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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 und_ding 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 circumsteUar
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 nltimately incorporated into stars and planetary bodlu.
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 ol>-
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 materialcan be returned.These freshlyevaporatedmolecules

then drivea richchemistryinthe "hotcores"fora periodof 105 yr.

Some ofthisgas-phaseand icymaterialcan be incorporatedthrough

accretionintothecircumstellardiskssurroundingtheyoung star.Fi-

nally,the envelopeisdispersedby winds and/or ultravioletphotons,

leadingto the appearanceofphoton-dominatedregionsinthe caseof

high-massyouhg stars.

In thischapter,the chemistryofthepre_stellarcores,collapseen-

velopesand circumstellardisksisbrieflydiscussed.The emphasislies

on.a discussionofthosespeciesthatare most characteristicofa par-

ticularevolutionaryphase,but which arenotnecessarilythedominant

speciesin terms of elementalabundances. More detailedreviewsof

variousaspectsincludeTielensand Charnley(1997),van Dishoeckand

Blake (1998),Hartquistetal.(1998),van Dishoeck(1998b)and van

Dishoeckand Hogerheijde(1999).
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II. OBSERVATIONS OF CORES AND ENVELOPES

A. Gas-phase Species

Nearly120differentmoleculeshavebeendetectedintheinterstellar

and circumstellargas,not countingthe differentisotopicvarieties(see

Ohishi1997foran overview).Most have been observedthroughtheir
rotationaltransitionsat (sub)millimeterwavelengths,but specieslike

CH4 and CO2 can onlybe measured throughinfraredabsorptionlines.

One ofthemost importantdetectionsofthelastdecadeistheH_ ion,

a key playerintheion-moleculechemistrynetworks(Geballeand Oka

1996,McCalletal.1998).New speciescontinuetobe discovered,either

through systematiclinesurveysor through dedicatedsearchesbased

on laboratoryfrequencies.For example,the frequencymeasurements

ofmore than thirtynew carbon-chainsinthelaboratory(McCarthy et

al.1997)has stimulateddeep searchesforthem in interstellarclouds

(Langeretal.1997).
A largenumber ofdifferentcarbonchainmolecules(including,e.g.,

ringchaincarbenesC2,_+IH2, cumulenecarbenesH2 C,_,cyanopolyynes

HC2,_+IN,methylpolyynesH2C_n+IN, methylcyanopolyynesH2C_,_N;

freeradicalsC,_H)have been detectedindark cloudcoreswithtypical
abundances of 10-g with respectto hydrogen.Laboratoryspectraof

longcarbon chainsmay reproduceobservedfeaturesofsome Diffuse

InterstellarBands (DIBs) (Kirkwood et al.1998)and,hence,carbon

chainsmay be ubiquitouslypresentinthediffuseinterstellarmedium as

well. The infrared emission spectrum of interstellar clouds is dominated
by the vibrational modes of large Polycyclic AromaticHydrocarbon

molecules (PAHs) and, as a class, these species lock up a few percent
of the elemental carbon (i.e., an abundance of ~ 10-7). 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. 1. Pre-steUar 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 (Ohishietal.1992,Ohishi and Kalfu1998).Detailedmaps in

a number ofspecieshavemost recentlybeen providedby Pratapetal.

(1997).The southernpartofTMC-I isparticularlyrichinunsaturated,

longcarbon chains,whereasthe northernpartischemicallysimilarto

thehigh-latitudecloudL134N,consistingmostlyofsimpleradicalsand

ions.In both clouds,significantchemicalgradientshave been found
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acrossthe cores,which have been attributedeithertoage elects(see
§III.A)ordiferentialdepletionofelementslikeO, C and S.

Figure I illustratesthe richnessof complex speciesdetectedin

TMC- I,includingthecumulenecarbeneH2C6 (H2C= (C--)4C) (Langer

et al. 1997),the carbon chain radicalCsH (Velusamyand Langer" .
1998),theshortercumulene carbenechainsI'I2C_,H2C4, and several

othercomplex molecules.Although therelativeabundancesofthecu-

mulene carbenesare distributedsimilarlyto thoseofother complex

carboncompounds such asHC2n+IN and CnH, thespectralshapesin

Figure1 show thatthereareat leastthreepre-stellarfragmentsalong

thisline-of-sightwithdiferentintensityratiosamong thesemolecules.

Indeedveryhighspectralresolution,wellsampled,CCS maps, confirm

thattheemissioncomes from a highlyclumped gas,looselyassociated

withpre-protostellarstructures(Peng etal.1998).Thus,chemicaldif-

ferentiationamong the velocitycomponents islarge,indicatingchem-

icalevolutionon smallspatialscales(10,000AU) owing,perhaps,to

thedensityand grain-dependentchemicalprocessing.Itseemsunlikely
thatfragmentsformedsoclosetogetherinrelativeisolationshouldhave

suchintrinsicallydifferentchemicalcompositionwithoutsome chemical

evolution,in whichsome ofthe fragmentshave evolvedmore rapidly

becauseofinitiallyhigherdensityordynamicalfactors.

Systematicsurveysofcharacteristicmoleculesina largernumber

ofdark coreshavebeen performedby Suzukietai.(1992)usingC_S,

HC3N and NI-13,and by Benson etal. (1998)in C2S, c-C3H2 and
N2H +. In bothstudies,the carbon-chainmoleculesarefound to corre-

lateweU witheachother,but not withNH._nor N2FI+. The C2S/NH3
orC2S/N_H + abundanceratioshavebeenproposedasindicatorsofthe

amount oftimethathas passedsincethegas was atomic-carbonrich,

as illustratedinFigure2 (Berginand Langer 1997).In thisscenario
TMC-1 isfoundto be one oftheyoungestcloudsyetstudied.

A long-standingquestionconcernstheamount ofdepletioninthese

dark cores.An illustrativeexample isprovidedby the quiescentcore
L1498,studiedby Kuiper et ai.(1996)(seeFigure3). The C2S, CS

and NI-13maps show a chemicallydifferentiatedstructure,with the

carbon-richmoleculesmore abundant in the dii_useouterpart,and

NH3 dominant"inthe densercloudcenter.Observationally,depletion
isverydifficulttoprove,becauseeverycloudhas a "skin"inwhich the

abundances arecloseto normal (Mundy and McMullin 1997).Even if

the skincontainsonlya few percentof the totalcolumn density,the

higherabundancescaneffectivelymask any depletionsdeepinside.The
caseof L1498 providessome evidencefordepletionofCO at the core

center,sinceoffsetsbetween the C1SO emission(Lemme etal.1995)

and thefar-infraredcontinuumhavebeen found(WiUacy etal.1998a).
Another interestingexample isprovidedby the dark cloud IC 5146,

forwhich thecomparisonof the extinction.4v derivedfrom infrared
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starcountswith the ClgO emissionsuggestsdepletionat Av > 20
mag (Kramer etai.1998).Directobservationsof icesin dark clouds

indicatethatthecolumn densityof solidCO may be comparableto

thatofgas-phaseCO, and thatup to40% ofthe heavy elementsmay

be condensedontothegrains(Chiaretal.1998,Schutte1999).

A._. 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 ai. 1995). Studies of other class 0 YSOs suggest that
this phase of high depletion is short lived, however (Hogerheijde et al.
1999).

Chemical differentiation such as seen toward L1498 is still observed

in the outer, less dense parts of the coUapsing envelopes. An example is
provided by the deeply embedded object B335 (Velusamy et al 1995),
where CCS and otherradicalsarelocatedpredominantlyin the outer

infallenvelope.CS isabundant furtherin,whileNH3 ismore abundant

closeto the circumsteUardisk.Thus, we can tracethe sequenceby

which thesesimplespeciesare chemicallytransformedand freezeout

ontodusttoformicygrainmantlesthatpopulateplanet-formingdisks.

SystematicobservationsofmoleculesotherthanCO haveb_n per-

formedforonlyafew deeplyembedded YSOs. For NGC 1333IRAS4A,

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 ai. 1994, van Dishoeck et ai. 1995), in-

cluding organics such as CH30H and CHaCN 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 otiticaUy 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

tread is found for three deeply-embedded YSOs in Serpens, SMM1,
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 ai. (1991, 1996)
and Hogerheijde et ai. (1997, 1998) using a combination of single dish
and interferometer data. As for the deeply embedded objects, HCO + is
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found tobe an excellenttracerof the Innerenvelopestructureand mass,

whereas N2H + appears to tracepreferentiallythe quiescentouter env_

lope (Bachillerand Perdz-Gutierrez 1997, Benson et al. 1998). N2H +

may be destroyed by proton transferto CO and H20 in regionswhere

these molecules are not significantlycondensed onto grains (Bergin et

al. 1998). In B5 IRS1, HCN, but not HCO +, also appears to avoid

the inner part ofthe envelope (Langer et al.1996),asdoes CS (Langer

and Velusamy 1999). This distributionisconsistentwith the resultof

Blake et al. (1992),who found the CS/CO ratioin the inner envelope

of HL Tau to be a factorto 25 to 50 lessthan that ofthe surrounding
dense core.

Detailed chemical studiesofthe envelopes ofhigh-mass YSOs have

been performed forseveralobjects,includingW 3 IRS5 (Helmich & van

Dishoeck 1997),NGC 2264 IRS1 (Schreyeret al.1997)and AFGL 2591

(Carret al.1995,van der Talcet al.1999). Most of them show a simple

chemistry_ with littleor 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 studiesare interestingbecause they can be

combined with direct observations of solid-state species for the same

line-of-sight(seesee §If B below).

B. Ices

Interstellariceshave been detected in absorption by theirvibra-

tionalbands in the infrared,eithertoward background fieldstars,or,

more often,embedded young stars(seeWhittet 1993,Tielensand Whit-

tet1997 foroverviews).The YSOs heat theirsurrounding dust to a few

hundred K, providinga brightcontinuum againstwhich the icesinthe

colderenvelope can be seen inabsorption. The availabilityofa 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.1. Inveritoryof ices. A sample spectrum taken with the ISO-

SWS covering the wavelength range 2.5-20 pm at a mean resolving

power A/AA _ 1000 toward the well-known embedded massive young

star W 33A isshown in Figure 4. The spectrum isdominated by

strong,broad featurescentered near 3 and 10 _m, attributedto HuO-

ice and silicates,the primary constituentsofthe mantles and cores of

the grains,respectively.H20-ice isrepresentedby itsbending mode at

6.0/_m as wellas the stretchingmode at 3/zm. The spectralsignatures

of various carbon-bearing molecules are also presentin the spectrum.

Prominent amongst these are the CO stretchingmode at 4.67 #m and
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the stretchingand bending modes of L_CO2 at 4.27and 15 /Jm,as
wellas the stretchingmode of t_CO2 at 4.39#m. Itisnotablethat

signaturesofCH-bonded carbonarelessinevidence:onlyCH3OH and
CI'I4are securelyidentified.

Absorptionat4.62_m isassociatedwithCN bonds inan uniden-

tiffedmoleculeor ion ('XCN'),and a weak featureat4.9/_m ismost
likelyidentifiedwithOCS: Unidentifiedfeaturesincludea shallowab-

sorptionat 3.47#m buriedinthe 'wing'of the deep icefeature,and

the more prominent6.85#m band; theseseem likelytobe causedby

CI-Istretchingand deformationmodes in hydrocarbons(Allamandola

et al.1992;Schutteet al.1996) but no convincingfitswith labora-
toryanalogshaveyetbeenreported.SolidNH3 isdifficulttodetectas

the N-I-Ifeatureat 2.95/Jmiseffectivelyblockedinobjectswithdeep

3.0/_mH20-icebands likeW 33A. A tentativedetectionofthe9.6_m

band has been made by Lacy etal.(1998)towardNGC7538 IRSg, in-

dicatingan abundanceof~10% withrespectto1-120ice.Observations
ofotherlinesofsightsuggestthattheNI-13abundanceisno more than

afew percent(Smithetal.1989;Whittetetal.1996).From theoretical

considerations,O3 and N2 arealsoexpectedtobe abundant,but since

thesespedeshaveno intrinsicdipolemoment, theyveryhardtodetect

inthe infrared(Ehrenfzeundand wan Dishoeck1998,Vandenbusscheet
al.1999).

As SWS datareductiontechniquescontinuetobe refined,detailed
analysisbecomesfeasible,encompassingalsotheweakerfeaturesofless

abundant speciesinice-richsourceslikeW 33A and NGC7538 IRsg.

Of greatestinterestareorganicmoleculesofpotentialexobiologicalsig-

nificance.Tentativeevidenceforan organicacid(R-COOl-I,most likely

formicacid,EICOOEI)has recentlybeen presented(Schutteetal.1996,

1999),and preliminaryanalysisindicatesthatitmay be ubiquitous

(Keane et al.1999). Finally,detailedstudiesof the CI:Istretchre-

gionhave placedupper limitson theabundancesofethane(C2I-Ie)and
ethanol(CII3CH2OI-I)inthemantles(Boudinetal.1998).

B.2. Heating and evaporation of ices. The sensitivity of the man-

tle material to environment is studied by comparing observations 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(I-I20) - 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
Tg,, _-, 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
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al.1990).SourcesareorderedfromlefttorightinTable lina sequence
ofdecliningsolidCO abundance. SinceCO isthemost volatileofthe

primaryconstituentsofthe ices(inpureform,itsublimesat,.-16 K),

itsabundance variesinverselywith the degreeof thermalprocessing.
EstimatesofT=u (Table1)are consistentwiththisconclusion:solid

CO ismost abundant in the quiescentcloud,and undetectedtoward

GL2591, whereTlu > 30 K.

Modeling thesolidstatefeaturesofmoleculessuchasCO and C02
allownot onlytheirabundancesbut alsotheirmolecularenvironment

withinthemantlestobe examined.Distinct'polar'and 'non-polar'ice

phases,dominatedby I'I20and CO, respectively,have been identified

(Tielenset al.1991;Chiar et al.1995,1998;de Graauw et al.1996;

Boogertetal.1999;Gerakinesetal.1999).These icesevidentlyform
under distinctlydifferentconditions:polar,H20-richmantlesaccumu-

lateinregionswhere atomicH has appreciableabundance inthe gas,

so thataccretingCNO-group speciestypicallybecome hydrogenated;

non-polarmantlesaccumulatein regionswhere essentiallyalltheI:[is

molecular,includingspeciessuchas CO, 02 and N2 which may freeze

directlyout ofthegas aswellas form by surfacecatalysis(seeSillB).

The bendingmode of*_CO_ near15/Jm isan especiallysensitive

diagnosticoftheiceenvironmentand thedegreeofthermalprocessing
(Ehrenfreundetal.1996,1998;Gerakinesetal.1999).SWS observa-

tionsoffourrepresentativesources,orderedinsequenceofincreasing
Tg_.,are illustratedin Figure5; alsoshown arefitsbased on labora-

torydata.In polaricemixtures,the 15/_m featureisbroad (FWHM
= 10-25cm -I)with.nosubstructure;however,sharppeaks(FWI:IM =

2-4 cm-*) near15.27#m and 15.15/_mappearinnon-polarmolecules

containingC02, or in pure annealedCO2. The systematicevolution

ofthe profilewithtemperatureevidentinFigure5 providesa strong

indicationthatthermalprocessingisan importantprocess(perhaps
the dominant process)in the environmentsofembedded YSOs. The

presenceof a non-polarC02 component only inYSOs suggeststhat
some segregationofmantleconstituents(especially1-120,CHsOH and

C02) might be takingplaceas the grainsarewarmed. Furtherevi-

dence forthermalprocessingarisesfrom detailedstudy ofthe IsCO2

stretchfeature'(Boogertetal.1999)which shows structureconsistent
withsegregationbetween C02 and polarmolecules.

The overallabundance ofCO2 issurprisinglysimilar(Table1)in

contrastingenvironments.As C02 formseasilyinthe laboratoryby

LrV"photolysisoficemixturescontainingCO, itmightbe assumed that

the CO2 abundanceshouldmeasurethedegreeofradiativeprocessing.

The detectionofC02 iceinthedarkcloudenvironment(Whittetetal.

1998)was thussomethingofa surprise:C02 formationcan evidently
occurincloudsremote from localembedded sourcesofradiation.Be-

causeCO2 islocatedalmostexclusivelyinthepolar(H_.O-dominated)



Chctnistry of Proto_teil_ Matter 9

component ofthe icesindarkclouds,itmust formsimultaneouslywith
H20. Ifsurfacecatalysisistheprimary route,a problemforchemical

models (§III.B)istoexplainwhy CO2 isgenerallymuch more abun-

dant than CH._OH orCH4, giventhatitmust form ina hydrogenating
environment.Ifphotolysisisthe primary routeto CO2, itmust be

drivenby ambientphotonsfrom the interstellarradiationfield,or by
cosmicrays....

An importantmotivationforthestudyofinterstellaricesisto al-

low detailedcomparisonwith comets (seeTable I). Informationon

thecompositionofcometscomes both from observationswithground-

basedand space-basedtelescopesand from insitustudies(seechapter

by Ixvineet al.foran in-depthreview).Note thatcometary abun-

dancesinTable I representtypicalvalues/rangesand do not referto

any individualcomet. Although preliminary,theseresultsdo suggest
thatcometary and interstellarabundances are broadlysimilar.In-

tersteUarand nebularmodels forcometary originspredictsystemati-

callydifferentabundancesformany species:thegenerallylow NBs and

CH4 abundancesmeasured incomets,togetherwithhighCO/CI-L,and

CHsOH/CH4 ratios, and deuterium enrichment (see chapter by Irvine
et al.), are suggestive of a substantial contribution from interstellar
ices.

III. 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, pho-
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 ( Oph (see Meyer 1997), but
often additional depletion is assumed for dark clouds.

One of the principal alms 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
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time-dependent aspects depend on how the various elemental pools

(e.g.C, O, N, S, etc..)interact,both internallyand with each other.

The main driverof the chemistry startswith cosmic-ray ionizationof

the dominant molecular species,HI2,with an estimated rate of _H= _*

(I - 5) x I0-tz s-t (Lepp 1992; van Dishoeck and Black 1986, Plume

et al. 1998). Ionizationof HI2 produces H +, which reactsrapidlywith

I'I2forming HH_"and H. The H_" ion then reactswith numerous atoms

and molecules leadingto a richchemistry.

The most important transitionin the chemistry isthe eventual

production ofCO from neutraland ionizedatomic carbon. Ifdark cores

are assumed toevolvefrom diffusegas, the carbon isinitiallypresentas

C +. Since the C + + I,i2-_ CH + + H, reactionisendothermic, C + can

recombine with electronsto form neutral carbon within a few hundred

years. C then reactswith H +, OH, and 02 toproduce CO within 105 -

I0a years at typicalcloud densitiesof 104 - I05 cm -3. This multistage

process isquiteimportant sincethe creation of more complex organic

speciesand carbon chains (e.g.,CCS, HC3N) requireslargeabundances

of C and C + for carbon insertionreactionsto be effective.Thus, the

concentrations of complex molecules tend to peak at early times (,,_

105 years) and decline as equilibrium is approached (see Figure 2).

C + also reactsslowly via a radiativeassociationreaction,C + + H2

-_ CH_ + hv, prodding another molecular formation pathway during

the neutralizationphase. Itcompetes with carbon recombination only

afterthe electronfractionalabundance has decreased by I-2 ordersof

magnitude.

The main time-dependent aspects ofthe other elemental pools,O,

N, and S, depend on how theirchemistry islinked to that of carbon.

The oxygen chemistry begins with H + + O -_ OH + -_ H20 + --+ H30 +,

where the latter dissoeiatively recombines to form OH, I'i20, and 0

with a branching ratios that have only recently been measured in the

laboratory (Williams et al. 1996; Vejby-Christensen et al. 1997). O2

is produced through reaction of 0 and OH. The abundances of these

simple oxygen-bearing molecules are low at early times, as OH, 02,

and I-I20 react with C and C +. The primary N-bearing molecules (N2,
NH3) form via simple ion-molecule and neutral-neutral reactions and

have slow, ste_idy 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 02, 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 S02. However, the observed

SO,. 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. 1907).

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 evo-
lutionary stages; (ii) Molecules that are independent or destructively
linked to the carbon chemistry such as N2, NHz, N21-1+, 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-I or LI34N (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
Berg'in 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
"youn_ 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.I. Gr_in surfacechemistry.Grain surfacechemistryisdomi-

nated by hydrogenationand oxidationreactionsofsimplespeciesac-

cretedfrom thegasphase.While many ofthesereactionshave activa-

tionbarriers,theymay stillproceedon grainsurfacesinviewofthelong

timescale(_.I day)availableforreactionbetweentwo reactivespecies
on a grainsurfacebeforeanotherreactivespeciesisaccretedfrom the

gas phase (Tie.lensand Hagen 1982).In thegasphase,CO isthedom-

inantC-bearingspecies.Other C-bearingcompounds have observed

(orcalculated)abundances < 10-4 relativeto CO, exceptperhapsfor

atomicC whichmay be asabundantas0.01(Berginetal.1997).Hence,

thechemistryofCO isparticularlyrelevantfortheorganicreservoirof
interstellarices.

The key stepinthe surfacechemistryof CO ishydrogenationto
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HCO (Figure6),which has a measured activationbarrierof 1000 K

(Tielensand Hagen 1982),which isknown tooccurinIow-temperatur_

matrices(vanIJzendoornetal.1982).The resultingradicalHCO will

reacton a grainwithH toform H_CO. Formaldehydemay be unstable

to furtherhydrogenationto form methanol (Tielensand Allamandola

1987)and thereissome experimentalsupportforthis(Hiraokaet al.

1994,1998).Becauseofthe highH fluxintheseexperiments,most of

theH formedH2 and themeasured efficiencyofmethanolformationwas

low.In contrast,CH3OH iscalculatedtobe thepreferredendpointof

thehydrogenationofCO under typicaldarkcloudconditions(Charnley
et al.1997).

The intermediateHCO (formyl)and CH30 (methoxy)radicalsin

thisroutecan alsoreactwithvariousotheraccretedC, N and O atoms,

leadingtoavarietyofcomplexspecies(Fig.6,Tielensand Hagen 1982),

includingCH3CHO (acetaldehyde)and CH3OCH3 (dimethylether).

LikeH2CO, theformermay be unstableto hydrogenationleadingto
CH3CH2OH (ethanol)(Charnley1998).ReactionofHCO with O re-

sultsin the formationofHCOOH (formicacid).The reactionof N

with HCO willleadto NCHO, which might be furtherhydrogenated
to HCONII2 (formamide;Tielensand Hagen 1982),or isomerizeto its

more stableform,HNCO (Charnley1998).Observationsofhot cores

nearmassivestars,where the iceshave evaporatedoffthegains,can
form significanttestsofthesemodels.

The longtimescalebetween the accretionof reactiveradicalson

grainsurfacesmay alsoallowoxidationof CO to occur.Laboratory

studiesby Tielensand Hagen (unpublished)and Grim and d'Hendecourt_
(1986)aresomewhat contradictory,but thereactionofO withCO may

wellbe thepredominantgrainsurfacechemistryroutetowardsCO2 in

dark clouds(Tielensand Hagen 1982).

Ifatomic0 indeedreactsreadilywith CO on a grain(orifthere-

actionofO with02 dominates),therewillalwaysbe a reactionpartner

foratomic0 and thesurfacereactionofO and H formingH20 isthen

blocked.HydrogenationofO2 (throughH202) and itsoxidationprod-
uct,O3 (throughOH), are then thedominant routestowardsH20 in

theoreticalcalculationsofgrainsurfacechemistry(Tielensand Hagen
1982).In the 03 route,O2 playsa catalyticrole.

B.2. Thermalprocessing.Thermal processingof interstellarice
mantlesisimportantinstar-formingregionsand theexperimentaldata

have recentlybeenreviewedby Tielensand Charnley(1997).When an

icemantleisheatedto a temperaturenearitssublimationpoint,out-
gassingwilloccur.Sublimationtemperaturesof a varietyof mixed

moleculariceshavebeen measured inthelab(Sandfordand Allaman-

dola1990;1993;Kouchi 1990).In viewofthedifferenceintimescales,

thesesublimationtemperatureshaveto be scaleddown somewhat for
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the interstellarcaseand representativevaluesare summarized in Ta-

ble 2. In a mixed molecularice where two (or more) component8

havesimilarconcentrationsbut differentsublimationtemperatures,the

evaporationofeachcomponent islargelyregulatedby itsown sublima-

tionbehavior(Kouchi1990;Sandford and Allamandola1990).Thus,

sublimationexperimentson CO/H20=I/2 and CO2/H20=I/1 ices

show earlyreleaseof CO (around25 K) and C02 (around85 K). A

smallfractionofthe CO or C02 staysbehindand is(partly)released

duringphasetransformationsinwhich thewholeH20 ice-crystalstruc-

turerearranges.Thisphasetransformationmay be associatedwiththe

amorphous tocubic(ormore properly,clathrateformation)transition

ofH_O ice(around120--130K inlab experiments).

CH3OH hasasublimationtemperature(_~140K inthelab)above
the clathrateformationtemperature.Hence, H20/CH3OH mixtures

when heatedto __130 K willsegregateintoratherpure CI'I3OHand

H20-clathratedomains (Blakeetal.1995)whose evaporationbehav-

ior(necessarily)followsthatofthe pure substance:CH3OI-Iand H_O

evaporationat 140 and 150 K, respectively,inthe lab,or 80 and 90

K in space. Recentexperimentshave shown thatCI-13OI"I/CO2and

H20/CH3OH/C02 mixtures show similar segregation behavior (Ehren-
freund et al. 1998). The profiles of the interstellar COs bands show

evidence for this process around luminous protostars (Boogert et al.
1999; Gerakines et al. 1999, see Fig. 5).

B.3. Proc_sing by ultraviolet photons. UV photolysis of ices con-
taining H20, CO, NHa, and CH4 produces small radicals such as H, O,
OH, N, NH, NH2, C, CH, CH2, and CHa. These react with each other

and the parent species resulting in, for example, H202, N2H2, N2H4,
CO2, 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 H2CO, HCOOH, HCONH2, 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



_i W.D.Laltgeret _LI,

NH.I,to polyoxymethlenePOM (seeabove;Schutteetai.1993;Bern-

steinetal.1995).Inthisprocess,many OftheH atoms may be replaced
by otherfunctionalgroups.Furthermore,reactionsofsimpleradicals

such as CH_ with the double-bondedO in formaldehydecan leadto

productssuchasCH3OCH3. SimilarreactionsinvolvingCOs, another

important(secondorder)productofmethanolphotolysis,willleadto,
forexample,CH3OCHO. The presenceof"NH3 in thesemixtureshas

importantconsequences.Besidesfacilitatingthermalpolymerization

ofH2CO (Schutteetal.1993),photolysiswillleadtoe_cientcarbon-

nitrogenbond formation(Bernsteinetal.1995).Analysisofresidues

shows that hexamethylenetetramine(HMT) isthe dominant product

of thephotolysisofmixturescontainingCHsOH and NHs, lockingup
to40% ofthe initialnitrogen.For comparison,POM-like specieslock

up lessthan 1% ofthecarboninitiallyinmethanol.Other compounds

intheresidueincludeethers,ketones,and amides,whichlockup about
5% ofthe C.

C. Gas-grain models

Both thegas-phaseand grain-surfaceprocesseshave beenincorpo-
ratedintochemicalmodels which take the exchangebetweenthe two

phasesintoaccount.For gas densitiesofmore than 104cm -s,allthe

gas phase molecules(exceptH2, H_, CO, N2, and a few otherweakly
polarmolecules)shouldaccreteonto grainsurfacesin 10s yr,a time

scaleshortcompared tothe agesof"molecularclouds,but comparable
tothetimescalesforprotostarformation.At thedensitiescharacteris-

ticofdiskmaterial,> 10ecm -s,the depletionrateisevenfastersince

itscalesinverselywith density.Chemical historymay be even more
complicatedasmoleculeswhich freezeontograinsurfacescan be rein-

jectedintogasphaseby the desorptionofgrainmantles(e.g.,Willacy

& Williams1993,Shalabiea& Greenberg1994,Bergin& Langer1997).

Each ofthesescenariosmakes specificpredictionsregardingthechem-
istryinthegasphaseand frozenicygrainmantlesinthediskaccretion

and earlyevolutionaryphases,which eventuallydeterminesthemakeup
ofsolarsystemobjects.

Two differentregimeshavebeen consideredinthe gas-grainmod-

els(TielensaxedCharnley 1997). In the "accretionlimited"regime

(Tielensand Hagen 1982),reactionsarelimitedby therateat which

speciesare "delivered"tothegrainsurfacewhere theyrapidlymigrate
and react.In the =reactionlimited"regime(e.g.Hasegawa and Herbst

1993),the oppositeholds:many reactivespeciesarepresenton a grain

surfaceand reactioniscontrolledby surfaceconcentrations(aswellas

kineticparameters).Most ofthechemicalmodelsincludinggas-grain

interactionshavebeen formulatedinthe "reactionlimited"regimeus-

ingrateequationswhichmirrorthoseusedforgas-phasechemistry(e.g.

Hasegawa and Herbst1993,Shalabieaand Greenberg1995).Thisap-
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proach isonlyaccuratewhen a largenumber ofreactivespeciesexist
on a Singlegrainsurface,sinceonlyaverageabundancesarecalculated.

Thisconditionisusuallynot met ininterstellarclouds,sincetheaccre-

tiontimesarelong,grainsaresmall,and reactionsarefast,so thatat

most one reactivespeciesispresenton a grainat any time.The grain

surfacechemistryisthereforeinthe accretionlimitedregimeand can

onlybe properlytreatedby a Monte-Carlo method,whichdetermines

the likelihoodoftwo suchspeciesarrivingfrom the gas insuccession

onto a particulargrainina steady-statemodel. Recently,an ad hoc

reformulationofthe reaction-limitedapproach has been proposedby

Casellietal.(1998)to remedy itsshortcomings,and theconsequences

forthe modelshavebeen discussedby Shalabieaetal.(1998).So far,

no Monte-Carlomethod has been developedforuseintime-dependent
codesdue tocomputationalrestrictions.

In additiontothethermaldesorptiondiscussedabove,othernon-

thermaldesorptionprocessesinvolvingcosmic-rayspotheating,heating

by the energyliberatedby moleculeformationor photodesorptionby

ultravioletorinfraredradiation.Grain-graincollisionsmay playa role

ifstoredradicals,produced forexample by ultravioletphotolysis,are

presentintheice(seeSchutte1996foroverview).These processesare

onlyeffectiveforvolatilemolecules,but not forH20- and CII3OH-rich
iceswhich containstronghydrogen bonds.The outcomeofthemodels

then depends stronglyon the adopted desorptionmechanisms. For

example,ifthenon-thermalmechanisms areassumed tobe ineffective,

N2 isone ofthefew heavy specieswhich isnotsignificantlycondensed

ontograinsincoldcoreswithT _ 10 K, leadingto significantN2H +
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 I:ICO + 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 H20 are also the main removal partners of N_H +, 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-
tur.estructureand chemistryinthe warmer,innerenvelopeshave been

presentedby Ceccarellietal.(1996)and Doty and Neufeld(1997).

Gas-graininteractionsand the formationoficescan alsobe sig-
nificantin regionswhich have recentlybeen subjectedtoshocksdue

to outflowsfrom young stars.Berginet al.(1998)predictthatlarge

quantitiesofwatervaporareproducedinshockedgas,assupportedby
ISO observationsofstrongemissionfrom gaseouswatertowardsOrion
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BN-KL (Harwitet al.1998). In the coldpostshockgas the abun-

dant H20 vaporwillcondenseonto thedustgrainsurfaceproducinga

water-dominatedmantle.Thismechanism,whichrequiressome shield-

ingfrom photodissociatingphotons,may alsobe abletoreproducethe
observeddeuteriumfractionationof waterincomets.Furtherstudies

of speciessuch as CHzOH are needed to testthe importanceofthis

mechanism compared witb,,otherprocesses.

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 ¥S0s which have already dispersed
their envelopes and cloud cores, so that no confusion with the surround-

ingmaterialispossible.Excellentexamplesareprovidedby DM Tau

and GG Tau (Dutreyetal.1997)and TW Hya (Kastneretal.1997),

where moleculessuch as CN, HCN, HNC, CS, HCO +, C2H, and/or

H2 CO havebeendetectedwithsingledishtelescopes.These molecules

appearunderabundant withrespectto the standardpre-steIlarcores,

probablydue todepletionofgas phase moleculesonto.thesurfacesof

colddustgrains.An issuehereiswhetherthemoleculesarepassively

storedon thegrainsduringthisperiod,orwhethergrainsurfacechem-

istrymodifiestheircomposition.

The availablesingledishdataaresuggestiveofa scenarioinwhich

the distanceat which depletionoccursisspecies-dependent,withthe

most volatilespeciesremaininginthegasphasefurthestfrom thecen-

tralstar.Furthercharacterizationof the chemistryin circumstellar

diskswould benefitfrom a combinationof highspectraland spatial

resolutionobservations.Currentmillimeter-waveinterferometricarrays

arenow capableofimagingthemore abundant moleculesincircumstel-

lardisks,asisillustratedby theobservationsofthe 13CO, CN, HCO +,

and HCN I -_0 transitionstowardtheT TanristarLkCa 15presented

inFigure7 (Qietal.1999).Even at2-3"resolution(ora diskdiameter

of~ 300 AU), thereappeartobe interestingmorphologicaldifferences

betweenspeciesexpectedtofollowdifferent(photo)chemicalpathssuch

as 13CO and CN. The I-ICO+ emissionprovidesan importantlower

bound to thegasfractionalionizationofa few × 10-I°,whilethe ratio

of the FICN, I-ICO+, and 13C0 I _ 0 emissionto thatof higherJ

transitionsdetectedwithsubmillimetertelescopesindicateslow kinetic
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temperaturesoflessthan ~30 K. Futureobservationsofdisksaround

T Tauri and HerbigAe starsat even higherspatialresolutionwillbe

ableto measuredirectlyany gas phase chemicalgradientsthatmay
existin the icyplanetesimalformationzone ofcircumstellardisks.In

favorablecases,themillimeter-waveimagesmay alsobecombined with

infraredspectroscopytoconstraintheicybudget.

B. Chemistry of Disks

Densitiesintheouterdiskaretypicallygreaterthani0scm -_ (they
riseto 10gcm -3 at100 AU), and temperaturesarearound10K so that

depletiontakesplacein a shorttime,< 10 4 years.The timescalefor

desorptionby cosmicrayspotheatingisabout i0s yearsso the chem-

istryisnot abletoreachequilibrium.Thus, itisnecessarytoconsider

the dynamicalchemicalevolutionas materialistransportedinwards,

and to considera varietyofdesorptionmechanisms (c.f.,Aikawa et

al.1997,1998).The transportneedsto be calculatedalongwith the

chemistrybecauseofthe changingphysicalconditionsand timescales

asmaterialmoves inwards.Severalgroupshaveconsideredthe chemi-

calcompositionofa parcelofgas transportedtowardsthecenterofthe

disk(c.f.,Baueretal.1997,Duschletal.1996)from1,000AU inwards.

However, theirmajor focuswas on _he verycentralregionswhere the

dustisdestroyed(< 10AU), and a verylimitedsetofinitialconditions

and gas-grainchemistrywere considered.

Aikawa etal.(1997,1998)and Willacyetal.(1998b)have calcu-
latedmore comprehensivechemicaland gas-dustmodels.Forexample,

inthe models ofAikawaetal.cosmicray ionizationdrivesthe chem.

istrybeyond 10AU, sincethesurfacedensityistoosmalltoattenuate

thecosmicraysthere.These producetheHs+ and He+ ionsthatiniti-

atethe chemistryand convertCO and N2, initiallythemost abundant

species,intoC02, CH4, NH._,and HCN. Inthecoldregionsthereaction
productsaredepletedontograinsas partoftheicemantle.As matter

accretestowardstheinner,warmer regions,theicemantleevaporates.
Therefore,inregionsbeyond20 AU speciessuchasCH4 areintheform

ofice.Inside20 AU the methane isdesorbedand convertedintolarger

hydrocarbons. Clearly,the detailsof the transportand heatingare

criticalforunderstandingthechemicaldistributionintheearlystages
ofdiskformationand evolution.

At smalldiskradii(< 100 AU), irradiationby thecentralstarwill

be significant,and possiblesourcesofgrainheatingincludedisksurface

heatingby stellarphotonsand stellarX-rays.The impactof heating
by stellaropticaland UV photonson the verticaltemperaturestruc-

turehas yet to be consideredinthe contextofdesorption.Chiang &

Goldreich(1997)show thateven at 100 AU distances,grainsat disk
surfacesthatareirradiatedby an (unattenuated)T Tauristarwillbe

heatedtotemperaturesinexcessofthediskeffectivetemperaturedue
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to the mismatch in the optical absorption and rat-infrared emission ef_-

denciee ofsrai_. The high srain temperature (80 K for 1000 _ grains)
will likely result b significant CO dworption. Photons absorbed in the

surface tayer will be reradlated 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 modeis_,,

V. SUMMARY

A great deal of progress in understanding interstellar chemistry has
been made in the last several years since the Protostars and Planet_ 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-
provemenU in the coming years with the advent of new larger millimeter
arrays, and space-based missions such as the Far In_ared Submi]lime-

ter Telescope (FIRST) and the Next Generation Space Telescope, and
the advent of more sensitiVeground based near-IR instruments.
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FIGURE CAPTIONS

Figure I. Examples ofspectraof complex moleculestaken at the CCS

peak emission(Langer et ai. 1997; Velnsamy and Langer 1908). Note
the dii_erencesin the intensityratiosamong thesemoleculesat different
velocities.

Figure2. Time-dependent chemistryforthe evolutioninacollapsingdense
core includingdepletion(basedon Berginand Langer,1997).This shows
the 'latetime'chemistrywhere speciessuch as CS and C2S are depleting
onto grainswhilethe nitrogenspeciessuch asN2H + and NHz, as wellas
HCO +,survive.

Figure 3. The top panel shows L1498 in the ISO continuum emission at 200

/Jm (dashedline)which tracesout the dense core(Willacyetal.1998a).
The solidlinesare a CxsO(1-0)map showing a minimum atthisposition.
This indicatesthat even CO isstronglydepletedin the centerof cold
dense cores.The bottom panel tracesthe structureofthe L1498 corein

CS, CCS, and NHs emission(Kuiper et al. 1996). The moleculesand
telescopesused are indicated.These interferometerdata highlightllmb
brightenedemissionindicatingthat thesemoleculestraceshellsaround

the center.The ammonia data alsopeak atthe continuum position.

Figure 4. ISO SWS spectrum of the deeply embedded sourceW33A in
the wavelengthrange 2.4- 20 _Lm. The mean spectralresolvingpow_ is
approximately 1000. Variousabsorptionfeaturesarisingin silicatedust
and icy mantlesalongthe llneofsightare labelled.

Figure 5. ISO SWS spectraofthe CO2 bending mode near 15/Jm, illus-
tratingthermalevolutionofinterstellarices.The sourcesaredisplayedin

order ofincreasinggas temperature (T_u _--16 K, 23 K, 26 K and 28 K
for SgrA*, W33A, NGC7538 IRS9 and $140, respectively).Solidlines
are fitsbased on laboratorydata foran icemixture(H20:CH3OH:CO2 --
1:1:1)at varioustemperatures(Gerakinesetal 1999).The strengthsof
the narrow featuresnear 15.12and 15.25,am increasesystematicallywith
temperature.

Figure6. Grain surfacechemistryroutesinvolvingCO (adaptedfrom Tie-
lens and Hagen 1982). Hydrogenation of CO mainlyleads to the formation
of H2CO and CH_OH. The accreted C, N, and O can also lead to the for-

"marion a variety of complex species whose abundances only depend on the
relative accretion rates of these species.

Figure7. OVRO MillimeterArrayobservationsofthelaCO, CN, HCN, and
HCO + 1-0 emissionfrom LkCa 15 (Qi etal.,1999).The synthesizedbeam
isdepictedinthelowerlefthand cornerofeachpanel,and isapproximately
4."5 x 3I'(.,-700x 500 AU). Contour levelsarespacedby roughly0.6,0.6,
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0.36, stud 0.4 K kms -s, rupecttveJy, _nd begin at twice thia level. In each
cage, the _ is .centered on, or very cloee to, the poeition of the stu,
m mmmmm oy tim Urn.real continuum msflm4on kom dust. The velocity

CO (2-1), sad srim born _ bound to the star.

.,_ !_.. • _ ,

- .



A

i:

C411



/

\

loa[nCH,)/Q=-s]
4

! i _ n w i |

co/looo

\

CS
"\SO

I

|

e

. _"

\

HC0 +

\

5.5 6 6.5 7

log [Time (years)]



A

X
m

IL

100

10"1

.CH4
' H200C$

CH30H

13C02

\

3

I H20

!
\

i CO "CH3

XCN

X
CO2

silicate

10_

\
CO2

W33A

20



(D
C)

8

0
"0

um_m

E

SgrA*
mm m I m m u aum mm | u um mm

W33 A
mmmmmmmm

NGC 7538 IRS9
mmm| mmllmmllmm

$140
mm||mmlm|

14.0 14.5 15.0 15.5 16.0 16.5

Wavelength _m]

F,_, ("



Surface Chemistry of CO

I " CO J C02 I_ -1

C
H

3H

CHaCHO
I

IH?

3H

l CH3OCHa

H2CO

H

CH30

H

CH3OH

O

H



II

|

LkCa 15:

4

I

13CO
I I

I I
ii +1

I I

O

I_.,,n!

I I
41 .141

AI_ IIIC

I

I
-111

11 --! I

:CN o
)

-41

o_

.111

I I I

I a

o
i

'+.j

+ ]'

iI w_q

o _,, J

• I
1| 141 | • 41

AIqC II0

c'..

I
-10

C.

,-+

;I
-11

10--

I I" I

HCO+ C_
.o°.

o a
.. iI r_
i !
i • _-)
• t

,..o ,-.

iJ

oo

i _ _°_,_ _
+. • I ! P

-Of _.- l
I

141 I •

API_ lle

I I I

++.

,i+ •
L.j

I r'_ I
• .II -II

,j+'.cN

t 01--- "

|

411-

- -_ - .
i

• 11 - I i

10 I

I I I I

0

w° +',i

I I
• 4

_qc He

I
-10

J
-I|



-I-

Table 1: Abundances of C-bearingmoleculesininterstellarices,compared with the typical

range seen in comets. All valuesare expressedas a percentagerelativeto H20-ice. Dashes

indicatea current lack of information. Elias 16 is a background star that samples a

quiescentdark-cloudenvironment,whereas NGC 7538 IRSg, W33A, GL 2136 and GL 2591

are embedded young stellarobjects;allfiveolSjectsare listedina sequencefrom leftto right

of increasingthermal processing(asdetermined by decreasingsolidCO abundance). 'XCN'

isa CN-bonded moleculeofuncertainidentity;thecometary valuefor'XCN' refersto HCN.

Species :-Dark Cloud : ,' -- Embedded YSOs Comets -
Elias 16 NGC7538 W33A GL2136 GL2591

CHaOH <3 4 22 6 4 0.3-5
CH_ -- 2 2
H2CO __ -- -- 0.2-1.2

--" -- 7 -- 0-5
CO (total). 25 16 9 2 <1 5-7

(polar) 3 2 7 2 --
(nonpolar) 22 14 2 -- _

CO2 (total) 18 24 14 13 12 3-20

(polar) 18 16 13 10 8 _

(nonpolar) q 8 1 3 4

'XCN' <2 2 10 <0.5 -- 0.02-0.1
HCOOH .. _ 3 --

-- -- 0.05--0.1OCS
-- 0.3 -- _

C_H8 -- <0.5 -- --
-- -- 0-2

CH_CH2OH _ <I -- _

Tg,., (cold) 10K 26K 23K 17K 38K _

(hot) -- 180K 120K 580K 1010K

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

References: [1]Whittet (1997)and refs.therein.[2]Whittet et al.(1998). [3]Schutte et

al.(1996). [4]Gerakines et al.(1999).[5]Mumma et al.(1993,1996). {6]Crovisieret al.
(1996).[7]Wink etal.(1998).[8]Irvineetal.,thisvolume.


