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Cover:
Image of the � Ophiuchi dense molecular cloud, taken with the camera on board the In-
frared Space Observatory. It shows the composed emission at 6 and 15 �m, between
RA(2000)=16h25m30s–28m30s and Dec(2000)=–24o05’–24o45’. North is to the top, West to
the left. The bright filaments in the West trace hot dust illuminated by the B2V star HD 147889,
located just outside the map. The filaments may be fossils of the dense cloud, being photo-
dissociated by ultraviolet radiation, or material accumulated by a shock. The actual dense
cloud is to the East (right). The lack of emission indicates a large extinction against the illu-
minated back side of the cloud. The dark patches are very dense clumps. The bright spots
thoughout the image are low and intermediate mass protostars. The protostar Elias 29,
extensively studied in Chapter 7 of this thesis, is the left component of the two bright point
sources in the lower part of this image.

Credit: ESA/ISO, CAM, A. Abergel et al.

Taken from the ISO Science Results Gallery

URL:http://www.iso.vilspa.esa.es/science/
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Het samenspel tussen stof, gas, ijs, en
protosterren

Nederlands samenvatting

ABSTRACT. Onderzoek in de laatste decennia heeft uitgewezen dat de oor-
sprong en evolutie van het leven op aarde geworteld is in de moleculaire evo-
lutie van het heelal. Sterren in hun laatste levensjaren injecteren simpele en
complexe moleculen (carbonmonoxide, polycyclische aromatische koolwater-
stoffen) in de interstellaire ruimte, waar een complexe chemische evolutie deze
moleculen afbreekt en weer opbouwt. Uiteindelijk vormt dit materiaal weer
nieuwe sterren met omringende planeetstelsels. Deze nederlandse samenvat-
ting geeft een beknopt overzicht van de vorming van sterren, en de simultane
evolutie van het stof, gas, en ijs waarin zij zijn gebed. Aan de hand van mijn
waarnemingen van protosterren, probeer ik de vraag te beantwoorden welke
van de processen voor molecuul vorming en vernietiging het belangrijkst zijn,
en hoe de hoeveelheden waargenomen moleculair gas en ijs afhangen van het
evolutionaire stadium van de nabije protoster. Gebruik makend van de deels
in Groningen gebouwde ISO satelliet, detecteren we voor het eerst grote hoe-
veelheden interstellair methaan en koolstofdioxide. Deze moleculen blijken
met name ingebed te zijn in interstellair ijs, dat qua samenstelling veel lijkt op
de kometen in ons zonnestelsel. We concluderen dat de vorming van mole-
culen op stofdeeltjes, en verhitting van het gas en ijs door nabije protosterren
belangrijke processen zijn in het interstellaire medium.

“Gaten in de hemel”
Het is lang een mysterie geweest waarom de sterren niet gelijkmatig aan de hemel
zijn verdeeld. De meeste sterren bevinden zich in een band, die een projectie is
van de schijf van sterren, de Melkweg, waarin ons zonnestelsel zich bevindt. Ook
binnen deze band varieert de ster dichtheid. De Duitse sterrenkundige William
Herschel omschreef in de achttiende eeuw de gebieden zonder sterren als “gaten
in de hemel”. Hij stelde dat sterren elkaar door de zwaartekracht aantrekken, en
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10 Dutch summary–Nederlandse samenvatting

dat hierdoor clusters van sterren, en de “gaten” ontstaan1. Aan het einde van de
negentiende eeuw ontstond het inzicht dat het niet erg waarschijnlijk is dat de
ruimte in de lange afstand van de aarde tot het einde van het heelal helemaal leeg
is. Een andere verklaring werd gegeven door de aanwezigheid van grote wolken
van absorberend materiaal, die als het ware een schaduw naar de aarde werpen,
waardoor we de sterren die erachter liggen niet zien. In het begin van de twintigste
eeuw zijn er hevige debatten gevoerd tussen voor-, en tegenstanders van deze twee
visies. Pas nadat betere meetinstrumenten beschikbaar kwamen, kon dit probleem
worden opgelost. Men vond bijvoorbeeld dat de helderheid van sterren op grotere
afstanden van de aarde, sneller afneemt dan je op grond van hun afstand (kwa-
dratisch) zou verwachten. Dit kan verklaard worden door de aanwezigheid van
stof, dat straling absorbeert langs de gezichtslijn naar de ster. Men vond ook dat er
op korte, blauwe, golflengten meer licht wordt geabsorbeerd, dan op lange, rode,
golflengten, waaruit volgt dat de stofdeeltjes ongeveer 0.0005 millimeter groot zijn
(vergelijkbaar met de deeltjes in sigarettenrook). Het geaccepteerde beeld is nu,
dat de lege gebieden tussen de sterren geen gaten zijn, maar opeenhopingen van
stof, gas, en ijs, ook wel “moleculaire wolken” genoemd, die het visuele licht, op
korte golflengten absorberen.

De lichtenergie die zo aan de randen van deze wolken wordt geabsorbeerd,
komt vrij als warmte (infrarood) straling. Dit infrarode licht is niet zichtbaar voor
het blote oog, maar wel met infrarood detectoren. Een voorbeeld van zo’n waar-
neming is gegeven op de voorkant van dit proefschrift. Het is de donkere wolk
in het sterrenbeeld Ophiuchus. De energie die deze wolk uitzendt is vele malen
groter dan je zou verwachten op grond van de geabsorbeerde straling van omlig-
gende sterren. De extra energie wordt opgewekt doordat de binnenste delen van
de wolk samentrekken tot nieuwe sterren. De “gaten” van Herschel blijken dus
kraamkamers voor sterren te zijn!

Vorming van sterren
Hoe sterren gevormd worden, kan pas sinds de jaren 1980 goed worden bestu-
deerd, door de bouw van infrarood telescopen. Niet alle sterren zijn even zwaar,
hun massa varieert tussen één tiende en honderd maal die van de zon. We bespre-
ken hier in het kort de vorming van een lage massa ster, zoals de zon. Het grote
aantal waargenomen jonge sterren (protosterren) is naar hun verschillende eigen-
schappen in vier klassen onderverdeeld (Zie Figuur 1.1 in de Inleiding). Zo kan de
evolutie van een ster gedurende de eerste paar miljoen jaar van zijn leven worden
gereconstrueerd. Het eerste stadium van stervorming bestaat uit het ineenvallen
van de moleculaire wolk, en is dus diep achter het stof verborgen en heel moeilijk
waar te nemen. Dit is een Klasse 0 object, dat niet meer dan 10 000 jaar oud is. Om-
dat dit jonge object nog zo diep in zijn geboortewolk verborgen zit, ziet het er heel
koud uit. Dit wordt meestal aangegeven door een kleurtemperatuur die de waar-

1historische feiten zijn ontleend aan het boek “Interstellar Matters”, van G.L. Verschuur; Sprin-
ger Verlag, New York, 1989
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genomen stralingsflux op twee golflengtes (kleuren) met elkaar vergelijkt. Voor
deze objecten is die zo’n 20 graden boven het absolute nulpunt. De gravitiatie en
rotatie energie die de wolk had, komt nu vrij en leidt tot de verhitting van het stof,
maar ook tot de uitstroom van materie langs de polen van het roterende centrale
object. Een wat ouder, Klasse I, object heeft al een aanzienlijke hoeveelheid van het
omringende stof en gas verwijderd middels deze uitstroom. De massa van het cen-
trale object is ook al dicht bij de uiteindelijke stermassa, en de kleurtemperatuur
is toegenomen tot enkele honderden graden. De kracht van de uitstroom langs de
polen is sterk verminderd. Deze objecten worden vrijwel zeker omgeven door een
roterende schijf van stof en gas, ter grootte van ons zonnestelsel. Dit stadium kan
100 000 jaar duren. Uiteindelijk, wanneer het merendeel van het omringende ma-
teriaal verwijderd is, wordt de ster ook op optische golflengten zichtbaar, alhoewel
hij nog steeds een uitgebreide stofschijf heeft (Klasse II). Bij Klasse III objecten is
ook de schijf verdwenen, waarschijnlijk is hieruit een planetenstelsel gevormd. Ie-
der van deze klassen karakteriseert dus niet alleen het evolutionaire stadium van
de protoster, maar ook van het omliggende materiaal.

Vorming van moleculen
In wolken waarin geen sterren worden gevormd, reageren de aanwezige neutrale
en geioniseerde atomen in het gas tot moleculen zoals CO en HCO+. De dicht-
heid in deze wolken is laag, typisch 102 cm�3. Als de wolk groot genoeg is, vormt
zich een dichte kern, met een dichtheid van 104 cm�3, en de temperatuur zakt naar
� 10 K. Het gas condenseert op het oppervlak van stofdeeltjes, waar chemische
reacties kunnen plaatsvinden. Aangezien atomair waterstof verreweg het meeste
aanwezig is, en door zijn lage massa makkelijk over de stofdeeltjes kan bewegen,
zijn de moleculen die zo gevormd worden waterstof-rijk, zoals H2O, H2, en CH4.
Als de meeste waterstof is verbruikt, worden ook moleculen als CO2 gevormd.
Binnen een miljoen jaar kan in principe zo al het gas in een moleculaire wolk zijn
omgezet in ijsmantels rond stofdeeltjes. Echter, onder andere door de vorming van
sterren in de dichte kern, wordt dit ijs weer vernietigd. De uitstroom van materie
zoals die bij Klasse 0 en I objecten wordt waargenomen, induceert schokken die
het ijs vernietigen. Ook zal de ster het ijs in zijn omgeving verdampen. Verder kan
de ster de samenstelling van de ijsmantels veranderen, doordat energierijke ultra-
violette straling reacties in het ijs teweeg brengt. Dit is een alternatieve manier om
eenvoudige moleculen als CO2 en CH4, maar ook “ingewikkelde” organische mo-
leculen te vormen. Het is bewezen dat ook in het hete gas dat van de stofdeeltjes is
gedampt nieuwe moleculen worden gevormd, zoals dimethylether en methylfor-
maat. Verder kan de uitstroom van materie het gas in de omgeving met schokken
verwarmen, waarin bijvoorbeeld veel water kan worden gevormd. Tenslotte kun-
nen ook geometrische effecten een belangrijke rol spelen in de evolutie van het
materiaal rond protosterren. De schijf die in Klasse I en II objecten aanwezig is,
heeft een hele hoge dichtheid, en laat nauwelijks straling door. Het gas en ijs dat
daarin aanwezig is, is dus relatief beschermd tegen de straling van de centrale ster.
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Kortom, er is een ingewikkeld samenspel tussen de protoster en het omliggende
stof, gas, en ijs. Dit zal uiteindelijk leiden tot de vorming van planeten, en kome-
ten.

Mijn onderzoek
Vele fundamentele vragen in het hierboven geschetste beeld van molecuulvor-
ming, en de interactie met de protoster zijn nog onbeantwoord. Wat is de samen-
stelling van het gas en de ijsmantels? Hoe belangrijk zijn de verschillende proces-
sen voor molecuulvorming, zoals gasfase reacties onder warme of koude condities,
reacties op stofdeeltjes, reacties in ultraviolet bestraald ijs, reacties in de schokken
van de protostellaire uitstroom? Hoe belangrijk zijn verdamping en schokvernieti-
ging van het ijs? Zijn deze processen hetzelfde voor hoge en lage massa objecten?
Wat is de invloed van geometrie op de evolutie van stof en moleculen? Hoe evo-
lueert het materiaal in de schijf uiteindelijk naar planeten en kometen? Verschilt
de samenstelling van dit materiaal veel van dat van de moleculaire wolk aan het
begin van de ineenstorting?

Het onderzoek naar de beantwoording van deze vragen is de laatste tien jaar in
een stroomversnelling geraakt. Dit komt vooral door de ontwikkeling van nieuwe
waarneeminstrumenten. In mijn proefschrift presenteer ik infrarood waarnemin-
gen van protosterren, die gedaan zijn met de in Groningen gebouwde “Short Wa-
velength Spectrometer” (SWS) aan boord van een in november 1995 gelanceerde sa-
telliet, het “Infrared Space Observatory” (ISO). Dit instrument meet spectra in het
infrarode golflengtebied van 2 tot 45 �m, een gebied dat tot voor kort moeilijk of
niet toegankelijk was, omdat de aardatmosfeer de straling absorbeert. Ik heb mijn
onderzoek voornamelijk geconcentreerd op waarnemingen van twee moleculen,
methaan (CH4) en koolstofdioxide (CO2). Het CH4 heb ik gedetecteerd rond twee
massieve protosterren, W 33A en NGC 7538 : IRS9 (zie Hoofdstuk 2 en 3). Het is
meestal aanwezig in een waterrijk ijs. Dit heb ik aangetoond door de waarnemin-
gen te vergelijken met spectra van ijs in het laboratorium. Derhalve concludeer ik
dat CH4 en H2O tegelijk op het oppervlak van stofdeeltjes zijn gevormd. Ook vind
ik gas fase CH4, met een relatief hoge temperatuur (100 K), dat waarschijnlijk af-
komstig is van ijs dat verdampt is dichtbij de protoster. De dichtheid van het CH4

gas en ijs is relatief laag, ongeveer 1% van H2O. Om het in perspectief te plaatsen,
de totale hoeveelheid CH4 die zich rond deze protosterren bevindt, is minstens de
helft van de massa van de aarde. Dat is maar liefst 1000 miljard maal de hoeveel-
heid aardgas in de Groningse gasbel, dat voor 80% ook uit CH4 moleculen bestaat2.
Als de Gasunie erin zou slagen om dit te winnen, zou het energieprobleem voor
eeuwig (1000 miljard eeuwen, bij het huidige Nederlandse verbruik) zijn opgelost.
Helaas bevindt het gas zich ongeveer 9000 lichtjaren (100 miljoen miljard kilome-
ter) bij ons vandaan.

Een andere belangrijke ontdekking van het ISO–SWS instrument, is de aanwe-
zigheid van grote hoeveelheden CO2 rond protosterren. Ik heb het CO2 in een groot

2Zie internet pagina http://www.gasunie.nl/
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aantal hoge en lage massa protosterren bestudeerd (zie Hoofdstuk 4, 5, en 6). Het
bevindt zich net als CH4 vooral in ijsmantels, maar met een vijftien keer grotere
concentratie. Na een nauwkeurige vergelijking met laboratorium experimenten,
concludeer ik dat de structuur en temperatuur van dit CO2 ijs sterk varieren tus-
sen de waargenomen objecten. De straling van protosterren verhit het ijs steeds
verder tijdens de evolutie. Dit effect is het duidelijkst aanwezig in hele jonge, mas-
sieve protosterren. Wellicht spelen voor lagere massa objecten andere factoren een
grotere rol, zoals de aanwezigheid van een schijf, waarin het ijs beschermd wordt.

Tot slot bestudeer ik in Hoofdstuk 7 in detail de lage massa Klasse I protoster
Elias 29 in de � Ophiuchi moleculaire wolk (welke op de kaft te zien is). Dit ob-
ject toont alle facetten van de ingewikkelde wisselwerking met het omringende
stof, gas, en ijs. We detecteren grote hoeveelheden warm H2O, en CO gas, maar
ook koud ijs. Naast de aanwezigheid van een prominente uitstroom, heeft dit ob-
ject waarschijnlijk ook een schijf, ter grootte van ons zonnestelsel, om zich heen.
Het lijkt heel waarschijnlijk dat het warme gas zich dichtbij de protoster bevindt,
wellicht in een laag boven de schijf, waar het verhit wordt door de protoster. We
kunnen echter niet uitsluiten dat het gas verwarmd is door schokken van de uit-
stroom. Het koude ijs kan zich in de beschermde omgeving van de schijf bevinden,
maar ook in een koude voorgrond wolk. Om deze vragen te beantwoorden, moe-
ten we te weten komen hoe de schijf gericht is ten opzichte van ons: kijken we er
bovenop, of er zijdelings in. Hiervoor zijn nieuwe waarnemingen nodig.

Conclusies en toekomstig onderzoek
De belangrijkste doelstelling van mijn onderzoek, namelijk de bepaling van de
samenstelling en evolutie van gas en ijs in stervormingsgebieden, is, dankzij het
goede functioneren van de ISO satelliet, geslaagd. Het ijs bestaat uit eenvoudige
moleculen, zoals H2O, CO, CH4, en CO2. Dit duidt erop dat vorming van inter-
stellaire moleculen op het oppervlak van stofdeeltjes een belangrijk proces is. Er is
duidelijk bewijs dat de structuur en samenstelling van het ijs verandert door ver-
hitting bij de protoster. Hierdoor verdampt het ijs, wat resulteert in het warme gas,
dat we gedetecteerd hebben. Voor lage massa protosterren lijkt ook de geometrie
een rol te spelen in de verhitting. Opvallend is dat het interstellaire ijs veel lijkt op
dat van kometen. Deze kometen zijn niet sterk aangetast door straling gedurende
de hele zonsevolutie (� 5 miljard jaar), en moeten afkomstig zijn van de koude
gebieden aan de rand van het zonnestelsel.

Met de waarnemingen van de ISO satelliet is een grote stap voorwaarts ge-
zet in de studie van de evolutie van protosterren en interstellaire materie. Het is
evenwel niet het eindstation, maar het begin van veel nieuw onderzoek. In de ko-
mende jaren zal de aandacht gericht zijn op waarnemingen met nieuwe telescopen,
die een hogere gevoeligheid, en een groter spectraal en ruimtelijk scheidend ver-
mogen hebben. Voorbeelden hiervan zijn de VLT telescoop in Chili, het vliegend
observatorium SOFIA van NASA, en de FIRST satelliet, waar ook de Groningse
universiteit bij betrokken is. Het zal ons bijvoorbeeld in staat stellen de schijven
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rond protosterren direkt waar te nemen, en ook zeldzame moleculen en zwakke
objecten met massa’s zoals de zon te detecteren en hun chemische samenstelling
en evolutie verder in kaart te brengen.



CHAPTER 1

Introduction

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

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

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

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

1.4 Questions
Many of the fundamental questions in our current picture of interstellar chemistry,
and the interaction with the protostar are yet unanswered. What is the composition
of the gas and ice mantles? In particular, what is the budget of carbon-bearing
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molecules? How important are the various processes for molecule formation, such
as gas phase reactions at high or low temperatures, reactions in the shocks of the



1.5 Main results of this thesis 19

FIGURE 1.3— Infrared
spectrum of the deeply
embedded massive pro-
tostar NGC 7538 : IRS9
(Whittet et al. 1996).

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

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

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

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

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



CHAPTER 2

Laboratory simulations and pre–ISO
observations of interstellar CH4 and SO2

z

Based on a paper by A.C.A. Boogert, W.A. Schutte, F.P. Helmich, A.G.G.M.
Tielens, & D.H. Wooden

Astronomy & Astrophysics, 1997, vol. 317, p. 929; 1998, vol. 333, p. 389

ABSTRACT. Interstellar CH4 may consume a fair amount of the carbon budget
in dense molecular clouds, but probably less than CO, CH3OH, and CO2.
However, it can only be observed at wavelength regions in the infrared that
are heavily affected by the earth atmosphere. With new space and airborne
missions (e.g. ISO, SOFIA) in mind we have studied the near infrared ab-
sorption spectra of solid and gaseous CH4. We obtained laboratory spectra
of the �4 deformation mode (1302 cm�1, 7.68 �m) of solid CH4 in astrophys-
ically relevant mixtures. We found that the peak position and width of this
absorption band vary strongly as a function of molecular environment, com-
pared to temperature and particle shape effects. Hence, observations of this
feature will provide a powerful probe of the molecular composition of inter-
stellar ices. Also the gas phase CH4 ro–vibrational spectrum of the same band
has been calculated. Using observed physical conditions around the protostar
W 33A, we show that unresolved gaseous CH4 lines are detectable (� > 0:01)
at a resolution R �1400, when the column density N> 1016 cm�2.

An astrophysically relevant molecule with a very strong transition in the same
wavelength regime, is SO2. We studied the �3 asymmetric stretching mode
(1319 cm�1, 7.58 �m) of solid SO2 in several mixtures, revealing that the peak
position, width and detailed profile of this band are very sensitive to the mo-
lecular environment. Besides probing the composition of ice mantles, obser-

z The analysis of the ground based and airborne spectra of protostars presented in this Chapter was
performed and accepted for publication before high quality ISO–SWS spectra were available. We give here the
integral results as published in Astronomy & Astrophysics. A cross-reference to the ISO results of Chapt. 3
is given in a Postscriptum (Sect. 2.8).

21
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vations of solid SO2 will provide important information on the sulfur budget
locked up in grain mantles, which is currently poorly known.

We compare the laboratory and calculated spectra of CH4 and SO2 with pre-
viously published ground based spectra and new airborne observations of
young stellar objects in the 7–8 �m region. W 33A, NGC 7538 : IRS1 and IRS9
show a feature near 7:68 �m that is consistent with absorption by solid CH4,
with a possible contribution of the Q-branch of gaseous CH4. The column
density of solid CH4 would be 0.3–4% of solid H2O, indicating that solid CH4
consumes 0:5� 0:3% of the cosmic carbon abundance. The gaseous compon-
ent, if present, would have a column density of at least this amount, being
highly dependent on the assumed temperature of the absorbing gas. A second
absorption feature is detected toward W 33A and NGC 7538 : IRS1 at 7:58 �m.
The peak position and width of this feature are consistent with the �3 mode of
solid SO2 in a matrix of solid CH3OH or pure SO2. The derived column density
is 0.1–1% of solid H2O, indicating that solid SO2 locks up 0.6–6% of the cosmic
sulfur abundance.

This study shows that 7–8 �m spectroscopy of dense molecular clouds, using
new airborne and space–based platforms, will provide valuable information
on the composition of icy grain mantles and molecular cloud chemistry.

2.1 Introduction

Infrared observations of objects located in or behind dense molecular clouds have
revealed deep and broad absorption features, often attributed to simple molecules
in icy grain mantles. Large amounts of solid H2O; CO; and CH3OH were found
by airborne and ground based observations (e.g., Willner et al. 1982; Whittet et al.
1985, 1988; Tielens et al. 1984, 1991; Allamandola et al. 1992). At present, these
species are thought to dominate the composition of three types of grain mantles:
polar (H2O–rich), apolar (CO–rich), and CH3OH–rich (still containing much H2O).
Often, more than one type is found along the same line of sight, reflecting chem-
ical variations during accretion and selective desorption around protostars due
to differences in volatility (Tielens et al. 1991; Chiar et al. 1995; Schutte 1996).
Detailed comparisons of laboratory spectra with observations of other molecules
have shown that these are embedded in one of these types of ice, e.g. solid H2 was
found to be mixed with H2O (Sandford et al. 1993), OCS and H2CO with CH3OH
(Palumbo et al. 1995; Schutte et al. 1996).

Many molecules that are thought to be present in grain mantles have absorption
modes at wavelengths with large telluric absorption, while current airborne instru-
ments lack sensitivity and resolution to properly study these species. Examples are
CO2 at 4.27 and 15.22 �m (2342 and 657 cm�1), CH4 at 3.32 and 7.68 �m (3012 and
1302 cm�1), H2CO at 5.81 and 6.69 �m (1721 and 1495 cm�1), SO2 at 7.58 �m (1319
cm�1), and NH3 at 24.3 and 29.2 �m (412 and 342 cm�1; see Schutte 1996 for more
examples). Observations in these unexplored wavelength regions with moderate
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resolution spectrometers (R � 1000) will inevitably lead to the detection of many
new species. The new generation space and airborne telescopes (e.g. ISO, SOFIA)
thus bear great promise in exploring dense cloud chemistry.

Models of dense cloud chemistry predict that CH4 is present in the ice mantles
(e.g., Tielens & Hagen 1982; Brown et al. 1988; Breukers 1991). The infrared spec-
trum of CH4 shows two fundamentals at 3009 and 1302 cm�1 (3.32 and 7.68 �m)
due to the C–H stretching and deformation modes (�3 and �4). The stretching mode
at 3:32 �m is blended with the very deep absorption band of water at 3.07 �m, and
will therefore be difficult to detect. In this Chapter we will investigate the spec-
tral properties of the deformation mode in astrophysically relevant mixtures, with
the objective to support the identification and analysis of this feature in interstellar
ices.

In practice, the absorption by interstellar solid CH4 may be contaminated by
gas phase ro–vibrational absorption lines. Analogously, this phenomenon is com-
monly observed for the solid and gaseous CO fundamental near 4.67 �m (Tielens
et al. 1991; Kerr et al. 1993). Additionally, due to its symmetry CH4 does not have a
permanent dipole moment, and thus is not observable at millimeter wavelengths.
For these reasons we will also model the ro–vibrational absorption spectrum of the
�4 mode of gaseous CH4.

At slightly shorter wavelength than the deformation mode of CH4 lies the asym-
metric stretching mode (�3; 7.58 �m) of solid SO2. In spectral observations of dense
clouds, both features may even partly overlap, and therefore it is recommended,
and sometimes unavoidable to study these molecules at the same time. Models
of dense cloud chemistry predict that a considerable fraction of sulfur could be
consumed by sulfur dioxide (Millar & Herbst 1990; Tielens & Hagen 1982). It is a
slightly bent molecule with a dipole moment of 1.60 Debyes, which makes its gas
phase observable in the millimeter regime. It has three infrared active modes at
about 1319 (�3), 1147 (�1) and 520 (�2) cm�1 in the solid state (7.58, 8.72, and 19.2
�m respectively). In this Chapter we will experimentally study the �3 asymmetric
stretching mode.

The results of this study can be directly applied to observations of dense clouds
in the 7–8 �m region, in order to derive column densities, temperatures and the
molecular environment of solid CH4 and SO2. This information may be used to de-
rive the formation history of these molecules, which can be incorporated in (time
dependent) models of cloud chemistry. Currently it is not known, other than by
theoretical predictions, whether these molecules are formed by gas phase ion–
molecule reactions, on the surface of grains, or by reactions in the grain mantle
due to UV–irradiation by the newly formed star.

Previously, some bright protostars were observed by Lacy et al. (1991) in the
7–8 �m region, using ground based facilities. Moderate resolution observations
at poor atmospheric transmission revealed a surprisingly broad absorption feature
towards W 33A, and probably two features towards NGC 7538 : IRS1. These res-
ults were not well understood, partly because they were not compared directly to
laboratory spectra. The one feature that was detected toward NGC 7538 : IRS9 was
attributed to solid CH4. High resolution observations of the R(0) line of gaseous
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CH4 by the same authors yielded probable detections towards NGC 7538 : IRS9,
W 33A, and OMC-1 : IRc2. We will apply our theoretical and laboratory results to
these spectra, as well as to new KAO observations of W 33A.

This Chapter is structured as follows. In Section 2.2, laboratory observations
of solid CH4 and SO2 in various mixtures and temperatures are described. The
absorption profiles are characterized by their position and width. Also, modeling
of the absorption spectrum of gaseous CH4 is presented. In Sect. 2.3, we study 7–8
�m spectra of the young stellar objects W 33A, NGC 7538 : IRS1 and IRS9, using
the ground based observations of Lacy et al. (1991) and new KAO spectra. The
assignment of the observed features to interstellar CH4 and/or SO2 is discussed in
Sect. 2.4. The abundances of interstellar CH4 and SO2 are derived and discussed
in Sect. 2.5. A short summary and conclusions are itemized in the final section
(Sect. 2.6).

2.2 Laboratory ice studies and gas phase models

2.2.1 Experimental

Our general experimental procedure for the preparation of astrophysical ice ana-
logs has been described previously (Gerakines et al. 1995, and references therein).
Gas mixtures were prepared in a glass bulb gas container using a glass vacuum line
with standard gas handling techniques. The gases employed were CH4 (Messer
Griesheim, 99.995% purity), SO2 (Indugas; 99.96% purity), H2O (triply distilled
and purified by four freeze–thaw cycles), CH3OH (99.9% purity, purified by four
freeze–thaw cycles), CO (Messer Griesheim; 99.997% purity), and NH3 (Indugas;
99.96% purity). Partial pressures of the component gases were measured by a Ley-
bold Diavac DV 1000 stainless–steel diaphragm manometer with an error of less
than 2%. To avoid sticking on the bulb surface, the partial pressure of H2O was
always kept well below its room temperature vapor pressure of � 20 mbar, i.e. we
never used more than 10 mbar. Deposition rates between 1.5 x 1015 – 3.0 x 1015

molec. cm�2 s�1 were used. With a background accretion rate of residual gas in
the vacuum system (mainly H2O) of approximately 5 x 1012 molec. cm�2 s�1, the
contamination level of the ice samples was� 0.3%. Spectra of the ice samples were
obtained with a BioRad FTS 40A spectrometer at a resolution of 1 cm�1. To mon-
itor the temperature dependence the ices were, after deposition at 10 K, subjected
to gradual warm-up (� 2 K min.�1), and spectra were taken at 30, 50, 80, and 100
K. Before scanning a spectrum, the substrate temperature was kept constant for
5 minutes to allow equilibration. The composition of the deposited sample was
derived both from the partial pressures and directly from the infrared spectrum.
Generally a good agreement is found between these methods (less than 15% differ-
ence; Sect. 2.2.6).
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2.2.2 Solid CH4

In this Section we will give an overview of the effects of molecular environment
and temperature on the shape of the absorption band of the deformation mode of
solid CH4 (7.68 �m, 1302 cm�1). We will construct plots of the peak absorption
wavelength versus the width of the profile. This data representation is a useful
guide for selection of the best laboratory fits to interstellar spectra. For detailed
comparisons however it is recommended to compare laboratory and

FIGURE 2.1— A selection of laboratory spectra of solid
CH4 and SO2 (T=30 K), illustrating the large influence of
molecular environment on the peak position, width and de-
tailed shape of these absorption bands.

interstellar spectra directly.
The skewness of the profiles
and double or small second-
ary peaks can thus be taken
into account.

The peak position and
FWHM of each solid CH4 ab-
sorption line were determ-
ined by performing a cubic
spline interpolation on the
continuum subtracted spec-
tra. The noise in the con-
tinuum was used to determ-
ine the uncertainty in the
central wavelength and the
FWHM. The accuracy in the
width is generally not lim-
ited by the noise, but by
the sampling of the laborat-
ory spectra (0.5 cm�1). Typ-
ically, the 1 � error in the
peak position was found to
be 0.5 cm�1, which is also
comparable to the spectral
sampling. Some laboratory
spectra are plotted in Fig. 2.1 (left panel), illustrating the variation in width and
peak position. Table 2.1 and Fig. 2.2 present the peak position versus FWHM for
our sample of CH4 ice mixtures, as well as for some non–polar mixtures published
by Hudgins et al. (1993).

The peak position of the C–H deformation mode of solid CH4 varies from 1299
to 1309 cm�1 (7.639 to 7.698 �m; Fig. 2.2). The gas phase peak position (Q branch)
falls at 1306 cm�1 (7.656 �m). The direction of the matrix–induced shift in the po-
sition is generally identical to the shift found for the stretching mode at 3.32 �m
(Fig. 2.2; Hudgins et al. 1993). In pure solid CH4, the peak is shifted towards the
red compared to the gas phase indicating an overall attractive interaction between
the CH4 molecules in the solid phase. Polar matrices (H2O; CH3OH; NH3) induce
a smaller redshift than obtained for pure CH4 ice. In non–polar matrices (i.e., O2 or
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TABLE 2.1— Laboratory spectroscopy of the deformation mode of solid CH4. The measured peak position (�) and Full Width at Half Maximum
(FWHM) are given in units of cm�1.

mixture mixing ratio 10 K 30 K 50 K 80 K 100 K

� FWHM � FWHM � FWHM � FWHM � FWHM

CH4 1301.5a 4.2a 1299.1 6.4 � � � � � �

H2O : CH4 2:1 1299.5 12.6 1299.6 11.0 1301.9 10.3 1302.3 10.6 1302.5 10.9
H2O : CH4 16:1 1303.3 9.3 1302.8 9.2 1302.7 9.0 1303.0 8.7 1303.2 8.7
H2O : CH4 180:1 1303.9 7.6 1303.3 7.4 1303.0 7.2 1303.0 7.2 1303.4 7.9
CO : CH4 0.7:1 1300.1 9.5 1300.4 6.7 � � � � � �

CO : CH4 3:1 1300.7 7.6 1300.6 7.4 � � � � � �

CO : CH4 15:1 1303.6 7.6 1302.7 7.4 1302.1 9.7 � � � �

CO : CH4
b 20:1 1304.6 5.1 1303.5 6.3 � � � � � �

CO : CH4 250:1 1304.7 3.8 1304.2 6.6 � � � � � �

CH3OH : CH4 3:1 1301.0 13.9 1300.3 12.6 1300.4 11.2 1300.2 11.7 � �

CH3OH : CH4 30:1 1303.9 12.7 1302.4 11.5 1301.7 10.3 1301.7 9.8 1301.5 10.3
H2O : CH3OH : CO : CH4

e 60:4:1:1 1303.8 9.0 1303.3 8.8 1303.0 8.7 1302.8 8.5 1302.8 8.8
H2O : CH3OH : CO : CH4

f 70:40:1:1 1303.2 10.6 1303.0 10.1 1302.9 9.6 1302.9 9.3 1302.7 10.1
NH3 : CH4 3:1 1300.7 13.8 1300.5 12.5 1300.6 11.6 � � � �

NH3 : CH4 25:1 1303.4 13.4 1302.6 13.0 1302.2 12.7 1300.1 13.4 � �

CO2 : CH4
b 20:1 1309.1c 9.2c 1309.0c 8.0c 1308.8c 7.2c � � � �

N2 : CH4
b 20:1 1306.2 2.7 1305.2d 5.3d � � � � � �

O2 : CH4
b 20:1 1306.7 4.1 1304.6 7.9 � � � � � �

Notes: Uncertainties are � 0.5 cm�1, except when indicated that the band is weak or noisy. In those cases 1 � errors are � 1 cm�1.
a strong secondary peak at 1297:6 cm�1 d at 20 K
b published by Hudgins et al. (1993) e ‘weak interstellar mixture’
c noisy; secondary peak at 1300:3 cm�1 f ‘strong interstellar mixture’
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FIGURE 2.2— a–c width and peak position of the absorption band of the deformation mode of
solid CH4 in different mixtures. The dots represent the lowest temperature of the mixture (10 K),
and the line shows the effect of increasing temperature. The data of the interstellar features (Sect. 3)
are indicated by open symbols, i.e. W 33A (�) and NGC 7538 : IRS1 (/) and IRS9 (.). The uncertainty
in both the peak position and width of the interstellar features is� 0:02 �m (Table 2). d the effect of
particle shape on the width and peak position for pure solid CH4 at 20 K (open symbols) and 30 K
(solid symbols).

N2), the �4 band (like �3) shifts to higher frequencies relative to the gas phase posi-
tion. Similar shifts have been observed in argon matrices, where it was ascribed to
short–range repulsive forces between CH4 and argon (Cabana et al. 1963). How-
ever, in mixtures with CO the peak shifts in the opposite direction. We conclude
that there is no obvious correlation between peak position and dipole moment or
polarizability of the host molecule.

The width of the C–H deformation mode ranges from 2 to 14 cm�1 (�0.01–0.08
�m). CH4 in non–polar mixtures tends to have narrower bands, particularly at 10
K. A similar trend was observed for the profile of the CO fundamental near 2137
cm�1 (Sandford et al. 1988). The CH4 feature substantially broadens upon warm–
up to 30 and 50 K in a pure CH4 matrix and CO–, O2–, and N2–rich matrices. This
is opposite to the trends observed for CO and H2O, where annealing at higher
temperatures leads to a narrowing of the absorption features (Sandford et al. 1988;
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Hudgins et al. 1993). This peculiar temperature dependence is related to (hindered)
rotation of CH4 in apolar matrices (Jones et al. 1986; Nelander 1985). The increase
in width reflects the population of higher rotational levels with increasing temper-
ature (Ewing 1964).

After deposition at 10 K, the pure methane sample shows substructure with
satellite bands at 3021 and 1298 cm�1, besides the main features located at 3009
and 1301 cm�1. The appearance of this doublet might be ascribed to hindered rota-
tion of CH4 molecules in the matrix, but more likely it is due to the presence of two
distinct sites (Khanna & Ngoh 1990). At 10 K, solid CH4 condenses in the � (or II)
state, which has an fcc structure with eight molecules per unit cell (Press 1972). Six
of these molecules are ordered on sites of D2d symmetry while the other two mo-
lecules are orientationally disordered. The substructure in the CH4 bands are likely
related to these two types of CH4 sites. Upon warm up to 20 K, a phase transform-
ation takes place to the � (or I) state which also has an fcc structure but with one,
freely rotating, molecule per unit cell. As expected, the �3 and �4 band only show
one peak at T � 20 K. A similar double structure for CH4 diluted in CO2 can
likely be ascribed to the presence of different sites as well. As a result of the greater
rigidity of the CO2 matrix, this doublet is also present at higher temperatures (up
to �70 K).

Apart from temperature and molecular environment, the width and peak po-
sition of absorption features of solid state species can also be influenced by the
shape of the dust particle. This has been demonstrated for solid CO by Tielens et
al. (1991) and for OCS by Palumbo et al. (1995). For polarizable materials, the
electromagnetic radiation induces an electric field within the dust particle. There-
fore, the electric field experienced by the oscillators in the grain has an applied and
an induced component. If the particle is small compared to the wavelength (the
Rayleigh limit) electrostatic theory is valid. Then the induced electric field within
the particle is proportional to the polarizability. The polarizability �i along axis i of
an ellipsoidal particle in a vacuum, exposed to an electrostatic field, follows from
the requirement that on the boundary of the particle the potentials are continuous
(Bohren & Huffman 1983; Van de Hulst 1957),

�i = V
�� 1

1+ Li(�� 1)
; (2.1)

with V the particle volume, � the complex dielectric constant and Li the geometry
parameter, which varies between 0 and 1 depending on the particle shape. The
polarizability is large when the real part of � is close to 1� 1=Li. Near a strong res-
onance the real part of the dielectric constant varies rapidly and can even become
negative. As a result, depending on particle shape (i.e. Li) the resonance can show
multiple peaks whose position varies somewhat. We investigated the case of pure
CH4, using the optical constants published by Hudgins et al. (1993). The results are
summarized in Fig. 2.2d. With different particle shapes, the peak position varies
over 0.015 �m (2.6 cm�1). The maximum broadening occurs in the case of rods,
which have a 0.01 �m (1.7 cm�1) broader profile than bulk CH4. A more realistic
approach is to assume a distribution of particle shapes. For a uniform distribu-



2.2 Laboratory ice studies and gas phase models 29

tion of ellipsoids (see Bohren & Huffman 1983 for details) we find that the peak
shifts 0.008 �m (1.4 cm�1) to the blue and that the width only increases with 9%,
compared to bulk CH4. Absorption profiles are less affected by the particle shape
when CH4 is diluted in a matrix of other species (i.e., � never becomes small). In a
study of small particle effects on the solid CO fundamental, it was found that the
effect of the particle shape is negligible when the CO concentration is less than 30%
(Tielens et al. 1991). As the real part of the dielectric constant of pure CH4 and pure
CO are comparable, a similar limit is expected for CH4. Hence, for most mixtures
the absorption profile of the deformation mode of solid CH4 is more influenced by
molecular environment and temperature than by particle shape.

2.2.3 Gas phase CH4

Methane is a tetrahedral molecule, which due to its extreme symmetry does not
possess a permanent dipole moment and, therefore, does not have any normal ro-
tational transitions in the (sub–)millimeter regime. Internal motions in the methane
molecule however, induce a small, non-permanent dipole moment, which makes
some rotational transitions possible. However, these transitions are very weak.
Therefore, the best way to observe gas phase methane is by its fundamental ro–
vibrational transitions in the mid-infrared (3.32 and 7.66 �m; 3012 and 1305 cm�1).

Although the molecule is a relatively simple one, the ro–vibrational bands are
quite complex. Mixing of the ro–vibrational bands is very common, as the two in-
frared active bands �3 and �4 demonstrate. They are both mixed with the infrared
inactive �2 in a so-called dyad (cf. Brown et al. 1989). Further, the nuclear spins
of the H-atoms (S=1

2) combine in three different ways to a doublet (E-type), triplet
(F-type), or quintet (A-type). Allowed transitions are restricted to have upper and
lower energy level within the same multiplet. The differences between the three
nuclear spin variants are not large, so the energy levels are close together, resulting
in bands with a manifold of lines lying close together or overlapping. Besides this
intrinsic blending, there will in practice often be the problem of the low spectral
resolution of the observations, making it impossible to separate individual lines.
The gas phase CO study of Mitchell et al. (1990) has shown that a resolving power
of at least 40,000 is needed towards many protostars to resolve ro–vibrational gas
phase lines. The determination of the gas phase methane column density requires
modeling of the absorption of all the gas-phase lines at the resolution of the ob-
servations. The symmetry of the methane molecule now facilitates the modeling
because it guarantees the population to be in thermodynamic equilibrium and thus
to be characterized by one single (kinetic) temperature.

Synthetic spectra were constructed for 12CH4 in the following way. The extens-
ive study of Brown et al. (1989) provides the complete list of frequencies and line
strengths for transitions with Elower < 1400 cm�1. These are the levels that are pop-
ulated at excitation temperatures of up to 2000 K, which is well above the excitation
temperatures that are normally observed in the interstellar medium (typically less
than 500 K; e.g. Helmich et al. 1994). The line strengths in cm�2 atm�1 at 296 K were
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FIGURE 2.3— Synthetic gas phase CH4 spectra at a resolving power of R=1400 in the optically thin
and thick cases (N = 1016 and 1018 cm�2 respectively). The temperature and Doppler parameter
were chosen to match the values found from CO absorption lines towards W 33A (Mitchell et al.
1988). Watch the different optical depth scales of the panels.

converted to line strengths in cm molecule�1, using standard conversions (Pugh &
Rao 1976; Dang-Nhu et al. 1979). A correction for stimulated emission was ap-
plied (Rothman et al. 1987) to obtain the square of the transition matrix element,
from which the line oscillator strength could be calculated. The band strength of
the �2=�4 dyad is 5:23� 10�18 cm molecule�1 (Brown et al. 1989) or equivalently,
the band oscillator strength is 5:42� 10�6. The Einstein A-value was calculated
to be 2.6 s�1. The populations were calculated under the assumption of thermal
equilibrium using the following partition function:

Q(T)=∑
i

�i(2Ji + 1)e�Elower=kT; (2.2)

where �i is 2, 3, 5 for E, F, A-type respectively and J denotes the main quantum
number of the lower level. The small correction for the vibrational partition was
taken into account as well, see Dang-Nhu et al. (1979) for details.

From the oscillator strengths and level populations, the equivalent widths can
be calculated and by assuming a Voigt profile the optical depth can be found at
every wavelength (see Spitzer 1978 for details). Note that assuming a Voigt profile
implies that a Doppler parameter bD has to be chosen which normally is the dom-
inant factor for the line profiles within infrared fundamental ro–vibrational bands.
Finally, the spectrum is convolved with a Gaussian with the same FWHM as the
resolution of the measurements to facilitate the comparison between the model and
observed spectrum.

In the optically thin case the 12CH4 absorption lines will be stronger compared
to the 13CH4 lines by a factor of approximately 60 (the cosmic abundance ratio for
12C/13C). However, it is not certain a priori that the 12CH4 band is optically thin.
Therefore the 13CH4 �2=�4 dyad was modeled in exactly the same way as described
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FIGURE 2.4— Width
and peak position of the
absorption band of the
asymmetric stretching
mode of solid SO2 in
different mixtures. The
dots represent the low-
est temperature of the
mixture (10 K), and the
line shows the effect of
increasing temperature.
The data of the interstel-
lar features (Sect. 2.3)
are indicated with open
symbols, i.e. W 33A (�)
and NGC 7538 : IRS1 (/).

for 12CH4.
In our model studies, we have concentrated on the line of sight towards W 33A

(see Sect. 2.3). Some guidance is given by the gaseous CO study of Mitchell et al.
(1988), which gives a rotational temperature and a value for the Doppler parameter.
Models were ran for Tkin = 20 and 120 K, with Doppler parameters of 3 and 7 km
s�1. The test column densities N(CH4) were 1016 and 1018 cm�2, corresponding to
optically thin and optically thick lines respectively. In Fig. 2.3, some examples of
gas phase spectra at the ISO–SWS grating resolution (R=1400) are shown. Note
that the many narrow absorption features are unresolved; they are still the blend
of numerous individual CH4 lines. At this resolution, several 13CH4 lines are sep-
arated from the 12CH4 lines, but are only deep enough to be detected (� > 0:01 of
the continuum) at very high column densities and low temperatures. For example,
at N( 12CH4) = 1018 cm�2 and T = 120 K, the 13CH4 lines are less than 1% of the
continuum, but at T = 20 K the strongest 13CH4 line has a depth of 2.5%, which is
�13% with respect to the optically thick 12CH4 lines.

2.2.4 Solid SO2

Figure 2.1 (right panel) shows some laboratory observations of the asymmetric
stretching mode of solid SO2 in different mixtures. The FWHM and peak posi-
tion of this band were determined with the same procedure as discussed in the
section on solid CH4. Figure 2.4 and Table 2.2 show that the peak position var-
ies from 1312 to 1342 cm�1 (7.45–7.62 �m), which is a rather large redshift relative
to the gas phase value of 1360.5 cm�1 (7.35 �m). The shift observed for the SO2

dimer diluted in N2 is only 13 cm�1 (0.075 �m; Nord 1982). The large redshift is
related to the attractive dipole – (induced) dipole interactions and corresponding
weakening of the S–O bond (Longuet-Higgins & Pople 1957; Spoliti et al. 1974).
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TABLE 2.2— Laboratory spectroscopy of the asymmetric stretching mode of solid SO2. The measured peak position (�) and Full Width at Half
Maximum (FWHM) are given in units of cm�1.

mixture mixing ratio 10 K 30 K 50 K 80 K 100 K

� FWHM � FWHM � FWHM � FWHM � FWHM

SO2 1318.7a 26.1a 1318.2a 24.9a 1317.8a 23.9a 1311.7a;b 19.7a;b 1311.8a;c 23.6a;c

H2O : SO2 1:1 1326.5 31.8 1326.0 31.6 1326.1 31.6 1327.5 31.2 1329.3 29.2
H2O : SO2 15:1 1333.1 22.4 1333.1 21.7 1334.0 21.0 1336.5 18.6 1338.0 15.6
H2O : SO2 120:1 1334.3 18.8 1334.4 17.8 1335.4 16.8 1337.1 13.9 1341.1 12.6
CO : SO2 1:1 1329.2 19.9 1328.6 19.6 � � � � � �

CO : SO2 15:1 1342.2 11.2 1342.2 12.1 � � � � � �

CO : SO2 160:1 1347.0d 1.9d 1347.1d 1.8d � � � � � �

CH3OH : SO2 1:1 1320.8 29.3 1320.7 28.5 1320.6 27.0 1321.0 24.8 1321.4 23.1
CH3OH : SO2 11:1 1320.8 17.7 1320.3 16.8 1320.4 16.3 1321.2 14.8 1322.5 13.6
CH3OH : SO2 165:1 1320.6 13.8 1320.3 13.3 1319.7 13.2 1319.9 12.5 1320.8 12.1
H2O : CH3OH : CO : SO2

e 85:10:1:5 1330.7 21.9 1331.6 20.8 1331.9 19.5 1333.5 16.5 1333.7 14.6
H2O : CH3OH : CO : SO2

f 45:25:1:1 1327.7 18.0 1328.1 16.5 1328.0 15.2 1327.8 12.8 1327.9 12.4

Notes: Uncertainties are � 0.5 cm�1

a skew profile towards lower � d four weak secondary peaks towards lower �

b crystallized:secondary peaks at 1322.2 and 1304.8 cm�1 e ‘weak interstellar mixture’
c crystallized: secondary peaks at 1322.8 and 1305.3 cm�1 f ‘strong interstellar mixture’
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The shift observed in H2O–dominated ices is similar to those found for complexes
of SO2 with one or two H2O. This indicates that H2O.SO2 complexes, bonding the
positively charged sulfur to the water O atoms and the SO2 oxygen to the H atoms,
are readily formed (Schriver et al. 1988). For temperatures above 50 K pure SO2

ice crystallizes and three peaks appear in the IR spectra (Table 2.2), which all have
a frequency within 1.7 cm�1 (0.010 �m) of the values measured by Khanna et al.
(1988) for crystalline SO2 at T=90 K. For pure SO2, at all temperatures, the profile is
very asymmetric, with the peak shifted to the red. In contrast, mixtures of SO2 with
H2O have asymmetric profiles shifted towards the blue, while CH3OH : SO2 mix-
tures are more symmetric. This effect is illustrated in Fig. 2.1 (right panel). Hence,
both the peak position and the shape of the absorption profile of the �3 band of SO2

are sensitive to the molecular environment.
The measured width of this band mainly ranges from 10 to 30 cm�1 (0.06-0.17

�m). It is interesting to note that the width of the SO2 feature tends to be smallest
in the most pure matrices, i.e. either pure SO2 or highly diluted SO2. Indeed a
casual inspection of Fig. 2.4 seems to suggest that the width of the band peaks at
a ratio matrix:SO2 �1:1 for both H2O and CH3OH matrices. It seems likely that
a ‘simple’ matrix offers the smallest number of different sites where SO2 can be
located, thus producing the narrowest bands. A similar, but less outspoken trend
can be seen for CH4 (Fig. 2.2). Apart from this, Fig. 2.4 shows the well–known trend
of increasing width with matrix polarity, similar to what is found for the �4 band
of CH4 and the CO fundamental (Sandford et al. 1988). Also the decrease in width
with temperature is a trend that is found for other species, such as CO and H2O
(Sandford et al. 1988; Hudgins et al. 1993).

2.2.5 Gas phase SO2

Theoretical models of the absorption line spectrum of the �3 band of gaseous SO2

are presented in Helmich (1996). The absorption is centered on 1361 cm�1 (7.35
�m) and extends over � 37 cm�1 (0.2 �m) at T=100 K. However, the lines are very
weak and therefore difficult to observe. For example, at a temperature of 100 K, a
Doppler parameter of 5 km s�1 and an SO2 column density of 1016 cm�2 the largest
depth is 2% at a resolving power R=1400 (ISO–SWS grating spectrometer). These
are typical physical conditions towards W 33A (Mitchell et al. 1988). The assumed
SO2 column density of 1016 cm�2 is an upper limit derived from sub-millimeter
observations (Van Dishoeck, private communication). Thus, it is by far more favor-
able to observe gaseous SO2 by its rotational lines in the millimeter regime.

2.2.6 Band strength of solid CH4 and SO2

The band strength of solid CH4 in several mixtures has been experimentally de-
termined in Hudgins et al. (1993). In the method used by Hudgins et al. the
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total deposited ice column density is determined from the ice thickness, assum-
ing a density of 1 g cm�3 for all mixtures. This is a good assumption for H2O–
as well as CO–rich mixtures (Landolt-Börnstein 1971), but considerable deviations
occur for mixtures in which CH4 or CO2 dominate. The solid state density of these
species is 0.52 and 1.63 g cm�3 respectively (Landolt-Börnstein 1971). As the de-
rived band strength scales inversely with assumed density, the corrected values
for the 7.68 �m CH4 band are 7:3� 10�18 and 6:7� 10�18 cm molecule�1 respect-
ively. The values for CH4 in H2O and CO rich mixtures are 4:7� 10�18 and 1:3�
10�17 cm molecule�1 (Hudgins et al. 1993), while the band strength is 5:23� 10�18

cm molecule�1 in the gas phase (Sect. 2.2.3). According to these numbers the band
strength of solid CH4 depends somewhat on the molecular environment (up to a
factor 1.8). In our experiments we find a much smaller variation, i.e., the com-
position of the mixtures derived from the partial pressures and that derived spec-
troscopically (adopting the band strength of pure CH4) agree to within 15%. The
reason for this discrepancy is unclear. One factor that may play an important role is
the carry over of errors in the pressure measurement into the calculated abundance
of CH4. If CH4 is a minor component of the gas, the partial CH4 pressure is only a
small increment on the total pressure and then a small error in the pressure meas-
urement translates in a much larger error in the calculated CH4 abundance. For
example, the 2% (0.2 mbar) measurement error of our manometer results for a 20:1
mixture in a�20% error in the CH4 abundance. Other uncertainties in determining
the band strength from partial pressures are discussed in Gerakines et al. (1995).
For CH4, this issue will be investigated more carefully in a future paper. Here,
we will assume a matrix–independent value of 7:3� 10�18 cm molecule�1 (as for
pure CH4), which is centered within the range of band strengths mentioned above.
This is consistent with our measurements and facilitates possible small corrections
on the CH4 abundance listed in Table 2.1, which can be made after more accurate
measurements of the band strength have become available.

The band strength of the �3 band of crystalline SO2 at 90 K has been measured
by Khanna et al. (1988). Their value of 3:4� 10�17 cm molecule�1 (converted to the
same units, using �=1.928 g cm�3; Sandford & Allamandola 1993) is very close to
the gas phase value of 3:2� 10�17 cm molecule�1 (Pugh & Rao 1976). Like CH4, the
relative abundances derived spectroscopically and with partial pressure measure-
ments closely agree (within 15%). This implies that the SO2 band strength does not
depend strongly on the molecular environment.

2.3 7–8 �m observations of young stellar objects

2.3.1 KAO observations of W 33A

Medium resolution HIFOGS (High-efficiency Infrared Faint Object Grating Spec-
trometer) observations of W 33A were made from the Kuiper Airborne Observat-
ory (KAO) on 1995 October 10 from an altitude of 12.5 km, flying out of Hawaii.
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FIGURE 2.5— a–c KAO and IRSHELL spectra of W 33A. The different symbols in (a) represent the
independent grating settings. For the ground based spectrum (c), only points with more than 30%
atmospheric transmission are shown. The dotted lines indicate the adopted local continua. The
gap in the IRSHELL spectrum at 7.7 �m is caused by bad atmospheric transmission and a similar
gap in the HIFOGS spectrum by bad detector elements. d The calculated atmospheric transmission
spectra from KAO (FOGS and HIFOGS) and Mauna Kea (IRSHELL) altitudes.

Details of the spectrometer and the observing procedure have been presented else-
where (Witteborn et al. 1995). The focal plane entrance aperture was 13.6”. The
detector width was practically constant across the array, at 0.020 �m per detector,
yielding a resolving power of R'380. The wavelength was calibrated by obtaining
a spectrum of an on–board black body through a polystyrene filter, and is accur-
ate and reproducible to �0.005 �m per detector. On this particular KAO flight,
the HIFOGS’ discrete 120 Si:Bi detector array was suffering from a large number
of non–working detectors. The Nyquist–sampled spectra were obtained, therefore,
by a careful choice of four different grating settings. The W 33A spectrum was flux
calibrated using the spectrum of � Boo (Cohen et al. 1995).

A low resolution (channel width�0.04 �m, R'175), 5-8 �m spectrum of W 33A
was obtained with FOGS, a 24 element, multiplexed grating spectrometer (Witte-
born & Bregman 1984), on one flight of the KAO at 1987 July 23 from Ames. The
observations were made with a 21” aperture centered on W 33A. The spectrum was
flux calibrated using the spectrum of � Peg (Cohen et al. 1995). Airmass correc-
tions were made to both spectra, using the atmospheric transmission code ATRAN,
assuming 8 �m of precipitable water. The final spectra are shown in Fig. 2.5.
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2.3.2 Ground based observations

Spectra of W 33A, NGC 7538 : IRS1 and IRS9 from 7–8 �m have been obtained using
the IRSHELL spectrometer at the IRTF telescope at Mauna Kea (Fig. 2.5; Lacy et al.
1991). The data suffers from the poor atmospheric transmission at Mauna Kea in
this spectral range (Fig. 2.5d) and atmospheric residuals are readily recognized in
spectral regions with less than 30% atmospheric transmission. We excluded those
regions and smoothed the data to improve the signal to noise ratio (Fig. 2.5c). The
effective resolving power of the resulting spectrum is R ' 500.

2.3.3 Absorption features

The fully reduced HIFOGS spectrum of W 33A (Fig. 2.5a) reveals a broad, weak
absorption between � 7:45� 7:80 �m. Additionally, a narrow feature seems to be
present at � 7:68 �m, the wavelength of solid CH4. The presence of this narrow
feature is confirmed by the FOGS spectrum. In the IRSHELL spectrum one broad
feature clearly is present between 7.45–7.80 �m. It is asymmetric, which could be
due to a single asymmetric absorption. However, analogous to the HIFOGS spec-
trum it could also be a composition of two independent Gaussian shaped absorp-
tion features: a narrow one to account for the steep gradient at the long wavelength
side and a broad one for the more gradual gradient at short wavelengths. There-
fore, after converting the spectrum to an optical depth scale, adopting a linear con-
tinuum (Fig. 2.5c), we made both one and two Gaussian fits to this broad asym-
metric feature. A similar procedure was applied to the HIFOGS spectrum. The
parameters of the double Gaussian fits to the HIFOGS and IRSHELL spectra agree
within the uncertainties (Table 2.3), demonstrating the similarity of these spectra.

In the ground based spectrum of NGC 7538 : IRS1 (Lacy et al. 1991) two separate
absorption features seem to be present, while only one is apparent in NGC 7538 : IRS9.
Adopting a linear continuum, all features were fitted with a Gaussian (Table 2.3).

Object Instrument � FWHM �
�m �m

W 33A HIFOGS 7.58 (0.04) 0.2 (0.1) 0.15 (0.05)
7.68 (0.01) 0.04 (0.02) 0.4 (0.2)

FOGS 7.68 (0.02) 0.04 (0.02) 0.35 (0.15)
IRSHELLa 7.61 (0.03) 0.15 (0.05) 0.10 (0.05)

7.69 (0.02) 0.05 (0.02) 0.15 (0.05)
IRSHELLb 7.64 (0.02) 0.18 (0.02) 0.13 (0.04)

NGC 7538 : IRS1 IRSHELL 7.58 (0.02) 0.08 (0.02) 0.07 (0.02)
7.69 (0.02) 0.07 (0.02) 0.06 (0.02)

NGC 7538 : IRS9 IRSHELL 7.68 (0.02) 0.07 (0.02) 0.11 (0.02)
a 2 Gaussians fitted
b 1 Gaussian fitted; asymmetric shape makes 2 Gaussians fit

preferable

TABLE 2.3— Gaus-
sian parameters of the
observed absorption
features
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The 7.68 �m feature, that was detected towards W 33A, is also present towards
NGC 7538 : IRS1 and IRS9 (Fig. 2.7). Both the width and peak position agree very
well. The peak position of the second feature in IRS1 (7.58 �m) is similar to the
short wavelength component found from the Gaussian fits to W 33A.

2.4 Identification of the observed features

2.4.1 Interstellar CH4

The width and peak position of the 7.68 �m feature that has been detected towards
W 33A, NGC 7538 : IRS1 and IRS9 are consistent with the laboratory spectra of CH4

ice mixtures (Fig. 2.2). The width of the 7.68 �m feature in the IRSHELL spectra of
NGC 7538 : IRS1 and IRS9 and W 33A might indicate the presence of CH4 in a po-
lar environment, such as H2O; CH3OH and NH3. In Figs. 2.6 and 2.7 examples of
(non–unique) well fitting laboratory mixtures are compared to the observed spec-
tra.

With the models described in Sect 2.2.3 we can check whether the observed
features can be explained by gaseous CH4. From published observations one can
constrain these models. For W 33A, two temperature components (20 and 120 K)
were derived from near infrared 13CO absorption lines (Mitchell et al. 1988). The
Doppler parameter they derived is 5�2 km s�1, which is consistent with the CH4

R(0) absorption line detected by Lacy et al. (1991) and with 12CO and 13CO (sub–
)millimeter emission lines. Figure 2.8 shows the calculated spectra of gas phase
CH4, smoothed to the resolution of the observations, superposed on the HIFOGS
spectrum of W 33A. The column density is 1018 cm�2, the Doppler parameter 5
km s�1 and two temperatures are shown (20 and 120 K). At such a high column
density, the absorption feature near 7.68 �m might be partly (� 30%) explained by
the Q–branch. However, the column density derived from the detection of the R(0)
line at very high resolution is only 2:1� 1017 cm�2 (T = 120 K; Lacy et al. 1991). An
additional problem with the identification of the 7.68 �mfeature with gaseous CH4

is the absence of the R-branch toward NGC 7538 : IRS9, which would show up as
a broad feature near 7.5–7.6 �mat the low resolution of the observed spectra.

2.4.2 Interstellar solid SO2

The weak, broad absorption feature around 7:58 �m, that was revealed by both
the HIFOGS and IRSHELL spectra of W 33A, can not be explained by any of the
laboratory solid CH4 mixtures. The �4 band of solid CH4 is too narrow and absorbs
at longer wavelengths. At the resolution of the observations (R=380) the feature
could be caused by a blend of CH4 gas lines. But in that case the temperature must
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FIGURE 2.6— a and b. Spectra of W 33A ob-
tained with HIFOGS (a) and IRSHELL (b), com-
pared with laboratory ice mixtures. With this data
quality and resolution we can not conclude in
which matrix solid CH4 is embedded. However,
the absorption between �7.50–7.65 �m can not be
explained by solid CH4. It is reasonably fitted by
pure solid SO2 and CH3OH : SO2.

FIGURE 2.7— a and b. Comparison of
the observed absorption features towards
NGC 7538 : IRS1 (a) and IRS9 (b) with laboratory
ice spectra. We conclude that the feature at
7.68 �m can be explained by solid CH4, though
the observations are not good enough to confine
its molecular environment. The 7.58 �m feature
in IRS1 (a) is well fitted by CH3OH–rich mixtures
of SO2.

FIGURE 2.8— HIFOGS spectrum of W 33A
(dots) compared with synthetic methane gas spec-
tra (solid line) at temperatures of 20 and 120 K.
Models with a very high gas phase CH4 column
density are shown (N= 1018 cm�2), with a Doppler
parameter of 5 km s�1. The resolution of the syn-
thetic spectra has been downgraded to the resol-
ution of the observations (R=380) by convolution
with a Gaussian. The Q-branch of the T=120 K
model may partly explain the absorption feature
at 7.68 �m.
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be very low (� 20 K; Fig. 2.8), given that the observed band peaks at �7.58 �m.
Furthermore, the CH4 column density must be very high (>> 1018 cm�2), which
contradicts the value of 1:8� 1016 cm�2 found by Lacy et al. (1991) from the R(0)
line at 20 K.

Another candidate is PAH absorption at 7.7 �m (Tielens & Allamandola 1987).
Recently, an absorption feature at 3.25 �m was detected toward some protostars
(Sellgren et al. 1995; Brooke et al. 1996), which may be attributed to the absorption
equivalent of the widely observed 3.3 �m PAH emission feature. The width of the
observed 3.25 �m feature corresponds very well with the width of PAH features
in emission. However, the observed feature at 7.58 �m extends at most over 0.35
�m (depending on the continuum choice) which is considerably smaller than the
�0.7 �m width of the 7.7 �m PAH emission feature (Cohen et al. 1989). It may
be that excited, emitting PAHs show broader features than cold, absorbing PAHs.
However, no broadening was observed in laboratory experiments conducted at
500 K (Colangeli et al. 1992). Also, the average PAH size in absorption would be
different from that in emission, since in the latter case larger PAHs (� 200 atoms)
tend to dominate (Schutte et al. 1993). Still, we consider it unlikely that the large
difference in width with the 7.7 �m emission band could be ascribed to such effects.
A search for an absorption at 6.2 �m, corresponding to another strong emission
PAH band, as well as additional observations of the 3.25 �m absorption feature,
will give further information on the possibility that PAHs are seen in absorption in
dense interstellar regions.

Few ‘simple’ molecules have transitions in this region. A viable candidate may
be solid SO2. It has a strong solid state mode (asymmetric stretch) at �7.58 �m
(Sandford & Allamandola 1993; this work). Comparing the peak position and
width of the observed 7.58 �m band in W 33A with the laboratory results (Sect. 2.2.4)
shows that only CH3OH : SO2 mixtures and pure SO2 produce a good fit to the
HIFOGS data (Figs. 2.4 and 2.6). The short wavelength wing in the IRSHELL spec-
trum can only be matched by CH3OH : SO2 mixtures. Especially, methanol rich
mixtures fit well to this spectrum. The same conclusion holds for the 7.58 �m fea-
ture in the IRSHELL spectrum of NGC 7538 : IRS1 (Figs. 2.4 and 2.7).

2.5 Column densities and chemistry

2.5.1 CH4

The CH4 column density can be derived from the observed central optical depth
and FWHM, using the band strength of pure solid CH4 (Sect. 2.2.6). We find that
towards W 33A the column density of solid CH4 is� 0:6% relative to H2O, which is
comparable to solid CO (Table 2.4). The solid CH4=H2O ratio is somewhat higher
towards the NGC 7538 sources than towards W 33A. It is comparable to the solid
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TABLE 2.4— Solid and gas phase column densities in percentage of solid H2O

molecule W 33A NGC 7538 : IRS1 NGC 7538 : IRS9
solid gas solid gas solid gas

H2O 100 . . . 100 . . . 100 . . .
CO polar/non–
polar

0.5a/0.2a 35b 2.3i 371i 2.9a/5.8a 127a

CH3OH 6–40c;j;k . . . . . . . . . 8–60c;j . . .
CH4 0:6� 0:3e 0.41d 3� 1d;e < 0:6d 1:5� 0:4d;e 0.5d

OCS 0.04f . . . . . . . . . . . . . . .
SO2 0:31� 0:16e < 0:0003g 0:8� 0:2e . . . < 0:5e . . .

N(H2O)[cm�2] 5:6 1019 a . . . 3:5 1018 h . . . 1:1 1019 a . . .
NH [cm�2] 2:0 1023 l;m 2:3 1023 h;m 1:6 1023 h;m

a Tielens et al. (1991) b Mitchell et al. (1988) c Allamandola et al. (1992)
d Lacy et al. (1991) e this work f Palumbo et al. (1995)
g Van Dishoeck (pr. comm.) h Willner et al. (1982) i Mitchell et al. (1990)
j Tielens & Allamandola (1987) k Grim et al. (1991) l Skinner et al. (1996)
m � (9:7) ! NH from Roche & Aitken (1984) and Bohlin et al. (1978)

CO column density of IRS1, but towards IRS9 there is considerably more solid CO
than CH4. Using the total hydrogen column density NH = N(H I)+N(H2) given in
Table 2.4, and a cosmic Carbon abundance log(n(C)/n(H))=�3.48, we find that for
these lines of sight 0:5� 0:3% of cosmic C is depleted as solid CH4.

There are various ways to form CH4 both in the gas phase and on grain surfaces.
Each of these processes has its own characteristics which may be ‘traced’ back in
the observations. For example, CH4 formation by hydrogenation of atomic carbon
on grain surfaces, would cause CH4 to be mixed with an over–abundance of H2O
(Tielens & Hagen 1982; Tielens & Allamandola 1987). However, methane will be
mixed with methanol, when it is formed by ultraviolet (UV) photolysis of CH3OH–
rich ice mantles (Allamandola et al. 1988). The width and peak position of the 7.68
�m absorption band of CH4 are similar for deposited CH4 ices and for ices where
CH4 was formed by UV–irradiation of CH3OH mixtures (Fig. 2.2; Gerakines et al.
1996). Present observations can not discriminate between gas and grain surface
chemistry models. New high quality and high spectral resolution observations
with ISO will show unambiguously what fraction of the 7.68 �m band is due to
gaseous and solid CH4 and, moreover, we will be able to determine the matrix
in which solid CH4 is embedded. Such observations will therefore provide much
stronger constraints on the chemistry of CH4 in molecular clouds.

2.5.2 SO2

The observed width and depth of the 7.58 �m absorption feature have been con-
verted to a solid SO2 column density, using the intrinsic band strength (Sect. 2.2.6).
The derived solid SO2=H2O column density ratio is �0.3% towards W 33A and a
factor three higher towards NGC 7538 : IRS1 (Table 2.4). This makes solid SO2 a
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factor of 8-50 less abundant than solid methanol towards both sources, which is
consistent with the best fitting CH3OH : SO2 mixtures (Sect. 2.4.2). The noise in the
spectrum of NGC 7538 : IRS9 gives an upper limit to the SO2 column density of
0.5% relative to solid H2O.

Using the hydrogen column density derived from the 9.7 �m silicate band (Skin-
ner et al. 1996; Table 2.4), we compute that 4% of the cosmic sulfur abundance to-
wards W 33A is depleted as solid SO2 on grains. For NGC 7538 : IRS1 this is only
0.8% and for IRS9 at most 2% (Table 2.4). Recently, the presence of solid OCS was
demonstrated towards W 33A (Palumbo et al. 1995). It locks up only 0.5% of the S.

Gas phase and grain surface chemistry of sulphur bearing compounds has re-
cently been reviewed by Palumbo et al. (1996). SO2 is formed from either accreted
S or SO by oxidation on the grain surfaces. Gas phase models predict that at early
times in the cloud evolution (' 105 yr) and low densities (n' 104 cm�3) S is abund-
ant while at later times and high densities SO dominates (Millar & Herbst 1990).
However, the gas phase CS abundance is predicted to be fairly constant during the
cloud evolution and always less than the total S and SO abundance. Therefore, we
expect that the abundance of OCS, an oxidation product of CS on grain surfaces, is
less than the SO2 abundance. These results are in good agreement with our obser-
vations of solid SO2 and those of OCS (Palumbo et al. 1995), which show a solid
SO2/OCS ratio of 5.

These observations show that only a small fraction of the elemental S is locked
up in simple molecules in icy grain mantles. Models of gas phase chemistry are
in good agreement with gas phase, dark cloud observations assuming elemental
S abundances of ' 4% of solar (Millar & Herbst 1990; Jansen 1995). In contrast,
HST observations have shown that the gas phase elemental S abundance towards
low density clouds is solar (AV < 0:1; Spitzer & Fitzpatrick 1993; Sofia et al. 1993).
Hence, a major fraction of the elemental S is presently unaccounted for in molecular
clouds.

2.6 Summary and conclusions

We have studied the IR spectra of CH4 in low temperature ices. We have measured
the variation of the peak position and profile of the �4 deformation mode of solid
state CH4 (7.68 �m; 1302 cm�1) as a function of molecular environment and tem-
perature. Application of approximated Mie theory for grains small compared to
wavelength shows that the shape of grains influences the absorption profile of this
band only for CH4–rich particles. The effect of particle shape is negligible when the
CH4 abundance is less than 30% of the matrix. In that case matrix and temperature
effects (in that order) are more important than grain shape. Hence, like the stretch-
ing mode of solid CO, study of this band is a powerful probe of the molecular
composition of interstellar ices.

Gas phase absorption spectra of the �4 band of 12CH4 and 13CH4 have been cal-
culated as a function of temperature, velocity dispersion and column density. It is
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shown that at a resolving power R=1400 (ISO SWS spectrometer) many unresolved
gas phase lines can be detected between 7.4-8.0 �m, if interstellar gaseous CH4 is
present in sufficient amounts (typically, N> 1016 cm�2). Modeling of the obser-
vations will yield information on the temperature and column density of gaseous
methane, which are important parameters in the determination of the formation
history of CH4.

We have also studied the strong asymmetric stretch mode (�3) of solid SO2,
which lies close to the deformation mode of CH4 (7.58 versus 7.69 �m). New solid
state laboratory spectra are presented, showing that the absorption profile (width,
peak position and detailed shape) of this band is even more sensitive to the mo-
lecular environment and temperature than CH4. Observations of this feature can
therefore yield important information on these parameters.

Our theoretical and laboratory results for solid and gaseous CH4 and SO2 have
been applied to available airborne and ground based observations of young stellar
objects. KAO spectra of W 33A appear to show a narrow absorption feature at
7.68 �m as well as a broader feature centered on 7.58 �m. Previously published
ground based spectra only show one broad asymmetric feature centered on �7.62
�m. Ground based observations at 7–8 �m of the protostars NGC 7538 : IRS1 and
IRS9 were also analyzed. Both sources also show the narrow 7.68 �m feature, but
it is somewhat broader compared to W 33A. Towards IRS1 the 7.58 �m feature is
present as well.

The narrow 7.68 �m feature is attributed to solid CH4. The poor quality and
low resolution of the data does not allow us to determine the contamination of
this band by the Q–branch of gaseous CH4. If it is fully caused by solid CH4, it
seems that the large width of this feature points to solid CH4 in a polar matrix. The
derived column density is 0.3–4% of solid H2O, with some variation between the
sources. This implies that 0:5� 0:3% of the cosmic carbon budget is consumed by
solid CH4. The present data can “hide” a gaseous CH4 column density of at least
1018 cm�2 at a temperature of 120 K and a Doppler parameter of 5 km s�1, but much
more at T=20 K.

A direct comparison with laboratory spectra shows that the broad feature near
7.58 �m, observed towards W 33A and NGC 7538 : IRS1 can not be explained by
absorption of solid CH4. We test the hypothesis that it is caused by the asymmet-
ric stretch mode of solid SO2, and find that SO2–rich mixtures (W 33A) and SO2

in a CH3OH–rich mixture (W 33A and NGC 7538 : IRS1) fit well to the observed
feature. The derived column density of solid SO2 ranges between 0.1–1% of solid
water for these sources. This is a factor � 8 higher that the column density of solid
OCS (Palumbo et al. 1995). Still, only 0.6–6% of the cosmic sulfur abundance is
locked up in solid SO2. We conclude that a major fraction of the elemental Sulfur
is presently unaccounted for in molecular clouds.



2.7 Acknowledgements 43

2.7 Acknowledgements
We thank John Lacy for providing the electronic version of the IRSHELL data, Paul
de Valk for assistance in calculating the atmospheric transmission spectra, and Paul
Wesselius for critical comments on the data interpretation and the manuscript.

2.8 Postscriptum

The analysis of the ground based and airborne 7–8 �m spectra of protostars presented
in this Chapter was performed and accepted for publication before high quality ISO–SWS
spectra were available (see Chapt. 3). Nevertheless, the observed absorption features between
7.50–7.8 �m agree very well in both studies. Furthermore, weak features at 7.25 and
7.40 �m are detected in both the HIFOGS KAO and ISO–SWS data (compare Figs. 2.5
and 3.1), which are further discussed in Schutte et al. (1999). The identification of the
7.68 �m feature with interstellar solid CH4 in the sourcea NGC 7538 : IRS1 is insec-
ure. It shows contamination by PAH emission at 7.7 �m in the ISO–SWS spectra. The
identification of the 7.6 �m in W 33A band with solid SO2 is not convincingly con-
firmed by the ISO–SWS spectra, since the laboratory spectra do not provide satisfactory
fits (Chapt. 3). Finally, the higher quality ISO–SWS spectra do show unambigusouly the
presence of gaseous CH4. Its contribution to the interstellar 7.68 �m band is small.



CHAPTER 3

ISO–SWS observations of interstellar solid and
gaseous CH4

Based on papers by A.C.A. Boogert et al., Astronomy & Astrophysics, 1996,
vol. 315, p. L377; 1998, vol. 336, p. 352

ABSTRACT. We present spectra in the 7.35–7.85 �m wavelength range toward
the high mass protostellar objects W 33A and NGC 7538 : IRS9, obtained with
the Short Wavelength Spectrometer on board of the Infrared Space Observatory
(ISO–SWS). In both lines of sight, we detect a prominent absorption band at
7.67 �m together with a series of weak, unresolved absorption lines. Compar-
ison with laboratory spectra shows that the 7.67 �m band can be identified
with the �4 (‘deformation’) mode of solid state CH4 intimately mixed with
polar molecules (i.e., H2O and=or CH3OH) in icy grain mantles. The solid
CH4 column density is �1% relative to solid H2O, and thus CH4 is a minor
component of interstellar ice mantles. The detected narrow lines can be un-
ambiguously attributed to the ro-vibrational absorption spectrum of gaseous
CH4. Using a rotation diagram and synthetic spectra we show that the CH4 gas
is relatively warm (T � 90 K), and that the gas–to–solid state abundance ratio
of interstellar CH4 is low (� 0:5). We discuss models for the formation of inter-
stellar CH4. The observations impose strong limitations on time dependent gas
phase models, e.g. a low initial CO/C ratio would be required, the CH4 must
have been formed and subsequently condensed on the grains within a narrow
time window of� 105 yr, and an additional mechanism would be necessary to
form polar ice mantles. More likely, interstellar CH4 is formed through grain
surface reactions at a high CO/C ratio, which explains the low observed CH4
abundance (N(CH4)=NH � 10�6), the presence of CH4 in a polar ice, the low
gas-to-solid ratio, and the absence of a strong cold CH4 gas component. The
observed warm CH4 gas probably has sublimated from the grains in the ‘hot
core’ region surrounding the protostar.

45
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3.1 Introduction

Models of chemistry in interstellar clouds indicate that molecules are formed effi-
ciently in the gas phase through ion-molecule reactions (e.g. CO; Millar & Nejad
1985), on grain surfaces through heterogeneous catalysis (e.g. H2O; Tielens & Ha-
gen 1982), or by ultraviolet (UV) processing of ice mantles (e.g. ‘XCN’; Lacy et al.
1984). Observations of both the solid and gas phase are essential to test and further
constrain these models.

One of the simplest organic species, the CH4 molecule, can, due to its extreme
symmetry, only be observed by its ro-vibrational transitions in the infrared, i.e. the
�3 ‘stretching’ mode at 3.32 �m and the �4 ‘deformation’ mode at 7.66 �m. For
solid CH4 these ro–vibrational lines merge into single broad bands, but somewhat
shifted in wavelength due to interaction of the molecules in the matrix and particle
shape effects (Chap. 2). Unfortunately, observations of both fundamental modes
of interstellar CH4 are severely hindered by telluric absorption. Ground based and
airborne (KAO) observations of the 7.66 �m band have been done toward some
bright protostellar sources. Lacy et al. (1991) tentatively detect solid CH4 toward
W 33A, NGC 7539 : IRS9, and NGC 7539 : IRS1. Furthermore the R(0) or R(2) lines
of gaseous CH4 were detected toward these sources and OMC-1 : IRc2. The de-
tection of solid CH4 toward W 33A was recently confirmed by KAO observations
(Chap. 2). Both studies have to deal with rather poor signal-to-noise ratios due
to telluric absorption or technical limitations. With the Short Wavelength Spectro-
meter on board of the Infrared Space Observatory (ISO–SWS; Kessler et al. 1996;
de Graauw et al. 1996) it is possible to observe solid and gaseous CH4 at high grat-
ing resolution (R'1700), unhindered by the earth atmosphere. In this Chapter we
present ISO–SWS spectra in the 7.35–7.85 �m range of the deeply embedded pro-
tostars W 33A and NGC 7538 : IRS9. Dartois et al. (1998) report ISO–SWS obser-
vations of gaseous and solid phase CH4 toward the embedded protostar GL 7009S.
For the first time we are able to compare absorption by interstellar solid CH4 in
detail with laboratory studies of ices. The identification of the molecular environ-
ment of CH4 in grain mantles, its column density, the gas temperature as well as
the gas–to–solid state ratio, will provide important clues to the chemical and phys-
ical history of the CH4 molecule and its importance for the chemical network in
molecular clouds.

In Sect. 3.2 we discuss the reduction and quality of the ISO–SWS observations.
The observed solid state and gas phase absorption features in the 7.35–7.85 �m
spectral region are identified in Sect. 3.3.1. The detected 7.67 �m feature is fitted
with laboratory ices in Sect. 3.3.2. Models of the �2=�4 dyad of gaseous CH4 are
described in Sect. 3.3.3, and compared to the interstellar spectra. Rotational dia-
grams are constructed to derive the temperature and column density of interstellar
gaseous CH4. In Sect. 3.4 we discuss the observational constraints that can be put
on existing chemical models for the formation of interstellar CH4. The conclusions
are given in Sect. 3.5.
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TABLE 3.1— Observation parameters

Object RA (2000.0) Dec (2000.0) �=∆� ISO Revolution

W 33A 18h 14m 39s:4 �17o 520 0200 1700 125+332
NGC 7538 : IRS9 23h 14m 01s:6 +61o 270 2000 1700 98

3.2 Observations
The 7.35-7.85 �m spectra of the protostellar objects W 33A and NGC 7538 : IRS9
were observed with ISO–SWS in the full resolution grating mode in revolutions
125 and 98 respectively (‘AOT 6’; Table 3.1). Due to a scanner problem in the region
short-ward of 7.45 �m, the spectrum of W 33A was re-observed in revolution 332.
The old and new spectra agree very well, although the individual detector up and
down scans of the new observation overlap better. Perhaps the cosmic ray flux
was lower in revolution 332. Nevertheless, some of the weak lines reported here,
can be recognized in both spectra. The spectra were reduced with the SWS stand-
ard reduction software and calibration files available on June 24 1997 at SRON
Groningen (de Graauw et al. 1996; Schaeidt et al. 1996). The standard wavelength
calibration was applied (Valentijn et al. 1996) and corrections for spacecraft and
source velocities were made, using vLSR = +33 and �60 km s�1 for W 33A and
NGC 7538 : IRS9 respectively (Mitchell et al. 1990). Each of the 24 detector up and
down scans of both spectra was inspected on detector jumps and excessive noise
levels. Within the wavelength range considered here (7.35–7.85 �m) no deviating
scans were found. Differences in the flux scale and slope between the scans exist to
at most 20% for NGC 7538 : IRS9 and 10% for W 33A. These systematic differences
are most likely caused by dark current variations due to detector memory effects
in this wavelength range, and cosmic ray hits on the dark current and photometric
check observations. We corrected for these effects by fitting low order polynomials
to each scan and using these fits to shift the data points per scan to the mean of
all data points per scan direction (‘flat-fielding’). Thereafter, data points deviating
more than 2.7 sigma from the mean per resolution element were removed. These
points are mainly caused by (minor) cosmic ray hits, that were not recognized in
the SWS pipeline. Finally, the up and down scans were separately convolved with
a Gaussian to R = 850, and rebinned to two points per resolution element. Al-
though both sources are much smaller (Willner et al. 1982) than the ISO–SWS beam
at 7.7 �m (1400� 2000), and therefore the spectral resolution of our observations is
comparable to the instrumental resolution for point sources at this wavelength, i.e.
R'1700, we found that smoothing to R = 850 removes the high frequency fringes
seen in many spectra. The frequency of these fringes is the same as the fringes in
the detector responsivity, although the amplitude is a factor � 3 larger in the in-
terstellar spectra. This is a result of the low resolution and under-sampling of the
current SWS responsivity tables. In order to check our reduction method, we have
reduced a spectrum of the standard star � Lyrae in exactly the same way. We find
that none of the absorption features reported in this paper correlates with features
in this standard spectrum (Fig. 3.1). The final spectra, i.e. the average of the up and
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FIGURE 3.1— ISO-SWS spectra of (a) NGC 7538 : IRS9 and (b) W 33A. Many ro-vibrational lines
of CH4 can be recognized in the spectrum of W 33A, as indicated with vertical tick marks below
the spectrum. These lines are much weaker or absent toward NGC 7538 : IRS9. The thick vertical
lines above the spectra indicate the depth of the R(0), and R(2) lines observed by Lacy et al. (1991).
Their detection toward W 33A is severely affected by telluric absorption. The thin smooth lines
indicate the adopted continua for the narrow lines. The dashed lines give the continua for the solid
state features. The error bars indicate the adopted “1-�” uncertainty, as determined from systematic
differences between up and down scan directions. To verify the reality of the observed features we
also show the spectrum of the standard star � Lyrae, with a global baseline subtracted (c).

down scans, show point-to-point variations at the level of 0.3% of the continuum.
However, on a larger scale the separate up and down scans deviate up to 1.5%
from each other. These systematic differences are probably caused by (residuals of)
cosmic ray impacts and subsequent dark current variations. Since the continuum
is uncertain at this level, we adopt the difference of up and down scans divided by
2 as the “1-�” uncertainty for the line depths. Figure 3.1 shows the final spectra.

3.3 Results

3.3.1 The observed features

The 7.35–7.85 �m spectrum of W 33A shows a wealth of broad and narrow absorp-
tion features (Fig. 3.1). The spectrum short-ward of 7.44 �m drops because of an
absorption band at 7.39 �m. It has been detected before in ground based observa-
tions (Lacy et al. 1991; see also Fig. 2.5). The SWS spectrum is discussed in detail



3.3 Results 49

TABLE 3.2— Gaussian parameters of the observed broad absorption features

Object � FWHM �

�m �m

NGC 7538 : IRS9 7.674 (0.003) 0.063 (0.005) 0.092 (0.005)
W 33A 7.676 (0.005) 0.061 (0.007) 0.120 (0.005)

7.64 (0.015) 0.161 (0.010) 0.082 (0.005)

in Schutte et al. (1999), where the 7.39 �m feature is assigned to absorption by
solid CH3HCO or HCOO�. Another broad absorption band is present at 7.6 �m,
and extends over the wavelength range 7.5–7.75 �m. It is blended with a narrower
band at 7.67 �m. We determined a local straight line continuum (Fig. 3.1), and
converted the spectrum to optical depth scale. Then we fitted the 7.6 and 7.67 �m
features with two Gaussians (Table 3.2). These features were previously identified
in ground based and KAO observations, and tentatively assigned to absorption by
solid SO2 and CH4 (Lacy et al. 1991; Chapt. 2). The ISO–SWS observations are of
much better quality, and we further investigate their origin in Sect. 3.3.2. Further-
more, a number of narrow lines, with peak depths of 1-4% of the continuum, can be
discerned in the spectrum of W 33A as well. The line at 7.66 �m coincides with the
wavelength of the Q-branch of gaseous CH4 (all gas phase CH4 wavelengths cited
in this paper were taken from the HITRAN database; Rothman et al. 1992). It is
blended with the CH4 ice band at 7.67 �m and we used a laboratory ice spectrum
to define the continuum for the Q-branch (H2O : CH3OH : CO : CH4 = 70 : 40 : 1 : 1;
Sect. 3.3.2). For the other narrow absorption lines, local continuum points were
determined by hand and interpolated with a cubic spline. A deep line is present
at 7.537 �m, which corresponds to the wavelength of the R(3) line of gaseous CH4

(Table 3.3). Weaker lines at 7.452, 7.478, 7.505, 7.568, 7.596, 7.621, 7.729, 7.762, and
7.793 �m coincide with the wavelengths of the R(6), R(5), R(4), R(2), R(1), R(0), P(2),
P(3), and P(4) lines respectively, taken into account that our wavelength resolution
is 0.009 �m (Table 3.3). A tentative detection of the R(0) line was made by Lacy
et al. (1991), with an equivalent width of (3:7� 1) 10�2 cm�1. At the resolution of
our observation, this corresponds to a central depth of 2:4� 0:6%. This is a factor
2 larger than the line detected in our ISO–SWS observation (Fig. 3.1; Table 3.3). We
note that the line detected toward W 33A by Lacy et al. (1991) is heavily blended
with telluric CH4 lines.

Toward NGC 7538 : IRS9, the 7.67 �m absorption band dominates the spectrum
(Fig. 3.1). The spectrum was converted to optical depth scale by adopting a local,
straight line continuum. The peak position, width (FWHM) and central optical
depth were determined by fitting a Gaussian (Table 3.2). We find that the narrow
component of W 33A has the same peak position (7.675 �m) and FWHM (0.062 �m)
as NGC 7538 : IRS9 within the fitting uncertainties. There is also a hint for the
presence of a 7.39 �m band toward this source (Schutte et al. 1999). Contrary to
W 33A, the broad 7.60 �m band is absent or very weak toward NGC 7538 : IRS9.
At 1–2% of the continuum, and 2–7 � significance, we identify the Q–branch, R(3),
R(2), R(1), P(2), and P(3) lines (Table 3.3). Weak evidence is found for the P(4)
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line � wJ (�)
�m �10�3cm�1

W 33A NGC 7538 : IRS9

R(7) 7.425 12(11) � 6
R(6) 7.450 17( 9) �11
R(5) 7.477 29( 8) 8( 8)
R(4) 7.506 17( 8) 8( 8)
R(3) 7.535 45( 6) 23( 8)
R(2) 7.564 35( 8) 22( 3)
R(1) 7.594 20( 8) 18( 5)
R(0) 7.625 15( 6) 11( 2)A

P(1) 7.690 �8 � 8
P(2) 7.725 12( 5) 12( 8)
P(3) 7.762 28( 8) 15( 9)
P(4) 7.795 12( 6) 9( 6)
Afrom Lacy et al. (1991)

TABLE 3.3— Equivalent widths of observed
gaseous CH4 P and R branch lines. The
standard deviation � is given in parentheses.
The wavelengths (�) were taken from the
HITRAN database (Rothman et al. 1992). The
wavelengths of the observed interstellar lines
are in excellent agreement with these values.

line as well. Lacy et al. (1991) claim ground based detections of the R(0) and R(2)
lines towards this source. Due to the large radial velocity of NGC 7538 : IRS9 with
respect to the earth, these lines are not blended with telluric CH4. They report
equivalent widths of (1:1� 0:2) 10�2 cm�1 and (1:5� 0:4) 10�2 cm�1 respectively.
Our detection of the R(2) line is in reasonable agreement with this value (Table 3.3),
while the depth of Lacy’s R(0) line (0.7% of the continuum at R = 850) is at the
noise level of the ISO–SWS spectrum (Fig. 3.1).

3.3.2 Laboratory ice fitting
An extensive laboratory study of solid CH4 in different ices and at different temper-
atures was presented in Chapter 2. A summary of these results is given Figure 3.2,
complemented with some laboratory data of Hudgins et al. (1993) for non–polar
mixtures. It shows the peak position and width of the deformation mode of solid
CH4 in a sample of ices after deposition at T=10 K. The width and peak position
are good discriminators between polar and non–polar matrices and allow to de-
termine the relative abundance of CH4 in the matrix. Upon warm–up to 30 and
50 K the separation of polar and non–polar ices in this diagram decreases, but is
still present (Chapt. 2).

A comparison of the ISO–SWS observations with the laboratory simulations
shows that the observed 7.67 �m feature is likely due to absorption by interstel-
lar solid CH4, embedded in polar molecules (Fig. 3.2). Especially H2O:CH4 mix-
tures fit well. Figure 3.2 shows that the laboratory profile broadens and shifts to
longer wavelength with decreasing H2O/CH4 abundance ratio. With this trend,
the best fitting ice has an H2O/CH4 abundance ratio in the range 2–16. However,
the observed width and peak position can also be obtained by adding CH3OH to
mixtures with a larger H2O/CH4 abundance ratio. Thus, the ‘strong interstellar
mixture’ (H2O:CH3OH:CO:CH4=70:40:1:1) also fits the observations (Fig. 3.3). Fur-
thermore, the mixture CH3OH:CH4=30:1 provides a good fit, when warmed–up to
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FIGURE 3.2— Laboratory spectroscopy of the deformation mode of interstellar CH4 compared to
the observed peak position and FWHM (cross with error bars). Solid dots indicate CH4 in a non–
polar matrix, open dots a polar matrix. The mixing ratio of N2; O2; and CO2 with CH4 is 20:1. The
‘S’ indicates the ‘strong interstellar mixture’, and ‘W’ its weak equivalent (Sect. 3.3.2; Chapt. 2). For
the other mixtures, a line is drawn between points with an increasing CH4 abundance. For each
series the highest and lowest abundances relative to CH4 are indicated. The temperature for all
mixtures is 10 K. Further details can be found in Chapt. 2.

30 K. We conclude that solid CH4 is embedded in a matrix of polar molecules, but
no clear distinction between H2O– and CH3OH–rich ices and the mixing ratio of
these molecules can be made.

It can readily be seen from Fig. 3.2, and the Gaussian peak position and width
(Table 3.2), that the broad 7.6 �m component toward W 33A cannot be explained by
a solid state CH4 mixture. This feature was previously detected in a KAO HIFOGS
spectrum at low signal-to-noise, and was tentatively identified with absorption
due to solid SO2 in a CH3OH-rich ice (Chapt. 2). However, the present high quality
ISO–SWS spectrum shows clear evidence for an extent of this broad band up to
7.76 �m. This is inconsistent with absorption due to SO2 (Fig. 3.3), and the origin
of this feature remains unclear.
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FIGURE 3.3— Comparison of the ISO–SWS spectrum of NGC 7538 : IRS9 with the deforma-
tion mode of solid CH4 in (a) the mixture H2O:CH4=16:1 at T=50 K and (b) CO:CH4=3:1 at
T = 10 K. This demonstrates that only mixtures of CH4 with polar molecules provide good fits
to the observed 7.67 �mfeature. The spectrum of W 33A (divided by 2), is compared to (c)
the mixture H2O:CH3OH:CH4:CO=70:40:1:1 with a Gaussian added to correct for the underly-
ing 7.60 �m feature, and (d) to the best fitting combination of CH4 and SO2 ices to the complete
feature: CH3OH:SO2=11:1 at T = 50 K and CH3OH:CH4=27:1 at T = 20 K. This shows that the
7.60 �mfeature in W 33A can not be satisfactorily fitted with a combination of CH4 and SO2 ices.

3.3.3 Gas phase CH4 modeling

Models of the ro-vibrational spectrum of the �2=�4 dyad of gaseous CH4 are de-
scribed in detail elsewhere (Helmich 1996; Chapt. 2). An essential parameter in
these models is the line broadening due to thermal and turbulent motions. The
depth of unresolved, optically thick lines increases at larger b values (the Dop-
pler parameter b =FWHM=2

p
ln2). For b �3 km s�1, this effect is important at

N(CH4)� 3 1016 cm�2 for T=20 K and at N(CH4)� 2 1017 cm�2 for T=120 K. The
high resolution infrared absorption line study of Mitchell et al. (1988; 1990) re-
veals optically thin 13CO ro-vibrational lines with b � 5 km s�1 toward W 33A and
NGC 7538 : IRS9. This is probably an upper limit, since it is comparable to the in-
strumental broadening. Rotational emission lines at (sub-)millimeter wavelengths
have widths around b =3 km s�1, with wings ranging up to 18 km s�1 (Goldsmith
& Mao 1983; Hasegawa & Mitchell 1995; van Dishoeck, priv. comm.). Here, we
will adopt a conservative b = 3 km s�1 at any gas temperature for both sources,
thus avoiding underestimation of the derived CH4 column densities due to optical
depth effects.

The CH4 gas temperature can be constrained by the observed depth, and upper
limits, of the ro-vibrational lines in the P and R branches, provided these lines
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FIGURE 3.4— CH4 gas phase mod-
els (upper three) compared to the con-
tinuum subtracted spectrum of W 33A
(bottom). The model temperatures are
(from top to bottom) 20 K, 100 K,
and 180 K, at b=3 km s�1, and N =

1 1017 cm�2. The adopted nomenclature
for the ro-vibrational transitions is indic-
ated at the bottom. Each line is a blend of
lines (‘cluster splittings’) at slightly dif-
ferent energy levels. The main compon-
ents follow the selection rules for P,Q,
and R-branches as in linear rotators.

are not too optically thick. For W 33A, the detection of lines up to R(6) indicates
that the absorbing gas is warm, since this line originates from an energy level of
T = 317 K above the ground rotational state. The relatively large depth of the R(3)
and P(3) lines indicates an excitation temperature of T � 100 K (Fig. 3.4). If the ro-
vibrational energy levels are populated according to thermodynamic equilibrium,
and the lines are optically thin, the rotational temperature (Trot) and total CH4 gas
column density (Ntot) can be determined unambiguously from a rotation diagram
(see e.g. Mitchell et al. 1990 for CO). For CH4, the construction of such a diagram
is complicated by the cluster splitting of each J transition. Each ro-vibrational line
consists of a number of lines from the E�, F�, and A�type multiplets (Helmich
1996), with slightly different lower energy levels. The population NiJ of the lower
energy level EiJ of cluster line i with rotational quantum number J is given by the
Boltzmann equation:

NiJ

gigJ
=

Ntot

Q(Trot)
e�EiJ=kTrot (3.1)

with gJ = 2J+ 1 the statistical weight of level J, gi = 2,3, or 5 the statistical weight
for the E�, F�, or A�type multiplets respectively, and Q(Trot) the partition func-
tion at rotational temperature Trot. The equivalent width wiJ of the cluster line ori-
ginating from level EiJ is then given by (e.g. Spitzer 1978):

wiJ = 8:85� 10�13NiJ fiJ cm�1 (3.2)

with fiJ the oscillator strength of the transition. Now, at the resolution of our obser-
vations R = 850, we do not resolve the individual cluster lines, and we effectively
observe the equivalent width of the sum of all the cluster lines: wJ = ∑i wiJ. Then
the Boltzmann equation becomes:

wJ

8:85� 10�13 ∑i gi fiJ(2J+ 1)
=

Ntot

Q(Trot)
e�EJ=kTrot (3.3)
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FIGURE 3.5— Rotation dia-
grams of the CH4 deformation
mode toward W 33A (top) and
NGC 7538 : IRS9 (bottom).
The solid lines indicate least
square fits to the data, yielding
Trot ' 90 K. The dotted lines
are two temperature models
(Tcold = 25 K; Thot=200 K), that
limit Nhot=Ncold, provided the
lines are optically thin (see text).

where we took EiJ ' EJ, which is a very good approximation. We constructed a
rotation diagram of CH4, by plotting equation 3.3 logarithmically (Fig. 3.5), using
the observed equivalent widths given in Table 3.3. In this plot, a straight line can
be fitted to the data, with gradient �1=Trot and abscissa ln(Ntot=Q(Trot)). Unfortu-
nately, both abscissa and gradient depend rather strongly on Trot, and the relation
to be fitted is non-linear as a function of Trot. For this reason, we took an expan-
sion formula for Q(Trot) from the HITRAN database selection program (Rothman
et al. 1992; accurate to 10% for 40 < Trot < 700 K) and fitted the following non-
linear equation to the points in Fig. 3.5, using a gradient expansion algorithm (the
‘Marquardt’ method; Bevington & Robinson 1992):

y = ln(Ntot)� ln(�17:48+ 0:95Trot+ 0:0040T2
rot)�

x
Trot

(3.4)

with x and y representing the axes of Fig. 3.5. With this method we find Trot =

110� 15 K, and Ntot = (9� 2) 1016 cm�2 for the CH4 gas toward W 33A.
CO absorption observations have shown that, besides warm gas, there is a sig-

nificant cold gas component toward W 33A (T '25 K; Ncold ' Nhot; Mitchell et al.
1988). For CH4 the column density of such a cold component is constrained by the
depth of the lower rotational lines. It would be visible in the rotation diagram as
a steepening of the curve at low energies, provided the lines are optically thin. In
Fig. 3.5 there is no evidence for a pronounced cold component. If we assume that
all observed lines are optically thin (i.e. b is large enough), the ratio Nhot=Ncold can
be limited, using the rotation diagram. We constructed a 2 temperature curve, with
a minimum possible Nhot = 7� 1016 cm�2 at maximum Thot = 200 K to fit the higher
rotational lines, and Tcold = 25 K. Thus, we find that Ncold � 3:5� 1016 cm�2, and
Nhot=Ncold � 2 (Fig. 3.5). At these column densities, and b � 3 km s�1, the assump-
tion of low optical depth is still valid. For lower b values, optical depth effects need
to be taken into account. Any amount of cold CH4 gas can be hidden in the data,
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provided b is small enough. For example, at b= 1:5 km s�1 the spectrum is consist-
ent with Ncold � 5� 1016 cm�2, and at b = 1:0 km s�1 this is a factor 5 higher. We
note that no such narrow components have yet been found in emission line studies
of W 33A, and thus a high Ncold remains to be proven.

For the CH4 lines detected toward NGC 7538 : IRS9 we also constructed a ro-
tation diagram (Fig. 3.5). Although, the uncertainties in the equivalent widths
are large for each of the detected lines (Table 3.3), the combination of all lines
constrains the gas temperature and column density reasonably well. In the fits
to the rotation diagram we included the detection of the R(0) line by Lacy et al.
(1991). With the method described above, we find a best fit of Trot = 70� 15 K, and
Ntot = (4� 2) 1016 cm�2 for NGC 7538 : IRS9. Again, for this source the rotation dia-
gram does not show evidence for a significant cold gas component. When we as-
sume a minimal Nhot = 4� 1016 cm�2, and maximal Thot = 200 K (from CO; Mitchell
et al. 1990), we derive that Nhot=Ncold � 2 for Tcold = 25 K. This anti-correlates with
CO, for which Nhot=Ncold is 2 orders of magnitude lower (Mitchell et al. 1990). Sim-
ilar to W 33A, a much larger Ncold can be hidden in the data if b � 1 km s�1, but at
present there is no observational evidence for such small velocity dispersions. A
summary of the column densities is given in Table 3.4.

3.3.4 CH4 column density and abundance

The column density of ice species can be derived by dividing the integrated op-
tical depth by the molecular band strength A. We adopt a matrix independent
A= 7:3 10�18 cm molecule�1 for the deformation mode of solid CH4 (Chapt. 2). Us-
ing this band strength and the Gaussian depths and widths (Table 3.2), we derive
column densities for solid CH4 of 1.3 and 1.7 1017 cm�2 for NGC 7538 : IRS9 and
W 33A respectively. The gas phase CH4 column densities are somewhat smaller
(Sect. 3.3.3), yielding gas-to-solid state ratios of 0.7 (W 33A) and 0.3 (NGC 7538 : IRS9;
Table 3.5).

The abundance of interstellar CH4 is low: X(gas+ ice CH4) � 10�6 (Table 3.4).
This value is determined with respect to the integrated hydrogen column density
derived from the depth of the silicate bands (Table 3.4; Chapt. 2). However, it is
an average along the line of sight, and strong abundance variations may occur
locally. Notably, the rather high temperature (T � 70 K) of the gas phase CH4

toward NGC 7538 : IRS9 indicates that it is not associated with the large amount
of cold CO gas along this line of sight (Mitchell et al. 1990). Contrary, the kinetic
temperature of the warm CO gas (T = 180� 40 K) is significantly higher than the
CH4 gas temperature, and the gaseous CH4 toward NGC 7538 : IRS9 then must
reside in a separate volume. However, if we assume a two temperature model for
the CH4 gas, at least 70% of the CH4 could have a temperature of 200 K (Sect. 3.3.3).
Then, assuming the warm CH4 and CO gas are in the same volume, we find that
X(gas CH4) � 1:3 10�5, which is an order of magnitude larger than the average
along the line of sight (using a conversion factor N(H2)=N(CO) = 5000; Lacy et al.
1994).

The temperature of the warm CO component toward W 33A (T = 120� 12 K;
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TABLE 3.4— Solid and gas phase column densities

species W 33A NGC 7538 : IRS9 ref.

N N=NA;C
H N=N(H2O) N N=NB;C

H N=N(H2O)
1017 cm�2 10�6 �100% 1017 cm�2 10�6 �100%

H2O–ice 430 280 100 68 69 100 C
H2O–gas 8.6 200 2.0 <7.5 < 8:1 < 11 D
CO–’polar’ ice 2.8 1.4 0.7 3.2 2.0 4.7 C
CO–’apolar’ ice 1.1 0.55 0.3 6.4 4.0 9.4 C
CO–gas 400 5 93 140 88 206 E
CH3OH–ice 39 20 9.1 9.1 5.8 14 F
CH4–ice 1.7 (0.2) 0.85 (0.10) 0.4 (0.1) 1.3 (0.1) 0.81 (0.06) 1.9 (0.2) G
CH4–gas 1.1 (0.2) 0.56 (0.12) 0.3 (0.1) 0.4 (0.16) 0.25 (0.1) 0.6 (0.2) G
A NH =2.0 1023 cm�2 (W 33A); B NH =1.6 1023 cm�2 (NGC 7538 : IRS9); C Tielens et al. (1991);
D NGC 7538 : IRS9–van Dishoeck & Helmich (1996), W 33A–van Dishoeck (priv. comm. 1997);
E Mitchell et al. (1990); F Allamandola et al. (1992); G This work
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TABLE 3.5— Gas-to-solid state column density ratios

Species N(gas)/N(solid)
W 33A NGC 7538 : IRS9

CO 100 15
CH4 0.7 (0.1) 0.3 (0.1)
H2O 0.02 <0.11

Mitchell et al. 1990) is comparable to the CH4 gas temperature, and these molecules
may be present in the same volume. In this line of sight, the warm and cold CO gas
components are equally abundant, and the local gas phase CH4 abundance prob-
ably does not vary significantly from the average along the line of sight (Table 3.4).

3.3.5 The CH4 stretching mode

An independent check on the identification of the observed 7.67 �m absorption fea-
ture as the deformation mode of interstellar solid CH4 can be made by observing
the 3.32 �m stretching mode as well. In laboratory experiments, the integrated op-
tical depth of the stretching mode is �50% larger than the deformation mode. For
CH4 embedded in a polar matrix, the width of the stretching mode is also �50%
larger (Hudgins et al. 1993; Chapt. 2). Therefore, the peak optical depth of the
stretching and deformation modes are expected to be similar. The grating scan
of NGC 7538 : IRS9 has an RMS noise on optical depth scale of �0.13 at 3.32 �m
(Whittet et al. 1996). This is larger than the expected optical depth (Table 3.2) of the
stretching mode of solid CH4, and thus the assignment of the 7.67 �m feature to in-
terstellar CH4 cannot be directly confirmed or rejected with the currently available
data. Note that observations of the CH4 stretching mode require very high signal-
to-noise, due to the weakness of protostars at these wavelengths and blending with
the broad, deep solid H2O absorption at 3.0 �m.

3.4 Discussion: physical and chemical history of interstellar CH4

Our laboratory fits to the ISO–SWS spectra of W 33A and NGC 7538 : IRS9 show
that interstellar CH4 ice is embedded in a matrix of polar molecules. Further
evidence for this is obtained by comparing the solid CO and CH4 column dens-
ities (Table 3.4). There are two independent solid CO components toward these
sources: CO in a polar and in a non–polar environment (Tielens et al. 1991). The
solid CH4 column density is �50% of solid CO in a polar environment for both
sources. In contrast, while toward the warm source W 33A most of the non-polar
CO (sublimation temperature �20 K) has evaporated from the grains, the cold
source NGC 7538 : IRS9 has an abundant non–polar CO component. Apparently,
there is very little solid CH4 associated with this non–polar environment toward
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NGC 7538 : IRS9. This is consistent with the best fitting laboratory mixtures. Fur-
thermore our observations show that the detected CH4 gas is warm, Trot � 90 K.
The combined CH4 gas and ice abundance is X(CH4) � 10�6. The CH4 gas-to-solid
state abundance ratio (� 0:5) is very low compared to CO, but higher than for H2O
(Table 3.5). There are various ways to form CH4 both in the gas phase and on grain
surfaces. Each of these processes has its own characteristics which may be ‘traced’
back in the observations.

CH4 may have been formed through grain surface reactions involving accreted
atomic C and H, similar to the reaction that converts atomic O into H2O ice (e.g.
Brown et al. 1988). This reaction is very efficient. When starting from an atomic
gas, the abundance will be X(CH4)� 10�4, which is two orders of magnitude larger
than the observed abundance (Table 3.4). Hence, if the observed CH4 was formed
on grain surfaces, the initial atomic C abundance must have been low. This would
locate the formation of CH4 deep inside molecular clouds, where most of the ele-
mental carbon is locked up in CO and gaseous C is only a trace species (Keene
1990). At the same time, most of the atomic C is locked up in CO, which will, at
sufficiently low temperatures, stick to the grains as well. However, CH4 is absent in
non-polar ices. This could imply that during CH4 formation, the atomic H abund-
ance is still sufficiently high to efficiently hydrogenate accreted CO to CH3OH.
Using the model calculations on CH3OH formation by Charnley et al. (1997), we
find that this conclusion is supported by the low CO/CH3OH ratio in the polar
solid phase (� 0:4 toward NGC 7538 : IRS9; Allamandola et al. 1992; Tielens et al.
1991).

The low observed gas-to-solid state ratio for CH4, contrary to CO, is a natural
consequence of surface chemistry models. At low temperatures, no CH4 is ex-
pected in the gas phase. The high derived temperature for gaseous CH4 for both
W 33A and NGC 7538 : IRS9 supports the location of the CH4 in a hot core region
near the protostar. Although pure CH4 ice sublimates at � 20 K at low interstel-
lar pressures, it sublimates at temperatures up to 90 K in polar ices, depending on
the relative amount of CH4 in the ice (see Sandford & Allamandola (1988) for a
discussion on sublimation of H2O:CO ices). The width and peak position of the
interstellar CH4 ice band indicate that the ratio of CH4 ice with respect to polar
molecules in the ice (H2O and CH3OH) is at most 10% (Sect. 3.3.2). Thus the CH4

sublimation temperature is probably close to 90 K. The observed CH4 excitation
temperature is 70 and 110 K for NGC 7538 : IRS9 and W 33A respectively, and is
expected to be close to the gas kinetic temperature. At the high densities in the hot
core, the gas and dust temperatures are closely coupled (Ceccarelli et al. 1996), and
therefore the observed warm gas phase CH4 may indeed result from out-gassing of
H2O-rich ices. The somewhat higher gas-to-solid CH4 ratio toward W 33A could
then be related to the larger abundance of warm CO gas in this line of sight. Note
that the CH4 gas-to-solid ratio is significantly higher than the H2O gas-to-solid ra-
tio (Table 3.5), perhaps indicating that the CH4 molecules diffuse out off the H2O
ice matrix at temperatures less than 90 K, well before the H2O ice itself sublimates.
We conclude that the presence of CH4 in a polar ice and the low gas-to-solid ratio
are naturally explained in the grain surface models of CH4. These models are re-
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stricted to have a high initial CO/C ratio, and an efficient CH3OH formation at a
high atomic H abundance.

Rather than grain surface chemistry, an origin of solid CH4 in UV photolysis
of CH3OH containing ices has sometimes been suggested as well (Allamandola et
al. 1988; Gerakines et al. 1996). The observed solid CH4/CH3OH ratios of 5%
(W 33A) and 15% (NGC 7538 : IRS9; Table 3.4) have been reproduced in laborat-
ory experiments (Gerakines et al. 1996). In this model, solid CH4 would also be
preferentially confined to polar environments. However, the laboratory spectra
of photolysed CH3OH ices also display a narrow feature near 5.82 �m, attributed
to formaldehyde (H2CO) and higher aldehydes. For irradiation doses consistent
with the observed CH4/CH3OH ratio, this band should be �50% deeper than the
observed CH4 feature, but it is not apparent in the spectrum of NGC 7538 : IRS9
(Schutte et al. 1996). Furthermore, judging from the strength of the 4.62 �m XCN
feature, which is often ascribed to FUV photolysis of interstellar ices (Tegler et al.
1995, and references therein), FUV photolysis has been much more important to-
wards W 33A than towards NGC 7538 : IRS9. Yet, the abundances of solid CH4 are
very similar and the solid state CH4/H2O and CH4/CH3OH ratios are much less to-
ward W 33A than toward NGC 7538 : IRS9. Therefore, at present it seems unlikely
that photo-processing of CH3OH-rich ices is an important production mechanism
of interstellar CH4.

Alternatively, CH4 may have been formed by low temperature gas phase chem-
istry (e.g. Millar & Nejad 1985; Helmich 1996) and preserved through accretion in
ice mantles. In these models, the observed average abundance along the line of
sight X(CH4) � 10�6 is produced in a narrow time interval early in the collapsing
phase. The high local abundance of X(CH4) � 10�5 toward NGC 7538 : IRS9, if
it were located in the same volume as the warm CO gas (Sect. 3.3.1), can never
be reproduced by gas phase models. The length of the interval with large CH4

abundances depends strongly on the assumed initial atomic C abundance, i.e. t =
(1� 5)� 105 yr when starting from an atomic gas, and t = (0:4� 2)� 105 yr when
starting from CO/C=10 (translucent clouds; Helmich 1996). The models with large
initial CO/C ratios, and thus a lower CH4 production, are probably more realistic.
This is because the free fall time to form molecular clouds from diffuse, atomic
clouds (� 107 yr; e.g. Elmegreen 1987) is much larger than the time assumed in gas
phase models to form hot cores (105� 106 yr). Thus, at the start of the collapse, the
gas is no longer atomic. After this short peak in the gas phase CH4 abundance, the
CH4 ‘burns’ to CO, and consequently the observed CH4 ice must originate from
accretion during a very narrow time interval at t � 105 yr. Furthermore, at this
(or any) stage of the collapse, little H2O is present (X(H2O) = 4� 10�7), and pure
gas phase models cannot explain the formation of polar ice mantles. Grain surface
formation of H2O is needed to explain the presence of interstellar CH4 in a polar
ice mantle. Other molecules that, in this model, would be formed in the gas phase
(CO, CH4) will then co-condense with the atomic O and H and are trapped in the
H2O–rich ice. However, inevitably any accreted atomic C will react rapidly to CH4

on the grain surface as well. Thus, if the observed CH4 ice originates primarily
from the gas, the CO/C ratio must have been very high during accretion. This
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contradicts the low CO/C ratio required to explain the observed CH4 abundance.
Finally, at later times (t > 5� 105 yr) these gas phase models predict the absence of
(cold) gas phase CH4, since it is easily converted to CO (e.g. Helmich 1996). Since
star formation has occurred in the cores of NGC 7538 : IRS9 and W 33A, they are
probably older than 0.5 million years, and indeed no cold CH4 gas was detected
toward these sources. The observed hot CH4 gas is most likely located in a hot
core near the protostar, where the gas phase composition reflects evaporated ice
mantles. The species released from the grains in the hot core survive on a time
scale of � 104 yr (Brown et al. 1988).

Concluding, the observations impose strict conditions on models of gas phase
formation of CH4. Contrary to the grain surface models, a low, perhaps unreal-
istic, initial CO/C abundance is required to explain the observed CH4 abundance,
and the time window for CH4 production and accretion on the grains is narrow in
any case. Additionally, the presence of CH4 in a polar ice cannot be explained by
pure gas phase models. Additional grain surface formation of H2O and CH3OH
is required. We conclude that formation of CH4 on grain surfaces is a more likely
explanation.

3.5 Conclusions
We have obtained 7.35–7.85 �m spectra of the highly obscured massive protostars
W 33A and NGC 7538 : IRS9, using the SWS spectrometer on board of the ISO satel-
lite. Both sources exhibit a narrow absorption feature near 7.67 �m. We compare
these spectra to laboratory simulations of interstellar solid CH4. We conclude that
the observed 7.67 �m absorption feature toward both sources can be attributed to
absorption by the deformation mode of solid CH4 in a polar matrix. Both H2O–,
and CH3OH–rich ices can explain the observations. The solid CH4 column density
is �1% of solid H2O.

In addition, we report the detection of ro-vibrational lines of gaseous CH4 in
absorption toward both W 33A and NGC 7538 : IRS9. From the rotational diagrams
we conclude that the absorbing gas is warm toward both sources (T = 110 and
70 K respectively). The gas-to-solid CH4 ratio is low, 0.7 and 0.3, and no cold gas
has been detected, all in strong contrast with CO. Using velocity broadenings from
rotational emission lines, we find that Nhot=Ncold � 2. A significant amount of cold
CH4 gas could be hidden in the data if the velocity broadening b is much less than
2 km s�1. High resolution (Fabry-Perot) infrared observations are needed to settle
this issue.

We discuss models for the formation of interstellar CH4. Gas phase models
can explain the observed abundance (X(CH4) = 10�6), and the low CH4 gas-to-
solid ratio, but the observations impose strong restrictions. First, the presence of
CH4 in a polar ice is unexplained by these models, unless an alternative way (i.e.
grain surface chemistry) of H2O formation is invoked. Second, to inhibit at the
same time grain surface formation of CH4 the CO/C ratio must have been high
during accretion. On the other hand, a low initial CO/C is required to produce
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the observed abundance of interstellar CH4 in the gas phase. Finally, the form-
ation of CH4 and subsequent accretion on the grains is limited to a narrow time
interval (t = (1� 5)� 105 yr), which decreases for (probably more realistic) lower
initial CO/C ratios. A more likely explanation is the formation of CH4 from atomic
C through grain surface reactions, similar to H2O formation from atomic O. The
presence of CH4 in a polar ice mantle and the low gas-to-solid ratio are natural
consequences of this model. Since this reaction is very efficient, a high CO/C ratio
would be needed to explain the low observed CH4 abundance, i.e. interstellar CH4

is formed at the high densities deep inside the molecular cloud. To inhibit the in-
clusion of CH4 in a non-polar ice, the accreted CO must have reacted on the grain
surface with abundantly present atomic H to form CH3OH, which is in agreement
with the low CO/CH3OH ratio in the polar solid phase. The detected warm CH4

gas probably has sublimated from the grains at the high temperatures in the vi-
cinity of the protostar. The gas-to-solid ratio of CH4 is high compared with H2O
and may indicate a grain temperature < 90 K, when the CH4 molecules diffuse out
off the H2O ice matrix, before the H2O itself sublimates. That would be consistent
with the derived CH4 rotation temperature for NGC 7538 : IRS9, but seems un-
likely at the higher derived temperature toward W 33A. Further laboratory work
on the outgassing behaviour of CH4 containing ices is needed, as well as a system-
atic determination of gas-to-solid ratios in lines of sight tracing different physical
conditions.
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CHAPTER 4

ISO–SWS observations of interstellar solid
13CO2: heated ice and the Galactic 12C=13C

abundance ratio

Based on a paper by A.C.A. Boogert, P. Ehrenfreund, P.A. Gerakines, A.G.G.M.
Tielens, D.C.B. Whittet, W.A. Schutte, E.F. van Dishoeck, Th. de Graauw, L. Decin,

T. Prusti. Accepted for publication in Astronomy & Astrophysics.

ABSTRACT. The chemical and physical evolution of interstellar ices during the forma-
tion of a nearby star can be studied by observing the vibrational absorption bands in
the infrared. We present observations of the stretching mode of 13CO2 ice at 4.4 �m,
along 13 lines of sight in the Galaxy, using the Short Wavelength Spectrometer on board
of the Infrared Space Observatory (ISO–SWS). Remarkable variations are seen in the ab-
sorption band profile in the different lines of sight. The main component is attributed
to 13CO2 mixed with polar molecules such as H2O, and CH3OH. The high-mass ob-
jects GL 2136, GL 2591, S 140 : IRS1 show an additional, much narrower feature, which
we attribute to a polar CO2 ice that experienced heating, and must contain CH3OH
(CH3OH/CO2>0.1). Thus, in this picture, two distinct CO2 ice components, differing
in temperature and/or composition, are present along the line of sight. Alternatively,
the 13CO2 ice band can be well fitted by a single polar ice component at a specific
temperature. The six luminous protostars in our sample can be fitted with laboratory
temperatures in the narrow range T = 115–118 K, which at the long time scales in in-
terstellar space corresponds to a difference in heating time comparable to the life time
of hot cores (� 3 104 years). We conclude that the fraction of heated 13CO2 toward
all objects, or alternatively the ice temperature for single component fits, roughly cor-
relates with the luminosity, the dust and CO gas temperature along the line of sight,
and anti-correlates with the apolar CO ice abundance. Thus, there is good evidence
that interstellar CO2 ices are subjected to, and altered by, thermal heating and that this
reflects the evolutionary stage of the nearby protostar.

Furthermore, we determine for the first time the Galactic 12C=13C ratio from the solid
state as a function of Galacto-centric radius. The 12CO2/ 13CO2 ratio for the local
ISM (69�15), as well as the dependence on Galacto-centric radius, are in good agree-
ment with gas phase (C18O, H2CO) studies. For individual objects, the 12C=13C ratios
derived from CO2 are somewhat higher compared to CO studies, but at present the
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significance of this difference is small (� 2:5 �). We discuss the implications of this
possible difference for the chemical origin of interstellar CO2.

4.1 Introduction
In the infrared spectra of protostellar objects, obtained with the IRAS and ISO satel-
lites, prominent absorption bands have been detected at 4.27 and 15.2 �m due to
the bending and stretching modes of solid 12CO2 (d’Hendecourt & de Muizon 1989;
de Graauw et al. 1996; d’Hendecourt et al. 1996; Gürtler et al. 1996; Strazzulla et al.
1998; Gerakines et al. 1999). Recently, the 12CO2 stretching mode was discovered
also in quiescent molecular clouds (Whittet et al. 1998). Thus, space based observa-
tions have revealed that the CO2 molecule is an important constituent of molecular
clouds and star forming regions.

Although the 13CO2 isotope is more than an order of magnitude less abundant
than 12CO2, the detection of its stretching mode at �4.38 �m has been reported as
well (de Graauw et al. 1996; d’Hendecourt et al. 1996). Because 13CO2 has a larger
mass, its stretching mode frequency is well separated from that of 12CO2 (4.38 �m
vs. 4.27 �m). The main focus has been on 12CO2, because its absorption bands
are deep and have high signal-to-noise ratios (Gerakines et al. 1999). Nevertheless,
the analysis of the 13CO2 absorption band is very attractive and has some specific
advantages. As an independent probe of the ice mantle composition, this band
is particularly sensitive, because 13CO2 is always a trace constituent. Moreover,
the small particle scattering effects, that can plague the interpretation of the very
strong 12CO2 modes (Chapts. 5 and 6) are of no importance for 13CO2. As a con-
sequence, the absorption profile is insensitive to the shape and thickness of the
ice mantle, and composition of the grain core. Thus the laboratory spectrum can
be compared directly to the interstellar spectrum, and uncertainties resulting from
corrections induced by the grain shape or uncertain optical constants are avoided
(Ehrenfreund et al. 1996; 1997; Chapt. 6).

In order to analyze the absorption band profile of the stretching mode of inter-
stellar 13CO2, we make use of a large database of spectra of CO2 ices, obtained in
the Leiden Observatory Laboratory (Ehrenfreund et al. 1996; 1997; in prep.). We
will derive the interstellar ice mantle composition and possibly its temperature.
This allows us to determine the physical and chemical history of interstellar CO2.
In a separate study, the analysis of the absorption bands of 12CO2 will be presented
(Gerakines et al. 1999).

An important motivation for this study is to determine the 13CO2 abundance,
and derive the interstellar 12C=13C abundance ratio. It is the first time that the
12C=13C ratio can be determined from the solid state. An important advantage over
gas phase studies is that the column density can be straightforwardly derived from
the observed integrated optical depth and the intrinsic band strength determined
in the laboratory. In contrast, for gas phase species excitation, and optical depth
can differ for the isotopomers involved, and complicated radiative transfer models
are required.
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Previous (gas phase C18O, H2CO) studies have shown that the 12C=13C ratio in-
creases with Galacto-centric radius, with 12C=13C=25 in the Galactic Center, and
12C/13C = 77 in the local interstellar medium (see Wilson & Rood 1994 for an over-
view). Recent observations of atomic C and C+ yield 12C=13C=60 toward the Orion
Bar (Keene et al. 1998). Determination of the 12C=13C ratio is an important input
for evolutionary models of our Galaxy, since 12C is produced by Helium burning
in stars, which can be converted to 13C in the CNO cycle of low- and intermediate-
mass stars at later times.

Comparison of the 12C=13C ratios derived from various species, will allow to de-
termine the importance of chemical fractionation (13C preferentially incorporated
in CO) and isotope-selective destruction (13CO preferentially destroyed). Models of
photo-dissociation regions (PDRs), including chemical fractionation and isotope-
selective destruction, show that the 12C/ 13C ratio for gaseous C18O can decrease
by �50%. Recent observations of C and C+, however, indicate that chemical frac-
tionation is not an important effect, or compensated for by isotope-selective photo-
dissociation, in these PDRs (Keene et al. 1998). We do not expect that these effects
play an important role for the CO in our lines of sight, since they mainly trace
dense molecular cloud material with low atomic C abundances. However, species,
such as H2CO, that are formed from atomic C or C+ rather than CO, may have very
different 12C=13C ratios (Tielens 1997). Thus, the solid 12CO2/ 13CO2 ratios are also
a powerful tool to trace the chemical origin of interstellar CO2.

In Sect. 2, we present our ISO–SWS observations and data reduction techniques.
The laboratory results of the 13CO2 stretching mode are summarized in Sect. 3. The
analysis of the interstellar 13CO2 band profile, and derivation of the column dens-
ities is presented in Sect. 4. We discuss the main results in Sect. 5. First, we correlate
the depth of the detected narrow 2282 cm�1 absorption feature with known phys-
ical parameters along the observed lines of sight. Then we compare the 12C= 13C
ratios, derived from solid CO2 and gas phase molecules, and discuss the import-
ance of chemical fractionation. The summary and conclusions are given in Sect. 6.

4.2 Observations
The 13CO2 spectra were obtained with the Short Wavelength Spectrometer on board
of the Infrared Space Observatory (ISO–SWS; de Graauw et al. 1996; Kessler et al.
1996). Most spectra were observed in the high resolution grating mode (R= �=∆�=
1500; “SWS06” mode). Only the source GL 989 was observed in the fast scanning
mode (“SWS01 speed 3”) at an effective resolving power R �400.

The spectra were reduced with version 6 of the SWS pipeline during January–
April 1998 at SRON Groningen, using the latest calibration files available at that
time. For some low flux spectra we applied a “pulse shape” correction on the
raw data (de Graauw et al. 1996) to linearize the slopes, resulting in �10% bet-
ter signal-to-noise. All detector scans were checked for excessive noise, deviating
fluxes, and continuum slopes, and dark current jumps. Bad scans were removed
from the data, and then the scans were “flat-fielded” to the median spectrum using
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TABLE 4.1— Observed lines of sight

Object RA (1950.0) Dec (1950.0) Revolutiona Vb
helio S/Nc

km s�1

W 3 : IRS5 02:21:53.1 +61:52:20 427 �43 65
Elias 16 04:36:34.4 +26:05:36 686 +16 65
NGC 2024 : IRS2 05:39:14.3 �01:55:59 667 +27 65
GL 989 06:38:25.3 +09:32:29 716 ...d 100
Elias 29 16:24:07.7 �24:30:40 452 �7 100
GC 3 17:43:04.4 �28:48:27 327 ...e 140
W 33A 18:11:44.2 �17:52:59 467 +20 65
GL 2136 18:19:36.6 �13:31:40 872 +13 100
R CrA : IRS2 18:58:19.0 �37:02:50 495 0.0 50
HH 100 : IR 18:58:28.2 �37:02:29 704 0.0 65
GL 2591 20:27:35.8 +40:01:14 357 �25 200
S 140 : IRS1 22:17:41.1 +63:03:42 263 �20 200
NGC 7538 : IRS9 23:11:52.8 +61:10:59 433 �70 100
aISO revolution number
bHeliocentric velocity from literature
cEffective signal-to-noise of the 13CO2 spectrum, including system-
atic differences between the ISO–SWS scans.
dNo radial velocity correction applied; spectrum has low resolution
eNo radial velocity found in literature (see text)

a first order polynomial. Cosmic ray hits were removed by clipping all points de-
viating more than 3 � from the median, and subsequently the scans were averaged
and re-binned per scan direction to a resolving power of R = 1500 (R = 400 for
GL 989). The final “signal-to-noise” values are determined from the systematic dif-
ferences between the SWS up and down scans, and are given in Table 4.1. We note
that due to the weakness of the interstellar 13CO2 band, � 10% of the continuum,
our analysis (such as column density determination) is not significantly affected
by detector memory effects, known to exist at this wavelength. Also, the detector
response function is very smooth over the narrow 13CO2 band, and thus will not
induce spurious features due to small wavelength calibration errors or dark cur-
rent uncertainties. An accurate wavelength calibration is important for our study.
The standard SWS wavelength calibration was applied (Valentijn et al. 1996). The
satellite velocity was converted to the heliocentric reference frame, using stand-
ard ISO–SWS pipeline routines. Then we corrected for the source velocity in the
heliocentric frame, using published radial velocities for each source (Table 4.1). Re-
cent millimeter observations of C17O emission lines show velocity shifts that are
in excellent agreement with the values that we use (van der Tak et al. 1999). To
check the accuracy of the wavelength calibration and velocity corrections, we com-
pared the position of ro-vibrational 12CO gas phase lines (13CO lines are too weak),
when present in the same spectrum, with peak positions from the HITRAN data-
base (Rothman et al. 1992). For S 140 : IRS1, and W 3 : IRS5 the lines are blue-
shifted by 10% of a resolution element (�0.15 cm�1; �20 km s�1) compared to the
HITRAN wavelengths, for GL 2591 by 20%, and for GL 2136 by 30%. Part of this
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blue-shift may be real. Mitchell et al. (1991) find that, whereas the velocity shift
of 13CO lines is in good agreement with millimeter studies, the 12CO absorption
lines show significant blue shifted shoulders and sub-peaks, originating from the
outflow associated with the protostar. At the much lower resolution of our obser-
vations (�160 km s�1), this may result in a blue shift of the 12CO absorption line.
However, the study of Mitchell et al. (1991) also shows that the main absorption
is present at the cloud velocity, and at our resolution the peak would shift by not
more than �15 km s�1 (GL 2591), �10 km s�1 (W 3 : IRS5) or much less than that
for the other sources. Thus, we attribute the CO line shifts in the ISO–SWS spectra
primarily to uncertainties in the wavelength calibration and small pointing errors.
In particular, GL 2136 was observed at the end of the ISO mission for which no
updated wavelength calibration files are available yet. We applied the small shift
derived from the CO lines to further improve the wavelength calibration of the
13CO2 band. For one object, GC 3, we found no radial velocity observation in the
literature, and determined it from the CO lines to be vhelio = �90 km s�1. The fully
reduced spectra are presented in Fig. 4.1.

4.3 Laboratory CO2 studies
The absorption band profiles of the stretching and bending modes of 12CO2 and
13CO2 in apolar ices (CO, N2, O2) were extensively studied in the laboratory by
Ehrenfreund et al. (1996; 1997; 1998a). Additional experiments of CO2 mixed with
polar molecules (H2O, CH3OH) were performed in the Leiden Observatory Labor-
atory as well (Ehrenfreund et al., 1998b). Figure 4.2 summarizes the peak shifts
and broadenings of the stretching mode of 13CO2 in these ices at a temperature
T =10 K.

For a pure CO2 ice, i.e. 12CO2: 13CO2=90:1, the absorption band of 13CO2 is
centered on 2283.0 cm�1 and is very narrow (FWHM�2.3 cm�1). A large broad-
ening and shift to lower frequencies is observed when H2O is added. An even
larger peak shift, up to 2274 cm�1, but a small narrowing, occurs in CO2:CH3OH
ices. This difference in spectroscopic behavior of H2O:CO2 and CH3OH:CO2 ices
is also particularly evident in the 12CO2 bending mode. It is ascribed to the form-
ation of stable CH3OH.CO2 complexes, where the CO2 molecules act as a Lewis
acid (Ehrenfreund et al. 1998b). Thus, at low temperatures, H2O and CH3OH–
rich CO2 ices have very distinct 13CO2 peak positions. Mixtures of CO2 with
both H2O and CH3OH lie in between these extremes, as indicated by the “weak”
(H2O:CH3OH:CO2=7:0.6:1) and “strong” (H2O: CH3OH: CO2=1.7:0.6:1) interstellar
mixtures� in Fig. 4.2. Apolar molecules, such as CO and O2, induce much smaller
broadenings and peak shifts to the 13CO2 ice band. Thus, the laboratory simu-
lations show that the 13CO2 stretching mode is a sensitive probe to discriminate

�The terminology “weak” and “strong” interstellar mixture refers to the low and high
CH3OH/H2O ratios, derived from the interstellar 3.54/9.7 �m and 6.8 �m bands of CH3OH re-
spectively. Although at present the low CH3OH/H2O ratio is preferred (Schutte et al. 1996), the
ratio may be locally higher along the line of sight.



68 CHAPTER 4. INTERSTELLAR SOLID 13CO2

FIGURE 4.1— ISO–SWS spectra of the stretching mode of 13CO2 on optical depth scale toward
massive protostars (top panels). The lower panel shows low-mass protostars, a background star
of the Taurus Molecular Cloud (Elias 16) and a Galactic Center source (GC 3). The spectra were
normalized to the peak optical depth by multiplication with the factors given in square brackets.
The error bars were determined from the difference between the ISO–SWS up and down scans, and
thus include systematic errors. The vertical dashed lines are given to facilitate comparison of the
spectra in the different panels. All spectra are corrected for radial velocities.
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FIGURE 4.2— Labor-
atory spectroscopy
of the stretching
mode of 13CO2 ice
at T =10 K. The
peak position versus
width variations are
shown for CO2 in
series of increasing
H2O, CH3OH, and
CO abundances (con-
nected with a line).
“W” and “S” indicate
the weak and strong
interstellar mixtures
(see text). The effect
of heating on the peak
position and width
is shown in Fig. 4.3.
The average Gaussian
parameters of the two
components detected
in the interstellar
spectra are given by
crosses.

FIGURE 4.3— The
effect of temperature
on width and peak
position of the 13CO2
stretching mode, illus-
trating the segregation
of CO2 at higher T.
The cross indicates
the typical width
and peak position of
the narrow feature
observed toward
protostars.
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FIGURE 4.4— Effect of heating on the 13CO2 stretching mode in the ice mixture
H2O:CH3OH:CO2=1:0.92:1. This shows clearly the segregation of CO2 at high temperatures. The
peak at �2282 cm�1is close to the peak position for a pure CO2 ice (Fig. 4.3). We note that the in-
dicated temperature was measured in the laboratory. At the much longer time scales in interstellar
space, the segregation temperature is much lower (�78 K; Sect. 5.1).

between interstellar polar and apolar ices.
The dependence of peak position and width of the 13CO2 stretching mode on

the temperature of the ice is interesting. Upon warm-up, the peak position of
13CO2 in H2O–, and CH3OH–rich ices (with less than �20% of CO2) shifts sig-
nificantly to lower frequencies, and at the same time becomes narrower (Fig. 4.3).
For example, in the mixture H2O:CO2=10:1, the 13CO2 band shifts by 2.5 cm�1, and
the FWHM decreases with 2.5 cm�1, when heated from T =10 to 140 K in the labor-
atory. Unfortunately, heating of the ice has the same effect on the band profile as
increasing the H2O/CO2 and CH3OH/CO2 mixing ratios (Figs. 4.2 and 4.3). Thus,
the 13CO2 stretching mode is less suited to determine an accurate H2O/ CH3OH/
CO2 mixing ratio, or the precise temperature of these polar, CO2–poor ices. How-
ever, for H2O:CO2 and CH3OH:CO2 ices with CO2 concentrations between 20-90%,
heating induces a very specific spectroscopic signature. The 13CO2 profile be-
comes asymmetric at a laboratory temperature of T�50 K, and�105 K respectively
(Figs. 4.3 and 4.4; see Sect. 5.1 for the corresponding temperatures in interstellar
space). A second peak develops at the blue side of the band, which is reflected
in Fig. 4.3 as a “broadening” of the overall profile. At higher temperatures, this
new peak dominates the 13CO2 spectrum. Its peak position of �2282–2283 cm�1,
and narrow width (�3 cm�1) are close to the values for a pure CO2 ice. This spec-
troscopic behavior is attributed to the destruction of bonds between the polar mo-
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lecules and CO2, and the formation of new, stronger, hydrogen bonds between
the polar molecules (Ehrenfreund et al. 1998). The CO2 molecules now interact
primarily with themselves. This re-arrangement of bonds (“segregation”) is also
particularly well traced in the 12CO2 bending mode, which shows, after heating,
the typical double peaked structure of a pure CO2 ice (Ehrenfreund et al., 1998b).

It is interesting to note that for CH3OH-rich ices at high temperatures the peak
position is shifted by�1 cm�1 to lower frequencies compared to pure CO2 (Figs. 4.3
and 4.8). Also the width is 1-1.5 cm�1 larger and a wing is present at the red side,
indicating that there is still a weak interaction of the 13CO2 and polar molecules.
In accordance with heating experiments of H2O:CH3OH ices (Blake et al. 1991),
it seems likely that also a spatial segregation exists between the CO2 molecules
and polar species. Crystalline phases of H2O ice enclosing 0.1 �m size pockets
of CH3OH were observed in these heated H2O:CH3OH ices. Such microscopic
observations are essential to determine the structure of heated polar CO2 ices as
well. Finally, for apolar ices containing CO, O2, and N2, the 13CO2 band shifts to
higher frequencies, and becomes narrower upon warm-up. This can be attributed
to evaporation of the host molecule. These laboratory results will be used to de-
rive the composition of interstellar ice, i.e. polar versus apolar, and possibly its
temperature history.

4.4 Results
4.4.1 Contamination by gas phase lines
In some lines of sight, the 13CO2 ice band is contaminated by narrow absorption
lines. Gas phase CO lines are seen in the spectra of GL 2136, GL 2591, and pos-
sibly S 140 : IRS1 (Fig. 4.5). They originate from CO in the ground vibrational state
(v=0–1) and the rotational levels J=29, up to perhaps J=45, with energy levels lar-
ger than 4000 K. The presence of hot CO gas in these lines of sight was shown in
other studies as well (e.g. Mitchell et al. 1990; Table 4.4). The main component
of the 13CO2 ice band is much broader than the unresolved gas phase CO lines,
and our conclusions are not influenced by this contamination. It should be noted
that the narrow line at 2282 cm�1 detected in these sources is at the same frequency
as the CO J=46!47 R-branch line. It can not be attributed to gaseous CO, given
its too large depth with respect to neighboring R-branch lines, in particular for
S 140 : IRS1. We also checked for the presence of features from vibrationally ex-
cited 12CO. The band head of the v=1–2 transition at �2298 cm�1(Goorvitch 1994)
may be present toward GL 2136, and GL 2591 (Fig. 4.5). However, this feature is
well separated from the 13CO2 ice band. There is no indication for absorption at
the frequency of the v=2–3 band head (�2268 cm�1). Given the weakness of these
12CO band heads, the contribution of the v=0–1 band head of 13CO (�2276 cm�1)
to the 13CO2 ice band can probably be neglected.

One object in our sample, Elias 16, is an evolved star located behind the Taurus
molecular cloud. It is a K 1-giant (Elias 1978), and the 2–5 �m spectral region shows
many narrow absorption lines, most likely associated with the photosphere of this
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FIGURE 4.5— Comparison of gas phase CO frequencies with sources showing fine structure. The
thick vertical lines indicate the frequency of the R-branch lines of gaseous CO, originating from
rotational levels J = 29 (2241.7 cm�1) to J = 53 (2295.1 cm�1) in the lowest vibrational state (v=0–1).
The � symbols on top indicate the expected frequencies of the band heads of the vibrational v=1–2
(2298 cm�1) and v=2–3 (2268 cm�1) transitions of 12CO. The v=0–1 band head of 13CO is indicated
at 2276 cm�1. We attribute the sharp feature at 2282 cm�1and the underlying broader component to
interstellar solid 13CO2.

FIGURE 4.6— Comparison
of the spectra of Elias 16 and
the K-giant � Bootis on op-
tical depth scale. The bottom
spectrum is the subtraction
of � Bootis from Elias 16, to
correct for photospheric lines.
The � symbols on top indic-
ate the expected frequencies
of the band heads of the vi-
brational v=1–2 (2298 cm�1)
and v=2–3 (2268 cm�1) trans-
itions of 12CO. The v=0–1
band head of 13CO is indic-
ated at 2276 cm�1. The resid-
ual feature at �2278 cm�1 is
attributed to 13CO2 ice in the
Taurus molecular cloud.
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object (Whittet et al. 1998). In the spectral region for this study (�2260–2300 cm�1),
we detect narrow absorption lines at 2268, and 2297 cm�1 (Fig. 4.1). These lines are
well separated from the region where 13CO2 ice absorption is expected, and are
attributed to the v=2–3 and v=1–2 band heads of 12CO (Goorvitch 1994). However,
another narrow line at 2276 cm�1, probably the v=0–1 band head of 13CO, might be
blended with the 13CO2 feature. We compared the spectrum of Elias 16 with the
K 1.5 giant � Bootis (Fig. 4.4.1). The spectral type of these stars is very similar, and
indeed � Bootis does show absorption lines at 2268, 2276, and 2297 cm�1. However,
the lines in � Bootis have rather prominent wings on the red side, which are not
recognized in Elias 16. Perhaps the spectral type of Elias 16 deviates from K 1, or
it belongs to a different luminosity class. To correct for photospheric absorption,
we subtracted the optical depth spectrum of � Bootis from Elias 16 (Fig. 4.4.1). The
narrow lines at 2268, and 2297 cm�1 are nicely removed, giving confidence in the
correctness of this method. A significant absorption remains at�2278 cm�1, which
we attribute to solid 13CO2 in the Taurus molecular cloud. In our further analysis,
we used this corrected spectrum of Elias 16.

4.4.2 Interstellar solid 13CO2 band profile analysis

The 13CO2 band profile varies remarkably between the observed lines of sight
(Fig. 4.1). Two independent components are present. The high-mass protostars
GL 2136, S 140 : IRS1, W 3 : IRS5, and GL 2591 show both a “broad” absorption
extending over 2270–2287 cm�1, and a very narrow feature at �2282 cm�1. In two
lines of sight, the narrow component is evidently absent (Elias 16, GC 3), while in
others it could be present and blended with the blue edge of the broader compon-
ent. In NGC 2024 : IRS2 and GC 3 the profile analysis is limited by a low depth and
poor signal-to-noise, while in GL 989 the resolving power is too low to resolve the
narrow feature, if present.

We followed two different approaches to analyze the interstellar 13CO2 band
profile. First, analogous to the solid CO band (e.g. Tielens et al. 1991), the narrow
and broad component may originate from different ices along the line of sight. The
ice composition depends on the local chemical (e.g. the H/CO ratio) and physical
(e.g. temperature) circumstances, which may vary along the line of sight. There-
fore, we decomposed the absorption band by fitting Gaussians to the observed
broad and narrow components, and we compared the peak positions and widths
with the laboratory results (Figs. 4.2, 4.3, and 4.7). In our second approach, we
investigate whether the 13CO2 ice band profile can be explained by a single ice.
Here, we determine the observed peak position and width (not fitting Gaussians)
and again compare these with the laboratory results in Figs. 4.2, 4.3, and 4.7. Both
methods provide good insight in the characteristics of the observed band profile,
and the variations between the various lines of sight.

For five objects in our sample, good fits are obtained by fitting two Gaussians:
NGC 7538 : IRS9, GL 2136, S 140 : IRS1, GL 2591, and W 3 : IRS5 (Table 4.2). For
the other lines of sight, no significant improvement is achieved, when using two
instead of one Gaussian. Nevertheless, for some sources the narrow 2282 cm�1
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FIGURE 4.7— a Observed peak position and FWHM of solid 13CO2 for all observed sources.
The lines represent the peak and FWHM of the laboratory experiments as presented in Figs. 4.2
and 4.3. The dashed line is the mixture H2O:CH3OH:CO2=1:0.92:1 at the indicated temperatures.
The H2O:CO2 and CH3OH:CO2 mixtures at T = 10 K are shown by the solid and dotted lines re-
spectively. The solid line with triangles indicates the CO:CO2 mixtures. b Same as panel (a), but
here the observed interstellar 13CO2 band is decomposed with Gaussians. This Figure shows that
most interstellar 13CO2 bands can be explained by a single mixture at different temperatures (a)
or by a strongly heated “segregated” ice component together with a non-segregated (perhaps cold)
component (b).

feature might be blended with the blue edge of the broader component, and we do
also fit the profile with two Gaussians.

For the broad component we find a Gaussian FWHM of typically 6-9 cm�1,
with a peak position varying between 2276–2280 cm�1 for the different objects.
Thus, this feature can be ascribed to absorption by 13CO2 ice mixed with molecules
with a large dipole moment, i.e. H2O and CH3OH (Figs. 4.2 and 4.7b; Table 2).
To derive the chemical history of interstellar CO2 it is important to determine the
relative amounts of H2O, CH3OH, and CO2 mixed in the ice. Both CH3OH:CO2

and H2O:CH3OH:CO2 laboratory ices have a 13CO2 band that peaks at frequencies
less than�2276.0 cm�1 when the CH3OH concentration is high. Thus, toward most
objects in our sample we can exclude that the ice is CH3OH-rich, i.e. we conclude
that CH3OH/CO2� 1. Exceptions are the objects with a large uncertainty in the
peak position of the broad component, i.e. GL 2591, S 140 : IRS1, and GL 2136.

For several reasons, the broad component of the 13CO2 absorption band does
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TABLE 4.2— The observed peak position (�), width (FWHM), and peak optical depth (� ) of the
interstellar solid 13CO2 band. For sources with high quality spectra we give in each second line the
results of a decomposition of the profile, using 2 Gaussians. The standard deviation � is given in
parentheses.

Object � FWHM � � FWHM �
cm�1 cm�1 cm�1 cm�1

S 140 : IRS1 2281.5 (0.8) 5 (3) 0.050 (0.005) - - -
2276.2 (1.7) 6 (3) 0.019 (0.005) 2282.1 (0.4) 4.5 (1.4) 0.039 (0.005)

GL 2591 2282.0 (0.8) 7 (3) 0.034 (0.005) - - -
2276.0 (2.0) 5.4 (3) 0.015 (0.007) 2281.8 (0.4) 3.7 (1.6) 0.029 (0.010)

GL 2136 2282.5 (0.8) 10 (1) 0.071 (0.008) - - -
2277.0 (0.7) 8(2) 0.06 (0.01) 2282.3 (0.4) 2.5 (1.5) 0.05 (0.02)

W 3 : IRS5 2283.0 (0.8) 8.9 (0.8) 0.073 (0.012) - - -
2278 (2) 8 (4) 0.05 (0.01) 2283.1 (0.7) 3 (2) 0.04 (0.01)

NGC 7538 : IRS9 2279.0 (2.0) 10.4 (0.8) 0.15 (0.01) - - -
2277.6 (0.5) 8.8 (0.5) 0.14 (0.01) 2282.6 (0.4) 3.0 (0.4) 0.09 (0.01)

Elias 29A 2279.0 (2.0) 10 (1.5) 0.071 (0.009) - - -
2277.7 (0.5) 8.6 (1.0) 0.06 (0.01) 2282.3 (0.7) 2.3 (1.1) 0.03 (0.01)

W 33AA 2276.5 (1.0) 9.5 (0.8) 0.225 (0.015) - - -
2276.1 (0.5) 7.3 (0.9) 0.22 (0.02) 2281.5 (1.3) 5.6 (2.6) 0.07 (0.02)

Elias 16 2278.0 (2.0) 8.5 (1.5) 0.060 (0.017) - - -
GC 3 2278.0 (0.8) 4 (2) 0.042 (0.015) - - -
R CrA : IRS2A 2280.0 (1.0) 7 (1) 0.13 (0.02) - - -

2278.5 (1.4) 6.9 (2.7) 0.10 (0.01) 2281.4 (1.6) 3.6 (3.2) 0.06 (0.02)
NGC 2024 : IRS2 2278 (2) 8 (2) 0.060 (0.015) - - -
HH 100 : IRA 2278 (2) 8.5 (1.0) 0.100 (0.015) - - -

2277.5 (1.0) 5.9 (1.0) 0.10 (0.01) 2281.9 (0.7) 3.1 (1.0) 0.05 (0.01)
GL 989B 2281 (2) 10 (3) 0.046 (0.008) - - -
AEqually good fits are obtained with 1 and 2 Gaussians (see text).
BModerate spectral resolution; narrow component unresolved.

not provide further constraints on the CH3OH/CO2 mixing ratio, nor the H2O/CO2

ratio. First, although the width of the absorption band is a good discriminator
between polar and apolar ices (Sect. 3), it depends only weakly on the relative
abundance of H2O and CH3OH in the ice (Fig. 4.2). Second, for peak positions in
the range 2277.5-2279.5 cm�1 there is an ambiguity between H2O, and CH3OH ices.
Good fits to the interstellar spectra can be obtained with H2O:CO2, CH3OH:CO2,
as well as H2O:CH3OH:CO2 ices at a range of temperatures. Thus, although we
can put an upper limit of CH3OH/ CO2 � 1, no lower limit to the CH3OH concen-
tration can be set from the broad 13CO2 component. Furthermore, for most objects
good fits are obtained for a wide range of H2O concentrations. In some lines of
sight we can put a significant lower limit H2O/CO2� 1, when fitting H2O:CO2 ices
(e.g. Elias 29, NGC 7538 : IRS9, W 33A). However, when adding CH3OH to the ice,
equally good fits with even lower H2O concentrations can be obtained.

The peak position of the narrow component is remarkably constant with a wei-
ghted mean of 2282.3�0:4 cm�1. The width is typically FWHM=3 cm�1, but for
some objects is quite different in the ISO–SWS up and down scans, which is reflec-
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FIGURE 4.8— The spectrum of NGC 7538 : IRS9 (top panel) compared to the laboratory spectrum
CO:CO2=100:21 (T = 10 K; dotted line), and a heated H2O:CH3OH:CO2=1:0.92:1 ice (T = 136 K;
solid line). The bottom panel shows S 140 : IRS1 compared to the same heated ice (solid line), as
well as a heated CO2 ice not containing CH3OH (H2O:CO2=1:6, T = 75 K; dashed), and a pure CO2
ice at T = 80 K (dotted). In both cases, the blue part of the 13CO2 profile is best fitted by a heated,
“segregated” ice, containing CH3OH.

ted in the error bars given in Table 4.2. This small width can be ascribed to 13CO2

interacting with apolar molecules (Figs. 4.2 and 4.7b). The accurate peak position
provides strong further constraints to the origin of this feature. Pure CO2 peaks at
2283.2 cm�1 at T = 10 K, and at 2282.9 cm�1 at T = 80 K. This fits the Gaussian peak
positions derived for NGC 7538 : IRS9, and W 3 : IRS5, but can be excluded for the
other lines of sight (Fig. 4.8). Very good fits are obtained by heated polar CO2 ices,
showing segregation behavior (Sect. 3). These ices must contain CH3OH, and may
contain H2O (but not necessarily) to provide a good match to the peak position
at 2282.0�0.4 cm�1 in all sources (Fig. 4.8). The initial CO2 concentration in these
heated ices must be in between 20-90%. At higher CO2 concentrations, the peak po-
sition and width are not well matched, while at very low CO2 concentrations, the
segregation (if occurring at all) does not show a change in profile upon heating (see
Sect. 3 and the CH3OH:CO2=1:10 ice in Fig. 4.3). Finally, satisfactory fits to the nar-
row features in GL 2591, and S 140 : IRS1 are also obtained by CO-rich ices, peaking
at 2281.7 cm�1. In this case, the mixing ratio is very specific, CO:CO2=100:(18�4).
However, in these lines of sight no CO ice was detected (van Dishoeck et al. 1996;
Gerakines et al. 1999; Table 4.4), and this mixture can be excluded. Concluding, the
detected narrow 2282 cm�1 component can be well fitted with a heated polar CO2

ice showing segregation. This ice must contain CH3OH (CH3OH/CO2>0.10) to fit
the exact peak position.



4.4 Results 77

Thus, comparison of the interstellar spectra with the laboratory simulations
suggests that the CO2 ice along several lines of sight has been subjected to heating.
The ice temperature at which the segregation takes place increases with increas-
ing CH3OH/CO2 and H2O/CO2 ratios. It is a gradual process, and it is possible
that both the observed broad and narrow features result from the same ice at one
specific temperature. Indeed, when comparing the observed peak frequencies and
widths (not fitting Gaussians) with the laboratory results, we find that toward most
lines of sight the 13CO2 ice band profile can be fitted with a single ice at a specific
laboratory temperature (Figs. 4.7a and 4.4.2). Good fits are obtained with an ice
in which CO2, CH3OH, and CO2 are about equally abundant, which is in good
agreement with studies of the 12CO2 bending mode (Gerakines et al. 1999). How-
ever, good fits are obtained with other mixing ratios as well. For objects showing
evidence for a separate 2282 cm�1 component (e.g. S 140, GL 2591), the ice must
contain at least some CH3OH to fit the peak position (CH3OH/CO2>0.10) and the
H2O abundance must not be too large (H2O/CO2<3). To fit W 33A with a single
ice, the CH3OH abundance must be at least 30% of CO2. In contrast, the object
R CrA : IRS2 must have an CH3OH/CO2 ratio less than �50% (note the offset
from the other sources in Fig. 4.7a). For the other objects, that can be fitted with
low temperature, non-segregated ices, the ice composition can be less constrained
(e.g. HH 100 : IR). If we do assume that the 13CO2 band profile originates from a
single ice, and it contains both CH3OH and H2O, the temperatures of the best fit-
ting laboratory spectra to the sources showing the 2282 cm�1 substructure are well
constrained within the range T = 115� 118 K (Figs. 4.7, and 4.4.2; Gerakines et al.
1999). At the long time scales in interstellar space the segregation takes place at a
much lower temperature of �77 K (Sect. 5.1).

However, we do emphasize that the same profile can be produced by separ-
ate ices, where the narrow component is due to a fully segregated “hot” ice close
to the protostar, and the broad feature results from a cold ice in the foreground
molecular cloud. This point is further illustrated in Fig. 4.9. We have fitted such
a 2 component ice to all interstellar profiles (Fig. 4.4.2). In order to quantify the
effect of heating, and compare the different lines of sight, we fitted a heated (non
Gaussian; Sect. 3) CO2 ice to the blue part of the observed profiles, and a Gaussian
to the residual. The column density of heated 13CO2 ice, or upper limit, is then
calculated. The shape of the 13CO2 profile of heated ices depends on the initial
ice composition, which we cannot significantly constrain. Therefore, the absolute
value of the heated 13CO2 fraction can be uncertain by a factor 2, but the relative
values between the different lines of sight are unaffected. Table 4.4 gives the results
of this analysis, using the ice mixture H2O:CH3OH:CO2=1:1:1 (T = 125 K). We find
that toward S 140 : IRS1, GL 2591, and GL 2136 half of the CO2 is in a segregated
state. A similarly large amount is found for W 3 : IRS5, and somewhat less toward
NGC 7538 : IRS9. The remaining objects have low upper limits. In particular, no
trace of heated, segregated CO2 is found toward W 33A, Elias 16 and GC 3.
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FIGURE 4.9— Laboratory fits to the 13CO2 band toward NGC 7538 : IRS9 (histogram curve),
showing the variety of ice temperatures and compositions that do provide good fits. (a) a single
component fit with H2O:CH3OH:CO2=1:0.6:1 at T =135 K. (b) a double component fit (solid line)
composed of H2O:CH3OH:CO2=1:1:1 at T =125 K (dots) added to H2O:CH3OH:CO2=1:0.6:1 at
T =10 K (dashes). (c) a double component fit (solid line) composed of H2O:CH3OH:CO2=1:1:1
at T =125 K (dots) added to H2O:CO2=7:1 at T =80 K (dashes).

4.4.3 CO2 column densities

Column densities of solid 13CO2 are listed in Table 4.4.3 and were derived by integ-
rating the optical depth in the frequency range 2269–2288 cm�1 and dividing this
by the integrated band strength A(13CO2). Laboratory experiments indicate that
A(13CO2) depends on the ice composition, but only weakly on temperature (Gerak-
ines et al. 1995). The band strength is 7:8 10�17 cm molecule�1 for pure CO2 ice, and
similar for the mixture H2O:CO2=1.6:1, but 15% lower for H2O:CO2=24:1. Since
in the interstellar medium typically H2O/CO2< 5 (Sect. 4.4), we take A(13CO2) =
7:8 10�17 cm molecule�1. Note that the variation of A(13CO2) seen in apolar CO and
O2 containing ices (Gerakines et al. 1995) is not applicable, since our study shows
that interstellar CO2 is absent in these ices. The errors were determined from the
average signal-to-noise values given in Table 4.1, and checked against the column
density obtained for the separate SWS up and down scans.

Using these 13CO2 column densities, we are for the first time able to calcu-
late the 12CO2/ 13CO2 abundance ratio from the solid state, in a large number of
sight-lines. The 12CO2 column densities were derived from the 12CO2 bending and
stretching modes (�4.27 and 15:2 �m; Gerakines et al. 1999). The column densities
derived from both modes agree very well within the error bars given in Gerakines
et al. (1999). Furthermore, the errors include ISO–SWS calibration uncertainties
(mainly applicable to the stretching mode) and uncertainties due to the continuum
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FIGURE 4.10—
Laboratory fits to the
interstellar 13CO2 band.
For each source, the
left panel gives a two
component fit with
the thin solid line rep-
resenting a mixture
of CO2 with H2O or
CH3OH. The dashed
line is the mixture
H2O:CH3OH:CO2=1:1:1,
heated to T =125 K,
where the CO2 has se-
gregated from the polar
component. There are
significant variations in
the relative contribution
of these components.
The thick solid line
is the sum of both
laboratory spectra. The
right panel shows for
each source the best fit
with H2O:CH3OH:CO2=
1:0.92:1 at the indicated
temperature. For sources
that do not give good fits
(e.g. HH 100 : IR), chan-
ging the mixing ratio
somewhat will improve
the fit at the indicated
temperature. The lumin-
ous protostars in the left
panels are ordered with
a decreasing CO2 ice
temperature.
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TABLE 4.3— The 13CO2 column density and the 12C= 13C ratio derived from solid CO2 and gas
phase CO.

Object N( 13CO2) 12C=13C RF
G

1016cm�2 CO2 COB kpc

GC 3 0.21 (0.04) 52 (11) 24 (1)C 0.5
W 33A 2.74 (0.21) 53 (8) 39 (1)D 4.5
GL 2136 0.73 (0.05) 107 (8) 6.1
Elias 29 0.83 (0.05) 81 (11) 7.8
R CrA : IRS2 1.17 (0.09) 73 (16) 7.9
HH 100 : IR 1.03 (0.08) 52 (11) 7.9
GL 2591 0.26 (0.03) 62 (10) 7.9
Elias 16A 0.47 (0.15) 98 (38) 8.2
S 140 : IRS1 0.38 (0.03) 111 (9) 8.4
NGC 2024 : IRS2 0.55 (0.13) 105 (33) 8.4
GL 989 0.62 (0.09) 84 (21) 62 (3) 8.7
NGC 7538 : IRS9 2.03 (0.12) 80 (11) 9.4
W 3 : IRS5 0.63 (0.13) 113 (37) 66 (4)E 9.7
A 13CO2 band corrected for photospheric OH
absorption lines
B Taken from Langer & Penzias (1990)
C Sgr B2, at (∆RA, ∆Dec)=(14.7’, 26.1’) from GC 3
D W 33(0,0), at (∆RA, ∆Dec)=(�6.0’,�3.8’) from W 33A
E W 3(OH), at (∆RA, ∆Dec)=(10.5’,�13.3’) from W 3 : IRS5
F Galacto-centric radius calculated from Galactic coordinates from
Simbad database and distances mentioned in Aitken et al. 1993
(GL 989, GL 2136, W 3 : IRS5), Chernin 1996 (NGC 2024 : IRS2),
Gürtler et al. 1991 (GL 2591, S 140, NGC 7538 : IRS9, W 33A), Whit-
tet 1974 (Elias 29), Saraceno et al. 1996 (HH 100 : IR, R CrA : IRS2,
Elias 16), Okuda et al. 1990 (GC 3).

determination, which is particularly difficult for the 12CO2 bending mode, since it
is blended with the bending mode of silicates. The objects not discussed in Gerak-
ines et al. (1999) generally have weak continua, and we assume an uncertainty of
20% in the 12CO2 column density (Boogert et al., in prep.).

The 12CO2/ 13CO2 column density ratio has a relative error less than 16% in 6
lines of sight (Table 4.4.3). However, laboratory experiments have shown that the
12CO2/13CO2 ratio cannot be determined with an accuracy better than 20% (Sand-
ford & Allamandola 1990; Ehrenfreund et al. 1997), unless the ice composition
is accurately known. The 12CO2/ 13CO2 ratio of integrated optical depths is 19%
lower in an H2O:CO2=1:10 ice compared to pure CO2, and 14% higher for H2O:
CO2= 5:1. For 3 objects with low statistical errors (GL 2136, GL 2591, and S 140),
we find that the CO2 is heated and segregated, closely resembling the band profile
of pure CO2. Thus, the band strengths are likely similar to pure CO2. However, for
Elias 29, W 33A, and NGC 7538 : IRS9 we cannot exclude that a large fraction of the
CO2 is embedded in an H2O-rich ice, and we conservatively assume a 14% error in
the 12CO2/ 13CO2 column density ratio for these sources.

Interesting variations in the 12CO2/ 13CO2 ratio are evident. Most objects have
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ratios between 70 and 110, but some are significantly lower, e.g. W 33A, GC 3 and
HH 100 : IR. We further discuss these results in Sect. 5.3.

4.4.4 Further constraints on the solid H2O/CO2 and CH3OH/CO2 ratios
The composition of interstellar CO2 ices can be further constrained by the CH3OH,
H2O, and CO2 column densities along the observed lines of sight. The H2O/CO2

ice column density ratio is typically� 5, but can be as high as 8 (GL 2136, GL 2591)
and as low as 1.5 (GC 3; Gerakines et al. 1999). Thus, although mixtures with
H2O/CO2�10 do provide good fits to most of the observed sources (e.g. W 33A,
R CrA : IRS2), these mixtures are unrealistic. Furthermore, observations of the
C–H stretching mode of CH3OH (3.54 �m) indicate that CH3OH/H2O�0.10 (Al-
lamandola et al. 1992; Chiar et al. 1996), resulting in typically CH3OH/CO2�0.50.
For some individual sources, the observed CH3OH/CO2 ratio is higher (W 33A:
CH3OH/ CO2= 1.90), or lower (Elias 16: CH3OH/CO2 <0.20). This is consist-
ent with our conclusion that the interstellar 13CO2 ice band for most sources is
best fitted with laboratory ices with a low CH3OH concentration, i.e. for which
0.1< CH3OH=CO2 � 1. To further limit the CH3OH/CO2 ratio in the ice, it is, in
particular for the low mass protostars, important to obtain very sensitive observa-
tions of the C–H stretching mode of CH3OH.

4.5 Discussion
4.5.1 Heating of CO2 ices
The 13CO2 ice band profile varies remarkably between the observed lines of sight.
Most significant is the detection of a narrow absorption line at�2282 cm�1 toward
the massive protostellar objects S 140 : IRS1, GL 2136, GL 2591, W 3 : IRS5, and
NGC 7538 : IRS9. None of the low-mass protostars show this component, nor do
some high-mass objects (W 33A, NGC 2024 : IRS2), the Galactic Center object GC 3,
and quiescent cloud material traced by Elias 16. Laboratory simulations indicate
that the distinct profile detected toward S 140 : IRS1, GL 2136, and GL 2591, can be
attributed to a heated, “segregated” polar CO2 ice.

In the scenario that the narrow�2282 cm�1 feature and the underlying broader
component originate from ices at different temperatures or compositions, we de-
rive that �50% of the CO2 along these lines of sight is present in such a heated
polar ice (Table 4.4). Toward NGC 7538 : IRS9, and W 3 : IRS5, we cannot exclude
that this narrow line originates from a pure CO2 ice. For the remaining objects, we
derive significant upper limits to the abundance of this heated CO2 ice.

To understand these variations, we compare the fraction of heated CO2 with
known physical parameters of the observed objects. Since the grains near pro-
tostars are heated by radiation from the central object, we compare, as a first at-
tempt, the heated CO2 fraction with the bolometric luminosity (Lbol). We find that
only sources with Lbol > 104 L� have detected heated CO2 components. Lower lu-
minosity objects have low upper limits to the heated CO2 abundance (Table 4.4;
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FIGURE 4.11— The fraction
of “heated” 13CO2 ice as a
function of bolometric lumin-
osity of the observed pro-
tostars (left panel) and the ra-
tio of hot and cold dust emis-
sion (right panel; see text).
The bullets without error bars
are upper limits to the heated
13CO2 fraction.

Fig. 4.5.1). This suggests that the observed narrow 2282 cm�1 line indeed results
from a heated CO2 ice. However, a notable exception is the luminous object W 33A
(Lbol � 105 L�; Gürtler et al. 1991), with less than 12% of heated CO2. Perhaps
W 33A is a less evolved protostar, with a less evolved hot core, still surrounded by
a significant amount of cold dust. The interstellar CO2 ice affected by segregation
must have a temperature of T = 50� 90 K (corresponding to laboratory temperat-
ures of �100–180 K; Ehrenfreund et al. 1998b; see below), depending on whether
the ice is H2O, or CH3OH–rich. Assuming the dust radiates as a blackbody, mod-
ified by a power law emissivity with index �1, this corresponds to dust radiating
at wavelengths of �25-50 �m. Non-heated ice, at temperatures of �20 K, radiates
near 100 �m. Hence, a useful parameter for comparison is the flux ratio

Fhot

Fcold
=

F(25 �m)+ F(60 �m)
2F(100 �m)

(4.1)

where F(25 �m), F(60 �m), and F(100 �m) are published IRAS and KAO fluxes. We
find that sources with a high heated CO2 fraction have a high hot/cold dust flux ra-
tio (Table 4.4; Fig. 4.5.1). And indeed, sources with low heated CO2 fractions, such
as W 33A, NGC 7538 : IRS9, and Elias 29, are surrounded by much larger fractions
of cold dust. Several independent temperature tracers confirm this picture.

Near-infrared CO observations indicate that a large fraction (�50%) of the gas
toward the objects with a detected 2282 cm�1 ice feature is hot, T = 400� 1000 K
(Table 4.4). In contrast, sources with a low heated CO2 fraction have a much lower
CO gas temperature. It must be noted that in all objects the temperature of the
hot CO gas is well above the ice sublimation temperature T = 90 K, and thus the
observed heated CO2 ice originates from a region outside the hot core. However,
the temperature of the cold CO gas component is in some lines of sight too low
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TABLE 4.4— Heated 13CO2 ice fraction and observed physical parameters from literature

Object NA
hot 13CO2

NB
hot CO Thot CO NC

apolar CO Lbol Fhot/FD
cold

% % K % ref. L� ref. ref.

S 140 : IRS1 41 (4) 41 (10) 390 nd [4] 3 104 [10] 0.47 [11]
GL 2591 56 (6) 56 (10) 1010 nd [2] 6 104 [10] 0.56 [11]
GL 2136 47 (4) 32 (16) 580 < 10 [3] 7.2 104 [9] 0.47 [16]
W 3 : IRS5 63 (8) 50 (25) 580 80 [3] 4.7 105 [18] 0.74 [15]
NGC 7538 : IRS9 32 (2) 2 (1.5) 180 92 (11) [1] 9.2 104 [14] 0.33 [17]
Elias 29 < 26 — — 88 [5] 36 [13] 0.26 [8]
W 33A < 12 52 (26) 120 26 (3) [1] 1.1 105 [10] 0.20 [11]
Elias 16 < 10 — — 86 (4) [6] — — —F —
GC 3 < 10 — — nd [7] — — —G [21]
R CrA : IRS2 < 30 — — 92 (34) [1] 12 [8] —G [19]
NGC 2024 : IRS2 < 17 — — 74 [3] 1 103 [12] —G [20]
HH 100 : IR < 29 — — 63 (7) [1] 14 [8] —G [19]
GL 989 —E — — 71 [3] 3.3 103 [11] 0.40 [11]
A hot 13CO2 ice column density in percentage of total N( 13CO2)
B hot CO gas column density in percentage of total N(CO gas); Mitchell et al. 1990
C column density of CO in apolar ice in percentage of total N(CO ice); object entries with “nd” show no solid CO absorption
D calculated as (F(25�m)+F(60�m))/2F(100�m)
E line profile unresolved
F not detected at FIR wavelengths
G observed FIR flux heavily contaminated by nearby objects
References: [1] Chiar et al. 1998; [2] van Dishoeck et al. 1996; [3] Tielens et al. 1991;
[4] Gerakines et al. 1999; [5] Kerr et al. 1993; [6] Chiar et al. 1995; [7] Schutte et al. 1998;
[8] Wilking et al. 1989; [9] Kastner et al. (1994); [10] Gürtler et al. (1991); [11] Henning et al. (1990);
[12] Maihara et al. (1990); [13] Chen et al. 1995; [14] Chini et al. 1986; [15] Werner et al. (1980);
[16] IRAS PSC; [17] Werner et al. (1979); [18] Berrilli et al. (1989); [19] Wilking et al. (1992);
[20] Thronson et al. (1984); [21] Glass (1988)
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to cause the CO2 ice to segregate (e.g. T = 28 K for S 140 : IRS1; Mitchell et al.
1990). Perhaps the observed hot CO2 ice originates from the interface between the
hot core and the cool surrounding medium. Indeed, other gas phase temperature
tracers (e.g. CH3CN, CH3OH; van der Tak et al. 1999) reveal temperatures that are
in between the cold and hot components found by CO studies.

Another useful temperature tracer is the CO ice abundance. In particular the
fraction of CO embedded in apolar ices depends highly on temperature, because
of its high volatility (Smith et al. 1989; Tielens et al. 1991). The objects with the
highest heated CO2 fraction, S 140 : IRS1 and GL 2591, have no detected CO ice
along the line of sight. This contrasts with W 33A, which even has a (weak) apolar
CO detection, again indicating that heating of ices is less important in this line of
sight compared to S 140 : IRS1, GL 2591, and GL 2136. All low-mass objects have a
high fraction of apolar CO, and at the same time a low heated CO2 fraction along
the line of sight.

Thus, in this two component scenario, we find that the relative depth of the
narrow 13CO2 component at 2282 cm�1 roughly correlates with the luminosity, the
dust and CO gas temperature along the line of sight, and anti-correlates with the
apolar CO ice abundance. This is further evidence that the observed feature can
be attributed to a heated polar CO2 ice, in agreement with the laboratory fits. In
particular for the luminous protostars, the different “amounts” of heated CO2 in
the various lines of sight indicate the different evolutionary stages of the objects.

A confirming view on this idea is obtained from the single component fits to
the 13CO2 band. The sequence of increasing best fitting temperatures between
the low and high luminosity objects, and among the luminous objects themselves,
shows the same trend, i.e. low temperatures for the low luminosity objects and
the highest temperatures for the massive protostars S 140, and GL 2591 (Figs. 4.7
and 4.4.2). Although the low luminosity objects can generally be fitted with any
temperature < 110 K, the temperatures of the least (W 33A; T=115 K) and most
(S 140; T=118 K) evolved luminous objects are extremely well constrained in an
interval of only 3 K. At the long time scales in interstellar space, this small temper-
ature difference can be translated to a difference in heating time at the amorphous-
crystalline phase transformation (segregation) temperature. Amorphous ice has a
highly disordered structure, characterized by a broad distribution of bond angles
between neighboring H2O molecules (Madden et al. 1978). In contrast, crystalline
ice has well defined bond angles. This broad distribution implies a range of ac-
tivation energies associated with the amorphous-crystalline phase transition. At a
relatively low temperature in the laboratory (T = 115 K), only the lowest barriers
can be surmounted. As the temperature increases (to T = 118 K), the higher bar-
riers can be scaled as well. Hence, this temperature range implies a variation in
barrier height by about 3%, with a typical height of Esegr=4600 K (calculated from
a 5500 K barrier at 140 K for pure ice; Tielens & Allamandola 1987). In interstellar
space time, rather than temperature, is the essential parameter. The time scale �segr

needed to surmount an energy barrier Esegr at temperature T is given by:

�segr = ��1
0 eEsegr=T (4.2)
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with �0 = 5 1013 s�1 the O–H bending mode vibration frequency (Tielens & Al-
lamandola 1987). As the protostar is formed, it heats the surrounding molecular
cloud, creating a so-called hot core region around it where the ice evaporates. Im-
mediately surrounding this region is a zone where the ice has been warmed suffi-
ciently to start the amorphous- crystalline phase transformation, corresponding to
the T = 115 K case in the laboratory. As time progresses, this phase transformation
progresses as well, and in essence, although the temperature does not change, the
interstellar ice corresponds to warmer and warmer (i.e. 115–118 K) laboratory ex-
periments. The typical time scale of evolution for hot core regions is � �3 104 years
(Charnley et al. 1992) and, applying Eq. 4.2, the laboratory temperature range of
115–118 K effectively corresponds to an age range similar to the hot core evolution-
ary time scale at a segregation temperature of�77 K. Thus, of the luminous objects,
W 33A and NGC 7538 : IRS9 would have the youngest and least evolved hot cores,
while S 140 and GL 2591 would be� 3 104 years older and have succeeded to heat
the surrounding gas and ice significantly. This is also particularly evident from the
CO gas temperature in these lines of sight (Table 4.4).

4.5.2 Chemistry of interstellar CO2

Interstellar CO2 is formed by oxidation of CO. This may happen by the reaction of
CO and atomic O accreted from the gas phase onto grain surfaces. The ice compos-
ition then provides clues to the gas phase abundances during accretion, convolved
with reaction efficiencies. The ratio of CH3OH/CO2 is a measure for hydrogen-
ation over oxidation reactions of CO. The 13CO2 profile provides an upper limit
CH3OH/CO2�1 in the ice, and thus oxidation of CO is at least as efficient as hy-
drogenation, despite the much larger atomic H abundance compared to atomic O.
At the same time, the solid H2O/CO2 ratio measures the gas phase (O+O2)/CO
ratio at accretion, since H2O is formed from O2 or O3. The 13CO2 profile does not
significantly constrain the solid H2O/CO2 ratio. It could be as high as the ratio
of column densities, i.e. H2O/CO2�5 (Gerakines et al. 1999). Further constraints
to the chemical conditions during CO2 formation on interstellar grains can be ob-
tained from the 12CO2 bending and stretching modes (Gerakines et al. 1999). In
particular, the prominent red wing in the bending mode is a signature for the pres-
ence of CO2:CH3OH complexes in interstellar ices (Ehrenfreund et al. 1998b).

An alternative way to form interstellar CO2 is through irradiation of CO con-
taining ices by ultraviolet (UV) photons. Even in “cold” sight-lines such as Elias 16,
the UV flux from the ISRF or induced by cosmic rays may be high enough to ex-
plain the observed CO2 abundance (see Whittet et al. 1998 for a quantitative discus-
sion). The oxygen atoms are liberated from H2O in polar ices, or O2 in apolar ices.
The interstellar 13CO2 profile does not show the narrow signatures of CO2 mixed
with apolar molecules such as CO and O2. Hence, if UV processing is the dominant
mechanism, CO2 most likely originates from polar CO ices. Indeed, interstellar CO
is present in significant quantities in the polar phase (Tielens et al. 1991; Chiar et
al. 1998).
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4.5.3 Galactic 12C/13C abundance ratio
The derived 13CO2, and published 12CO2, column densities were used to calculate
12C=13C abundance ratios (Table 4.4.3). It is the first time that the 12C=13C ratio is
determined from the solid state. Previously, gas phase molecules were used for
this purpose, observed at UV, optical, and radio wavelengths (see Wilson & Rood
1994 for an overview). C18O and H2CO observations yield an increasing 12C=13C
with Galacto-centric radius (Langer & Penzias 1990). This can be understood by
the different origin of 12C and 13C atoms. The 12C is rapidly produced by Helium
burning in stars, and injected into the interstellar medium by supernovae and AGB
stars. In later stellar generations, 12C seeds are converted to 13C in the CNO cycle
of low- and intermediate-mass stars, during their red giant phase. This is a much
slower process. Thus, the 12C=13C ratio is a measure for the enrichment of the inter-
stellar medium by primary to secondary stellar processes. The observed gradient
in the Galactic 12C=13C ratio can then be understood as a higher star formation rate
in the inner parts of the Galaxy (Tosi 1982).

The 12C=13C ratio derived from solid CO2 indicates the same trend as found in
gas phase studies (Table 4.4.3; Fig. 4.12). Low values are found near the Galactic
Center ( 12CO2/ 13CO2=52�11; GC 3) and in the molecular ring, at�4 kpc from the
Galactic Center (W 33A; 53�8). Objects at larger Galactic radii mostly have higher
12CO2/ 13CO2 ratios. We have fitted a linear relation to the 12CO2/ 13CO2 ratio as
a function of Galacto-centric radius, where, as in the gas phase studies, we exclude
the Galactic Center from the fit. We find the following relation, using the errors as
statistical weights:

(12CO2=
13CO2) = (4:5� 2:2)RG+ (48� 16) (4.3)

If instead we take an unweighted fit, like in some gas phase studies (Wilson & Rood
1994), we find a gradient of 6.5�4.5 and abscissa 33�21. Thus, the evidence for a
gradient in the 12C=13C ratio derived from solid CO2 is weak. Within the (rather
large) error bars, this gradient is comparable to the H2CO (6.6�2.0) and CO data
(7.5�1.2). It must be mentioned that a limitation of our analysis is the lack of solid
CO2 observations at low Galactic radii (3–6 kpc). We note that also in gas phase
studies (Wilson & Rood 1994), there is considerable scatter in the 12C=13C ratio, and
no clear trend at Galactic radii > 6 kpc is present either (Fig. 4.12).

Although the gradients agree well for CO2, CO, and H2CO, we find that 12C=13C
ratios derived from CO (ordinate�2:9�7.5 in Eq. 4.3) are systematically somewhat
smaller. A comparison of the gas and solid state 12C=13C ratios for individual ob-
jects is possible for only 4 sources. For all of these, our solid CO2 observations
yield higher 12C=13C ratios compared to gas phase CO observations (Table 4.4.3).
However, for both the overall linear fit (Eq. 4.3) and for these individual sources,
the differences are statistically small (< 3�). For a proper interpretation of these
possible differences it is important to note that the gas phase observations were
done several arcminutes away from our CO2 observations (Table 4.4.3). In the gas
phase, considerable variations of the 12C=13C ratio were reported within the same
region, such as within the W 33 cloud (Langer & Penzias 1990) and toward the su-
pernova remnant Cas A (Wilson & Rood 1994). In particular, comparison of our
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FIGURE 4.12— The ratio of solid 13CO2 and 12CO2 column densities, versus the Galacto-centric
radius of the observed sources (left panel). The solid line is a linear weighted fit to the data. The
right panel shows the 12C=13C ratio from gas phase studies (bullets: C18O, open circles: H2CO) as
taken from Wilson & Rood (1994). The dotted and dashed lines are linear fits to these gas data.

12CO2/ 13CO2 ratio toward the Galactic Center object GC 3 with the gas phase de-
termination toward the Galactic Center supernova remnant Sgr B2 is complicated
by the quite different stellar evolution history that these regions may have.

Finally, we determined that 12CO2/ 13CO2=69�15 (1 �) for the local ISM, by
taking a unweighted mean for the three objects located in the � Ophiuchi, and
Corona Australis clouds. We excluded Elias 16 from this mean, since it has a much
larger error bar than the other sources (Table 4.4.3). This value is comparable to the
12C=13C ratio in the local ISM, as determined from atomic C (58�12; Keene et al.
1998) and C+ (58�6; Boreiko & Betz 1996) observations, as well as from C18O and
H2CO observations (12C= 13C=77�7; Wilson & Rood 1994).

In summary, we find that the gradient of the 12C=13C ratio with Galacto-centric
radius is the same for solid CO2 and gaseous CO and H2CO. In this relation, the
values derived from CO, however, tend to be smaller compared to CO2 and H2CO.
The value for the local ISM ( 12CO2/ 13CO2= 69�15) is in reasonable agreement
with gas phase studies. These results could have important implications for our
knowledge of interstellar chemistry. Both gaseous CO and H2CO may have been
affected by chemical fractionation and isotope selective destruction (e.g. Langer
et al. 1984; Tielens 1997). If fractionation is an important mechanism, preferential
incorporation of 13C+ in CO, leads to low 12CO=13CO and high 12C+=13C+ ratios.
On the other hand, if isotope selective destruction dominates over fractionation,
13CO is preferentially destroyed, leading to high 12CO=13CO and low 12C=13C ra-
tios. Carbonaceous molecules derived from C+ or C would then have high or low
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12C=13C ratios, depending on the dominant process and chemical pathway. Our
lines of sight trace dense molecular clouds, and CO is the main reservoir of C.
Then, fractionation or selective destruction will highly influence the 12C(+)=13C(+)

ratio, but will hardly affect the 12CO=13CO ratio. The generally higher H12
2 CO/

H13
2 CO ratios compared to CO thus suggest that H2CO originates from C+ (Tielens

1997). Similarly, if indeed the 12CO2/ 13CO2 ratios are higher compared to CO,
this would imply that CO2 is formed from C+ rather than C or, as is generally as-
sumed, from CO (van Dishoeck et al. 1996). However, we must emphasize that
with the present large uncertainties in the 12C=13C ratios we cannot make strong
statements about the chemical pathway to form interstellar CO2. We expect that
with future improvements of the ISO–SWS data reduction, the large error bars in
the CO2 abundances for some sources (GL 989, NGC 2024 : IRS2, and W 3 : IRS5)
can be reduced. Furthermore, it is important to obtain 12CO/13CO ratios in the
same line of sight as our CO2 observations, preferably by absorption line studies
along a pencil beam. Observations of the solid 12CO/13CO ratio would be particu-
larly useful. This will also shed light on the origin of the large scatter seen in the
12C=13C ratio as a function of Galacto-centric radius for both solid CO2 (i.e. note
the particularly high value for GL 2136 in Fig. 4.12) and gas phase species. It has
been suggested that perhaps most of this scatter is real, and can be attributed to
local variations in the star formation history (Wilson & Rood 1994).

4.6 Summary and conclusions
We have presented ISO–SWS observations of the stretching mode of 13CO2 ice in
the spectral range 2255–2300 cm�1 (4.34–4.43 �m) in 13 Galactic lines of sight. All
sight-lines show an absorption feature with a peak position in the range 2276–
2280 cm�1, and a Gaussian FWHM of typically 6-9 cm�1. Additionally, the four
high-mass protostars GL 2136, S 140 : IRS1, GL 2591, and W 3 : IRS5, show a narrow
(FWHM�3 cm�1) absorption line at � 2282:3 cm�1. This feature is much weaker
or absent toward other high-mass objects (W 33A, NGC 7538 : IRS9), toward low-
mass protostars, the Galactic Center (GC 3), and quiescent molecular cloud mater-
ial (Elias 16).

These observational results are compared to laboratory experiments of the stretch-
ing mode of 13CO2 ice. We conclude that this band is a sensitive probe of the com-
position of interstellar ice mantles. The profile of the interstellar band can be fitted
in two different ways. First, the detected broad and narrow components could
originate from different ice components along the line of sight or within the same
ice mantle, similar to the double component CO ice band (Tielens et al. 1991). In
this scenario, the detected broad component of the interstellar 13CO2 ice band is
ascribed to a mixture of CO2 with polar molecules such as most likely H2O, and
CH3OH. The mixing ratio of CH3OH/CO2 in the ice can be constrained to an
upper limit of CH3OH/CO2�1, in agreement with the observed column densit-
ies along the lines of sight. The CH3OH/CO2 and H2O/CO2 ratios, as well as the
temperature of this broad component could not be further constrained. The nar-
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row 2282 cm�1 absorption feature detected toward several high-mass protostars
can unambiguously be ascribed to 13CO2 in a polar CO2 ice that has been heated to
temperatures of at least 50 K (in interstellar space). In such an ice, the bondings of
the CO2, and polar molecules are segregated and the CO2 band profiles resemble
those in a pure CO2 ice. To fit the exact peak position of the 2282 cm�1 feature,
the CO2 ice must contain at least some CH3OH (CH3OH/CO2> 0:1) and it may
contain H2O, but H2O/CO2< 3.

A second way to fit the 13CO2 band is with a single ice at a specific temperat-
ure. Most sources can be very well fitted with an ice in which CH3OH, H2O, and
CO2 are equally abundant, which is in good agreement with fits to 12CO2 bending
mode (Gerakines et al. 1999). Other abundance ratios do provide good fits as well,
although to fit the narrow 2282 cm�1peak (e.g. in S 140, GL 2591) the ice must con-
tain some CH3OH (CH3OH/CO2> 0:1), and not too much H2O (H2O/CO2< 3).
For sources showing evidence for this narrow component, the best fitting labor-
atory ices have a very specific temperature, ranging within a small interval of
T = 115 � 118 K (using H2O:CH3OH:CO2=1:0.92:1) for the luminous protostars.
Because of the long time scales in interstellar space, this laboratory temperature
interval corresponds to a heating time difference between the luminous protostars
comparable to the lifetime of hot cores (�3 104 years) at an amorphous-crystalline
phase transition temperature of �77 K.

To further test the hypothesis that interstellar CO2 ice is affected by heating,
we, following the aproach of two component ices, determine the ratio, and upper
limits, of heated 13CO2 to total 13CO2 column density. This quantity is compared
to known physical parameters of all objects (alternatively one could compare with
the CO2 temperature for single component fits). We conclude that the depth of the
2282 cm�1 feature roughly correlates with the luminosity, the dust and CO gas tem-
perature along the line of sight, and anti-correlates with the apolar CO ice abund-
ance. This is good evidence that the 2282 cm�1 feature can indeed be attributed to
a heated, polar CO2 ice, as concluded from the laboratory fits.

Finally, we have determined solid 13CO2 column densities. These were used
to derive 12C=13C ratios in all 13 sight-lines. It is the first time that the Galactic
12C= 13C ratio is determined from the solid state. Solid state studies are preferable
above gas phase determinations of the 12C=13C ratio, since the column density is
(excitation) model independent. Like in gas phase studies, we find low values
for the Galactic Center (GC 3; 12CO2/ 13CO2 = 52�11) and the Galactic molecular
ring (W 33A; 53�8), and higher values at larger Galacto-centric radii. The gradient
of the 12CO2/ 13CO2 ratio as a function of Galacto-centric radius (4.5�2.2 kpc�1)
agrees with the 12C=13C ratio derived from gas phase studies. Although for the
local ISM the ratio 12CO2/ 13CO2=69�15 is in reasonable agreement with gas phase
studies, we find that in general the 12CO2/ 13CO2 ratio, like for H2CO, tends to
be larger compared to CO studies (� 2:5 � difference). In the dense molecular
clouds that we have observed, where CO is likely unaffected by fractionation or
isotope-selective destruction, this would imply that interstellar CO2 is formed from
C+, rather than CO or C. However, to draw definite conclusions on interstellar
chemistry and on global and local variations in the Galactic star formation history,
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based on the difference between the 12C=13C ratios derived from solid CO2 and
gaseous CO, we emphasize that a systematic determination of the 12C=13C ratio
from atomic C(+), CO, and solid CO2 in individual lines of sight is needed. At
present, there is little overlap between our solid CO2 observations and published
gas phase observations. Furthermore, more accurate solid 12CO2/ 13CO2 ratios are
essential, and will be achieved with future improvements in the ISO–SWS data
reduction.
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CHAPTER 5

Observations of the interstellar solid 12CO2

bending mode

To be submitted to Astronomy & Astrophysics by A.C.A. Boogert, P.A. Gerakines,
P. Ehrenfreund, A.G.G.M. Tielens, P. Cox, Th. de Graauw, O. Kerkhof, E. Peeters,

P.R. Roelfsema, W.A. Schutte, M. van den Ancker, E.F. van Dishoeck, P.R.
Wesselius, D.C.B. Whittet

ABSTRACT. The evolution of interstellar ices is closely related to the formation and
evolution of protostars, by the effects of heating, ultraviolet irradiation, and shocks
induced by protostellar outflows. Observations of the 12CO2 and 13CO2 bands to-
ward deeply embedded, high mass sources with a hot core, indicate that the ices in
these sight-lines are thermally processed (Gerakines et al. 1999; Boogert et al. 1999). To
further investigate this, we analyze in this study observations of the solid 12CO2 bend-
ing mode toward a larger and more varied sample of high and low mass protostars.
Unexpectedly, we find that ultra-compact H II regions, thought to be more evolved
than hot core sources, have band profiles similar to the least evolved hot core sources.
We discuss the possible consequences for current models of massive star formation.
Furthermore, variations in the long wavelength wing of the 12CO2 bending mode in-
dicate different ice mantle compositions (presumably the CH3OH/CO2 ratio) in the
various lines of sight, indicating different CO, O and H abundances at the time of ice
mantle formation. Thus, the 12CO2 bending mode proves to be a powerful diagnostic
for both the thermal history, and the composition of interstellar ices.

5.1 Introduction
Space based observations have revealed that the CO2 molecule, along with species
such as H2O, CH3OH, and CO, is an important constituent of molecular clouds
and star forming regions (d’Hendecourt & de Muizon 1989; de Graauw et al. 1996;
d’Hendecourt et al. 1996; Gürtler et al. 1996; Whittet et al. 1998; Gerakines et al.
1999). The IRAS and ISO satellites have shown the prominent absorption bands
at 4.27 and 15.2 �m of the stretching and bending modes of solid 12CO2 toward

91
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protostars and quiescent molecular clouds. The derived solid 12CO2 abundance
is so large, typically 20% of H2O ice, that solid 13CO2, at a factor of � 70 lower
abundance, was detected in many sources as well (Boogert et al. 1999).

The profiles of the 12CO2 and 13CO2 bands were shown to vary significantly
from source to source (Gerakines et al. 1999; Boogert et al. 1999). In particular,
many sources show sharp substructures. Detailed modeling with laboratory ice
spectra has revealed that these are most likely the result of heating of the polar ice
(CO2 embedded in a matrix of H2O and CH3OH) by the nearby protostar. Thus,
the CO2 bands are a tracer of the thermal history of interstellar ices. Furthermore,
the band profile indicates that both CH3OH, and H2O must be mixed with CO2.
The relative abundance of these species provides important information on the
gas phase abundances of CO, atomic O, and H in the molecular cloud, during the
formation of these molecules on the surface of the grains. The information on the
mantle composition can also be used to constrain the at present highly uncertain
reaction efficiencies to form CH3OH and CO2 from CO (Tielens & Whittet 1997).

Previous studies have concentrated on deeply embedded, massive protostars,
in an early evolutionary stage, in or before the “hot core” phase. Sources with
more evolved hot cores were shown to have had a larger ice heating time. In the
study presented in this paper, we further investigate this result for a larger sample
of protostars, including the more evolved ultra-compact (UC) H II regions and a
number of low mass protostars.

The 14–16.5 �m observations are presented in Sect. 5.2, along with a description
of the data reduction technique. The laboratory results, discussed in Sect. 5.3, are an
essential tool to study the interstellar solid 12CO2 bending mode. The continuum
determination for the 12CO2 bending mode is particularly difficult in the presence
of deep silicate bands. This is discussed in Sect. 5.4.1. The band profile of the
interstellar band, and the variations seen between the various objects are described
in Sect. 5.4.2. The source to source variations are ascribed to differences in heating
time and ice mantle composition (Sect. 5.5).

5.2 Observations

We present 20 spectra of the 12CO2 bending mode (14–16.5 �m) toward a sample
of low, intermediate, and high mass protostars (Tables 5.1 and 5.2). We compare the
band profiles with 5 high mass objects, which were presented in Gerakines et al.
(1999; NGC 7538 : IRS9, W 33A, W 3 : IRS5, GL 2136, S 140 : IRS1). The spectra
were obtained with the Short Wavelength Spectrometer on board of the Infrared Space
Observatory (ISO–SWS; de Graauw et al. 1996; Kessler et al. 1996). Most spec-
tra were observed in the high resolution grating mode (R = �=∆� �1500; “SWS
AOT 06”), in a selected wavelength range (� 14� 16:5 �m). For most objects also
low resolution 2–45 �m spectra (“SWS AOT 01”) were available, and used for con-
tinuum determination for the 12CO2 bending mode (Sect. 5.4.1). For four objects in
our sample only low resolution spectra were available (Table 5.1). The data reduc-
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TABLE 5.1— Observed lines of sight

Object RA (1950.0) Dec (1950.0) Date RA

(h m s) (o ’ ”)

IRAS 18162-2048 18 16 13.0 �20 48 48 1997 Apr 14 1500
IRAS 18479-0005 18 47 57.0 �00 05 33 1997 Oct 31 1500
IRAS 19110+1045 19 11 00.4 +10 45 43 1997 Mar 29 250
DR 21/1 20 37 14.1 +42 09 04 1997 Oct 15 1500
DR 21/2 20 37 13.5 +42 09 01 1997 Apr 29 1500
IRAS 19442+2427 19 44 13.7 +24 28 05 1997 Apr 25 1500
K 3-50 19 59 50.2 +33 24 19 1996 Dec 04 800
NGC 2024 : IRS2 05 39 14.3 �01 55 58 1997 Sep 13 1500
NGC 6334 : IRS1 17 17 32.3 �35 44 04 1996 Feb 19 250
W 3 : IRS4 02 21 43.4 +61 52 49 1997 Feb 13 1500
Cep A : IRS6a 22 54 19.7 +61 45 57 1998 Mar 07 250
Elias 1 04 15 34.6 +28 12 01 1997 Sep 19 400
Orion IRC 2 05 32 46.8 �05 24 24 1997 Sep 06 1500
W 28 17 57 27.0 �24 03 54 1997 Mar 17 1500
R CrA : IRS2 18 58 19.0 �37 02 50 1997 Mar 25 1500
HH 100 : IR 18 58 28.1 �37 02 29 1997 Mar 25 1500
L 1551 : IRS5 04 28 40.2 +18 01 41 1997 Sep 17 1500
CK 1 18 27 25.2 +01 12 01 1996 Mar 25 1500
R CrA : IRS7 18 58 32.8 �37 01 39 1996 Mar 20 1500
Sgr A-W : IRS3 17 42 28.9 �28 59 13 1997 Mar 14 1500

A resolving power �=∆�

tion was performed with the ISO–SWS Interactive Analysis (IA) package at SRON
Groningen in June-July 1998, corresponding to version 6 of the pipeline. The 14-
16.5 �m region is heavily affected by instrumental fringing. We removed these by
fitting a series of sine and cosine curves, using the “fringes” routine in IA. The steps
after the pipeline processing, such as sigma clipping, flat-fielding and re-binning,
are described in Boogert et al. (1998). Particular care was taken in removing large
cosmic ray hits and signal jumps (“pop-corn” noise), by comparing the different
detector scans. Some scans were so much affected, that they were removed from
the data, before averaging the scans to the final spectrum. The fully reduced, con-
tinuum subtracted (Sect. 5.4.1), spectra are presented in Figs. 5.4 and 5.5.

5.3 Laboratory CO2 studies

To analyze the interstellar 12CO2 absorption band profiles, we compare to labor-
atory spectra of solid CO2 in various ices at a range of temperatures (Ehrenfreund
et al. 1997; 1998b; in prep.). The absorption shape of the 12CO2 bending mode is
very sensitive to both ice temperature and composition. In pure CO2, the vibration
is doubly degenerate, and there are two peaks, at 654.7 and 659.9 cm�1, not de-
pending strongly on temperature. These peaks disappear in mixtures with apolar
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FIGURE 5.1— The 12CO2
bending mode of the ice
H2O:CH3OH:CO2=1:1:1 at a
range of temperatures, showing
the segregation behavior dis-
cussed in Sect. 5.3. The spectrum
at high temperatures resembles
the typical double peaked profile
of pure CO2 ice.

molecules, such as CO, O2, and N2, but the profile can broaden with more than a
factor of 2, up to FWHM�12 cm�1. A much larger broadening of the profile, up
to FWHM�25 cm�1, occurs in mixtures with polar molecules, such as H2O, and
CH3OH. A particularly strong long wavelength wing, extending from 15.35 �m
to at least 16.0 �m (652–625 cm�1), is present in mixtures containing CH3OH. It is
attributed to the formation of stable CH3OH.CO2 complexes, where the CO2 mo-
lecules act as a Lewis acid (Ehrenfreund et al. 1998b). If the CH3OH/CO2 mixing
ratio is large enough (� 1) this “wing” is very pronounced and peaks at�650 cm�1

(15.40 �m). This peak is stronger in mixtures with higher alcohols, such as C2H5OH
(Ehrenfreund et al. 1998b). When the temperature is increased to over 100 K in the
laboratory, this long wavelength wing disappears. The two peaks characteristic for
pure CO2 ice appear upon heating of these polar ices (Fig. 5.1). This behavior is in-
terpreted as ice segregation, in which the polar molecules form a strong hydrogen
bonding network, and the CO2 molecules are forced in clusters by themselves. The
detailed origin of these spectroscopic changes are at present under investigation,
although it seems likely that after heating a polar CO2 ice a spatial separation ex-
ists between the polar molecules and CO2. Crystalline phases of H2O ice enclosing
0.1 �m size pockets of CH3OH were observed in heated H2O:CH3OH ices as well
(Blake et al. 1991).

Apart from the effects of temperature and ice composition, the shape of a strong
absorption band such as the 12CO2 bending mode, depends on the size and shape
of the ice particle. For this, accurate optical constants of the ice are needed. At
present, the optical constants presented in various studies are very different and
the importance of corrections for the grain shape is uncertain. The different avail-
able optical constants for the 12CO2 bending mode (as well as the stretching modes
of CO and CO2), and the effect on the band profile are discussed in Chapt. 6. It has
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FIGURE 5.2— The 12CO2 bend-
ing mode of the heated segreg-
ated ice H2O:CH3OH:CO2=1:1:1
at T =136 K (solid line) compared
with (top, dotted line) the profile
of a pure CO2 ice (T=80 K) as ob-
served in the laboratory. The dot-
ted lines in the three lowest pan-
els represent the calculated profile
for a pure CO2 particle (T=80 K) in
a medium of H2O/CH3OH ice: a
sphere, an oblate spheroid, and a
CDE model. We have not attemp-
ted to fit the long wavelength
wing, since it is ascribed to inter-
actions with CH3OH molecules.

been suggested in the literature that particle shape effects do not play an import-
ant role, since good fits to the 12CO2 bending mode are obtained by the laboratory
transmission spectra (Ehrenfreund et al. 1998b). This may imply that the stud-
ies which derive the “weakest” optical constants are applicable (lowest n2 � k2;
Chapt. 6). A perhaps more interesting explanation may be that the structure of
the laboratory ice, i.e. clusters of CO2 ice embedded in H2O and CH3OH matrices,
closely resembles that of interstellar ice. Particle shape effects could then play an
important role in the laboratory as in space, and indeed, good fits to the 12CO2

bending mode are obtained by heated, segregated ices (Ehrenfreund et al. 1998b;
Gerakines et al. 1999). At the interface of the CO2 clusters with the surrounding
medium, surface modes will arise due to the difference in polarizability of these
ices. Then the 12CO2 absorption bands are modified in a way described in Chapt. 6,
depending on the shape of the CO2 clusters. We have tested this hypothesis, by
calculating the 12CO2 absorption band profile for pure CO2 particles with vari-
ous shapes, embedded in an H2O/CH3OH medium. Unlike the pure CO2 profile
observed in the laboratory, the calculated profiles (using the optical constants of
Ehrenfreund et al. 1997) match the spectrum of the heated, segregated ice very well
(Fig. 5.2). The optical constants of the surrounding H2O/CH3OH medium depend
on the H2O/CH3OH ratio and the temperature, but do not influence significantly
the shape of the absorption profile. However, the CO2 temperature is much more
important. The short wavelength wing of the segregated ice is best fitted when
using the optical constants of heated pure CO2 ice (T = 80 K), as expected. While
the peak positions are well matched, the width of the 661 cm�1 peak is too low,
when assuming spherical CO2 clusters. Better fits are obtained with prolate and
oblate spheroids with an axis ratio of �0.5. An equally good fit is obtained with a
continuous distribution of ellipsoids (CDE), suggesting that the CO2 clusters are ir-
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FIGURE 5.3— (a) the continuum de-
termination of the 12CO2 bending
mode. Two sources are shown, one
with a deep (NGC 7538 : IRS9), and
one with a very weak silicate band
(IRAS 19442). The dotted line is the as-
sumed global continuum. The dashed
line in the top spectrum is the silicate
band of the source GC 3 added to the
global continuum, indicating the pres-
ence of a long wavelength wing in the
CO2 ice band. After division by these
continua, the bottom panel (b) shows
a focus on the optical depth spectra.
Note that in panel (a) we give the low
resolution spectra (R = 250), and in
panel (b) the high resolution (R=1500)
spectra, which have better signal-to-
noise and show the presence of the
long wavelength wing

regularly shaped. Unfortunately, no high temperature pure CO2 optical constants
are available from the studies of Baratta et al. (1999) and Trotta (1996), but it is
clear that the constants of Trotta (1996) are so weak, that the band profile of the
segregated ice cannot be reproduced for any cluster shape.

5.4 Results

5.4.1 Continuum determination and CO2 column densities

The continuum determination for the 12CO2 bending mode is not straightfor-
ward for those sources showing deep silicate absorption bands (Gerakines et al.
1999). It is important to investigate a proper continuum choice, both for analyzing
the band profile and for determining column densities (which for example affects
the solid 12CO2/ 13CO2 ratios; Chapt. 4). Drawing a local straight line continuum
between the sharp edges of the CO2 band at 14.7 and 15.8 �m can give up to�25%
lower integrated depths compared to more sophisticated methods to correct for
the shape of the underlying silicate absorption bending mode. In Gerakines et al.
(1999), the continuum is determined by fitting a low order polynomial to the spec-
tral regions at 14–14.5 �m and 22–25 �m, and then removing the silicate band by
fitting a Gaussian to it. This reveals the presence of a long wavelength wing to
the CO2 ice band extending to at least 16.0 �m, in agreement with the laboratory
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spectra. To further investigate this issue, we have compared the profile of the silic-
ate bending mode with sources not showing strong CO2 ice absorption, such as
the Galactic Center source GC 3 and OH–IR objects. Although the silicate band
profile changes in different sources, we find that indeed there is good evidence
for the presence of a long wavelength wing on the 12CO2 ice band (Fig. 5.3). Fur-
thermore, the UC H II sources in our sample (except IRAS 18479) show very weak
silicate bands, but still there is evidence for a long wavelength wing in the CO2 ice
band (Fig. 5.3). The precise extent of the wing is rather uncertain (Gerakines et al.
1999), since the intrinsic shape of the silicate band is unknown, and may vary from
source to source. And also, in several cases the signal-to-noise is too low to detect
the wing. Generally, using these results, we proceed by fitting a low order poly-
nomial to the regions 13.0–14.6 �m, and 25.6–27.8 �m, and fitting two Gaussians,
with reference to the silicate spectrum of GC 3, to find a proper continuum. For
some sources, such as W 3 : IRS4, and L 1551 : IRS5 only data in a limited spectral
range was available. However, in the flux spectrum the short and long wavelength
sides of the CO2 band do match quite well, suggesting that the silicate band is not
very deep in these sources.

From the optical depth spectra, we calculate column densities by integrating
the optical depth, and dividing by the 12CO2 bending mode band strength A =
1:1 10�17 cm molecule�1 (Gerakines et al. 1995). The given errors (Table 5.2) include
systematic differences between the two ISO–SWS scans. For sources with deep
silicate bands, the continuum determination is the largest uncertainty. It mainly
affects the massive “hot core” sources, and the given errors include an estimate of
this uncertainty (Table 5.2; Gerakines et al. 1999).

5.4.2 Band profile of the interstellar 12CO2 bending mode

The bending mode of solid interstellar 12CO2 extends over the frequency range
625–675 cm�1 (14.8–16.0 �m). The profile varies significantly between the 20 ob-
served lines of sight. Eight sources show two sub-peaks, one appearing at 655.8�
0.5 cm�1 (15.25�0.01 �m) and one at 661�1 cm�1 (15.13�0.02 �m). The 655.8 cm�1

peak does not shift between the sources, but the 661 cm�1 peak is shifted by+2 cm�1

for Cep A and W 3 : IRS4. In four sources with good signal-to-noise spectra these
two peaks are clearly absent (Sgr A-W : IRS3, NGC 2024 : IRS2, R CrA : IRS2,
and R CrA : IRS7). Additionally, the depth of the wing at frequencies less than
�653 cm�1 varies in the various lines of sight. Sometimes (e.g. DR 21, S 87) a third
peak is present in this wing at �650 cm�1 (15.38 �m).

To quantify the variations seen in the band profiles, we determine the depth
of the 655.8 cm�1 peak relative to the local minimum at �658 cm�1, as well as the
depth of the long wavelength wing at 650 cm�1, relative to the 655.8 cm�1 peak at
optical depth scale. Subsequently we have subdivided the sources in three groups,
with low, medium, and high 655.8 cm�1 peak depths. We find that within each
group, the long wavelength wing varies considerably (�20%). Thus, we conclude
that the depths of the 655.8 cm�1 peak and the long wavelength wing are not well
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Figure 5.4: a–c the observed 12CO2 bending mode on optical depth scale, normalized by multiplication with the given
factor. Panel (a) shows the sources with the weakest 655.8 cm�1 peak, panel (b) the sources with stronger peaks, and
panel (c) the strongest peaks. In each panel, the sources are ordered with increasing relative depth of the shoulder at
650 cm�1. Objects indicated with a (�) were presented in Gerakines et al. (1999).
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Figure 5.5: same as in Fig. 5.4, but here for sources not showing the sharp peaks (Panel (a)), again ordered with
increasing depth of the long wavelength wing. Panel (b) shows the sources with spectra that suffer from low signal-to-
noise, systematic errors or continuum determination problems and could not be properly classified.
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correlated.

These observed variations in the band profile of the bending mode of 12CO2

can be explained by a combination of different ice temperature and composition.
In Fig. 5.6 we have plotted the depth of the 655.8 cm�1 peak as a function of the
depth of the long wavelength wing, as described above, for a number of laborat-
ory experiments. The varying depth of the 655.8 cm�1 peak can be ascribed to a
different temperature of the polar ice (Figs. 5.7– 5.10). At a given 655.8 cm�1 peak
depth, the variations of the wing depth in the various sources indicate different
ice compositions. Clearly, the long wavelength wing cannot be fitted to any of the
observed sources by a CO2–rich ice (H2O:CO2=1:6). Polar ices are needed to fit the
long wavelength wing. In particular, CH3OH-containing ices show a prominent
wing, and good fits are obtained with CH3OH:CO2�0.5:1. However, CH3OH:CO2

ices do not fit the short wavelength wing, which is achieved by adding H2O to the
ice. Since H2O:CO2 ices also show absorption at the long wavelength wing, the
exact ratio of H2O/CH3OH in the ice cannot be easily determined from the band
profile alone. Given a very constant H2O/CO2 column density ratio in a large num-
ber of sight lines (Gerakines et al. 1999), the variations in the wing are presumably
caused by variations in the CH3OH abundance in the ice (see also Sect. 5.5.2). As-
suming that H2O/CO2=1, most sources are well fitted by H2O:CH3OH:CO2=1:1:1.
Several sources (e.g. R CrA : IRS2, NGC 7538 : IRS9, Cep A : IRS6a) can only be
fitted at lower CH3OH concentrations (CH3OH/CO2�0.5). We conclude that both
the ice temperature and ice composition vary in the observed lines of sight.

Thus far we have considered that the 12CO2 bending mode is caused by a single
ice at one temperature. It is however possible that, as for solid CO (Tielens et al.
1991), ices with a different composition and/or temperature are present along the
line of sight. The observed 655.8 and 661 cm�1 peaks then could be caused by
strongly heated ice near the protostar, superposed on a much broader component.
The underlying broad component can either be a cold, un-segregated polar ice,
or a hot polar, CO2-poor ice. To investigate this, we constructed synthetic spectra
with a varying contribution of the segregated component to the total optical depth
(Figs. 5.7– 5.10). At each ratio we determined the strength of the 655.8 cm�1 peak
and the long wavelength wing at 650 cm�1, similar to the interstellar spectra. For
the segregated ice we took the mixture H2O:CH3OH:CO2=1:1:1 at T=125 K. For the
non-segregated component we used several ices, and also investigate the possible
effect of particle shape on the absorption profile. For the ice H2O:CO2=14:1, as also
used in Gerakines et al. (1999), good fits to the long wavelength wing are obtained
after particle shape corrections only. The same is true for other H2O–rich ices, such
as H2O:CH3OH:CO2=1.7:0.64:1, and 7:0.6:1. For the H2O–poor ice H2O:CO2=0.8:1,
good fits are only obtained without particle shape corrections. Thus, if the op-
tical constants that we used are correct, which is sustained by the calculations in
Sect. 5.3, we can conclude that, in this two component model, the underlying broad
component is H2O–rich. The segregated/total optical depth ratios for the various
sources can be read from Fig. 5.6. The highest ratios of �0.50 are obtained for
S 140 : IRS1 and W 3 : IRS4. The high mass objects GL 2136, W 3 : IRS5, and
Cep A: IRS6a have a ratio of � 0:25. All other objects, including low mass pro-
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FIGURE 5.6— depth of the 15.25 �m (655.8 cm�1) peak versus depth of the long wavelength wing
at 15.39 �m (650 cm�1), as defined in Sect. 5.4.2, for all sources with reliable spectra. The open
circles are for sources with upper limits to the 655.8 cm�1 peak depth. The solid and dashed lines
in the top panel represent the laboratory spectra for different ice compositions and temperatures.
The lines in the bottom panel indicate the depth of the 655.8 and 650 cm�1 peaks for a synthetic
spectrum, composed of the indicated mixture and an increasing relative amount of hot, segregated
ice as given by the numbers. For the hot component we took H2O:CH3OH:CO2=1:1:1 at T = 125 K.
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tostars, the Galactic Center, and the UC H II regions have even lower segregated
ice fractions. Note that the difference with the ratios obtained for high mass pro-
tostars (e.g. W 33A) in Gerakines et al. (1999; their Table 6) is caused by the use of
different temperatures for the segregated component.

5.5 Discussion

5.5.1 Thermal processing of CO2 ices

The solid 12CO2 bending mode profiles indicate that interstellar ices are affected by
thermal processing. Our observations allow us to determine the thermal history of
the ice toward a sample of protostars at a range of luminosities and evolutionary
stages. Not only does this provide information on the evolution of interstellar ices,
it may also be useful as an indicator of the evolutionary stage of protostars.

In the formation process of a high mass star, the heat-up starts when after a
period (� 105 yr) of free-fall collapse, an optically thick, hydrostatic core is formed.
The core grows and further heats by accretion of matter from the surrounding en-
velope until it is hot enough to start nuclear burning and the main sequence is
reached. At this stage, the star is still deeply embedded in the parental molecular
cloud. The immediate surrounding high density material is heated sufficiently by
the central star to evaporate the ice mantles. This is the hot core phase, in which
a rich gas phase chemistry is driven, and lasts for a period of � 3 104 yr (Charn-
ley et al. 1992). As the density near the star becomes sufficiently low, perhaps
through clearing by the stellar wind, an ultra-compact H II (UC H II) region is
formed. These ionized regions have a size typically � 0:03 pc, electron density
ne > 104 cm�3, and an emission measure EM> 107 pc cm�6 (Churchwell 1991).
Many, perhaps all, UC H II regions are associated with a bow shock, created by
the massive star moving with a few kilometers per second through the molecular
cloud. When the star has moved out of the dense cloud core, or when it has des-
troyed most of the natal cloud, its radiation creates a much larger, “classical”, H II
region, or a “blister” when it is at the edge of the molecular cloud.

Our sample contains a number of hot core sources, as well as UC H II regions.
The hot core sources show a range of strengths of the substructure in the CO2

ice bands, corresponding to a heating time difference between the least (W 33A,
NGC 7538 : IRS9), and most (S 140 : IRS1) evolved hot core sources comparable to
the lifetime of the hot core (� 3 104 yr.; Chapt. 4). In this evolutionary picture, one
would expect that UC H II regions are at the end of this heating sequence. How-
ever, the 12CO2 band profile resembles the earliest phase of this thermal processing,
i.e. similar to W 33A. This could have several possible explanations. First, the ice
along the line of sight of hot cores may be composed of a heated, segregated, and
a cold component. In the evolution to an UC H II region, the heated component



5.5 Discussion 103

FIGURE 5.7— Fits of laboratory ice spectra to the bending mode of interstellar solid 12CO2. From
top to bottom the sources with a weak 655.8 cm�1 peak are shown (as in Fig. 5.4a). The right panel
for each source gives the laboratory ice H2O:CH3OH:CO2=1:0.92:1 at the indicated temperature
(thick line). The left panel always shows a synthetic spectrum (thick line), composed of the se-
gregated ice H2O:CH3OH:CO2=1:1:1 at T = 125 K (dashed line) and the polar ice H2O:CO2=14:1,
corrected for CDE grain shapes. In both cases, no attempt was made to fit the long wavelength
wing in detail, but may be achieved by changing the CH3OH abundance.
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FIGURE 5.8— Same as Fig 5.7, but here for the sources with a larger 655.8 cm�1 peak (as in
Figs. 5.4b and c).
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FIGURE 5.9— Same as Fig 5.7, but here for the sources without sub-peaks (as in Fig. 5.5a).
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FIGURE 5.10— Same as Fig 5.7, but here for the sources with lower quality spectra (as in Fig. 5.5b).
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TABLE 5.2— Solid CO2 column density and physical parameters of observed sources

Object Lbol N(CO2)A N(CH3OH)
N(CO2) Notes

L� 1017 cm�2

Compact H II regions:
IRAS 18162-2048 2 104 7.7 (0.3) - -
IRAS 18479-0005 1.8 106 4.5 (0.4) - -
IRAS 19110+1045 1 106 3.7 (0.4) - -
DR 21/1 <5 105 11.2 (0.2) - -
DR 21/2 <5 105 9.3 (0.2) - -
IRAS 19442+2427 5 104 9.9 (0.2) - -
K 3-50 > 106 1.1 (0.1) - -
W 28 : A2(1) 3 105 1.5 (0.1) - -
High mass “hot core” regions:
NGC 2024 : IRS2 1 103 4.1 (0.4) - Herbig Be
NGC 6334 : IRS1 5 104 2.2 (0.1) - -
W 3 : IRS4 1 104 3.3 (0.2) - -
Cep A : IRS6a 2.4 104 11.6 (0.3) - -
Orion IRC 2 5 104 1.9 (0.1) - -
W 33A 1.1 105 14.5 (1.3) 1.4 [1], [5]
NGC 7538 : IRS9 9.2 104 16.3 (1.8) 0.2 [1], [5]
W 3 : IRS5 4.7 105 7.1 (1.8) < 0:1 [1], [5]
GL 2136 7.2 104 7.8 (0.3) 0.3 [1], [5]
S 140 : IRS1 3 104 4.2 (0.1) < 0:5 [1], [5]
GL 7009S 2 104 25 1.5 [2], [3]
Low mass protostars:
R CrA : IRS7 2.3 17.7 (1.2) - Class 0
R CrA : IRS2 12 8.2 (0.1) < 0:24 Class I, [4]
HH 100 : IR 14 5.9 (0.3) - Class I
L 1551 : IRS5 33 11.6 (2.0) - Class I
CK 1 <30 7.2 (0.9) - Class I
Elias 1 38 2.9 (0.2) - Class I
Galactic Center:
Sgr A-W : IRS3 - 2.32 (0.02) - -

A solid CO2 column density from bending mode
References: [1] Gerakines et al. (1999); [2] Dartois et al. (1998b);
[3] Ehrenfreund et al. (1998b); [4] Chiar (priv. comm.); [5] Chiar et al.
(1996)
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may have evaporated in the warm dust cocoon and we see only the cold compon-
ent in the foreground. However, in this scenario, one would expect that the solid
CO2 column densities toward UC H II regions are significantly smaller compared
to hot cores, which is clearly not the case (Table 5.2). Second, the UC H II regions
may have been formed on a time scale short compared to the thermal processing
time scale. Or, those objects that show the latest stage of thermal processing (e.g.
S 140 : IRS1), somehow delayed the formation of an UC H II region. These early
stages are not well understood, but may be related to the properties of the stellar
wind, cleaning the circumstellar environment and setting the stage for the forma-
tion of the UC H II region. Alternatively, the formation of the UC H II region may
be related to the motion of the protostar in the parental molecular cloud core. In
this case, the protostars that show the most extensive thermal processing, are those
that move the slowest and have not yet escaped the high density of their birth sites.
At this stage, we cannot separate these different scenarios. In any case, studies of
ices may provide important constraints on the formation and evolution of massive
stars.

None of the low mass objects in our sample shows strong substructures in the
12CO2 bending mode, thus indicating that the ice in these sightlines is not strongly
affected by thermal processing. This cannot be simply attributed to the 3 orders of
magnitude lower luminosity, compared to the high mass protostars. The temperat-
ure and density gradients in protostellar envelopes are scale-free, i.e. independent
of the luminosity of the central source (Ivezic & Elitzur 1997). Instead, the infrared
spectrum, and thus the relative amount of heated ice near the protostar, is determ-
ined by the total column along the line of sight. Indeed, all low mass objects in our
sample have CO2 column densities higher than the high mass objects showing the
largest effect of heating (W 3 : IRS4, S 140; Table 5.2). All our low mass objects are
in an early evolutionary stage (Class 0 or I) and, besides unprocessed CO2 ice, also
show large amounts of volatile, apolar ices (e.g. Chiar et al. 1998). These low mass
objects are located in large molecular cloud complexes and a large fraction of the
ice along the line of sight may not be directly associated with and heated by the
protostar. Of particular interest is the featureless 12CO2 band toward the Galactic
Center source Sgr AW : IRS3. Most likely, we see quiescent molecular cloud ma-
terial along the line of sight to the Galactic Center. However, unlike the low mass
protostars, no solid CO has been detected toward the Galactic Center (e.g. Lutz et
al. 1996), indicating that the dust temperature must be larger than the interstellar
solid CO sublimation temperature of 17 K (e.g. Tielens & Whittet 1997). In sup-
port of this, we note that the dust in the Galactic Molecular ring has a temperature
T = 21� 1 K, whereas it is T = 18� 1 K in the local ISM (Sodroski et al. 1997).

5.5.2 Ice mantle composition

We detect source to source variations in the strength of the long wavelength
wing of the CO2 ice band. These variations are independent of the depth of the
656 and 661 cm�1 peaks, and thus are likely not the effect of heating. Instead, they
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may well indicate different ice mantle compositions in the various lines of sight.
An important contributor to the wing is the presence of CH3OH in the CO2 ice,
and thus different CH3OH concentrations can explain the variations (Fig. 5.6). Re-
latively high CH3OH/CO2 ratios (� 1) are needed, for example, for W 33A, and
GL 7009S, and at least a factor of 2 less for NGC 7538 : IRS9, R CrA : IRS2, and
W 3 : IRS5. This explanation is supported by the much lower ratio of directly meas-
ured CH3OH/CO2 column densities for the latter sources, compared to W 33A and
GL 7009S (Table 5.2). An exception is GL 2136 for which a CH3OH/CO2 ratio of
at least 1 would be expected in the ice, but the column densities indicate a much
lower ratio of 0.3 (Table 5.2). GL 2136 is otherwise remarkable in the sense that it
has the strongest 650 cm�1 (15.38 �m) peak in our sample. Such a distinct peak is
not seen in CH3OH:CO2 ices, but is more pronounced in mixtures with other bases
such as C2H5OH (ethanol; Ehrenfreund et al. 1998b). Then for GL 2136 perhaps ad-
ditional molecules besides CH3OH are responsible for the long wavelength wing
and the 650 cm�1 peak in the 12CO2 bending mode. This may also be the case for
the sources DR 21, GL 7009S, and perhaps L 1551 : IRS5, which show the 650 cm�1

peak as well (Fig. 5.4; Ehrenfreund et al. 1998b). It seems however unlikely that
C2H5OH is a viable candidate, since it is at least a factor of 5 less abundant than
CH3OH in the ice (Boudin et al. 1998). Furthermore, no gas phase C2H5OH was
found in the hot core of GL 2136 (Boonman et al., in prep.). An important test will
be the observation of solid CH3OH in more lines of sight, since, in this picture, the
CO2 bending mode predicts a high CH3OH abundance for example in L 1551 : IRS5
(CH3OH/CO2> 1), and a low abundance for Cep A : IRS6A (CH3OH/CO2�0.5).

We finally note that a higher H2O concentration in the H2O:CH3OH:CO2 ice
decreases the strength of the long wavelength wing. H2O molecules form hydrogen
bonds with CH3OH, thus inhibiting the formation of CO2.CH3OH bondings, and
resulting in a weaker long wavelength wing (Fig. 5.6). However, the presently
available laboratory data indicates that the H2O/CO2 mixing ratios must vary with
at least a factor of 5 between the observed sources. In contrast to CH3OH/CO2,
the H2O/CO2 column density ratios, directly determined from the observed band
strengths, are very similar for many sources (5.9�0:3; Gerakines et al. 1999), and
thus it seems unlikely that different H2O concentrations are responsible for the
observed source to source variations.

The different CH3OH/CO2 ratios may indicate that the physical conditions dur-
ing ice mantle formation in the observed lines of sight were not the same. Gas
phase CO condensed on the grains may react with atomic H or O to form either
CH3OH or CO2. Thus, for objects with a high solid CH3OH/CO2 ratio (W 33A,
IRAS 19442) the gas phase H/O ratio may have been higher during ice mantle
formation compared to objects such as NGC 7538 : IRS9, and R CrA : IRS2.

5.5.3 Local variations

Several of our observed sources are located within the same molecular cloud,
and local variations of the CO2 ice column density, heating history, and mantle
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composition can be studied. In the W 3 cloud, the object IRS4 has a factor of 2
lower CO2 column density compared to IRS5, and the profile is fitted with a hot-
ter laboratory ice. This indicates an older hot core in IRS4 that has had more time
to heat the surrounding ice. This was also suggested by gas phase observations
and modeling (Helmich & van Dishoeck 1997). Within the DR 21 complex, we also
see small variations. The DR 21/2 pointing shows somewhat more pronounced
substructures and a lower CO2 column density compared to DR 21/1, again indic-
ating a larger effect of heating. DR 21/1 coincides with UC H II region ‘B’, which
was found to have a larger visual extinction (AV > 130; Righini-Cohen et al. 1979)
compared to UC H II region ‘A’ (AV = 118), which is close to DR 21/2. The lower
dust column toward DR 21/2 then may explain the larger effect of heating. Fur-
thermore, DR 21/2 shows a more pronounced 650 cm�1 peak, perhaps indicating a
different ice mantle composition in this line of sight.

5.6 Conclusions

We have presented observations of the bending mode of solid 12CO2 toward a
sample of 20 massive and low mass protostars, and we compared the band profile
with the massive hot core sources of Gerakines et al. (1999). All massive objects
show two peaks at 655.8 and 661 cm�1, most likely caused by heating of a polar
CO2 ice. Although UC H II regions are generally thought to have evolved from hot
core sources, the strength of these peaks indicates a heating time comparable to the
least evolved hot core sources (e.g. W 33A). Perhaps UC H II objects have evolved
faster than the hot core sources in our sample. Or perhaps UC H II have moved
away from the birth site, on a timescale comparable to or less than the thermal
processing timescale, and we see quiescent molecular cloud material. None of the
low mass objects in our sample shows strong effects of heating, which is consistent
with the large abundances of apolar ice seen in these lines of sight. In contrast to the
luminous protostars, much of the ice observed towards low mass objects may be
associated with the surrounding molecular cloud. The interstellar 12CO2 bending
mode also shows a long wavelength wing. The depth varies between the sources,
independent from the depth of the 655.8 and 661 cm�1 peaks, suggesting that this
is not an effect of heating. Instead, the variations in the wing may be caused by
different ice compositions, and thus different CO, O and H abundances at the time
of the mantle formation. Given the rather constant H2O/CO2 column density ra-
tio for different sightlines, we suggest that it is caused by different CH3OH/CO2

mixing ratios. Indeed, sources with a deeper long wavelength wing also have sig-
nificantly larger CH3OH/CO2 column density ratios. Finally, some sources in our
sample show a distinct peak at 650 cm�1, which may indicate that other species,
such as C2H5OH, are present in the CO2 ice as well. We conclude that the 12CO2

bending mode has proven to be a powerful diagnostic for the thermal history and
composition of interstellar ices.
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5.7 Future work

This study of interstellar solid CO2 initiates the need for new astronomical and
laboratory observations. Determinations of the CH3OH column density, e.g. from
the 3.54 �m C–H stretching mode, in more lines of sight are needed to further test
the hypothesis that the CH3OH/CO2 mixing ratio varies from source to source. To
improve the fits to the 12CO2 band, laboratory spectra of ices with a larger range of
H2O:CH3OH:CO2 mixing ratios need to be observed. The optical constants of these
mixtures will allow to further investigate the effect of particle shape on the CO2

band profile. Evidently, the controversy on optical constants (see Chapt. 6) needs
to be solved. Furthermore, candidate, probably basic, molecules (Ehrenfreund et
al. 1998b), responsible for the 650 cm�1 peak need to be searched for in the ISO–
SWS spectra and need to be tested by laboratory heating experiments.
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Influence of grain shape on solid CO and CO2
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ABSTRACT. The shape and peak position of strong absorption bands depend on the
shape and size of the interstellar grain. For this, accurate optical constants are needed.
We calculate optical constants for pure CO and CO2 ices, and compare with other
constants available in literature. We find large differences in the available optical con-
stants. This highly influences the reliability of calculated absorption profiles for vari-
ous grain models, and thus complicates the interpretation of the interstellar solid CO
and CO2 ice bands.

6.1 Introduction
Particle size and shape effects can affect an absorption feature (cf., Bohren & Huff-
man 1983). For strong transitions, these effects are dominated by surface modes,
in which the applied electric field polarizes the particle, and establishes a surface
charge distribution, which in turn induces an electric field. The strength of this
induced field will depend on the optical constants of the material. For the strong
CO and CO2 bands, the effects on the absorption profile can be substantial. Thus,
for the analysis of interstellar CO and CO2 ice bands, particle shape and size effects
may be relevant (e.g. Tielens et al. 1991).

To calculate the particle shape effects, accurate optical constants are needed.
The derivation of the constants from the laboratory transmission spectra is dis-
cussed in Sect. 6.2. We compare the derived optical constants with other studies
in Sect. 6.3. The effect of the differences between the various available constants
on the calculated band profiles, for several particle shapes, are also discussed. We
summarize the results in Sect. 6.4.
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6.2 Optical constants

6.2.1 Derivation of optical constants

The optical constants were determined using a Kramers-Kronig analysis of the
transmission spectra, following the method described by Hudgins et al. (1993).
To summarize, the real part of the refractive index at all frequencies, n(�), may be
derived from the Kramers-Kronig dispersion relation:

n(�) = 1+
1

2�2

Z 1

0

�(� 0)
(� 0 2� �2)

d� 0; (6.1)

where �(�) is the absorption coefficient given by

�(�) =
4�k(�)

�

=
1
h

"
� (�)+ ln

���� t01t12=t02

1+ r01r12 exp(4i�hm=�)

����
2
#
: (6.2)

Here, h is the thickness of the ice, � (�) is its measured optical depth, m is the total
complex refractive index (m= n+ ik), and ti j & ri j are the complex transmission and
reflection coefficients at the i� j boundary (0 = substrate, 1 = ice, 2 = vacuum).

In principle, we must carry out the integration over all frequencies. However,
since electronic absorption bands (in visible and UV parts of the spectrum) are well
separated in frequency space from the infrared, they contribute only a constant
term to the integration in equation (6.1), which may then be approximated as:

n(�) � n0+
1

2�2

Z
IR

�(� 0)
(� 0 2� �2)

d� 0; (6.3)

where n0 is the real part of the ice’s refractive index at high frequencies (as meas-
ured by previous authors; see Hudgins et al. 1993), and the integration is carried
out over the infrared part of the spectrum.

Since n(�) and k(�) are not independent quantities, results must be obtained it-
eratively. To begin the iteration, we assume that at all frequencies m(�)= n0 (values
of n0 used here are identical to those used by Hudgins et al. 1993).

Once both n(�) and k(�) have been calculated using equations (6.2) & (6.3), they
are used to create an “artificial” spectrum using equation (6.2), and this is then
compared to the original input spectrum. If the differences between the input and
“artificial” spectra are too large, the iteration begins again, with the new values
of n and k as the starting point. In our case, iterations continued until the spectra
agreed to within 0.1% at each frequency point. Most spectra in the data set achieved
convergence within 30 - 40 iterations, depending on the sharpness of the features
and the smoothness of the baseline.
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6.2.2 Baseline subtraction
Ideally the baseline of the observed transmission spectrum would have a sinus-
oidal pattern, caused by interference of the waves reflected and transmitted at the
vacuum to ice and ice to substrate interfaces. This may be corrected for in the
derivation of the optical constants at a given ice thickness. However, various ex-
perimental effects may deform the baseline (e.g. Hudgins et al. 1993). Hence the
baseline must be removed by a polynomial fit. Near strong absorption modes, like
the CO2 stretch mode, the fitting region must be carefully chosen. The continuum
at the blue and red sides of the absorption does not join up, due to a large difference
in refractive index n (Fig. 6.2). This is intrinsic to the absorption band, and must not
be artificially removed. We chose to subtract a global polynomial baseline (in gen-
eral of order 4), avoiding fits close to the CO2 stretch mode. Errors introduced by
inaccuracies of the baseline determination were estimated to be maximally 2%, but
5% for some mixtures with very broad absorption bands (e.g. mixtures containing
H2O).

6.3 Grain shape effects

6.3.1 Resonances
The interaction of electro-magnetic radiation with an interstellar grain polarizes
the grain, and the molecules within it experience applied and induced electric field
components. In the infrared, interstellar grains are smaller than the wavelength,
and electrostatic theory applies. Also, extinction due to scattering can be neglected
in this limit and a simple expression for the absorption cross section Cabs for ellips-
oidal homogeneous particles can be derived (cf. Van de Hulst 1957, Bohren and
Huffman 1983):

Cabs=V =
2�
3�

3

∑
i=1

2nk=L2
i

(1=Li� 1+ n2� k2)2+ (2nk)2 (6.4)

where we assumed that the grain resides in a vacuum. In this expression V is the
volume of the ellipsoid and n and k are the optical constants of the grain mater-
ial, which are wavelength (�) dependent. The geometry parameter Li (0 � Li � 1)
characterizes the shape of the particle along one of the three major axes i. The sum-
mation over i assumes that the particles are randomly orientated in space. There
will be a resonance in Cabs when k2 � n2 is comparable to 1=Li � 1. This implies
that the profiles of strong absorption bands are very sensitive to the particle shape.
Near strong molecular bands, n and k vary rapidly with wavelength and the peak
position will depend on Li, i.e. the particle shape. For a particular shape, the peak
value of Cabs is then proportional to 1=nk.
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For spheres, Li = 1=3 along each axis, and resonances occur at k2� n2
= 2. Both

weak and strong absorption bands will show a peak at large nk, near the frequency
of the k peak. However, strong absorption bands will have a maximum k2� n2 > 2
and a dominant second peak in Cabs arises at small nk towards higher frequencies.
For our optical constants of pure CO and CO2 ices this second resonance is respect-
ively 6 and 8 times stronger than the resonance for high nk, and they have blended
in one absorption peak. For spheroidal particles Li will be the same along two axes,
due to symmetry. For example, an oblate spheroid with a minor (i = 3) over major
(i = 1; 2) axis ratio of 0.5 has L3 = 0:54 and L1 = L2 = 0:23. In this case two dom-
inant resonances will occur for strong bands, one at k2 � n2

= 1:6 along the minor
axis and one at k2� n2

= 3:3 along the major axes. Non–spheroidal ellipsoids will
show three different absorption peaks, each resulting from an axis. Furthermore,
for coated spherical particles, the core and mantle will be differently polarized and
surface modes at each interface will induce two separate resonances. For example,
a grain with a silicate core taking up 10% of the total volume, will show resonances
at k2� n2=3.28 and 0.80 (using silicate optical constants at 4:4 �m; Laor and Draine
1993).

Thus, the profile of strong absorption bands depends strongly on the adopted
dust model, and considerable deviations from the profile observed in the laborat-
ory may occur. In this case, the laboratory ice transmission spectrum can not be
applied to astrophysical conditions, and grain shape calculations, and thus accur-
ate optical constants are required.

6.3.2 Calculations

We have calculated wavelength dependent absorption cross sections for a num-
ber of different grain models, in the small particle limit. Standard formulae were
applied for ice spheres, silicate spheres coated with an ice mantle (equal volume
for core and mantle), and a distribution of ellipsoidally shaped particles with each
shape equally probable (‘CDE’; e.g. Van de Hulst 1957, Bohren and Huffman 1983).
Additionally, a model for a distribution of coated spherical grain sizes was calcu-
lated. We assumed that the ice mantle thickness is independent of grain size, which
follows from simple grain growth arguments (Draine 1985). Although our calcu-
lations are done in the small particle limit, and Cabs=V is independent of grain
size, the absorption profile is very sensitive to the ratio of grain core versus mantle
volume (compare for example the pure ice spheres and the core–mantle grain in
Figs. 6.1 and 6.2). Thus, in order to simulate the effect of a grain size distribution,
we actually integrate over a distribution of core/mantle volume ratio’s, for a fixed
mantle thickness and grain core size distribution. For this study, we used a mantle
thickness of 0.01 �m and the interstellar grain size distribution derived by Mathis,
Rumple and Nordsieck (1977; ‘MRN’), i.e. a power law distribution of grain num-
ber density with grain radius of index –3.5 and cutoff radii of 0.005 and 0.3 �m.
Note that for this MRN model Cabs=V has been normalized to the integrated total
grain volume (cores+mantles).

We have done these calculations for the optical constants of our database of CO
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FIGURE 6.1— left panel the optical constants for the fundamental mode of pure CO ice, derived
in different studies (see text for abbreviations): this work (thin solid line), B99 (dash), E97 (dash-
dot), T96 (dash-triple dots), and T91 (dots). The thick solid line are the constants calculated from
our transmission spectrum, assuming a two times larger sample thickness. right panel absorption
cross sections for the pure solid CO fundamental mode for different dust models, using the optical
constants shown in the left panel. Models in the small particle limit were calculated for pure ice
spheres, silicate spheres with an ice mantle of equal volume, a continuous distribution of ellipsoids
(CDE) and an MRN size distribution with 0.01 �m thick ice mantles and silicate cores. The cross
sections have been scaled by the number given in the right–lower corner of each panel.

and CO2 ices. For the pure ices, we compare the calculations using optical constants
derived by different laboratory groups: Tielens et al. (1991; ‘T91’), Hudgins et al.
(1993; ‘H93’), Trotta (1996; ‘T96’), Trotta & Schmitt (in prep.), Elsila et al. (1997;
‘E97’) and preliminary data from Baratta & Palumbo (1999; ‘B99’). Furthermore,
we test the effect of possible errors in the sample thickness, baseline subtraction
and adopted electronic refractive index, n0, on the optical constants and Cabs for
the different grain models.

6.3.3 CO

The differences in the optical constants between the above mentioned studies of
the solid CO fundamental absorption mode (Fig. 6.1) induce a large variation in
sensitivity to the grain shape. The optical constants of T96 correspond to the weak-
est intrinsic strength, and are insensitive to the particle shape (Fig. 6.1). The peak
and width of the profile are similar to the k–spectrum. Although the peak k value
in the T96 data is the same as for B99, the latter shows a blue–shift of 1.5 cm�1

after the calculations. Also a broadening of 1–1.5 cm�1 occurs for the B99 when ap-
plying size and shape distributions compared to pure ice spheres. This difference
is caused by the presence of an extended blue wing in k for B99. The grain shape
has the largest influence for T91 and our optical constants, inducing blue–shifts up
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to 3 cm�1 compared to k, and large shifts and broadenings (2–4 cm�1) between the
different grain models. Both datasets have extensive wings in k towards the blue.
The E97 sample has a peak k comparable to T91, but the blue wing is less pro-
nounced. Consequently, the peak shifts and broadenings are reduced by almost a
factor two for this sample. We emphasize that these shifts, broadenings and their
uncertainties (comparing the different data sets) have the same magnitude as the
matrix–induced variations discussed in this paper.

6.3.4 CO2

Although the peak values of k are similar for CO and CO2, the wavelength re-
gion with k > n is broader and more pronounced for CO2 (Fig. 6.2). This causes a
much larger sensitivity of the absorption profile to the shape and size of the grains
(Fig. 6.2). Like CO, large differences exist between the optical constants derived by
different groups. Again, the T96 data have the lowest peak k value and are least
sensitive to the grain shape calculations, However, in this case the effect is not neg-
ligible. Typically, peak shifts and broadenings of 5 cm�1 can occur. For the other
datasets the effects are much larger, and in fact dominate over matrix–induced vari-
ations for CO2–rich mixtures. The strongest broadening is observed for H93, i.e. up
to 25 cm�1 for the CDE model. For B99 this broadening is only half, with our data
in between. Very large blue shifts, of up to 15 cm�1 occur for both B99, H93 as well
as our data. This can readily be explained by the presence of a deep minimum in
n, and corresponding large k values for these datasets.

The results for the bending mode of solid CO2 are rather similar to the stretching
mode. The H93 spectra are, like our data, very sensitive to grain shape effects in
the 665–680 cm�1 region, where k > n. For a single coated sphere this give rise to
a third absorption peak, besides the two peaks corresponding to different trapping
sites for pure CO2 and heated CO2 mixtures. However, for the shape and size
distributions this third peak merges with the bluest of the trapping peaks. This
results in a strongly asymmetric double peaked profile, with a strong blue peak.
Not surprisingly, the T96 sample does not show this effect, although the blue peak
has slightly broadened.

6.3.5 Error propagation

We have investigated whether the remarkable differences between the CO and CO2

optical constants derived in this paper and in T96 and B99 may be ascribed to an
error in the assumed sample thickness. For CO, an increase of the thickness with
a factor two results in a reasonable agreement in peak k and n values (Fig. 6.1).
However, large differences remain in the strong absorption region long-ward of
2140 cm�1, and thus in Cabs for the different grain models (Fig. 6.1). For the CO2

stretch mode, a 2.7 times larger thickness would be needed to obtain a peak k value
corresponding with T96 (Fig. 6.2). However, in this case the peak n value is too low,
whereas for the bending mode a much larger sample thickness would be needed
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FIGURE 6.2— top the optical constants for the stretch (top-left) and bend (top-right) of pure CO2
ice, derived in different studies: this work (thin solid line), B99 (dash), T96 (dash-triple dots), and
H93 (dots). The thick solid line are the constants calculated from our transmission spectrum, as-
suming a 2.7 times larger sample thickness. bottom absorption cross sections for the pure solid CO2
stretch (bottom-left) and bend (bottom-right) for different dust models, using the optical constants
shown in the top panel. Models in the small particle limit were calculated for pure ice spheres,
silicate spheres with an ice mantle of equal volume, a continuous distribution of ellipsoids (CDE)
and an MRN size distribution with 0.01 �m thick ice mantles and silicate cores. The cross sections
have been scaled by the number given in the right–lower corner of each panel.

to obtain a good match. Not surprisingly, no good match is obtained for the cor-
responding cross section profiles (Fig. 6.2). These results indicate that an erroneous
sample thickness (i.e. band strength and/or ice density) is not the main explana-
tion for the observed discrepancies. We refer to T96, Trotta & Schmitt (in prep.) and
B99 for a thorough discussion of their experimental methods, and more plausible
explanations.

Besides a possible error in the sample thickness, we investigated the propaga-
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FIGURE 6.3— The peak value and position
of the blue absorption peak for the spherical
grain, coated with pure CO2 is very sensitive
to the accuracy of the optical constants. The
solid line shows the cross section, assuming
n0 = 1:22, the dotted line is for n0 = 1:20 and
the dash-dot line for n0 = 1:24.

tion of uncertainties in a number of other parameters in the calculation of the op-
tical constants and subsequent grain shape calculations. Equation (4) shows that
the peak value of Cabs is proportional to 1=nk, and strong peaks require accurate
optical constants.

First, we have calculated the optical constants using several values for the re-
fractive index at high frequencies, n0 for pure CO2 ice. In this case, a 30% spread
was found in Cabs for the blue peak of the core-mantle sphere, when applying
n0 = 1:22� 0:02. For the CDE and MRN models this uncertainty is reduced to
10%. Also a systematic peak shift was observed (Fig. 6.3).

Second, for pure CO2 a typical uncertainty of 1-2% on absorbance scale is intro-
duced by the baseline subtraction. This is transferred directly into k and amplified
in the grain shape calculations. This effect is the strongest for the single core–
mantle spheres, up to 6% on Cabs scale, when using our experiment of pure CO2.
This is not very important compared to the uncertainties discussed above, although
we stress that a careful baseline correction is required (see Sect. 6.2).

6.4 Summary

We have derived the optical constants of pure CO and CO2 ice, applying the
Kramers–Kronig analysis to the observed transmission spectra. Large discrepan-
cies were found between the constants derived in other studies. Our experiments
were not designed to address the issue of optical constants directly and independ-
ently. Hence, no judgment can be made on this issue.

However, we do note that particle shape effects are important for strong trans-
itions. They can lead to multiple peaks, peak shifts, and broadening of the absorp-
tion profile. The different optical constants were used to calculate these effects, and
large differences were found. For CO, grain shape effects are important when the
constants of E97, T91 and ours are used. The effects are smaller for B99, and negli-
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gible for T96. For CO2, all investigated data sets are sensitive to grain shape. Most
sensitive are our data, H93 and B99. T96 is least sensitive, but still peak shifts and
broadenings up to 5 cm�1 occur between the different dust models.
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Solid and gas phase inventory of the low mass
protostar Elias 29 (� Oph)

To be submitted to Astronomy & Astrophysics by A.C.A. Boogert, C.
Ceccarelli, A.G.G.M. Tielens, E.F. van Dishoeck, J.V. Keane, A.M.S.

Boonman, D.C.B. Whittet, Th. de Graauw

ABSTRACT. The early phases of star formation are highly obscured, and can
only be studied at infrared wavelengths and beyond. With infrared spectro-
scopy we are able to observe the dust continuum, and the rotation and vi-
bration modes of molecules in absorption and emission. The physical condi-
tions in the star forming region, as well as its geometry and evolutionary stage
can thus be determined. We present the full 1-200 �m spectrum of the low
luminosity (36 L�) Class I protostellar object Elias 29 in the � Ophiuchi mo-
lecular cloud. It provides a unique amount of information. The continuum
shape is remarkably flat. Against the continuum we see hot CO and H2O
gas at rather high abundances. On the other hand, and in contrast to high
mass protostars, the CO, CO2, H2O and “6.8 �m” ice bands show no signs of
thermal processing. H I emission lines, probably originating from disk accre-
tion, are also detected. Far-infrared CO lines are found to be in emission. We
present a sub-millimeter spectral map of CO J = 6! 5 emission, clearly show-
ing the presence of a molecular outflow. In many aspects, Elias 29 resembles
the Herbig Ae star AB Aur, although Elias 29 is less evolved, since it is highly
obscured and has a much higher accretion and mass loss rate. Thus, the obser-
vations suggest that Elias 29 is a Class I object, with an optically thick disk, in
a late accretion phase, approaching the transition to a Class II, Herbig Ae, star.
We summarize the possible origins of the observed emission and absorption
features, and compare the abundances with sites of high mass star formation.
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7.1 Introduction

The general picture of the various stages of low mass star formation has been
formed since the 1980’s with the availability of infrared and millimeter wavelength
broad band photometry from the ground, and with the IRAS satellite and KAO ob-
servatory (e.g., Lada & Wilking 1984; Adams, Lada, & Shu 1987; Hillenbrand et
al. 1992; André, Ward-Thompson, & Barsony 1993). A classification scheme was
made, where Class 0 and I objects peak in the far-infrared and are deeply embed-
ded in their accreting envelopes. In the Class II phase, the wind of the protostar
has cleared its surrounding environment, such that it becomes optically visible,
and shows H I emission lines. The continuum emission of these objects peaks in
the near-infrared, but there is still significant excess emission above the stellar con-
tinuum. They are believed to be surrounded by optically thick dusty disks. Finally,
little dust emission remains for Class III objects, when the disk is optically thin, and
planetary companions may have been formed.

The state of the material surrounding the protostars at each of these evolution-
ary stages is at present poorly known. The composition, thermal history, and dis-
tribution of gas, dust and ices can only be obtained through infrared and milli-
meter wavelength spectroscopic observations. The gas phase and solid state (ro-
)vibrational bands of various molecules (CO, H2O, CO2, CH4, silicates) in the near
and mid-infrared (� 2� 20 �m) provide important information on the abundances
and thermal history. The significance of thermal processing was shown by ground-
based observations of the 3.07 �m, and 4.67 �m H2O and CO ice bands (e.g. Smith
et al. 1989; Tielens et al. 1991; Chiar et al. 1998), as well as for gaseous CO (Mitchell
et al. 1991). With the launch of the Infrared Space Observatory in 1995 (Kessler et al.
1996), it became possible to observe all other molecular bands in the near-, mid-,
and far-infrared. It was shown that protostellar evolution can be traced in the gas-
to-solid abundance ratios (van Dishoeck et al. 1996; van Dishoeck & Blake 1998),
and the profiles of the ice bands (Gerakines et al. 1999; Boogert et al. 1999). How-
ever, the focus has been on high mass protostars, which are bright and easier to
observe. Whether the evolution of the material in the envelope of low mass pro-
tostars is similar, is by no means established. Low mass protostars evolve much
slower, release less radiative energy, drive less energetic winds, and form disks.

To investigate the influence of low mass protostars on their molecular envelope,
we study the low mass protostar Elias 29, also called WL 15 and YLW 7. On a
large scale, Elias 29 lies in the south-east corner of the compact CO ridge L 1688,
extended over 1�2 pc from south-east to north-west in the core of the � Ophiuchi
cloud, at a distance of�160 pc from the earth (Wilking & Lada 1983; Whittet 1974).
It is the reddest object found in the near-infrared survey of this cloud by Elias
(1978), without a counterpart at optical wavelengths. For our observations, we
used Elias’s coordinates:

�(1950:0) = 16h24m07s:6, �(1950:0) = �24o3004000.

The overall spectrum of Elias 29 is typical for a heavily embedded Class I source,
probably in a late accretion phase (Wilking et al. 1989; André & Montmerle 1994;
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Greene & Lada 1996; Saraceno et al. 1996). The embedded nature is also revealed
by its high extinction, and by the cold compact envelope observed at millimeter
wavelengths (André & Montmerle 1994; Motte, André, & Neri 1998). Elias 29 is
associated with a molecular outflow (Bontemps et al. 1996; Sekimoto et al. 1997).
With a bolometric luminosity of � 36 L� (Chen et al. 1995), Elias 29 is the most
luminous protostar in the � Oph cloud, which makes this source very suitable to
be observed with the ISO spectrometers.

This Chapter is structured as follows. Technical details on the ISO infrared and
millimeter CO J = 6 ! 5 observations are given in Sect. 7.2. All the observed
emission and absorption features are discussed in quite some detail in Sect. 7.3.
Section 7.3.1 gives a description of the continuum shape, and a comparison to
other lines of sight. The ice temperature and composition, and the silicate band
depth with inferred extinction and column densities toward Elias 29 are discussed
in Sect. 7.3.2. Then, numerous lines of gaseous CO and H2O are detected, and
modeled to derive gas temperatures and column densities (Sect. 7.3.3). The de-
tected H I emission lines are presented and their origin is discussed in Sect. 7.3.4.
Finally, the far-infrared CO emission lines, as well as a map of the CO J = 6 ! 5
emission surrounding Elias 29, are analyzed in Sect. 7.3.5. The momentum flux
and mass loss rate of the detected molecular outflow are calculated. The molecular
abundances and gas-to-solid ratios of Elias 29 are compared to a sample of lines
of sight, ranging from dark cloud cores to evolved protostars. A comparison with
high mass protostars is made (Sect. 7.4). Section 7.5 discusses the origin of the
wealth of observed emission and absorption features and puts them in a geomet-
rical picture, discussing the evidence for an accretion disk. We conclude in Sect. 7.6
with a summary and suggestions for future observations.

7.2 Observations

We have obtained spectra of the low mass protostar Elias 29 in the wavelength
range 2.3–195 �m. We also mapped the CO J = 6 ! 5 emission line in the region
surrounding the infrared source.

7.2.1 The 2.3–45 �m spectrum

A low resolution (R = �=∆� = 400), full 2.3–45 �m spectrum of Elias 29 was
obtained with the ISO Short Wavelength Spectrometer (ISO–SWS; de Graauw et al.
1996) during revolution 267 (August 10 1996). The ISO–SWS pipeline and calibra-
tion files, available in July 1998 at SRON Groningen were applied. The spectrum is
generally of good quality, with well-matching up and down scans, and no serious
dark current problems, except for band 2C (7–12 �m). Here, we found that the up
and down scans deviate over the silicate band. One scan showed excellent agree-
ment with a ground-based spectrum of Hanner, Brooke, & Tokunaga (1995), and
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we used this to correct the deviating scan. Standard after-pipeline steps were ap-
plied, such as low order flat-fielding, sigma clipping and re-binning (see also Boo-
gert et al. 1998). The twelve sub-spectra in the 2-45 �m range match fairly well at
the overlap regions. Small correction factors (<15%) were applied to correct for the
band jumps. At selected wavelength ranges (3—3.6, 4—9, and 19.5-28 �m), we also
obtained a high resolution (R= 1500) ISO–SWS grating spectrum, in revolution 292
(September 04 1996). These were reduced similarly to the low resolution spectrum.
We found that the overall shape of the spectrum near 4–5 �m is quite badly affected
by detector memory effects, presumably due to the occurrence of scan breaks (de
Graauw et al. 1996). We corrected for this, by applying a wavelength-dependent
shift to match the low resolution spectrum. This does not affect our conclusions,
since the high resolution spectrum was only used to study narrow features. Also,
near 6.9 �m the scans deviate significantly because of memory effects. This prob-
lem is reflected in the large systematic error bars given in this Chapter, as they were
derived from the difference between the average up and down scans.

7.2.2 The 45–190 �m spectrum

Elias 29 was observed during Revolution 484 (March 14 1997) with the ISO Long
Wavelength Spectrometer (ISO–LWS; Clegg et al. 1996). We obtained 15 scans cov-
ering the range from 43 �m to 197 �m in the low resolution mode (R �200) for
a total of 2611 sec of integration time. The data was reduced using the Off-Line-
Processing package (OLP) version 7 and the ISO-Spectral-Analysis-Package (ISAP)
version 1.3. The spectra were flux calibrated using Uranus (Swinyard et al. 1996)
and the absolute accuracy is estimated to be better than 30%. Finally, the LWS
beam size remains roughly constant at all wavelengths, � 8000 FWHM (Swinyard
et al. 1996).

7.2.3 The CO J = 6! 5 spectral map

The 12CO J = 6 ! 5 emission line (691.473 GHz; 433.8564 �m) was mapped
in a 5�5 grid, spaced by 7”, covering a 20”�20” field centered on the infrared
source Elias 29. The observations were done with the “RxG” receiver on the James
Clerk Maxwell Telescope (JCMT) on Mauna Kea during April 1995. The technical
performance of this configuration is described in Harris et al. (1994). The spec-
tral resolution was 0.61 km s�1 per channel. The JCMT’s beam is composed of a
7” FWHM Gaussian, containing 55% of the power, and an 18” FWHM Gaussian
with the remaining power. The data were converted from T�

A to T�
R scale, apply-

ing an efficiency factor �fss=0.27, which corrects for all instrumental scattering and
loss terms (Kutner & Ulich 1981). The weather conditions were excellent, with a
transmission at zenith of 0.6 at the CO J = 6 ! 5 frequency. The sky background
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emission was subtracted by switching frequently to a reference position. Due to
the strong variability of sky emission at 690 GHz, a large position switch to a re-
gion in the � Ophiuchi cloud free of CO J = 6! 5 emission is not feasible. Instead,
we used the beam switch mode, with the maximum possible chop throw. The ref-
erence position alternates between +120” and �120” in Azimuth. For each spatial
point, these so called “A” and “B” spectra were averaged to obtain the final spec-
trum. The difference between the A and B spectra indicates that in the NW and
SE corners of our map, the reference position B was slightly contaminated by CO
J = 6! 5 emission. The effective integration time on each position was 1 minute,
yielding an RMS noise level of T�

R = 2:8. Additionally, the 13CO J = 6 ! 5 line
(661.067 GHz) was observed on the central position, as well as at one position at
the edge of the 12CO map (∆RA, ∆Dec=–14”, +14”). The effective integration time
was 4 and 8 minutes, yielding RMS noise levels of 1.8 and 1.0 K respectively. These
observations are presented in Sect. 7.3.5.

7.3 Results

7.3.1 The spectral energy distribution (SED)

Elias 29 is only visible at wavelengths larger than �1.5 �m (Fig. 7.1; Greene
& Lada 1996; Elias 1978).The continuum emission rises steeply between 2–3 �m,
reaches a maximum of �F�=15 10�16 W cm�2 at � �5 �m, and is remarkably flat
with �F�� 8 10�16 W cm�2 between 20 and 100 �m. The emission has dropped
to �F�� 4 10�16 W cm�2 at 200 �m, and by four orders of magnitude at 1300 �m.
Our near-infrared spectral continuum fluxes are in excellent agreement with broad
band fluxes from ground-based observations (Elias 1978). Also the ground-based
narrow beam 10 and 20 �m observations, as well as the large beam 12 and 25 �m
IRAS fluxes, match the ISO–SWS observation well, thus indicating that at these
wavelengths the emission is extended less than 8” (Fig. 7.1; Lada & Wilking 1984;
Young, Lada, & Wilking 1986). At larger wavelengths, the emission still peaks at
the near-infrared position of Elias 29, but is more extended (> 80” in diameter). In
particular, the IRAS 100 �m flux is a factor of 2.4 larger compared to that found
with ISO–LWS, while it was observed in a 5.5 times larger beam.

The observed SED of Elias 29 is very different from that of massive protostars
such as GL 2591, and GL 7009S, which peak in the far-infrared (Fig. 7.2). The shape
of SEDs is determined by the total dust column density along the line of sight,
rather than the luminosity of the central object. Then, Elias 29 would have a column
density corresponding to AV � 10, and GL 2591, and GL 7009S a factor of 10 lar-
ger than this (Ivezic & Elitzur 1997). This seems reasonable for GL 7009S, since
its 9.7 �m silicate band is much deeper (actually saturated) compared to Elias 29
(Fig. 7.2). However, the silicate band in GL 2591 is only a factor of 2 deeper, and
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FIGURE 7.1— Spectral energy distribution of Elias 29, consisting of ground-based observations
(� <2.4 �m; Greene & Lada 1996), an ISO-SWS spectrum (� =2.4–45 �m), and an ISO–LWS spec-
trum (� =45–195 �m). The data point at 1300 �m is taken from André & Montmerle (1994), which
we have connected with a dashed straight line to the ISO–LWS spectrum, to guide the eye. The dot-
ted line is the adopted continuum, as determined by blackbody fits and by hand. The open circles
are far infrared ground-based and IRAS observations (see text). The top inset shows a magnification
of the 10-200 �m region.
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FIGURE 7.2— Spectral energy distribution of various sources. From bottom to top: the high mass
protostars GL 7009S (Dartois et al. 1998b), and GL 2591, the low mass protostar Elias 29 as observed,
and extinction corrected assuming AV = 30 and 60 respectively. The top spectrum is a compilation
of continuum observations of the Herbig Ae star AB Aur taken from Mannings (1994), and is further
discussed in Sect. 7.5. All filled dots indicate continuum observations. The dotted line on top indic-
ates the spectral slope expected for an optically thick circumstellar accretion disk (e.g. Hillenbrand
et al. 1992). All spectra have been arbitrarily shifted along the flux axis, except for Elias 29.
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FIGURE 7.3— Low resolution (R = 400) mid-infrared ISO–SWS spectrum of Elias 29 with a
smooth, global continuum (dotted line), rather arbitrarily determined by hand and blackbody fits.
The ro-vibrational absorption bands of various molecules are indicated.

thus a lower column density alone cannot explain the very different SED of Elias 29.
Other parameters, such as grain composition, and density distribution can affect
the SED as well. We discuss the effect of geometry on the SED, such as the pres-
ence and orientation of a circumstellar disk, in Sect. 7.5.

7.3.2 Ice and dust absorption bands

Numerous absorption bands due to ices and silicates are superposed on the
infrared continuum of Elias 29 (Fig. 7.3). We identify each band, derive column
densities, and, when possible, determine the ice mantle composition and temper-
ature. The full spectrum also allows us to determine upper limits of abundances
for undetected, though astrophysically relevant molecules.

H2O ice
The infrared spectrum of Elias 29 shows all the vibration modes of H2O ice in
absorption (Fig. 7.4). We see the O–H stretching mode at 3.0 �m (“�1, �3” in
spectroscopic notation), the O–H bending mode at 6.0 �m (“�2”), the libration or
hindered rotation mode at �12 �m (“�L”), the combination mode at 4.5 �m (“3�L”
or “�2 + �L”), and the lattice mode at �45 �m. The continuum determination is
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complicated by the large width of all these bands. The ’easiest’ cases are the 3.0
and 6.0 �m bands. In accordance with other studies (Smith et al. 1989; Schutte et
al. 1996), we fitted blackbodies to determine the continuum. Single blackbodies fit
the continuum only locally, directly adjacent to the absorption bands. This is due to
a combination of reasons. First, the spectral shape of the continuum emission is dis-
torted by wavelength dependent extinction (e.g. Fig. 7.2). Second, the continuum
emission is composed by dust radiating at a range of temperatures along the line
of sight. However, the emission becomes optically thick at different wavelengths
at different depths in the envelope (i.e. at different T), and the spectrum cannot
be simply treated as a sum of blackbodies. And third, the dust radiation deviates
from a blackbody, depending on the grain size and its optical properties. In order
to find the continuum over large infrared wavelength ranges, the object needs to
be modeled, taking into account the temperature structure, the geometry and the
dust grain properties (e.g. Dartois et al. 1998a). Here, we determine local continua
and find that for the 3 �m H2O band a blackbody at T =740 K fits the continuum
on both sides, while for the 6 �m band T =655 K suffices. Instead, when fitting
modified blackbodies with a power law emissivity of index –1, we find that the
best fitting temperature decreases (T=630 K and 505 K resp.), but not the shape of
the actual continuum on such a short wavelength scale. For the 6 �m band we
took into account that laboratory spectra of the bending mode of H2O ice show a
prominent wing on the long wavelength side (e.g. Hudgins et al. 1993, Maldoni et
al. 1998). We simultaneously fitted a blackbody continuum, normalized at 5.1 �m,
and a laboratory ice spectrum to fit the observed flux at 8 �m and the shape of the
6.0 �m feature (Fig. 7.5).

The shape of the 6.0 �m H2O bending mode is particularly sensitive to the ice
temperature (e.g. Maldoni et al. 1998). In the laboratory it is composed of a fea-
ture at 6.0 �m and a prominent long wavelength wing extending up to 8 �m. At
higher T, the strength of the 6.0 �m component decreases at the expense of more
absorption in the long wavelength wing. In the spectrum of Elias 29, the wing can-
not be seen as a separate feature, since at 8 �m it blends with the very deep silicate
band. However, the observed 6.0 �m band is relatively sharp, it can only be fitted
with H2O ice at T < 80 K, with a best fit at T = 40 K (Fig. 7.5). The excellent fit
to the 6.0 �m band in Elias 29 indicates that this source does not have the 5.83,
and 6.25 �m excess absorptions seen in several massive protostars and attributed
to the carbonyl stretch in formic acid (HCOOH) and PAHs respectively (Schutte et
al. 1996, 1998; Keane et al., in prep.). After subtraction of the H2O ice band and
a correction for the gas phase H2O lines, our spectra indicate upper limits to the
5.83 and 6.25 �m features of � <0.03 (Fig. 7.8). This is significantly lower than the
peak depths of � (5.83 �m)=0.12 and � (6.25 �m)=0.05 that would be expected if the
6.0 �m band had the same shape as toward the massive protostar NGC 7538 : IRS9
(Schutte et al. 1996).

The observed peak position of the stretching mode of H2O ice toward Elias 29
is 3.07�0.01 �m. For a proper analysis of this band, effects of particle size need
to be taken into account. Light scattering by large ice grains leads to extra extinc-
tion on the long wavelength wing of this band (e.g. Léger et al. 1983; Smith et al.
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FIGURE 7.4— Optical depth spectrum of Elias 29, assuming the continuum indicated in Figs. 7.1
and 7.3. The light, thick line is a laboratory spectrum of H2O ice at T =10 K (Hudgins et al. 1993).
All five H2O ice vibration bands can be discerned: the O–H stretch (3.0 �m), the combination band
(4.5 �m), the O–H bend (6.0 �m), the libration band (12 �m), and (perhaps) the lattice mode at
�45 �m.

FIGURE 7.5— Optical depth spectrum of Elias 29 of the 3.0 �m absorption band (left panel). The
thick line is a laboratory spectrum of pure H2O ice at T =40 K, the best fit to the H2O bending mode
(as given in right panel). The dotted line gives a calculated band profile of a spherical silicate grain
with radius 0.5 �m, coated with a 0.13 �m thick ice mantle at T =40 K. The right panel shows the
5–8 �m spectrum, with laboratory spectra of pure H2O ice at T =40 K (light, thick line), and at
T=100 K (thin, solid line), showing that only low temperatures provide good fits to Elias 29. The
dashed line shows the assumed blackbody continuum. The narrow absorption lines in the observed
spectrum originate from H2O vapor (Sect. 7.3.3).



7.3 Results 133

1989). This effect is unimportant for the 6.0 �m band since it is much weaker, and
the grains are much smaller compared to the wavelength. In order to fit the peak
position of the 3.07 �m band with amorphous H2O ice at the same temperature as
derived from the 6.0 �m band (T = 40 K), we calculate the extinction cross section
for large spherical silicate grains coated with ice mantles, using the optical con-
stants of Draine & Lee (1984) and Hudgins et al. (1993). We find that a core+mantle
radius of �0.6 �m is needed to fit Elias 29. The relative size of core and mantle
is unimportant to the band profile. In reality, there is a distribution of grain sizes
such as the MRN power law (number of grains at radius r proportional to r�3:5;
Mathis, Rumpl, & Nordsieck 1977). Then, for an ice mantle thickness independent
of grain size (Draine 1985), and upper and lower limits to the grain size of 0.005
and 0.300 �m respectively, as found in the diffuse medium (MRN), small grains
dominate the ice volume. Taking into account the silicate volume along the line of
sight (derived from the 9.7 �m band), only very thin ice layers (� 0:01 �m) would
be possible, and the effect of scattering on the band profile is negligible. Better
fits to the observed 3.07 �m band can only be obtained with an ice at T = 40 K
if the bulk of the ice along the line of sight is primarily present on large grains.
For example, assuming an upper limit of 0.800 �m (as in Pendleton et al. 1990)
for the silicate grains, an MRN power law size distribution, and taking into ac-
count the observed silicate and H2O ice column along the line of sight, we find
that a lower limit to the silicate grain radius of 0.350 �m, and an ice mantle thick-
ness of 0.13 �m are needed. Such large grain sizes have also been inferred from
the 3.0 �m ice band in other lines of sight, such as the BN/KL nebula (Leǵer et
al. 1983; Pendleton et al. 1990; Smith, Sellgren & Tokunaga 1989). As noted by
Leǵer et al. (1983), scattering by large grains not only shifts the peak of the H2O
ice band to longer wavelengths, it can also explain the long wavelength shoulder
(Fig. 7.5). Furthermore, continuum extinction observations toward � Ophiuchi (in
which Elias 29 is located) have revealed that the grains are indeed larger compared
to the diffuse medium (e.g. Martin & Whittet 1990). On the other hand, invok-
ing such large grains would put significant constraints on other observables, such
as continuum extinction and polarization of the H2O ice band which one is not
able to satisfy at the same time (e.g. Smith, Sellgren, & Brooke 1993; Tielens 1982).
Alternative absorbers at the long wavelength wing have been proposed, such as
NH3.H2O bondings and hydrocarbons. Each of these candidates are discussed be-
low. Detailed fitting of the 3.0 �m band also reveals the presence of extinction at
2.8–2.9 �m (Fig. 7.5; Smith et al. 1989) which is not due to absorption or scattering
by H2O ice mantles along the line of sight. However, scattering by large grains in a
reflection nebula can explain this feature (Pendleton et al. 1990). Indeed, 2 �m con-
tinuum observations show evidence for such a reflection nebula toward Elias 29
(Sect. 7.5). To summarize, we find that the 3.07 and 6.0 �m bands toward Elias 29
can both be well fitted with a pure amorphous H2O ice at T = 40 K, provided that
a significant fraction of the grains along the line of sight is large (� 0:6 �m).

The peak optical depth of the 3.0 �m band is 1.85�0.08, which is in excellent
agreement with the study of Tanaka et al. (1990). We derive a column dens-
ity of N(H2O)= 3.0�0.5 1018 cm�2 by fitting the laboratory spectra of Hudgins
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et al. (1993) to the 3.0 �m band, where we used an integrated band strength
A =2.0 10�16 cm molecule�1. Since the band strength varies with temperature (a
10% increase when heated from 10 to 100 K; Gerakines et al. 1995), the uncertainty
of the H2O ice column density is larger than expected from the good data quality.
Note that a column density determination from the 6.0 �m bending mode is more
uncertain due to the unreliable continuum on the long wavelength side (Fig. 7.5).

At this column density of H2O ice, the depth of the remaining vibrational modes
is in good agreement with the observed spectrum of Elias 29 (Fig. 7.4). Due to its
intrinsic weakness, combined with instrumental systematic errors due to detector
memory effects, the combination band at 4.5 �m does not allow an accurate pro-
file analysis, although the overall profile and depth are well fitted with laboratory
spectra. Furthermore, at longer wavelengths there is good evidence that the libra-
tion (�12 �m) and lattice (�45 �m) modes are present. In both cases the profile
analysis is complicated by the uncertain continuum. The libration mode is blen-
ded with the stretching (�9.7 �m) and bending (�18 �m) modes of silicate dust
(Figs. 7.3 and 7.4). Taking a linear continuum between 8 and 30 �m (Fig. 7.3),
gives a good match of the strength with respect to the other H2O ice bands. The
strength of the structure seen between 30–90 �m is also in reasonable agreement
with laboratory experiments, although the spectral shape does not match exactly
with the lattice mode in a pure H2O ice at T =10 K (Fig. 7.4). This could be due to
several reasons. First, a smooth continuum was determined by hand, and thus is
subjective and it would be preferable to model the dust emission and its transfer
through the cloud. Second, the feature extends over a wavelength region observed
by two different spectrometers. The ISO–LWS beam is a factor of 10 larger than the
ISO–SWS beam, and thus long-ward of 45 �m we may have an extended, probably
cold, dust component in the beam which may for example give rise to the observed
increase in the continuum at �100 �m. Finally, part of the lattice mode of H2O ice
may be seen in emission, thus filling-in the absorption, e.g. in the ISO–LWS spec-
trum near�55 �m (Fig. 7.4). For a proper analysis of the lattice mode of H2O ice the
radiative transfer through the molecular material surrounding the protostar needs
to be calculated (Dartois et al. 1998a).

CO ice
The CO ice band at 4.67 �m in Elias 29 is contaminated by gas phase CO lines from
low J levels (Figs. 7.6 and 7.9). In particular, the P(1) line lies in the center of the ice
band at 4.674 �m. To study the band profile, we subtracted a model for the gaseous
lines at T = 750 K, N = 5 1018 cm�2, and bD=5 km s�1 (Sect. 7.3.3). This increases
the ice band width by 0:9 cm�1, to FWHM=4.40 cm�1 (0.010 �m). With a peak po-
sition of 4.673 �m (2140.1 cm�1), the CO ice band profile observed toward Elias 29
and the luminous protostar NGC 7538 : IRS9 are very similar (Fig. 7.6; Tielens et
al. 1991; Chiar et al. 1998). The main, narrow component at 4.673 �m is attrib-
uted to pure solid CO, or CO embedded in an environment of apolar molecules. In
particular, mixtures with O2, at an O2/CO ratio of as much as 5 (Elsila et al. 1997;
Chiar et al. 1998) do provide good fits to the narrow profile. Mixtures of CO with
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FIGURE 7.6— The CO ice
band on optical depth scale
observed toward Elias 29 (thin
solid line). The thick line is
the spectrum with a gas phase
CO model subtracted (see
text). The dotted line shows
the spectrum of the high mass
protostar NGC 7538 : IRS9
(divided by 7.5; Tielens et al.
1991) showing the similarity of
the band profiles.

CO2 are generally too broad (Ehrenfreund et al. 1997). While the apolar, volatile
component dominates the spectrum, both Elias 29 and NGC 7538 : IRS9 show evid-
ence for a wing on the long wavelength side. This is attributed to CO diluted in a
mixture of polar molecules such as H2O, and CH3OH (Chiar et al. 1998; Tielens et
al. 1991). Assuming a band strength A= 1:1 1017 cm molecule �1 for both the polar
and apolar components (Gerakines et al. 1995), we derive N(CO ice)=1.7 1017 cm�2

with an apolar/polar ratio of �8, comparable to NGC 7538 : IRS9. These results
are in good agreement with the ground-based study of Kerr et al. (1993). Although
NGC 7538 : IRS9 seems to have a larger polar CO component in Fig. 7.6, this differ-
ence can be entirely attributed to uncertainties in the continuum subtraction, and
the fact that the NGC 7538 : IRS9 spectrum is not corrected for gas phase CO lines.

CO2 ice
The absorption bands of CO2 ice are prominently present in the infrared spectrum
of Elias 29 (Fig. 7.3). We see the stretching and bending modes at 4.27 and 15.2 �m
respectively. Not visible in this spectrum is the stretching mode of solid 13CO2 at
4.38 �m, although the high resolution spectrum (Fig. 7.9) shows a hint of its pres-
ence. A very sensitive observation is presented elsewhere (Chapt. 4), and allows to
analyze the band profile. The 12CO2 bending mode and the 13CO2 stretching mode
have proven to be very sensitive to ice mantle composition and heating history. Un-
fortunately, the quality and resolution of the 12CO2 bending mode in Elias 29 is too
low for an accurate band profile fitting (Gerakines et al. 1999). The 13CO2 ice band
does not show the separate narrow peak at 2282 cm�1 (4.382 �m), seen in many
other protostars, and attributed to heated polar CO2 ices (Chapt. 4). As for the CO
ice band (Fig. 7.6), the width and peak position of the 13CO2 band very much re-
semble that of the luminous protostar NGC 7538 : IRS9. Thus, the CO2 ice toward
Elias 29 is mixed in with polar molecules, and is not much affected by heating. The
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FIGURE 7.7— Spectral structure in the long wavelength wing of the 3.0 �m feature. Top panel:
The merged high (R = 1500) and low (R = 400) resolution spectra and the assumed polynomial
continuum (dotted line). Bottom panel: Optical depth plot of the detected 3.47 �m feature. The
light, thick line represents the laboratory spectrum H2O:CH3OH:NH3:CO=100:10:1:1 at T = 40 K
showing the C–H stretch mode of solid CH3OH at 3.54 �m. The spectrum of Elias 29 does not show
this feature, with an upper limit as indicated here (�=0.03). To allow a better comparison, we have
shifted the laboratory spectrum down by 0.035 on optical depth scale.

12CO2 column density is 22�4% relative to H2O ice, which is comparable to the
values reported for high mass protostars (Gerakines et al. 1999). Finally, we derive
an isotope ratio of 12CO2/ 13CO2=81�11 in the ice toward Elias 29, which is well
within the range found for the local ISM (Chapt. 4).

The 3.47 �m band
The long wavelength wing of the deep 3.0 �m absorption band shows a change of
slope at 3.38 �m, indicative of a shallow absorption feature ((Fig. 7.7)). The long
wavelength wing of this feature is not so well determined. Fitting a smooth 6-th
order polynomial to local continuum points between 3.20–3.37 �m and 3.7–4.1 �m
results in an absorption band centered on 3.49�0.03 �m with a peak optical depth
of �=0.06 (Fig. 7.7). The width is FWHM=120�40 cm�1, where the uncertainty in-
cludes the poorly constrained continuum on the long wavelength side. Features of
similar width and peak position have been detected in several massive protostellar
objects (Allamandola et al. 1992) and in low mass objects and the quiescent mo-
lecular cloud material (Chiar et al. 1996). A likely candidate for this 3.47 �m band
is the C–H stretching mode of hydrocarbons. From the correlation of peak optical
depths of this feature and the 3.0 �m ice band, it is concluded that the carrier for the
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FIGURE 7.8— Optical depth
plot of the 5–8 �m region of
Elias 29, with an H2O ice spec-
trum at T =40 K as well as an
H2O gas model at T = 300 K,
N = 2 1018 cm�2, bD=2.5 km s�1

subtracted. This Figure high-
lights the 6.8 �m absorption fea-
ture. The vertical bars indicate
the uncertainty on optical depth
scale as derived from the differ-
ence between the ISO–SWS up
and down scans.

3.47 �m band resides in ices rather than in refractory dust (Chiar et al. 1996). We
find that with � (3.47 �m)=0.06 and � (3.0 �m)=1.85, Elias 29 follows this correlation
very well.

CH3OH ice
In several high mass protostars the 3.47 �m band is blended with a narrower fea-
ture centered on 3.54 �m (Allamandola et al. 1992). This feature is ascribed to the
C–H stretching mode of solid CH3OH. No such feature is observed in Elias 29,
with an upper limit to the peak optical depth of � (3.54 �m)<0.03 (Fig. 7.7). Us-
ing a band strength A(3.54 �m)=7.5 1018 cm molecule�1 and a typical width of
30 cm�1(Chiar et al. 1996), this results in an upper limit to the CH3OH ice column
density N(CH3OH ice)<1.2 1017 cm�2, or less than 4% of H2O ice (Table 7.4). The
other modes of CH3OH ice are either much weaker, or are severely blended with
the strong H2O and silicate bands (e.g. the C–O stretching mode at 9.7 �m; Schutte
et al. 1991) and thus cannot be used to further constrain the CH3OH ice column
density. Toward other low mass objects, and the quiescent medium, low upper
limits have been set to the CH3OH ice abundance as well. The CH3OH ice abund-
ance found in massive protostars is generally of the same magnitude (Chiar et al.
1998), or for some objects larger (Dartois et al. 1999), than these upper limits.

The 6.8 �m band
Elias 29 is the first low mass protostar in which the 6.8 �m absorption band is de-
tected (Fig. 7.5). After subtraction of the H2O ice band and the gas phase H2O
lines (Fig. 7.8), we find that it has a peak optical depth of � �0.07 and an integ-
rated optical depth �int = 7:8 � 1:6 cm�1. When scaled to the H2O ice column
density, the strength of the 6.8 �m band toward Elias 29 is similar to high mass
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protostars (Keane et al., in prep.). The band profile, e.g. the sharp edge at 6.60 �m,
also agrees very well with several high mass objects tracing ’cold’ gas and dust
(NGC 7538 : IRS9, W 33A, GL 989), and clearly deviates from warmer lines of sight
(GL 2136, Mon R2 : IRS3). Given the low upper limits to the CH3OH ice column
density toward Elias 29, only a fraction of the band, as in high mass objects can be
explained by the C–H bending mode of CH3OH ices (Schutte et al. 1996). For a
detailed band profile analysis and a discussion on the origin of the 6.8 �m band,
we refer to Keane et al. (1999; in prep.).

Upper limits to solid CH4, NH3, OCS, and ‘XCN’
Several solid state species were detected toward luminous protostars, but are ab-
sent toward Elias 29. The deformation mode of solid CH4 was detected toward pro-
tostars, with a peak position at 1303 cm�1 (7.67 �m), and a width FWHM=11 cm�1

(Boogert et al. 1996; Dartois et al. 1998b). For Elias 29 we can exclude this band to a
peak optical depth of � <0.03 (3-sigma), corresponding to N(CH4)/N(H2O)<1.5%.
This upper limit is comparable to the detection in NGC 7538 : IRS9 (Boogert et al.
1996; Table 7.4).

Solid NH3 was recently detected by its 9.10 �m inversion mode toward NGC-
7538 : IRS9 at 10% of H2O ice (Lacy et al. 1998). We do not detect this band in
Elias 29, with a peak optical depth � <0.1. This corresponds to a column density
of N(NH3)< 2:7 1017cm�2, i.e. N(NH3)/N(H2O)<10%. Since this feature is heav-
ily blended with the silicate stretching mode, an accurate modeling of the silicate
band (see e.g. Hanner et al. 1995) will possibly reduce the upper limit. This is
also the case for the N–H stretching mode at 2.90 �m which is blended with the
H2O ice band. Another useful band is the N–H deformation mode at 6.16 �m.
When subtracting water ice and vapor absorption, a weak band with an optical
depth of � =0.03 remains perhaps present (Fig. 7.8). It has been detected in sev-
eral lines of sight (Schutte et al. 1996; 1998), and has been ascribed to absorption
by carbonaceous dust. However, if we ascribe it fully to the deformation mode of
NH3 it would correspond to 10% of H2O ice, comparable to the NH3 detection in
NGC 7538 : IRS9 (Lacy et al. 1998).

An absorption feature has been detected at 2042�4 cm�1 (4.90 �m) in lines
of sight toward several massive protostars (Palumbo et al. 1997). With a width
FWHM=23�6 cm�1, it has been ascribed to absorption by solid OCS. For Elias 29
this feature is not detected with a peak optical depth � <0.01 (3-�), corresponding
to N(OCS)< 1:5 1015 cm�2 or < 0:05% of H2O ice. This upper limit is of the same
order of magnitude as the detections in W 33A and Mon R2 : IRS2 (Palumbo et al.
1997).

Finally, toward several high and low mass protostars a feature has been detec-
ted at�2166 cm�1 (4.62 �m) with a width FWHM�20 cm�1 (Lacy et al. 1984; Tegler
et al. 1995). This feature is absent in Elias 29, with a peak optical depth � <0.01 (3-
�). If this feature is caused by the C�N stretching mode in ‘XCN’, this corresponds
to a column density N(XCN)< 6:7 1015 cm�2, or less than 0.2% of H2O ice (applying
A = 3 10�17 cm molecule�1; Tegler et al. 1995). This is considerably less than the
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detections made toward high mass objects (e.g. W 33A) and several low mass ob-
jects (Elias 18; L 1551 : IRS5; Tegler et al. 1995). This feature has not been detected
in the quiescent medium toward the Taurus molecular cloud (Elias 16; Table 7.4).
For a more elaborate discussion on this feature, and the proposed carriers, we refer
to Pendleton et al. (1999).

Silicates
The absorption bands of the Si–O stretching and bending modes of silicate dust
are prominently present at 9.7 �m and 18 �m (Fig. 7.3). We derive a peak absorp-
tion optical depth of the 9.7 �m band �9:7 = 1:38 (Fig. 7.4), which is in excellent
agreement with the ground-based study of Hanner et al. (1995). It is likely that
this is a lower limit, since the absorption bands have been partly filled in with
silicate emission from hot dust near the protostar. Modeling of the 9.7 �m silicate
band toward Elias 29, including emission and absorption, shows that �9:7 ranges
between 1.51 and 3.38 for optically thick and thin emission respectively (Hanner
et al. 1995). A better fit is obtained for optically thick emission. In contrast, for
luminous protostars optically thin emission has been generally assumed. Using
the relation �9:7 = 1:4 �9:7(obs)+ 1:6 (Gillet et al. 1975; Willner et al. 1982), yields
�9:7 = 3:53 for Elias 29.

For these values of �9:7, the visual extinction AV ranges between 28 and 65, as-
suming the standard relation AV=�9:7=18.5 (Roche & Aitken 1984). However, these
limits are likely overestimated (30-50%), because of the anomalous extinction curve
due to larger grains in the � Oph molecular cloud (Bohlin, Savage, & Drake 1978;
Martin & Whittet 1990). Independent extinction determinations, such as AV <48
from the H–K broad band color and AV <80 from C18O observations (Wilking &
Lada 1983), do not help to solve this issue. A recently determined upper limit
AV <29 from the J–H color (Greene, priv. comm.), suggests a relatively low value.

The total hydrogen column density NH = N(H I)+2N(H2) is closely related to
�9:7, and, in contrast to the derivation of AV, the derived NH is not strongly af-
fected by the large grain size in � Oph. Applying standard conversion factors
for the diffuse ISM (Bohlin et al. 1978; Roche & Aitken 1984), we find NH =

0:5� 1:2 1023 cm�2, depending on the applied �9:7. To be consistent with studies
of high mass protostars, we will assume in this Chapter the value corresponding
to optically thin silicate emission, i.e. the high limit NH = 1:2 1023 cm�2 (Table 7.4).

7.3.3 Gas phase absorption lines

The high resolution 4.00–8.50 �m spectrum of Elias 29 shows a large number of
narrow absorption lines of gaseous CO and H2O (Figs. 7.5 and 7.9). We determined
local continuum points by hand and connected these with a smooth curve, using
a cubic spline interpolation. Then the data were converted to optical depth scale,
and the absorption lines were modeled, using the ro-vibrational spectra of gaseous
CO and H2O described in Helmich (1996). These models assume the gas is in Local
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Thermodynamic Equilibrium (LTE), and is at a single excitation temperature Tex.
The absorption lines have a Voigt profile, and are Doppler broadened to a width bD

(=FWHM/2
p

ln2). The line oscillator strengths are calculated from the HITRAN
database (Rothmann et al. 1992). Finally, the spectrum is convolved with a Gaus-
sian to the resolution of our observations (R= 1500�2000). Thus, three parameters
are varied to fit the observed absorption lines: the column density N, the Doppler
parameter bD, and the excitation temperature Tex. Reliable column densities can
only be derived if bD is a priori known, which in many studies (like ours) is not the
case, since the lines are unresolved. At low values of bD, the lines become easily op-
tically thick, and much larger column densities are needed to fit the observed lines,
compared to models with high bD values, and optically thin lines. Some guidance
to reasonable lower limits to bD is given by the width of (sub-) millimeters emission
lines (see below; van der Tak et al. 1999).

We do emphasize that our assumptions of collisional excitation, LTE and a
single Tex need not be valid. Gas clouds at different temperatures may be present
along one line of sight. The LTE assumption may not apply for the high rotational
levels, which have high critical densities. Also, the energy levels may be pumped
by infrared photons, rather than being collisionally excited. We will not address
these uncertainties in much detail here, and focus on deriving CO and H2O gas
column densities and temperatures using the LTE models.

CO gas

The 4.4–5.0 �m region shows an impressive number of absorption lines due to
gas phase 12CO (Fig. 7.9). The central frequency of each line is in excellent agree-
ment with the CO line list of Goorvitch (1994). Lines are detected up to rotational
quantum number Jlow=33 in the R-branch, and Jlow=36 in the P-branch. The P(1),
P(2) and R(0) lines are blended with the CO ice band at 4.67 �m and the H I Pf �
emission line at 4.653 �m. For all other absorption lines we determined equivalent
widths to construct a rotation diagram. A rotation diagram gives a first impression
of the temperature and column density of the absorbing gas. However, one has
to make the probably unrealistic assumption that the lines are optically thin, and
the column densities derived in this way are actually lower limits. For technical
details on constructing such a diagram we refer to Mitchell et al. (1990), Dartois et
al. (1998b) and Boogert et al. (1998; Chapt. 3). The equivalent widths were con-
verted to column densities, using the oscillator strengths of Goorvitch (1994). A
straight line in a rotation diagram indicates a single rotational temperature. For
12CO (Fig. 7.10), we find two regimes with very different slopes, corresponding to
temperatures Trot = 90� 45 K and Trot = 1100� 300 K respectively (with 3-� errors).
However, the slopes of the R- and P-branch lines are different (Fig. 7.10), resulting
in Trot = 1700� 420 K when fitting to the P-branch lines only. At present, we have
no satisfactory explanation for this difference. Possible explanations, such as er-
rors in the continuum determination, non-LTE effects, or excitation by radiative
pumping rather than collisions, need to be investigated in more detail.
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FIGURE 7.9— High resolution (R=2000; lower graph) spectrum of Elias 29 showing many gas
phase CO lines, and the CO ice band at 4.67 �m. The narrow emission line at 4.653 �m is Pf � of
H I. Some of the narrow structure seen on the long wavelength side is due to lines of hot H2O vapor
(see text). For comparison we show a low resolution (R=400) observation, shifted along the flux
scale for clarity, where the gas lines are smeared out over the continuum. Note that the continuum
shape in the two observations differs near 4.8 �m, due to instrumental problems (detector memory
effects). It does not affect our study of the narrow gas phase lines.

The gaseous CO column densities that we derive from the abscissa in the ro-
tation diagram are N(CO)> 1:7 1017 and N(CO)> 3:5 1017 cm�2 for the cold and
hot components respectively. To better constrain the column densities and de-
rive more reliable temperatures, one has to take into account optical depth ef-
fects. For this, we used LTE model spectra of Helmich (1996) to fit the observed
CO lines. As described above, the line optical thickness depends strongly on the
poorly constrained velocity broadened line width bD. We chose to fit to the fre-
quency range 2170–2290 cm�1(Jlow > 7 in R-branch), thus minimizing the contri-
bution from the cold CO component and contamination by 13CO lines (see below).
We find that good fits to these high R-branch lines are obtained only for line widths
bD> 3 km s�1. Sub-millimeter emission line studies indicate bD=3.6 km s�1 for
CO J= 6! 5 (Sect. 7.3.5), but much lower values of bD=1.2 km s�1for C18O J= 1! 0
and CS J= 5 ! 4 (Boogert et al., in prep.). Indeed, studies of other sources have
shown that, as a rule, infrared absorption lines are broader than sub-millimeter
emission lines (van der Tak et al. 1999). Figure 7.10 shows the �2

� contour diagram
of temperature versus column density for two values of the line width bD=5, and
bD=10 km s�1. We only show values of �2

�� 4, since higher values clearly do not
fit the data. The best fitting models have temperatures T = 1100�400 K, in good
agreement with the rotation diagram. At bD=10 km s�1 the column density is well
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FIGURE 7.10— Left panel: Rotation diagram of the 12CO lines detected toward Elias 29 showing
the presence of hot and cold gas along the line of sight of Elias 29 by the different slopes at high and
low rotational levels. Right panel: �2

� contour diagram of model fits to the observed ro-vibrational
spectrum of the R-branch of gaseous CO toward Elias 29. �2

� values are shown for the temperat-
ure T versus CO column density N at constant velocity broadenings bD of 5 km s�1 (dotted) and
10 km s�1(solid). We only show models that provide acceptable fits to the data, i.e. �2

� < 4. This con-
tour plot shows that the velocity broadening is an essential, but at present observationally poorly
constrained, parameter to determine the gas phase CO column density, and to a lesser degree the
temperature.

constrained to N(CO)=1.3�0:5 1018 cm�2, which is a factor of 3 larger compared
to that derived from the rotation diagram. Thus at bD=10 km s�1 the lines are still
somewhat optically thick. At a lower bD=5 km s�1, the lines become very optically
thick, and the column density is poorly constrained. Although the best fits with
�2

�< 3 have N(CO)= 8� 4 1018 cm�2 at T = 650� 150 K (Fig. 7.11), reasonable fits
are obtained at any N(CO)> 2 1018 cm�2 for this hot CO gas.

The presence of 13CO lines also indicates that the 12CO lines are severely op-
tically thick. Several 13CO lines can be seen in between the 12CO P-branch lines
(Fig. 7.12). At the resolution of our observations, the blending with the 12CO lines
hinders analyzing the much weaker 13CO lines. But for lines in between the 12CO
lines we were able to construct a rotation diagram (Fig. 7.13). We find that they
result from a cold gas at Trot = 85 � 57 K (3-� error), in good agreement with
the cold 12CO gas temperature. The column density of this cold component is
N( 13CO)=1:1� 0:2 1017 cm�2. Using the isotope abundance ratio 12CO/ 13CO=80
(Chapt. 4), the inferred cold 12CO column density is thus N( 12CO)=90� 20 1017

cm�2. There is also evidence for 13CO lines of warm gas (Jlow > 9), but at low
significance (� 2�) and no reliable temperature or column density could be de-
rived. The detected 13CO lines could still be optically thick. Therefore, we also
modeled the 13CO spectrum, and determine the �2

� after subtraction of a good fit-
ting hot 12CO gas model (Figs. 7.13 and 7.12). In the optically thick case, such as for
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FIGURE 7.11— The R branch of gas phase CO observed in Elias 29 (top) compared with a well
fitting gas model at T = 750 K (middle). The bottom panel shows the residual after subtraction of
the gas model, with observational error bars indicated.

FIGURE 7.12— The P branch of gas phase CO observed in Elias 29 (top) compared with a well
fitting 12CO gas model at T = 750 K (middle). The bottom panel shows that the residual after
subtraction of the 12CO gas model, contains lines of cold 13CO gas.
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FIGURE 7.13— Left panel: Rotation diagram of the 13CO lines detected toward Elias 29 showing
the presence of cold gas along the line of sight of Elias 29. Circles are P-branch lines, and triangles
are R-branch lines. Open symbols of each kind refer to 13CO lines heavily blended with 12CO lines,
and are not used to determine the physical parameters. The straight line indicates the best fit, with
a gas temperature T = 85� 57 K, and a column density N( 13CO)=1:1� 0:2 1017cm�2. Lines from
higher energy levels (EJ=k >200 K) are below our detection limit, and thus 13CO cannot be used
to confirm the presence of hot gas. Right panel: �2

� contour diagram of model fits to the observed
ro-vibrational spectrum of gaseous 13CO toward Elias 29. �2

� values are shown for the temperature
T versus CO column density N for constant velocity broadenings bD=2.5 km s�1 (solid line) and
bD=10 km s�1(dotted line). Only acceptable fits to the data, having �2

� < 3:5, are shown.

bD=2.5 km s�1, the column density can be in the wide range of N( 13CO)=2�1:3 1017

cm�2 (i.e., N( 12CO)=1:6� 1:0 1019 cm�2).
We conclude that the CO gas along the line of sight consists of two temperature

components, Trot = 90� 45 K and Trot = 1100� 300 K. The column density of both
components depends highly on the assumed line optical thickness (Table 7.1). Until
the intrinsic line width is directly observed by very high spectral resolution obser-
vations, we can only give a lower limit of N(CO–hot)> 2 1018 cm�2, while N(CO–
cold) is not well constrained, i.e. 16� 10 1018 cm�2. Given that NH = 1:2 1023 cm�2

toward Elias 29, a total gas phase CO column density N(CO)=1:2 1019 cm�2 is ex-
pected, assuming that most of the gas along the line of sight is molecular and the

TABLE 7.1— Gas phase 12CO column densities, assuming various line widths for 12CO, and
13CO, and applying N( 12CO)/N( 13CO)=80 (Chapt. 4).

Method N( 12CO–cold) N( 12CO–hot)
1017 cm�2

12CO—rotation diagram 1.7 3.5
12CO—LTE model, bD=10 km s�1 – 13�5
12CO—LTE model, bD=5 km s�1 – > 20
13CO—rotation diagram 90�20 –
13CO—LTE model, bD=2.5 km s�1 160�100 –
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conversion factor N(H2)=N(CO)=5000 applies (Lacy et al. 1994). Then, the ratio of
hot to cold CO gas along the line of sight must be at least 0.22.

H2O gas
We compare the numerous narrow absorption lines detected in the 5-7.3 �m spec-
tral region of Elias 29 with model spectra of H2O vapor at various physical condi-
tions (Fig. 7.14). Clearly, the lines observed at wavelengths longer than �6.55 �m
are explained by H2O vapor at a high temperature (T >100 K). These models also
indicate that the low depth of the lines observed at 6.55–6.65 �m, relative to the
lines at � > 6:65 �m, imposes a strict upper limit to the temperature of this hot gas
(T <1000 K). To further constrain the gas temperature, and the H2O vapor column
density, we determined the �2

� for a large number of models. First, we fitted the
regions 5.5–5.8 and 6.55–7.3 �m. These wavelength regions do not contain lines
from the lowest rotational levels (Helmich et al. 1996; Dartois et al. 1998b) and
thus are particularly sensitive to warm H2O vapor along the line of sight. Assum-
ing a noise level ∆�=0.01, we find that acceptable fits have �2

�< 2:5. The excitation
temperature of the gas is T = 500� 300 K (Fig. 7.15). Due to optical thickness of
the lines, the column density of this hot gas, like for CO, depends strongly on the

FIGURE 7.14— Optical depth plot of gaseous H2O lines observed toward Elias 29 (top), compared
with model spectra at various temperatures. From top to bottom are shown model spectra at T =
300 K, a composite spectrum of T = 500 K and T = 50 K, and furthermore at T = 50 K and at
T = 1000 K.
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FIGURE 7.15— �2
� contour diagram of model fits to the observed ro-vibrational spectrum of

gaseous H2O toward Elias 29. �2
� values are shown for the temperature T versus H2O column

density N at constant velocity broadenings bD of 2.5 km s�1(dotted) and 5 km s�1(solid). The left
panel shows model fits to the wavelength regions 5.5–5.8 and 6.55–7.3 �m, excluding the lowest
rotational levels, and thus tracing the warm H2O gas along the line of sight. We only show models
that provide acceptable fits to the data, i.e. �2

� < 2:5. The right panel shows a fit composed of a
good fitting hot gas model (T =500 K, N = 5 1017 cm�2, bD=2.5 km s�1) added to a variable second
model to fit the complete 5.5–7.3 �m spectrum. This shows that also a significant cold H2O gas
component may be present along the Elias 29 line of sight.

line broadening parameter bD. At bD=5.0 km s�1 the lines are optically thin, and we
find N(H2O vapor)=7�4 1017 cm�2, while at bD=2.5 km s�1 the column density can
be as high as N(H2O vapor)=4 1018 cm�2 (Fig. 7.15).

When comparing the best fitting models of this selective wavelength region
to the full observed spectrum, we find that a somewhat ’cooler’ gas is needed to
provide a good fit (T � 300 K). At higher temperature (T �500 K), the observed
line depth in the 6.0–6.5 �m region are underestimated. Since this region contains
lines from the lowest rotational levels, we conclude that the line of sight also may
contain cold H2O vapor. To determine the temperature and column density of
this possible cold component, we fitted the sum of a good fitting hot gas model
(T =500 K, N = 5 1017 cm�2, bD=2.5 km s�1) and a grid of models at a wide range of
physical conditions to the spectrum of Elias 29. Thus, here we assume that the lines
of the hot and cold gas have different radial velocities and the optical depth spectra
can simply be added. We find that indeed a significant amount of ’cold’ H2O vapor,
at T < 300 K may be present along the Elias 29 line of sight (Figs. 7.14 and 7.15).
At T < 200 K the column density exceeds the assumed hot H2O column density of
N = 5 1017 cm�2. For a line width of bD=5.0 km s�1, we find that N < 5 1018 cm�2.
At bD=2.5 km s�1, the column density of this cold H2O gas cannot be constrained.

To summarize, the lines in the 5–7.3 �m range are reasonably fitted with H2O
models at T � 350� 200 K, and N = 7� 4 1017 cm�2 at low line optical depths. For
narrower lines (bD<5 km s�1), the column density can be an order of magnitude
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FIGURE 7.16— H I emission lines detected with ISO–SWS toward Elias 29. The Br  line was
observed from the ground (Greene & Lada 1996).

larger. In accordance with the gaseous CO along the line of sight, equally good
fits are obtained with a two component model, where the cool component has T <
300 K, and the warmer component T >500 K. The cool component is then at least
as abundant as the warm H2O gas.

7.3.4 H I emission lines

A number of emission lines are present in the spectrum of Elias 29, all originat-
ing from atomic hydrogen: Br �, Br �, Pf �, Pf �, Pf , and Hu � (Fig. 7.16). Pre-
vious ground-based observations already revealed the presence of Br  emission
(Greene & Lada 1996). We determined the line flux, and applied an extinction cor-
rection using a visual extinction AV = 29 (Sect. 7.3.2), a total-to-selective extinction
ratio for the � Ophiuchi cloud R = 4:0 (Bohlin et al. 1978) and the analytic expres-
sion for the mean Galactic extinction curve provided by Howarth (1983). Then we
calculated extinction corrected line ratios and total line luminosities, assuming a
distance of 160 pc (Whittet 1974; Tables 7.2 and 7.3).

The Br �/Br  and Br �/Pf  line ratios and luminosities observed toward
Elias 29 are similar to the values for other low mass pre-main-sequence objects
(Evans et al. 1987). In particular, the values match very well with the A0e star
AB Aur, which also has a similar luminosity as Elias 29 (� 40 L�). However, this
object has a much lower mass loss rate (< 10�8 M� yr�1; derived from CO gas)
and is, like most other sources in the sample of Evans et al. (1987), optically vis-
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FIGURE 7.17— The Br �
emission line toward Elias 29
compared to the expected
line profile for fully extended
(R = 1250, FWHM=240 km s�1;
dotted line) and point
source emission (R = 2200,
FWHM=136 km s�1; thin solid
line). Clearly, the Br � emission
line has been resolved by
ISO–SWS. The thick solid line
is a Gaussian fit to the observed
line, with FWHM=340 km s�1.

ible and thus likely more evolved than the deeply embedded object Elias 29. Fur-
thermore, we find that the Br � line in our observations is resolved (Fig. 7.17).
If the emission is fully extended, this corresponds to a deconvolved line width
FWHM=240 km s�1, or FWHM=310 km s�1for point source emission. This is com-
parable to the high Br  line width observed in other low mass objects (Najita, Carr,
& Tokunaga 1996).

The line ratios differ significantly from the ratios expected from an optically
thin, photo-ionized H II region (‘case B’; Evans et al. 1987; Table 7.3). The origin of
infrared H I emission lines has been extensively debated in literature. They could
arise in stellar winds. Model calculations show that in this case the line luminosity
depends on the mass loss rate, the gas temperature, and the stellar temperature
(Natta, Giovanardi, & Palla 1988; Giovanardi et al. 1991). Given a mass loss rate of
5 10�7 M� yr�1 derived from CO observations (Sect. 7.3.5), a wind gas temperature
of Tg �7000 K can explain the observed Br �, Br , and Pf  luminosities toward
Elias 29. This corresponds to a relatively cold and neutral atomic wind, where
the ionization is primarily due to photo-ionization from excited levels. It has been
suggested that this represents a common phase of the pre-main-sequence evolution
of low-mass stars (Giovanardi et al. 1991).

An alternative view on the origin of infrared H I emission lines has been rein-
forced by high resolution Br  line profile studies (Najita, Carr, & Tokunaga 1996).
These observations show the absence of noticeable blue-shifted absorption features
in the Br  spectra, as was predicted by the outflow models (Giovanardi et al. 1991).
The line profile is better explained by infalling, rather than outflowing gas. The gas
originates from the disk and accretes along magnetic field lines onto the stellar sur-
face. This regulates stellar angular momentum and generates an energetic wind
(i.e. the CO outflow, Sect. 7.3.5).
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TABLE 7.2— H I emission line fluxes observed and corrected for extinction toward Elias 29

Line � Aa
� F� F0b

� log(L)c

�m magn. 10�20 W cm�2 W

Br � 4.053 0.59 19.1 (1.6) 32.9 (2.8) 24.01
Br � 2.632 1.48 31.0 (5.0) 121.2 (19.5) 24.57
Br  2.165 2.20 4.2 (0.6) 31.2 (4.6) 23.98
Pf � 7.458 0.14 3.0 (0.3) 3.4 (0.3) 23.02
Pf  3.740 0.70 5.4 (1.0) 10.3 (1.9) 23.50
Hu � 7.505 0.13 4.3 (1.1) 4.8 (1.2) 23.17
aextinction in magnitudes (see text)
bextinction corrected line flux
ctotal luminosity assuming distance d =160 pc

TABLE 7.3— H I emission line ratios toward Elias 29

Ratio Obs.a Ext. Corr.b Case Bc

Br �/Br � 0.62 (0.12) 0.28 (0.05) 1.74
Br �/Br  4.53 (0.74) 1.05 (0.18) 2.83
Br �/Pf � 6.30 (0.82) 9.68 (1.18) 3.17
Br �/Pf  3.53 (0.71) 3.19 (0.65) 7.47
Br /Pf  0.79 (0.18) 3.03 (0.72) 1.74
Pf �/Pf  0.56 (0.12) 0.33 (0.07) 2.36
Br /Hu � 0.98 (0.29) 6.50 (1.89) 2.79
aobserved line ratio
bextinction corrected line ratio
cCase B recombination (Sect. 7.3.4)
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FIGURE 7.18— CO J = 6 ! 5 map, centered on the infrared source Elias 29. Each panel gives
the average of the spectra obtained with respect to the A and B sky background positions, i.e.
“(A+B)/2” (top; Sect. 7.2.3), as well as the difference between these A and B spectra, “(A�B)/2”,
which was shifted by �20 K for clarity (bottom). Any signal in the difference spectrum is due to
contamination by the A or B sky background positions. The velocity scale extent is vlsr = �20 to
+30 km s�1, and the intensity scale extent T�

R =�25 to +25 K.

7.3.5 Pure rotational CO emission lines

The ISO–LWS spectrum of Elias 29 reveals five pure rotational CO emission
lines, from J = 15 ! 14 up to J = 20 ! 19 (Ceccarelli et al., in prep). These are
observed in a large beam (�80”). Spatial information is obtained from our ground-
based CO J = 6 ! 5 spectra (Sect. 7.2.3). These J = 6 ! 5 and higher J lines do
not necessarily have to originate from the same region around the protostar. This
is discussed in Sect. 7.5; here we focus on the CO J = 6! 5 emission line profiles,
and their spatial extent.

The CO J = 6 ! 5 line was detected at the infrared position, and is extended
to the South-East (SE) and North-West (NW; Fig. 7.18). The line is still bright at
the edge of our map, i.e. extends beyond 20” (� 3300 AU) from the center. The
line is broadest in the map center, with FWHM� 10 km s�1. It has two peaks,
with the red-shifted peak somewhat brighter (Fig. 7.21). Toward the NW the line is
double peaked, with also a dip at +3:3 km s�1, but here the blue peak is brightest,
while toward the SE only the red peak is present and shows a prominent wing
(Fig. 7.21). A contour map of the wing emission is shown in Fig. 7.19. These spectra
thus indicate the presence of a high velocity molecular outflow emanating from
Elias 29, oriented in the NW–SE direction, with the NW lobe directed toward us.
The outflow is unresolved in the perpendicular direction. The fact that the emission
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FIGURE 7.19— Contour map of the integrated CO J = 6 ! 5 emission toward Elias 29, showing
the presence of a bipolar molecular outflow. The solid lines show the blue lobe in the north-west,
with the emission integrated between vlsr =�10 and 0 km s�1, while the dotted lines show the red
lobe in the east-south-east, for emission in the interval +7 to +17 km s�1. Levels of 5, 10, 15, 20, 25,
and 30 K km s�1 are shown.

is resolved in the NW–SE direction indicates that we see the outflow under an
angle (see also the discussion in Sect. 7.5). The outflow traced by our CO J = 6! 5
observations agrees well with that seen in the J = 2! 1 line (Bontemps et al. 1996),
and shows even better a characteristic bipolar shape. The correspondence is less
clear compared to the J = 2! 1 map of Sekimoto et al. (1997), due to the their large
beam (34” against our �12”). The morphology of the outflow is better defined
in the J = 6 ! 5 than the J = 2 ! 1 line, probably because the J = 6 ! 5 line
traces warmer gas and is less contaminated by material belonging to the cloud
itself. The average line profile of the J = 2! 1 (Bontemps et al. 1996) and J = 6! 5
lines shows that there is a larger fraction of J = 6 ! 5 emission at high velocities
(Fig. 7.20). This is particularly evident in the blue wings, and in this sense the
J = 6! 5 line traces faster material than the J = 2! 1 line.

The 13CO J = 6! 5 line at the central position peaks at vlsr �5 km s�1, clearly
not coincident with the 3.3 km s�1 dip in the 12CO line (Fig. 7.21). Perhaps the
13CO line is also absorbed at 3.3 km s�1. The absorbing gas could be a cool fore-
ground cloud, not part of the collapsing core. This cloud is extended, as the same
absorption appears in the NW border of the map. Here, the 13CO J = 6! 5 emis-
sion is marginally detected (T�

R � 3 K). The much larger 13CO emisson toward
the center indicates a larger column density of warm gas. Part of this gas (�20%;
Sect. 7.5) is radiatively excited near the central core.

Protostellar outflows can be usefully characterized by their momentum flux,
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FIGURE 7.20— Average
spectra of the J = 2 ! 1
(thin line) and J = 6 ! 5
(thick) lines. The J = 6 !
5 spectrum was multiplied
with a factor of 1.5 to match
the J = 2 ! 1 peak, and
better show the different
wing extent. The dotted
lines show the velocity in-
terval taken by Bontemps
et al. (1996) to derive their
outflow map of Elias 29.
The beam size of both ob-
servations is �12”.

FIGURE 7.21— From top
to bottom are shown the
12CO and 13CO J = 6 !

5 spectra observed toward
the infrared position of
Elias 29, the 12CO spec-
trum to the SE of this, and
the 12CO and 13CO spec-
tra to the NW. This clearly
demonstrates that a large
fraction of the CO J =
6 ! 5 emission originates
from a high velocity out-
flow. The vertical dashed
lines at 3.3 and 5.0 km s�1

are given to facilitate the
comparison of the profiles.
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or “force” (e.g. Bontemps et al. 1996). It allows to compare the molecular out-
flows of many objects, and determine their evolutionary stage. The momentum
flux F(vr; r;∆r) of a gas at velocity vr is calculated by dividing the momentum in an
annulus with radius r and width ∆r over the crossing time ∆r=vr:

F(vr; r;∆r)=
m(vr; r;∆r):vr

∆r=vr
(7.1)

The mass m(vr; r;∆r) within the annulus is derived from the line intensity, and
the momentum flux F(r) is obtained by integrating over the high velocity wings.
The resulting expression is independent of the annulus width:

F(r)=
Z

wings
2�r:v2

r :C(Tex; Jup; � ):T�
R:dvr (7.2)

Here, C(Tex; Jup; � ) is the conversion factor between the observed intensity in
one detector channel T�

R:dvr, averaged over the annulus, and the hydrogen column
density NH2. Assuming LTE, it depends straightforwardly on the excitation tem-
perature Tex, the quantum number of the upper rotational level Jup, and the line
optical depth � . At present, we do not take into account departures from LTE, but
note that these can be significant, depending on the assumed gas temperature and
density (Ceccarelli et al., in prep.). For Elias 29, we calculate the momentum flux
from CO J = 6 ! 5 by integrating over the blue and red wings (Fig. 7.20). Since
the outflow is very weak in 13CO J = 6! 5, we assume the 12CO wings are optic-
ally thin. Then, assuming the gas is hot, Tex = 1500 K, we find a momentum flux
6:8 10�6M� km s�1yr�1, in reasonable agreement with the value obtained for CO
J = 2 ! 1 (Bontemps et al. 1996; Sekimoto et al. 1997). With a highest observed
outflow velocity of � 10 km s�1, the inferred mass loss rate is � 7 10�7 M� yr. This
value increases with a factor of� 4 when a colder gas of Tex = 50 K is assumed, but
decreases when we would take into account departures from LTE. The momentum
flux and mass loss rate will also significantly increase when inclination corrections
are made. We refer to Ceccarelli et al. (in prep.), where these effects are discussed
in more detail. A similar momentum flux for J = 6! 5 and J = 2! 1 would imply
conservation of momentum between the inner, warmer parts (traced by J = 6! 5)
and the cooler outer layers of the outflow (traced by J = 2 ! 1). The momentum
flux of Elias 29 is relatively low compared to other YSO’s, even more when cor-
recting for its relatively high luminosity, thus indicating that Elias 29 is a rather
evolved Class I protostar (Bontemps et al. 1996).

7.4 Discussion: gas and solid state abundances

We have calculated line of sight averaged gas and solid state abundances to-
ward Elias 29, by dividing the column densities presented in this Chapter over the
total hydrogen column density NH = 1:2 1023 cm�2 (Sect. 7.3.2). We compare these
abundances with a sample of sight-lines, spanning the range from dark cloud core
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TABLE 7.4— Solid and gas phase abundances (N=NH in units of 10�6) toward Elias 29 compared
to other lines of sight

species Elias 16 N7538/9 W 33A Elias 29 GL 2591 Refs.A

H2O–ice 64 50 32-168 25 (7) 10 [1],[2],[3],[4],[5]
H2O–gas – < 8 3.6 >8 12 [7],[8],[4],[7]
CO–iceB 17 (1) 8 (1) 3.2 (1.8) 1.4 (0.2) << 1 [9],[9],[9],[4],[10]

–polar 2 (1) 1 (0.5) 2.4 (0.2) 0.2 (0.2) << 1 [9],[9],[9],[4],[10]
–apolar 14 (1) 7 (0.5) 0.8 (0.1) 1.2 (0.2) << 1 [9],[9],[9],[4],[10]

CO–gas > 20C 91 (51) 143 (32) > 83 113 (15) [11],[12],[12],[4],[12]
CO2–ice 12 (3) 10 (1) 5.2 (0.5) 5.4 (0.5) 0.9 (0.1) [3],[3],[3],[3],[3]
NH3–ice – 5.8 – < 2:3 – [13],[4]
CH3OH–ice < 1:8 2.0 7 < 1:0 4 (2) [14],[14],[14],[4],[15]
CH4–ice – 0.8 0.6 < 0:4 – [8],[8],[4]
OCS–ice < 0:13 – 0.07 < 0:02 – [16],[16],[4]
‘XCN’–ice < 1:3 1 (0.3) 3.6 (1) < 0:06 – [17],[17],[17],[4]

NH [1023 cm�2] 0.39 1.6 2.8 1.2 1.7 [18],[18],[18],[4],[20]
AReferences from left to right for each column: [1] Chiar et al. 1995; [2] Schutte et al.
1996; [3] Gerakines et al. 1999; [4] this work; [5] Smith et al. 1989; [7] van Dishoeck
& Helmich 1996; [8] Boogert et al. 1998; [9] Chiar et al. 1998; [10] van Dishoeck et
al. 1996; [11] Frerking et al. 1982; [12] Mitchell et al. 1990; [13] Lacy et al. 1998; [14]
Chiar et al. 1996; [15] Schutte et al. 1991; [16] Palumbo et al. 1997; [17] Tegler et al.
1995; [18] Tielens et al. 1991; [19] from Mitchell et al. 1990 and N(H2)/N(CO)=5000;
[20] this work, Fig. 7.2
B Total CO ice abundance given as well as the abundance present in the polar and
apolar ice components along the line of sight
C Determined from CO emission lines, abundance is a lower limit due to beam dilu-
tion

to fairly evolved protostars (Table 7.4). As a tracer of quiescent dark cloud material,
we chose the object Elias 16, an evolved star by chance located behind the Taurus
molecular cloud (e.g. Whittet et al. 1998). The least evolved protostar in our com-
parison sample is NGC 7538 : IRS9. The infrared spectrum of this deeply embedded
object is characterized by cold ice (Whittet et al. 1996; Chapt. 4), and the gas phase
temperatures and abundances indicate a very modest hot core (Mitchell et al. 1990;
van Dishoeck et al. 1996). W 33A is even more embedded than NGC 7538 : IRS9,
but does have a significant amount of warm gas along the line of sight (Mitchell et
al. 1990), and has a lower abundance of volatile ices (Tielens et al. 1992). The most
evolved object in our sample is GL 2591. It is a typical high mass hot core source,
with low ice abundances and high gas temperatures. NGC 7538 : IRS9, GL 2591,
and Elias 29, are all associated with infrared reflection nebulae, and have well de-
veloped high velocity molecular outflows. A notable exception is W 33A (Mitchell
et al. 1991). Although radio continuum observations do indicate the presence of an
ionized wind, it has an unusually low mass loss rate (5 10�7 M� yr�1; Rengarajan &
Ho 1996). Finally, all these comparison protostars are at least three orders of mag-
nitude more luminous than Elias 29, thus allowing an investigation of the effect of
low and high mass star formation on the abundances.

The H2O, and CO ice abundances decrease for the sequence of objects Elias 16,
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Object CO H2O Twarm

Elias 16 2 – –
NGC 7538 : IRS9 12 (6) <0.02 180
W 33A 45 (22) 0.02 120
Elias 29 >53 >0.26 200-1000
GL 2136 200 0.4 580
GL 2591 >400 0.8 200-1000
GL 4176 >400 �2 200-1000

TABLE 7.5— Gas-to-solid state column
density ratios of Elias 29 compared to other
lines of sight. Values taken from Table 7.4 and
van Dishoeck et al. (1997). Elias 29 seems to
resemble the more evolved hot core sources.

NGC 7538 : IRS9, W 33A to GL 2591 (Table 7.4). At the same time, the gas phase
H2O abundance, the gas phase CO and H2O temperatures, as well as the gas-to-
solid ratios (Table 7.5), increase for these objects. The H2O gas may originate from
evaporation of ice mantles, or may be newly formed by reactions of atomic O and
H2 in warm conditions (T > 200 K) in the central hot core or in shocks created by
the outflow (e.g., van Dishoeck & Blake 1998). The total (gas plus ice) H2O abund-
ance decreases for the more evolved objects, indicating that H2O is destroyed rather
than being newly formed (van Dishoeck 1998). In this heating sequence, Elias 29 is
placed after W 33A, and before GL 2591. Thus, despite its much lower luminosity,
Elias 29 fits well in this hot core trend, and heating of molecular envelopes by pro-
tostars seems to be scale invariant (Ivezic & Elitzur 1997). The various ice band pro-
files (H2O, CO, CO2, and 6.8 �m), however, indicate a low ice temperature toward
Elias 29, and a high fraction of apolar ice, resembling very much NGC 7538 : IRS9,
rather than W 33A or GL 2591. The combination of high gas phase abundances and
temperatures, together with low ice temperatures, as seen in Elias 29, is remarkable
and is not seen in the high mass protostars. Thus, although thermal processing is
important for the evolution of the surrounding material of both high and low mass
protostars, the effects seem to be different in low mass objects. Geometry, such
as the presence of a circumstellar disk, or a layer of cold foreground material, not
physically connected to the protostar, may play a more important role here. Also,
shock heating by the molecular outflow may have a larger influence in low mass
objects (Sect. 7.5).

Whereas thermal processing is very important for species such as H2O, CO, and
CO2, other mechanisms are needed to explain the variations of solid CH3OH, and
XCN abundances for the sources in our sample (Table 7.4). To date, no CH3OH ice
has been found in low mass protostars or dark clouds. For XCN, energetic pro-
cessing by the far-ultraviolet radiation of the star, or produced by cosmic rays, as
well as particle bombardment have been considered (e.g. Lacy et al. 1984, Grim et
al. 1987, Allamandola et al. 1988). These processes apparently are of less import-
ance in low mass protostellar systems.

7.5 Discussion: the structure of Elias 29

The variety of dust, gas and ice absorption and emission components presen-
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ted in this Chapter, and in the Literature, allows us to construct an overall view of
Elias 29. We discuss each of these components here, with reference to the sketches
in Figs. 7.22 and 7.23. The most direct view on the geometry has been provided
by lunar occultation observations. A central object with diameter of �1 AU emits
90% of the 2.2 �m continuum emission (Simon et al. 1987). This is emission from
hot dust directly surrounding the protostar, or perhaps the inner parts of a circum-
stellar disk. The remaining 10% of the emission comes primarily from an object of
60 AU in diameter. This could be the hottest part of a disk (T � 1000 K), which
must have an inclination less than 45o (i.e. close to pole-on), otherwise it would be
difficult to detect.

Independent evidence for the presence of a disk surrounding Elias 29 comes
from the SED. We compare the SED with that of Herbig AeBe stars, since, given its
luminosity (� 36 L�), Elias 29 might well be a (progenitor) Herbig Ae star. Herbig
AeBe stars have been classified according to the spectral slope between 3.5 and
10.6 �m (Hillenbrand et al. 1992). Group I objects have �F� / ��4=3, generally as-
signed to an optically thick circumstellar accretion disk. Group II objects have flat-
ter, or even rising, SEDs, which may be stars or star/disk systems embedded in an
extended envelope, not confined to a disk. Finally, group III objects have steeply
falling spectra in the infrared, indicative of little circumstellar dust. Within this
classification, Elias 29 is a group I or II object. Its slope does not drop as steeply
as ��4=3 (Fig. 7.2), and the continuum drops sharply short-ward of � 2 �m, sim-
ilar to the group II object R CrA of Hillenbrand et al. (1992). On the other hand,
the SED of Elias 29 also very much resembles that of the typical group I object
AB Aur (Fig. 7.2). High spatial resolution radio continuum and emission line ob-
servations provide strong evidence for the presence of a circumstellar disk around
this object (Mannings & Sargent 1997). The flatness of the SED in AB Aur indicates
that the disk is optically thick up to 100 �m, and becomes optically thin at longer
wavelengths where the SED drops steeply (e.g. van den Ancker et al. 1999). It
is worth to notice that also the luminosity of this object is very similar to Elias 29
(�40 L�). Its spectral type is A0e, with stellar mass 2.5 M� (Mannings & Sargent
1997). Thus, Elias 29 may be a (progenitor) Herbig Ae star, with a stellar disk, but
in contrast to typical Herbig stars, heavily extincted (AV = 20� 60).

Strong evidence for the presence of accretion disks in protostellar systems is
provided by the presence of emission or absorption by the vibrational overtone
band heads of CO (e.g. Carr 1989; Najita et al. 1996). The bands are excited only
in a hot (2500–4500 K), dense (> 1011 cm�3) gas, and thus trace the inner disks
close to the central objects (<1 AU). The 2.0–2.5 �m spectrum of Elias 29 does
show a regular structure (Greene & Lada 1996), but it is much weaker than the
CO overtone bands seen in several other protostars, such as another � Oph pro-
tostar, WL 16. Furthermore, the structure at 2.0–2.5 �m does not coincide with
the expected wavelength of the CO band heads. The absence of the CO overtone
bands in Elias 29 does however not prove the absence of an (inner) disk (Calvet
et al. 1991). The Herbig Ae star AB Aur, which does have a disk, and resembles
Elias 29 in many aspects, also has no detected CO overtone bands in emission or
absorption.
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served species have been indicated. The components are not drawn to scale.

The H I emission lines in Elias 29 may be indicative for an accretion disk. Al-
though they might as well originate from a relatively cold (7000 K), neutral wind,
an origin in disk matter accreted along magnetic field lines onto the stellar surface
seems more plausible (see Sect. 7.3.4 for a discussion). The magnetic field in pro-
tostellar systems is strong enough to hold off the disk before it reaches the stellar
surface. It disrupts the inner disk and channels the accreting material to fall onto
the star in accretion rings or spots. The accretion energy dissipates and heats the
photosphere enough to ionize hydrogen (T � 104 K), when the rapidly moving
magnetospheric gas shocks at the stellar surface (e.g. Hartmann 1998). Again, the
Br�/Br and Br�/Pf line ratios and luminosities are very similar to that of the
object Herbig Ae object AB Aur. This is somewhat surprising since both the mass
loss and accreting rates are (at least) a factor of 50 larger in Elias 29. We have to
stress, however, that this similarity may not be real, since the uncertainties in the
extinction correction for the H I lines in Elias 29 are large.

The inclination of the possible disk with respect to the line of sight is uncertain.
If the disk were edge-on, a higher absorbing column, perhaps an order of mag-
nitude larger than the observed NH � 1:2 1023 cm�2 (Sect. 7.3.2) would be expected
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(Sekimoto et al. 1997). An independent measure for NH and the disk inclination is
provided by the hard X-ray flux and spectrum, arising from a hot gas in the mag-
netosphere. For Elias 29, a high NH � 2 1023 cm�2 is observed during X-ray flares ,
but NH is a factor of 5 lower in quiescent phases (Kamata et al. 1997). Perhaps the
X-ray flares are formed low in the magnetosphere, and in an edge-on configura-
tion trace higher column densities compared to X-rays formed in quiescent phases
higher in the magnetosphere. We can at present not discriminate between these
contradictory views. It has also been suggested that in disk systems, deep silicate
bands indicate an edge-on orientation (Kenyon et el. 1993). However, in the case
of Elias 29, the silicate absorption may also originate in a dense envelope (see dis-
cussion further below). On the other hand, in the models of Kenyon et al., edge-on
systems give SEDs that peak in the far-infrared, in contrast to what is observed for
Elias 29.

Accretion disks are unavoidably associated with outflows through the poles of
the system. For Elias 29, the blue and red lobes of the detected CO J = 6 ! 5
outflow do not overlap in our projection, and thus we do not see the disk pole-
on. The molecular outflow is oriented NW-SE, extended to at least 3300 AU, in
projection, from the infrared source. Extended 2.2 �m continuum emission is seen
to radii of 150-300 AU (1-2”; Zinnecker et al. 1987) or even 1200 AU (8”; Elias
1978). This may be the reflection nebula on the inner side of the outflow lobes,
illuminated by the central star through the cavity created by the outflow. Evidently,
the reflection nebula must be seen under an angle, confirming that the outflow and
disk are tilted with respect to our line of sight, i.e. the system is not pole-on.

Millimeter wave continuum observations, tracing the coldest dust, indicate an
extended envelope, centrally concentrated on the infrared source (FWHM=17”;
2600 AU; André & Montmerle 1994). The emission is fairly symmetric in the map
of André & Montmerle, but appears extended in the NE-SW direction, perpendic-
ular to the outflow, in a recent study of Motte et al. (1998). The outflow, extending
to over 3300 AU, likely has removed part of this envelope in its flow direction.
The envelope is found to have a mass of �0.10 M�, and temperature T =35 K. The
spatially extended deep absorption at vlsr =3.3 km s�1 in the 12CO J = 6! 5 emis-
sion line may arise in this circumstellar envelope, or in extended foreground cloud
material, which is clearly present (Motte et al. 1998).

The detected ices toward Elias 29 could be present in the foreground cloud, the
extended envelope, and, in the edge-on case, the circumstellar disk. The low H2O
ice temperature (40 K in the laboratory), the particularly low CO ice abundance,
which all is in the volatile, apolar phase, and the profiles of the 13CO2 and 6.8 �m
bands, all indicate that currently no regions around the warm central core exist
where ices are strongly heated (�70-90 K). The particularly low abundance of CO
ice is explained by the temperature of the envelope (35 K), exceeding the sublim-
ation temperature of 20 K. The detected apolar CO ice can thus only be present in
the outer layers of the envelope, the foreground cloud, or the most shielded regions
of the disk, if seen edge-on. The abundances of the less volatile H2O and CO2 ices
are higher, and may be present also in the envelope.

The abundant hot CO and H2O gas is seen in absorption against the continuum
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of the central heating source, or the heated disk. The gas may have been heated by
radiation from the central object, or by shocks from the outflow. Radiative heating
to such high temperatures (�500 K) would locate the gas in a hot core, surrounding
the central object. The gas could be concentrated in a high density layer above the
circumstellar disk. To sufficiently heat it, the disk needs to flare outwards, rather
than being flat (e.g. Chiang & Goldreich 1997). The gas could also be present more
uniformly in the hot core, at lower densities (� 106 cm�3). It might then also be
partly heated by shocks from the outflow. Shock heating may also locate the hot
gas at much larger distances from the central source (> 1000 AU).

The scale on which the hot gas is present can be constrained when one assumes
that the pure rotational CO emission lines (Ceccarelli et al., in prep.) are emitted by
the same hot gas. With the temperature and column density derived from the CO
absorption lines, the line emission can be calculated, assuming spontaneous, and
optically thin emission from an LTE level distribution. The observed line emission
is then fitted by adjusting the size of the emitting region. For the range of column
densities and temperatures of the hot component found to fit the CO absorption
lines (Fig. 7.10), we find diameters in the range 85–225 AU. Thus indeed, the ob-
served hot CO gas may be present in a hot core region with the size of a circums-
tellar disk. More detailed modeling of the CO emission lines, including departures
from LTE, optical thickness corrections, and taking into account excitation by ra-
diative pumping, will provide firmer conclusions on the location of the gas phase
CO and H2O components, e.g. whether there is also a component associated with
the transition region between the hot core and the dense envelope (Ceccarelli et al.,
in prep.). In any case, it is clear that the far-infrared CO emission fills only a small
fraction of the ISO–LWS beam (�12000 AU), and is not associated with the molecu-
lar outflow far away from the central core. In contrast, and in the same physical
model, only�20% of the CO J = 6! 5 flux within the 1800 AU beam on the central
position can be explained by the hot gas. Most of the flux originates from the shock
of the outflow, as is also indicated by the large width of the CO J = 6! 5 line.

7.6 Summary and conclusions

A full 1.2–195 �m spectrum has been presented for the low mass protostel-
lar object Elias 29 in the � Ophiuchi molecular cloud. The SED — in the Log(�)
vs. Log(�F�) plane — rises steeply to a maximum near 5 �m, is remarkably flat
up to 100 �m, and drops steeply at longer wavelengths. Superposed on the con-
tinuum is a wealth of absorption lines of gas and solid state molecules. Hot CO
and H2O gas are detected (T �500 K) at rather high abundances, as well as cold
CO and perhaps cold H2O gas. This indicates that the central core of Elias 29 has
been significantly heated. This is supported by the relatively low ice abundances.
In this respect, Elias 29 resembles luminous protostars with well developed hot
cores, such as GL 2591. However, none of the many ice bands that are detected, i.e.
from H2O, CO, CO2, and the 6.8 �m band, shows outspoken signs of thermal pro-
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cessing. Again in comparison with luminous protostars, Elias 29 more resembles
less evolved objects, such as NGC 7538 : IRS9. Perhaps geometric effects play a
more important role in low mass protostars. The cold ices may originate in cold
foreground clouds, not directly associated with the collapsing envelope, or these
ices have been shielded from the radiation of the central source by the presence of
a circumstellar disk.

We construct a picture of the geometry and evolutionary status of Elias 29. In
many aspects, Elias 29 resembles the Herbig A0e star AB Aur. The luminosity of
the objects are similar (�40 L�), as well as several indicators for a circumstellar
disk, such as the shape of the SED, and the strength and ratios of H I emission
lines. Since AB Aur’s disk has been spatially resolved, it seems likely that Elias 29
has a disk as well. However, the disk of Elias 29 must be in an earlier evolutionary
stage, since this source has a factor of 50 larger accretion (and mass loss) rate, and
the spectrum does not show the many dust (silicates, PAH) emission features seen
in AB Aur (van den Ancker et al., in prep.). Furthermore, Elias 29 has a massive cir-
cumstellar envelope, and suffers from a large extinction. Thus, Elias 29 is a rather
evolved Class I protostar, having a deeply embedded, optically thick accretion disk,
and approaches the transition to the Class II, Herbig Ae, phase. This is further sup-
ported by the relatively low momentum flux and mass loss rate (� 7 10�7 M� yr�1),
as derived from the molecular outflow.

If we assume that the hot CO absorption lines and the detected far-infrared
CO emission lines originate from the same gas, we calculate that it is present on
a scale of 85–225 AU, i.e. the typical size of circumstellar disks. The hot CO and
H2O gas is perhaps present in the photosphere of the disk, which must then be
flared, to be sufficiently heated by the central object. The observed CO J = 6 ! 5
emission, however, must have been excited by shocks from the molecular outflow,
as is also evident from the high velocity wings. More detailed modeling of the
CO and H2O absorption and emission lines is necessary to further constrain the
location of the gas, i.e. the distance from the central heating source, height above
the disk, distribution over the hot core, and association with the molecular outflow.
The importance of heating by the outflow can be further investigated by observing
other species, such as SiO and SO.

The inclination of the disk/outflow with respect to the line of sight is very un-
certain. It is an important question, to be answered by future high spatial resolu-
tion infrared (HST) or millimeter continuum and line observations. It will clarify
whether the large extinction and ice bands arise from the (edge-on) disk, or a dense
envelope.
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—Bontemps S., André P., Terebey S., Cabrit S., 1996, A&A 311, 858

—Boogert A.C.A., Ehrenfreund P., Gerakines P.A., et al., 1999, A&A, in press
(Chapt. 4)

—Boogert A.C.A., Helmich F.P., van Dishoeck E.F., Schutte W.A., Tielens A.G.G.M.,
Whittet D.C.B., 1998, A&A 336, 352 (Chapt. 3)

—Boogert A.C.A, Schutte W.A., Helmich F.P., Tielens A.G.G.M., Wooden D.H.,
1997, A&A 317, 929 (Chapt. 2)

—Boogert A.C.A, Schutte W.A., Helmich F.P., Tielens A.G.G.M., Wooden D.H.,
1998, A&A 333, 389 (Chapt. 2)

163



164 Bibliography

—Boogert A.C.A, Schutte W.A., Tielens A.G.G.M., et al., 1996, A&A 315, L377
(Chapt. 3)

—Boreiko R.T., Betz A.L., 1996, ApJ 467, L113

—Boudin N., Schutte W.A., Greenberg J.M., 1998, A&A 331, 749

—Breukers R., 1991, Ph. D. thesis. Rijksuniversiteit Leiden

—Brooke T.Y., Sellgren K., Smith R.G., 1996, ApJ 459, 209

—Brown L.R., Loete M., Hilico J.C., 1989, J. Mol. Spectr. 133, 273

—Brown P.D., Charnley S.B., Millar T.J., 1988, MNRAS 231, 409

—Cabana A., Savitsky G.B., Hornig D.F., 1963, J. Chem. Phys. 39, 2942

—Calvet N., Patino A., Magris G.C., d’Alessio P., 1991, ApJ 380, 617

—Carr J.S., 1989, ApJ 345, 522

—Ceccarelli C., Hollenbach D.J., Tielens A.G.G.M., 1996, ApJ 471, 400

—Charnley S.B., Tielens A.G.G.M., Millar T.J., 1992, ApJ 399, L71

—Charnley S.B., Tielens A.G.G.M., Rodgers S.D., 1997, ApJ 482, L203

—Chen H., Myers P.C., Ladd E.F., Wood D.O.S., 1995, ApJ 445, 377

—Chernin L.M., 1996, ApJ 460,711

—Chiang E.I., Goldreich P., 1997, ApJ 490, 368

—Chiar J.E., Adamson A.J., Kerr T.H., Whittet D.C.B., 1995, ApJ 455, 234

—Chiar J.E., Adamson A.J., Whittet D.C.B., 1996, ApJ 472, 665

—Chiar J.E., Gerakines P.A., Whittet D.C.B., et al., 1998, ApJ 498, 716
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