  reactions and 
have slow, steady  buildup  in  concentration  until equilibrium is reached. 
The most  abundant sulfur-bearing molecules, CS and SO, exhibit slight 
evolutionary differences because SO is produced mainly through a reac- 
tion of S with OH and 0 2 ,  and is destroyed by atomic carbon  producing 
CS. Thus,  the chemistry of CS is linked to  the carbon network which 
leads to slightly higher abundances at earlier times compared to steady 
state, while SO has large concentrations  in equilibrium. The reaction 
of SO with OH is expected to produce SOz. However, the observed 
SO2 abundance is generally low in dark clouds, indicating an incom- 
plete understanding of the sulfur chemistry and  the depletion of sulfur 
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(Palumbo  et al. 1997). 
The above scenario leads to a dichotomy in the chemistry: ( i )  

Species linked to the carbon  chemistry such  as CS, CN, HCN, com- 
plex carbon chains, and organics have larger abundances at  earlier e v e  
lutionary  stages;  (ii) Molecules that  are independent or destructively 
linked to the  carbon  chemistry  such as NP, NH3, NzHf,  and SO ex- 
hibit higher concentrations  near equilibrium. It is these aspects of the 
chemistry that have been used to interpret observations of molecular 
clouds in terms of evolution in sources such as TMC-1 or L134N (Lee et 
al. 1996 a,b; Millar et al. 1997; Pratap  et al. 1997; Taylor et al. 1998). 
In  the case of L1498 the chemical structure (Figure 3) reflects this di- 
chotomy and is  very  well explained by the time dependent models of 
Bergin and Langer (1997). Note however that this “chemical age” does 
not necessarily reflect the age of the core since its formation from the 
diffuse gas;  it basically measures the time since a dynamical event de- 
stroyed molecules and effectively reset the chemical  clock  (e.g., Langer 
et al. 1995, Bergin et al. 1997). Other dynamical processes, such as 
turbulence (Xie, Allen, and Langer 1995) or outflows (Norman and Silk 
1989) can also bring fresh atomic  carbon inside the cores and lead to a 
“young” appearance. 

B. Grain chemistry 
Four processes contribute to  the composition and evolution of the 

observed interstellar ices in molecular clouds: surface chemistry of 
species accreted on interstellar  grains,  thermal processing of ice man- 
tles driven by nearby newly formed stars, energetic processing of ices by 
FUV photons  and/or  particle  bombardment, and depletion of molecules 
produced  in the gas phase and  in shocks. Evidence for the  importance 
of each of these  has been claimed in the observational characteristics 
of interstellar ice mantles (see,  e.g., Tielens and  Whittet 1997, Schutte 
1999 for reviews). 

B.1. Grain surface chemistry. Grain surface chemistry is domi- 
nated by hydrogenation and  oxidation reactions of simple species ac- 
creted from the gas phase. While many of these reactions have activa- 
tion  barriers,  they may still proceed on  grain surfaces in view  of the long 
timescale (- 1 day) available for reaction between  two reactive species 
on a grain surface before another reactive species  is accreted from the 
gas  phase (Tielens and Hagen 1982). In the gas phase, CO  is the dom- 
inant C-bearing species. Other C-bearing compounds have observed 
(or calculated)  abundances 2 relative to CO, except perhaps for 
atomic C which may be as abundant as 0.01 (Bergin et  al. 1997). Hence, 
the chemistry of CO is particularly relevant for the organic reservoir of 
interstellar ices. 

The key step in the surface chemistry of CO  is hydrogenation to 
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HCO (Figure 6), which has a measured activation barrier of 1000 K 
(Tielens and Hagen 1982), which is known to occur in low-temperature 
matrices (van IJzendoorn et al. 1982). The resulting radical HCO  will 
react on a grain with H to form H2CO. Formaldehyde may  be unstable 
to  further hydrogenation to form methanol (Tielens and Allamandola 
1987) and there is some experimental  support for this (Hiraoka et al. 
1994, 1998). Because of the high H flux  in these experiments, most of 
the  H formed Hz and  the measured efficiency of methanol formation was 
low. In contrast, CH3OH  is calculated to be the preferred endpoint of 
the hydrogenation of CO under typical dark cloud conditions (Charnley 
et al. 1997). 

The intermediate HCO (formyl) and CH30 (methoxy) radicals in 
this  route can also react with various other accreted C, N and 0 atoms, 
leading to a variety of complex species (Fig. 6 ,  Tielens and Hagen 1982), 
including CH3CHO (acetaldehyde) and CH3OCH3 (dimethyl ether). 
Like H2C0,  the former may be unstable to hydrogenation leading to 
CH3CH2OH (ethanol) (Charnley 1998). Reaction of HCO with 0 re- 
sults  in  the formation of HCOOH (formic acid). The reaction of N 
with HCO will lead to NCHO, which might be further  hydrogenated 
to HCONH2 (formamide; Tielens and Hagen 1982), or isomerize to its 
more stable form, HNCO (Charnley 1998). Observations of hot cores 
near massive stars, where the ices have evaporated off the grains, can 
form significant tests of these models. 

The long timescale between the accretion of reactive radicals on 
grain surfaces may also allow oxidation of CO to occur. Laboratory 
studies by Tielens and Hagen (unpublished) and  Grim and d ’ H e n d e c o d  
(1986) are somewhat contradictory,  but the reaction of 0 with CO may 
well be the predominant grain surface chemistry route  towards C02 in 
dark clouds (Tielens and Hagen 1982). 

If atomic 0 indeed reacts readily with CO on a grain (or if the re- 
action of 0 with 0 2  dominates),  there will  always be a reaction partner 
for atomic 0 and the surface reaction of 0 and H forming Hz0 is then 
blocked. Hydrogenation of 0 2  (through  H202)  and  its oxidation prod- 
uct, O3 (through  OH), are  then  the dominant  routes towards Hz0 in 
theoretical calculations of grain surface chemistry (Tielens and Hagen 
1982). In the 0 3  route, 0 2  plays a catalytic role. 

B.2. Thennol processing. Thermal processing of interstellar ice 
mantles is important  in  star-forming regions and  the experimental data 
have recently been  reviewed  by Tielens and Charnley (1997). When an 
ice mantle is heated to a temperature near its sublimation point,  out- 
gassing will occur. Sublimation  temperatures of a variety of mixed 
molecular ices  have been measured in the  lab (Sandford and Allaman- 
dola 1990;  1993; Kouchi 1990). In view of the difference  in timescales, 
these sublimation temperatures have to be  scaled  down somewhat for 



the  interstellar case and representative values are summarized in Ta- 
ble 2. In a mixed molecular ice where two (or more) components 
have similar concentrations but different sublimation temperatures, the 
evaporation of each component is largely regulated by its own sublima- 
tion behavior (Kouchi 1990; Sandford  and Allamandola 1990). Thus, 
sublimation experiments on CO/H20=1/2 and C02/H20=1/1 ices 
show early release of CO (around 25 K)  and  C02 (around 85 K). A 
small fraction of the CO or C02 stays behind and is (partly) released 
during phase transformations in which the whole H20 ice-crystal struc- 
ture  rearranges.  This phase transformation may  be associated with the 
amorphous to cubic (or more properly, clathrate  formation)  transition 
of Hz0 ice (around 120-130 K in lab  experiments). 

CH30H has a sublimation  temperature (= 140 K in the lab) above 
the  clathrate formation temperature. Hence, H20/CH3OH  mixtures 
when heated to 21 130 K will segregate into  rather  pure CHsOH and 
H2O-clathrate domains (Blake et  al. 1995) whose evaporation behav- 
ior (necessarily) follows that of the pure  substance:  CH30H and  Hz0 
evaporation at 140 and 150 K,  respectively, in the lab,  or 80 and 90 
K in space. &cent experiments have shown that CH30H/COa and 
H2O/CH30H/C02  mixtures show similar segregation behavior (Ehren- 
fieund  et al. 1998). The profiles of the interstellar C02 bands show 
evidence for this process around luminous protostars (Boogert et al. 
1999; Gerakines et al. 1999, see Fig. 5). 

B.3. Processing by ultraviolet photons. UV photolysis of ices  con- 
taining H20, CO, NH3, and CH4 produces small radicals such as H, 0, 
OH, N, NH, NH2, C, CH, CH2, and CH3. These  react with each other 
and  the  parent species resulting in, for example, H202, N2H2,  N2H4, 
C02,  and radicals such as HCO, HO2,  C2H3,  which are available for fur- 
ther  reactions (e.g., Hagen et al. 1980; Gerakines et al. 1996; Bernstein 
et al. 1995). In mixtures with CO,  the HCO channel leads to various 
interesting complex  molecules such as H2C0, HCOOH, HCONHz, and 
HCOCH3 (Allamandola 1987). This chemistry is very  much akin to  the 
surface hydrogenation scheme for CO, which also runs  through HCO 
and hence gives  rise to  the same species. For the surface chemistry 
scheme, the relative abundances of the various end products reflect the 
relative accretion rates of the  migrating radicals, H, C, N, and 0 (Tie- 
lens and Hagen 1982). In the photolysis scheme, this is  convolved with 
the UV destruction rate of the  parent species which can vary by an 
order of magnitude (Hagen et al. 1980; Gerakines et al. 1996). No 
quantitative comparison between these different formation routes  has 
yet been made. 

Mixtures containing CH30H  (and H2CO) are of particular  interest 
for molecular complexity. UV photolysis of methanol leads to formalde- 
hyde which  can thermally polymerize, particularly in the presence of 



NHJ,  to polyoxymethlene POM (see above; Schutte  et al. 1993; Bern- 
stein et al. 1995). In this process, many of the H  atoms may  be replaced 
by other functional groups. Furthermore, reactions of simple radicals 
such as CH3 with the double-bonded 0 in formaldehyde can lead to 
products such as CHJOCH~. Similar reactions involving C02,  another 
important (second order)  product of methanol photolysis, will lead to, 
for example, CHsOCHO. The presence of  NH3 in these  mixtures  has 
important consequences. Besides facilitating  thermal polymerization 
of  H2CO (Schutte et al. 1993), photolysis will lead to efficient carbon- 
nitrogen bond formation  (Bernstein et al. 1995). Analysis of residues 
shows that hexamethylenetetramine  (HMT) is the  dominant  product 
of the photolysis of mixtures  containing  CH30H  and NH3, locking up 
to 40% of the initial nitrogen. For comparison, POM-like species lock 
up less than 1% of the carbon initially in methanol.  Other compounds 
in the residue include ethers, ketones, and amides, which  lock up  about 
5% of the C. 

C .  Gas-grain models 
Both the gas-phase and grain-surface processes have been incorpe 

rated  into chemical models which take  the exchange between the two 
phases into account. For gas densities of more than lo4 ~ m - ~ ,  all the 
gas phase molecules (except HZ, HZ,  CO, N2, and a few other weakly 
polar molecules) should accrete onto grain surfaces in lo5 yr, a time 
scale short compared to the ages of molecular clouds, but  comparable 
to  the time scales for protostar  formation.  At the densities characteris- 
tic of disk material, > lo6 ~ m - ~ ,  the depletion rate is even faster since 
it scales inversely with density. Chemical history may be even more 
complicated as molecules  which freeze onto  grain surfaces can be rein- 
jected into gas phase by the desorption of grain mantles (e.g., Wdlacy 
& Williams 1993, Shalabiea & Greenberg 1994, Bergin & Langer 1997). 
Each of these scenarios makes specific predictions regarding the chem- 
istry  in the gas phase and frozen  icy grain  mantles in the disk accretion 
and early evolutionary phases, which eventually determines the makeup 
of solar  system  objects. 

Two different regimes have been considered in the gas-grain mod- 
els (Tielens and  Charnley 1997). In the “accretion limited” regime 
(Tielens and Hagen 1982), reactions are limited by the  rate at which 
species are “delivered” to the grain surface where they rapidly migrate 
and react.  In the “reaction limited” regime (e.g.  Hasegawa and Herbst 
1993), the opposite holds: many reactive species are present on a grain 
surface and reaction is controlled by surface concentrations (as  well as 
kinetic parameters). Most of the chemical models including gas-grain 
interactions have been formulated in the “reaction limited” regime us- 
ing rate equations which mirror those used  for gas-phase chemistry (e.g. 
Hasegawa and Herbst 1993, Shalabiea  and Greenberg 1995). This ap- 
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proach is only accurate when a large number of reactive species exist 
on  a single grain surface, since only average  abundances  are calculated. 
This condition is usually not met in interstellar clouds, since the accre- 
tion times are long, grains  are  small,  and reactions are  fast, so that  at 
most  one reactive species is present on a grain at any  time. The  grain 
surface chemistry is therefore in the accretion limited  regime and  can 
only be properly treated by a Monte-Carlo method, which determines 
the likelihood of two such species arriving  from  the gas in  succession 
onto  a  particular  grain in a steady-state model.  Recently, an  ad  hoc 
reformulation of the reaction-limited approach has been proposed by 
Caselli et ai. (1998) to remedy its shortcomings, and  the consequences 
for the models  have been discussed by Shalabiea et al. (1998). So far, 
no  Monte-Carlo  method  has  been developed  for  use  in time-dependent 
codes  due to computational restrictions. 

In addition to  the  thermal desorption discussed  above, other  non- 
thermal desorption processes involving cosmic-ray spot heating, heating 
by the energy liberated by  molecule formation or photodesorption by 
ultraviolet or infrared radiation. Grain-grain collisions  may play a role 
if stored radicals, produced for example by ultraviolet photolysis, are 
present in the ice (see Schutte 1996 for overview). These processes are 
only effective  for volatile molecules, but  not for H2O- and CH3OH-rich 
ices  which contain strong hydrogen  bonds. The outcome of the models 
then depends strongly on  the  adopted desorption mechanisms. For 
example, if the non-thermal  mechanisms are assumed to be ineffective, 
N2 is one of the few heavy species which is not significantly condensed 
onto grains in cold cores with T M 10 K, leading to significant NzH+ 
and NH3 (see Figures 2 and 3). 

Models appropriate for the cold outer envelopes  which include col- 
lapse dynamics have been presented by  Rawlings et al. (1992), Willacy 
et al. (1994), Shalabiea and Greenberg (1995), and Bergin and Langer 
(1997). The ions HCOC and N2H+ are good tracers of the envelopes, 
because  their  abundances  remain  high owing to  the increase in the H: 
abundance when its main removal partners  (CO, 0, ...) are depleted. 
Since CO and H z 0  are also the  main removal partners of N2H+, this 
ion avoids the warmer inner envelopes where these molecules have  been 
returned  to  the gas phase. In  contrast, HCO+ is  removed primarily by 
electrons, making it a  better  tracer of the inner envelope, consistent 
with observations (Hogerheijde et al. 1997). Studies of the  tempera- 
ture  structure and  chemistry in the warmer, inner envelopes have  been 
presented by  Ceccarelli et al. (1996) and Doty  and Neufeld (1997). 

Gas-grain interactions and  the formation of ices can also be sig- 
nificant in  regions  which  have recently been subjected to  shocks due 
to outflows  from  young stars. Bergin et al. (1998) predict that  large 
quantities of water vapor  are  produced in  shocked gas, as supported by 
IS0 observations of strong emission  from  gaseous water  towards  Orion 



BN-KL (Harwit  et  al. 1998). In the cold postshock gas the  abun- 
dant H z 0  vapor will condense  onto  the dust grain surface producing  a 
water-dominated mantle. This  mechanism, which requires some shield- 
ing from photodissociating photons, may also be able to  reproduce the 
observed deuterium  fractionation of water in comets. Further studies 
of species  such as CH30H  are needed to test the  importance of this 
mechanism compared  with  other processes. 

IV. Circumstellar  Disks 

As shown  in the previous sections, substantial variations in  chem- 
ical abundances  occur as the circumstellar envelope  evolves. What 
happens to these species when they  are incorporated into  the dense 
circumstellar disks? With  the increased sensitivity of telescopes, it is 
now also possible to  probe  the chemistry in the disks themselves  on 
scales of a couple hundred AU. 

A. Observations 
The  best  objects for study  are YSOs which  have already dispersed 

their envelopes and cloud cores, so that no confusion with  the surround- 
ing material is possible. Excellent examples are provided by DM Tau 
and GG Tau  (Dutrey et al. 1997) and  TW Hya (Kastner et al. 1997), 
where  molecules such as CN, HCN, HNC, CS,  HCO+, C2H, and/or 
HzCO have been detected  with single dish  telescopes. These molecules 
appear  underabundant  with respect to  the  standard pre-stellar cores, 
probably  due to depletion of gas phase molecules onto  the surfaces of 
cold dust grains. An issue here is whether the molecules are passively 
stored  on  the  grains  during  this  period, or whether  grain surface chem- 
istry modifies their composition. 

The available single dish data  are suggestive of a scenario in which 
the  distance at which depletion occurs is species-dependent, with the 
most volatile species remaining in the gas phase furthest from the cen- 
tral  star.  Further  characterization of the chemistry in circumstellar 
disks would  benefit from  a  combination of high spectral  and  spatial 
resolution observations. Current millimeter-wave interferometric arrays 
are now capable of imaging the more  abundant molecules  in circumstel- 
lar disks, as is illustrated by the observations of the  13C0, CN,  HCO+, 
and HCN 1 +O transitions  toward  the  T Tauri star LkCa 15 presented 
in Figure 7 (Qi et al. 1999). Even at 2-3" resolution (or a disk diameter 
of - 300 AU), there  appear  to be interesting morphological differences 
between species expected to follow  different (photo)chemical paths such 
as 13C0  and CN. The HCOC  emission  provides an  important lower 
bound to  the gas fractional ionization of a few x lO"O, while the  ratio 
of the HCN,  HCO+,  and  13C0 1 + 0 emission to that of higher J 
transitions detected with submillimeter telescopes indicates low kinetic 
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temperatures of  less than -30 K. Future observations of disks around 
T Tauri  and Herbig Ae stars  at even higher spatial resolution will be 
able to measure directly  any  gas  phase chemical gradients that may 
exist in the icy planetesimal formation zone of circumstellar disks. In 
favorable cases, the millimeter-wave images may also be  combined with 
infrared spectroscopy to  constrain the icy budget. 

B. Chemistry of Disks 
Densities in the  outer disk are typically greater  than log cm-3 (they 

rise to log cm-3 at 100 AU), and  temperatures  are  around 10 K so that 
depletion takes place in a  short  time, < lo4 years. The timescale for 
desorption by  cosmic ray spot  heating is about lo6 years so the chem- 
istry is not able to reach equilibrium. Thus,  it is  necessary to consider 
the dynamical chemical evolution as material is transported inwards, 
and to consider a variety of desorption mechanisms (c.f., Aikawa et 
al. 1997, 1998). The  transport needs to be calculated along with the 
chemistry because of the changing physical conditions and  time scales 
as material moves inwards. Several groups have  considered the chemi- 
cal composition of a parcel of gas transported towards the center of the 
disk (c.f., Bauer et al. 1997, Duschl et al. 1996) from 1,000 AU inwards. 
However, their  major focus was on the very central regions where the 
dust is destroyed (< 10 AU), and a very limited set of initial conditions 
and gas-grain chemistry were considered. 

Aikawa et al. (1997, 1998) and Willacy et al. (1998b) have calcu- 
lated  more comprehensive chemical and gas-dust models. For example, 
in the models of A-jkawa et al. cosmic ray ionization drives the chem- 
istry beyond 10 AU, since the surface  density is too small to  attenuate 
the cosmic rays there. These produce the H3+ and He+  ions that initi- 
ate  the chemistry and convert CO and Nz, initially the most abundant 
species, into CO2, CH4,  NH3, and HCN. In  the cold  regions the reaction 
products  are depleted onto  grains as part of the ice mantle. As matter 
accretes towards the inner, warmer regions, the ice mantle evaporates. 
Therefore, in regions  beyond 20 AU species such as CH4 are in the form 
of ice. Inside 20 AU the methane is desorbed and converted into  larger 
hydrocarbons. Clearly, the details of the  transport and  heating are 
critical for understanding the chemical distribution in the early stages 
of disk formation and evolution. 

At small disk radii (< 100 AU), irradiation by the central star will 
be significant, and possible sources of grain  heating include disk surface 
heating by stellar  photons and  stellar X-rays. The impact of heating 
by stellar optical and UV photons  on the vertical temperature  struc- 
ture  has yet to be considered in the context of desorption. Chiang & 
Goldreich (1997) show that even at 100 AU distances, grains at  disk 
surfaces that are  irradiated by an  (unattenuated) T Tauri star will be 
heated to  temperatures in  excess of the disk effective temperature  due 
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to  the mismatch in the  optical  absorption  and far-infrared emission effi- 
ciencies of grains. The high grain  temperature (80 K for 1000 A grains) 
will  likely result in significant CO desorption. Photons absorbed in the 
surface layer will be  reradiated down toward lower layers, producing 
a potentially significant column density of warm dust. Disk chemistry 
models are in their infancy and much work remains to produce realistic 
2-D disk chemistry models. 

V. SUMMARY 

A great deal of progress in understanding  interstellar  chemistry  has 
been made in the  last several years since the Protostars and Planets III 
reviews. In large measure this progress has been due to  the increased 
instrumental capabilities of interferometers, the  thrust  into space from 
ISO, new laboratory  results for grain chemistry, and  better theoretical 
models  which  couple dynamics  and chemistry. We expect further im- 
provements in the coming years with  the  advent of  new larger millimeter 
arrays,  and space-based  missions such as the Far Infrared Submillime- 
ter Telescope (FIRST)  and  the Next Generation  Space Telescope, and 
the  advent of more sensitive ground  based  near-IR  instruments. 



Clmnistry of Protostellar  Matter 19 

REFERENCES 

Aikawa, Y., Umebayashi, T., Nakano, T., and  Miyama, S. 1997. Evolu- 
tion of  molecular abundances in protoplanetary disks. Astrophys. 
J.  Letters 486:L51-54. 

Aikawa, Y., Umebayashi, T., Nakano, T., and Miyama, S. 1998. Molec- 
ular evolution in planet-forming circumstellar disks. Faraday Dis- 

Allamandola, L. J. 1987. Interstellar  Problems  and  Matrix Solutions. 

Allamandola, L.J., Sandford, S.A., Tielens, A.G.G.M., and Herbst, T., 
1992, Infrared spectroscopy of dense clouds in the C-H stretch 
region: Methanol and “Diamonds”. Astrophys. J. 399:134-146 

Bachiller, R. and  Perb-Gutierriez 1997. Shock chemistry in the young 
bipolar outflow L1157. Astrophys. J. 487L93-96. 

Bauer, I., Finocchi, F., Duschl, W. J., Gail, H. -P., and Schloeder, J. 
P. 1997. Simulation of chemical reactions and  dust  destruction in 
protoplanetary accretion disks. A&A 317:273-289. 

Benson, P., Caselli, P., and Myers, P. C., 1998. Dense  cores in dark 
clouds. XI. A  survey for N2H+, C3H2, and CCS. Astrophys. J. 

Bergin, E. A., Goldsmith, P. F., Snell, R. L., and Langer, W. D. 
1997. The chemical composition and evolution of giant molecular 
cloud cores: A  comparison of observation and theory. Astrophys. 

Bergin, E. A. and  Langer, W. D. 1997. Chemical evolution in prepro- 
tostellar  and  protostellar cores. Astrophys. J.  486:316-328. 

Bergin, E. A.,  Neufeld,  D.  A., and Melnick, G. J., 1998. The postshock 
chemical lifetimes of outflow tracers  and a possible new mechanism 
to produce  water ice mantles. Astrophys. J. 499:777-792. 

Bernstein, M. P., Sandford, S. A., Allamandola, L. J., Chang, S., and 
Scharberg, M. A. 1995. Organic  compounds  produced by photol- 
ysis of realistic interstellar  and  cometary ice analogs containing 
methanol. Astrophys. J. 454:327-344. 

Blake, D., Allamandola, L., Sandford, S., Hudgins, D., Freund, F. 1991. 
Clathrate  hydrate formation in amorphous  cometary ice analogs in 
vacua. Science 254:548-551. 

Blake, G. A., van Dishoeck, E. F., and  Sargent, A. 1992. Chemistry in 
circumstellar disks - CS toward HL Tauri. Astrophys. J. 391:L99- 
L103. 

CLWZO~S 109:281-301. 

J. Mol. Stmct. 157:255-273. 

506~743-757. 

J. 482~285-297. 



20 W.D. Langcr et al. 

Blake, G. A.,  van  Dishoeck, E. F., Jansen, D. J. ,  Groesbeck, T., and 
Mundy, L. G. 1994.  Molecular abundances  and low-mass star for- 
mation. 1: Si- and S-bearing species toward  IRAS 16293-2422. 
Astrophys. J.  428:680-692. 

Blake, G .  A., Sandell, G., van  Dishoeck, E. F., Groesbeck, T., Mundy, 
L. G., and Aspin, C.  1995. A molecular  line study of NGC 1333/IRASI 
4. Astrophys. J. 441:689-701. 

Blake, G. A., Sutton, E. C.,  Masson, C. R., Phillips, T. G.  1987.  Molec- 
ular abundances in OMC-1 - The chemical composition of inter- 
stellar molecular clouds and  the influence of massive star formation. 
Astrophys. J. 315:621-645. 

Boogert, A.C.A., Ehrenfreund,  P., Gerakines, P.A., Tielens, A.G.G.M., 
Whittet, D.C.B., Schutte, W.A.,  van  Dishoeck, E.F.,  de  Graauw, 
Th., Decin, L., and  Prusti, T. 1999.  ISO-SWS observations of in- 
terstellar solid 13C02:  Heated ice and  the Galactic 12C/13C  abun- 
dance  ratio. A&A, in press. 

Boudin, N., Schutte, W.A., and Greenberg,  J.M. 1998. Constraints  on 
the abundances of various molecules in interstellar ice: laboratory 
studies  and astrophysical implications. A&A 331:749-753. 

Cam, J. S., E m s ,  N. J., Lacy, J. L., and Zhou, S. 1995. Observation of 
infrared and  radio lines of molecules toward GL 2591 and compar- 
ison to physical and chemical  models. Astrophys. J. 450:667-690. 

Caselli, P., Hasegawa, T. I., and Herbst, E. 1998. A proposed modifica- 
tion of the  rate  equations for reactions on grain surfaces. Astrophys. 
J. 495:309-316. 

Ceccarelli, C., Hollenbach, D. J., & Tielens, A. G .  G. M. 1996. Far- . 

Infrared line  emission from collapsing protostellar envelopes. As- 
trophys. J. 471:400-426. 

Charnley, S. B, Tielens, A. G.  G.  M., and  Rodgers, S. D. 1997. Deuter- 
ated  methanol in the Orion  compact ridge. Astrophys. J .  Letters 

Charnley, S. 1998. The organic chemistry of TMC-1 revisited. in For- 
mation and Evolution of Solids in Space, eds. J.M. Greenberg  and 
A. Li, Dordrecht:Kluwer,  pp. 131-137. 

Chiang, E. I. and Goldreich, P. 1997. Spectral  energy  distributions 
of T Tauri  stars  with passive circumstellar disks. Astrophys. J. 

Chiar, J.E., Adamson, A.J., Kerr, T.H., and  Whittet, D.C.B.  1995, 
. .  High resolution studies of solid  CO  in the  Taurus  dark cloud: Char- 

acterizing the Ices in Quiescent Clouds, Astrophys. J. 455:234-243. 
Chiar, J.E., Gerakines, P.A., Whittet, D.C.B., Pendleton, Y.J., Tielens, 

A.G.G.M., and Adamson, A.J. 1998, Processing of  icy mantles in 
protostellar  environments. Astrophys. J. 498:716-727. 

Crovisier, J., Brooke, T.Y., Hanner, MS. ,  Keller,  H.U.,  Lamy,  P.L., Al- 
tieri, B.,  Bockelee-Morvan, D., Jorda, L., Leech, K., and Lellouch, 

482:L203-206. 

490:368-376. 



Chcrnistry of Protostellar Matter 21 

E. 1996. The infrared spectrum of comet C/1995 01 (Hale-Bopp) 
at  4.6 AU from the Sun. A&A Letters 315:L385-L388. 

de  Graauw, Th., Whittet, D. C. B., Gerakines, P. A., et  al. (32 authors) 
1996, SWS observations of solid COz in  molecular clouds. AHA 
Letters 315:L345-L348. 

Doty, S. D. and Neufeld, D. A. 1997. Models  for dense molecular cloud 
cores. Astrophys. J.  489:122-142. 

Duschl, W. J., Gail, H.-P., and  Tscharnuter, W. M. 1996. Destruc- 
tion processes  for dust in protoplanetary accretion disks. A&A, 

Dutrey, A., Guilloteau, S., & Guelin, M. 1997. Chemistry of protosolar- 
like nebulae: The molecular content of the DM Tau and GG Tau 
disks. A&A  Letters 317:L55-L58. 

Ehrenfreund, P., Boogert, A.C.A., Gerakines, P.A., Jansen,  D.J.,  Schutte,l 
W.A., Tielens, A.G.G.M., and van Dishoeck, E.F. 1996, A labora- 
tory  database of solid CO and  C02 for ISO. A&A  Letters 315:L341- 
L344. 

Ehrenfreund, P., Dartois, E., Demyk, K., and d’Hendecourt, L. 1998. 
Ice segregation toward massive protostars. A&A  Letters 339, L17- 
L20. 

Ehrenfreund, P., and van Dishoeck, E.F., 1998, The search for solid 0 2  
and N2 with ISO. Adv. Space Research  21:15-20. 

Elias, J. H. 1978. A  study of the Taurus  dark cloud complex. Astro- 

Geballe, T. R. and O h ,  T. 1996. Detection of H: in interstellar space. 
Nature 384334-335. 

Gerakines, P. A., Schutte, W. A., and Ehrenfreund, P. 1996. Ultraviolet 
processing of interstellar ice analogs. I. Pure ices. A&A 312:289- 
305. 

Gerakines, P.A., Whittet, D.C.B., Ehrenfreund, P., Boogert, A.C.A., 
Tielens, A.G.G.M., Schutte, W.A., Chiar,  J.E., van Dishoeck, E.F., 
Prusti, T., Helmich, F.P., and  de Graauw, Th. 1999. ISO-SWS 
observations of solid carbon dioxide in molecular clouds. Astrophys. 
J., in press. 

Grim, R. J. A. and d’Hendecourt, L. B. 1986. Timedependent chem- 
istry  in dense molecular clouds. IV - Interstellar  grain  surface re- 
actions inferred from a matrix isolation study. A&A 167:161-165. 

Habing, H. J. 1968. The interstellar  radiation density between 912 A 

Hagen, W., Allamandola, L. J., and Greenberg, J. M. 1980. Infrared 
absorption lines  by  molecules in grain mantles. A&A  86:Ll-L2. 

Hartquist, T. W., Caselli, P., Rawlings, J. M.C.,  Ruffle,  D. P., and 
Williams, D. A. 1998. The chemistry of star-forming regions. in 
The Molecular Astrophysics of Stars and Galaxies, ed.  T.W.  Hartquistl 
and D.A. Williams, 0xford:Oxford University, p. 101-137 

324:624-642. 

phys. J. 224:85-8727. 

. and 2400 A, Bull.  Astron.  Inst.  Netherlands 19:421-431. 



22 W . D .  Lmgcr ct al. 

Harwit, M, Neufeld, D. A.,  Melnick, G .  J., and Kaufman, M. J .  1998. 
Thermal water vapor emission from  shocked regions in Orion. As- 
trophys. J.  Letters 497:L105-L108. 

Hasegawa, T. I. and  Herbst, E. 1993a. New gas-grain chemical models 
of quiescent dense interstellar clouds - The effects of  Hz tunneling 
reactions and cosmic ray induced desorption. MNRAS 261:83-102. 

Hasegawa, T. I. and  Herbst, E. 1993b. Three-phase chemical models 
of dense interstellar clouds - gas dust  particle  mantles  and dust 
particle surfaces, MNRAS 263:589-606. 

Helmich, F. P. and van Dishoeck, E. F. 1997. Physical and chemical 
variations within the W3 star-forming region. 11. The 345 GHz 
spectral line survey. AtYA  Suppl. 124:205-253. 

Henning, Th.  and  Salama,  F. 1998. Carbon in the Universe. Science 

Herbst, E. 1995. Chemistry  in the interstellar medium. Ann.  Rev. 

Hiraoka, K., Ohashi, N., Kihara, Y., et al. 1994. Formation of formalde-i 

282~2204-2210. 

Phys.  Chem. 46327-53. 

hyde and methanol from the reactions of H atoms with solid CO 
at 10-20 K. Chem.  Phys. Lett. 229:408-414. 

Hiraoke, K., Miyagoshi, T., Takayama, T., Yamamoto, K., Kihara, 
Y. 1998. Gas-grain processes for the formation of  CH4 and  Hz0 - 
reactions of H-atoms with C, 0 and CO in the solid phase at 12 K. 
Astrophys. J. 498:710-715. 

Hogerheijde, M.R., van Dishoeck, E.F., Blake, G.A., van Langevelde, 
H.J. 1997. Tracing the envelopes around embedded low-mass young 
.stellar  objects  with HCO+ and millimeter-continuum observations. 
Astrophys. J. 489:293-313. 

Hogerheijde, M. R., van Dishoeck, E. F., Blake, G.  A., and van Langevelde,i 
H. J. 1998. Envelope structure  on 700 AU scales and  the molecular 
outflows of low-mass young stellar objects. Astrophys. J. 502:315- 
336. 

Hogerheijde, M. R., van Dishoeck, E. F., Salverda, J., and Blake, G. A. 
1999. Envelope structure of deeply embedded young stellar  objects 
in the Serpens molecular cloud. Astrophys. J. in press. 

M. J. 1998. Comets: A Link  Between Interstellar and Nebular 
Chemistry. In Protostars and Planets IV ,  eds. A. Boss, V. Man- 
nings, and s. Russell. This volume. 

Kagtner, J. H., Zuckerman, B., Weintraub, D. A., and Forveille, T. 
1997. X-ray and molecular emission from the nearest region of 
recent star formation Science 277:67-71. 

Keane, J., Tielens, A.G.G.M., Boogert, A.C.A., and  Whittet, D.C.B. 
1999, A&A, in preparation. 

Kirkwood, D.A., Linnartz, H., Grutter, M. et al. 1998. Electronic spec- 
troscopy of carbon chains and relevance to astrophysics. Faraday 

Irvine, W. M., Schloerb, F. P., Crovisier, J., Fegley, Jr., B., and  Mumma,i 



Chemistry of Protostellar  Matter 23 

Discuss., 109:109-199. 
Kouchi, A. 1990. Evaporation of H10-CO ice and  its astrophysical 

implications. J.  Crystal  Growth 99:1220. 
Kramer, C., Alves, J.,  Lada, C., Lada, E., Sievers, A,, Ungerechts, H., 

and Walmsley,  M.  1998. The millimeter wavelength emissivity in 
IC5146. A&A Letters. 329:L33-L36. 

Kuiper, T. B. H.,  Langer, W.  D. & Velusamy, T. 1996. Evolutionary 
status of the pre-protostellar core L1498. Astrophys. J. 468:761- 
773. 

Lacy, J. H., Faraji, H., Sandford, S. A., and Allamandola, L. J. 1998. 
Unraveling the 10 micron "silicate" feature of protostars:  The 
detection of frozen interstellar  ammonia. Astrophys. J.  Letters 

Langer, W. D.,  Velusamy, T., Kuiper, T. B. H.,  Levin, S., Olsen, E., and 
Migenes, V. 1995. Study of structure  and small-scale fragmentation 
in TMC-1. Astrophys. J. 453:293-307. 

Langer, W.  D.,  Velusamy, T., and Xie, T. 1996. The IRS 1 circumstellar 
sisk, and  the origin of the  jet  and CO outflow in B5. Astrophys. J. 
Letters 46fkL41-44. 

Langer, W. D., Velusamy, T., Kuiper, T. B. H., Peng, R., McCarthy, 
M.  C., Travers, M. J., Kovacs, A., Gottlieb, C. A., and  Thaddeus, 
P. 1997. First astronomical detection of the cumulene carbon chain 
molecule H2Cs in TMC-1. Astrophys. J. Letters, 480,  L63-66. 

Langer, W. D. and Velusamy, T. 1999.  CS Observations of B5 IRS1. 
in preparation. 

Lee H.,-H., Bettens, R. P. A., and  Herbst, E. 1996a.  F'ractional abun- 
dances of molecules in dense interstellar clouds: A  compendium of 
recent model results. A&A  Suppl. 119:lll-114. 

Lee  H.,-H., Herbst, E., Pineau des Forets, G.,  Roueff, E., and Le Bour- 
lot, J. 1996b. Photodissociation of Hz and  CO  and time  dependent 
chemistry in inhomogeneous  interstellar clouds. A&A. 311:690- 
707. 

Lemme, C., Walmsley,  C. M., Wilson, T. L., and Muders, D. 1995. 
A detailed study of an extremely quiescent  core: L 1498. A&A 

Lepp, S.. 1992. The cosmic-ray ionization rate. In Astrochemistry 
of Cosmic Phenomena eds. P.D. Singh (Dordrecht: Kluwer), pp. 
471-475. 

McCall, B. J., Geballe, T. R., Hinkle, K. H., and Oka, T. 1998.  Detec- 
tion of H3+ in the diffuse interstellar medium toward  Cygnus  OB2 
No. 12. Science  279:191&1913. 

McCarthy, M. C., Travers, M. J., Kovacs, A., Gottlieb, C.  A., and 
Thaddeus, P. 1997. Eight new carbon chain  molecules. Astrophys. 

Meyer  1997. Optical and ultraviolet observations of diffuse interstellar 

501:L105-L109. 

302~509-520. 

J.   SUP^. 113:105-120. 



24 W.D. Langer et al. 

clouds. In Molecules in  Astrophysics: Probes and Processes, IAU 
Symposium  178, ed. E. F. van Dishoeck (Dordrecht: Kluwer) pp. 
407-419. 

Millar, T. J., Farquhar, P. R. A., and Willacy,  K.  1997. The UMIST 
database for astrochemistry 1995. A&A Suppl. 121:139-185. 

Mitchell, G.F., Maillard, J.-P., Allen, M., Beer, R.,  and Belcourt, K. 
1990,  Hot and cold gas toward  young  stellar objects. Astrophys. J.  
363:554-573. 

origin of the solar system: Reading the  Rosetta stone, In Protostars 
and Planets  III, eds. E. H.  Levy and J. Lunine, (Tucson: Univ. 
Arizona Press) pp1177-1252. 

Mumma, M. J., DiSanti, M.A.,  Dello  RUSSO, N., Fomenkova,  M.,  Magee- 
Sauer, K., Kaminski, C.D. and Xie,  D.X.  1996. Detection of abun- 
dant  ethane  and  methane,  along  with  carbon monoxide and water, 
in comet  C/1996 B2 Hyakutake:  Evidence for interstellar origin. 
Science  272:1310-1314. 

Mundy, L. G .  and  McMullin, J. P. 1997,  Molecular depletions in cloud 
cores. In Molecules in  Astrophysics: Probes and Processes, IAU 
Symposium 178. ed. E. F. van Dishoeck, (Dordrecht: Kluwer),  pp. 

Nakagawa  1978. Nakagawa, N., 1980, Interstellar molecules on dust 
mantles, in Interstellar Molecules ed. B.H. Andrew, (Reidel, Dor- 
drecht), pp. 365-366. 

Norman, C., and Silk, J. 1989. Clumpy  molecular clouds - a  dynamic 
model self-consistently regulated by T-Tauri  star formation. As- 
trophys. J. 238:158-174. 

Ohashi, N., Kawabe, R., Ishiguro, M., and Hayashi, M. 1991. Obser- 
vations of 11 protostellar sources in Taurus  with  Nobeyama mil- 
limeter array - Growth of circumstellar disks. Astronomical. J.  

Ohashi, N., Hayashi, M., Kawabe, R., and Ishiguro, M. 1996. The 
Nobeyama Millimeter Array  Survey of Young Stellar Objects As- 
sociated with the  Taurus Molecular Cloud. Astrophys. J. 466:317- 
337. 

Ohishi, M. 1997. Observations of hot cores. In Molecules in  Astro- 
physics: Probes and Processes, IA U Symposium  178. ed. E. F. van 
Dishoeck, (Dordrecht: Kluwer), pp61-74. 

Ohishi, M, Irvine, W. M., and Kaifu, N. 1992.  Molecular abundance 
variations among and within cold dark molecular  clouds. In As- 
trochemistry of Cosmic  Phenomena, IAU Symp.  150, ed. P. D. 
Singh, (Dordrecht: Kluwer) pp. 171-177. 

Ohishi, M. and Kaifu, N. 1998.  Chemical and physical evolution of dark 
clouds.  Molecular spectral line survey  toward TI’vfC-1. Faraday 
Discussions 109:205-216. 

Mumma, M. J., Weissman, P. R., and  Stern, S. A. 1993, Comets  and  teh . 

183-191. 

102~2054-2065. 



Palumbo, M. E., Geballe, T. R.,  and Tielens, A. G.  G. M. 1997. Solid 
carbonyl sulfide (OCS) in dense molecular  clouds. Astrophys. J. 

Peng, R., Langer, W. D., Velusamy, T., Kuiper, T. B. H., and Levin, S. 
1998. Low-mass clumps in  TMC-1: Scaling laws  in the small-scale 
regime. Astrophys. J.  497:842-849. 

Plume, R., Bergin, E.A., Williams, J.P., Myers, P.C. 1998. Electron 
abundances in dense cloud cores. Implications for star formation. 
Faraday Discussion 109, 47-60. 

Pratap, P., Dickens, J. E., Snell, R. L., Miralles, M. P., Bergin, E. A., 
Irvine, W. I., and Schloerb, F. P. 1997. A study of the physics and 
chemistry of TMC-1. Astrophys. J. 486:862-885. 

Rawlings, J. M. C., Hartquist, T. W.,  Menten, K. M., and Williams, D. 
A. 1992. Direct diagnosis of infall in  collapsing protostars. I - The 
theoretical identification of molecular species  with broad velocity 
distributions. MNRAS 255:471-@5. 

Ruffle, D. P., Hartquist, T. W., Taylor, S. D., and Williams, D. A. 1997. 
Cyanopolyynes as indicators of late-time chemistry and depletion 
in star-forming regions. MNRAS 291:235-240. 

4 m ” a 4 4 .  

Qi, C., Sargent, A.I., ahd Blake,  G.A. 1999. In preparation. 
Sandford, S. A. and  Allamandola, L. J. 1990. The physical and infrared 

spectral properties of  COz in astrophysical ice analogs, Astrophys. 

Sandford, S. A. and Allamandola, L. J. 1993. Condensation and va- 
porization studies of CH30H  and NH3  ices: Major implications for 
astrochemistry. Astrophys. J.  417:815-825. 

Schutte, W. A. 1996. Formation and evolution of interstellar icy grain 
mantles. In Cosmic  Dust  Connection, ed. J. M. Greenberg, Dor- 
drecht:Kluwer, pp. 1 4 2 .  

Schutte, W.  A. 1999. Laboratory simulation of processes in interstellar 
ices. in Formation and Evolution of Solids in Space, eds. J.M. 
Greenberg  and Al.  Li, Dordrecht:Kluwer, pp. 177-201. 

hyde and organic molecule production in astrophysical ices at cryo- 
genic temperatures. Science 104:11&137. 

Schutte, W. A., Tielens, A. G.  G. M., Whittet, D. C. B., Boogert, A. 
C.  A., Ehrenfreund, P., de  Graauw,  Th.,  Prusti, T., van  Dishoeck, 
E.F., and Wesselius, P.R. 1996. The 6.0 and 6.8 pm absorption fea- 

. . tures in the  spectrum of NGC 7538 IRs9. A&A Letters 315:L333- 
L336. 

Schutte, W.A., Boogert, A.C.A., Tielens, A.G.G.M. et al. 1999. Weak 
ice absorption features at 7.24 and 7.41 pm in the  spectrum of the 
obscured young stellar  objects  W 33A. AOA, in  press. 

Schreyer, K., Helmich, F. P., van  Dishoeck, E. F.,  and  Henning, T. 
1997. A molecular  line and infrared study of NGC 2264 IRS 1. 

J., 355~357-372. 

Schutte, W. A., Allamandola, L. J., and Sandford, S. A. 1993. Formalde-i 



AtYA 326347-365. 
Shalabiea, 0. M. and Greenberg, J. M. 1994. Two key processes in 

dust/gaa chemical  modelling: photoprocessing of grain mantles and 
explosive desorption. A&A 290:266-278. 

Shalabiea, 0. M. and Greenberg, J. M. 1995. Chemical evolution of 
free-fall  collapsing interstellar clouds:  pseudo and real time  depen- 
dent models. A&A 303:233-241. 

Shalabiea, 0. M., Caselli, P., and  Herbst, E. 1998. Grain surface chem- 
istry: Modified  models. Astrophys. J.  502:652-660. 

Smith, R.G.,  Sellgren, K., and Tokunaga  A.T. 1989. Absorption fea- 
tures in the 3 micron spectra of protostars. Astrophys. J.  344:413- 
426. 

Suzuki, H., Yamamoto, S., Ohishi, M., Kaifu, N., Ishikawa, S., Hira- 
hara, Y., and  Takano, S. 1992. A  survey of CCS,  HCzN, HCsN, 
and NH3 toward dark cloud cores and their production chemistry. 
Astrophys. J. 392:551-570. 

Sutton, E. C., Peng, R., Danchi, W. C., Jaminet, P. A., Sandell, G., 
and Russell, A. P. G. 1995. The distribution of molecules in the 
core of OMG1. Astrophys. 3. Supp. 97455-496. 

Taylor, S. D., Morata, 0. and Williams, D. A. 1998. The  distribution 
of molecules in star-forming regions. AtYA 336:309-314. 

Tielens, A. G. G.  M. and Hagen, W. 1982. Model calculations of 
the molecular composition of interstellar grain mantles. A&A, 

Tielens, A. G. G. M. and Allamandola, L. 1987. Composition, structure 
ahd chemistry of interstellar  dust.  In Interstellar  Processes, ed. 
D.J. Hollenbach and H.A. Thronson, Dordrecht:Kluwer, pp. 397- 
469. 

Tielens, A.G.G.M., Tokunaga, A.T., Geballe, T.R., and Baas, F. 1991. 
Interstellar solid CO:  Polar  and nonpolar interstellar ices, Astro- 

Tielens, A. G. G. PUI. and Charnley, S. B. 1997. Circumstellar and inter- 
stellar synthesis of organic molecules. Origins Life Evol. Biosphere 

Tielens, A.G.G.M., amd  Whittet, D.C.B. 1997. Ices  in star forming re- 
gions, In Molecular Astrophysics: Probes and Processes, IAU Sym- 
posium no.178, ed. E. F. van Dishoeck,  Kluwer  Academic Publish- 
ers, pp45-60. 

Turner, B.E., Lee, H.H., and  Herbst, E. 1998. The physics and chem- 
istry of small translucent  molecular clouds. E. Acetylenic  chem- 
istry, Astrophys. 3. Suppl. 115:91-118. 

Vandenbussche, B., Ehrenfreund, P., Boogert, A.C.A. et d. 1999, Con- 
straints on  the  abundance of solid 0 2  in  dense  clouds from ISO- 
SWS and ground-based observations. AtYA, submitted. 

van der Tak, F.F.S., van Dishoeck, E.F., Evans, N.J., Bakker, E., and 

114~245-260. 

phys. J. 381~181-199. 

27:23-51. 



Cllcrnistry o f  Protostollar Mattcr 27 

, i  

c 

Blake, G.A. 1900. The  impact of the massive young star GL 2591 
on its surroundings. Astrophys. J., submitted. 

van  Dishoeck, E. F. 1998a. The chemistry of diffuse and  dark interstel- 
lar clouds. In The Molecular Astrophysics of Stars and Galaxies, 
eds. T.W.  Hartquist  and D.A.  Williams, 0xford:Oxford University, 
pp. 53-99. 

van  Dishoeck, E. F. 1998b. What can IS0 tell us about gas-grain 
chemistry? Faraday Discussions 109:31-46. 

van  Dishoeck, E. F. and Black, J. H.  1986. Comprehensive models 
of diffuse interstellar clouds - physical conditions and molecular 
abundances. Astrophys. J. Suppl. 66:109-145. 

van  Dishoeck, E. F. and Blake, G .  A. 1998.  Chemical evolution of 
star-forming regions. Ann.  Rev.  Astron.  Astrophys. 36:317-368. 

van Dishoeck, E. F. and Hogerheijde, M. R. 1999.  Models and obser- 
vations of the  chemistry  near  young  stellar objects. In Physics of 
Star  Formation and Early  Stellar  Evolution, eds. C.J.  Lada  and N. 
Kylafk,  Dordrecht:Kluwer, in press. 

van Dishoeck, E. F., Blake, G. A., Jansen, D. J. ,  and Groesbeck, T. 
1995.  Molecular abundances  and low-mass star formation. II. Or- 
ganic and  deuterated species toward IRAS 16293-2422. Astmphys. 
J. 447:760-782. 

van IJzendoorn, L.J., Allamandola, L.J., Baas, F., and Greenberg, 
J.M. 1983. Visible spectroscopy of matrix isolated HCO: The 
2A”IItX2A‘ transition. J. Chern. Phys. 78:7019-7028. 

Vejby-Christensen, L., Andersen, L. H., Heber, O., Kella, D., Pedersen, 
H. B., Schmidt, H. T., and Zajfman, D. 1997. Complete  branch- 
ing ratios for the dissociative recombination of HaO+, H30+,  and 

Velusamy, T., Kuiper, T. B.  H., and Langer, W. D. 1995. CCS  Obser- 
vations of the protostellax envelope of B335. Astrophys. J. Letters 

Velusamy, T., and Langer, W. D. 1998. Detection and evolution of 
complex  hydrocarbons in TMC. BAAS, 193, 71.07 (abstract). 

Whittet, D.C.B. 1993, Observations of molecular ices, in Dust and 
Chemistry  in  Astronomy, eds. T.J. Millar and D.A. Williams, 
Cambridge University Press, pp. 9-35. 

Whittet, D.C.B., Smith, R.G., Adamson,  A.J., Aitken, D.K., Chiar, 
J.E.,  Kerr, T.H., Roche, P.F., Smith, C.H., and Wright, C.M. 1996, 

. Interstellar  dust  absorption  features in the infrared spectrum of 
HH100-IR: Searching for the nitrogen component of the ices. As- 
trophys. J. 458:363-370. 

Whittet, D.C.B., Gerakines, P.A., Tielens, A.G.G.M., Adamson, A.J., 
Boogert, A.C.A., Chiar, J.E., de Graauw, Th., Ehrenfieund, P., 

. Prusti,  T.,  Schutte, W.A., Vandenbussche, B., and van  Dishoeck, 
E.F. 1998. Detection of abundant  C02 ice  in the quiescent dark 

CHZ. Astmphys. J. 483~531-540. 

451:L75-78. 



28 W.D. Langcr et al. 

cloud medium toward Eliae  16. Astmphys. J.  Letters 498:L159- 
L163. 

Willacy,  K. and Williams, D.  A. 1993. Desorption proceeses in molec- 
ular clouds - quasi-steady-state chemistry. MNRAS 260:635-642. 

Willacy, K., Rawlings, J. M.C., and Williams, D. A. 1994.  Molecular 
desorption from dust in star-forming regions. MNRAS 269:921- 
927. 

Willacy, K., Langer, W. D. and Velusamy, T. 1998a. Dust emission and 
molecular depletion in  L1498. Astmphys. J. Letters 507:L171-175. 

Willacy, K., Klahr, H.  H., Millar, T. J., and Henning, Th. 1998b. Gas 
and  grain  chemistry in a protoplanetary disk. A&A 338:995-1005. 

Williams, T. L., Adams, N. G., Babcock, L., Herd, C. R., and Ge- 
oghegan, M. 1996. Production  and loss of the water-related species 
H30+,  HzO, and OH in dense  interstellar clouds. MNRAS 282 :41a  
420. 

Wink, J.E., Bocklee-Morvan, N., Biver, N., Colom, P., Crovisier, J., 
Gerard, E., Rauer, H., Despois, D., Moreno, R., Paubert, G., 
Davies, J.K. and Dent, W.R.F.,  1998. Detection of formic acid 
in comet C/1995 0 1  HaleBopp. IAU Circular no.6599. 

Xie, T. L., Allen, M., and Langer, W.  D.  1995. Turbulent diffusion 
and its effects on the chemistry of molecular clouds. Astwphys. J. 
440:674-685. 



Chemistry of Protostellar Matter 29 

FIGURE CAPTIONS 

. .  

Figure 1. Examples of spectra of  complex  molecules taken at the CCS 
peak  emission  (Langer  et  al. 1997; Velusamy  and  Langer 1998). Note 
the differences  in the intensity  ratios  among  these  molecules at different 
velocities. 

Figure 2. Timedependent chemistry  for the evolution  in a collapsing  dense 
core  including  depletion  (based on Bergin  and  Langer, 1997). This shows 
the 'late  time'  chemistry  where  species  such as CS  and  C2S are  depleting 
onto gains while the nitrogen  species  such as N2H+ and NH3, as well as 
HCO , survive. 

Figure 3. The  top  panel shows L1498 in the IS0 continuum  emission at 200 
pm (dashed  line)  which  traces out the dense  core  (Willacy et al. 1998a). 
The solid lines are a C'80(1-O) map showing a minimum at this position. 
This indicates that even  CO is strongly  depleted in the center of cold 
dense  corm.  The bottom panel  traces the structure of the L1498 core in 
CS, CCS, and N H 3  emission  (Kuiper et al. 1996). The molecules and 
telescopes used are  indicated.  These  interferometer data highlight  limb 
brightened  emission  indicating that these  molecules trace  shells  around 
the center.  The  ammonia data also peak at the continuum  position. 

Figure 4. IS0 SWS spectrum of the deeply  embedded  source  W33A  in 
the wavelength  range 2.4 - 20 pm. The mean  spectral  resolving  power is . 
approximately 1000. Various  absorption  features  arising  in  silicate dust 
and  icy  mantles  along the line of sight  are  labelled. 

Figure 5. IS0 SWS spectra of the CO2  bending  mode  near 15 pm, illus- 
trating thermal  evolution of interstellar  ices.  The  sources  are  displayed  in 
order of  increasing  gas temperature (Tern = 16 K, 23 K, 26 K and 28 K 
for  SgrA*,  W33A,  NGC7538 IRS9 and S140, respectively).  Solid  lines 
are  fits  based on laboratory data for an ice  mixture  (HzO:CHsOH:CO2 = 
1:l:l)  at various temperatures  (Gerakines et al. 1999). The  strengths of 
the narrow  features  near 15.12 and 15.25 pm increase  systematically  with 
temperature. 

Figure 6. Grain  surface  chemistry  routes  involving  CO  (adapted  from Tie- 
lens and Hagen 1982). Hydrogenation of CO mainly'leads  to the formation 
of  H2CO and CH3OH. The accreted  C, N, and 0 can also lead to the for- 
'mation a variety of complex  species  whose abundance only  depend on the 
relative  accretion rates of these  species. 

Figure  7. OVRO  Millimeter  Array  observations of the '3C0, CN,  HCN, and 
HCO+ 1-0 emission  from  LkCa 15 (Qi et al., 1999). The  synthesized  beam 
is depicted in the lower  left  hand  corner of  each panel,  and is  approximately 
4."5 x 3'' (-700 x 500 AU).  Contour  levels  are  spaced  by  roughly 0.6, 0.6, 
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0.35, and 0.4 K km s'l, respectively,  and  begin  at  twice  this  level. In each 
case,  the emhion is centered on, or very  close to, the  position of the star, 
81) measured by the  thermal  continuum emhion from dust. The  velocity 
ranges measured  for  the  observed  emission  are  similar to or less  than  those 
of CO (2-1), and  arise from gas bound  to  the  star. 
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Table 1: Abundances of C-bearing molecules in interstellar ices, compared with the typical 
range seen in comets. All  values are expressed as a percentage relative to H2O-ice. Dashes 
indicate a current lack of information.  Elias 16 is a background star  that samples a 
quiescent dark-cloud environment, whereas NGC 7538 IM9, W33A,  GL  2136 and GL 2591 
are embedded young stellar  objects; all five objects  are listed in a sequence from left to right 
of increasing  thermal processing (as determined by decreasing solid CO abundance). ‘XCN’ 
is a CN-bonded molecule of uncertain  identity; the cometary value for ‘XCN’ refers to HCN. 

Species ’ ’ .Dark Cloud : - Embedded YSOs - Comets 
Elias 16 NGC7538  W33A  GL2136 GL2591 

CH30H <3 4 22 6 4 0.3-5 
CH4 
H&O - - - 7 - 0-5 
co (total) . 25 16 9 2 <1 5-7 

(POW 3 2 7 2 - - 

- 2 2 - - 0.2-1.2 

(nonpolar) 22 14 2 - - - 
C02  (total) 18 24 14 13 12 3-20 

(Polar) 18 16 13 10 8 - 
‘(nonpolar) - 8 1 3 4 - 

‘XCN’ <2 2 10 <0.5 - 0.02-0.1 
HCOOH .. - 3 - 0.05-0.1 
ocs - - 0.3 - - - 
C2H6 0-2 
CHsCH20H - <1 - - - - 

- - 

- <0.5 - - - 

Tgaa (cold) 10K  26K  23K  17K  38K - 
(hot) - 180K  120K  580K 1OlOK - 

References 1, 2 1, 3, 4 1, 4 1, 4 1, 4 5, 6, 7, 8 

.References: [l] Whittet (1997) and refs. therein. [2] Whittet et al. (1998). 131 Schutte et 
al. (1996). [4] Gerakines et al. (1999). [5] Mumma et  al. (1993, 1996). [6] Crovisier et al. 
(1996). [7] Wink et ul. (1998). [8] Irvine et al., this volume. 


