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Chapter 1 — Introduction

1.1 From ancient astronomy to modern astrochemistry

Mankind has ever been fascinated with the stars. Dating toetble most ancient of times,
human life has been governed by the endless cycles of dayigimcamd of winter, spring,
summer and fall. Already in the early Stone Age, people masefseen a relationship
between the rising and setting of the Sun on the one hand, arkdtuining into light
turning back into dark on the other hand. Having establishe®un as the cause of light
and warmth, it is a logical next step to wonder whether othgeds in the sky could
equally influence life on Earth. As George Forbes wrote irbbiskHistory of Astronomy
(1909), “this led to a search for other signs in the heaverthelappearance of a comet
was sometimes noted simultaneously with the death of a gueat or an eclipse with a
scourge of plague, these might well be looked upon as canshs same sense that the
veering or backing of the wind is regarded as a cause of fineudwmieather.”

With today’s knowledge, it is easy to say that comets, eeBpnd most other astro-
nomical phenomena do not altogethéeat our lives as much as our ancestors believed.
Nonetheless, their suppositions led them to keep detagdleatds of anything remarkable
taking place in the sky. Clay tablets surviving from Babytoshow that people were
keeping track of solar eclipses at least as far back as 1082(Bowell 1905). In China,
c. 2450 B.C., the emperor Zhuanxu apparently saw a conppmofiMercury, Mars, Sat-
urn and Jupiter on the same day that the Moon was in conjungtith the Sun (Cham-
bers 1889, Hail & Leavens 1940). The preferential east-ardtnorth-south alignment
of graves and bodies in burial sites from the late Stone Aggests that mankind was
engaged in primitive astronomy as early as 4500 B.C. (Schitater & Schlosser 1984).

If the Babylonians laid the foundations for modern astrogoiinwas the Greek who
started building in earnest. From around 600 B.C. onwantmlars like Thales, Pythago-
ras, Anaxagoras, Plato and Eratosthenes performed maolutiemary measurements
and observations, and devised many equally revolutiorfegries about the Earth and
the Moon, the planets, and the Sun and the stars (Lewis 1882) most prolific of the
Greek astronomers was Hipparchus (c. 190-120 B.C.), reddoygl Forbes (1909) as the
founder of observational astronomy. Amongst other coutidims, he compiled the first
comprehensive star catalogue and discovered the preseddive Earth’s axis. Another
key figure from the classical period is the Roman Ptolemy,,valhound 150 A.D., wrote
one of the first textbooks on astronomy. Known asAlhmagesbr theGreat Treatiseit
contained a summary of the astronomical knowledge thertednlaj including a detailed
model of the motions of the Sun, the planets and the stars.

Hipparchus, Ptolemy and all astronomers before them westlynconcerned with
the motions of the stars and the planets, and not so muchhéthghysical nature. After
all, astronomy as a science was born out of a desire to be@pledict signs in the skies
that might announce a good harvest or the start of a war. 18, 8fost a millennium and
a half after Ptolemy'@\lmagestthe three Dutchmen Hans Lippershey, Zacharias Janssen
and Jacob Metius invented the telescope (van Helden 2008 allowed Galileo Galilei
(1564-1642) to embark on a whole new kind of astronomy. Sulgidde Sun was known
to have dark spots on its surface, Venus to have phasesedtgpiave moons, and the
Milky Way to consist of countless individual stars (Draker 8.
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1.1 From ancient astronomy to modern astrochemistry

Galileo’s observations supported the heliocentric theoylished by Nicolaus Coper-
nicus in his 1543 worlbe Revolutionibus Orbium Coelestiyand scientists were now
gradually accepting the idea of a spherical Earth orbitirgSun in a vast expanse. This
inevitably led to questions about the nature of the spaced®ei the planets and the stars.
Sir Francis Bacon appears to have been the first to publishitopic. In hisDescriptio
Globi Intellectualig(1653), he wrote, “Another question ighat is contained in the inter-
stellar spacesFor they are either empty, as Gilbert thought; or filled withoaly which
is to the stars what air is to flame (...); or filled with a bodyrtegeneous with the stars
themselves, lucid and almost empyreal, but in a less degreg’t Despite Bacon’s ex-
cellent ideas — his third option is remarkably close to théhtr it was not until the early
20th century that astronomers widely started to think adristellar space as a very dilute
gas. The first strong evidence of interstellar material caiitle the discovery of a very
narrow calcium absorption line toward©rionis, which Hartmann (1904) concluded had
to be due to a cloud of calcium gas located somewhere betwain &d this star. Inde-
pendent of him, Kapteyn (1909) theorised that “interstedf@ace must contain, at every
moment, a considerable amount of gas,” based on the corasabgelled by the Sun and,
presumably, other stars. The “dark markings of the sky” olestby Barnard (1919) pro-
vided further evidence of interstellar material, as didc$ymscopic observations by Heger
(1919), Beals (1936) and Dunham (1937a,b) and theoreticediderations by Birkeland
(1913) and Thorndike (1930).

Now that astronomers knew there was an interstellar medi8i) they set out to
identify its chemical composition. The observations sohiad established the presence
of Na, K, Ca, Ti* and other metal atoms and ioh# was soon suggested the ISM might
also contain simple molecules (Eddington 1926, Russelb19®%ings 1937, Saha 1937),
and this hypothesis was confirmed by the detections of CHr{§w& Rosenfeld 1937),
CN (McKellar 1940) and CH (Douglas & Herzberg 1941). Astrochemistry had arrived.

The advent of radio and microwave astronomy in the 1960$vield by infrared
astronomy in the late 1970s, provided a great boost for thifgfing area of science. By
the time Neil Armstrong set foot on the Moon, the detectio®bf, NHz, H,O and HCO
had increased the number of confirmed interstellar molecideseven (Weinreb 1963,
Cheung et al. 1968, 1969, Snyder et al. 1969). Seven morekmeven within a year and
a half, including two of the most abundant ones; ahd CO (Carruthers 1970, Wilson
et al. 1970). The 50th and 100th space molecules were détecid78 (NO, by Liszt
& Turner) and 1992 (SQ by Turner). Meanwhile, strong evidence had arisen for the
ubiquitous presence of a class of much larger molecules kraswpolycyclic aromatic
hydrocarbons or PAHs (Fig. 1.1; Gillett et al. 1973, Puget &gkr 1989, Allamandola
etal. 1989, Tielens 2008), although as of yet no individuairhers of this class have been

1 The quote comes from Bacon's collected and translated wedised by Spedding, Ellis and Heath. The
possibility of space being empty refers to William Gilbertiypothesis in hi®e Magnetg(1600; translated
by Mottelay) that “the space above the earth’s exhalatisr@sviacuum.”

2 Worth mentioning here is nebulium or nebulum, an elemenjuzed up by Sir William Huggins in the 1860s
to designate, as Clerke (1898) put it, “the exetiorld-styf originating the chief nebular ray at5007 [and]
its companion at 4959.” Nebulium continued to be considered a common comparfehe ISM until Bowen
(1928) showed that the lines at 5007 and 4959 A were in factaldeubly ionised oxygen, prompting Russell
(1932) to quip that “nebulium [had] thus very literally vahed into thin air”.
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Figure 1.1— A selection of polycyclic aromatic hydrocarbons (PAHsgnbene (gH,), naphtha-
lene (G H,), tetracene (GH,,), coronene (G,H,,) and ovalene (CH, ). Each corner represents
a carbon atom; hydrogen atoms are not drawn.

firmly identified. The counter of interstellar and circuniistemolecules and molecular
ions currently stands at 162 (Woon 2009), and astrochenfias firmly established itself
as an important field of researéh.

1.2 Low-mass star formation and the role of chemistry

The ISM is now understood to consist of several componeiegiEt al. 1969, McKee &
Ostriker 1977, Ferriére 2001). By volume, the top three lagehot ionised medium (par-
ticle density of 10*-102 cm™3, temperature of 19-10/ K), the warm ionised medium
(0.2—-0.5 cm®, 8000 K) and the warm neutral medium (0.2—0.58n6000-10000 K),
together accounting for 95—-99%. Most of the remaining vausitaken up by the cold
neutral medium (20-50 cm, 50-100 K). The densest ISM component, with a fractional
volume of less than 1%, are the molecular cloud$410° cm3, 10-20 K). They are of
particular importance for this thesis, as they are the plaite of new stars.

Molecular clouds range in diameter from a few to maybe 10 op2@&nd have a
mass between £&nd 10 M, (Cambrésy 1999). They tend to be irregularly shaped and
their density distribution is far from homogeneous. Emteticth molecular clouds are
so-called clumps with typical densities of%:0.0* cm™2 and typical diameters of 0.3-3
pc (Loren 1989, Williams et al. 1994). The clumps in turn toanbthe so-called cores,
whose densities are another order of magnitude higher andemiiameters are another
order of magnitude smaller (Motte et al. 1998, Jijina et 89, Caselli et al. 2002). The
temperature in all these substructures is about 10 K (B&diafalla 2007).

Supported by pressure, turbulence and magnetic fieldsj clowes usually survive for
a few 10 to possibly several £oyr. They consist of a mixture of gas and tiny dust grains
(radius of about 0.A4m) in a mass ratio of 1 to 0.01, or a number ratio of 1 to'2(Spitzer

3 The list of 162 molecules includes various isomers, but ntojsologues. It contains no PAHs except the
tentatively detected benzenegds). It also contains other tentative and disputed detectsuth as glycine
(NH2CH,COOH) and 1,3-dihydroxyacetone (CO(&BH),).
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1.2 Low-mass star formation and the role of chemistry

1954, Kimura et al. 2003} An active chemistry is already taking place during this stag
First of all, the initially atomic gas — inherited from the mnedliffuse ISM out of which the
cloud coalesced — is transformed into simple moleculesdi® OH and N. Because of
the low temperature and moderately high density, most cktineolecules freeze out onto
the dust. The resulting ice mantlear the possibility for additional chemical reactions,
leading for example to C§ CH,, H,O, H,CO and CHOH (Watanabe & Kouchi 2002,
loppolo et al. 2008, 2009, Fuchs et al. 2009).

The various physical and chemical stages involved in theédion of low-mass stars
are illustrated in Fig. 1.2. Point O represents the cold pluighe static cloud core. As
described in more detail in the rest of this section, the &dfom of a star at the centre
of the core is initially accompanied by a warm-up of the sunding material. At a later
stage, when a dense disk is formed around the star, the tetapedecreases again in
some areas. The range of physical conditions encounteredighout the star-formation
process results in a complex chemical evolution of both #weand the dust.

The collapse of the core under its own gravity is initiatedtos loss of turbulent or
magnetic support. Material starts falling in towards thetee along trajectories such as
the one drawn in Fig. 1.2. The core is gradually warmed up hyitational contraction,
accretion shocks and, eventually, nuclear fusion in théogtar. Volatile species such
as CO, CH and N, now evaporate from the grains (van Dishoeck et al. 1993, wéka
et al. 2001, Jgrgensen et al. 2002, 2004, 2005, Lee et al.) 20@#this also fiects
the gas-phase abundances of other species (Chapter 3). arheuwp to 20-40 K fur-
ther drives a rich grain-surface chemistry (Garrod & He2306, Garrod et al. 2008,
Oberg et al. 2009a; see also the review by Herbst & van Dighd@@9). The remaining
ice molecules may not be volatile enough at these tempesatorevaporate, but they
are mobile enough to flise more rapidly across the surface and react with each other
This leads to the formation of so-called first-generatiompiex organic molecules like
HCOOH and HCOOCHlat point 1 in Fig. 1.2.

As shown by Benson & Myers (1989) and Goodman et al. (1998)dctores rotate at
arate of 10-10s71. Angular momentum must be conserved throughout the calaps
and this results in the formation of a disk around the prarg&assen & Moosman 1981,
Terebey et al. 1984). Another feature that appears at rgufjbhlsame time is a bipolar
jet, launched along the core’s rotation axis from close ®glotostar (Shu et al. 1991,
Bally et al. 2007). The jets are probably another mechanisnemove excess angular
momentum, but their precise origin remains poorly undedtday et al. 2007). They
carve out a bipolar cavity in the remnant core material, Wrat this stage is usually
called the envelope. Bipolar cavities have been observechémy protostars (Padgett
et al. 1999, Arce & Sargent 2006).

The interaction between the envelope and the circumstiiiaris only understood in
the most general terms: material falls in from large radig the disk at some point, and is
absorbed by it. It is still an open question whether the dimorédrom the envelope occurs
predominantly onto the inner parts or the outer parts of k. dThe two-dimensional

4 The canonical mass ratio of 0.01 is actually the mass ratiwd®n the dust and the hydrogen gas. The mass
ratio between the dust and the total gas is 0.007 (Zhukowsia 2008).
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Disk Hot core Collapsing envelope Pre-collapse
— 10 107 10° 10° 10*
n(cm3) - } } } } |
T(K) - { } t
300 100

Figure 1.2 - Schematic representation of low-mass star formation anteof the chemistry in-
volved, as reviewed by Herbst & van Dishoeck (2009). CO fesemut before the onset of collapse
and is partially hydrogenated to GEIH (point 0). As the core warms up during the collapse, CO
and other volatiles evaporate and first-generation compiganic molecules are formed on the
grains (point 1). Conservation of angular momentum resalthe formation of a circumstellar
disk, where the temperature may become low enough for CGetzér out again. In the hot inner
region of the core and the disk, the entire ice mantle evage@nd high-temperature reactions in
the gas phase lead to a second generation of complex ordpnios 2).

(2D) axisymmetric hydrodynamical simulations of Brinchatt (2008a,b) suggest the
latter. As the disk gets thicker (i.e., more vertically exded), material from the envelope
would have to flow across the surface of the disk in order toedemnto the inner part.
Brinch et al. showed that this does not typically happentebud, most material hits the
disk near its outer edge. We also see a lot of envelope migétiag the outer parts of
the disk in our semi-analytical collapse model, but thestilsa fair amount (up to 50%)
that makes its way to the inner parts of the disk and accre&s (Fig. 1.3; see also Fig.

6



1.2 Low-mass star formation and the role of chemistry

t=0 t=10"yr

~10000 AU ~300 AU

Figure 1.3— Cartoon view of the layered accretion in one quadrant otollapse model, based on
Fig. 2.7 from Chapter 2. The outer parts of the original cloark (left) end up as the surface layers
of the circumstellar disk (right). The white part of the ciseoughly the part that disappears into
the outflow. The arrows illustrate the flow of material onte thsk.

4.2 in Chapter 4). Both the hydrodynamical simulations dh&n et al. and our semi-

analytical model result in layered accretion: the innetsaf the original cloud core end

up near the midplane of the disk, and the outer parts of the @od up near the surface
of the disk (Fig. 1.3; see Chapter 2 for details). Whethes ihindeed what happens in
reality remains to be confirmed by observations and 3D models

Depending on initial conditions like the mass of the core @adotation rate, the
disk formed around the protostar can grow as large as 1000ANdréws & Williams
2007b). Its density is several orders of magnitude highan that of the core — in the
inner parts, 1& cm 2 is not unusual. Because of the wide range of physical canditi
present throughout the disk, there are several distinanadz regimes (Fig. 1.4). The
midplane is shielded from direct irradiation, so the terappane may drop to 10 K or less.
The volatile species that evaporated during the initiajesaof the collapse now freeze out
again onto the cold dust (see also Fig. 1.2, between pointsl 2a Closer to the surface
of the disk, the physical conditions are veryfdient: the density is only £@m3 or less,
the temperature easily exceeds 100 K, and there is a stronfieléMrom the protostar.
Ices cannot survive in such an environment and the firstrg¢éina complex organics
formed at earlier times are liberated into the gas phase{@oin Fig. 1.2). There they
can participate in a hot-core chemistry to form a second rg¢io@ of complex organics
(Herbst & van Dishoeck 2009). The same can happen with infathaterial that passes
through the hot inner part of the remnant envelope.

The entire collapse phase typically lasts a few ¥0 The envelope gradually dissi-
pates towards the end of that period and we are left with ar@® sequence star sur-
rounded by a circumstellar disk. Depending on the mass gfista known in this stage

7
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¢ H,0
‘; CO 2ice <\~
g photon™ H,0,c.
m'zﬂ warm CH,OH,,
* wa 2 2ice CHuee  Cold midplane H,
74 O,
CH3OHice N_‘jcn:

Figure 1.4 - Schematic representation of the three chemical regimascircumstellar disk: the
photon-dominated layer (irradiated by the protostar aedrterstellar UV field), the warm molec-
ular layer, and the cold midplane. Typical species for eagimne are indicated.

as a T Tauri€ 2 M) or Herbig AgBe star (2—8V). The gaseous part of the disk dis-
appears over a period of about 10 Myr by photoevaporatioroaigding accretion onto
the star (Hollenbach et al. 2000, Haisch et al. 2001). Duittad time, its chemistry can
roughly be divided into the three regimes shown in Fig. 1.dr¢fh et al. 2007). Itis as
yet unknown whether the chemical composition of the diskui®ly a result of the phys-
ical conditions during the T Tauri or Herbig A#e stage, or whether the disk contains
some kind of chemical history from the collapse phase. Thimie of the key questions
addressed in this thesis.

1.3 Planets, comets and meteorites

The evolution of the dust in the disk is governed by two preess settling towards the
midplane and coagulation into larger grains (Weidendalgill 980, Miyake & Nakagawa
1995, Dullemond & Dominik 2004b, D’Alessio et al. 2006, Barthond et al. 2007a, Lom-
men et al. 2007, 2009; see also the reviews by Natta et al. 28@Dominik et al. 2007).
Together this may eventually lead to the formation of coraets planets. Whether plan-
ets are formed in all circumstellar disks is still an opengjio®. It is also not yet clear
how exactly planets are formed: two mechanisms have be@oged (core accretion and
gravitational instabilities), but neither of them can bkeduout based on current observa-
tions (Matsuo et al. 2007, Lissauer & Stevenson 2007, Dursel. 2007).
Regardless of the details of how planets are formed, thiialichemical composi-

tion is inherited from the disk. This is also true for comednd it is these objects in
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Figure 1.5— Molecular abundances in comets (Halley, Hale-Bopp, Hialte) Lee, ¢1999 S4 and
Ikeya-Zhang) compared to those in ISM sources (IRAS 162832 2warm inner envelope), L1157,
W3(H,0), G34.3-0.15, Orion Hot Core and Orion Compact Ridge) as provided bgkBlée-
Morvan et al. (2000, 2004) and Schaier et al. (2002). Therdyaos indicate the spread between
sources; errors from individual measurements are notdieclu The dashed line represents a one-
to-one correspondence between cometary and ISM abundandés not a fit to the data.

our own solar system that provide the most direct probe ottteenistry of the pre-solar
nebula (Bockelée-Morvan et al. 2000). Spectroscopic studi comet €1995 O1 (Hale-
Bopp) revealed a chemical composition that is remarkalphjlar to that of interstellar
ices, hot cores and bipolar outflows, suggesting that theetamy ices were formed in
the ISM and underwent little processing in the solar nebtlawever, observations of
a dozen other comets show abundance variations of at leastdan of magnitude for
CO, H,CO, CH;OH, HNC, H,S and 3, as well as smaller variations for other species
(Bockelée-Morvan et al. 2004, Kobayashi et al. 2007). In Ei§, the abundances from
the six comets 1Palley, Hale-Bopp, €1996 B2 (Hyakutake), 2999 H1 (Lee), €1999

S4 (LINEAR) and 153Rkeya-Zhang are compared against those in the embeddexd prot
star IRAS 16293-2422 (warm inner envelope), the bipolafl@utL1157, and the four
hot cores W3(HO), G34.3-0.15, Orion HC and Orion CR (Bockelée-Morvan et al. 2000,
2004, Schoier et al. 2002). On the one hand, it shows the glsmrespondence between
cometary and ISM abundances. On the other hand, it showth#habundances can vary
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greatly from one comet to the next. Thes&elient chemical compositions may be ex-
plained by assuming that the comets were formedfiieint parts of the solar nebula. If
that is indeed the case, there must have been some degresntitahprocessing between
the ISM and the formation of the cometary nuclei. Two-dinmenal collapse models such
as the one presented in this thesis may help to clarify exhot chemically pristine the
cometary material is and where the mutudletiences come from.

Meteorites provide another set of clues about the physimataemical conditions in
the early solar system. For example, Clayton et al. (197 2)sued the abundances of the
rare oxygen isotope€0 and'®0 in meteorites and found that they could not be explained
with normal low-temperature isotope enhancement reastidone’ Recently, this so-
called oxygen isotope anomaly has been interpreted asreader isotope-selective pho-
toprocesses in the solar nebula — more specifically, fordélec8ve photodissociation of
C'%0, C’0 and CG®0 (Clayton 2002, Lyons & Young 2005, Lee et al. 2008). If true,
this would put strong constraints on the ambient UV intgnisithe solar neighbourhood
around 5 Gyr ago.

1.4 Chemical models

1.4.1 Historical development and reaction types

Chemical models play a pivotal role in interpreting aburaéenderived from spectro-
scopic observations. One of the first such models was cantsttat Leiden Observatory
in 1946 by Kramers & ter Haar and was targeted at CH and,@Wo of the first three
molecules detected in the ISM (Sect. 1.1). Other early cbanmodelling studies were
undertaken by Bates & Spitzer (1951) and Solomon & Klempg@r@r2). The latter used
a network consisting of 22 monatomic and diatomic specid®ll by 34 reactions. They
obtained good quantitative agreement with the observaibiierbig (1968) of CH and
CN along the line of sight towards the starOphiuchi, but they could not reproduce
the abundance of CH As observations identified ever more complex species ter t
years, so chemical networks have expanded. The latesbusrsf the two most popular
networks — UMIST06 and osu_03 2008 — contain about 450 epexrid 4500 reactions
(Woodall et al. 2007, Hersant et al. 2009owever, there are still many scientific ques-
tions that can be answered with only a few dozen species aad &ddndred reactions
(see, for example, Chapters 5 and 6).

The reactions in an astrochemical network can be categidriseseveral types. Table
1.1 lists the types used in modern networks like UMISTO06 asdl 63 2008. The first
14 reaction types belong exclusively to the gas phase; t¥ped8 describe gas-grain

5 For a set of isotopologues, the zero-point vibrational gnelecreases with increasing mass. Therefore, the
abundances of heavy isotopologues Iik}?(ﬂ and I-ESO are enhanced at low temperature relative to the lighter
isotopologue H°O.

6 These numbers do not include recent developments like-gtaface chemistry (Hasegawa et al. 1992, Garrod
et al. 2008) or hydrocarbon anions (Millar et al. 2007, Wadskal. 2009), which would make the networks
even larger. Adding isotopes like D 8fC would also greatly expand the size of the network.
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1.4 Chemical models

Table 1.1— Reaction types in current astrochemical models.

Number Typé&

Example

neutral-neutral
ion-neutral

charge exchange
mutual neutralisation

radiative recombination
associative detachment

OH+ 0 - 0O, +H
CH} + H, —» CHj + H
CH+C" - CH" + C
C+H - C+H
CH"+e - C+H
CH" + & - CH + hv
NH — NH + e

radiative association
photodissociation

C+H, - CH, + hv

1
2
3
4
5 dissociative recombination
6
7
8
9 CO+hr - C+0O

10 photoionisation C+hr—>C+e

11 cosmic-ray dissociation H+ { - H" + H”

12 cosmic-ray ionisation H, + { - H} + e

13 cosmic-ray—induced photodissociation GO~y — C + O

14 cosmic-ray—induced photoionisation ~ €/-hv —» C" + €

15 adsorption (or freeze-out) C® COce

16 desorption (or evaporation) GO — CO

17 grain-surface hydrogenation i+ H — OHie

18 grain-surface radical-radical CHO+ OHice —» HCOOHce

@ Based on Woodall et al. (2007). All species are in the gasephatess indicated otherwise. The symbols

hv, £ and/-hv indicate a photon, a cosmic ray and a cosmic-ray—inducetbphoespectively.
b Reaction types in italics were already included in the mbagebolomon & Klemperer (1972).

interactions and grain-surface reactions. It is intengstd note that of the fourteen gas-
phase reaction types in Table 1.1, nine were already indlbgeSolomon & Klemperer
(1972) in their chemical model. A reaction type of particufaportance to this thesis is
photodissociation. It is one of the key processes comiglihe abundances during the
collapse phase in Chapter 3 and it sets a lower limit to the aizircumstellar PAHs in
Chapter 6. It plays an even larger role in Chapter 5, whicmisaly about the selective
photodissociation of CO isotopologues.

Photodissociation can take place in several ways (van Bighd987, 1988, Kirby &
van Dishoeck 1988), two of which are illustrated in Fig. I56r most simple species, the
main channel is direct photodissociation. Absorption of\a &f visible photon brings
the molecule from the electronic ground state into a repellskcited state. Spontaneous
emission back to the ground state is a slow process, so &deall absorptions result
in photodissociation. The corresponding cross sectioncisrginuous function peaking
at the vertical excitation energy. Another possible meddmaris predissociation: the
molecule is first excited from the ground state into a boungkugtate and then crosses
over into a repulsive state. This is the dominant dissamathechanism for CO and
its isotopologues (Chapter 5). The predissociation cresfian consists of a series of
discrete peaks, corresponding to the vibrational levete@bound upper state.
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direct photodissociation
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Figure 1.6— Schematic potential energy curves and cross sectiongémt ghotodissociation (top)
and predissociation (bottom) of a diatomic molecule ABerfian Dishoeck (1988).

For molecules with a large number of atoms, such as PAHs {Fiy. the density of vi-
brational levels at each electronic state becomes highgéntmuform a quasi-continuum.
When a PAH absorbs a UV or visible photon and is excited to geuplectronic state,
it rapidly crosses over into the vibrational quasi-contimuof the electronic ground state
(Légeretal. 1988, 1989). From here, it relaxes back to a lbvational level by radiative
decay. As long as the internal energy of the PAH exceeds aieéhreshold value, there
is the possibility of losing a hydrogen atom or a carbon fragt{Le Page et al. 2001).
In the strong radiation fields in the inner parts of the disk &me envelope, the PAH
may absorb a second photon before its internal energy fatk below the dissociation
threshold. Multi-photon absorptions keep the PAH at highrimal energy, thus greatly
increasing the fective photodissociation rate (Chapter 6).

1.4.2 Solution methods

Mathematically, a network of chemical reactions resulta 8ystem of ordinary fieren-
tial equations (ODESs). Each specieis formed by a certain number of reactions (say,
mx) and it is destroyed by a certain number of other reactiomg (8). Hence, the time
derivative of the number density;(in cm™3) is

dn; & <
m = > Ri= D R (1.1)
=1 =1

with Ry ; andRyj the rates (in cm? s71) of the individual formation and destruction reac-
tions. If a reaction involves two reactants with number d&ssn; andn,, its rate is of
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the form
R=kmn;,. (12)

This is the case for reaction types 1-8, 17 and 18 from TallleFor types 9-16, where
there is only one reactant, the rate is of the form

R = kny. (1.3)

Because of the low densities in most astronomical objecistefest to chemical mod-
ellers, reactions with three reactants are very slow ancharéncluded in the standard
networks. However, they start to become important in thelimost regions of circum-
stellar disks.

The variablek in Egs. (1.2) and (1.3) is the so-called rateftic&ent. Rate coicients
are obtained most reliably by measuring the reaction inrotlatl conditions in a labo-
ratory — ideally at a range of conditions, so that it can baldished quantitatively how
the codficient depends for example on temperature. Another goodadéstio derive the
codficient from quantum chemical state-to-state calculatiblosvever, both methods are
time-consuming, so many cfiients in current networks are based on extrapolations or
chemical kinetic theories, and some of them are no more tlacaded guesses.

Given a set of species, reactions and ratdfoments, there are two ways of solving
for the abundances: find an equilibrium or follow the evaaotof the abundances in time.
The two methods are now illustrated with a very simple systemsisting of only two
species (CO gas and CO ice, with number densitigsandnice) linked by two reactions
(freeze-out and evaporation, with raiRgsandR,g9, Similar to what is used in Chapter 2.
The rate cofficients depend on the temperatiirand the gas densityy; we approximate
them as

Kags= (1 x 1078 cm® K™Y2 s Hny VT, (1.4)
kges= (1 x 10*2s71) exp(— 85%<) , (1.5)

after Charnley et al. (2001) and Bisschop et al. (2006).
If we are interested in the equilibrium abundances at a givemdny, we have to
solve the equations

{ dngas/dt = kdesnice - kadJ]gaSZ 0 (16)

dnice/dt = kadsngas_ kdeJ‘ice =0

under the condition of conservation of mass. Setting thal 80 abundance to 16
relative tony, this is simply expressed as

ngas+ nice = 1U4nH . (1.7)
The equilibrium solution then becomes

10—4nH I<des

Ngas = m s Nice = 10_4nH — Ngas. (1-8)
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The procedure is essentially the same for a full chemicalowt set the time deriva-
tives of all individual abundances to zero and ensure ceatien of mass. However, an
analytical solution can generally not be derived for a ftwork. Instead, the problem
must be solved with a numerical procedure like the NewtopkRan routine (Press et al.
1992).

Solving for the equilibrium abundances is usually fine if gig/sical conditions are
constant, although one always has to check that the objertterfest is old enough
to reach chemical equilibrium. If that is not the case, orhié physical conditions
change on timescales shorter than the chemical timescaéehas to solve the abun-
dances time-dependently with an integration package li®D¥ (Brown et al. 1989).
Starting from some initial values, the abundances are edalvsmall time stepAt up to
a pre-determined final time. Turning back to our CO systemgoved for example begin
with all CO as ice and ask how long it takes to evaporatg;at 10* cm 3 andT = 18 K.
We could also simulate the warm-up phase during the collapaeloud core by starting
at 10 K and increasing the temperature at a typical rate df R.9r~%. If we couple this
to a physical model of the collapse to get a relationship betwthe temperature and the
distance from the protostar, we could then s#&ereCO evaporates. Finally, we could
add other molecules to the mix and expand the simple freaffevaporation scheme to a
full chemical network. In essence, this is what we do in Caep? and 3.

1.5 This thesis

The central theme of this thesis is the chemical evolutioringuthe formation of low-
mass stars and their surrounding disks. Although the isitéages of the collapsing cloud
core are well described by spherically symmetric models,ithno longer possible once
the disk is formed. So far, the chemistry during the collggsase has only been studied
up to the point that the disk is formed or on large scales whpherical symmetry can
still be safely assumed-(1000 AU). In this thesis we present the first physical-chanic
model that follows the entire core collapse and disk fororagirocess in two dimensions.

In the preceding sections we introduced several open quesstelated to low-mass
star formation and the chemical evolution of the materigbived. The most important
ones addressed in this thesis are:

e Does material from the envelope accrete predominantly erirther or on the outer
parts of the disk?

e How does the chemical composition of the gas and dust chaogethe envelope to
the disk?

¢ Is the chemical composition of a T Tauri or Herbig/Be disk purely a result of in
situ processes or does it retain some signature of the cellpipase?

e What fraction of the cometary ices is truly pristine?

e What is the origin of the chemical diversity of comets?

The first three chapters of this thesis deal with our 2D cskapodel. To begin with,
Chapter 2 contains a full description of the model. We cotlpeanalytical collapse solu-
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tions of Shu (1977), Cassen & Moosman (1981) and Terebey @t%84) to the model of
Lynden-Bell & Pringle (1974) for a viscously evolving cirmstellar disk. The size and
luminosity of the central sources evolve according to Ad&nshu (1986) and Young &
Evans (2005). We define a standard set of initial conditionsg mass, sound speed and
rotation rate) and find that the resulting density and véjogiofiles show good agree-
ment with those from more detailed hydrodynamical simatai(Yorke & Bodenheimer
1999, Brinch et al. 2008a,b). The temperature is a very itapbinput parameter for the
chemistry, so we compute it with a full radiative transfeitioel (Dullemond & Dominik
2004a) at a series of time intervals. The semi-analyticaireaof our model allows us
to easily change the initial conditions and we obtain dgnsitlocity and temperature
profiles for a small grid of parameters.

As a first illustration of the full chemistry, we look at thee&ze-out and evaporation
of CO and HO. We calculate infall trajectories originating from sealdhousand points
in the cloud core to see how material flows towards the start@dlisk. The density
and temperature along each trajectory provide the inpuvolving the gas and ice abun-
dances of CO and #D, resulting in 2D profiles of the gas-to-ice ratios in thekdisid
remnant envelope.

In Chapter 4, we revisit one particular physical aspect ofoolilapse model: the sub-
Keplerian velocity at which material accretes onto the di$kis problem was studied
previously by Cassen & Moosman (1981) and Hueso & GuilloO&0Q but not in the
context of a 2D model. We derive a new solution for the rad@édbeities inside the disk
and show that it does not stronglffect the results from the preceding chapter. However,
it does dfer new insights into the related question of why the dustiicurnstellar disks
is more crystalline than in the ISM. We rerun the models ofil@ubnd et al. (2006a) and
obtain a better match with observed crystalline abundainagisks.

We couple our 2D collapse model — including the new correctoy sub-Keplerian
accretion — to a full gas-phase chemical network in ChapteaBalyse the abundances of
several major oxygen-, carbon- and nitrogen-bearing spetie describe the evolution
of the abundances along one specific infall trajectory amgvghat most changes can be
traced back to key chemical processes like the evaporatio@amr the photodissociation
of H,O. In turn, these key processes relate back to physical li&atthe increase in
temperature or UV flux at some point along the trajectory. éviat ending up in other
parts of the disk encountersfidirent physical conditions and we show how thd¢ets
the abundances of certain species. Finally, we seek to angather the disks around
T Tauri and Herbig A@Be stars retain some signature of the collapse-phase cingmis
if their chemical composition is fully determined by in sfirocessing. To that end, we
evolve the abundances obtained at the end of the collapsséiher 1 Myr in a static
disk model to see how much they still change.

Having discussed the gas-phase chemistry and the dustattggrwe turn to the
guestion of isotopes in Chapter 5. We derive an extensivatepd the CO photodisso-
ciation model of van Dishoeck & Black (1988) using new lalilora data. The model
includes not only the regular isotop&c and*®0, but also the less abundaddc, 'O
and!®0. We discuss thefiect of the temperature on the isotope-selective photodisso
ciation rates and we couple the photodissociation modelsto@l chemical network to
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analyse the abundance of CO and its isotopologues as adaratidepth into diuse
clouds, photon-dominated regions and circumstellar di8keng-standing puzzle in our
own solar system is the anomalous oxygen isotope ratio fountkteorites. Our results
support the recent hypothesis by Lyons & Young (2005) thatathomalous ratio is due
to CO photodissociation in the solar nebula.

The final chapter of this thesis targets the chemistry of yetfzer class of compounds:
polycyclic aromatic hydrocarbons or PAHs. We adapt the dsgynmodels of Le Page
et al. (2001) and Weingartner & Draine (2001) and the exoitanodel of Draine & Li
(2007) to find the dominant charge and hydrogenation stdtBAlds in disks around T
Tauri and Herbig AgBe stars. We explicitly calculate where in the disk PAHs are-p
todissociated, taking into account the possibility of iaplioton absorption events. The
2D abundance profiles thus obtained are coupled to a ragiamtinsfer package (Dulle-
mond & Dominik 2004a) to simulate spatially resolved speeckKinally, we compare the
predicted spatial extent of the PAH features to observatipnvan Boekel et al. (2004),
Habart et al. (2006) and Geers et al. (2007) to determinezbkeothe PAHs responsible
for the observed emission.

Each of the Chapters 2—6 closes with a summary of the concisighat we draw from
our model results and the comparison with observations #mel snodels. We present
here the main conclusions from this thesis.

e Our two-dimensional semi-analytical collapse model pradurealistic density and
velocity profiles, allowing us to track the chemistry all thay from pre-stellar cores
to circumstellar disks. Combined with full radiative tréersto get temperatures and
UV fluxes, this makes it an excellent tool to study the chefh@galution during low-
mass star formation (Chapters 2 and 3).

e Both CO and HO freeze out before the onset of collapse,OHremains frozen
throughout the collapse phase, except when it gets intmther i5—-10 AU of a disk.
From there, it may move outwards again to colder regionseaditk expands to con-
serve angular momentum. CO rapidly evaporates once thepsellstarts, although
some of it is likely to be trapped in the;B ice. In the coldest parts of a disk (L8
K), all CO freezes out again (Chapters 2 and 3).

e The chemistry during the collapse of a cloud core and the d&tion of a disk is
dominated by a small number of key chemical processes thatctivated by changes
in the physical conditions. Examples of these key procemsathe evaporation of CO,
CH, and HO at approximately 18, 22 and 100 K, and the photodissociatidCH,
and RO in the vicinity of the outflow wall. The photodissociatioh©O requires
a stellar temperature of at least 7000 K or a colder star wittegs UV emission
(Chapter 3).

e Because of the short dynamical timescales, the chemisgy dot reach equilibrium
at any time during the collapse. The chemical compositiothefdisk at the end of
the collapse phase is therefore primarily a product of thesjglal conditions at earlier
times. Additional work is required to determine if any cheatisignatures from the
collapse phase survive into the T Tauri or HerbigBe stages (Chapter 3).
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e The material from which solar-system comets are formed fesif mixed origins.
Our collapse model predicts a large degree of chemical psitg towards the comet-
forming zone in the disk. The observed fractions of crystalkilicates in comets are
also indicative of strong processing. However, strong @seimg cannot explain why
the chemical composition of cometary ices so closely resesrihat of interstellar
ices. The detections of amorphous silicates in comets ast pt the presence of
unprocessed material. Hence, it would seem that cometsfaened partially from
processed material and partially from pristine materiddgters 3 and 4).

e The chemical diversity between individual comets is likalyesult of them having
formed at diferent locations in the solar nebula. The physical conditiona disk
change in time, so if two comets were formed severaldkQL® yr apart, their chem-
ical compositions would also beftirent (Chapter 3).

e Itis important to take the vertical structure of a disk intw@unt when computing
the infall trajectories. The outer parts of a disk can indptcmaterial and keep it
from accreting onto the disk at much smaller radii, as it widfithe disk is treated as
completely flat (Chapters 2—4).

e Thermal annealing followed by outward radial mixing is resgible for at least part
of the crystalline silicates observed in circumstellakdi€Chapter 4).

e The CO photodissociation rate obtained with our new mod&0& higher than the
old value. The dissociation of'@0 and**C'’O shows almost exactly the same depth
dependence as that of&D and!3C*0, respectively, sd’0 and*®0O are equally
fractionated with respect t80. The level of fractionation is higher for cold gas than
it is for warm gas (Chapter 5).

¢ Isotope fractionation in circumstellar disks through thefodissociation of CO in the
surface layers requires a far-UV component in the irradgespectrum. The interstel-
lar radiation field is sfiicient for this purpose. Our model supports the hypotheais th
the photodissociation of CO is responsible for the anonsdit and*0 abundances
in meteorites (Chapter 5).

e PAH emission from circumstellar disks is extended on a ssiatélar to the size of
the disks. Neutral and positively ionised PAHs contribatéhe emission in roughly
equal amounts. Based on the spatial extent, the observediembriginates mostly
from PAHs with a size of at least 100 carbon atoms. Smaller $Ak¢ diciently
destroyed by the stellar UV field in the inneB0 AU of a disk (Chapter 6).

Although our two-dimensional semi-analytical collapsed®lois an important step
forwards in the study of the chemical evolution during lovass star formation, many
guestions still remain unanswered. With regards to the irtsadf, we have only under-
taken some basic tests against observations. One of theHakénges now is to couple
the model to a radiative transfer package to predict spdotess and compare them to
observational data. The start of science operations wétHgtrschel Space Observatory
later this year and with the Atacama Large Millimgseomillimeter Array (ALMA) in
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2011 dters both exciting possibilities and additional challengEer example, the un-
precedented spatial resolution of ALMA may well requireasm®n of the physics in the
inner parts of the disk and envelope.

Given the semi-analytical nature of our model, some physispects had to be sim-
plified. The bipolar outflow is only included in an ad-hoc fashand we may be under-
estimating how much material it sweeps up and out of the systaother simplification
involves the amount of core material that becomes involaetié collapse. We currently
let the entire core accrete onto the star and disk, but réetarferometric observations
call this into question (Jgrgensen et al. 2007). In both ae final disk mass and
temperature would be filerent, and some of the chemistry would change as well.

On the chemical side, the treatment of photoprocessesntlyrievolves several ap-
proximations in the way the shape of the irradiating sp@ctisitaken into account. Also,
grain-surface processes are still largely unexplored.y Have to be added to our net-
work if we want to reproduce the observed abundances of meltlzed more complex
organic molecules. If amino acids and other biologicallypartant species are formed
in circumstellar disks, it is likely that this happens onigrsurfaces, or that this at least
requires precursor molecules formed on grains. In eithse,cgrain-surface chemistry
promises to be important as astronomers worldwide contmuaravel the history of our
solar system in general and the origins of life on Earth iipalar.
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Abstract

Context. Many chemical changes occur during the collapse of a maealbud core to form a
low-mass star and the surrounding disk. One-dimensiondetsdiave been used so far to analyse
these chemical processes, but they cannot properly degbefincorporation of material into disks.

Aims.The goal of this chapter is to understand how material creiogemically as it is transported
from the cloud to the star and the disk. Of special intereitéschemical history of the material in
the disk at the end of the collapse.

Methods.We present a two-dimensional, semi-analytical model floathe first time, follows the
chemical evolution from the pre-stellar core to the prapand circumstellar disk. The model com-
putes infall trajectories from any point in the cloud core &mracks the radial and vertical motion of
material in the viscously evolving disk. It includes a futhe-dependent radiative transfer treatment
of the dust temperature, which controls much of the chemnigtte explore a small parameter grid to
understand theffects of the sound speed and the mass and rotation rate ofrtheldw freeze-out
and evaporation of carbon monoxide (CO) and wateiQ} as well as the potential for forming
complex organic molecules in ices, are considered as impofirst steps towards illustrating the
full chemistry.

Results.Both species freeze out towards the centre before the sellapgins. Pure CO ice evap-
orates during the infall phase and readsorbs in those pitfte alisk that cool below the CO des-
orption temperature 0£18 K. H,O remains solid almost everywhere during the infall and disk
formation phases and evaporates withib0 AU of the star. Mixed CO-kD ices are important

in keeping some solid CO above 18 K and in explaining the pes®f CO in comets. Mate-
rial that ends up in the planet- and comet-forming zones @fdisk ~5-30 AU from the star) is
predicted to spend enough time in a warm zone (sevefayrlat a dust temperature of 20-40 K)
during the collapse to form first-generation complex orgapiecies on the grains. The dynamical
timescales in the hot inner envelope (hot core or hot codne)oo short for abundant formation of
second-generation molecules by high-temperature geseptr@mistry.
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2.1 Introduction

The formation of low-mass stars and their planetary systemsomplex event, spanning
several orders of magnitude in temporal and spatial scatesjnvolving a wide variety
of physical and chemical processes. Thanks to observatioesry and computer simu-
lations, the general picture of low-mass star formatioroi nnderstood (see reviews by
Shu et al. 1987, di Francesco et al. 2007, Klein et al. 2007&\ét al. 2007 and Dulle-
mond et al. 2007b). An instability in a cold molecular clowate leads to gravitational
collapse. Rotation and magnetic fields cause a flattenedtgstrsicture early on, which
evolves into a circumstellar disk at later times. The pratiosontinues to accrete matter
from the disk and the remnant envelope, while also expettiagter in a bipolar pattern.
Grain growth in the disk eventually leads to the formatiomplainets, and as the remain-
ing dust and gas disappear, a mature solar system emergds. tiiéne has been ample
discussion in the literature on the origin and evolution i&igs in disks (see reviews by
Natta et al. 2007 and Dominik et al. 2007 or the discussionhagfer 4), little attention
has so far been paid to the chemical history of the more Velataterial in a two- or
three-dimensional setting.

Chemical models are required to understand the obsergaimhdevelop the simula-
tions (see reviews by Ceccarelli et al. 2007, Bergin et d.72dnhd Bergin & Tafalla 2007).
The chemistry in pre-stellar cores is relatively easy to elpldecause the dynamics and
the temperature structure are simpler before the protastarmed than afterwards. A
key result from the pre-stellar core models is the deplaifanany carbon-bearing species
towards the centre of the core (Bergin & Langer 1997, Lee.&Gl4).

The next step in understanding the chemical evolution dustar formation is to
model the chemistry during the collapse phase (Ceccatelli €996, Rodgers & Charn-
ley 2003, Doty et al. 2004, Lee et al. 2004, Garrod & Herbst&2@ikawa et al. 2008,
Garrod et al. 2008). All of the collapse chemistry modelssafe one-dimensional, and
thus necessarily ignore the circumstellar disk. As thegstair turns on and heats up the
surrounding material, all models agree that frozen-outigigereturn to the gas phase if
the dust temperature surpasses their evaporation teraperakhe higher temperatures
can further drive a hot-core—like chemistry, and complexatules may be formed if the
infall timescales are long enough.

If the model is expanded into a second dimension and the gliskluded, the system
gains a large reservoir where infalling material from thaucl can be stored for a long time
(at least several #0yr) before accreting onto the star. This can lead to furthentical
enrichment, especially in the warmer parts of the disk (&t al. 1997, 2008, Aikawa
& Herbst 1999, Willacy & Langer 2000, van Zadelhiet al. 2003, Rodgers & Charnley
2003). The interior of the disk is shielded from direct ifggbn by the star, so itis colder
than the disk’s surface and the remnant envelope. Hencecolek that evaporated as
they fell in towards the star may freeze out again when thégreéhe disk. This was first
shown quantitatively by Brinch et al. (2008b, hereafter BUBHusing a two-dimensional
hydrodynamical simulation.

In addition to observations of nearby star-forming regjdims comets in our own solar
system provide a unique probe into the chemistry that taleeeluring star and planet
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formation. The bulk composition of the cometary nuclei iféyed to be mostly pristine,
closely reflecting the composition of the pre-solar nebBlackelée-Morvan et al. 2004).
However, large abundance variations have been observeeérindividual comets and
these remain poorly understood (Kobayashi et al. 2007) -dimensional chemical mod-
els may shed light on the cometary chemical diversity.

Two molecules of great astrophysical interest are carbonaxide (CO) and water
(H20). They are the main reservoirs of carbon and oxygen andalantich of the over-
all chemistry. CO is an important precursor for more compledecules; for example,
solid CO can be hydrogenated to formaldehyde@8) and methanol (C§DH) at low
temperatures (Watanabe & Kouchi 2002, Fuchs et al. 2009)rin these two molecules
form the basis of even larger organic species like methyhtde (HCOOCH; Garrod &
Herbst 2006, Garrod et al. 2008). The key role @fcHn the formation of life on Earth
and potentially elsewhere is evident. If the entire formatprocess of low-mass stars
and their planets is to be understood, a thorough undeiis@otithese two molecules is
essential.

This chapter is the first in a series of publications aimingitwdel the chemical evo-
lution from the pre-stellar core to the disk phase in two digiens, using a simplified,
semi-analytical approach for the dynamics of the collagpginvelope and the disk, but
including detailed radiative transfer for the temperastracture. The model follows in-
dividual parcels of material as they fall in from the cloudemto the disk. The gaseous
and solid abundances of CO and®are calculated for each infalling parcel to obtain
global gas-ice profiles. The semi-analytical nature of tloeleh allows for an easy explo-
ration of physical parameters like the core’s mass andiootaate, or the fiective sound
speed. Tracing the temperature history of the infallingemat provides a first clue into
the formation of more complex species. The model alfers some insight into the origin
of the chemical diversity in comets.

Section 2.2 contains a full description of the model. Rasate presented in Sect.
2.3 and discussed in a broader astrophysical context in SdctFinally, conclusions are
drawn in Sect. 2.5.

2.2 Model

The physical part of our two-dimensional axisymmetric matiscribes the collapse of
an initially spherical, isothermal, slowly rotating cloadre to form a star and circumstel-
lar disk. The collapse dynamics are taken from Shu (197 &dfer S77), including the
effects of rotation as described by Cassen & Moosman (1981atter€M81) and Tere-
bey et al. (1984, hereafter TSC84). Infalling material Hits equatorial plane inside the
centrifugal radius to form a disk, whose further evolutisrtonstrained by conservation
of angular momentum (Lynden-Bell & Pringle 1974). Some ptips of the star and the
disk are adapted from Adams & Shu (1986) and Young & Evansg20€reafter YE05).
Magnetic fields are not included in our model. They are uhjike affect the chemistry
directly and their main physicalfect (causing a flattened density distribution; Galli &
Shu 1993) is already accounted for by the rotation of the.core
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Our model is an extension of the one used by Dullemond et @062) to study the
crystallinity of dust in circumstellar disks (see also Cteapl). That model was purely
one-dimensional; our model treats the disk more realifiea a two-dimensional struc-
ture.

2.2.1 Envelope

The cloud core (or envelope) is taken to be a uniformly rotasingular isothermal sphere
at the onset of collapse. It has a solid-body rotation €eand anr—2 density profile

(S77): ,

_ S
po(r) - 27TGI‘2 i (21)

whereG is the gravitational constant amg the dfective sound speed. Throughout this
thesisy is used for the spherical radius aRdor the cylindrical radius. Setting the outer
radius ateny, the total mass of the core is

_ 2Cgrenv
G

After the collapse is triggered at the centre, an expansiavewor collapse front)
travels outwards at the sound speed (S77, TSC84). Matesrla the expansion wave
falls in towards the centre to form a protostar. The infallinaterial is deflected towards
the gravitational midplane by the core’s rotation. It firgisithe midplane inside the
centrifugal radius (where gravity balances angular moommantCM81), resulting in the
formation of a circumstellar disk (Sect. 2.2.2).

The dynamics of a collapsing singular isothermal sphereewemputed by S77 in
terms of the non-dimensional variabte= r/cst, with t the time after the onset of col-
lapse. In this self-similar description, the head of theasgion wave is always at= 1.
The density and radial velocity are given by the non-dimeamal variablesA andv, re-
spectively. (S77 used for the density, but our model already uses that symbol fer th
viscosity in Sect. 2.2.2.) These variables are dimensigggthrough

A(X)

Py =5 5, (2.3)

ur(r,t) = csv(X). (2.4)

Values forA andv are tabulated in S77.

CM81 and TSC84 analysed théexts of slow uniform rotation on the S77 collapse
solution, with the former focussing on the flow onto the pstdo and the disk and the lat-
ter on what happens farther out in the envelope. In the axisgiric TSC84 description,
the density and infall velocities depend on the time, théusdnd the polar angle:

Mo (2.2)

A(X, 0, 7)
4aGt2

ur(r, 6,t) = csv(x, 0, 7), (2.6)

o(r,6,1) = (2.5)
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wherer = Qot is the non-dimensional time. The polar velocity is given by
Ug(r, 0,1) = caw(Xx, 6, 7). (2.7)

We solved the dierential equations from TSC84 numerically to obtain sohasiforA, v
andw.

The TSC84 solution breaks down aroune 72, so the CM81 solution is used inside
of this point. A streamline through a point ) effectively originated at an angl® in

this description:
CoSfp—cosd Re

0, 2.8
sif@ycosty T (28)
whereR; is the centrifugal radius,
1
Re(t) = Ecsmgtsﬂz, (2.9)

with my a numerical factor equal to 0.975. The CM81 radial and pattwacity are

GM cosd
0,1) = —/— +/1+ —— 2.10
U (r, 0,1) NV r " cosby (2.10)
GM SO C0SHy — cosl
Up(r,0.1) = | 2\ [1 4 SO COS0 — €07 2.11)
r cosdy  sind

and the CM81 density is

-1
P00 =~ M [1 + 2% Pg(coseo)] , (2.12)

712U,
whereP, is the second-order Legendre polynomial &he- moc?/G is the total accretion
rate from the envelope onto the star and disk (S77, TSC84) pfimary accretion phase
ends when the outer shell of the envelope reaches the statiskndThis point in time
(tacc = Mo/M) is essentially the beginning of the T Tauri or Herbig/Be phase, but it
does not yet correspond to a typical T Tauri or HerbigBeeobject (see Sect. 2.3.2).

The TSC84 and CM81 solutions do not reproduce the cavitieated by the star’'s
bipolar outflow, so they have to be put in separately. Outfloage been observed in
two shapes: conical and curved (Padgett et al. 1999). Battbeacharacterised by the
outflow opening angley, which grows with the age of the object. Arce & Sargent (2006)
found a linear relationship in log-log space between the afgee sample of 17 young
stellar objects and their outflow opening angles. Some axsilens exist for the outflow
widening in general, but it is not yet understood hgft) depends on parameters like the
initial cloud core mass and the sound speed. It is likely thatangle depends on the
relative age of the object rather than on the absolute age.

The purpose of our model is not to include a detailed desoripif the outflow cavity.
Instead, the outflow is primarily included because of fte@ on the temperature profiles
(Whitney et al. 2003). Its opening angle is based on the fit bgeA& Sargent (2006)
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to their Fig. 5, but it is taken to depend bft,c. rather thart alone. The outflow is also
kept smaller, which brings it closer to the Whitney et al. lasg Its shape is taken to be
conical. With the resulting formula,

7(% ~15+026 |ogtl , (2.13)

acc

log

the opening angle is always 3att = t;cc The numbers in Eq. (2.13) are poorly con-
strained; however, the details of the outflow (both size drape) do not fiect the tem-
perature profiles strongly, so this introduces no majorrsrirothe chemistry results. The
outflow cones are filled with a constant mass di02V, at a uniform density, which
decreases to £810* cm3 att,.. depending on the model parameters. The outflfface
tively removes about 1% of the initial envelope mass.

2.2.2 Disk

The rotation of the envelope causes the infalling matevibkt deflected towards the mid-
plane, where it forms a circumstellar disk. The disk inigidorms inside the centrifugal
radius (CM81), but conservation of angular momentum qyickluses the disk to spread
beyond this point. The evolution of the disk is governed sgubity, for which our model
uses the commod prescription (Shakura & Sunyaev 1973). This gives the @ggao-
efficienty as

V(R t) = acsgH . (2.14)

The sound speed in the disk,g = /kTm/um, (with k the Boltzmann constanty, the
proton mass ang the mean molecular mass of 2.3 nuclei per hydrogen molecisle)
different from the sound speed in the envelagebecause the midplane temperature of
the disk, Ty, varies as described in Hueso & Guillot (2005). The otheiatde from Eq.
(2.14) is the scale height:

H(R ) = ;&—s (2.15)

whereQ) is the Keplerian rotation rate:

AR = \/%, (2.16)

with M, the stellar mass (Eq. (2.29)). The viscosity parametisrkept constant at 1
(Dullemond et al. 2007b, Andrews & Williams 2007b).

Solving the problem of advection andfidision yields the radial velocities inside the
disk (Dullemond et al. 20064, Lynden-BeII & Pringle 1974):

ur(R 1) = _—\/_6_R (ZV VR). (2.17)
The surface densit¥ evolves as
0Z(R 1) 19
e _ﬁa_R(ZR W) +S, (2.18)
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where the source functidd accounts for the infall of material from the envelope:
S(R t) = 2Npuy,, (2.19)

with u the vertical component of the envelope velocity field (E§), (2.7), (2.10) and
(2.11)). The factor 2 accounts for the envelope accretirtg bath sides of the disk and
the normalisation factdN ensures that the overall accretion rate onto the star ardigke

is always equal td1. Bothp andu; in Eq. (2.19) are to be computed at the disk-envelope
boundary, which is defined at the end of this section.

As noted by Hueso & Guillot (2005), the infalling envelopeterél enters the disk
with a sub-Keplerian rotation rate, so, by conservationrgfudar momentum, it would
tend to move a bit farther inwards. Not taking this into acgomvould artificially generate
angular momentum, causing the disk to take longer to acordtethe star. As a conse-
guence the disk has, at any given point in time, too high a randso0 large a radius.
Hueso & Guillot solved this problem by modifying Eq. (2.18)lace the material di-
rectly at the correct radius. However, this causes an urat#sidiscontinuity in the infall
trajectories. Instead, our model adds a small extra compdadq. (2.17) fott < taec

ur(R t) = 39 (zvVR) - GM. (2.20)
T VROR R

The functional form of the extra term derives from the CM8lugon. A constant value
of 0.002 forn, is found to reproduce very well the results of Hueso & Guilltitalso
provides a good match with the disk masses from Yorke & Bodanér (1999), YEO5
and BWHO08, whose models cover a wide range of initial coad&i The problem of
sub-Keplerian accretion is addressed in more detail in @nap There, we derive a
more rigorous solution and show that it does néeet the gas-ice results from the current
chapter in a significant way.

The disk’s inner radius is determined by the evaporatiornust ds it gets heated above
a critical temperature by the stellar radiation (e.g., YEO5

L*
R(t) = 4 /—4MTé‘vap’ (2.21)

whereo is the Stefan-Boltzmann constant. The dust evaporatiopeeature Teyap IS

set to 2000 K. Taking an alternative value of 1500 or even IR®@s no &ect on our
results. The stellar luminositi,, is discussed in Sect. 2.2.3. Inward transport of material
atR; leads to accretion from the disk onto the star:

Mdos, = —27RURE, (2.22)

with the radial velocityur, and the surface density, taken atR. The disk gains mass
from the envelope at a ratde g4, SO the disk mass evolves as

t
Mq(t) = fo (Mesg = Mg, ) o’ (2.23)
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We adopt a Gaussian profile for the vertical structure of thk (Bhakura & Sunyaev
1973):

via
PR 2 = pe exp(—ﬁ) , (2.24)

with z the height above the midplane. The scale height comes fron(2ELh) and the
midplane density is .

pe(R 1) Wk (2.25)
Along with the radial motion (Eq. (2.20), taken to be indeghemt of Z), material also
moves vertically in the disk, as it must maintain the Gauspi@file at all times. To see
this, consider a parcel of material that enters the diskra tiat coordinate® andz into
a column with scale heighi and surface density. The column of material below the
parcel is

? 1 z

where erf is the error function. At a later tintle the entire column has moved ® and
has a scale heiglit’ and a surface densi®/. The same amount of material must still be

below the parcel:
1 z 1 z
=Yerfl ——| = =Xerf| —] . 2.27
2 (foz) 2 (foz) (227

Rearranging gives the new height of the parzel,

N = H 1| Z (2
Z(R,t) = H V2erf [E,erf(Hﬁ)], (2.28)

where erf! is the inverse of the error function. In the absence of vartisixing, our
description leads to purely laminar flow.

The location of the disk-envelope boundary (needed, e.gqi (2.19)) is determined
in two steps. First, the surface is identified where the dgusie to the disk (Eq. (2.24))
equals that due to the envelope (Egs. (2.5) and (2.12)).derdor accretion to take place
at a given poinP; on the surface, it must be intersected by an infall trajgctoue to the
geometry of the surface, such a trajectory might also ietgrhe disk at a larger radius
P, (Fig. 2.1). Material flowing in along that trajectory acagatP, instead ofP;. Hence,
the second step in determining the disk-envelope bounaesists of raising the surface
at “obstructed points” likeP; to an altitude where accretion can take place. The source
function is then computed at that altitude. Physicallys ttan be understood as follows:
the region directly above the obstructed points becomseslesse than what it would be
in the absence of a disk, because the disk also preventsiahfitem reaching there. The
lower density above the disk reduces the downward pressoitbe disk ptfs up and the
disk-envelope boundary moves to a higher altitude.

The infall trajectories in the vicinity of the disk are veryadlow, so the bulk of the
material accretes at the outer edge. Because the disk gupkéads beyond the cen-
trifugal radius, much of the accretion occurs far from thar.stn contrast, accretion in
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Pl/fz
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Figure 2.1— Schematic view of the disk-envelope boundary in the ugget guadrant of theR, 2)
plane. The black line indicates the surface where the dedsg to the disk equals that due to the
envelope. The grey line is the infall trajectory that wouddd to pointP;. However, it already
intersects the disk at poifR,, so no accretion is possible Bi. The disk-envelope boundary is
therefore raised &; until it can be reached freely by an infall trajectory.

one-dimensional collapse models occurs at or inside.dsee also Chapter 4). Our re-
sults are consistent with the hydrodynamical work of BWHOBere most of the infalling
material also hits the outer edge of a rather large disk. @tgelaccretion radii lead to
weaker accretion shocks than commonly assumed (Sect).2.2.5

2.2.3 Star

The star gains material from the envelope and from the dskssnass evolves as

M. (t) = fo t (Moo + Mo )t (2.29)

The protostar does not come into existence immediatelyeabtiset of collapse; it is
preceded by the first hydrostatic core (FHC; Masunaga eB88,1Boss & Yorke 1995).
Our model follows YEO5 and takes a lifetime of210* yr and a size of 5 AU for the
FHC, independent of other parameters. After this stagqid teansition occurs from the
large FHC to a protostar of a feRy:

t-20000y1| _ps
! 100 yr ] +R™®  20000<t(yr) <20100,  (2.30)

whereR"S (ranging from 2 to &R, is the protostellar radius from Palla & Stahler (1991).
Fort > 2.01x 10* yr, R, equalsR’S. Our results are not sensitive to the exact values used
for the size and lifetime of the FHC or the duration of the Fpi@tostar transition.

The star’s luminosityl., consists of two terms: the accretion luminositygc,, dom-
inant at early times, and the luminosity due to gravitatiaratraction and deuterium
burning,Lyhot. The accretion luminosity comes from Adams & Shu (1986):

[6u. -2+ (2 5u.) yI-u.]+
T (1 (@ - Ml [1- (L) VI~ U] } (2.31)

R, = (5 AU)

1
L*,acc(t) = |—O{6

U
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Figure 2.2 — Evolution of the mass of the envelope, star and disk (lefefaand the luminosity
(solid lines) and radius (dotted lines) of the star (rightedafor our standard model (black lines)
and our reference model (grey lines).

wherelg = GMI\'/I/R* (with M = M, + My the total accreted massl), = R./R., and
1z (fVi-u

Analytical solutions exist for the asymptotic casesipk 0 andu. ~ 1. For intermediate
values, the integral must be solved numerically. THeciency parameters,. andnqy

in Eq. (2.31) have values of 0.5 and 0.75 for M3 envelope (YEO05). The photospheric
luminosity is adopted from D’Antona & Mazzitelli (1994),ing YEO05's method of fitting
and interpolating, including a time ftierence of 0.38,.. (equal to the free-fall time)
between the onset &f, acc and L. phot (Myers et al. 1998). The sum of these two terms,
L.(t) = L. acc+ L. pnhot Qives the total stellar luminosity.

Figure 2.2 shows the evolution of the stellar mass, lumtg@sid radius for our stan-
dard case oMg = 1.0 M, ¢s = 0.26 km st andQg = 101 s71, and our reference
case 0fMlg = 1.0 Mg, Cs = 0.26 km st andQq = 1013 s71 (Sect. 2.2.6). The transition
from the FHC to the protostar itz 2 x 10% yr is clearly visible in theR, andL, profiles.
At t =ty there is no more accretion from the envelope onto the siadhesluminosity
decreases sharply.

The masses of the disk and the envelope are also shown in.Zig0@r disk mass of
0.43 M, att = taec in the reference case is in excellent agreement with theevall®.4
M, found by BWHO08 for the same parameters.
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2.2.4 Temperature

The envelope starts out as an isothermal sphere at 10 K anldgaied up from the inside
after the onset of collapse. Using the star as the only phexarce, we compute the dust
temperature in the disk and envelope with the axisymmdirieg-dimensional radiative
transfer code RADMC (Dullemond & Dominik 2004a). Becauseha high densities
throughout most of the system, the gas and dust are expechedvwell coupled, and the
gas temperature is set equal to the dust temperature. Geoaynleeating of the gas is
included implicitly by setting a lower limit of 8 K in the dusadiative transfer results.
As mentioned in Sect. 2.2.1, the presence of the outflow chaesome féect on the
temperature profiles (Whitney et al. 2003). This is discd$aether in Sect. 2.3.2.

2.2.5 Accretion shock

The infall of high-velocity envelope material into the loxelocity disk causes a J-type
shock. The temperature right behind the shock front can behrhigher than what it
would be due to the stellar photons. Neufeld & Hollenbact®@alculated in detail the
relationship between the pre-shock velocities and dessfii andns) and the maximum
grain temperature reached after the shdglc)X. A simple formula, valid forus < 70 km
s™1, can be extracted from their Fig. 13:

ne (02l b \°[ ag | %
Tye ~ (104 K ( ) ( ) , 2.33
as ~ ( N\iems) \30kmst) o1 m (2.33)

with ag the grain radius. The exponemts 0.62 forus < 30 km s and 1.0 otherwise.

The pre-shock velocities and densities are highest at &ars, when accretion oc-
curs close to the star and all ices would evaporate anywagoitant for our purposes
is the question whether the dust temperature due to the shadeds that due to stellar
heating. If all grains have a radius of Qufn, as assumed in our model, this is not the case
for any of the material in the disk & for either our standard or our reference model
(Fig. 2.3, cf. Simonelli et al. 1997).

In reality, the dust spans a range of sizes, extending dowrr&alius of about 0.005
um. Small grains are heated more easily; 0.0@5-dust reaches a shock temperature
almost twice as high as does Qufin dust (Eq. (2.33)). This is enough for the shock
temperature to exceed the radiative heating temperatyrartrof the sample in Fig. 2.3.
However, this has nofiect on the CO and ¥D gas-ice ratios. In those parcels where
shock heating becomes important for small grains, the teatype2 from radiative heating
lies already above the CO evaporation temperature of at#ktand the shock tempera-
ture remains below 60 K, which is not enough fai®to evaporate. Hence, shock heating
is not included in our model.

H,O may also be removed from the grain surfaces in the accrstiook through
sputtering (Tielens et al. 1994, Jones et al. 1994). Thenmhthat makes up the disk at
the end of the collapse in our standard model experiencesck if at most 8 km .

At that velocity, He, the most important ion for sputtering, carries an energy.8feV.
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Figure 2.3— Dust temperature due to the accretion shock (vertica) axid stellar radiation (hor-
izontal axis) at the point of entry into the disk for Quin grains in a sample of several hundred
parcels in our standard (left) and reference (right) mod@&lsese parcels occupy positions from
R =110 300 AU in the disk at,... Note the diferent scales between the two panels.

However, a minimum of 2.2 eV is required to removgH(Bohdansky et al. 1980), so
sputtering is unimportant for our purposes.

Some of the material in our model is heated to more than 100rkaglthe collapse
(Fig. 2.12) or experiences a shock strong enough to indugttespng. This material
normally ends up in the star before the end of the collapganbing may keep some of
it in the disk. The possible consequences are discussetymi&Sect. 2.4.4.

2.2.6 Model parameters

The standard set of parameters for our model correspondage Cfrom Yorke & Bo-
denheimer (1999), except that the solid-body rotationisateduced from 163 to 1014
s™! to produce a more realistic disk mass of 0N5, consistent with observations (e.g.,
Andrews & Williams 2007a,b). The envelope has an initial snafs1.0M,, and a radius
of 6700 AU, and the fective sound speed is 0.26 kim's

The original Case J (witf2y = 1013 s71), which was also used in BWHO08, is used
here as a reference model to enable a direct quantitativpaason of the results with an
independent method. This case results in a much higher disk of 0.43\,. Although
such high disk masses are not excluded by observations aacktital arguments (Hart-
mann et al. 2006), they are considered less representdtiygical young stellar objects
than the disks of lower mass.

The parameterdly, ¢s andQg are changed in one direction each to creaté pa2am-
eter grid. The two values faR, 101* and 10*2 s71, cover the range of rotation rates
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Table 2.1— Summary of the parameter grid used in our mddel.

Casé Qo Cs Mo tacc Tads Mg
(sH (kmsh) (Mo) (1Cyr) (10yr) (Mo)

1 1014 0.19 1.0 6.3 14.4 0.22
2 1014 0.19 0.5 3.2 3.6 0.08
3(std) 10 026 1.0 25 23 005
4 1014 0.26 0.5 1.3 0.6 0.001
5 10718 0.19 1.0 6.3 14.4 0.59
6 10718 0.19 0.5 3.2 3.6 0.25
7(refy 10 026 10 25 23 043
8 10713 0.26 0.5 1.3 0.6 0.16

2 Qq: solid-body rotation rategs: effective sound speedyly: initial core masstacc accretion time:rags
adsorption timescale for #D at the edge of the initial cordfy: disk mass atacc.

b Case 3 is our standard parameter set and Case 7 is our refe@nc

observed by Goodman et al. (1993). The other variations lawsen for their opposite
effect: a lower sound speed gives a more massive disk, and ailuti@rcore mass gives

a less massive disk. The full model is run for each set of patars to analyse how the
chemistry can vary betweenftirent objects. The parameter grid is summarised in Table
2.1. Our standard set is Case 3 and our reference set is Case 7.

Table 2.1 also lists the accretion time and the adsorptedcale for HO at the edge
of the initial core. For comparison, Evans et al. (2009) fbarmedian timescale for the
embedded phase (Class 0 and I) of & 10° yr from observations. It should be noted
that the end point of our modet,{J is not yet representative of a typical T Tauri disk
(see Sect. 2.3.2). Nevertheless, it allows an exploratidtvow the chemistry responds to
plausible changes in the environment.

2.2.7 Adsorption and desorption

The adsorption and desorption of CO anglHare solved in a Lagrangian frame. When
the time-dependent density, velocity and temperaturelpsofiave been calculated, the
envelope is populated by a number of parcels of materiaid@jly 12 000) att = 0.
They fall in towards the star or disk according to the velpgitofiles. The density and
temperature along each parcel’s infall trajectory are @seidput to solve the adsorption-
desorption balance. Both species start fully in the gaseahlse envelope is kept static
for 3 x 10° yr before the onset of collapse to simulate the pre-stetiee phase. This is
the same value as used by Rodgers & Charnley (2003) and BWA#@Sit is consistent
with recent observations by Enoch et al. (2008). The amoiugegeous material left over
near the end of the pre-collapse phase is also consistemblitervations, which show
that the onset of kD ice formation is around aAy of 3 mag (Whittet et al. 2001). In
six of our eight parameter sets, the adsorption timescéles® at the edge of the cloud
core are shorter than the combined collapse and pre-celtaps (Table 2.1), so all O
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is expected to freeze out before entering the disk. Becalgeedarger core size, the
adsorption timescales are much longer in Cases 1 and 5, amel I460 may still be in
the gas phase when it reaches the disk.

No chemical reactions are included other than adsorptidrtlz@rmal desorption, so
the total abundance of CO ang® in each parcel remains constant. The adsorption rate
in cm2 st is taken from Charnley et al. (2001):

RaadX) = (4.55x 1078 cm® K2 s71)nyng(X) /% , (2.34)

whereny is the total hydrogen densityy the gas temperaturey(X) the gas-phase abun-
dance of specieX and M(X) its molecular weight. The numerical factor assumes unit
sticking eficiency, a grain radius of 04m and a grain abundanacg: of 10-12 with re-
spect to H.

The thermal desorption of CO and@ is a zeroth-order process:

RaedX) = (1.26x 1072 cn?)ny f(X)v(X) exp[— Eéx)] , (2.35)
d
whereTy is the dust temperature and
. ns(x)]
f(X) = min|1, , 2.36
09 = min|1, ) (236)

with ng(X) the solid abundance of spec¥sandN, = 10° the typical number of binding
sites per grain. The numerical factor in Eq. (2.35) assuhmesdame grain properties as in
Eq. (2.34). The pre-exponential facte(X), and the binding energ¥,(X)/k, are set to
7x 10?5 cm? st and 855 K for CO and to £ 10°° cm? st and 5773 K for HO (Fraser
et al. 2001, Bisschop et al. 2006).

Using a singleEy(CO) value means that all CO evaporates at the same tempeeratu
This would be appropriate for a pure CO ice, but not for a migga-H,O ice as is
likely to form in reality. During the warm-up phase, part betCO is trapped inside the
H,O ice until the temperature becomes high enough for th® kb evaporate. Recent
laboratory experiments suggest that CO desorbs from a g1tk in several discrete
steps (Collings et al. 2004; Fayolle et al. in prep.). We $ateuthis in some model runs
with four “flavours” of CO ice, each with a fferentE,(CO) value (Viti et al. 2004). For
each flavour, the desorption is assumed to be zeroth ordes. fath-flavour model is
summarised in Table 2.2.

2.3 Results
Results are presented in this section for our standard deckree models (Cases 3 and

7) as described in Sect. 2.2.6. These cases are comparez athr parameter sets in
Sect. 2.4.1. The appendix at the end of this chapter descailfermula to estimate the
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Table 2.2— Binding energies and desorbing fractions for the foureflaaCO evaporation modél.

Flavour Ep(CO)/k (K)® Fractiorf

1 855 0.350
2 960 0.455
3 3260 0.130
4 5773 0.065

@ Based on Viti et al. (2004).

P The rates for Flavours 1-3 are computed from Eq. (2.35) %ith CO. The rate for Flavour 4 is equal to
the H,O desorption rate.
¢ Fractions of adsorbing CO: 35% of all adsorbing CO becomegdflr 1, and so on.

disk formation diciency, defined aMy/My at the end of the collapse phase, based on a
fit to our model results. The results from this section areigléyr revisited in Chapters 3
and 4, where we use aftirent solution to the problem of sub-Keplerian accretion.

2.3.1 Density profiles and infall trajectories

In our standard model (Case 3), the envelope collapses k2P yr to give a star of 0.94
M, and a disk of 0.08V,. The remaining 0.0M,, has disappeared through the bipolar
outflow. The centrifugal radius in our standard moddiatis 4.9 AU, but the disk has
spread to 400 AU at that time due to angular momentum reloligioin. The densities in
the disk are high: more than 4@m3 at the midplane inside of 120 AU (Fig. 2.4, top)
and more than 28 cm3 near 0.3 AU. The corresponding surface densities of the disk
are 2.0 g cim? at 120 AU and 660 g cnf at 0.3 AU.

Due to the higher rotation rate, our reference model (Cagetg)a much higher disk
mass: 0.43. This value is consistent with the mass of 044 reported by BWHO08.
Overall, the reference densities from our semi-analyticatlel (Fig. 2.4, bottom) com-
pare well with those from their more realistic hydrodynaah&@mulations; the dierences
are generally less than a factor of two.

In both cases, the disk first emerges at P0* yr, when the FHC contracts to become
the protostar, but it is not until a few 49r later that the disk becomes visible on the scale
of Fig. 2.4. The regions of high densitg{ > 10°-10° cm™3) are still contracting at that
time, but the growing disks eventually cause them to expgatha

Material falls in along nearly radial streamlines far outlire envelope and deflects
towards the midplane closer in. When a parcel enters theitifekows the radial motion

Figure 2.4— Total density at four time steps for our standard model éGasop) and our reference
model (Case 7; bottom). The notatiafb) denotesax 10°. The density contours increase by factors
of ten going inwards; the 2&cm3 contours are labelled in the standard panels and thesh0®
contours in the reference panels. The white curves inditetesurface of the disk as defined in
Sect. 2.2.2 (only visible in three panels). Note th@adent scale between the two sets of panels.
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caused by the viscous evolution and accretion of more nahteom the envelope. At
any time, conservation of angular momentum causes parteofligk to move inwards
and part of it to move outwards. An individual parcel entgrthe disk may move out
for some time before going farther in. This takes the patueitgh several density and
temperature regimes, which mafject the gas-ice ratios or the chemistry in general. The
back-and-forth motion occurs especially at early timesemvthe entire system changes
more rapidly than at later times. The parcel motions arealised in Figs. 2.5 and 2.6,
where infall trajectories are drawn for 24 parcels endingtipne of eight positions at
tace at the midplane or near the surface at radial distances ,08@,0100 and 300 AU.
Only parcels entering the disk befdre 2 x 10° yr in our standard model dr~ 1 x 10°

yr in our reference model undergo the back-and-forth mofidre parcels ending up near
the midplane all enter the disk earlier than the ones endinaf the surface.

Accretion from the envelope onto the disk occurs in an insidefashion. Because
of the geometry of the disk (Fig. 2.1), a lot of the materiakes near the outer edge and
prevents the older material from moving farther out. Our fiogide the disk is purely
laminar, so some material near the midplane does move adgwerderneath the newer
material at higher altitudes.

Because of the low rotation rate in our standard model, thle dibes not really begin
to build up until 15 x 10° yr (0.6t,co) after the onset of collapse. In addition, most of the
early material to reach the disk makes it to the star bef@etid of the accretion phase,
so the disk atycc consists only of material from the edge of the original claode (Fig.
2.7, top).

The disk in our reference model, however, begins to formtadier the FHC-protostar
transition at 2 10* yr. As in the standard model, a layered structure is visibkaé disk,
but it is more pronounced here. At the end of the collapsenrtitplane consists mostly
of material that was originally close to the centre of theadope (Fig. 2.7, bottom). The
surface and outer parts of the disk are made up primarily ééri@ from the outer parts
of the envelope. This was also reported by BWHO08.

2.3.2 Temperature profiles

When the star turns on at210* yr, the envelope quickly heats up and reaches more than
100 K inside of 10 AU. As the disk grows, its interior is shiettfrom direct irradiation
and the midplane cools down again. At the same time, the reterevelope material
above the disk becomes less dense and warmer. As in Whitrady(2003), the outflow
has some féect on the temperature profile. Photons emitted into theawuifhn scatter
and illuminate the disk from the top, causing a higher diskgerature beyonR ~ 200
AU than if there were no outflow cone. At smaller radii, thekdismperature is lower
than in a no-outflow model. Without the outflow, the radiatieould be trapped in the
inner envelope and inner disk, increasing the temperatismall radii.

At t = taecin our standard model, the 100- and 18-K isotherms (whef@ &hd pure
CO evaporate) intersect the midplane at 20 and 2000 AU (F8y.t@p). The disk in our
reference model is denser and therefore colder: it readd@arid 18 K at 5 and 580 AU
on the midplane (Fig. 2.8, bottom). Our radiative transfethmnd is a more rigorous way
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to obtain the dust temperature than thffudiion approximation used by BWHO08, so our
temperature profiles are more realistic than theirs.

Compared to typical T Tauri disk models (e.g., D’Alessio kt1898, 1999, 2001),
our standard disk dfccis warmer. Itis 81 K at 30 AU on the midplane, while the closest
model from the D’Alessio catalogue is 28 K at that point. Ifr anodel is allowed to
run beyond,c, part of the disk accretes further onto the star.t At 4 tyec (1 Myr), the
disk mass goes down to 0.08,. The luminosity of the star decreases during this period
(D’Antona & Mazzitelli 1994), so the disk cools down: the midne temperature at 30
AU is now 42 K. Meanwhile, the dust is likely to grow to largeres, which would
further decrease the temperatures (D’Alessio et al. 2004nce, it is important to realise
that the normal end point of our models does not representadui@’ T Tauri star and
disk as typically discussed in the literature.

2.3.3 Gas and ice abundances

Our two species, CO and,B, begin entirely in the gas phase. They freeze out during
the static pre-stellar core phase from the centre outwardgathe density dependence
of Eq. (2.34). After the pre-collapse phase of 30° yr, only a few tenths of per cent of
each species is still in the gas phase at 3000 AU. About 30%irenn the gas phase at
the edge of the envelope.

Up to the point where the disk becomes important and the syitses its spherical
symmetry, our model gives the same results as the one-diomahsollapse models: the
temperature quickly rises to a few tens of K in the collapsigjon, driving most of the
CO into the gas phase, but keeping®on the grains.

As the disk grows in mass, it provides an increasingly largéybof material that
is shielded from the star’s radiation, and that is thus muatler than the surrounding
envelope. However, the disk in our standard model nevenrggtsv 18 K before the end
of the collapse (Sect. 2.3.2), so CO remains in the gas plage2.9, top). Note that
trapping of CO in the KO ice is not taken into account here; this possibility is desed
in Sect. 2.4.3.

The disk in our reference model is more massive and therefader. After about
5x 10% yr, the outer part drops below 18 K. CO arriving in this regieadsorbs onto the
grains (Fig. 2.10, top). Another210° yr later, att = taee 19% of all CO in the disk is
in solid form. Moving out from the star, the first CO ice is faliat the midplane at 400
AU. The solid fraction gradually increases to unity at 600.A&f R = 1000 AU, nearly
all CO is solid up to an altitude of 170 AU. The solid and gaseG® regions meet close
to the 18-K surface. The densities throughout most of thiealis high enough that once
a parcel of material goes below the CO desorption temperzaalirCO rapidly disappears
from the gas. The exception to this rule occurs at the outge edear 1500 AU, where
the adsorption and desorption timescales are longer tleadythamical timescales of the
infalling material. Small dferences between the trajectories of individual parcels the
cause some irregularities in the gas-ice profile.

The region containing gaseous®lis small at all times during the collapse. A&
tace, the snow line (the transition of # from gas to ice) lies at 15 AU at the midplane
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Standard: Case 3
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Figure 2.5— Infall trajectories for parcels in our standard model @€3sending up at the midplane
(left) or near the surface (right) at radial positions of 80, 100 and 300 AU (dotted lines) at
t = tace. Each panel contains trajectories for three parcels, wdielillustrative for material ending
up at the given location. Trajectories are only drawn up#ot,.,.. Diamonds indicate where each
parcel enters the disk; the time of entry is given in units@fylr. Note the diferent scales between
some panels.

38



2.3 Results

Reference: Case 7
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Figure 2.6— Same as Fig. 2.5, but for our reference model (Case 7).

39



Chapter 2 — The chemical history of molecules in circumatallsks, part |

Standard: Case 3
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Figure 2.7 — Position of parcels of material in our standard model (Gagep) and our reference
model (Case 7; bottom) at the onset of collapgse Q) and at the end of the collapse phase: (
tacg- The parcels are coloured according to their initial posit The layered accretion is most
pronounced in our reference model. The grey parcels fren® end up in the star or disappear in
the outflow. Note the diierent spatial scale between the two panels of each set; #hiétsmes in
the left panels indicate the scales of the right panels.

Figure 2.8— Dust temperature, as in Fig. 2.4. Contours are drawn atel®&0, 40, 35, 30, 25, 20,
18, 16, 14 and 12 K. The 40- and 20-K contours are labelleddarstAndard and reference panels,
respectively. The 18- and 100-K contours are drawn in grég Vhite curves indicate the surface
of the disk as defined in Sect. 2.2.2 (only visible in four pahe

40



2.3 Results
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Standard: Case 3: CO
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Figure 2.9— Gaseous CO as a fraction of the total CO abundance (topdandfor HO (bottom)

at two time steps for our standard model (Case 3). The blaskesundicate the surface of the disk
(only visible in two panels). The black area near the poléésdutflow, where no abundances are
computed. Note the flerent spatial scale between the two panels of each set; thlélsor in the
left CO panel indicates the scale of the@panels.

in our standard model (Fig. 2.9, bottom). The surface of ibk kolds gaseous 4D out

to R = 41 AU, and overall 13% of all kD in the disk is in the gas phase. This number
is much lower in the colder disk of our reference model: on#£6. The snow line now
lies at 7 AU and gaseous,® can be found out to 17 AU in the disk’s surface layers (Fig.
2.10, bottom).

Using the adsorption-desorption history of all the induadlinfalling parcels, the orig-
inal envelope can be divided into several chemical zoness i$trivial for our standard
model. All CO in the disk is in the gas phase and it has the samétative history: it
freezes out before the onset of collapse and quickly evagmes it falls in. HO also
freezes out initially and only returns to the gas phase gdiches the inner disk.
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Reference: Case 7: CO
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Figure 2.10— Same as Fig. 2.9, but for our reference model (Case 7). ThgaS@action is plotted
on a larger scale and at two additional time steps.

Our reference model has the same genep® lddsorption-desorption history, but it
shows more variation for CO, as illustrated in Fig. 2.11. therred parcels in that figure,
more than half of the CO always remains on the grains afteinilial freeze-out phase.
On the other hand, more than half of the CO com@she grains during the collapse for

43



Chapter 2 — The chemical history of molecules in circumatallsks, part |

Reference: Case 7
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Figure 2.11- Same as Fig. 2.7, but only for our reference model (CasedAyith a diferent colour
scheme to denote the CO adsorption-desorption behavioull parcels, CO adsorbs during the
pre-collapse phase. Red parcels: CO remains adsorbed; pgeeels: CO desorbs and readsorbs;
pink parcels: CO desorbs and remains desorbed; blue pa@®lslesorbs, readsorbs and desorbs
once more. The fraction of gaseous CO in each type of parcalfasction of time is indicated
schematically in the inset in the right panel. The grey paréf®mt = 0 end up in the star or
disappear in the outflow. In our standard model (Case 3), @lliCthe disk at the end of the
collapse phase is in the gas phase and it all has the samé&tjualadsorption-desorption history,
equivalent to the pink parcels.

the green parcels, but it freezes out again inside the disk.pink parcels, ending up in
the inner disk or in the upper layers, remain warm enough ép K&O df the grains once

it first evaporates. The blue parcels follow a more erratiegerature profile, with CO

evaporating, readsorbing and evaporating a second tims.igtelated to the back-and-
forth motion of some material in the disk (Fig. 2.6).

2.3.4 Temperature histories

The proximity of the CO and pD gas-ice boundaries to the 18- and 100-K surfaces
indicates that the temperature is primarily responsibietfe adsorption and desorption.
At ny = 10° cm3, adsorption and desorption of CO are equally fasTat= 18 K
(a timescale of 9« 10° yr). For a density a thousand times higher or lower, the dust
temperature only has to increase or decrease by 2—3 K toarakgis = Kges

The exponential temperature dependence in the desorgti®(Eq. (2.35)) also holds
for other species than CO and®, as well as for the rates of some chemical reactions.
Hence, it is useful to compute the temperature history falling parcels that occupy a
certain position aty... Figures 2.12 and 2.13 show these histories for the parcais f
Figs. 2.5 and 2.6. These parcels end up at the midplane otmeaurface of the disk
at radial distances of 10, 30, 100 and 300 AU. Parcels endirigside of 10 AU have
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a temperature history very similar to those ending up at 10 éx¢ept that the final
temperature of the former is higher.

Each panel in Figs. 2.12 and 2.13 contains the history ofetlp@rcels ending up
close to the desired position. The qualitative featuredta@esame for all parcels. The
temperature is low while a parcel remains far out in the eapeel As it falls in with
an ever higher velocity, there is a temperature spike aswetses the inner envelope,
followed by a quick drop once it enters the disk. Inward radiation then leads to a
second temperature rise; because of the proximity to thietbta one is higher than the
first. For most parcels in Figs. 2.12 and 2.13, the second gee& not occur until long
aftert,c. In all cases, the shock encountered upon entering the sliskak enough that
it does not heat the dust to above the temperature causee Byeitar photons (Fig. 2.3).

Based on the temperature histories, the gas-ice transititimee midplane would lie
inside of 10 AU for HO and beyond 300 AU for CO in both our models. This is indeed
where they were found to be in Sect. 2.3.3. The transitiorafgpecies with an interme-
diate binding energy, such as®o0, is then expected to be between 10 and 100 AU, if its
abundance can be assumed constant throughout the collapse.

The dynamical timescales of the infalling material befdreriters the disk are be-
tween 106 and 1@ yr. The timescales decrease as it approaches the disk, dhe to
rapidly increasing velocities. Once inside the disk, theéemal slows down again and
the dynamical timescales return to*3Q® yr. The adsorption timescales for CO and
H.,0 are initially a few 18 yr, so they exceed the dynamical timescale before entemning t
disk. Depletion occurs nonetheless because of the prapsaiphase of 8 10° yr. The
higher densities in the disk cause the adsorption times¢aldrop to 100 yr or less. If
the temperature approaches (or crosses) the desorptigetatare for CO or KO, the
corresponding desorption timescale becomes even shbaeithe adsorption timescale.
Overall, the timescales for these specific chemical prese@sorption and desorption)
in the disk are shorter by a factor of 2000 or more than the ahycel timescales.

At some final positions, there is a wide spread in the timettiajparcels spend at a
given temperature. This is especially true for parcelsmgndp near the midplane inside
of 100 AU in our reference model. All of the midplane parcetsliag up near 10 AU
exceed 18 K during the collapse; the first one does so5ak 30" yr after the onset of
collapse, the last one at6lx 10° yr. Hence, some parcels at this final position spend
more than twice as long above 18 K than others. This does pataayio be relevant for
the gas-ice ratio, but it is important for the formation ofr@eomplex species (Garrod &
Herbst 2006, Garrod et al. 2008). This is discussed in maweldie Sect. 2.4.2.

2.4 Discussion

2.4.1 Model parameters

When the initial conditions of our model are modified (Se@.&), the qualitative chem-
istry results do not change. In Cases 3, 4 and 8, the entikeadlig is warmer than
18 K, and it contains no solid CO. In the other cases, the diskiges a reservoir of
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Standard: Case 3
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Figure 2.12 — Temperature history for parcels in our standard model d@sending up at the
midplane (left) or near the surface (right) at radial posi§ of 10, 30, 100 and 300 AU &t tac

The colours correspond to Fig. 2.5. The dotted lines arem@¥y = 18 K andt = t;... Note the
different vertical scales between some panels.
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Figure 2.13— Same as Fig. 2.12, but for our reference model (Case 7). dlbars correspond to
Fig. 2.6.
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relatively cold material where CO, which evaporates eanlyrothe collapse, can return
to the grains. HO can only desorb in the inner few AU of the disk and remnanékape.

Figures 2.14 and 2.15 show the density and dust temperdtijcgfar each parameter
set; our standard and reference models are the two panédie @etond row (Case 3 and
7). Several trends are visible:

e With a lower sound speed (Cases 1, 2, 5 and 6), the overaktmerrate () is
smaller so the accretion time increastg;(cc cs%). The disk can now grow larger
and more massive. In our standard model, the disk is M@%t t,.c and extends to
about 400 AU radially. Decreasing the sound speed to 0.19Rr(Gase 1) results
in a disk of 0.22M and nearly 2000 AU. The lower accretion rate also reduces the
stellar luminosity. Thesefiects combine to make the disk colder in the loyeases.

e With a lower rotation rate (Cases 1-4), the infall occurs mae spherically sym-
metric fashion. Less material is captured in the disk, whérhains smaller and less
massive. From our reference to our standard model, the disls igoes from 0.43 to
0.05 M, and the radius from 1400 to 400 AU. The stronger accretion tmd star
causes a higher luminosity. Altogether, this makes for alsmedatively warm disk
in the lowQq cases.

e With a lower initial mass (Cases 2, 4, 6 and 8), there is ledeniaato end up on the
disk. The density profile is independent of the mass in a $pa-tollapse (Eq. (2.1)),
so the initial mass is lowered by taking a smaller envelopasa The material from
the outer parts of the envelope is the last to accrete andiisftire more likely to end
up in the disk. If the initial mass is halved relative to owrgtard model (as in Case
4), the resulting disk is only 0.008, and 1 AU. Our reference disk goes from 0.43
My and 1400 AU to 0.18M, and 600 AU (Cases 7 and 8). The luminositytat is
lower in the highMg cases and the cold part of the didk (< 18 K) has a somewhat
larger relative size.

Dullemond et al. (2006a) noted that accretion occurs claséne star for a slowly
rotating core than for a fast rotating core, resulting inrgéa fraction of crystalline dust
in the former case. The saméfext is seen here, but overall the accretion takes place
farther from the star than in Dullemond et al. (2006a). Tkislie to our taking into
account the vertical structure of the disk. Our gaseoudifmag in the low€), disks are
higher than in the higl®3, disks (consistent with a higher crystalline fraction), bot
because material enters the disk closer to the star. Ratherentioned above, the larger
gas content comes from the higher temperatures throughewtisk. A more detailed
discussion of the crystallinity in disks can be found in Clead.

Combining the density and the temperature, the fractiorlf (T < 18 K), warm
(Tg > 18 K) and hot Ty > 100 K) material in the disk can be computed. The warm and
hot fractions are listed in Table 2.3 along with the fract@i gaseous CO and,B in
the disk attac Across the parameter grid, 23—-100% of the CO is in the gasgalith
0.3-100% of the KHO. This includes Case 4, which only has a disk of 0.00M4 If that
one is omitted, at most 13% of the@ in the disk at,.cis in the gas. The gaseous®
fractions for Cases 1, 2, 6, 7 and 8 (at most a few per cent)ate wuncertain, because the
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Table 2.3— Summary of properties &t t,.. for our parameter griél.

Case Mg/M°  fuam’ fhot” fgas(CO)d fgaiHZO)d

1 022 0.69 0.004 0.62 0.028
2 0.15 094 0.035 0.93 0.020
3(std) 005  1.00 0.17 1.00 0.13
4 0.003 1.00 1.00 1.00 1.00
5 059 015 0.0001  0.23 0.11
6 050 034 00004 0.27 0.02
7(refy 0.43  0.83 0.003 0.81 0.004
8 033  1.00 0.028 1.00 0.003

2 These results are for the one-flavour CO desorption model.

b The fraction of the disk mass with respect to the total aedretassi = M, + Mg).

¢ The fractions of warmTy > 18 K) and hot Tq > 100 K) material with respect to the entire disk. The
warm fraction also includes material above 100 K.
The fractions of gaseous CO and® with respect to the total amounts of CO anglHn the disk.

model does not have ficient resolution in the inner disk to resolve these smallamts
They may be lower by up to a factor of ten or higher by up to aoiact three.

There is good agreement between the fractions of warm rahgaerd gaseous CO. In
Case 5, about a third of the CO gasaatis gas left over from the initial conditions, due to
the long adsorption timescale for the outer part of the clow@. This is also the case for
the majority of the gaseous,B in Cases 1, 5 and 6. For the other parameter §gtsnd
fgadH20) are the same within the error margins. Overall, the reduim the parameter
grid show once again that the adsorption-desorption balaprimarily determined by
the temperature, and that the adsorption-desorptiontiaesare usually shorter than the
dynamical timescales.

By comparing the fraction of gaseous material at the endeottiapse to the fraction
of material above the desorption temperature, the histbtiieomaterial is disregarded.
For example, some of the cold material was heated above 18iKgiine collapse, and
CO desorbed before readsorbing inside the disk. This rfiagtahe CO abundance if the
model is expanded to include a full chemical network. In tzete, the results from Table
2.3 only remain valid if the CO abundance is mostly consthrdgughout the collapse.
The same caveat holds fop8. This point is explored in more detail in Chapter 3.

2.4.2 Complex organic molecules

A full chemical network, including grain-surface reactois required to analyse the gas
and ice abundances of more complex species. While this wifl topic for a future pub-
lication, the current CO and 4@ results, combined with recent other work, can already
provide some insight.

Complex organic species can be divided into two categofies:generation species
that are formed on the grain surfaces during the initial waprio ~40 K, and second-
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-14 0.19

z (10® AU)

R (10% AU)

Figure 2.14— Total density at = to. for our parameter grid (Table 2.1). The rotation rates {dgg

in s71), sound speeds (knT§ and initial massesM,) are indicated. The contours increase by
factors of ten going inwards; the %@m contour is labelled in each panel. The white curves
indicate the surfaces of the disks; the disk for Case 4 isrualgo be visible.
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Figure 2.15— Dust temperature, as in Fig. 2.14. The temperature cataner drawn at 100, 60,
40, 30, 25, 20, 18, 16, 14 and 12 K from the centre outwards.ZDR& contour is labelled in each

panel and the 18-K contours are drawn as grey lines.
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generation species that are formed in the warm gas phasethdnrst-generation species
have evaporated (Herbst & van Dishoeck 2009). Addition&llsOH may be considered
a zeroth-generation complex organic because it is alreaiyefd dficiently during the
pre-collapse phase (Garrod & Herbst 2006). Its gas-ice gitduld be similar to that of
H,0, due to the similar binding energies.

Larger first-generation species such as methyl formate (BICRB) can be formed
on the grains if material spends at least severalyt@t 20-40 K. The radicals involved
in the surface formation of HCOOGHHCO and CHO) are not mobile enough at lower
temperatures and are not formeffi@ently enough at higher temperatures. A low sur-
face abundance of CO (at temperatures above 18 K) does mérhiine formation of
HCOOCH;: HCO and CHO are formed from reactions of OH and H with €O, which
is already formed at an earlier stage and which does not estgantil~40 K (Garrod &
Herbst 2006). Cosmic-ray—induced photons are availakierto OH from H,O even in
the densest parts of the disk and envelope (Shen et al. 2004).

As shown in Sect. 2.3.4, many of the parcels ending up neamttiplane inside of
~300 AU in our standard model spendistient time in the required temperature regime
to allow for dficient formation of HCOOCHKIand other complex organics. Once formed,
these species are likely to assume the same gas-ice ratity®aand the smaller organ-
ics. They evaporate in the inner 10-20 AU, so in the abseng®afig, complex organics
would only be observable in the gas phase close to the starAfdtama Large Millime-
ter/submillimeter Array (ALMA), currently under constructiowill be able to test this
hypothesis.

The gas-phase route towards complex organics involvesahiaer envelopeTy >
100 K), also called the hot core or hot corino in the case offoass protostars (Ceccarelli
2004, Bottinelli et al. 2004, 2007). Most of the ice evapesdtere and a rich chemistry
can take place if material spends at least severalyt @ the hot core (Charnley et al.
1992). However, the material in the hot inner envelope inmodel is essentially in
freefall towards the star or the inner disk, and its tranmsietof a few 100 yr is too short
for complex organics to be formed abundantly (see also &clkbal. 2002). Additionally,
the total mass in this region is very low: about a per cent efdlsk mass. In order to
explain the observations of second-generation complereoutgs, there has to be some
mechanism to keep the material in the hot core for a longeg.tidlternatively, it has
recently been suggested that molecules typically assotiaith hot cores may in fact
form on the grain surfaces as well (Garrod et al. 2008).

2.4.3 Mixed CO-H,0O ices

In the results presented in Sect. 2.3, all CO was taken torbl@g@ single temperature.
In a more realistic approach, some of it would be trapped énH)0 ice and desorb at
higher temperatures. This was simulated with four “flavdaf€0O ice, as summarised in
Table 2.2. With our four-flavour model, the global gas-icefpes are mostly unchanged.
All CO is frozen out in the sub-18 K regions and it fully desesshen the temperature
goes above 100 K. Some 10 to 20% remains in the solid phaseas af intermediate
temperature. In our standard model, the four-flavour wahias 15% of all CO in the disk
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attycc on the grains, compared to 0% in the one-flavour variety. inreference model,
the solid fraction increases from 19 to 33%.

The grain-surface formation of3€0, CHOH, HCOOCH and other organics should
not be very sensitive to these variations, and CHOH are already formed abun-
dantly before the onset of collapse, when the one- and fauodir models predict equal
amounts of solid CO. KO is then available to form HCOOGHvia the intermediates
HCO and CHO) during the collapse. The higher abundance of solid CO a4@X in
the four-flavour model could slow down the formation of HCO@Gomewhat, because
CO destroys the OH needed to form HCO (Garrod & Herbst 2006C(Hevaporates
around 40 K, so HCOOCHcannot be formedficiently anymore above that tempera-
ture. On the other hand, if a multiple-flavour approach is aisiployed for HCO, some
of it remains solid above 40 K, and HCOOgIdan continue to be produced. Overall,
then, the multiple-flavour desorption model is not expettedause large variations in
the abundances of these organic species compared to tifeoer model.

2.4.4 Implications for comets

Comets in our solar system are known to be abundant in CO aydatte believed to
have formed between 5 and 30 AU in the circumsolar disk (Bgek&lorvan et al. 2004,
Kobayashi et al. 2007). However, the dust temperature srégion at the end of the
collapse is much higher than 18 K for all of our parameter. sEltss raises the question
of how solid CO can be present in the comet-forming zone.

One possible answer lies in the fact that even at t,c, our objects are still very
young. As noted in Sect. 2.3.2, the disks cool down as thefiraomto evolve towards
“mature” T Tauri systems. Given the right set of initial cai@hs, this may bring the
temperature below 18 K inside of 30 AU. However, there areymiaiauri disk models in
the literature where the temperature at those radii renvaétisabove the CO evaporation
temperature (e.g., D’Alessio et al. 1998, 2001). Speclficatodels of the minimum-
mass solar nebula (MMSN) predict a dust temperatureddf K at 30 AU (Lecar et al.
2006).

A more plausible solution is to turn to mixed ices. At the temgiures computed for
the comet-forming zone of the MMSN, 10-20% of all CO may beped in the HO
ice. Assuming typical CO-kD abundance ratios, this is entirely consistent with okesrv
cometary abundances (Bockelée-Morvan et al. 2004).

Large abundance variations are possible for more compbksias, due to the fierent
densities and temperatures at various points in the coonetifig zone in our model, as
well as the diferent density and temperature histories for material endjm at those
points. This seems to be at least part of the explanatiohéctemical diversity observed
in comets. Our current model is extended in Chapter 3 to dechufull gas-phase chemical
network to analyse these variations and compare them agaimetary abundances.

The desorption and readsorption 0f®lin the disk-envelope boundary shock has
been suggested as a method to trap noble gases in the icecndkeithem in comets
(Owen et al. 1992, Owen & Bar-Nun 1993). As shown in Sects52a8d 2.3.4, a number
of parcels in our standard model are heated to more than 1@&tpjior to entering
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the disk. However, these parcels end up in the disk’s surfdtaterial that ends up at
the midplane, in the comet-forming zone, never gets hedteds50 K. Vertical mixing,
which is ignored in our model, may be able to bring the nolds-gontaining grains down
into the comet-forming zone.

Another option is episodic accretion, resulting in temppiaeating of the disk (Sect.
2.4.5). In the subsequent cooling phase, noble gases magdget as the ices reform.
The alternative of trapping the noble gases already in teecpiapse phase is unlikely.
This requires all the kD to start in the gas phase and then freeze out rapidly. Haweve
in reality (contrary to what is assumed in our model) it ish@bly formed on the grain
surfaces by hydrogenation of atomic oxygen, which wouldatiotv for trapping of noble
gases.

2.4.5 Limitations of the model

The physical part of our model is known to be incomplete aiglittay dfect the chemical
results. For example, our model does not include radial amtical mixing. Semenov
et al. (2006) and Aikawa (2007) recently showed that mixiag enhance the gas-phase
CO abundance in the sub-18 K regions of the disk. Similaukte could be more 40 gas

if mixing is included. This would increase the fractions @@&nd HO gas listed in Table
2.3. The gas-phase abundances can also be enhanced byafomphotodesorption of
the ices in addition to the thermal desorption considerad (@hen et al. 2004, Oberg
et al. 2007, 2009b,c). Mixing and photodesorption can eactease the total amount of
gaseous material by up to a factor of two. The higher gasepinastions are mostly found
in the regions where the temperature is a few degrees belwddborption temperature
of CO or H,0O.

Accretion from the envelope onto the star and disk occursiimmodel at a constant
rateM until all of the envelope mass is gone. However, the lack dispread red-shifted
absorption seen in interferometric observations suggeatshe infall may stop already
at an earlier time (Jgrgensen et al. 2007). This would retheelisk mass at... The
size of the disk is determined by the viscous evolution, Whiould probably not change
much. Hence, if accretion stops or slows down betggg the disk would be less dense
and therefore warmer. It would also reduce the fraction sk dnaterial where CO never
desorbed, because most of that material comes from the edderof the original cloud
core (Fig. 2.11). Bothféects would increase the gas-ice ratios of CO ap@®H

Our results are also modified by the likely occurrence ofagitsaccretion (Kenyon
& Hartmann 1995, Evans et al. 2009). In this scenario, matadcretes from the disk
onto the star in short bursts, separated by intervals winerelisk-to-star accretion rate
is a few orders of magnitude lower. The accretion burstsectusinosity flares, briefly
heating up the disk before returning to an equilibrium terapee that is lower than in
our models. This may produce a disk with a fairly large iceteahfor most of the
time, which evaporates and readsorbs after each accredisode. The consequences for
complex organics and the inclusion of various species inetsmre unclear.
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2.5 Conclusions

This chapter presents the first results from a two-dimemgj@emi-analytical model that
simulates the collapse of a molecular cloud core to form aroags protostar and its sur-
rounding disk. The model follows individual parcels of nréa&from the core into the star
or disk and also tracks their motion inside the disk. It cotepuhe density and tempera-
ture at each point along these trajectories. The densityeangerature profiles are used
as input for a chemical code to calculate the gas and ice amaoed for carbon monoxide
(CO) and water (HO) in each parcel, which are then transformed into globaligagro-
files. Material ending up at fferent points in the disk spends dfdrent amount of time
at certain temperatures. These temperature historiegderavirst look at the chemistry
of more complex species. The main results from this chapéeasfollows:

e Both CO and HO freeze out towards the centre of the core before the ongmtlof
lapse. As soon as the protostar turns on, a fraction of theap@ly evaporates, while
H>O remains on the grains. CO returns to the solid phase whemis below 18 K
inside the disk. Depending on the initial conditions, thigynbe in a small or a large
fraction of the disk (Sect. 2.3.3).

¢ All parcels that end up in the disk have the same qualitatimgperature history (Fig.
2.12). There is one temperature peak just before entermgligk, when material
traverses the inner envelope, and a second one (higherhbdirgt) when inward
radial motion brings the parcel closer to the star. In sonsegghis results in multiple
desorption and adsorption events during the parcel’slihisiory (Sect. 2.3.4).

¢ Material that originates near the midplane of the initialcemains at lower tempera-
tures than does material originating from closer to the pofes a result, the chemical
content of the material from near the midplane is less styomgpdified during the
collapse than the content of material from other regiong.(Eil1). The outer part of
the disk contains the chemically most pristine materialesghat most only a small
fraction of the CO ever desorbed (Sect. 2.3.3).

¢ A higher sound speed results in a smaller and warmer disk, laiiger fractions of
gaseous CO and4@® at the end of the envelope accretion. A lower rotation rate h
the same fect. A higher initial mass results in a larger and colder disid smaller
gaseous CO and4@ fractions (Sect. 2.4.1).

e The infalling material generally spends enough time in amvaone (20-40 K) for
first-generation complex organic species to be formed amithdon the grains (Fig.
2.12). Large dierences can occur in the density and temperature historiesdterial
ending up at various points in the disk. Thes@aitences allow for spatial abundance
variations in the complex organics across the entire digks &ppears to be at least
part of the explanation for the cometary chemical diver&dgcts. 2.4.2 and 2.4.4).

e Complex second-generation species are not formed abupdarthe warm inner
envelope (the hot core or hot corino) in our model, due to thelined &ects of the
dynamical timescales and low mass fraction in that regiet{(2.4.2).

e The temperature in the disk's comet-forming zone (5-30 Abirfithe star) lies well
above the CO desorption temperature, everiféas of grain growth and continued
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disk evolution are taken into account. Observed cometaryaB@hdances can be
explained by mixed ices: at temperatures of several tens, afskpredicted for the
comet-forming zone, CO can be trapped in thgHce at a relative abundance of a
few per cent (Sect. 2.4.4).

Appendix: Disk formation efficiency

The results from our parameter grid can be used to deriveigtkefarmation dficiency,

ngs, as a function of the sound speeyd, the solid-body rotation rat&€)y, and the initial
core massMp. This dficiency can be defined as the fraction\§ that is in the disk at
the end of the collapse phage(t,c) or as the mass ratio between the disk and the star
at that time. The former is used in this appendix.

In order to cover a wider range of initial conditions, the pieal part of our model
was run on a 9grid. The sound speed was varied from 0.15 to 0.35 kintbe rotation
rate from 1014° to 1012° s and the initial core mass from 0.1 to M. The resulting
ngr att = taec Were fitted to

My _ l0g(Qo/sY)
ndf = Mo g1 + 92[ _13 (2.37)
with
_ log(Qo/s ™) |* G %, [Mo]®
G =ktk| =3 +K*[o.2kmsl] kv
(2.38)
~ log(Qo/s™) Cs Mo

0 = ket | =g |+ g e Mo |- (2.:39)

Equation (2.37) can give values lower than 0 or larger thdn those cases, it should be
interpreted as being 0 or 1.

The best-fit values for the ciientsk; and the exponentg are listed in Table 2.4.
The absolute and relativeftiérence between the best fit and the model data have a root
mean square (rms) of 0.04 and 5%. The largest absolute aatteatifference are 0.20
and 27%. The fit is worst for a high core mass, a low sound speeéca intermediate
rotation rate, as well as for a low core mass, an intermedakegh sound speed and a
high rotation rate.

Figure 2.16 shows the disk formatioffieiency as a function of the rotation rate,
including the fit from Eq. (2.37). Thefléciency is roughly a quadratic function in 6%,
but due to the narrow dynamic range of this variable, the fite@ps as straight lines.
Furthermore, thef&ciency is roughly a linear function icy and a square root function in
Mo.

56



2.5 Conclusions

Table 2.4— Codficients and exponents for the best fit for the disk formatid@iciency.

Codficient Value Co#fiicient Value Exponent Value

k1 2.08 ks -0.106 O1 0.236
ko 0.020 ke -1.539 02 0.255
ks 0.035 k7 -0.470 ds 0.537
ke 0914 kg 0344
1'0 [ T T T -_1| T T T T T T T T T T T T T T
¢, (km s™') 0.15 0.35 ~
[ AT
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Figure 2.16— Disk formation diciency as a function of the solid-body rotation rate. The etod
values are plotted as symbols and the fit from Eq. (2.37) as.lihe dferent values of the sound
speed are indicated by colours and thffedlent values of the initial core mass are indicated by
symbols and line types, with the solid lines correspondmthe asterisks, the dotted lines to the
diamonds and the dashed lines to the triangles.
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Abstract

Context. The chemical composition of a molecular cloud changes diiaaily as it collapses to
form a low-mass protostar and circumstellar disk. Two-digienal (2D) chemodynamical models
are required to properly study this process.

Aims.The goal of this work is to follow, for the first time, the cheral evolution in two dimensions
all the way from a pre-stellar cloud into a circumstellarkdi©Of special interest is the question
whether the chemical composition of the disk is a result efaical processing during the collapse
phase, or whether it is determined by in situ processing #feedisk has formed.

Methods.We combine a semi-analytical method to get 2D axisymmetitsiy and velocity struc-
tures with detailed radiative transfer calculations totgatperature profiles and UV fluxes. Material
is followed in from the cloud to the disk and a full gas-phalseristry network — including freeze-
out onto and evaporation from cold dust grains — is evolved@these trajectories. The abundances
thus obtained are compared to the results from a static dislehand to cometary observations.

Results. The chemistry during the collapse phase is dominated by akésmprocesses, such as
the evaporation of CO or the photodissociation @OH Depending on the physical conditions en-
countered along specific trajectories, some of these pesase absent. At the end of the collapse
phase, the disk can thus be divided into zones wiffedint chemical histories. The disk is found
not to be in chemical equilibrium at the end of the collapse. Algue that comets must be formed
from material with diferent chemical histories: some of it is strongly processenhe of it remains
pristine. Variations between individual comets are pdesitthey formed at dierent positions or
times in the solar nebula. The chemical zones in the disk hadrixed origin of the cometary
material arise from the 2D nature of our model.
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3.1 Introduction

The formation of a low-mass protostar out of a cold molecadlaud is accompanied by
large-scale changes in the chemical composition of thetitoest gas and dust. Pre-
stellar cloud cores are cold-10 K), moderately dense~(0*~1C° cm3), and irradi-
ated only by the ambient interstellar radiation field (seeewgs by Shu et al. 1987, di
Francesco et al. 2007 and Bergin & Tafalla 2007). As the ctadssto collapse, sev-
eral mechanisms act to heat up the material, such as gramaitontraction, accretion
shocks and, eventually, radiation produced by nucleaofusi the protostar. The in-
ner few hundred AU of the core flatten out to form a circumatetlisk, where planets
may be formed at a later stage (see review by Dullemond eDal7l?). The density in
the interior of the disk, especially at small radii, is s@l@rders of magnitude higher
than the density of the pre-stellar core. Meanwhile, thagstar infuses the disk with
high fluxes of ultraviolet and X-ray photons. The chemicamyes arising from these
evolving physical conditions have been analysed by vaigoogps with one-dimensional
models (see reviews by Ceccarelli et al. 2007, Bergin et@72and Bergin & Tafalla
2007). However, two-dimensional models are required tp@rg describe the formation
of the circumstellar disk and the chemical processes tgiacg inside it.

This chapter follows the preceding chapter in a series oligatipns aiming to model
the chemical evolution from pre-stellar cores to circuntetelisks in two dimensions.
Chapter 2 contains a detailed description of our semi-aicalynodel and an analysis of
the gas and ice abundances of carbon monoxide (CO) and w4i@®).(We found that
most CO evaporates during the infall phase and freezes ain agthose parts of the disk
that are colder than 18 K. The much higher binding energy @ Keeps it in solid form
at all times, except withir-10 AU of the star. Based on the time that the infalling mate-
rial spends at dust temperatures between 20 and 40 K, fingrgton complex organic
species were predicted to form abundantly on the grainsesfaccording to the scenario
of Garrod & Herbst (2006) and Garrod et al. (2008).

The current chapter extends the chemical analysis to a &sfphase network, in-
cluding freeze-out onto and evaporation from dust graissyell as basic grain-surface
hydrogenation reactions. Combining semi-analytical dgrsd velocity structures with
detailed temperature profiles from full radiative transf@iculations, our aim is to bridge
the gap between 1D chemical models of collapsing cores at® br 2D chemical mod-
els of mature T Tauri and Herbig Age disks. One of the key questions is whether the
chemical composition of such disks is mainly a result of civafrprocessing during the
collapse or whether it is determined by in situ processitey diie disk has formed.

As reviewed by di Francesco et al. (2007) and Bergin & Taf@@07), the chemistry
of pre-stellar cores is well understood. Because of the emmperatures and the moder-
ately high densities, a lot of molecules are observed to péetkd from the gas by freez-
ing out onto the cold dust grains. The main ice constituehki®, showing abundances
of ~10~* relative to B (Tielens et al. 1991, van Dishoeck 2004). Other abundastioe
CO;, (30-35% of HO; Pontoppidan et al. 2008b) and CO (5-100% eOHJgrgensen
et al. 2005, Pontoppidan 2006). Correspondingly, the eeskgas-phase abundances of
H,0O, CO and CQin pre-stellar cores are low (Snell et al. 2000, Ashby et@D® Bergin
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& Snell 2002, Bacmann et al. 2002). Nitrogen-bearing speldie N, and NH; are gen-
erally less depleted than carbon- and oxygen-bearing éteeslings et al. 1992, Tafalla
etal. 2002, 2004), probably because they require a longertt be formed in the gas and
therefore have not yet had a chance to freeze out (di Frame¢sd. 2007). The observed
depletion factors are well reproduced with 1D chemical nio@@ergin & Langer 1997,
Lee et al. 2004).

The collapse phase is initially characterised by a grad@hwup of the material,
resulting in the evaporation of the ice species accordinbeo respective binding ener-
gies (van Dishoeck et al. 1993, van Dishoeck & Blake 1998 d&obet al. 2000, van der
Tak et al. 2000a, Aikawa et al. 2001, Jgrgensen et al. 20, 2D05, Jgrgensen 2004).
The higher temperatures also drive a rich chemistry, eafedi it gets warm enough
to evaporate KO and organic species like GAH and HCOOCH (Blake et al. 1987,
Millar et al. 1991, Charnley et al. 1992). Going back to the [B970s, the chemical evo-
lution during the collapse phase has been studied with psmHerical models (Gerola
& Glassgold 1978, Leung et al. 1984, Ceccarelli et al. 199@jders & Charnley 2003,
Doty et al. 2004, Lee et al. 2004, Garrod & Herbst 2006, Aikawval. 2008, Garrod et al.
2008). They are successful at explaining the observed @nced at scales of several
thousand AU, where the envelope is still close to spheyicalimmetric, but they cannot
make the transition from the 1D spherically symmetric eopelto the 2D axisymmetric
circumstellar disk.

Recently, van Weeren et al. (2009) followed the chemicalugian within the frame-
work of a 2D hydrodynamical simulation and obtained a reabenmatch with observa-
tions. However, their primary focus was still on the envelapot on the disk. Neverthe-
less, they showed how important it is to treat the chemicalgion during low-mass star
formation as more than a simple 1D process.

Once the phase of active accretion from the envelope conssead, the circumstel-
lar disk settles into a comparatively static situation (@eet al. 2007, Dullemond et al.
2007a). Observationally, we are now in the T Tauri and HeAg(Be stages, and some
simple molecules have been detected in these objects (Deitiad. 1997, Kastner et al.
1997, Qi et al. 2003, Thi et al. 2004, Lahuis et al. 2006). Thaye also received a lot
of attention with 2D models, showing for example that disks be divided vertically
into three chemical layers: a cold zone near the midplangraavmolecular layer at in-
termediate altitudes, and a photon-dominated region asuhface (Aikawa et al. 1996,
1997, 2002, 2008, Aikawa & Herbst 1999, 2001, Willacy & Lang@00, van Zadelh®
et al. 2003, Rodgers & Charnley 2003, Jonkheid et al. 200fe8ev et al. 2006, Woitke
et al. 2009). However, as noted above, the chemical cormmebgtween the early 1D
stages of low-mass star formation and the 2D circumsteitkscat later stages remains
an unsolved puzzle.

This chapter aims to provide the first steps towards sohigpguzzle by following
the chemical evolution all the way from a pre-stellar clowdecto a circumstellar disk
in two spatial dimensions. The physical and chemical modsdsdescribed in Sects.
3.2 and 3.3. We briefly discuss the chemistry during the ptkjgse phase in Sect. 3.4
before turning to the collapse itself in Sect. 3.5. There,fingt follow the chemistry
in detail along a trajectory terminating at one particulasigon in the disk, and then
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generalise those results to material ending up at othetipiosi In Sect. 3.6, we compare
the abundances resulting from the collapse to in situ psiicgsn a static disk. Finally,
we discuss some caveats and the implications of our requlthé origin of comets in
Sect. 3.7. Conclusions are drawn in Sect. 3.8.

3.2 Collapse model

3.2.1 Step-wise summary

Our semi-analytical collapse model is described in deta@hapter 2; it consists of sev-
eral steps, summarised in Fig. 3.1. We start with a singsfathermal sphere charac-
terised by a total masdly, an dfective sound speedi, and a uniform rotation rat@.
As soon as the collapse starts,tat 0, the rotation causes the infalling material to be
deflected towards the equatorial midplane. This breakgthergal symmetry, so we run
the entire model as a two-dimensional axisymmetric sysfidm.2D density and velocity
profiles follow the solutions of Shu (1977), Cassen & Moosifi®81) and Terebey et al.
(1984) for an inside-out collapse with rotation. After thekdis first formed at the mid-
plane, it evolves by ongoing accretion from the collapsioge@nd by viscous spreading
to conserve angular momentum (Shakura & Sunyaev 1973, lnyBad & Pringle 1974).
Taking the 2D density profiles from step 2, and adopting ther@mriate size and
luminosity for the protostar (Adams & Shu 1986, Young & Eva@®5), the next step
consists of computing the dust temperature at a number &f $it@ps. We do this with
the radiative transfer code RADMC (Dullemond & Dominik 2@)4which takes a 2D
axisymmetric density profile but follows photons in all tardimensions. The RADMC
code also computes the full radiation spectrum at each poihe axisymmetric disk and
remnant envelope, as required for the photon-driven m@agtin our chemical network
(Sects. 3.2.3and 3.3.1). The gas temperature is set eqhal tust temperature through-
out the disk and the envelope. This is a poor assumption iautace of the disk and the

MO! Cs, QO

[ 1. Set initial conditions: ]

velocity structure: and radiation field:

n(R,z,t), VR,z,1) : : To(R.z.t), Fu(R,z,1) : Figure 3.1 — Step-

) _ : : - ! wise summary of

: Semi-analytical / Numerical simulation our 2D axisymmetric
[ 4. Compute infall : : 5. Run chemistry for ] collapse model.
; trajectories I :’l each parcel : Steps 2 and 4 are

R ! / --------------------- ' semi-analytical, while
steps 3 and 5 consist

6. Transform parcel of detailed numerical
abundances to 2D profiles . .
simulations.

[ 2. Compute density and 3. Compute temperature ]
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inner parts of the envelope (Kamp & Dullemond 2004, Jonkkéeal. 2004, Woitke et al.
2009), the consequences of which are addressed in Sedt. 3.7.

Given the dynamical nature of the collapse, it is easiesbteesthe chemistry in a
Lagrangian frame. In Chapter 2, we populated the enveloftesgiveral thousand parcels
att = 0 and followed them in towards the disk and star. We now takalt@nnative ap-
proach where we define a regular grid of parcels at the enceafdhapse and follow the
parcels backwards in time to their positiort at 0. Since we are usually interested in the
abundance profiles at the end of the collapse, when the dfskysormed, it has many
advantages to have a regular grid of parcels at that timer#tlan at the beginning. In
either case, step 4 of the model produces a set of infaltti@jies with densities, tempera-
tures and UV intensities as a function of time and positidmese data are required for the
next step: solving the time-dependent chemistry for eadividual parcel. Although the
parcels are followed backwards in time to get their trajeey we compute the chemistry
in the normal forward direction. The last step of our modeigists of transforming the
abundances from the individual parcels back into 2D axisgtnimprofiles at whatever
time steps we are interested in.

In Chapter 2, the model was run for a grid of initial condigoin the current chapter,
the analysis is limited to our standard set of parametbls:= 1.0 Mg, ¢s = 0.26 km
standQq = 1014 s, Section 3.7.2 contains a brief discussion on how the resugty
change for other parameter values.

3.2.2 Dfiferences with Chapter 2

The current version of the model contains several improvesnever the version used
in Chapter 2. Most importantly, it now correctly treats th@ldem of sub-Keplerian
accretion onto a 2D disk. It has long been known that mattsilithg onto the disk along
an elliptic orbit has sub-Keplerian angular momentum, sexérts a torque on the disk
that results in an inward push. Several solutions are deil@.g., Cassen & Moosman
1981, Hueso & Guillot 2005), but these are not suitable far2id model. The ad-hoc
solution from Chapter 2 provided the appropriate qualitagihysical correction, namely
increasing the inward radial velocity of the disk materalt it did not properly conserve
angular momentum. We now use a new, fully consistent salutierived directly from
the equations for the conservation of mass and angular moimenlt is described in
detail in Chapter 4, where it is also shown that it resultsgkslthat are typically a factor
of a few smaller than those obtained with the original modéie new disks are a few
degrees colder in the inner part and warmer in the outerywhith may further fect the
chemistry.

Other changes to the model include the definition of the diskelope boundary and
the shape of the outflow cavity. In Chapter 2, the disk-emelmoundary was defined as
the surface where the density of the infalling envelope netequals that of the disk.
Instead, we now take the surface where the ram pressure offtiéng material equals
the thermal pressure of the disk (see Chapter 4). This pes\adnore physically correct
description of where material becomes part of the disk. Tindlaw cavity now has
curved walls rather than straight ones, consistent witlh lobiservations and theoretical
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3.2 Collapse model

predictions (Velusamy & Langer 1998, Canto et al. 2008). dtilow wall is described
by

t -3 R 15
= (0.191 AU)| — — 3.1
ol (5] o
with R andz in spherical coordinates arig; = Mo/M the time required for the entire
envelope to accrete onto the star and disk. THedependence is chosen so that the
outflow starts very narrow and becomes increasingly widdasollapse proceeds. The
full opening angle at,..is 33.6 atz= 1000 AU and 15.9atz = 10000 AU.

3.2.3 Radiation field

Photodissociation and photoionisation by ultraviolet jU¥diation are important pro-
cesses in the hot inner core and in the surface layers of #ke dihe temperature and
luminosity of the protostar evolve as described in Chapteso2neither the strength nor
the spectral shape of the radiation it emits are constarimi@. tin addition, the spectral
shape changes as the radiation passes through the diskrandnieenvelope. Hence, we
cannot simply take the photorates from the interstellariomadind scale them according
to the integrated UV flux at each spatial grid point.

The most accurate way to obtain the time- and location-dégreinphotorates is to
multiply the cross section for each reaction by the UV fieléath grid point. The latter
can be computed from 2D radiative transfer at high spectsdlution. As this is too
computationally demanding, several approximations haveet made. First of all, we
assume the wavelength-dependent attenuation of theicadiegld by the dust in the disk
and envelope can be represented by a single fadtmreach reaction. The rate déieient
for a given photoreaction at spatial coordinatesdd and at time can then be expressed
as

r\2
kph(r,e,t)=k;3h(€) e, (3.2)

with Ay the visual extinction towards that point. The unshieldad dficient is cal-
culated at the stellar surfaclegl() by multiplying the cross section of the reaction by the

blackbody flux at the fective temperature of the protostar. The terfR()~? accounts
for the geometrical dilution of the radiation from the starass a distance The factory
is discussed in Sect. 3.3.1.

In order to apply Eq. (3.2), we need the extinction towarahegmint. In a 1D model,
this can simply be done by integrating the total hydrogenlmemdensity from the star to
a pointr and converting the resulting column density to a visuaketiobn. This approach
has been extended to 2D circumstellar disk models by digithe disk into annuli, each
irradiated only from the top and bottom (e.g., Aikawa & Herh899, Jonkheid et al.
2004). Such a 41D method is poorly suited to our model, which always hasllinfa
envelope material right above and below the disk. Instead¢cempute an average UV
flux for each spatial grid point at a number of time steps andpare it to the flux that
would be obtained in the case of zero attenuation. Tlfergince gives us arfective
extinction for each point.
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Table 3.1— Elemental abundanceg(X) = n(X)/ng.

Species Abundance Species Abundance Species Abundance
H, 5.00(-1) Na 2.25(-9) Cl 1.00(-9)
He 9.75(-2) Mg 1.09(-8) Ar 3.80(-8)
C 7.86(-5) Al 3.10(-8) Ca 2.20(-8)
N 2.47(-5) Si 2.74(-9) Cr 4.90(-9)
o] 1.80(-4) P 2.16(-10) Fe 2.74(-9)
Ne 1.40(-6) S 9.14(-8) Ni 1.80(-8)

The first step in this procedure is to run the Monte Carlo tagigransfer package
RADMC (Dullemond & Dominik 2004a) at a low spectral resotutiof one frequency
point per eV. The large number of photons propagated throglyrid (typically 16)
ensures that we get a statistical sampling of the posstglkectiories leading to each point.
The specific UV fluxes thus obtained for a point t) are integrated from 6 to 13.6 eV
to get the average flux(;y). This flux is lower than that at the stellar surface because
of geometrical dilution and attenuation by dust. Denotlmgftux at the stellar surface as

F{y,» we can express théfects of dilution and attenuation as

-2
r
FUV(r’ 0) — nge—ruv,eﬁ — FL*JV (i) e—ruv.eﬂ‘. (33)
The dfective UV extinctionryy e, IS converted to the visual extinctioh, through the
standard relationshipy = tyv.er/3.02. The unattenuated UV qu>F,8V, can also be
expressed as a scaling factor relative to the average flineimterstellar medium (ISM):
x = Fy/F sy With Fgy, = 8x 10" cm2 s (Draine 1978).

3.3 Chemical network

The basis of our chemical network is the UMIST06 databaseoflath et al. 2007) as
modified by Bruderer et al. (2009), except that we do not idelX-ray chemistry. The
cosmic-ray ionisation rate of Hs set to 5x 101" s™! (van der Tak et al. 2000b, Doty
et al. 2004, Dalgarno 2006). The network contains 162 nkspecies, 251 cations and
six anions, built up out of 18 elements. We take a fully atoatimposition as the starting
point, except that hydrogen starts as Hlemental abundances are adopted from Aikawa
et al. (2008), with additional values from Bruderer et aD{2). The latter are reduced
by a factor of 100 from the original undepleted values to aotdor the incorporation
of these heavy elements into the dust grains. Table 3.1thst®lemental abundances
relative to the total hydrogen nucleus densiiy:= n(H) + 2n(H>).

In order to set the chemical composition at the onset of pe#ig = 0), we evolve the
initially atomic gas for a period of 1 Myr aty = 8 x 10* cm™3 andTy = Tq = 10 K. The
extinction during this pre-collapse phase is set to 100 matlisable all photoprocesses,
except for a minor contribution from cosmic-ray—induceafaims. The resulting solid
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and gas-phase abundances are consistent with those absewe-stellar cores (e.g.,
Bergin et al. 2000, di Francesco et al. 2007), and we take #eethe initial condition for
the collapse phase for all infalling parcels. In the remairaf this chapter, = 0 always
refers to the onset of collapse, following the 1 Myr pre-apie phase here described.

3.3.1 Photodissociation and photoionisation

Photodissociation and photoionisation by UV radiation ianportant processes in the
inner disk and inner envelope. Their rates are given by EQ) (3sing the extinction
from Eqg. (3.3). The extinction factor from Eq. (3.2) depends on the spectral shape
of the radiation field, but it is not feasible to include thispgndence in detail. Instead,
we use the molecule-specific values tabulated for a 4000 &kbtzdy by van Dishoeck
et al. (2006). The unshielded rates at the stellar surl?g)aa(re calculated with the cross
sections from our freely available database, compiled ft@ma (1984), van Dishoeck
(1988), Roberge et al. (1991), Huebner et al. (1992), vahdisk et al. (2006) and van
Hemert & van Dishoeck (2008)The final output of this procedure consists of a 3D array
(time and two spatial coordinates) with rate fiments for each photoreaction. When
computing the infall trajectories for individual parcesddp 4 in Fig. 3.1), we perform a
linear interpolation to get the rate deients at all points along each trajectory.

The photodissociation of Fand CO requires some special treatment. Both processes
occur exclusively through discrete absorption lines, $bsteelding plays an important
role. The amount of shielding for Hs a function of the H column density; for CO,
it is a function of both the CO and the;,Holumn density, because some CO lines are
shielded by Hlines. The &ective UV extinction from Eq. (3.3) can be converted to altota
hydrogen column density througfy = tyy e/3.02 andNy = 1.59x107*A, cm 2 (Diplas
& Savage 1994). Assuming that most hydrogen along each phpztth is in molecular
form, we simply setN(H,) = 0.5Ny to get the &ective H, column density towards each
spatial grid point. Equation (37) from Draine & Bertoldi @®) then gives the amount
of self-shielding for H. The unshielded dissociation rate is computed accordirigeo
one-line approximation from van Dishoeck (1987), scalethso the rate is & x 10°1*
s1in the standard Draine (1978) field. For CO, we use the newdsh@gfunctions and
cross sections from Chapter 5 fféctive CO column densities are derived from the H
column densities by assuming an aver&(€0)/N(H,) ratio of 10°. Since both H
and CO require absorption of photons shortwards of 1100 &ir tlissociation rates are
greatly reduced af, ~ 4000 K compared with the Draine field (see also van Zadglho
et al. 2003). During the collapse, this results in a zone wimeolecules like KO and
CH, are photodissociated, while;ldnd CO remain intact (Sect. 3.5.1).

3.3.2 Gas-grain interactions

We allow all neutral species other than H; &hd the three noble gases to freeze out onto
the dust according to Charnley et al. (2001). In cold, dems&r@nments — such as our

1 httpy/www.strw.leidenuniv.nkewingphoto
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model cores before the onset of collapse — observations Bh@yCO and CQ@to be the
most abundant ices (Gibb et al. 2004, Boogert et al. 2008)h&fe three, kD and CQ

are mixed together, but most CO is found to reside in a seplagtr (Pontoppidan et al.
2003, 2008b). As the temperature rises during the collahsdces evaporate according
to their binding energy. However, the presence of non-ilelapecies like HO prevents
the more volatile species like CO and &£fdom evaporating entirely: some CO and £0
gets trapped in the D ice (Sandford & Allamandola 1988, Hasegawa & Herbst 1993,
Collings et al. 2004). In Chapter 2, we showed that this isiiregl to explain the presence
of CO in solar-system comets.

Incorporating ice trapping in a chemical network is a nawidt task. The approach
of Viti et al. (2004) was primarily designed to reproduce temperature-programmed
desorption (TPD) experiments from Collings et al. (2004)wbrks for astrophysical
models where the temperature is increasing monotonitaityas shown in Chapter 2, the
infalling material in our collapse model goes through pésiof decreasing temperature
as well. We could still apply the Viti et al. method to a “netkibconsisting of only CO
and HO (Chapter 2), but applying it to the full network currentlsed consistently leads
to numerical instabilities. In addition, recent experirtsdoy Fayolle et al. (in prep.) show
that the amount of trapping depends on the ice thicknesshendolatile-to-HO mixing
ratio. Collings et al. performed all their experiments & #ame thickness and the same
mixing ratio, so the amount of trapping in the model of Vitiaétis independent of these
properties.

We ignore trapping for now and treat desorption of all spgaicording to the zeroth-
order rate equation

RingedX) = 4nang, f (X)v(X) exp (3.4)

En(X) }
kTq |’

whereTy is the dust temperaturay, = 0.1 um the typical grain radius, ang, = 101%ny
the grain number density. The canonical pre-exponentiébfav, for first-order desorp-
tion is 2x 10*? st (Sandford & Allamandola 1993). We multiply this by the numbé
binding sites per unit grain surface ¥810'* cm for our 0.1um grains, assuming £0
binding sites per grain) to getzerothorder pre-exponential factor 02107 cm=2 s2.
This value is used for all ice species, with the exceptiorheffour listed in Table 3.2.
The binding energies of species other than those four ar® ¢be values tabulated by
Sandford & Allamandola (1993) and Aikawa et al. (1997). $egéor which the bind-
ing energy is unknown are assigned the binding enargithe pre-exponential factor of
H,0. The dimensionless factdrin Eq. (3.4) ensures that each species desorbs according
to its abundance in the ice, and changes the overall desorpghaviour from zeroth to
first order when there is less than one monolayer of ice:

£(X) = ns(X)

=— 7 3.5
max(nice, NoNgr) (3:5)

with N, = 1P the typical number of binding sites per grain amg the total number
density (per unit volume of cloud or disk) of all ice speciesnbined. We briefly discuss

in Sect. 3.7.1 how our results might change if we includegiag.
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Table 3.2— Pre-exponential factors and binding energies for sedexppecies in our network.

Species v (cm?s?)  Ep/k(K) Reference
H,O 1x 10% 5773  Fraser et al. (2001)
co 7x 1078 855  Bisschop et al. (2006)
N, 8x 10%° 800  Bisschop et al. (2006)
0, 7x 108 912  Acharyyaetal. (2007)

In addition to thermal desorption, our model includes deton induced by UV pho-
tons. Laboratory experiments on the photodesorption9,HCO and CQ all produce
ayield of Y ~ 1073 molecules per grain per incident UV photon (Westley et a@5kQb,
Oberg et al. 2007, 2009b), while the yield fop i an order of magnitude lower (Oberg
et al. 2009c). Classical dynamics calculations predictaesehat lower yield of 4 1074
for H,O (Andersson et al. 2006, Andersson & van Dishoeck 2008).yldids depend to
some extent on properties like the dust temperature andéttbickness, but this has little
effect on chemical models (Oberg et al. 2009b). Hence, we takestant yield of 16°
for H,O, CO and CQ, and of 10“ for N,. For all other ice species in our network, whose
photodesorption yields have not yet been determined exgetally or theoretically, we
also take a yield of 1¢. The photodesorption rate then becomes

RondedX) = magng, F(X)Y(X)F, e 7", (3.6)

with f the same factor as for thermal desorption. The unattenuivefiux (FSV) and
the dfective UV extinction tyy er) follow from Eqg. (3.3). Photodesorption occurs even
in strongly shielded regions because of cosmic-ray—indpbetons. We incorporate this
effect by setting a lower limit of 10cm™2 s7* to FJ,, (Shen et al. 2004).

The chemical reactions in our model are not entirely limitedhe gas phase. As
usual, the network includes the grain-surface formatiomMpf{Black & van Dishoeck
1987). Inspired by Bergin et al. (2000) and Hollenbach et2109), it also includes the
hydrogenation of C to ClJ N to NH3, O to H,O, and S to HS. The hydrogenation is
done one H atom at a time and is always in competition withntta¢and photon-induced
desorption. The formation of CINH3, H,O and HBS does not have to start with the
respective atom freezing out. For instance, CH freezindgromt the gas is also subject
to hydrogenation on the grain surface. The rate of each Ilggdration step is taken to be
the adsorption rate of H from the gas multiplied by the pralitgkihat the H atom finds
the atom or moleculX to hydrogenate:

2 8kTy
Rhydro(x) = ﬂagrngrn(H) f/(X) ﬁ (37)

with Ty the gas temperature. The factbrserves a similar purpose as the factoin
Egs. (3.4) and (3.6). Since the hydrogenation is assumegl te#r-instantaneous as soon
as the H atom meet¥ before X desorbsX is assumed to reside always near the top
layer of the ice. Hence, we are not interested in the aburedahsolid X relative to the
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total amount of ice (as i), but in its abundance relative to the other species thabean
hydrogenated:
Ns(X)

maX(hydro NoNgr) ’

with Nhyaro the sum of the solid abundances of the eleven speci€s CH, CH, CHs, N,
NH, NHz, O, OH, S and SH. The mairfect of this hydrogenation scheme is to build up
an ice mixture of simple saturated molecules during thecptiapse phase, as is found
observationally (Tielens et al. 1991, Gibb et al. 2004, [fafet al. 2004, van Dishoeck
2004, Oberg et al. 2008).

Grain-surface hydrogenation is known to occur for more Eggethan just the eleven
included here. For example, CO can be hydrogenated to fe@@-and CHOH (Watan-
abe & Kouchi 2002, Fuchs et al. 2009). Grains also play an itaporole in the formation
of more complex species (Garrod & Herbst 2006, Garrod elf1820berg et al. 2009a).
However, none of these reactions can be implemented ay easihe hydrogenation of
C, N, O and S. In addition, the main focus of this chapter isioypke molecules whose
abundances can be well explained with conventional gaseptizemistry. Therefore, we
are safe in ignoring the more complex grain-surface reastio

£/(X) =

(3.8)

3.4 Results from the pre-collapse phase

This section, together with the next two, contains the tegtbm the gas-phase chemistry
in our collapse model. First we briefly discuss what happeamind the pre-collapse
phase. The chemistry during the collapse is analysed inl fi@t@ne particular parcel in
Sect. 3.5.1 and then generalised to others in Sect. 3.mallysiwe compare the collapse
chemistry to a static disk model in Sect. 3.6. The resulthigmdection are all consistent
with available observational constraints on pre-steltaes (e.g., Bergin et al. 2000, di
Francesco et al. 2007).

During the 1.0 Myr pre-collapse phase, the initially atommxygen gradually freezes
out and is hydrogenated to,B ice. Meanwhile, H is ionised by cosmic rays and the
resulting H reacts with H to give H. This sets & the following chain of oxygen
chemistry:

O + H} — OH' + H,, (3.9)
OH" + H, — H,O" + H, (3.10)
H,O" + H, — HzO" + H, (3.11)

HsO* + & — OH + Hy/2H, (3.12)

OH+ O —» O, + H. (3.13)

The O thus produced freezes out for the most part. At the onset ltdps®, the four
major oxygen reservoirs are,B ice (44%), CO ice (34%), Dice (16%) and NO ice
(3%).
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The oxygen chemistry is tied closely to the carbon chemibiigugh CO. Itis initially
formed in the gas phase from GHvhich in turn is formed from atomic C:

C + Hy, —» CHy, (3.14)
CH, + O - CO + 2H. (3.15)

Another early pathway from C to CO is powered by End goes through an HCO
intermediate:

C+ H} - CH" + H,, (3.16)
CH" + H, > CH} + H, (3.17)
CH; + H, —» CH} + H, (3.18)
CH; + O — HCO" + H,, (3.19)
HCO* + C - CO + CH*. (3.20)

The formation of CO through these two pathways accounts fustraf the pre-collapse
processing of carbon: &t= 0, 82% of all carbon has been converted into CO, of which
97% has frozen out onto the grains. Most of the remainingararb present as CHce
(14% of all C), formed from the rapid grain-surface hydrogion of atomic C.

The initial nitrogen chemistry consists mostly of convagtatomic N into NH, N,
and NO. The first of these is formed on the grains after frergesf N, in the same way
that H,O and CH are formed from adsorbed O and C. We find two pathways leading t
N>. The first one starts with the cosmic-ray dissociation gf H

Hy + £ » HT + H™, (3.21)
N+ H — NH + e, (3.22)
NH + N - No + H. (3.23)

The other pathway couples the nitrogen chemistry to theorachemistry. It starts with
Reactions (3.16)—(3.18) to form GHHfollowed by

CH; + & — CH + H,/2H, (3.24)
CH+ N — CN + H, (3.25)
CN+ N — N + C. (3.26)

The nitrogen chemistry is also tied to the oxygen chemistmyning NO out of N and
OH:
N + OH — NO + H, (3.27)

with OH formed by Reaction (3.12). Nearly all of the Bnd NO formed during the pre-
collapse phase freezes out.tAt 0, solid N, solid NH; and solid NO account for 41, 32
and 22% of all nitrogen.
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3.5 Results from the collapse phase

3.5.1 One single parcel

The collapse-phase chemistry is run for the standard sebdehparameters from Chap-
ter 2: My = 1.0 Mo, s = 0.26 km st andQq = 10714 s71. We first discuss the chemistry
in detail for one particular infalling parcel of material starts near the edge of the cloud
core, at 6710 AU from the center and 48degrees from the axis. Its trajectory ter-
minates at = toccatR = 6.3 AU andz = 2.4 AU, about 0.2 AU below the surface of
the disk. The physical conditions encountered along thediary (v, ny, Tq andAy) are
plotted in Fig. 3.2. This figure also shows the abundanceeofrtain oxygen-, carbon-
and nitrogen-bearing species. The right four panels ardaeplots as function oR: the
coordinate along the midplane. The infall velocity of theqehincreases as it gets closer
to the star, so the physical conditions and chemical abuwetarhange ever more rapidly
at later times. Hence, the left panel of each row is plotted asction oft,.. — t: the
time before the end of the collapse phase. In each individaa¢!, the parcel essentially
moves from right to left.

A schematic overview of the parcel’s chemical evolutionriegented in Fig. 3.3. It
shows the infall trajectory of the parcel and the abundanée®veral species at four
points along the trajectory. The physical conditions ared<y reactions controlling those
abundances are also listed. Most abundance changes foidinalispecies are related to
one specific chemical event, such as the evaporation of C@eoptiotodissociation of
H,O. The remainder of this subsection discusses the abungawmides from Fig. 3.2 and
explains them in the context of Fig. 3.3.

3.5.1.1 Oxygen chemistry

At the onset of collapsé & 0), the main oxygen reservoir is solid8 at an abundance

of 8x 107° relative tony. The abundance remains constant until the parcel gets b @oi

in Fig. 3.3, where the temperature is high enough for th@ de to evaporate. The parcel

is now located close to the outflow wall, so the stellar UV fisldnly weakly attenuated

(Av = 0.7 mag). Hence, the evaporating®lis immediately photodissociated into H and
OH, which in turn is dissociated into O and a second H atomRAt 17 AU (23 AU

inside of point C), the dust temperature is 150 K and all sBl® is gone. Moving in
further, the parcel enters the surface layers of the diskieadickly shielded from the
stellar radiation A, = 10-20 mag). The temperature decreases at the same time to 114
K, allowing some HO ice to reform. The final abundancetat (point D) is 4x 1078,

The dissociative recombination o8* (formed by Reactions (3.9)—(3.11)) initially
maintains HO in the gas at an abundance ok 10°8. Following the sharp increase in
the overall gas density at= 2.1 x 10° yr (Fig. 3.2), the freeze-out rate increases and
the gas-phase 40 abundance goes down tox3107° at point A in Fig. 3.3. Moving
on towards point B, the evaporation of ®om the grains enables a new® formation
route:

O, + Ct — CO + O, (3.28)
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O" + Hp — OH" + H, (3.29)

followed by Reactions (3.10) and (3.11) to give®i, which recombines with an electron

to give H,O. The HO abundance thus increases to B0° atR = 300 AU. Farther in, at
point C, solid HO comes € the grains as described above. However, photodissociation
keeps the gas-phase abundance from growing higher<tér’. Once all HO ice is
gone atR = 17 AU, the gas-phase abundance can no longer be sustained’ atrid it
drops to 3x 1072, Some HO is eventually reformed as the parcel gets into the disk and
is shielded from the stellar radiation, producing a finalratance of 2 107! relative to

ny.

Another main oxygen reservoir ait= 0 is solid @, with an abundance of £ 107°.
The corresponding gas-phase abundancei&@t’. O, gradually continues to freeze out
until it reaches a minimum gas-phase abundancexol81° just inside of point A. The
temperature at that time is 19 K, enough fort@ slowly start evaporating thermally. The
gas-phase abundance is up by a factor of ten by the time théehngerature reaches 23
K, about halfway between points A and B. The evaporation ¥ 8@mplete as the parcel
reachefk = 460 AU, about 140 AU inside of point B. The gas-phase abunelagmains
stable at 1x 10°° for the next few hundred years. Then, as the parcel getsrdoske
outflow wall and into a region of lower extinction, the phambciation of @ sets in and
its abundance decreases tx 2078 at point C. The evaporation and photodissociation
of H,O at that point enhances the abundances of OH and O, whichwéheach other
to replenish some £ As soon as all the $O ice is gone, this @production channel
quickly disappears and the,@bundance drops tox 10°L. Finally, when the parcel
enters the top of the disk,s0s no longer photodissociated and its abundance goes back
up to 4x 1078 at point D.

The abundance of gas-phase OH startsxafl8~’. Its main formation pathway is ini-
tially the dissociative recombination ofs®" (Reaction (3.12)), and its main destructors
are O, N and H. The increase in total density ati2x 10° yr speeds up the destruction
reactions, and the OH abundance drops %1% at point B. The evaporation of solid
OH then briefly increases the gas-phase abundance tb0t®. When all of the OH has
evaporated aR = 300 AU, the gas-phase abundance goes down agaixtb®B° over
the next 150 AU. As the parcel continues towards and past pithe OH abundance is
boosted to a maximum ofx2 107 by the photodissociation of #. The high abundance
lasts only briefly, however. As the last of the® evaporates and gets photodissociated,
OH can no longer be formed afieiently, and it is itself photodissociated. At the end of
the collapse, the OH abundance-04.

The fifth main oxygen-bearing species is atomic O itself.altendance is ¥ 1077
att = 0 and 1x 10 att = tae, accounting for respectively 0.4 and 56% of the total
amount of free oxygen. Starting frohs= 0, the O abundance remains constant during the
first 20 x 1C° yr of the collapse phase. The increasing overall density speeds up the
reactions with OH (forming @) and H; (forming OH), as well as the desorption onto
the grains, and the O abundance decreases to a minimum b0Z just before point A.
The abundance goes back up thanks to the evaporation of C@tgnaint B, of Q and
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Figure 3.2— Physical conditionsy, ny, Tq andAy) and abundances of the main oxygen-, carbon-
and nitrogen-bearing species for the single parcel front. 8¢8.1, as function of time before the
end of the collapse (left) and as function of horizontal tiosi(right). The grey bars correspond to
the points A, B and C from Fig. 3.3. Note that in each panelpdreel moves from right to left.
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Figure 3.3— Overview of the chemistry along the infall trajectory oétkingle parcel from Sect.
3.5.1. The solid and dashed grey lines denote the surfadeeadisk and the outflow wall, both
att =ty = 2.52x 10° yr. Physical conditions, abundances (black bars: gas; lymey. ice) and
key reactions are indicated at four points (A, B, C and D) gltre trajectory. The key processes
governing the overall chemistry at each point are listetiénttottom right. The type of each reaction
is indicated by colour, as listed in the top left.

NO, with O formed from the following reactions:

CO + He* — C* + O + He, (3.30)
NO + N - N, + O, (3.31)
O, + CN — OCN + O. (3.32)
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Heading on towards point C, the photodissociation gf O and HO further drives up
the amount of atomic O to the aforementioned final abundahtexd 0.

3.5.1.2 Carbon chemistry

With solid and gas-phase abundances ef B0° and 2x 107° relative tony, CO is the
main form of free carbon at the onset of collapse. CO is a velyls molecule and its
chemistry is straightforward. The freeze-out processesfaturing the pre-collapse phase
continues up ta = 2.4 x 10° yr, a few thousand years prior to reaching point A in Fig.
3.3, where the dust temperature of 18 K results in CO evaipgragain. As the parcel
continues its inward journey and is heated up further, ditiS©O rapidly disappears and
the gas-phase abundance goes upxd6-° at point B. During the remaining part of the
infall trajectory, the other main carbon-bearing specgeg.( C, CH, CH, C; and HCO)
are all largely converted into CO. At the end of the collapseir{t D), 99.8% of the
available carbon is locked up in CO. It also contains for 44%he available oxygen.

The protonated form of CO, HCQstarts the collapse phase at an abundance<of 6
10710 relative tony, or 3x 107 relative ton(CO). It is in equilibrium with CO via the
two reactions

CO + Hf — HCO'" + Hy, (3.33)
HCO" + e — CO + H. (3.34)

It is possible to derive a simple analytical estimate of tHe@d4-CO abundance ratio.
As shown by Lepp et al. (1987), thejHiensity does not depend strongly on the total
gas density. We fina(H3) ~ 1 x 104 cm2 along the entire trajectory, except for the
part outside point A, where most CO is frozen out and theeetorable to destroy

If the cosmic-ray ionisation rate is changed from our curkaiue of 5x 10717 s71, the

H3 density would change proportionally. The electron aburédas roughly constant at
3 x 10°8 relative tony. Denoting the rate cdgcients for Reactions (3.33) and (3.34) as
ki andky,, and assuming HCOand CO to be in mutual equilibrium, we get

kin(CO)N(H3) ~ keyn(HCO")N(e"). (3.35)

Substitutingn(H$) = 1x 10* cm3, n(e”) = 3x 10°8ny, ki = 1.7 x 10° cm® s+ (Kim
etal. 1975) andk, = 2.4 x 107'(T4/300 K)~%¢9 cm?® st (Mitchell 1990), this rearranges

to
n(HCO") _ s M Y Tg \%
ncoy X110 (104 crrr3) 30K/ (3.36)

The overall density increases by six orders of magnitudegtbe entire trajectory, while
the temperature changes only by one, so the HO® abundance ratio should be roughly
inversely proportional to the density. Our full chemicahsiation confirms this relation-
ship to within an order of magnitude throughout the collagdewever, the ratio comes
out about a factor of ten larger than what is predicted by £86). The HCO abundance
reaches a final value tit.c of 8 x 10713 relative tony, or 1x 1078 relative ton(CO).
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The second most abundant carbon-bearing ice at the onsellayise is CH, at 1x
107° with respect tany. The gas-phase abundance of Jbtgins at 4x 10°°, about a
factor of 2500 lower. At point A, the evaporation of CO prosidthe first increase in
X(CHjy) through a chain of reactions starting with the formationGsffrom CO. The
successive hydrogenation of @roduces CH, which reacts with another CO molecule
to form CH;:

CO + He* — C* + O + He, (3.37)
C* + H, - CH}, (3.38)

CH; + H, - CH} + H, (3.39)
CH; + H, —» CH{, (3.40)
CH{ + CO — CH, + HCO". (3.41)

The CH, ice evaporates at point B, bringing the gas-phase abundgnte 1x 107°.
So far, the abundances of gtdnd CO are well coupled. The link is broken when the
parcel reaches point C, where ¢k$ photodissociated, but CO is not. Thigfdrence
arises from the fact that CO can only be dissociated by plsagbortwards of 1076 A,
while CH, can be dissociated out to 1450 A (Chapter 5). The 5300 K biaakbpectrum
emitted by the protostar at this time is not powerful enougghart wavelengths to cause
significant photodissociation of CO. GHon the other hand, is quickly destroyed. Its
final abundance at point D is»61071°,

Neutral and ionised carbon show the same trends in theirdamag profiles, with the
former always more abundant by a few per cent to a few ordemsagfitude. Both start
the collapse phase atL0® relative tony. The increase in total density atl2< 10° yr
speeds up the destruction reactions (mainly by OH anth©C and by OH and kifor
C*), so the abundances go downX() = 4 x 10°% andx(C*) = 5 x 10! just outside
point A. This is where CO begins to evaporate, and as a rékalC and C abundances
increase again. As the parcel continues to fall in towardstf® the evaporation of
and NO and the increasing total density cause a second diGmird C. Once again,
though, the drop is of a temporary nature. Moving on towaimistpC, the parcel gets
exposed to the stellar UV field. The photodissociation of,@#ads — via intermediate
CH, CH, or CH; —to neutral C, part of which is ionised to also increase thal@indance.
Finally, at point D, the photoprocesses no longer play a saé¢he C and Cabundances
go back down. Their final values relativerig are 7x 10712 and~10-14.

3.5.1.3 Nitrogen chemistry

The most common nitrogen-bearing species at0 is solid N,, with an abundance of
5x 10°%. The corresponding gas-phase abundance»s18®. The evolution of N
parallels that of CO, because they have similar bindinggiesand are both very stable
molecules (Bisschop et al. 2006), Kontinues to freeze out slowly until it gets near point
A'in Fig. 3.3, where the grain temperature~af8 K causes all Mice to evaporate. The
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gas-phase Nremains intact along the rest of the infall trajectory asdihal abundance
is 1x 107°, accounting for 77% of all nitrogen.

The parallels between CO ang Extend to their respective protonated forms, HCO
and NH*. An approximate equilibrium exists between Ahd NH* through the reac-
tions

N, + Hf = NH® + Hy, (3.42)
N,H* + e — N, + H. (3.43)

The recombination of pH* also has a product channel of NH and N (Geppert et al. 2004),
but this still results in N being reformed through the additional reactions

NH + O — NO + H, (3.44)
NO + N — N, + O, (3.45)
NO + NH — Ny + O+ H. (3.46)

Assuming that the recombination obN* eventually results in the formation of,Nnost
of the time, we repeat the method outlined for the HEQD abundance ratio to derive
the expected relationship

n(N,H*) LT S L
gy 010 (10“'cm*3) (30K) ' (3:47)

The results from the full chemical model show that within ades of magnitude, the
N2H*-N, abundance ratio is indeed inversely proportional to thealdensity and fol-
lows the prediction from Eq. (3.47). In the previous suhisectthe ratio between HCO
and CO was also found to be roughly inversely proportiongh&density (Eq. (3.36)).
An important diterence between¥* and HCO arises from the reaction

N,H* + CO > N, + HCO", (3.48)

which transforms some f¥i* into HCO® as soon as CO evaporates. This reaction is
responsible for the drop in* right after point A.

The second largest nitrogen reservoir at the onset of clé&pNH;, with solid and
gas-phase abundances of 807 and 2x 10°8. The gas-phase abundance receives a short
boost at point A due to the evaporation of,Nbllowed by

N, + He" — N* + N+ He, (3.49)
N* + H, > NH* + H, (3.50)
NH* + H, —» NH} + H, (3.51)
NH; + H, — NH3 + H, (3.52)
NH; + H, —» NHj + H, (3.53)
NH; + & — NH; + H. (3.54)
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The binding energy of Nklis intermediate to that of £and H O, so it evaporates between
points B and C. Like HO, NHjz is photodissociated upon evaporation. As the last of the
NH;ice leaves the grains Bt= 50 AU (10 AU outside of point C), the gas-phase reservoir
is no longer replenished angNHs) drops to~10"4. Some NH is eventually reformed

as the parcel gets into the disk, and the final abundancemitpas 1x 10-1° relative to

Ny.

With an abundance of 8 1078, solid NO is the third major initial nitrogen reservoir.
Gaseous NO is a factor of twenty less abundahta®: 3x107’. The NO gas is gradually
destroyed prior to reaching point A by continued freezeand reactions with Hand
Hj. It experiences a brief gain at point A from the evaporatib@#8 and its subsequent
reaction with N to give NO and H. As the parcel continues tapBij the solid NO begins
to evaporate and the gas-phase abundance rises 0®. Photodissociation reactions
then set in around® = 100 AU and the NO abundance goes back down 0 18°.
The evaporation and photodissociation of N¢huse a brief spike in the NO abundance
through the reactions

NH; + hy — NHy + H, (3.55)
NH, + O — HNO + H, (3.56)
HNO + hy — NO + H. (3.57)

The evaporation of the last of the NHce atR = 50 AU eliminates this channel and
the NO gas abundance decreases 018 at point C. NO is now mainly sustained by
the reaction between OH and N. As described above, the OHdabge drops sharply
atR = 17 AU, and the NO abundance follows suit. The final abundahg®iat D is
~107%4,

The last nitrogen-bearing species from Fig. 3.2 is atomitsalfi. It starts at an abun-
dance of x 10-7 and slowly freezes out to an abundance sf08 just before reaching
point A. At point A, N, evaporates and is partially converted tgHN by Reaction (3.42).
The dissociative recombination obN* mostly reforms N, but, as noted above, there is
also a product channel of NH and N. The N abundance jumps backit0~’ and remains
nearly constant at that value until the parcel reaches ®imthere NO evaporates and
reacts with N to produce Nand O (Reaction (3.45)). This reducdsl) to a minimum of
5x 10-1°between points B and C. Moving in further, the parcel get®eg to the stellar
UV field, and NO and NH are photodissociated to bring the N abundance to a final value
of 5 x 107 relative tony. As such, it accounts for 22% of all nitrogen at the end of the
collapse.

3.5.2 Other parcels

At the end of the collapsé E ta.0), the parcel from Sect. 3.5.1 (hereafter called our ref-
erence parcel) is located Bt= 6.3 AU andz = 2.4 AU, about 0.2 AU below the surface
of the disk. As shown in Fig. 3.3, its trajectory passes ctoghe outflow wall, through

a region of low extinction. This results in the photodisstion or photoionisation of
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Figure 3.4 — Schematic view of the history of @ gas and ice throughout the disk. The main
oxygen reservoir at.. is indicated for each zone; the histories are describederietkt. Note the
disproportionality of theR andz axes.

many species. At the same time, the parcel experiencesatapetatures of up to 150
K (Fig. 3.2), well above the evaporation temperature gbHnd all other non-refractory
species in our network. Material that ends up in other pdrtisendisk encounters fier-
ent physical conditions during the collapse and therefodeugoes a dierent chemical
evolution. This subsection shows how the absence or presginsome key chemical
processes, related to certain physical conditiofiects the chemical history of the entire
disk. Table 3.3 lists the abundances of selected speciesiapbints in the disk atcc.
Two-dimensional abundance profiles representing theeedisk’s chemical composition
are presented in Sect. 3.6.

3.5.2.1 Oxygen chemistry

The main oxygen reservoir at the onset of collapse,® lite (Sect. 3.4). Its abundance
remains constant atx 10~ in our reference parcel until it gets to point C in Fig. 3.3,
where it evaporates from the dust and is immediately phesodiated. When the parcel
enters the disk, some. 8 is reformed to produce final gas-phase and solid abundances
of ~1078 relative tony (Sect. 3.5.1.1).

Figure 3.4 shows the disk &t, divided into seven zones according tfelient chem-
ical evolutionary schemes forJ@. The material irrone 1is the only material in the disk
in which H,O never evaporates during the collapse, because the tetumgengver gets
high enough. The abundance is constant throughout zongd at~1 x 10~ (see also
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Table 3.3— Abundances of selected species (relativefpatt = tac at four positions in the disk
(two on the midplane, two at the surface).

Species R=6AU, R=24AU, R=6AU, R=24AU,
z=00AU z=00AU z=20AU z=6.0AU

Zone$ 7,5,8 7,5,8 2,2,5 1,1,2
H.O 5(-7) 1(-12) 1(-8) 4(-9)
H.0 ice 1(-4) 1(-4) 7(-8) 8(-5)
0, 1(-6) 6(-8) 1(-7) 1(-5)
O ice <1(-12) <1(-12) <1(-12) <1(-12)
o] 1(-6) 1(-6) 1(-4) 8(-7)
OH 2(-11) <1(-12) <1(-12) 9(-10)
CcO 7(-5) 7(-5) 8(-5) 6(-5)
COice <1(-12) <1(-12) <1(-12) <1(-12)
CH, 7(-8) 1(-7) 2(-9) 1(-5)
CHgice <1(-12) <1(-12) <1(-12) <1(-12)
HCO* 1(-12) 5(-11) 3(-12) 4(-12)
C <1(-12) <1(-12) 9(-12) <1(-12)
c* <1(-12) <1(-12) <1(-12) <1(-12)
N2 1(-5) 1(-5) 1(-5) 5(-6)
Ny ice <1(-12) <1(-12) <1(-12) <1(-12)
NH3 5(-10) 2(-10) 4(-10) 8(-6)
NHzice  <1(-12) 5(-9) <1(-12) 5(-8)
NO 1(-8) 5(-10) <1(-12) 6(-6)
NO ice <1(-12) <1(-12) <1(-12) <1(-12)
NoH* <1(-12) <1(-12) <1(-12) <1(-12)
N 5(-11) 1(-9) 5(-6) 4(-11)

2 The H,0, CH; and NH; zones from Figs. 3.4, 3.7 and 3.9 in which each position iatket:

Table 3.3). For the material ending up in the other six zohk§) evaporates at some
point during the collapse phaséone 2contains our reference parcel, so itgdhistory
has already been described. The totaDHabundance (gas and ice combined,atis
~1078 at the top of zone 2 and107° at the bottom. The gas-ice ratio goes frethat the
top to~107° at the bottom.

The H,O history ofzone 3is the same as that of zone 2, except that it finishes with a
gas-ice ratio larger than unity. In both casef+evaporates and is photodissociated prior
to entering the disk (point C in Fig. 3.3), and it partialljaenms inside the disk (point D).
Parcels ending up irone 4also undergo the evaporation and photodissociation,&f.H
However, the low extinction in zone 4 against the stellar @dfiation prevents D from
reforming like it does in zones 2 and 3.

The material irzone 5has a rather dierent history from that in zones 2—4 because it
enters the disk at an earlier time: betwéen1.3 x 10° and 23 x 10° yr. The material in
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Figure 3.5— Infall trajectory for a parcel ending up in zone 6 from Figl,3howing where kD is
predominantly present as ice (black) or gas (grey). The tamdnds mark the time in years after
the onset of collapse.

zones 2—4 all accretes aftee 2.4 x 10° yr. The infall trajectories terminating in zone 5
do not pass close enough to the outflow wall or the inner dislase for photoprocesses
to play a role. All HO in zone 5 is in the gas phasetat (abundance: % 10~%) because
it lies inside the disk’s snow line. The evaporation gftHice does not occur until the
material actually crossed the snow line. Prior to that pdime¢ temperature never gets
high enough for HO to leave the grains.

Moving to zones 6 and 7we find material that accretes even earliert at4 x 10*
yr. The disk at that time is only 2 AU large and several 100 K Isotthe ice mantles
are completely removed. Instead of carrying on towards the this material remains
part of the disk and is transported outwards to conservelangomentum. Figure 3.5
shows the path followed by one particular parcel termirgaitmzone 6. As indicated by
the initial grey portion of the line, kD has already evaporated Rt 25 AU, not shown)
before entering the young disk. The parcel cools down duttiegoutward part of the
trajectory and HO returns to the solid phase. At 1.7 x 10° yr, the parcel starts moving
inwards again and comes close enough to the protostar fOrthl evaporate a second
time. Other parcels ending up in zone 6 have similar trajegt@nd the same qualitative
H,O history. The parcels ending up in zone 7 also ha® Elvaporating during the initial
infall and freezing out again during the outward part of ttageictory. However, they do
not terminate close enough to the protostar feOHo desorb a second time. Therefore,
most HO in zone 7 at,ccis on the grains.

Our model is not the first one in which part of the disk conta&ia® that evaporated
and readsorbed. Lunine et al. (1991), Owen et al. (1992) ameinG Bar-Nun (1993)
argued that the accretion shock at the surface of the diskdagenough for HO to
evaporate. However, based on the model of Neufeld & Hollehl§2994), we showed in
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Figure 3.6— Qualitative evolution of some abundances towards thensewmees with dferent HO
histories from Fig. 3.4. The horizontal axes show the timer@asing from left to right) and are
non-linear. The position of points A, B, C and D from Fig. 3s3imdicated for zone 2, which
contains our reference parcel.

Chapter 2 that most of the disk material does not pass thrawfock that heats the dust
to 100 K or more. Moreover, the material that does get shaztdd to that temperature
accretes close enough to the star that the stellar radialtieady heats it to more than 100
K. Hence, including the accretion shock explicitly in ouraebwould at most result in
minor changes to the chemistry.

As discussed in Sect. 3.5.1.1,®l controls part of the oxygen chemistry along the
infall trajectory of our reference parcel, and it does thmaahing for other parcels.
Figure 3.6 presents a schematic view of the chemical ewrlwi six oxygen-bearing
species towards each of the seven zones from Fig. 3.4. Thedabaoes are indicated
qualitatively as high, intermediate or low. The horizoraaés (time, increasing from left
to right) are non-linear and only indicate the order in whiahious events take place.

For material ending up imone 1 H,O never evaporates, bup@oes. OH is inititally
relatively abundant but most of it disappears when the dvéeasity increases and the
reactions with O, N and Hbecome faster. The abundance of atomic O experiences a
drop at the same time, but it goes back up shortly after dubecevaporation of CO,
O, and NO followed by Reactions (3.30)—(3.32), &lso evaporates on its way tones
2, 3 and 4and because it passes through an area of low extinctionsithsequently
photodissociated. This, together with the photodissmriadf OH and HO, causes an
increase in the abundance of atomic O. Zones 2 and 3 #ieisntly shielded against the
stellar UV field, so Q is reformed at the end of the trajectory. This does not hajpen
the less extincted zone 4.

Material ending up irzone 5has the same qualitative history for gas-phase and solid
O, as has material ending up in zone 1. The evolution of atominitizily also shows
the same pattern, but it experiences a second drop as theléotsity becomes even
higher than it does for zone 1. The higher density also caaiselditional drop in the
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Figure 3.7 — As Fig. 3.4, but for CH gas and ice. The main carbon reservoitatis CO gas
throughout the disk.

OH abundance. En route towarzsnes 6 and 70, evaporates and is photodissociated
during the early accretion onto the small disk. It is refodndering the outward part of
the trajectory and survives untjl... Atomic O is also relatively abundant along most of
the trajectory, although always one or two orders of magieitoelow Q. In zone 6, the

O abundance decreases at the end due to the reaction witbrating CH, producing
H,CO and H. Zone 7 does not get warm enough for;@blevaporate, so O remains
intact.

3.5.2.2 Carbon chemistry

The two main carbon reservoirs at the onset of collapse are€éand CH ice (Sect. 3.4).
Their binding energies are relatively low (855 and 1080 I§)trey evaporate throughout
the core soon after the collapse begins (Sect. 3.5.1.2)ouareference parcel, the main
difference between the evolution of CO and$the photodissociation of the latter (near
point C in Fig. 3.3) while the former remains intact. Follogiour approach for D, we
can divide the disk at,c into several zones according tofférent chemical evolution
scenarios for CO. However, the entire disk has the sametatindi CO history: apart
from evaporating early on in the collapse phase, CO doesnu#rgo any processing (cf.
Chapter 2). Hence, we divide the disk according to the eimiudf CH, instead (Fig.
3.7).

For material that ends up irone 1 the only chemical process for GHs the evap-
oration during the initial warm-up of the core. It is not pbdissociated at any point
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Figure 3.8— As Fig. 3.6, but for the five zones withffBrent CH histories from Fig. 3.7.

during the collapse, nor does it freeze out again or reantfgigntly with other species.
Material ending up closer to the star,Zzones 2 and 3is suficiently irradiated by the
stellar U\jvisible field for CH, to be photodissociated. Zone 3, which contains our refer-
ence parcel, is hardly shielded from the stellar flux and tha fCH, abundance is only

a few 10'1%. The stronger extinction towards zone 2 allows délbe reformed at a final
abundance of 16-1077 relative tony (Table 3.3).

Zone 4 contains material that accretes onto the disk severayf @arlier than does
the material in zones 2 and 3. It always remains well shielaed the stellar radiation, so
the only processing of CHs the evaporation during the early parts of the collapse Th
CHg4 history of zones 1 and 4 is thus qualitatively the same. Tétezlane zone 5 consists
of material that accretes aroung 4x 10* yr and is subsequently transported outwards to
conserve angular momentum (Fig. 3.5). JH this material evaporates before entering
the young disk and is photodissociated as it gets within aAewof the protostar. The
resulting atomic C is mostly converted into CO and remainthat form for the rest of
the trajectory. Hence, even though the extinction deceeagain when the parcel moves
outwards, no Chlis reformed.

The evolution of the abundances of ¢hlas and ice, CO gas and ice, HGQ@ and
C* towards each of the five zones is plotted schematically in &8 As noted in Sect.
3.5.1.2, the HCOabundance follows the CO abundance at a ratio that is rougdysely
proportional to the overall density. Hence, the HC&Yolution is qualitatively the same
towards each zone: it reaches a maximum abundance of a fédviBen CO evaporates
and gradually disappears as the density increases alomgghef the infall trajectories.
The most complex history amongst these seven carbon-lgespéties is found in C and
C*. Towards all five zones, they are initially destroyed by tess with H, O, and
OH. Some C and Cis reformed when CO evaporates (at point A in Fig. 3.3), bat th
subsequent evaporation o @nd OH causes the abundances to decrease again. En route
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Figure 3.9— As Fig. 3.4, but for NH gas and ice. The main nitrogen reservoitafis N, gas
throughout the disk.

to zones 2, 3 and 5, the photodissociation of;@¢ads to a second increase in C arid C
followed by a third and final decrease when the parcel movesaimore shielded area.

3.5.2.3 Nitrogen chemistry

Most nitrogen at the onset of collapse is in the form of solid(ML%), solid NH (32%)
and solid NO (22%). The evolution ofNluring the collapse is the same as that of CO,
except for a minor dference in the binding energy. Both species evaporate gladtdr
the collapse begins and remains in the gas phase throudioutst of the simulation.
Neither one is photodissociated because they need UV phstuortwards of 1100 A,
and the protostar is not hot enough to provide those.

The evolution of NH shows a lot more variation, as illustrated in Fig. 3.9. Thakdi
at tyec is divided into eight zones with fierent NH; histories. No processing occurs
towardszone 1 the temperature never exceeds the 73 K required fog téHevaporate,
so it simply remains on the grains the whole time. Materiaieg up inzone 2does get
heated above 73 K, so NHevaporates. However, it freezes out again at the end of the
trajectory because zone 2 itself is not warm enough to sug@éeous NE The final
solid NHz abundance in zones 1 and 2 is about B0° relative tony (Table 3.3).

NH3 ending up irzone 3also evaporates from the grains just before entering the dis
Itis then destroyed by UV photons (only for material thatend inside of 15 AU in zone
3) and by HCO (for all material in zone 3). Towards the end of the trajegtsome NH
is reformed from the dissociative recombination of Nahd this immediately freezes out
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Figure 3.10— As Fig. 3.6, but for the eight zones withflidirent NH; histories from Fig. 3.9.

to produce a final solid Niabundance of 13°-108. Zone 4 has the same history,
except that there is an additional adsorption-desorptymtecbefore the destruction by
photons and HCO

Our standard parcel ends upzone 5 its NH3z evolution is mainly characterised by
photodissociation above the disk and reformation insig8éct. 3.5.1.3). As is the case
for zones 2—4, Nilevaporates when it gets to within about 200 AU of the stafwzsl
between points B and C in Fig. 3.3. It is immediately photedisated, but some NH
is reformed once the material is shielded from the stelldiateon. The reformed NK
remains in the gas phase. No reformation takes place in $sesldinctedone § which
otherwise has the same NHistory as does zone 5.

Material ending up irzone 7does not pass close enough to the outflow wall forsNH
to be photodissociated upon evaporation. Instead, NiFhainly destroyed by HCOand
attains a final abundance o10~°. Lastly,zone 8contains again the material that accretes
onto the disk at an early time and then moves outwards to cemsmgular momentum.
Its NH3 evaporates already before reaching the disk and is subtlgukssociated by
the stellar UV field. As the material moves away from the stat & shielded from its
radiation, some Nklis reformed out of NH to a final abundance 0f10710,

The abundances of /W™ and atomic N are largely controlled by the evolution of
N2 and NH;, as shown schematically in Fig. 3.10. In all parcels, relgasdof where
they end up, hH" is mainly formed out of Nand H;, so its abundance goes up when N
evaporates shortly after the onset of collapse. It gragd@hppears again as the collapse
proceeds due to the inverse relationship between the dderadity and the BH*-N; ratio
(Eq. (3.47)). The atomic N abundance at the onset of collapsex 1077, It increases
when N, evaporates and decreases again a short while later when &fforaves (Sect.
3.5.1.3). For material that ends up in zones 1 and 2, the Nd#mae is mostly constant
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for the rest of the collapse at a value of 3¥9(inner part of zone 2) to TA° (outer part of
zone 1). Material that ends up in the other six zones is exptwsenough UV radiation
for NO and NH; to be photodissociated, so there is a second increase incatbrdones
3, 4, 7 and 8 are sliciently shielded at,. to reform some or all NO and Nfland the
N abundance finishes low. Less reformation is possible irg@nand 6, so they have a
relatively large amount of atomic N at the end of the collgpisase.

3.5.2.4 Mixing

Given the dynamical nature of circumstellar disks, the tdisdribution presented in the
preceding subsections mayfer too simple a picture of the chemical composition. For
one thing, there are as yet no first principles calculatidris@processes responsible for
the viscous transport in disks. The radial velocity equatised in our model (see Chapter
4) is suitable as a zeroth-order description, but cannolaexmportant observational
features like episodic accretion (Kenyon & Hartmann 199&y1s et al. 2009). The radial
velocity profile in real disks is probably much more chaoso, there would be more
mixing between adjacent zones. Hence, both the shapes aridctitions of the zones
are likely to be diterent from what is shown in Figs. 3.4, 3.7 and 3.9. A largereeg
of mixing would also make the borders between the zones nifiiesd than they are in
our simple schematic representation. Nevertheless, thergkpicture from this section
offers a plausible description of the chemical history towalitferent parts of the disk.
Spectroscopic observations at AU resolution, for exampth the upcoming Atacama
Large Millimeteysubmillimeter Array (ALMA), are required to determine to attextent
this picture holds in reality.

3.6 Chemical history versus local chemistry

Section 3.5 contains many examples of abundances incgeasidecreasing on short
timescales of less than a hundred years (see, e.g., Figltaappears that the abundances
respond rapidly to the changing physical conditions as natalls in supersonically
through the inner envelope and accretes onto the disk. Hayhis does not necessarily
mean that the abundances are always in equilibrium. In #usan we explore the ques-
tion as to whether the disk is in chemical equilibrium at thd ef the collapse, or if its
chemical composition is a non-equilibrium solution to tleaditions encountered during
the collapse phase. To that end, we evolve the chemistrynfadditional 1 Myr beyond
tace We keep the density, temperature, UV flux and extinctiorstamt at the values they
have att,., and we also keep all parcels of material at the same positidearly, this

is a purely hypothetical scenario. In reality, the disk vebohange in many ways after
tace it Spreadsin size (see Chapter 4), the surface layers eowre strongly irradiated,
the temperature changes, the dust coagulates into planatesgas is photoevaporated
from the surface layers, and so on. All of these processesthapotential to fiect the
chemical composition. However, they would also interfeithwur attempt to determine
whether the disk is in chemical equilibriumtat.. This question is most easily addressed
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Figure 3.11— Abundances of kD ice, G ice and gaseous atomic O throughout the disk at the end
of the collapse phase £ t,.) and after an additional static post-collapse phase of 1 Myr

by evolving the chemistry for an additional period of timecahstant conditions, hence
we ignore all of the physical changes that would normallyuocturing the post-collapse
phase.

The abundance profiles for the oxygen-, carbon- and nitrdgaming species from the
previous sections are plotted in Figs. 3.11-3.17. In eash,d&e left panel corresponds
to the end of the collapse phase=(t,c and the right panel to the end of the static 1 Myr
post-collapse phase € tacc + 1 Myr). Abundances of less than 18 are unreliable in
our chemical code, so lower values are not plotted. Henegytinple areas in the figures
should be interpreted as upper limits.

The 21 species in Figs. 3.11-3.17 can be divided into twogeaies: those whose
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Figure 3.12— As Fig. 3.11, for gaseous,®, O, and OH.

abundance profile changes during the post-collapse phade¢hase whose abundance
profile remains practically the same. Members of the fornaéegory are @ OH, CH;,
NH3; and NO (all gaseous), NHce, and atomic O and N. The thirteen species in the
“unchanged” category are @ gas and ice, @ice, CO gas and ice, CHce, C, C,
N2 gas and ice, NO ice, HCOand NoH*. The individual gas and ice abundances are
summed in Fig. 3.18. The total®, CO and N abundances do not change significantly
during the post-collapse phase, while the totgl CH,, NH3 and NO abundances change
by more than two orders of magnitude in a fairly large parhef disk.

There are two areas in the disk where the abundances geraratige the least: near
the surface out tiR ~ 10 AU, and at the midplane betweeb and~25 AU. In the first
area, the chemistry is dominated by fast photoprocessewitad the abundances to reach
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Figure 3.13— As Fig. 3.11, for CO ice, Cldice and gaseous atomic C.

equilibrium on short timescales. The second area, near ithglame, is the densest part
of the disk and therefore has high collision frequenciessrait chemical timescales. In
addition, this part of the disk is populated by material thatreted at an early time (Fig.
3.5). The physical conditions it encountered during th¢ oéshe collapse phase were
relatively constant, aiding in establishing chemical &aum.

Outside these two “equilibrium areas”, one of the key preessduring the post-
collapse phase is the conversion of gas-phase oxygembespecies into kD, which
subsequently freezes out. Becaus®Hice already is one the main oxygen reservoirs at
taccthroughout most of the disk, its abundance only increase®buyt 20% during the rest
of the simulation (Fig. 3.11). These 20% represent 10% otdted oxygen budget and
correspond to & 10-° oxygen nuclei per hydrogen nucleus. One of the species deave
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Figure 3.14— As Fig. 3.11, for gaseous CO, ¢ldnd C.

into H,O ice is NO, which reacts with Nythrough
NH, + NO — N, + H,0, (3.58)

followed by adsorption of KO onto the dust. This reaction is responsible for the post-
collapse destruction of gas-phase NO outside the two “dguin areas”, as well as for
the small increase~20%) in gas-phase N(Fig. 3.16). NO is the main destructor of
atomic N via

NO + N = N, + O, (3.59)

so the conversion of NO into 4 also explains the increased N abundance from Fig.
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Figure 3.15— As Fig. 3.11, for N ice, NH; ice and NO ice.

3.17. The NH required for Reaction (3.58) is formed from MH
NH; + HCO* — NHj + CO, (3.60)
NH; + & — NH, + H,/2H. (3.61)

The gas-phase reservoir of Mlis continously fed by evaporation of NHce, so Reac-
tions 3.60, 3.61 and 3.58tectively transform all NH into N (Figs. 3.15 and 3.16).

Two other species that are destroyed in the post-collapasepare gaseous,@nd
CHy (Figs. 3.12 and 3.14). s ionised by cosmic rays to producg Qvhich then reacts
with CHy:

CH, + O5 — HCOOH; + H, (3.62)
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Figure 3.16— As Fig. 3.11, for gaseous,NNHz; and NO.
HCOOH; + e — HCOOH + H. (3.63)

The formic acid (HCOOH) freezes out, thus acting as a sinkéth carbon and oxygen.
Att = taee + 1 Myr, the solid HCOOH abundance isx310°%, accounting for 3% of
all oxygen and 4% of all carbon. The presence of such a sinkciznamon feature of
disk chemistry models. Gas-phase species are processee @nd H; until they form
a species whose evaporation temperature is higher thanutetemperature. This is
HCOOH in our case, but it could also be carbon-chain moleclike GH, or CsHa
(Aikawa & Herbst 1999). Another important post-collapseksieaction in our model is
the freeze-out of HNO. Afl,c, OH is primarily formed by

HNO + O — NO + OH (3.64)
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Figure 3.17— As Fig. 3.11, for HCO, N,H* and atomic N.

throughout most of the disk. This reaction is also one of tlaénndestruction channels
for atomic O. Hence, the gradual freeze-out of HNO afffgrleads to a decrease in OH
and an increase in O (Figs. 3.11 and 3.12). Also contributirthe higher O abundance
is the fact that OH itself is an important destructor of O tigb Reaction (3.13).

The post-collapse chemistry described here is merely nasaan illustration of what
might take place in a real circumstellar disk after the maicretion phase comes to an
end. Depending on how the disk continues to evolve physicather reactions may
become more important than the ones listed above. Howevsrgliear that, in general,
the disk is not in chemical equilibrium &f.. Figures 3.11-3.18 show several examples
of abundances changing by a few orders of magnitude. Evemth&equilibrium areas”
(near the surface out to 10 AU and from 5 to 25 AU at the midplame not truly in
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Figure 3.18— Abundances of total 0, O,, CO, CH,;, N, NH3 and NO (gas and ice combined)
throughout the disk at the end of the collapse phase ;) and after an additional 1 Myr post-
collapse phasd E tocc + 1 Myr).

chemical equilibrium. For example, at 20 AU on the midplathe, abundances of solid
HCOOH, GO, GO and CHOH increase by factors of 10 to 25 during the post-collapse
processing.

As the disk evolves from the end of the collapse phase to armatdauri disk, it
spreads to larger radii. At the same time, material consriaeccrete onto the protostar
and gas is evaporated from the surface layers by the statl&tion field. Altogether, this
results in lower gas densities and longer chemical timescét is therefore unlikely that
the gas will ever reach chemical equilibrium, as is indeaedfiomed by chemical models
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of T Tauri disks (Fegley 2000). Hence, some signature of thiagse-phase chemistry
may survive into later stages. This will be the topic of a fatpublication.

3.7 Discussion

3.7.1 Caveats

Several caveats were mentioned in the preceding sectidnshwe briefly discuss here.
First of all, our model does not calculate the gas tempegatgplicitly, but simply sets it
equal to the dust temperature. This approach is valid fointieeior of the disk (optically
thick to UV radiation), but it breaks down in the surface l@yand in the inner parts of
the envelope (Kamp & Dullemond 2004, Jonkheid et al. 2004itk&/cet al. 2009). The
chemistry in these optically thin regions is mostly corgdlby photoprocesses and ion-
molecule reactions, neither of which depend strongly onpenaiture. One aspect that
would be dfected is the gas-phase production efiHhrough the reactions

O+ Hy - OH + H, (3.65)
OH + Hy - H,O + H, (3.66)

which have activation barriers of 3100 and 1700 K, respebti{Natarajan & Roth 1987,
Oldenborg et al. 1992). Hence, our model probably undenaséis the amount of 4@ in
the surface of the disk. Other than that, increasing theayapérature to a more realistic
value is unlikely to change the chemical results. Takingghéi gas temperature might
change some of the physical structure. It would increasetassure of the disk, thus
pushing up the disk-envelope boundary and possibly chgrtgm spatial distribution of
where material accretes onto the disk. However, the bulk@ficcretion currently takes
place in optically thick regions, so only a small fractiortloé infalling material would be
affected.

The shape of the stellar spectrum may have larger cheminabgmences. Right now,
we simply take a blackbody spectrum at tleetive stellar temperature. Our star never
gets hotter than 5800 K, which is not enough to produce UV @iwbf sificient energy
to dissociate CO and4Many T Tauri stars are known to have a UV excess, whiohld
allow CO and H to be photodissociated. The stronger UV flux would also eobdhne
photoionisation of atomic C, probably resulting ift Being the dominant form of carbon
between points C and D in Fig. 3.3. In turn, this would boostghoduction of carbon-
chain species like £5 and HGN. As soon as the material enters the disk and is shielded
again from the stellar radiation,*ds converted back into C and CO. However, some
signature of the temporary high"@bundance may survive.

The third caveat has to do with the trapping of volatile spedike CO, CH and N,
in the H,O ice matrix. We argued in Chapter 2 that trapping of CO is iregiito explain
the observed abundances of CO in comets. In the full cheméatalork from the current
chapter, trapping of CO and other volatiles would reducér tas-phase abundances,
which in turn may reduce their controlling role in the gaspé chemistry. However, the
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trapped fraction is never more than 30% (Viti et al. 2004, dfiayet al. in prep.; see also
Gibb et al. 2004), so their gas-phase abundances remaircbigpared to other species.
Hence, CO, Chl, N2, O, and NO are still likely to control the gas-phase chemistgrev
if they are partially trapped on the dust grains.

3.7.2 Comets

The chemical composition of cometary ices shows many siitida to that of sources in
the ISM, but the abundance of a given species may vary by rharean order of magni-
tude from one comet to the next (A'Hearn et al. 1995, Bockdlé@evan et al. 2000, 2004,
Schoier et al. 2002, Ehrenfreund et al. 2004, Disanti & Mun29@8). Both points are
illustrated in Fig. 3.19, where the abundances of severdliep in the comets 1Ralley,
C/1995 O1 (Hale-Bopp), 2996 B2 (Hyakutake), @999 H1 (Lee), €1999 S4 (LIN-
EAR) and 153Rkeya-Zhang are plotted against the abundances in the etaliquoto-
star IRAS 16293-2422 (warm inner envelope), the bipolafl@utL1157, and the four
hot cores W3(HO), G34.3-0.15, Orion HC and Orion CR. Each point is characterised
by the mean value from the available sources (the diamomdkte total spread in mea-
surements (the error bars). Uncertainties from individnahsurements are not shown.
The dotted line marks the theoretical relationship wheeeI8M abundances equal the
cometary abundances. The data generally follow this linggesting that the material
ending up in comets underwent little chemical processiogfthe ISM. However, the
plot also shows variations of at least an order of magnitadea cometary abundances for
CO, H,CO, CH0OH, HNC, H,S and 3, as well as smaller variations for other species.
These diferent chemical compositions may be explained by assumiigthle comets
were formed in diferent parts of the solar nebula. If that is indeed the caseg timust
have been some degree of chemical processing between theri&ie cometary nuclei.
Another point to note is that the elemental nitrogen abuodamcomets is at least a fac-
tor of three lower than that in the ISM (WycKcet al. 1991, Jessberger & Kissel 1991,
Bockelée-Morvan et al. 2000). Although the reason for tlefiaiency remains unclear, it
does also point at a certain degree of chemical processing.

Comets are thought to have formed at the gravitational raitgbf the circumsolar
disk, between 5 and 30 AU from the young Sun (Bockelée-Moetah 2004, Kobayashi
et al. 2007). In our model disk, the 5-30 AU range happens trhest exactly the area
containing material that accreted at an early time (40* yr after the onset of collapse)
and stayed in the disk for the remainder of the collapse plfage 3.5). As discussed
in Sect. 3.5.2, this material undergoes a larger degree erhial processing than any
other material in the disk, due to its accreting close to tae df comets are entirely
formed out of such material, it is hard to reconcile the ladggree of processing with
the observed similarities between cometary and ISM abuwetant requires that either
the abundances of observed cometary species actually maroastant throughout the
collapse, or that they return to ISM values after the madteeaches its final position.
In this section we argue that neither scenario is likely tarbe, and that the similarity
between cometary and ISM abundances in fact results frormgunprocessed material
from other parts of the disk into the comet-forming zone.
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Figure 3.19 — Molecular abundances in comets (Halley, Hale-Bopp, Hiala) Lee, 1999

S4 and lkeya-Zhang) compared to those in ISM sources (IRAR3&422 (warm inner enve-
lope), L1157, W3(HO), G34.3+0.15, Orion Hot Core and Orion Compact Ridge) as provided by
Bockelée-Morvan et al. (2000, 2004) and Schaier et al. (ROURe error bars indicate the spread
between sources; errors from individual measurementsatieciuded. The dashed line represents
a one-to-one correspondence between cometary and ISMateesland is not a fit to the data.

Figures 3.20 and 3.21 compare the cometary abundances fiokeBe-Morvan et al.
(2000, 2004) to the abundances from our model at the end afdlepse phase. The
horizontal error bars show again the spread in abundantesée individual comets. In
Fig. 3.20, the vertical error bars show the spread acrossmtire disk; in Fig. 3.21, they
show the spread in the 5-30 AU region at the midplane. Foipaities, the gas and ice
abundances from the model are summed and displayed as one.

The disk-wide abundances tend to cluster around the thealrehe-to-one relation-
ship indicated by the dotted line. Two notable exceptiors@irtkOH and HCOOCH.
Both of them are known to require grain-surface chemistryetbthe correct abundance,
and this is not included in our model. The spread in model danoces is at least six
orders of magnitude, but given the wide range of physicatit@ms that are sampled,
such a large spread is to be expected. The 5-30 AU abundanoef&ig. 3.21 show less
variation — between one and four orders of magnitude — Hutedte on a wider range of
values than do the cometary abundances. More importah#ys+30 AU data show no
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Figure 3.20— As Fig. 3.19, but comparing the cometary abundances te thasir model at = t,c.
The vertical black lines indicate the spread across theeedisk. For all species, the gas and ice
abundances from the model are summed and displayed as one.

correlation with the comet data. There is no indication fi®act. 3.6 that post-collapse
processing brings the abundances back to near-ISM valwgd;lthe midplane material
between 5 and 30 AU in our model does not appear to be analdgdis material from
which the solar-system comets originated.

How plausible is the large degree of chemical processingrfaterial that ends up
in the comet-forming zone? The amount of processing is adiesult of the range of
physical conditions encountered along a given infall ey, which in turn depends
mostly on how close to the protostar the trajectory gets.Méntionally keep the physics
in our model as simple as possible, so a trajectory like theedmawn in Fig. 3.5 may
not be fully realistic. On the other hand, the back-andHarotion results from the
well-known concept of conservation of angular momentum. ties inner parts of the
disk accrete onto the star, the outer parts must move out iastamathe overall angular
momentum. They may be pushed inwards again at a later timsuiaient amount of
mass is accreted from the envelope at larger radii. Thisérapm our simple model, but
also in the hydrodynamical simulations of Brinch et al. (2a®).

If we accept the possibility of back-and-forth motion, theegtion remains as to how
close to the star the material gets before moving out to cqidets of the disk. Our
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The vertical black lines indicate the spread in the comatifiog region: at the midplane, between
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new solution to the problem of sub-Keplerian accretion Shapter 4) results in radial
velocity profiles that are dierent from the ones in Chapter 2. With the old profiles, all
material that accretes inside of the snow line always resiaside of the snow line. We
therefore did not get any material in the comet-forming zarvehich H,O had evaporated
and readsorbed onto the grains. As shown in Fig. 3.5, we dthgewith our current
model. However, it is not a universal outcome for all inifiddysical conditions. If we
run the new model on the parameter grid from Chapter 2, ther¢haee cases (out of
eight) where material accretes inside of the snow line aad thoves out beyond it. The
dividing factor appears to be a ratio of 0.2 between the diaksrat = t,.cand the core
mass at = 0. For larger ratios, material that accretes inside of trmwvskine always
remains there.

The presence of crystalline silicate dust in disks provalsgong argument in favour
of trajectories like the one from Fig. 3.5. Observationsshrystalline fractions @R ~ 10
AU that are significantly larger than what is found in the ISBb(wman et al. 2001, 2008,
van Boekel et al. 2005). Amorphous silicates can be crysgallby thermal annealing if
they get close enough to the star to be heated to at least 80thK.disk is less than
100 K at 10 AU, so the crystalline dust is formed at smalleiirddn where it is ob-
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served. We argue in Chapter 4 that the need to conserve amgoiaentum results in the
outward transport of enough material to explain the obgkovgstalline fractions at 10
AU. Moreover, crystalline dust has been detected in sewerakts, including LPalley,
C/1995 01 (Hale-Bopp) and 81\Wild 2, providing direct evidence that part of their con-
stituent material has been heated to temperatures weleaghevevaporation temperature
of H,O (Bregman et al. 1987, Campins & Ryan 1989, Wooden et al. 1R8er et al.
2006).

If Halley, Hale-Bopp, Wild 2 and other comets contain crilsta silicates, they must
also contain ices that underwent a large degree of chemioakpsing. Likewise, the
presence of amorphous silicates in comets is indicativéhefrgcally unprocessed ices.
Hence, we conclude that the material from which comets aradd must be of mixed
origins: some of it accreted close to the star and was heateig)h temperatures, while
another part accreted at larger radii and remained colchikMibe context of our model,
this requires that material from beyol= 30 AU is radially mixed into the comet-
forming zone between 5 and 30 AU. Alternatively, verticaking may bring relatively
pristine material from higher altitudes down into the coffeeting zone at the mid-
plane. As for the chemical variations between individuahets, our model shows many
examples of abundances changing with position or with tifrie variations can thus be
explained by having the comets form affdrent positions in the circumsolar disk, or at
different times during the disk’s lifetime.

3.7.3 Collapse models: 1D versus 2D

The model presented here and in Chapter 2 is the first ondoaftiie entire core collapse
and disk formation process in two spatial dimensions. Sofreup conclusions were
previously drawn in other studies on the basis of 1D modeisekample, it was already
known that the collapse-phase chemistry is dominated by&éy chemical processes
and that the collapsing core never attains chemical equifib (e.g., Doty et al. 2002,
2004, Rodgers & Charnley 2003, Lee et al. 2004, Aikawa et@0)82. The 1D models
cannot follow the infalling material all the way into the Kjso the zones with fierent
chemical histories from Sect. 3.6 appear for the first timeun2D model. Another new
feature is the back-and-forth motion inside the disk, alfmumaterial to accrete inside
of the snow line and then move out to colder regions. Tlfisre new insights into the
chemical origin of cometary nuclei.

3.8 Conclusions

This chapter describes the two-dimensional chemical ¢éeolwuring the collapse of a
molecular cloud core to form a low-mass star and a circuastdisk. The model is the
same as used in Chapter 2, except for the improvements bledéni Chapter 4. The den-
sity and velocity profiles throughout the core and the digkcamputed semi-analytically.
We use a full radiative transfer method for the dust tempeesand the radiation field.
The chemistry is computed with a full gas-phase networKuiling adsorption and des-
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orption from dust grains, as well as basic hydrogenatioatieas on the grain surfaces.
Starting from realistic initial conditions, we evolve thkernistry in parcels of material
terminating at a range of positions in the disk. Speciahditie is paid to parcels ending
up in the comet-forming zone. The conclusions from this thiagre as follows:

e The chemistry during the collapse phase is controlled byalsramber of key chem-
ical processes, each of which is activated by changes inity&igal conditions. The
evaporation of CO, ClHand RO at approximately 18, 22 and 100 K is one set of such
key processes. Another set is the photodissociation of&@td HO (Sect. 3.5.1).

¢ At the end of the collapse phase, the disk can be divided mteral zones with dif-
ferent chemical histories. Theftérent histories are related to the presence or absence
of the aforementioned key processes along various infgkdtories. Spectroscopic
observations at high spatial resolution are required terdghe whether this zonal
division really exists, or if it is smoothed out by mixing ($€3.5.2).

e Part of the material that accretes onto the disk at earlystimransported outwards to
conserve angular momentum, and may remain in the disk foretsteof the collapse
phase. It is heated to well above 100 K as it accretes closeetstér, so KO and all
other non-refractory species evaporate from the graingy Titeeze out again when
the material cools down during the subsequent outwardp@héSect. 3.5.2).

e When the chemistry is evolved for an additional 1 Myr at fixéygical conditions
after the end of the collapse phase, the abundances of nexs¢sghange throughout
the disk. Hence, the disk is not in chemical equilibrium & émd of the collapse.
Instead, its chemical composition is mainly a result of thggical conditions during
the collapse phase. A robust feature of the post-collapseegsing is the partial con-
version of gaseous CHnto larger species like HCOOH o84, which subsequently
freeze out because of their higher binding energy (Seck. 3.6

e Material that ends up in the comet-forming zone undergoas@ ldegree of chemical
processing, including the evaporation and readsorpti¢fy6f and species trapped in
the HO ice. This is consistent with the presence of crystallitiesges in comets.
However, it is inconsistent with the chemical similaritieisserved between comets
and ISM sources, which are indicative of little processiHgnce, it appears that the
cometary material is of mixed origins: part of it was strgngtocessed, and part of
it was not. The chemical variations observed between iddalicomets suggest they
were formed at dierent positions or times in the solar nebula. Fully pristags only
appear in the upper and outer parts of this particular disteh(Gect. 3.7.2).

103






Sub-Keplerian accretion onto
circumstellar disks

R. Visser and C. P. Dullemond
to be submitted

105



Chapter 4 — Sub-Keplerian accretion onto circumstellékglis

Abstract

Context. Models of the formation, evolution and photoevaporatiorciofumstellar disks are an
essential ingredient in many theories of the formation afptary systems. The ratio of disk mass
over stellar mass in the circumstellar phase of a disk is farge part determined by the angular
momentum of the original cloud core from which the system feamed. While full 3D or 2D
axisymmetric hydrodynamical models of accretion onto tis& dill automatically treat all aspects
of angular momentum, this is not so trivial for 1D viscouskdisodels.

Aims. Since 1D disk models are still very useful for long-term ewi@nary modelling of disks
with relatively little numerical &ort, we wish to investigate how the 2D nature of accretifiacs
the formation and evolution of the disk in such models. A proppeatment of this problem also
requires a correction for the sub-Keplerian velocity atchhdccretion takes place.

Methods.We develop an update of our1D time-dependent disk formation and evolution model
that properly treats the sub-Keplerian accretion of maiteo the disk. The model also accounts
for the dfects of the vertical extent of the disk on the infall trajeizs.

Results.The disks produced with the new method are smaller than thloséned previously, but
their mass is mostly unchanged. The new disks are a few degraemer in the outer parts, so
they contain less solid CO. Otherwise, the results for icesiadfected. The 2D treatment of the
accretion results in material accreting at larger radig smaller fraction comes close enough to the
star for amorphous silicates to be thermally annealed intstalline form. The lower crystalline
abundances thus predicted correspond more closely to thelabces found observationally. We
argue that thermal annealing followed by radial mixing mhestesponsible for at least part of the
observed crystalline material.
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4.1 Introduction

With the enormous increase in the amount of high-qualityeoketional data of circum-
stellar disks in the last few years, a picture is now graguatierging of how these objects
evolve in time (Jgrgensen et al. 2007, Looney et al. 2007,rhemet al. 2008, Sicilia-
Aguilar et al. 2009). They form during the collapse of a ptaltar cloud core, undergo a
number of accretion events (FU Orionis and EX Lupi outbyyéite for 3 to 10 Myr, and,
shortly before they are destroyed, open up huge gaps visitifee dust continuum and
sometimes also in gas lines (D’Alessio et al. 2005, Goto.€2@06, Brittain et al. 2007,
Ratzka et al. 2007, Brown et al. 2008, Pontoppidan et al. 00&hese physical changes
are echoed in the evolution of their chemical compositicsh @unst properties. Pre-stellar
cores contain mostly simple hydrides, radicals and othallsmolecules, largely frozen
out onto the cold dust grains (Bergin & Langer 1997, Lee e2@04). A fully formed
circumstellar disk is predicted to contain a much richerncival mixture with a wide
variety of complex organic molecules (Rodgers & Charnle@2Aikawa et al. 2008),
although only simple organics have been observed so faufsa al. 2006, Carr & Na-
jita 2008, Salyk et al. 2008). The dust by this time has growmfless than a micron to
millimetres and centimetres, and part of it has evolved famnamorphous to a crystalline
structure (Bouwman et al. 2001, 2008, van Boekel et al. 28@%a et al. 2007, Lommen
et al. 2007, 2009, Watson et al. 2009, Olofsson et al. 2008yst@lline silicate dust is
observed down to temperatures of 100 K, well below the troleistf 800 K required to
convert amorphous silicates into crystalline form. Oneh&f tentral questions of this
chapter is how much silicate material comes close enoughetatar to be crystallised.
We also investigate how the crystalline silicates end umsodtside of the hot inner disk
where they appear to be formed.

One way to answer these questions is to construct detailettinof the evolution
of circumstellar disks based on our current understanditigeophysics of these objects,
and then compare to the available observational data. Hawwould require extraor-
dinarily heavy computations to run a model that does judticell physical processes
known to be involved. A circumstellar disk ranges from a fawllar radii to hundreds
of AU, and lasts for several million years. A full model woulterefore have to resolve
hundreds of millions of inner orbits, and span some five @@démagnitude on a spatial
scale. Moreover, an accurate radiative transfer methadjisired to properly compute the
temperatures. All this is clearly too demanding. Most ndirtiensional hydrodynamical
simulations therefore solve sub-problems that only cagpart of the disk, or only evolve
over a limited time. Even these models, though, require daygeeks of CPU time for a
single set of parameters.

An alternative approach is to parameterise most of the phyisi some form, and
treat the disk evolution as a simpler one-dimensional (ID¢tdependent problem. One
assumes axisymmetry and integrates the density vertitmlbptain the surface density
¥, which is now only a function of the radial coordind®eand the time. These kinds
of models go back to the pioneering work by Shakura & Sunyaévg) and Lynden-
Bell & Pringle (1974). In order to use these models througioe disk’s lifetime, some
way must be found to also include the birth phase of the disk irasonably realistic
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way. Two-dimensional axisymmetric hydrodynamical mod#islisk formation show

the presence of a standfshock that decelerates the supersonically infalling maise

it approaches the disk from above and below (e.g., Tschari@87, Yorke et al. 1993,
Neufeld & Hollenbach 1994). The structure of this starftishock is clearly multidimen-

sional in the outer regions, but may be approximated in algimpanner in the inner
regions (Nakamoto & Nakagawa 1994). Hueso & Guillot (200&)structed a 1D disk
evolution model with such an approximation and used it toyesgatwo T Tauri stars.

This showed that simple models of disk formation and evofutan be very powerful

and yield valuable insight into the evolutionary stage ofiyg stellar objects. Similar
models have also been used to analyse the statistics of thetiao rates measured in
pre—main-sequence stars (Dullemond et al. 2006b, VoroByBasu 2008).

Another problem addressed with these 1D parameterisedimisdée origin, evolu-
tion and transport of gas and dust in circumstellar disks.if&tance, Dullemond et al.
(20064, hereafter DAW06) suggested that the initial outveaspansion of the disk during
the disk formation phase (observationally the ClgépBase) may be veryfiective in
transporting thermally processed dust to the outer partiseoflisk. Based on that work,
one would expect to find a number of disks with nearly 100%tatise dust. However,
no such extremely crystalline disks are observed (Bouwnta. 2008, Watson et al.
2009). This is one of the issues addressed in this chapter.

In Chapter 2, we showed yet another application of 1D diskutim models. We
followed the envelope material from thousands of AU inwarttisough the accretion
shock and into the disk, to analyse when ices evaporate aatdense on the grains.
Since much of the interesting physics happens in the outgone of the disk (several
hundred AU), where the accretion shock no longer has a sitriplshape, some way had
to be found to include the 2D axisymmetric nature of thiseagvithout having to resort
to a full-scale multidimensional hydrodynamical simuwati Our recipe was to construct
a semi-2D disk model, i.e., to generate the 2D density strag(R, z t) (wherez is the
vertical coordinate away from the midplane) out of the 10f&te density2(R, t) using
the disk temperature to compute the scale height at eveiysia@ihe accretion onto the
disk was then modelled by following infalling matter on ligtic supersonic trajectories
until its density equals the density of the disk. This yiedd2D axisymmetric shape of the
stand-df shock that is similar to that obtained by full 2D axisymmetrydrodynamical
models (Yorke et al. 1993, Brinch et al. 2008a). Howeves, iitat trivial to link this type of
multidimensional infall structure back to the 1D disk ewan model. The main obstacle
is that a substantial fraction of the matter does not reallydnto the disk’'ssurfacebut
onto the disk'outer edgei.e., it accretes from the side instead of from the top. Mueg,
this matter will rotate with a very sub-Keplerian velocity.this is not treated in some
way, the total angular momentum balance of the system isit@d| potentially leading
to very wrong estimates of the evolution of the disk mass witte. We devised an ad-
hoc solution to this problem in Chapter 2 (Eq. (2.20)), wigelve reasonable results but
did not properly conserve angular momentum. We derive a migoeous solution in the
current chapter.

The problem of sub-Keplerian accretion onto a disk is nodist here for the first
time. It has long been known that material falling in an eitiprbit onto the surface of
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the disk has sub-Keplerian angular momentum, even in the egmfinitely flat disks.
When mixing with the disk material, which is in Keplerianaton, a torque is exerted
that pushes the disk material in towards the star. Cassen@Man (1981) described this
problem and solved it elegantly. For disks without intetioatjue and with small vertical
extent, they found an analytical solution for the disk scefalensity as a function of
time, and they also presented numerical results for visdsks. Hueso & Guillot (2005)
derived an alternative solution: they simply calculateel thdius for which the specific
angular momentum of the infalling matter is Keplerian, amskrted the matter into the
disk at that radius. This is not unreasonable, because op@ssame that the material,
after it hits the surface of the disk, will first adjust its owrbit before it mixes with the
disk material below. It may be argued that as long as the angubmentum budget it
not violated, the disk evolution is not muchected by the precise treatment. However,
if one wishes to follow the radial motion and mixing of centahemical species or types
of dust, this may depend more sensitively on the way the angobmentum problem is
treated.

In this chapter we add a consistent treatment of sub-Keples¢mi-2D accretion to a
1D model for the formation and viscous evolution of a diskofSé.2). Some basic disk
properties arising from the new treatment are discusseédt 8.3, and the results from
Chapter 2 are briefly revisited in Sect. 4.4. The dust criyséion results from DAWO06
are re-evaluated in Sect. 4.5, and finally conclusions aelin Sect. 4.6.

4.2 Equations

The model describes the formation and evolution of a circalias disk inside a collaps-
ing cloud core. The disk’s surface density is governed by pnaresses: accretion of
material from the envelope and viscosity-driveffasion. This requires the continuity
equation

IZER) JICERW)

a " aR

with ugr the radial velocity ancs the source function that accounts for accretion from
the envelope. In addition to conservation of mass, ensuyeigp (4.1), there must be
conservation of angular momentum (Lynden-Bell & Pringl&@4p

= RS, (4.1)

6(ZQK R3) 6(ZQK RSUR) _ 0
ot oR _6R(

0Qxk

with Qg the Keplerian rotation rate. We employ thalescription (Shakura & Sunyaev
1973) for the viscosity, so the viscosity d¢heienty is given by

umpQk

V(R 1) = (4.3)

with T, the midplane temperature apdhe mean molecular mass of 2.3 nuclei per hy-
drogen molecule.
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In the last term in Eq. (4.2), belonging to the accreting malethe rotation rat& is
smaller thar)k. If accretionwould occur with the Keplerian velocity, Eq. (4.2) can be
solved to give the expression fag used by DAWO06. Working from that solution, two
methods have been used in the recent literature to cornettdsub-Keplerian velocity of
the accreting material. Hueso & Guillot (2005) and DAWOG iified the source function
so that all incoming material accretes at the exact radiusrevits angular momentum
equals that of the disk. One might picture this as a quickstadution of material in
the top layers of the disk after accretion initially occurie a sub-Keplerian manner. A
disadvantage of this method is that it introduces a disnoaitii in the infall trajectories:
upon accretion onto the disk, material instantaneouslypito a smaller radius. Hence,
in Chapter 2 we chose to modify the expression for the radiloity instead of that for
the source function, taking

3 0 GM,

ur(R t) = -
with M, the stellar mass angl a parameter with a constant value of 0.002. While this
method has the desireffect of transporting material to smaller radii without distinu-
ities, it does not properly conserve angular momentum.
As an alternative to these two methods, Eq. (4.2) can als@lvedmore generally
for the case tha® < Q, giving

3 9 2RSSO — O
ur(R ) = z\/ﬁaR(EV\/ﬁ) SR

(4.5)
Expressions folQ (or, rather, for the azimuthal velocity) may be found in Gas$
Moosman (1981) and Terebey et al. (1984). Equations (4d)4ub), together with the
standard expressions f8r(e.g., Chapter 2), now describe a fully continuous solut@mn
the evolution of the surface density with proper conseovatf angular momentum. A
physical interpretation of Eq. (4.5) is provided in Sec8.4.

The boundary between the disk and the envelope was computéldapter 2 as the
surface where the density from both was the same. Here, veeitakead the surface
where the ram pressure of the infalling gas equals the tHeyasgpressure from the disk:

kTpdi
Pean2 = ﬁ( (4.6)

with u the velocity of the infalling material. The use of the isdbaurface as the disk-
envelope boundary instead of the isopycnic surface can s@ve éect on the model
results, but, as shown in the next sections, tfiects of the new treatment of the sub-
Keplerian accretion are usually much larger. In the remedimd this chapter, we exclu-
sively use the new method presented in this section. Thef#s¢ model is described by
DAWO06 and in Chapter 2.
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4.3 Size and mass of the disk

The net &ect of the rightmost terms in Eqgs. (4.4) and (4.5) is the saimgarovide an
additional inward flux of matter. However, the radial depemek of the additional flux
is different. In the old method (Eq. (4.4)), it was largest at theirgdge of the disk
because of th& /2 proportionality. In the new method, on the other hand, itisreyest
at theouter edge of the disk because of the sharp decrease in surfaciydanthat
point. Physically, the new dependence is easy to undershéeat the disk’s inner edge,
accretion occurs into a large column of material, and thguemrising from the dierent
azimuthal velocities only results in a weak inward push. $hme torque provides a
much stronger push at the outer edge, where there is lessdigkial per unit surface. In
effect, the material falling onto the disk’s outer edge pushedisk inwards and limits
its radial growth.

In order to quantify the size of the disk, we first have to defime outer edgé.
Since the equations allow an infinitesimal part of the diskgoead to an infinitely large
distance, we cannot simply use the full radial extent of tisk ds its outer edge. Instead,
we defineRy as the radius that contains 90% of the disk’s mass.

With the new method, the disk’s outer edge initially lies teg the centrifugal radius
(R.). It grows more or less linearly in time as the disk spreadd¢moonserve the angular
momentum of the entire system. The centrifugal radius grasié, so the ratioRy/R.
decreases as the collapse goes on. If the rotation ratenghmugh, the centrifugal radius
overtakes the outer edge of the disk before the end of thep=#l For the remainder of
the collapse phas&, equalsR;, because the disk cannot be smaller than the centrifugal
radius (Cassen & Moosman 1981). If the rotation rate is loaugih that the centrifugal
radius does not overtake the outer edge of the disk beforernteof the collapseRy
continues its near-linear growth untilt. After accretion from the envelope has ceased
and the inward push from the accreting material is no longesgnt, the disk is free to
expand more rapidly. Its outer edge again grows linearlymetin both the high- and
low-rotation cases, and does so at a higher rate than in itied limear-growth regime.

Figure 4.1 shows the outer edge as a function of time for thedsird model from
Chapter 2, which has a low initial rotation ra@g of 10714 s™*. The disk grows to about
40 AU at the end of the collapse phasé.at = 2.5 x 10° yr, and it spreads to ten times
that size over the next5x 10° yr. The method from Chapter 2 (labelled “old” in Fig.
4.1) provides a more rapid growth during the collapse phgiség anRy of 230 AU at
tace The post-infall spreading occurs at the same rate as inévenmethod. We find the
same qualitative dierences and similarities between the old and the new metratd
rest of the parameter grid from Chapter 2.

Is the smaller disk from the new method a realistic scena@af model necessar-
ily assumear to be the same at all heights above the midplane. In reality, might
expect the infalling material to interact mostly with thefage of the disk, exerting its
torque on only a fraction of the total surface density. Thishes the surface material
radially inwards, while material near the midplane is flieeted. Indeed, the hydrody-
namical simulations of Brinch et al. (2008a) show such behaywith material near the
surface moving inwards and material at the midplane movirtgiards. However, as this
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Figure 4.1- Outer disk radius as a function of time for the standard hivde Chapter 2. Solid:

method from the current chapter; dashed: method from Chapiehe dash-dotted curve shows the
centrifugal radius, and the dotted line indicates the enth@fenvelope accretion phase. Note that
R is a physical quantity only up tiy.; for largert, we simply plot the same mathematical function.

midplane material moves out beyond the outer edge, it bes@mdgace material itself,
and is in turn exposed to the inward push from the envelopeniaht The new method
may underestimate the outer radius by a factor of two or thesmuse of the altitude-
independence afg, but it produces a more realistic value than does the old odeth

Although the disks are smaller with the new method, they atenecessarily less
massive. In fact, we find a rather large mass increase fotdnelard model from Chapter
2: from 0.05 to 0.13Vl,, at the end of the collapse phase. There are three causessfor th
each of which accounts for 0.02—-0.88,: (1) the new definition of the disk-envelope
boundary (Eq. (4.6)); (2) the new sub-Keplerian correctigg. (4.5)); and (3) an im-
proved integration scheme in the computational code. Teets are smaller for more
rapidly rotating clouds. For example, the disk mass obthfoethe reference model from
Chapter 2 Qo = 1013 s1) is unchanged at 0.48l,.

4.4 Gas-ice ratios

During the collapse of the pre-stellar core to form a pr@oahd circumstellar disk, large
changes occur in both density and temperature. Many mealespkcies are frozen out
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onto dust grains before the onset of collapse (Bergin & Lari@87, Lee et al. 2004).
The warm-up phase during the collapse causes some of theragorate, and they may
freeze out again once material settles near the disk'svelatold midplane. In Chapter
2, we modelled these processes for carbon monoxide (CO) atel \({HO). Here, we
investigate whether our new sub-Keplerian accretion ctioe dfects these results.

The model consists of several steps. First, it computesEhax@symmetric density
and velocity structure at regular intervals from the onsetatlapse { = 0) to the point
where the entire envelope has accreted onto the star andtdisk,.). Dust tempera-
tures are computed at the same time intervals with the raelimansfer code RADMC
(Dullemond & Dominik 2004a), and the gas temperature is rassbequal to the dust
temperature. Using the velocity structure, the model themputes infall trajectories
from a grid of initial positions in the envelope. Each trapgg represents an individual
parcel of gas and dust, for which we now know the density amgbegature as a function
of time and position. This allows us to compute the adsonpgind desorption rates of
CO and HO, and solve for their gas and ice abundances in a Lagrangiaref Finally,
the parcels’ abundances are transformed back into 2D axigtric abundance profiles
for the disk and remnant envelope.

As discussed in Sect. 4.3, the maiiffeience between the disk properties from Chap-
ter 2 and the new method is the size of the disk. Because themaasncreased or stayed
the same (depending on the model parameters), the denditye afisk is now higher.
Hence, the dust temperature along the midplane decreasesapidly. For example, at
t = taecin the reference model from Chapter@y(= 10-*3 s71), the temperature at 30 AU
is 45 K. With the new method applied to the same initial cdndg, the temperature is
down to 31 K at that point. The midplane temperature decssiasther with radius until
it reaches 21 K at 160 AU with the new method. At larger radiipfons scatteringfd
the surface of the disk begin to reach the midplane againtatemperature gradually
increases to 25 K at the outer edge at 500 AU.

If all CO is taken to desorb at 18 K, as it would for a pure CO tbe,new temperature
profile does not allow for any solid CO to exist in this partarumodel att,c.. At later
times, when the disk has spread to larger sizes and the @plas become less luminous
(Chapter 2), there appears a region around the midplaneswhertemperature does go
below 18 K and CO freezes out again. In reality, solid CO foammsixture with solid
H,0, and some of the CO remains trapped in the ice matrix at teahpes above 18 K
(Collings et al. 2004, Viti et al. 2004, Fayolle et al. in prepWhen the gas-ice ratios are
computed accordingly, the mass fraction of solid CO avetager the entire disk dfcc
goes from 33% with the old method to 20% with the new method.

The gas-ice ratios for pure CO in the standard model from @n@pQo = 10714 s1)
are unchanged. With both the old and the new method, theeatitk is warmer than 18
K attaeq SO there is no solid CO. If we allow part of the CO to be trapipatie H,O ice,
the disk-averaged solid fraction is 15% with both the old #trednew methods.

In summary, the new treatment of the sub-Keplerian acaragésults in disks that
are a few degrees colder in the inner parts and a few degreesewin the outer parts.
Overall, the new CO ice abundances are up to 50% smaller tiwese obtained with the
old method. In all cases, @ remains solid in the entire disk except for the inner few AU.
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4.5 Crystalline silicates

4.5.1 Observations and previous model results

Infrared spectroscopic observations have shown that abe®®% of the silicate dust
in the disks around Herbig ABe and classical T Tauri stars occurs in crystalline form
(Bouwman et al. 2001, 2008, van Boekel et al. 2005). Evereldrgctions (up to 100%)
are foundin the inner 1 AU of some sources (Watson et al. 2009 interstellar medium,
from which this dust originates, has a crystalline fractidat most 1-2% (Kemper et al.
2004, 2005). Two mechanisms are thought to dominate theetcsion of amorphous sil-
icates into crystalline form during the formation and evin of a circumstellar disk. At
temperatures abovel 200 K, the original grains evaporate (Petaev & Wood 2003)elV
the gas cools down again, the silicates recondense in tiystborm (Davis & Richter
2003, Gail 2004). Alternatively, amorphous dust can bentadlly annealed into crys-
talline dust at temperatures abov800 K (Wooden et al. 2005). As the disk is formed
out of the parent envelope, part of the infalling materiarates close enough to the star
that it is heated to more than 800 or 1200 K and can be crystdlli However, the ob-
servations show significant fractions of crystalline duseast out to radii corresponding
to a temperature of 100 K. Crystalline dust is also found imets, which are formed in
regions much colder than 800 K (Wooden et al. 1999, Kellel. @006). This suggests an
efficient radial mixing mechanism to transport crystallineenial from the hot inner disk
to the colder outer parts (Nuth 1999, Bockelée-Morvan 2@02, Keller & Gail 2004).

An argument against large-scale radial mixing was recqartlyided by spatially re-
solved observations with the Spitzer Space Telescope. Baumet al. (2008) found a
clear radial dependence in the relative abundances okftiestand enstatite, two com-
mon specific forms of crystalline silicate. If both are fomhia the hot inner disk and
then transported outwards, one would expect the sameveelaltiundances throughout
the entire disk. Hence, the observed radial dependencesigdavour of a localised
crystallisation mechanism such as heating by shock waiggeted by gravitational in-
stabilities (Harker & Desch 2002, Desch et al. 2005). Howelee observations do not
completely rule out the possibility of crystallisation inet hot inner disk followed by
radial mixing; at best, they provide an upper limit to how mweystalline dust can be
formed that way.

In another set of Spitzer observations, crystalline spsctipic features in the 20—-30
um region were detected three times more frequently thanrfsadline feature at 11.3
um (Olofsson et al. 2009). This is unexpected, because shateelengths trace warmer
material at shorter distances from the protostar, whermadels predict the crystalline
fractions to be larger. The 11;8n feature may be partially shielded by the amorphous
10um feature, but Olofsson et al. showed that this alone canxpdaim the observations.
A full compositional analysis (Olofsson et al. in prep.) éguired to shed more light on
this “crystallinity paradox”.

In the model of DAWOG, crystallisation occurs right from ttiee when the disk is
first formed. Indeed, because the disk is still very smalhat time, its dust is hot and
nearly fully crystalline. As the collapse proceeds and ikk’slouter radius grows, an ever
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larger fraction of the infalling material does not come el@nough to the star anymore
to be heated above 800 K. In the absence of strong shockseshilis in amorphous dust
being mixed in with the crystalline material. Hence, thestajline fraction averaged over
the entire disk is expected to decrease with time. Therentatige observational support
for an age-crystallinity anticorrelation (van Boekel et2005, Apai et al. 2005), but this
is far from conclusive (Bouwman et al. 2008, Watson et al.@0®@ne should of course
consider the fact that observations do not probe the engke tf the model results from
DAWO0G are interpreted over a limited part of the disk, sucthasl0—-20 AU region, they
show only a small dierence in the crystalline fractions at 1 and 3 Myr. Add to that
uncertainties in the ages for individual objects, and itéacthat the model results cannot
be said to conflict the observational data.

The crystalline fractions obtained by DAWO06 were all on tightend of the observed
range of 1-30%, unless unreasonably high initial rotataies were adopted for the en-
velope or the disk temperature was lowered artificially. & accept that only part of the
silicates in the outer disk originate in the hot inner regioso the other part, formed in
situ, can account for the observed radial abundance van&tt the discrepancy between
the DAW06 model and the observations becomes even largérelfollowing, we show
that we obtain more realistic crystalline fractions witlr cew method.

45.2 New model results

The two main diferences between the old method of DAWO06 and our new method are
(1) the treatment of the disk as a multidimensional objesteiad of just a flat accretion
surface and (2) the improved solution to the problem of sepi&rian accretion (Sect.
4.2). The former has the largest impact on the crystalbgatiln case of a fully flat
disk, material falls in along ballistic trajectories urtihits the midplane at or inside the
centrifugal radius. If the vertical extent of the disk iséakinto account, the infalling
material hits the disk before it can flow all the way to the ntéaye. Because part of
the disk often spreads beyond the centrifugal radius, é&speat early times (Fig. 4.1),
accretion now occurs at much larger radii. This is visudliseFig. 4.2, which shows the
mass loading onto the disk a2 10° yr (0.23t,co) after the onset of collapse. The model
parameters are those of the default model of DAWO06: an Irgtigelope mass of 2.5,
a rotation rate of &k 101 s™%, and a sound speed of 0.23 knt sThe centrifugal radius
at 20 x 10° yr is 2.2 AU, but the disk has already spread to 32 AU. Accretiocurs
across the entire disk, although most mass falls in at stadiil. r

If the vertical structure of the disk is ignored when caltinig the source function, as
happened in the old method of DAWOG, the infall trajectodestinue along the dotted
lines. They all intersect the midplane insideR In this case, that means all accretion
takes place inside the “annealing radiuRy{, the radius corresponding to 800 K) and all
dustis turned into crystalline form. In the new method, @896 of the accreting material
comes inside oRynp, SO the disk gains a much smaller amount of crystalline dust.

The crystalline fractions obtained with the new method amagared to the results
from DAWOG in Fig. 4.3. In both cases, the inner part of thé&kdisut to a few AU, is fully
crystalline. This is followed by a near-powerlaw decreasergstalline material is mixed
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= Table 4.1- Crystalline silicate fractions for a range of model parters®

9T

Qo=10"s?1 ¢, =019 kms?

t R (AU)
(Myr) 10 30 100 10 30 100 10 30 100 10 30 100
M: 0.20, 0.012 M: 0.50, 0.074 M: 1.0, 0.26 M: 5.0,2.3
1.0 19.7 20.1 215 6.7 6.0 55 7.6 3.8 1.9 170 2.9 0.4
1.6 21.1 213 222 6.1 5.8 5.7 5.3 3.4 2.3 23.0 3.9 0.4
3.1 229 23.0 234 5.9 5.8 5.9 3.3 2.6 2.2 246 4.4 0.6
Qo=10"s?1 ¢, =0.26 kms?
t R (AU)
(Myr) 10 30 100 10 30 100 10 30 100 10 30 100
M: 0.20, @ M: 0.50, 0.037 M: 1.0, 0.13 M:5.0,1.9
1.0 32.1 323 338 174 16.0 15.1 54.1 9.3 1.2
1.6 33.3 335 344 164 15.7 154 375 9.7 2.2
3.1 35.1 353 357 16.0 158 15.8 165 6.1 3.3
Qo =1018s1 ¢, =019 kms?
t R (AU)
(Myr) 10 30 100 10 30 100 10 30 100 10 30 100
M: 0.20, 0.051 M: 0.50, 0.23 M: 1.0, 0.58 M:5.0,4.1
1.0 2.1 1.9 1.6 2.6 1.3 0.6 4.4 1.3 0.3 5.4 1.1 0.2
1.6 1.8 1.7 1.6 1.7 1.0 0.5 2.9 1.1 0.4 5.1 1.2 0.2
3.1 1.6 1.5 1.5 1.0 0.6 0.4 1.5 0.6 0.3 85 05 0.02
Qp=108s? ¢s=0.26 kms?
t R (AU)
(Myr) 10 30 100 10 30 100 10 30 100 10 30 100
M: 0.20, 0.019 M: 0.50, 0.13 M: 1.0, 0.43 M: 5.0, 3.5
1.0 12.1 120 12.0 5.3 4.4 3.6 6.2 3.3 1.7 19.3 3.9 0.6
1.6 12.0 12.0 12.0 4.5 4.0 3.6 4.5 2.6 1.6 146 3.3 0.7
3.1 121 121 122 3.7 35 3.3 2.7 1.7 1.3 86 24 0.8
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Figure 4.2 — Accretion at 20 x 10° yr (0.23 t,) for the default model of DAWO06. The vertical

dotted lines indicate the current valuesRf(2.2 AU) andRyn, (3.6 AU). Top: mass-loading as a
function of radius. Bottom: infall trajectories (solid giefrom the envelope onto the surface of
the disk (black). In the absence of the disk, the trajecsasieuld extend to the midplane along the
dotted lines. The inset in the bottom panel shows a blow-upefnner 5x 1 AU.

Table 4.1- footnotes.

@ The fractions are given in per cent of the total silicate disindance at the indicated distance from the star
(R) and time after the onset of collapg (The two masses\, in units of M) listed for each combination
of parameters are the initial cloud core mass and the disk atabe end of the accretion phase.

b No disk is formed at all for this combination of parameters.

117



Chapter 4 — Sub-Keplerian accretion onto circumstellékglis
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Figure 4.3 — Fraction of crystalline silicates for the default modelAW06 at 1.0 (solid), 1.6
(dotted) and 3.1 Myr (dashed). The grey lines show the reéulm DAWO06; the black lines show
our new results. The arrows on the top axis indicate the alis&rradius for the new method.

to larger radii. At a few tens of AU, the crystallinity leveiff to a base value that remains
roughly constant to the outer edge of the disk, indicatechkyarrows on the top axis in
Fig. 4.3. The increase in crystallinity beyond that poindwld not be attributed much
significance because, in reality, this material is mixecdwilite fully amorphous remnant
envelope. At each of the three time steps plotted, the nestallipity outside of a few

AU is lower than the old one. For example, at 10 AU and 3.1 Mye, fraction is down
from 15.1 to 7.4%. At the outer edge of the disk, the new mefhrodiuces crystalline
fractions down to 1%. The fierences between the old and the new method become even
more pronounced when we take a slightly lower initial ratatiate of 3x 101° s (Fig.

4.4). The crystalline fraction at 10 AU and 3.1 Myr is now dofrom 72.6 to 11.3%.

The amount of crystallisation that takes place during then&dion and evolution of
the disk depends on the initial conditions. DAWO06 alreadscdssed thefiect of the
rotation rate Q) of the collapsing envelope. The more rapid the rotatioe lénger the
radius at which the bulk of the accretion takes place. Thgslts in less material being
heated above 800 K, so the disk becomes less crystalline. éfbtt also occurs in our
new model. Two other conditions that can easily be changedhar initial mass o)
and the &ective sound speedd). In order to get a first understanding of theffeets,
we computed the crystalline fractions for the parametet fyam Chapter 2, as well as
for models with initial masses of 0.2 and 5M),. Table 4.1 lists the relevant model
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Figure 4.4— As Fig. 4.3, but foQy = 3x 107° s,

parameters together with the fraction of crystalline aiiés at three flierent positions
and three dterent times. The first of the three positions (10 AU) is repnéative of the
region probed by the recent Spitzer observations, whilether two positions (30 and
100 AU) contain colder material that can be studied with tkeesdhel Space Observatory.

The models with a low sound speed all have a lower crystglithean the models with
a high sound speed. As noted in Chapter 2, a low sound spadtsriesa lower accretion
rate. The accretion time becomes longer, so the disk gragerl@and more massive. A
lower accretion rate also gives a lower stellar luminositythe region where silicates can
be crystallised is smaller. Thes&exts combine to give smaller fractions of crystalline
material throughout the entire disk.

Changing the initial mass of the cloud core has a more comtglic éfect on the
crystallinity. Table 4.1 shows several cases where, foratwithat difer only in the initial
mass, the crystalline fractions increase towards lakfgrand several cases where they
decrease in that direction. Due to the inside-out naturkee$hu (1977) collapse, models
of different mass initially evolve in exactly the same way. Howgetrex accretion phase
of the higher-mass models in our grid lasts longgs:(« Mp) than that of the lower-
mass models. Thisfiicts the crystallinity in two opposing ways. First, the psiar
becomes more luminous for the higher-mass models (D’Anghazzitelli 1994), so
the region in which crystallisation takes place is largeec&hd, the disk grows larger,
so the bulk of the accretion occurs farther from the star. firlseeffect results in higher
crystalline abundances in the inner parts of the disk in thkedr-mass models, while the
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Figure 4.5— As Fig. 4.3, but for two of the models from Table 4.1 with = 1074 s™* andcs = 0.19
km st. Grey: My = 0.5 M,; black: My = 1.0 M.

second #&ect eventually results itower crystalline abundances in tloaiter parts (Fig.
4.5). Depending on the exact initial conditions, the traasifrom the inner to the outer
disk in this context may lie inwards or outwards of the 10—AQDregion given in Table
4.1, or even within that region. Example of two of these ttpessibilities can be found
in the series of models wity = 10714 s andcs = 0.19 km s (top part of Table 4.1).
Going fromMgy = 0.2 to 0.5M, the fraction of material accreting close enough to the
star to be crystallised is reduced, so we find smaller cystafractions at 10, 30 and
100 AU: ~6% for the 0.5M model versus-20% for the 0.2M, model. Increasing the
initial mass to 1.(M,, the higher stellar luminosity increases the crystalfiait 10 AU to
7.6%. However, the crystallinity at larger radiifeers from the larger fraction of dust that
remained amorphous during the accretion phase becausedlee disk prevented it from
getting closer to the protostar. At 30 AU, the crystallirecfion at 1.0 Myr decreases from
6.0 to 3.8% when the initial mass goes from 0.5 to £ The decrease in crystallinity
at 100 AU is even larger: from 5.5 to 1.9%. Thdfdiences in the other three series of
models can all be explained in similar fashion.

4. 5.3 Discussion and future work

The goal of this chapter is to show how treating the disk as lidimaensional object and
correctly solving the problem of sub-Keplerian accretiffieet the results of DAWO06. As
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shown in Figs. 4.3 and 4.4, we obtain smaller fractions o$taljine silicates throughout
the disk. This is an improvement over the old model, which wated to overpredict
crystallinity compared with observations.

A detailed parameter study is required to judge how well ourent model reproduces
all available observations. One complicating factor inhseigrocedure is the observed
lack of correlation between crystallinity and other systeproperties such as the stellar
luminosity, the accretion rate and the masses of the stathandisk (Watson et al. 2009).
The observed absence of a correlation between two obsesvablally translates to a
lack of a physical correlation, but this is not always theec&®r example, Kessler-Silacci
et al. (2007) showed why the crystallinity is not observeleaorrelated with the stellar
luminosity. The disk around a brighter protostar is warrheotighout, so the region from
which most of the silicate emission originates lies at adadjstance from the star, where
the crystallinity is lower. At the same time, though, thehggtemperatures mean that
more material can be thermally annealed, so the crystgilati all radii goes up. The
two effects cancel each other, so the observed crystalline fraigioot correlated with
the stellar luminosity. Likewise, care must be taken whearpreting other observed
non-correlations or correlations.

The best starting point for a more detailed comparison betweodel and observa-
tions appears to be the observed radial dependence of #tweedbundances of specific
types of crystalline silicates, such as enstatite anddatst Our model can be expanded
to track multiple types of silicates, each with their ownrf@tion temperature and mech-
anism. First of all, this may help in explaining the “crysitaty paradox” identified by
Olofsson et al. (2009; see also Sect. 4.5.1). Second, it@dress the question whether
crystalline silicates are predominantly formed by cond¢ins from hot gas<1200 K),
by thermal annealing at slightly lower temperature8Qq0 K), or by shock waves outside
the hot inner disk. At the moment, neither the observatiargime models can rule out
any of these mechanisms. The crystalline fractions obdaivith our model suggest that
thermal annealing followed by radial mixing must be takit@ce and must therefore be
responsible for part of the observed crystalline silicatAsscenario in whichall crys-
talline material is formed where it is observed, accordomthe model of Bouwman et al.
(2008), appears unlikely.

In addition to tracking multiple types of silicates, it mag Wworthwhile to investigate
different collapse scenarios. The Shu (1977) collapse statsawioud core with an2
density profile, but observations of pre-stellar cores ligshow anr~1° density profile
instead (Alves et al. 2001, Motte & André 2001, Harvey et @02, André et al. 2004,
Kandori et al. 2005). Bonnor-Ebert (BE) spheres have suamnaity profile (Ebert 1955,
Bonnor 1956), so they have been proposed as an alternaagtpoint for collapse
models (Whitworth et al. 1996). The collapse of a BE sphesaltgin diferent densities,
velocities and temperatures than those obtained with the8lkapse (Foster & Chevalier
1993, Matsumoto & Hanawa 2003, Banerjee et al. 2004, Waleth. &009), leading in
turn to different crystalline silicate abundances. However, no aicalydolutions exist for
the collapse of a rotating BE sphere, so we are currentlylartalpursue this point in any
more detail.
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4.6 Conclusions

This chapter presents a new method of correcting for thekagerian velocity of enve-
lope material accreting onto an axisymmetric two-dimenaicircumstellar disk. Unlike
the previous corrections of Hueso & Guillot (2005) and frohe@ter 2, this new method
properly conserves angular momentum and produces ingdidiories without discon-
tinuities. The latter is important for tracing changes ie tthemical contents and dust
properties during the evolution of the envelope and disk.

The disks produced with the new method are smaller than thasuced with the
old method by up to a factor of ten. Depending on the initialditons, the disk masses
are between 100 and 200% of previously computed values.(&83t The new disks are
a few degrees colder in the inner regions and a few degreesavan the outer regions,
resulting in lower abundances of CO ice (Sect. 4.4). By timetihe system reaches the
classical T Tauri stage, at about 1 Myr, the global ice aboods still agree well with
observations. Overall, there are no major changes in thécgamtios compared with
Chapter 2.

The disk was treated as geometrically flat by Dullemond €2@l06a). As in Chapter
2, we now also take into account the vertical structure wheenputing the infall trajecto-
ries. This results in the bulk of the accretion occuring egdaradii. A smaller fraction of
the infalling material now comes close enough to the staretbdated above 800 K, the
temperature required for thermal annealing of amorphdigatgs into crystalline form.
Therefore, the new method produces crystalline abundahaésre lower by a few per
cent to more than a factor of five compared to the old model. @ obtain a better
match with observations and we argue that thermal annefalilogved by radial mixing
is responsible for at least part of the crystalline silisatbserved in disks. An expanded
model, which tracks specific forms of crystalline silicagerequired to establish in more
detail the importance of this and other possible crysttili; mechanisms.
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Chapter 5 — The photodissociation and chemistry of intdast€O isotopologues

Abstract

Aims. Photodissociation by UV light is an important destructioaamanism for carbon monoxide
(CO) in many astrophysical environments, ranging fromrstelar clouds to protoplanetary disks.
The aim of this work is to gain a better understanding of thglidependence and isotope-selective
nature of this process.

Methods. We present a photodissociation model based on recent speapic data from the lit-
erature, which allows us to compute depth-dependent atapiseselective photodissociation rates
at higher accuracy than in previous work. The model inclsggishielding, mutual shielding and
shielding by atomic and molecular hydrogen, and it is the $seh model to include the rare iso-
topologues &0 and*3C'’0O. We couple it to a simple chemical network to analyse CO dhnoes

in diffuse and translucent clouds, photon-dominated regions;ieswnstellar disks.

Results The photodissociation rate in the unattenuated intessteddiation field is B x 101°s™,

30% higher than currently adopted values. Increasing tléation temperature or the Doppler
width can reduce the photodissociation rates and the igps®lectivity by as much as a fac-
tor of three for temperatures above 100 K. The model repmsigolumn densities observed to-
wards difuse clouds and PDRs, and ffers an explanation for both the enhanced and the reduced
N(*?CO)/N(*3CO) ratios seen in ffuse clouds. The photodissociation dfO and**C'’O shows
almost exactly the same depth dependence as thdfef &hd'3C*80, respectively, s&’O and'O

are equally fractionated with respect'f®. This supports the recent hypothesis that CO photodis-
sociation in the solar nebula is responsible for the anonsaf® and*®0 abundances in meteorites.
Grain growth in circumstellar disks can enhance K{&CO)/N(C''0) andN(*2CO)/N(C*®0) ra-

tios by a factor of ten relative to the initial isotopic abandes.
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5.1 Introduction

Carbon monoxide (CO) is one of the most important molecul@sfronomy. It is second
in abundance only to molecular hydrogerp)tnd it is the main gas-phase reservoir of
interstellar carbon. Because it is readily detectable &ednically stable, CO and its less
abundantisotopologues are the main tracers of the gasipiezpstructure and kinematics
in a wide variety of astrophysical environments (for recexamples, see Dame et al.
2001, Najita et al. 2003, Wilson et al. 2005, Greve et al. 20@%50y et al. 2005, Huggins
et al. 2005, Bayet et al. 2006, Oka et al. 2007 and Narayanaln 2008). In particular,
the pure rotational lines at millimetre wavelengths aremfiised to determine the total
gas mass. This requires knowledge of the COaHundance ratio, which mayftér by
several orders of magnitude from one object to the next (led@l. 1994, Burgh et al.
2007, Parti et al. 2008). If isotopologue lines are used, the isotogiiprenters as an
additional unknown.

CO also controls much of the chemistry in the gas phase andadm gurfaces, and is
a precursor to more complex molecules. In photon-dominagidns (PDRs), dark cores
and shells around evolved stars, the amount of carbon lagkedCO compared with that
in atomic C and C determines the abundances of small and large carbon-cludécules
(Millar et al. 1987, Jansen et al. 1995, Aikawa & Herbst 19B8ywn & Millar 2003,
Teyssier et al. 2004, Cernicharo 2004, Morata & Herbst 20@g) ice on the surfaces
of grains can be hydrogenated to more complex saturatedcoletesuch as C4#OH
(Charnley et al. 1995, Watanabe & Kouchi 2002, Fuchs et &I92Go0 the partitioning of
CO between the gas and grains is important for the overathats composition as well
(Caselli et al. 1993, Rodgers & Charnley 2003, Doty et al.£2@arrod & Herbst 2006).

A key process in controlling the gas-phase abundanééa® and its isotopologues
is photodissociation by ultraviolet (UV) photons. This @avgrned entirely by discrete ab-
sorptions into predissociative excited states; any ptessitntributions from continuum
channels are negligible (Hudson 1971, Fock et al. 1980 dltetzet al. 1987, Cooper &
Kirby 1987). Spectroscopic measurements in the laboratbirycreasingly high spectral
resolution have made it possible for detailed photodisgmei models to be constructed
(Solomon & Klemperer 1972, Bally & Langer 1982, Glassgoldlef.985, van Dishoeck
& Black 1986, Viala et al. 1988, van Dishoeck & Black 1988 edter vDB88), Warin
et al. 1996, Lee et al. 1996). The currently adopted phosodiation rate in the unatten-
uated interstellar radiation field isx21071° s,

Because the photodissociation of CO is a line process, uthgest to self-shielding:
the lines become saturated at%CO column depth of about ¥®cm2, and the pho-
todissociation rate strongly decreases (vDB88, Lee et98l6)l Bally & Langer (1982)
realised this is an isotope-selectiv@eet. Due to their lower abundance, isotopologues
other than?CO are not self-shielded until much deeper into a cloud oeotbject. This
results in a zone where the abundances of these isotopalegeaeduced with respect
to 12CO, and the abundances of atorki€, 1’0 and!®0 are enhanced with respect to
12C and*®0. For example, the €O-2CO and G20-*?CO column density ratios towards
X Per are a factor of five lower than the elemental oxygen @ot@tios (Shéer et al.
2002). Thet*CO-2CO ratio along the same line of sight is unchanged from theeteal

125



Chapter 5 — The photodissociation and chemistry of intdast€O isotopologues

carbon isotope ratio, indicating thi&CO is replenished through low-temperature isotope-
exchange reactions. A much larger sample of sources sNgt#WE€0)/N(*2CO) column
density ratios both enhanced and reduced by up to a factarofelative to the elemen-
tal isotopic ratio (Sonnentrucker et al. 2007, Burgh et @072 Shéer et al. 2007). The
reduced ratios have so far defied explanation, as all modetkqgh that isotope-exchange
reactions prevail over selective photodissociation inghacent clouds.

CO self-shielding has been suggested as an explanatiohdartomalous’O-20
abundance ratio found in meteorites (Clayton et al. 1978yt6h 2002, Lyons & Young
2005, Lee et al. 2008). In cold environments, molecules ssolater (HO) may be en-
hanced in heavy isotopes. This so-called isotope fradiimmarocess is due to theftir-
ence in vibrational energies offD, H;’O and H®0, and is therefore mass-dependent. It
results in'0 being about twice as fractionated'd®. However!’O and*®0 are nearly
equally fractionated in the most refractory phases in nréteso(calcium-aluminium-rich
inclusions, or CAIs), hinting at a mass-independent foation mechanism. Isotope-
selective photodissociation of CO in the surface of theyearcumsolar disk is such a
mechanism, because it depends on the relative abundanttes isbtopologues and the
mutual overlap of absorption lines, rather than on the méskeoisotopologues. The
enhanced amounts 0 and'®0 are subsequently transported to the planet- and comet-
forming zones and eventually incorporated into CAls. Reobservations of?CO, C’O
and G20 in two young stellar objects support the hypothesis of Catgdissociation as
the cause of the anomalous oxygen isotope ratios in CAlst{Sebial. 2009). A crucial
point in the Lyons & Young model is the assumption that thetptissociation rates of
C'70 and CG®0 are equal. Our model can test this at least partially.

Detailed descriptions of the CO photodissociation proeesslso important in other
astronomical contexts. The circumstellar envelopes olvedostars are widely observed
through CO emission lines. The measurable sizes of thesgdop®as are limited primarily
by the photodissociation of CO in the radiation field of barckand starlight (Mamon et al.
1988). Finally, proper treatment of the line-by-line cdmitions to the photodissociation
of CO may drect the analysis of CO photochemistry in the upper atmogst@frplanets
(Fox & Black 1989).

In this chapter, we present an updated version of the ptregodiation model from
vDB88, based on laboratory experiments performed in thetpasty years (Sect. 5.2).
We expand the model to includeé"®© and**C'’O and we cover a broader range of CO
excitation temperatures and Doppler widths (Sects. 5.3ad)d We rederive the shield-
ing functions from vDB88 and extend these also to highertakon temperatures and
larger Doppler widths (Sect. 5.5). Finally, we couple thedeldo a chemical network
and discuss the implications for translucent clouds, PDORiscaccumstellar disks, with a
special focus on the meteoriitO anomaly (Sect. 5.6).

5.2 Molecular data

The photodissociation of CO by interstellar radiation asdhirough discrete absorptions
into predissociated bound states, as first suggested byoH{#i871) and later confirmed
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5.2 Molecular data

by Fock et al. (1980). Any possible contributions from coatim channels are negligible
at wavelengths longer than the Lyman limit of atomic hydmo@eetzelter et al. 1987,
Cooper & Kirby 1987).

Ground-state CO has a dissociation energy of 11.09 eV andeheral interstellar
radiation field is cut f at 13.6 eV, so knowledge of all absorption lines within ttzatge
(911.75-1117.80 A) is required to compute the photodissioti rate. These data were
only partially available in 1988, but ongoing laboratorynwdas filled in a lot of gaps.
Measurements have also been extended to include CO isotppsd, providing more
accurate values than can be obtained from theoreticalpsotelations. Table 5.1 lists
the values we adopt fdfCO.

5.2.1 Band positions and identifications

Eidelsberg & Rostas (1990, hereafter ER90) and Eidelshexg @ 992) redid the experi-
ments of Letzelter et al. (1987) at higher spectral resotudind higher accuracy, and also
for $3CO, Ct®0 and**C'®0. They reported 46 predissociative absorption bands kestwe
11.09 and 13.6 eV, many of which were rotationally resol\éithe of these have a cross
section too low to contribute significantly to the overaisliciation rate. The remaining
37 bands are largely the same as the 33 bands of vDB88; bamab2 @t the latter are
resolved into four and two individual bands, respectivélfaroughout this work, band
numbers refer to our numbering scheme (Table 5.1), unlassimbherwise.

Thanks to the higher resolution and the isotopologue da&R®0Ecould identify the
electronic and vibrational character of the upper statesermaliably than Stark et al. in
vDB88. The vibrational levels are required to compute thsitmms for those isotopo-
logue bands that have not been measured directly. Nine #2B&88 bands (not counting
the previously unresolved bands 1 and 2) have a rewisealue.

The Eidelsberg et al. (1992) positiong Or 1p) are the best available for most bands,
with an estimated accuracy of 0.1-0.5¢mSeven of theit?CO bands were too weak
or diffuse for a reliable analysis, so their positions are accuraligto within 5 cnr?.
Nevertheless, we adopt the Eidelsberg et al. positiondfeetof these: bands 2A, 6 and
14. The former was blended with band 2B in vDB88, and the dtvershow a better
match with the isotopologue band positions if we take theestokrg et al. values. For the
other four weak or dfuse bands, Nos. 4, 15, 19 and 28, we keep the vDB88 positions.
Ubachs et al. (1994) further improved the experiments,inintg an accuracy of about
0.01-0.1 cm?, so we adopt their band positions where available. Fineleyadopt the
even more accurate positions (0.003¢rar better) available for th€1, EO, E1 andLO
bands (Ubachs et al. 2000, Cacciani et al. 2001, 2002, Ga&idbachs 2004}.

Band positions for isotopologues other tHABO are still scarce, although many more
are currently known from experiments than in 1988. TieandE1l bands have been
measured for all six natural isotopologues, and Bfeband for all but**C'’0O, at an
accuracy of 0.003 cm (Cacciani et al. 1995, Ubachs et al. 2000, Cacciani et al1200

1 All transitions in our model arise from the¢’=0 level of the electronic ground state. We use a shorthand tha
only identifies the upper state, wi@l indicating theC 1=+ v'=1 state, etc.

127



N Table 5.1— New molecular data fo?CO2
(03]
Band® ER9C Ao Yo ID v fuo Aot n B, D, w, weX, References
# # A (cn?) (s (cm™) (cm™) & notes
1A 7A  912.70 109564.6 B 0 3.4(3) 1(10) 1.00 1.92 5.9(-5) 2170 13 1;c
1B 7B 913.40 109481.0 ()=t 1 1.7(-:3) 9(10) 1.00 1.83 1.0(-5) 2214 15 1,2:d
1C 7C 91343 109478.0 p®)m 1 1.7(-3) 1(10) 1.00 196 1.0(-4) 2214 15 d
1D 7D 913.67 109449.0 ¥+ 2 27(-2) 9(10) 1.00 1.78 5.4(-5) 2170 13 1,2,3;c
2A 8A 91573 109203.0 (61 O 2.0(-3) 1(11) 1.00 158 6.7(-6) 1563 14 ef
2B 8B 915.97 109173.8 (&)!z* 0 7.9(-3) 1(11) 1.00 1.69 1.0(-4) 2214 15 3;d
3 9A 917.27 109018.9 T 2 23(-2) 5(11) 1.00 1.67 7.2(-5) 2170 13 2:¢
4 9B 919.21 108789.1 €)=t 0 2.8(-3) 1(11) 1.00 214 46(-5) 2214 15 45:d
5 9C 920.14 108679.0 I’(5sr)!z* 1 2.8(-3) 1(11) 1.00 1.91 6.0(-6) 2291 0 g
6 10  922.76 108371.0 )T+ 0 6.3(-3) 3(11) 1.00 1.97 6.3(-6) 2214 15 dh
7 11  924.63 108151.3 3+ 1 52(-3) 1(11) 1.00 1.87 4.0(5) 2170 13 ¢
8 12 925.81 108013.6 W(3sr) 'l 3 2.0(-2) 4(11) 1.00 1.65 1.1(-4) 1745-4  6;g,i
9 13 928.66 107682.3 T 2 6.7(-3) 4(10) 1.00 1.94 3.1(-5) 2170 13 123;c
10 14  930.06 107519.8 m 2 63(-3) 1(11) 1.00 1.82 26(-5) 2170 13 ¢
11 15A 931.07 107402.8 I 0 6.0(-3) 1(11) 1.00 1.65 1.0(-5) 2170 13 ¢
12 15B  931.65 1073359 (@) O 1.2(-2) 3(11) 1.00 1.87 4.3(-5) 2214 15 2;d,]
13 15C  933.06 107174.4 (&)= 0 2.2(-2) 3(10) 1.00 2.13 1.0(-5) 2214 15 1,2:d,i
14 16 935.66 106876.0 ¥+ 2 3.8(-3) 3(11) 1.00 1.95 0.0 2170 13 5;c
15 17  939.96 106387.8 I'(5s0)s* 0 2.1(-2) 1(12) 1.00 2.04 88(-5) 2291 0 4:.gj
16 18  941.17 106250.9 W(3ss) 'l 2 3.1(-2) 1(11) 1.00 1.62 -1.3(-5) 1745 -4  1,6;g,i,k
17 19 94629 105676.3 @)=t O 7.6(-3) 1(11) 1.00 1.90 1.7(-5) 2214 15 1,2,3;d
18 20  948.39 1054423 L(4pr)l 1 2.8(-3) 1(10) 099 196 1.0(-5) 2171 0 g
19 21  950.04 105258.4 H(4pos)lz* 1 22(-2) 1(12) 1.00 1.94  4.4(-5) 2204 O 4 g,
20 22 956.24 104576.6 W(3s0)T 1 1.6(-2) 7(11) 1.00 157 58(-5) 1745-4 6;g
21 24 964.40 103691.7 J(dsr)lTt 1 2.8(-3) 3(11) 1.00 192 9.0(-6) 2236 0 g
22 25  968.32 103271.8 L(4pr)l 0 1.4(-2) 2(9) 096 1.96 7.1(6) 2171 0 789 g,k
23 26 968.88 103211.8 L’'3dr)'m 1 1.2(-2) 2(11) 1.00 175 1.0(-5) 2214 15 12,3,9;dk
24 27  970.36 103054.7 K(4pr) Tt 0 3.4(-2) 2(10) 099 1.92 6.0(-5) 2204 0 1,239 g
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Table 5.1- continued.

Ban® ER9C® Ao Yo ID v fo Aot n B, D, w, weX, References

# # A (cn?) (s (cm™) (cm™) & notes

25 28 972.70 102806.7 W(3sr) I 0 1.7(-2) 1(10) 097 1.57 9.7(5) 1745-4 1,3,6,0,i K

26 29 977.40 1023123 W(3sr) 31 2 1.8(-3) 4(11) 1.00 1.54 8.0(-6) 1563 14 1,2,3:fk

27 30 982.59 101771.7 F(3do)!z* 1 4.8(-4) 3(11) 1.00 1.85 1.4(5 2030 0 g

28 31 985.65 101456.0 J(4sr)!z* 0 15(-2) 1(12) 1.00 1.92 5.1(5) 2236 0 49,

29 32 989.80 101031.0 G(3dr) 1 0 4.6(-4) 1(11) 1.00 1.96 1.1(-5) 2214 15 d

30 33 100259 99741.7 F(3ds)lz* 0 7.9(-3) 3(11) 1.00 1.81 22(-4) 2030 O g

31 37 105171 95082.9 E(3pr)ill 1 3.6(-3) 6(9) 0.96 193 6.6(-6) 2239 43 10,11,12,13;k
32 38  1063.09 94065.6 C(3ps)lrt 1 3.0(-3) 2(9) 056 192 6.3(-6) 2176 15 14,1516

33 39  1076.08 92929.9 E(3pr)lll 0 6.8(-2) 1(9) 0.80 1.95 6.3(-6) 2239 43 13,1517,18;k

References: Ao, vo, ID andVv’ from Eidelsberg et al. (1992) arfgho, Awt, B}, andDy, from ER90, except these: (1) andvo from Ubachs et al. (1994); (Zot from

Notes:
8 Many values are roundedfdrom higher-precision values in the references. The rmat{b) in this and following tables mearzsx 10P.

N — — TOQ - 0 QO O T

Ubachs et al. (1994); (3, andD;, from Ubachs et al. (1994); (4) andvo from vDB88; (5)B;, and Dy, from vDB88; (6) f,»o and Ayt from Eidelsberg et al.

(2006); (7)A0, vo, B}, and D}, from Cacciani et al. (2002); (8ot from Drabbels et al. (1993); (%o from Eidelsberg et al. (2004); (1Q), vo, B, and D},
from Ubachs et al. (2000); (11f).o from Eidelsberg et al. (2006); (12} from Ubachs et al. (2000); (13)s, weX, from Kepa (1988); (14)0, vo, Awt, B}, and
D{, from Cacciani et al. (2001); (15), from Federman et al. (2001); (16}, weX from Tilford & Vanderslice (1968); (17)o, vo, B, and Dy, from Cacciani
& Ubachs (2004); (18Awt from Cacciani et al. (1998).

The numbering follows vDB88. Their bands 1 and 2 are spld four and two components. The corresponding ER90 indieealao given.

wg andweXg from the CO ground state (Guelachvili et al. 19838}y, andwez, (not listed) are included in the model.

w}, andweX,, from the CO" X 2=+ state (Haridass et al. 2000).

B/, andD;, from the CO" A?II state (Haridass et al. 2000).

w}, andweX,, from the CO" AI1 state (Haridass et al. 200@)ey, (not listed) is included in the model.
Vibrational constants derived from thef@irentyvg in one of six vibrational series: bands 30-27, 28-21, 253808, 24-19, 22-18 or 15-5.

B, andD}, from the CO" X2+ state (Haridass et al. 2000).

Aot depends on parity ayat rotational level (see Table 5.3t andn are listed here fod’=0 andf parity.
B, andD{, computed from the &0 values of ER90.
B{, andD;, depend on parity (see Table 5.2); values are listed heré parity.
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Chapter 5 — The photodissociation and chemistry of intdast€O isotopologues

Cacciani & Ubachs 2004). The positions of 6@ band are especially important because
of its key role in the isotope-selective nature of the CO pHisociation (Sect. 5.3.3).
Positions are known at lower accuracy (0.003-0.5%rfor an additional 25 €0, 30
13CO and 9%C*0 bands (Eidelsberg et al. 1992, Ubachs et al. 1994, Cacetaali
2002); these are included throughout.

We compute the remaining band positions from theoretiagbfsc relations. For
bandb of isotopologue, the position is

vo(b,i) = vo(b,*?CO) + [E[(b,i) - E} (X.1)] -
[E/(b,**CO) - E[/(X,**CO)| , (5.1)

with E/ (b, i) andE} (X, i) the vibrational energy of the excited and ground statepae-
tively. Hence, we need the vibrational constamt§, weX;, . ..) for all the excited states
other than th&€ '=*. These have only been determined experimentally foEthg state
(Kepa 1988). For the other states, we employ this scheme:
e ifitis part of a vibrational series (such as band 30, for vattle corresponding =1
band is No. 27), we can derivg, from the diterence inv;
e else, if it is part of a Rydberg series converging to ¥#&* or A2I1 state of CO, we
take those constants (Haridass et al. 2000);
¢ else, we take the constants of ground-state CO (Guelaetali 1983).
The choice for each band and the values of the constantsweeigi Table 5.1.

5.2.2 Rotational constants

The rotational constantd8{ and D;) for each excited state are needed to compute the
positions of the individual absorption lines. ER90 prodds, values for most bands,
at an estimated accuracy of better than 1%. TBgivalues are less well constrained
and may be fi by more than a factor of two. However, this is of little impante for
the low-J lines typically involved in the photodissociation of CO. Maaccurate values
(B, to better than 0.1%D;, to 10% or better) are available for 12 states from higher-
resolution experiments (Eikema et al. 1994, Ubachs et 84 12000, Cacciani et al. 2001,
2002, Cacciani & Ubachs 2004). Again, the data for isotogoés other that?CO are
generally scarce, so we have to compute their constantsfeonetical isotopic relations.
This increases the uncertainty®) to a few per cent. In case of bands 12, 15, 19 and 28,
ER90 reported constants fot®D but not for'?CO, so we employ the theoretical relations
for the latter. We adopt the vDB88 constants for bands 4 anthdeause they are more
accurate than those of ER90. No constants are availableyfdivd?g bands 2A and 6, so
we adopt the constants of the associated Gates A2IT andX 2X*, respectively).

In seven cases, the rotational constants of the P and R b(ampetity) were found
to differ from those of the Q branch (arity; Ubachs et al. 1994, 2000, Cacciani et al.
2002, Cacciani & Ubachs 2004). For these bandsftparity values are given in Table
5.1. Table 5.2 lists the fierence between theande values, defined ag, = B . - B ;
andp, = Dj¢— D ;. The uncertainties i, and p;, are on the order of 1 and 10%,
respectively.
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5.2 Molecular data

Table 5.2— Parity-dependent rotational constants*f@O.

Band q, p,®  Refs?
# (cnmh) (cm™)
16 -2.7(3) — 1
22 2212(-2) 7.9(-6) 2
23 3.0(-2) — 1
25  -7.0(-4) — 1
26 -1.11(-2) — 1
31 1.14(-2) 3.0(-8) 3

33 1.196(-2) 2.1(-7) 4

@ Dashes indicate that no measurement is available, so wé adejue of zero.
b (1) Ubachs et al. (1994); (2) Cacciani et al. (2002); (3) Utsaet al. (2000); (4) Cacciani & Ubachs (2004)

5.2.3 Oscillator strengths

ER90 measured the integrated absorption cross sectigysfor all their bands to a typ-
ical accuracy of 20%, but they cautioned that some valuggadéally for mutually over-
lapping bands, may befdby up to a factor of two. The oscillator strengtis{) derived
from these data areftierent from vDB88 for most bands, sometimes by even more than a
factor of two. In addition, there areftiérences of up to an order of magnitude between the
cross sections 0?CO and those of the other isotopologues for many bands shatsw
of 990 A. The isotopic dferences are likely due in part to theffdiulty in determining
individual cross sections for strongly overlapping barulg,isotope-selective oscillator
strengths in general are not unexpected. For example, they also observed recently
in high-resolution measurements of KG. Stark, priv. comm.). For CO, the oscillator
strengths depend on the details of the interactions bettheeh, v’ levels of the excited
states and other rovibronic levels. These interactiortsirim depend on the energy levels,
which are diferent between the isotopologues. We adopt the isotopetisel@scillator
strengths where available. In case of transitions whersatojpic data exist, we choose to
take the value of the isotopologue nearest in mass. This tfieeclosest match in energy
levels and should, in general, also give the closest matokdillator strengths, which to
first order are determined by the Franck-Condon factors.

For ten of our bands, we adopt oscillator strengths fromistuthat aimed specifically
at measuring this parameter (Federman et al. 2001, Eidglehbal. 2004, 2006). Their
estimated accuracy is 5—15%. The oscillator strength fEthband from Federman et al.
(2001) is almost twice as large as that of vDB88 and ER90, vgpears to be due to an
inadequate treatment of saturatidfeets in the older work. The 2001 value corresponds
well to other values derived since 1990. Federman et al. raksasured the oscillator
strength of the weake€l band and found it to be the same, within the error margins,
as that of vDB88 and ER90. Recent measurements oKihelL0 andE1 transitions
and the foulWV transitions show larger oscillator strengths than thosd#88 and ER90
(Eidelsberg et al. 2004, 2006). The new values correspaselyl to those of Stiker et al.
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(2003), who derived oscillator strengths for eight band§ting a synthetic spectrum to
Far Ultraviolet Spectroscopic Explorer (FUSE) data takevetrds the star HD 203374A.
Lastly, the Eidelsberg et al. (2004) value for thel band is 33% lower than that of
vDB88, but very similar to those of ER90 and $lee et al. (2003), so we adopt it as well.

We compute the oscillator strengths of individual linestesgroduct of the appropri-
ate Honl-London factor and the oscillator strength of theesponding band (Morton &
Noreau 1994). Significant departures from Honl-Londongrvatt have been reported for
many N lines, sometimes even for the lowest rotational levelsri&aal. 2005, 2008).
The oscillator strength measured in one particulabBnd for the P(22) line was twenty
times stronger than that for the P(2) line, due to strong mghxaf the upper state with a
nearby Rydberg state. For other bands where deviationsHtant-London factors were
observed, thefect was generally less than 50%Jat10. Similar deviations are likely to
occur for CO, but a lack of experimental data prevents us frmtading this in our model.
Note, however, that large deviations are only expectedgecific levels that happen to
be strongly interacting with another state. Many hundrddevels contribute to the pho-
todissociation rate, so thdfect of some erroneous individual line oscillator strengshs
small.

5.2.4 Lifetimes and predissociation probabilities

Upon excitation, there is competition between dissocéadind radiative decay. A band’s
predissociation probability;§ can be computed if the upper state’s total and radiative
lifetimes are known:np = 1 — 1yt/Trag-  ER90 reported total lifetimes (A for all
their bands, but many of these are no more than order-of-inagnestimates. Higher-
resolution experiments have since produced more accuattes/for 17 of our bands
(Ubachs et al. 1994, 2000, Cacciani et al. 1998, 2001, 20@z|dberg et al. 2006).
In several cases, values thatfdr by up to a factor of three are reported foffelient
isotopologues. Where available, we take isotope-spedfices. Otherwise, we follow
the same procedure as for the oscillator strengths, andhakealue of the isotopologue
nearest in mass.

The total lifetimes of some upper states have been shownpendkon the rotational
level (Drabbels et al. 1993, Ubachs et al. 2000, Eidelsbeai. €006). In case ofIl
states, a dependence on parity was sometimes observed ag/@hclude theseféects
for the five bands in which they have been measured (Table 5.3)

Recent experiments by Chakraborty et al. (2008) suggésiisedependent photodis-
sociation rates for th&0, E1, KO andW2 bands. These have been interpreted to imply
different predissociation probabilities of individual linddtte various isotopologues due
to a near-resonance accidental predissociation proces#gaiSeffects have been reported
for CIO; and CQ (Lim et al. 1999, Bhattacharya et al. 2000). In this proctsspound-
state levels into which the UV absorption takes place do woipte directly with the
continuum of a dissociative state. Instead, they first fearsopulation to another bound
state, whose levels happen to lie close in energy. For th&eCGtate, this process was
rotationally resolved by Ubachs et al. (2000) for all nallyraccurring isotopologues and
shown to be due to spin-orbit interaction with th&ll v'=6 state, which in turn couples
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5.2 Molecular data

Table 5.3— Parity- and rotation-dependent inverse lifetimes'f@oO.

Band Ao 12 Aot RefsP
# (sh (s

8 3.6(11)4.0(9x 1.6(11y1.3(10x 1
1 3.4(10)+7.3(10x — 2
16 1.0(11¥1.8(9%  1.0(11)3.4(9% 1
22 1.83(9) 1.91(91.209x 3
25  1.2(10) 1.2(10)2.4(9K 1

a x stands ford’ (3’ + 1).
b (1) Eidelsberg et al. (2006); (2) Ubachs et al. (1994); (Jtbels et al. (1993).
¢ This is al=* upper state, so there is no distinction betweemd f parity.

with a repulsive state. The predissociation rates oBhestate are found to increase sig-
nificantly due to this process, but only for specifidevels that accidentally overlap. For
example, interaction occurs at=7, 9 and 12 for*?CO, but atJ’=1 and 6 for'3C!80.
Since the dissociation probabilities for thel state due to direct predissociation were
already highy; = 0.96, this increase in dissociation rate only has a very miti@ce
(Cacciani et al. 1998). Moreover, under astrophysical gt a range ofl’ values are
populated, so that thdfect of individual levels is diluted. Since Chakraborty etditl
not derive line-by-line molecular parameters, we cannstlg@corporate their results
into our model. In Sect. 5.6.3, we show that our results dachahge significantly when
we include the proposedfects in an ad-hoc way.

The radiative lifetime of an excited state is a sum over theagénto all lower-lying
levels, including theAIT and B1L+* electronic states and the0 levels of the ground
state. The total decay rate to the ground state is obtaineslibyming the oscillator
strengths from Table 5.1 for each vibrational series (Mo&Noreau 1994, Cacciani
et al. 1998). Theoretical work by Kirby & Cooper (1989) shaWwat transitions to elec-
tronic states other than the ground state contribute al¥éuifthe overall radiative decay
rate for theC state and about 8% for the state. No data are available for the excited
states at higher energies. Fortunately, the radiativeydeta from these higher states to
the ground state is small compared to the dissociation sat@n uncertainty o£10%
does not fect then values.

The predissociation probabilities thus computed are jmatt identical to those of
vDB88: the largest dierence is a 10% decrease for @kband. This is due to the larger
oscillator strength now adopted.

There have been suggestions that@lestate can also contribute to the photodissocia-
tion rate. Cacciani et al. (2001) measured upper-stateniés in theCO andC1 states for
several CO isotopologues. For tiie-0 state of*CO they found a total lifetime of 1770
ps, consistent with a value of 1780 ps #6€0, but diferent from the lifetime of 1500 ps
in 13C80. Although the three values agree within the mutual unigits of 10-15% on
each measurement, Cacciani et al. suggested that the siespaeiest>C'80, has a pre-
dissociation yield ofy = 0.17 rather than zero if the measurements are taken at face valu
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and if the radiative lifetime of th€0 state is presumed to be 1780 ps for all three species.
The accurate absorption oscillator strength measured dgriean et al. (2001) for the
CO0 band, 0123+ 0.016, implies a radiative lifetime that can be no longer th&&8lps

at the lower bound of measurement uncertaintf;ifi Taken together, the lifetime mea-
surements of Cacciani et al. and the absorption measursmEReéderman et al. favour a
conservative conclusion that the dissociation yield i® Zer each of these three isotopo-
logues. We assume ti0 band is also non-dissociative it@©, C80 and'3C'’0; this

is consistent with earlier studies (e.g., vDB88, ER90, Mi& Noreau 1994).

5.2.5 Atomic and molecular hydrogen

Lines of atomic and molecular hydrogen (H ang) Hbrm an important contribution to
the overall shielding of CO. As in vDB88, we include H Lymands up tan=50 and H
Lyman and Werner lines (transitions to tBéx; andC 1, states) from the”’=0, J”"=0—
7 levels of the electronic ground state. We adopt the lindtipas, oscillator strengths
and lifetimes from Abgrall et al. (1993a,b), as compiledtfoe freely available Mupon
PDR code (Le Bourlot et al. 1993, Le Petit et al. 2002, 2G06round-state rotational
constants, required to compute the level populations, doone Jennings et al. (1984).

5.3 Depth-dependent photodissociation

5.3.1 Default model parameters

The simplest way of modelling the depth-dependent phasodiation involves dividing
a one-dimensional model of an astrophysical object, iatedi only from one side, into
small steps, in which the photodissociation rates can heaasd constant. We compute
the abundances from the edge inwards, so that at each stepowetlke columns of CO,
H, H, and dust shielding the unattenuated radiation field.

Following vDB88, Le Bourlot et al. (1993), Lee et al. (1996)d_e Petit et al. (2006),
we treat the line and continuum attenuation separatelye&ohn of our 37 CO bands, we
include all lines originating from the first ten rotationavels §”’=0-9) of thev’=0 level
of the electronic ground state. That results in 855 linedgmopologue. In addition, we
have 48 H lines and 444 Hines, for a total of 5622. We use an adaptive wavelength
grid that resolves all lines without wasting computatiotime on empty regions. For
typical model parameters, the wavelength range from 91tb.7517.80 A is divided into
~47 000 steps.

We characterise the population distribution of CO over thational levels by a single
temperatureTe(CO). The B population requires a more detailed treatment, because
UV pumping plays a large role for th#’>4 levels (van Dishoeck & Black 1986). We
populate the)”=0-3 levels according to a single temperatirg(H,), and adopt fixed
columns of 4x 10%, 1x 10, 2 x 10 and 1x 10 cm2 for J”=4-7. This reproduces
observed translucent cloud column densities to within &ofaaf two (van Dishoeck &

2 httpy/aristote.obspm MIS/pdypdrl.html
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Black 1986 and references therein). T}e-4 population scales with the UV intensity,
so we re-evaluate this point for PDRs and circumstellardisiSects. 5.6.2 and 5.6.3.

The line profiles of CO, Bland H are taken to be Voigt functions, with default Doppler
widths @) of 0.3, 3.0 and 5.0 knT$, respectively. We adopt Draine (1978) as our standard
unattenuated interstellar radiation field.

5.3.2 Unshielded photodissociation rates

We obtain an unshielded CO photodissociation rate.®&2101° s™1. This rate is 30%
higher than that of vDB88, due to the generally larger ostwill strengths in our data set.
The new data for bands 33 and 24 (E@andKO transitions) have the largedtect: they
account for 63 and 21% of the overall increase. Clearly, #te depends on the choice
of radiation field. If we adopt Habing (1968), Gondhalekaale{1980) or Mathis et al.
(1983) instead of Draine (1978), the photodissociatiombacomes 2.0, 2.0 or< 10710

s71, respectively. The same relativeffdrences between these three fields were reported
by vDB88.

5.3.3 Shielding by CO, H and H

Self-shielding, shielding by H, fand the other CO isotopologues, and continuum shield-
ing by dust all reduce the photodissociation rates insidewdoor other environment rel-
ative to the unshielded rates. For a given combination afrooldensitiesN) and visual
extinction (Ay), the photodissociation rate for isotopologug

ki = xko,i®; expyAv), (5.2)

with y a scaling factor for the UV intensity arld; the unattenuated rate in a given ra-
diation field. The shielding functio®; accounts for self-shielding and shielding by H,
H, and the other CO isotopologues; tabulated values for typicalel parameters are
presented in Table 5.5. The dust extinction term, exp{,), is discussed in Sect. 5.3.4.
Equation (5.2) assumes the radiation is coming from allatioes. If this is not the case,
such as for a cloud irradiated only from one sikig,should be reduced accordingly.

For now, we ignore dust shielding and compute the depth+ibgre dissociation rates
due to line shielding only. Our test case is the centre of tffegk cloud towards the star
£ Oph. The observed column densities of H, HCO and**CO are 52x 1070, 4.2x 10,
2.5x10% and 15x 10" cm? (van Dishoeck & Black 1986, Lambert et al. 1994), and we
take G’0, Ct®0, 13C!70 and*3C'®0 column densities of.4 x 10, 1.6 x 102, 5.9x 10°
and 23x 10 cm?, consistent with observational constraints. For the esoitthe cloud,
we adopt half of these values. We 5(E0) = 0.48 km s andT.(CO) = 4.2 K (Shefer
et al. 1992), and we populate the kbtational levels explicitly according to the observed
distribution. The cloud is illuminated by three times theae field § = 3).

Table 5.4 lists the relative contribution of the most impaitbands at the edge and
centre for each isotopologue, as well as the overall phssodiation rate at each point.
The column densities are small, but isotope-selectivddihigalready occurs: th#CO
rate at the centre is lower than that of the other isotopaeadpy factors of three to six.
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Table 5.4— Relative and absolute shieldinffects for the ten most important bands in th@ph cloud?

Band 33 28 24 23 22 20 19 16 15 13 Tétal
Ao (R)P 1076.1 985.6 970.4 968.9 968.3 956.2 950.0 941.2 940.0 933.1

lZCO
Edge (%] 322 47 8.7 3.0 3.6 3.4 4.3 5.1 35 3.1 7.8(-10)
Centre (%) 2.8 0.4 5.7 9.3 0.8 12.1 13.8 6.1 11.0 7.0 7.5(-11)
Shielding 0.0084 0.0072 0.063 0.30 0.022 0.34 0.31 0.12 0.30 0.22 0.10

c'’0
Edge (%) 32.0 4.7 8.7 3.0 3.6 34 4.3 51 3.5 3.1 7.8(-10)
Centre (%) 22.0 0.1 5.3 3.5 0.8 8.7 10.3 14.2 9.1 2.4 2.4(-10)
Shielding 0.21 0.0067 0.19 0.36 0.065 0.79 0.74 0.85 0.81 30.2 031

ct®o
Edge (%) 315 5.1 6.2 15 49 37 47 5.2 38 34 7.2(-10)
Centre (%) 35.3 0.1 4.7 2.6 7.8 3.3 7.7 8.1 5.9 3.0 3.7(-10)
Shielding 0.58 0.0067 0.39 0.88 0.82 0.46 0.83 0.80 0.81 0.450.52

13CO
Edge (%) 28.1 6.5 8.3 1.8 5.2 3.4 4.3 4.9 3.9 2.4 7.8(-10)
Centre (%) 18.5 0.0 5.3 4.4 11.2 41 10.7 4.4 9.1 0.8 2.8(-10)
Shielding 0.23 0.0007 0.23 0.87 0.76 0.42 0.87 0.32 0.83 0.130.35

13cl7o
Edge (%) 28.0 6.3 8.3 1.8 5.2 34 43 49 39 24 7.8(-10)
Centre (%) 325 0.0 7.4 2.9 75 5.0 7.2 8.5 6.1 1.0 4.2(-10)
Shielding 0.63 0.0007 0.48 0.88 0.79 0.78 0.91 0.94 0.85 0.240.54

13cl80
Edge (%) 30.1 7.0 5.9 15 47 36 4.4 5.0 4.0 2.4 7.5(-10)
Centre (%) 39.0 0.0 5.8 2.4 5.7 1.7 7.5 8.5 6.3 1.7 4.1(-10)
Shielding 0.71 0.0007 0.54 0.87 0.67 0.26 0.92 0.94 0.85 0.380.55

sanbojodolos! Q@isequl Jo Ansiwayd pue uoneloossipoloyd ayl — g Jardeyd



5.3 Depth-dependent photodissociation

The EO band is the most important contributor at the edge. Thisalss found by
vDB88, and the higher oscillator strength now adopted méla@sen stronger. Going to
the centre, it saturates rapidly fCO: its absolute contribution to the total dissociation
rate decreases by two orders of magnitude, and it goes frestithngest band to the 12th
strongest band. The five strongest bands at the centre asartteeas in vDB88: Nos. 13,
15, 19, 20 and 23.

Figure 5.1 illustrates the isotope-selective shieldinge Teft panel is centred on the
R(1) line of theEO band (No. 33 from Table 5.1). This line is fully saturated380 and
the relative intensity of the radiation fieldl/(o, with Io the intensity at the edge of the
cloud) goes to zerot3CO and G20 also visibly reduce the intensity, tglg = 0.50 and
0.72, but the other three isotopologues are not abundaniéno do so. Consequently,
these three are not self-shielded in th®ph cloud, but they are shielded BRCO, *CO
and G80. The weaker shielding 3fC’0 and'3C*0 in theEO band compared to'¢0
is due to their lines having less overlap with #8€0 lines.

The right panel of Fig. 5.1 contains the R(0) line of @ band (No. 20), with the
R(1) line present as a shoulder on the red wing. Also visibldhé saturate@13 R(2)
line of H, at 956.58 A. ThéV1 band is weaker than tHe0 band, sd?CO is the only
isotopologue to cause any appreciable reduction in thatiadifield and to be (partially)
self-shielded. The shielding of the other five isotopolagigedominated by overlap with
the>?CO and H lines. This figure also shows the need for accurate line iposit if the
13C180 line were shifted by 0.1 A in either direction, it would nantger overlap with the
H> line and be less strongly shielded. Note that the positicghe#1 band has only been
measured fot?CO, 13CO and G20, so we have to compute the position for the other
isotopologues from theoretical isotopic relations. Thasises the €0 line to appear
longwards of the &0 line.

5.3.4 Continuum shielding by dust

Dust can provide a very strong attenuation of the radiatielal fi This dfect is largely
independent of wavelength for the 912—-1118 A radiationlalsse to dissociate CO, so it
affects all isotopologues to the same extent. It can be exprassan exponential function
of the visual extinction, as in Eq. (5.2). For typical intetkar dust grains (radius of 0.1
um and optical properties from Roberge et al. 1991), the etitin codficienty is 3.53
for CO (van Dishoeck et al. 2006). Larger grains have lesigpa the UV and do
not shield CO as strongly. For ice-coated grains with a madius of 1um, appropriate
for circumstellar disks (Jonkheid et al. 2006), the eximttodiicient is only 0.6. The
effects of dust shielding are discussed more fully in Sect. 5.6.

Table 5.4— footnotes.

See the text for the adopted column densities, Doppler widtkcitation temperatures and radiation field.
12CO band head position.

Total photodissociation rate insat the edge and the centre, and the shielding factor at theecen
Relative contribution per band to the overall photodisatien rate at the edge and the centre of the cloud.
Shielding factor per band: the absolute contribution attémre divided by that at the edge.

® QO 0T o
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Figure 5.1— Relative intensity of the radiation fieldi/{o) and intrinsic line profiles for the six CO
isotopologuesd, in arbitrary linear units) at the centre of th€®ph cloud in two wavelength ranges.

Photodissociation of CO may still take place even in hightyreted regions. Cosmic
rays or energetic electrons generated by cosmic rays cate é%g allowing it to emit
in a multitude of bands, including the Lyman and Werner systéPrasad & Tarafdar
1983). The resulting UV photons can dissociate CO at a rasdotit 10%° s (Gredel
et al. 1987), independent of depth. That is enough to inerédas atomic C abundance
by some three orders of magnitude compared to a situatiomenthe photodissociation
rate is absolutely zero. The cosmic-ray—induced photodiation rate is sensitive to the
spectroscopic constants of CO, especially where it cosdbmoverlap between CO and
H> lines, so it would be interesting to redo the calculationS&oddel et al. with the new
data from Table 5.1. However, that is beyond the scope ofttiapter.

5.3.5 Uncertainties

The uncertainties in the molecular data are echoed in theehtedults. When coupled
to a chemical network, as in Sect. 5.6, the main observabtatuped by the model are
the column densities of the CO isotopologues for a giverophiysical environment. The
accuracy of the photodissociation rates is only relevaat specific range of depths; in
the average interstellar UV field, this range runs fromAgrof ~0.2 to~2 mag. Photo-
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processes are so dominant at lower extinctions and so slbwgla¢r extinctions that the
exact rate does not matter. In the intermediate regime, thetlabsolute photodissocia-
tion rates and the ffierences between the rates for individual isotopologuesgrertant.
The oscillator strengths are the key variable in both casdgleese are generally known
rather accurately. Taking account of the experimental daicgies in the band oscillator
strengths and of the theoretical uncertainties in computie properties for individual
lines, and identifying which bands are important contribbs{ Table 5.4), we estimate the
absolute photodissociation rates to be accurate to ab&at Zhis error margin carries
over into the absolute CO abundances and column densitidsfa, ~ 0.2—2 mag range
when the rates are putinto a chemical model. The accuradyemates and abundances of
the isotopologues relative to each other is estimated tdbata 0% when summed over
all states, even when we allow for the kind of isotofieets suggested by Chakraborty
et al. (2008).

5.4 Excitation temperature and Doppler width

The calculations of vDB88 were only done for low excitatiemperatures of CO and,H
Here, we extend this work to higher temperatures, as redjfiirePDRs and disks, and
we re-examine theffect of the Doppler widths of CO, +and H on the photodissociation
rates. We first treat four cases separately, increasingrélith(CO), b(CO), Tex(H2) or
b(H2). At the end of this section we combine thes$iets in a grid of excitation temper-
atures and Doppler widths. As a template model we take theecehthe/ Oph cloud,
with column densities and other parameters as describeglin 53.3.

5.4.1 IncreasingTe(CO)

As the excitation temperature of CO increases, additiastational levels are populated
and photodissociation is spread across more lines. FiguPeand 5.3 visualise this for
band 13 of'2CO. At 4 K, only four lines are active: the R(0), R(1), P(1) &@) lines
at 933.02, 932.98, 933.09 and 933.12 A. The R(0) and P(13 lame both fully self-
shielded at the line centre. Going to 16 K, the R(0) line ladesut 70% of its intrinsic
intensity and ceases to be self-shielding. In addition,R(®), P(3) and highed-lines
start to absorb. The combination of less saturated Jdimes and more active highekr-
lines yields a 39% higher photodissociation rate at 16 K camagto 4 K.

A higher CO excitation temperature has the same favourdiaetdéor'3CO, which is
partially self-shielded at the centre of th®©ph cloud. Its photodissociation rates increase
by 16% when going from 4 to 16 K. 80 is also partially self-shielded, but less so than
13CO, so the favourablefiect is smaller. At the same time, it f8ers from increased
overlap by*?CO. The net result is a small increase in the photodissociatite of 0.2%.

The two heaviest isotopologué$C'’O and3C*®0, are not abundant enough to be
self-shielded. Theid”’ <2 lines generally have little overlap with the correspodfCO
lines, especially in thé&€0 band near 1076 A. This band, whose lines are amongst the
narrowest in our data set, is the strongest contributoregtiotodissociation rate at the
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Figure 5.2 — lllustration of the &ect of increasingl(CO) (left) or b(CO) (right) in our Oph
cloud model (Sect. 5.3.3). Top: relative intensity of thdiasion field, including absorption by
12CO only. Middle: intrinsic line profile for band 13 (933.1 Aj £CO. Bottom: photodissociation
rate per unit wavelength, multiplied by a constant as irtdita

centre of the cloud fol*C’0O and'3C80 (Table 5.4). In fact, its narrow lines are part of
the reason it is the strongest contributor. THe-3 and 4 lines that become active at 16 K
do have some overlap witRCO. Without the favourableffect of less self-shielding, this

causes the photodissociation rate 2’0 and'*C*80 to decrease for higher excitation
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Figure 5.3— lllustration of the &ect of increasing «x(H-) (left) or b(H,) (right) in our Oph cloud
model (Sect. 5.3.3). Top: relative intensity of the radiatfield, including absorption by tbnly.
Middle: intrinsic line profile for band 30 (1002.6 A) 4fCO. Bottom: photodissociation rate per
unit wavelength, multiplied by a constant as indicated.

temperatures. The change is only small, though: 0.4%%®Y O and 2% for*C'80.
Finally, C’O experiences an increase of 18% in its photodissociati@n tts lines

lie closer to those of?CO than do thé3C'’O and3C*0 lines, so it is generally more

strongly shielded. At 4 K, most of the shielding is due to tarigated R(0) lines dfCO.
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These become partially unsaturated at highgfCO), so the corresponding R(0) lines of
C’0 become a stronger contributor to the photodissociatitey even though the shift
towards higher lines make them intrinsically weaker. Overall, increasipg CO) from

4 to 16 K thus results in a highef@ photodissociation rate.

5.4.2 Increasingb(CO)

The width of the absorption lines is due to Doppler broadgmind natural (or lifetime)
broadening. The integrated intensity in each line rem&éiasame wheh(CO) increases,
so a larger width is accompanied by a lower peak intensitye fEsulting reduction in
self-shielding then causes a highé€O photodissociation rate, as shown in Fig. 5.2 for
band 13. However, thefiect is rather small because the Doppler width is smaller than
the natural width for most lines at typichlvalues. Natural broadening is the dominant
broadening mechanism upCO) ~ 6 x 1012Ay;, with both parameters in their normal
units. The R(0) line of band 13 has an inverse lifetime 8110 s (Tables 5.1 and
5.3), so Doppler broadening becomes important at about 1-knFsom 0.3 to 3 km &',
asin Fig. 5.2, the line width only increases by a factor of Ingegrated over all lines, the
12CO photodissociation rate becomes 26% higher.

The rates of the other five isotopologues decrease alond(@i®) interval due to
increased shielding by thEO lines of?CO. With an inverse lifetime of only % 10°
s™1, Doppler broadening is this band’s dominant broadeninghaeism in the regime of
interest. A tenfold increase in the Doppler parameter froét6 3 km s? results in a
nearly tenfold increase in the line widths. At 0.3 knt,sthe EO lines of*2CO are still
suficiently narrow that they do not strongly shield the linestaf bther isotopologues.
This is no longer the case at 3 kmts 13CO still benefits somewhat from reduced self-
shielding in other bands, but it is not enough to overcomeehdeced strength of tHe0
band, and its photodissociation rates decrease by 2%. Tneate is 13% for £0 and
26-28% for the remaining three isotopologues. The relgtsmall decrease for €0 is
due to itsEQ band being already partially shielded 3O at 0.3 km s!, so the stronger
shielding at 3 km st has less of anféect.

5.4.3 IncreasingTex(H>) or b(H»)

Increasing the excitation temperature of, lhile keeping the CO parameters constant,
results in a decreased photodissociation rate for all sbologues. The cause, as illus-
trated in Fig. 5.3, is the activation of more lines. AtTe(H2) = 10 K, the R(1) line of
the B8 band at 1002.45 A is very narrow and does not shieldFéand (No. 30) of the
CO isotopologues. (The continuum-like shielding visilid=ig. 5.3 is due to the strongly
saturated38 R(0) line at 1001.82 A.) It becomes much more intense at 3@dvadens
due to being saturated, thereby shielding part ofRBdand. The same thing happens to
other CO bands, resulting in an overall rate decrease oP®b66- There is no particular
trend visible amongst the isotopologues; the magnitudeefdte change depends purely
on the chance that a given CO band overlaps with afirté.
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Similar decreases of one or two percent in the CO photodetsoe rates are seen
when the H Doppler width is changed from 1 to 10 km's As the H lines become
broader, the amount of overlap with CO increases acrosattire &avelength range. As
an example, Fig. 5.3 shows again the 1002.0-1002.8 A regjoexe theB8 R(1) line of
H, further reduces the contribution of tié® band to thé2CO photodissociation rate.

5.44 Gridof Tegandb

We now combine the four individual cases into a grid of exmtatemperatures and
Doppler widths to see how they influence each otfiggCO) is raised from 4 to 512 K
in steps of factors of two. The’=1 vibrational level ofCO lies at 2143 cm" above
thev’=0 level, so it starts to be thermally populated~&00 K. No data are available
on dissociative transitions out of this level, so we choaoseta go to higher excitation
temperatures. We increase the range of rotational levets d(p=39, at 2984 cm* above
the J”=0 level for?CO. At T¢,(CO) = 512 K, the normalised population distribution
peaks at)’=9 and decreases to/x 10™° at J”=39. The H excitation temperature is
set to [Tex(CO)J*® to take account of the fact that its critical densities farthalisation
are lower than those of CO. Where necessary, absorptionthtiaal levels above our
normal limit of J”=7 and by non-zero vibrational levels is taken into accoumt{f@wski
1984, Abgrall et al. 1993a,b). All frovibrational levels are strictly thermally populated;
no UV pumping is included. The grid is run for CO Doppler wislthf 0.1, 0.3, 1.0 and
3.2 km s; we setb(H,) = V14b(CO) andb(H) = V28b(CO), corresponding to the
differences appropriate for thermal broadening.

The top set of panels in Fig. 5.4 shows the photodissociatitsnof the six isotopo-
logues at the centre of theOph cloud as a function of excitation temperature for the
different Doppler widths. The rates are normalised to the ratekat The'2CO rate in-
creases from 4 to 16 K, as described in Sect. 5.4.1. At higgmpeératures the increased
overlap with B lines takes over and the rate goes down. As long as the CCasgait
temperature is less tharl 00 K, the'?CO rate remains constant upliCO) = 0.3 km s*
and increases a%CO) goes from 0.3 to 3.2 knt’ (bottom part of Fig. 5.4). At higher
temperatures there is so much shielding byttt reduced self-shielding in the CO lines
has no discernibleffect on the rate. Instead, the rate goes down Witlue to stronger
shielding by the broadened,Hnes.

Thel3CO rate also increases initially witfe,(CO) and then goes down as shield-
ing takes over. The rate increases frbgC0O) = 0.1 to 0.3 km s?, but decreases for
higher values as described in Sect. 5.4.2. For the remafaingsotopologues, the plot-
ted curves likewise result from a combination of weakerlslivig by 2CO and stronger
shielding by H. At CO excitation temperatures between 4 and 8 K, the ragsally
change by a few per cent either way. Going to higher temperstall rates decrease
monotonically. Likewise, the rates generally decreasatda/higheb(CO) values.

A change in behaviour is seen when increadiggCO) from 256 to 512 K. Itis at this
point that thev”>0 levels of H become populated. Less energy is now needed to excite
H, to the B andC states, so absorption shifts towards longer wavelengths dauses
even stronger shielding in the heavy CO isotopologues, fmmtheEO band at 1076 A
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ki(Tey:b)/ki(4 K, b)

ki(Tex’b)/ki(Tex’ 0.1 km S_l)

Figure 5.4— Top: photodissociation rate of the CO isotopologues asetifon of excitation tem-
perature, normalised to the rate at 4 K, at fodfedient Doppler widths, for parameters correspond-
ing to the centre of th& Oph difuse cloud. Bottom: photodissociation rates as a function of
Doppler width, normalised to the rate at 0.1 km,sat four diferent excitation temperatures. The
other model parameters are as in Sect. 5.3.3, exufép) = V14b(CO), b(H) = v280(CO) and
Tex(Hz2) = [Tex(co)]l's-
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Figure 5.5— As Fig. 5.4, but with all rates normalised to tH€O rate.
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Chapter 5 — The photodissociation and chemistry of intdast€O isotopologues

is still an important contributor to the photodissociatiate, at least as long d§CO)
does not exceed 0.3 km's TheEO band is strongly self-shielded tACO (Table 5.4), so

the shift of the H absorption to longer wavelengths does not reduce its darion by
much. In fact, the weaker Habsorption at shorter wavelengths allows for an increased
contribution of bands like Nos. 13 and 16 at 933 and 941 A, iogus net increase in
the 12CO photodissociation rate from 256 to 512 K. The situatioanges somewhat
when the CO Doppler width increases to 1.0 kther more. TheEQ band of the heavy
isotopologues is now much less of a contributor, because shielded by the broader
12CO lines. The shifting K absorption does not cause any additional shielding, so the
rates remain almost the same. Furthermore, thérés are also broader and continue to
shield the!>CO bands at shorter wavelengths, preventing its photociistson rate from
increasing like it does in the lolw-cases.

The main astrophysical consequence becomes clear wherowatithe dissociation
rates of the five heavier isotopologues with respect to th&@0. Figure 5.5 shows this
ki/k(*2CO) ratio as a function of¢,(CO) andb(CO). The ratios generally decrease with
both parameters: a higher excitation temperature and arl&gppler width both cause
less self-shielding if?CO, so the rate dlierences between the isotopologues become
smaller. Shielding by Klincreases at the same time, further reducing theminces
between the isotopologues. This means that photodisgwtiat CO is more strongly
isotope-selective in cold sources than in hot sources.

5.5 Shielding function approximations

It is unpractical for many astrophysical applications tatlde full integration of all 5622
lines in our model every time a photodissociation rate isimegl. Therefore, we present
approximations to the shielding functio®sntroduced in Eq. (5.2). The approximations
are derived for several sets of model parameters and am aaloss a wide range of
astrophysical environments (Sect. 5.5.2).

5.5.1 Shielding functions on a grid ofN(CO) and N(H,)

The transition from atomic to molecular hydrogen occurs imeioser to the edge of the
cloud than the €-C-CO transition, so the column density of atomic H is roygiunstant
at the depths where shielding of CO is important. In addjtibshields CO by only a few
per cent. Therefore, it is a good approximation to compugestiielding functions on a
grid of CO and H column densities, while taking a constant column of H. Iiiisient
to express the shielding of all CO isotopologues as a funaifdN(*?CO), because self-
shielding of the heavier CO isotopologues is a smfka compared to shielding by
2co.

Table 5.5 presents the shielding functions in the same mmasneDB88 did, but for
somewhat dferent model parameter(CO) = 0.3 instead of 1.0 km3, T(CO) = 5
instead of 10 K, an@ex(H,) = 5*° instead of 16° K. The present parameters correspond
more closely to what is observed inflilise and translucent clouds. The column density

146



5.5 Shielding function approximations

ratios for the six isotopologues are kept constant at theneial isotope ratios from
Wilson (1999): [2C]/[*3C] = 69, [°0]/[*®0] = 557 and {20]/[*'O] = 3.6. A small
column of 52x 10* cm~2 of H, at J”=4-7 is included throughout (except at IN(H.) =
0) to account for UV pumping (Sect. 5.331)Shielding functions for larger values bf
andTey and for other isotope ratios are given in the online appetudike paper that this
chapter is based on (Visser et al. 2009). For ease of use, weedlsn set up a webpate
where the shielding functions can be downloaded in plaih figemat. This webpage
offers shielding functions for a wider variety of parametegsitis possible to include in
this chapter or the paper. In addition, it uses a gridN¢*CO) andN(H,) values that is
five times finer than the grid in Table 5.5, allowing for more@@te interpolation.

For column densities of up to 20cm2 of CO and 18' cm 2 of H,, our shielding
functions are generally within a few per cent of the vDB88uesl when corrected for
the diference inb andTey. Larger diterences occur for larger columns: we predict the
shielding to be five times weaker B{CO) = 10*° cm™? and more than a hundred times
stronger alN(H,) = 107 cm 2. The 912-1118 A wavelength range was divided into 23
bins by vDB88, and most lines were included only in one birpieesl up the computation.
We integrate all lines over all wavelengths. As the linesgaingly saturated at high
column depths, absorption in the line wings becomes impbriiehus, H lines can cause
substantial shielding over a range of more than 10 A, whileli@&s may still absorb
several A away from the line centre. The binned integrati@hmd of vDB88 did not
take thesefects into account, so they underpredicted shielding aelbebgcolumns and
overpredicted shielding at large CO columns (Fig. 5.6)httidd be noted, however, that
photodissociation at these depths is typically already®e a process that it is no longer
the dominant destruction pathway for CO. In addition, ada@D column is usually
accompanied by a large;i¢olumn, so the twofects partially cancel each other.

5.5.2 Comparison between the full model and the approximatins

Despite being computed for a limited number of model paramnsethe shielding func-
tions from Table 5.5 and the online appendix to Visser eP8l00) provide a good approx-
imation to the rates from the full model for a wide range of@shysical environments.
Section 5.6.1 presents a grid of translucent cloud modeigrevthe photodissociation
model is coupled to a chemical network and CO is traced as etitumof depth. This
presents a large range of column densities, with the ragbsden the isotopologues de-
viating from the fixed values adopted for Table 5.5. The gaders gas densities from
100 to 1000 cm® and gas temperatures from 15 to 100 K, while keeping the atiait
temperatures and Doppler widths constant at the valuesfos€able 5.5. Altogether, the
grid contains 2880 points per isotopologue where the plisgodiation rate is computed.
Here, we compare the photodissociaton rates from the appabx method to the full
integration for each of these points. The sensitivitk@fCO) to theN(*>CO)/N(**CO)
ratio can be corrected for in a simple manner: we use thedshgefunctions from Table

3 Although not mentioned explicitly by vDB88, their tabuldtghielding functions also include this extra column
of J'=4-7 H,.
4 httpy/www.strw.leidenuniv.nfkewingphoto
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Table 5.5— Two-dimensional shielding functiot®{ N(*?CO), N(H.)].2

logN(H,) log*?CO (cnT?)
(cm?) 0 13 14 15 16 17 18 19

12CO: unattenuated ratg; = 2592x 10710 st
0 1.000 8.080(-1) 5.250(-1) 2.434(-1) b5.467(-2) 1.362(-23.378(-3) 5.240(-4)
19 8.176(-1) 6.347(-1) 3.891(-1) 1.787(-1) 4.297(-2) 2(8) 2.922(-3) 4.662(-4)
20 7.223(-1) 5.624(-1) 3.434(-1) 1.540(-1) 3.515(-2) Q(23) 2.388(-3) 3.899(-4)
21 3.260(-1) 2.810(-1) 1.953(-1) 8.726(-2) 1.907(-2) 4&(f8) 1.150(-3) 1.941(-4)
22 1.108(-2) 1.081(-2) 9.033(-3) 4.441(-3) 1.102(-3) 2@B4) 7.329(-5) 1.437(-5)
23 3.938(-7) 3.938(-7) 3.936(-7) 3.923(-7) 3.901(-7) 3@®) 3.890(-7) 3.875(-7)

CY0: unattenuated ratg; = 2.607x 1010 st
0 1.000 0.823(-1) 8.911(-1) 6.149(-1) 3.924(-1) 2.169(-12.167(-2) 2.150(-3)
19 8.459(-1) 8.298(-1) 7.490(-1) 5.009(-1) 3.196(-1) ©0@F) 3.509(-2) 1.984(-3)
20 7.337(-1) 7.195(-1) 6.481(-1) 4.306(-1) 2.741(-1) ®B5) 2.645(-2) 1.411(-3)
21 3.335(-1) 3.290(-1) 3.039(-1) 2.293(-1) 1.685(-1) @@4B) 1.460(-2) 6.823(-4)
22 1.193(-2) 1.191(-2) 1.172(-2) 1.095(-2) 9.395(-3) B(E3) 1.183(-3) 2.835(-5)
23 3.959(-7) 3.959(-7) 3.959(-7) 3.959(-7) 3.958(-7) &(0QB) 3.924(-7) 3.873(-7)

C'80: unattenuated ratg; = 2.392x 1070 st
0 1.000 9.974(-1) 9.777(-1) 8519(-1) 5.060(-1) 1.959(-13.764(-2) 1.742(-3)
19 8.571(-1) 8.547(-1) 8.368(-1) 7.219(-1) 4.095(-1) 1(58) 2.224(-2) 1.618(-3)
20 7.554(-1) 7.532(-1) 7.371(-1) 6.336(-1) 3.572(-1) 2(37) 1.889(-2) 1.383(-3)
21 3.559(-1) 3.549(-1) 3.477(-1) 3.035(-1) 1.948(-1) 1I(7®) 1.071(-2) 6.863(-4)
22 1.214(-2) 1.212(-2) 1.199(-2) 1.105(-2) 8.233(-3) a(32) 6.148(-4) 3.225(-5)
23 4.251(-7) 4.251(-7) 4.251(-7) 4.251(-7) 4.249(-7) 8(@3) 4.180(-7) 4.142(-7)
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Table 5.5— continued.

logN(H,) log*?CO (cnT?)
(cm2) 0 13 14 15 16 17 18 19
13CO: unattenuated ratg; = 2.595x 107 st

0 1.000 9.824(-1) 9010(1) 6.462(-1) 3547(-1) 9.907(-A.131(-2) 7.591(-4)
19 8.447(-1) 8.276(-1) 7.502(-1) 5.113(-1) 2.745(-1) 2(68) 8.635(-3) 6.747(-4)
20 7.415(-1) 7.266(-1) 6.581(-1) 4.451(-1) 2.360(-1) @(2Z) 7.187(-3) 5.429(-4)
21 3.546(-1) 3.502(-1) 3.270(-1) 2.452(-1) 1.398(-1) B8(F8) 3.973(-3) 2.703(-4)
22 1.180(-2) 1.177(-2) 1.153(-2) 1.023(-2) 6.728(-3) 5@8) 2.665(-4) 1.471(-5)

23 2.385(-7) 2.385(-7) 2.385(-7) 2.384(-7) 2.379(-7) 3(@3A) 2.310(-7) 2.292(-7)
13CY70: unattenuated ratg; = 2.598x 10710 s?

0 1.000 9.979(-1) 9.820(-1) 8.832(-1) 5.0942(-1) 3.177(-1).523(-1) 3.885(-2)
19 8.540(-1) 8.520(-1) 8.374(-1) 7.469(-1) 4.901(-1) Z(6¥) 1.302(-1) 3.135(-2)
20 7.405(-1) 7.387(-1) 7.254(-1) 6.439(-1) 4.198(-1) 3(3B) 1.142(-1) 2.607(-2)
21 3.502(-1) 3.494(-1) 3.434(-1) 3.076(-1) 2.214(-1) B(38) 6.941(-2) 1.195(-2)
22 1.279(-2) 1.278(-2) 1.267(-2) 1.198(-2) 1.045(-2) 3B(a) 4.088(-3) 4.581(-4)

23 2.370(-7) 2.370(-7) 2.370(-7) 2.370(-7) 2.369(-7) B(38) 2.359(-7) 2.312(-7)
13C180: unattenuated ratg; = 2.503x 1010 s?

0 1.000 9.988(-1) 9.900(-1) 9.329(-1) 7.253(-1) 3.856(-1).524(-1) 2.664(-2)
19 8.744(-1) 8.734(-1) 8.656(-1) 8.164(-1) 6.403(-1) 3@:) 1.347(-1) 2.491(-2)
20 7.572(-1) 7.562(-1) 7.492(-1) 7.047(-1) 5518(-1) B8©D) 1.185(-1) 2.224(-2)
21 3.546(-1) 3.542(-1) 3.506(-1) 3.283(-1) 2.638(-1) B(66) 6.887(-2) 1.149(-2)
22 1.561(-2) 1.560(-2) 1.550(-2) 1.475(-2) 1.235(-2) DE3) 3.416(-3) 5.290(-4)

23 2.490(-7) 2.490(-7) 2.490(-7) 2.480(-7) 2.487(-7) 2(4B) 2.471(-7) 2.421(-7)

@ These shielding functions were computed for the Draine ) €&diation field ¢ = 1) and the following set of parametetfCO) = 0.3 km s°%, b(H,) = 3.0 km
sandb(H) = 5.0 km s'1; Tex(CO) = 5 K andTey(Hz) = 51° K; N(H) = 5x107° cm2; N(*2CO)/N(*3CO) = 69, N(*2CO)/N(C'80) = N(*3CO)/N(*3C!80) =
557 andN(C'80)/N(C70) = N(13C80)/N(*3Cl70) = 3.6. Self-shielding is mostly negligible for the heavier mmologues, so all shielding functions are
expressed as a function of th&CO column density. Continuum attenuation by dust is notited in this table (see Eq. (5.2)).
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Figure 5.6 — lllustration of the &ect of limited integration ranges. Solid black curve: rigkat
intensity of the radiation field &(CO) = 10'® andN(H,) = 10?2 cm2 for the parameters of Table
5.5, computed with a full integration of all lines over all wvedengths. Grey curve: the same, but
computed with the binned integration method of vDB88. Dwttarve: attenuation due to ti@8
R(0) line of H,, centred on 946.42 A. This line was not included by vDB88 whemputing the
shielding in the 938.9-943.1 A bin, thus overestimatingghetodissociation rate in th&/2 band
at941.1 A.

8 of Visser et al. (2009) when the ratio is closer to 35 thartcaid those from Table 5.5
(this chapter) otherwise.

The rate from our approximate method is within 10% of the I'resgte in 98.3% of all
points (Fig. 5.7). In no cases is thefdrence between the approximate rates and the full
model more than 40%. Perhaps even more important than tluédphotodissociation
rates are the ratiof, between the rates 6fCO and the other five isotopologues/O:

R Cele)

Q= k(Z2CO)

(5.3)
The shielding functions from Table 5.5 and Visser et al. @00gether reproduce the
ratios from the full method to the same accuracy as the atescdites. At 98.4% of all
points in the grid of translucent clouds, the ratios affeby less than 10% (Fig. 5.7).
Similar scores can be obtained for models of PDRs or other@mwents if one uses
shielding functions computed for the right combination afgmeters. Otherwise, the
accuracy goes down. For example, the shielding functiara ffable 5.5 can easily give
rates df by a factor of two when applied to a high-density, high-terapgre PDR.
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5.6 Chemistry of CO: astrophysical implications
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Figure 5.7 — Histogram of the absolute relativefidirence between the approximate method (see
text for details) and the full computation for the absolutetodissociation rateg(black line) and

the isotopologue rate ratio®( grey line) in a grid of translucent cloud models. The dataalb

six isotopologues are taken together, but @ealues for*?CO (which are unity regardless of the
method) are omitted.

5.6 Chemistry of CO: astrophysical implications

Photodissociation is an important destruction mechan@nCO in many environments.
In this section, we couple the photodissociation model tonallschemical network in
order to explore abundances and column densities. Spdlgifizsa model the CO chem-
istry in translucent clouds, PDRs and circumstellar disks] we compare our results
to observations of such objects. The photodissociati@srate computed with our full
model throughout this section.

5.6.1 Translucent clouds
5.6.1.1 Model setup

Translucent clouds, with visual extinctions between 1 amaa), form an excellent test
case for our CO photodissociation model. Two recent studfisgveral dozen lines of
sight through difuse @y < 1 mag) and translucent clouds provide a set of CO apd H
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column densities for comparison (Sonnentrucker et al. 28@@fer et al. 2008). These
surveys show a clear correlation betwed¢H,) and N(*?CO), with distinctly diferent
slopes for H columns of less and more tharbX 10?° cm™. Shefer et al. attributed
this break to a change in the formation mechanism of CO. Theidels show that the
two-step conversion from Cto CH* and CO,

C" + H, - CH" + H, (5.4)

CH* + O —» CO* + H, (5.5)

followed by reaction with H (forming CO directly) orHforming HCO", which then re-
combines with an electron to give CO) is the dominant pathatdgw column densities.
However, the highly endothermic Reaction (5.4) is not fastegh at gas kinetic temper-
atures typical for these environments to explain the oteskabundances of Ctand CO.
Suprathermal chemistry has been suggested as a solutibis foroblem. Shiger et al.
followed the approach of Federman et al. (1996), who argheidXlfvén waves entering
the cloud from the outside result in non-thermal motionsveen ions and neutrals. Other
mechanisms have been suggested by Joulain et al. (1998)#ynd: Falgarone (2000).
The dfect of the Alfvén waves can be incorporated into a chemicalehby replacing
the kinetic temperature in the rate equation for Reactiof)(&nd all other ion-neutral
reactions by anféective temperature:

V2

Tar = Tgast ’;—kg . (5.6)
Here, kg is the Boltzmann constant, is the reduced mass of the reactants ands the
Alfvén speed. The Alfvén waves reach a depth of a fed? t@n2 of H,, corresponding
to anAy of a few tenths of a magnitude, beyond which suprathermahidtey ceases
to be important. CO can therefore no longer be formgéutiently through Reactions
(5.4) and (5.5), and the reaction betweeh ahd OH (producing CO either directly or
via a CO intermediate) takes over as the key route to CO. The ideatiific of these
two different chemistry regimes supports the conclusion of Zsargéederman (2003)
that suprathermal chemistry is required to explain obse@® abundances in filuse
environments. Suprathermal chemistry also drives up th®H&bundance, confirming
the conclusion of Liszt & Lucas (1994) and Liszt (2007) thaZ®t is the dominant
precursor to CO in diuse clouds.

We present here a grid of translucent cloud models to see helwtwe new pho-
todissociation results match the observations. We set hvéspeed to 3.3 kms for
N(H.) < 4 x 10°° cmi™2 and to zero for larger column densities (8keet al. 2008). The
grid comprises densitiesy{ = n(H) + 2n(H,)) of 100, 300, 500, 700 and 1000 cigas
temperatures of 15, 30, 50 and 100 K, and relative UV int@ssfy) of 1, 3 and 10. The
dust temperature is assumed to stay low for all models5 K), so the H formation rate
does not change. The ionisation rate gfdiie to cosmic rays is set to a constant value
of 1.3x 10717 571, Attenuation by 0.um dust grains (Sect. 5.3.4) is taken into account.
The Doppler widths and level populations are as describ&eat. 5.3.1, with CO and H
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Table 5.6— Elemental abundances.

Element Abundance relative tp, Element Abundance relative iy,
He 100x 101 160 310x 10
12c 140x 10 1o 155%x 1077
3¢ 203x 107 180 557x 1077

excitation temperatures of 5 an#®K. Taking otherb or Tey values plausible for these
environments does not alter our results significantly. Adidels are run to ak, of 5
mag; results are also presented for a range of smaller ¢xtirsc

The models require a chemical network to compute the abuedaat each depth
step. Since we are only interested in CO, the number of retesgecies and reactions
is limited. We adopt the network from a recent PDR benchmérklys(Rollig et al.
2007), which includes only 31 species consisting of H, Henh@ @. We duplicate all
C- and O-containing species and reactions'f@r, 'O and'®0. Freeze-out and thermal
evaporation are added for all neutral species, but no guaiface reactions are included
other than H formation according to Black & van Dishoeck (1987). We addimolecule
exchange reactions such as

12O + 18C* = 2C* + 13CO + 35K, (5.7)
H12CO* + 13CO = 12CO + HBCO* + 9K, (5.8)

which can enhance the abundances of the heavy isotopolo§@€sand HCO (Watson
et al. 1976, Smith & Adams 1980, Langer et al. 1984). The teatpee dependence of
the rate of these two reactions was fitted by Liszt (2007)alternative equations from
Woods & Willacy (2009) give the same results. Tlikeetive temperature from Eq. (5.6) is
used instead of the kinetic temperature for all ion-neutattions, including Reactions
(5.7) and (5.8). Altogether, the network contains 118 sgeaind 1723 reactions. We
adopt the elemental abundances of Cardelli et al. (1996)samtdpe ratios appropriate
for the local ISM (f2C]/[*3C] = 69, [*°0]/[*®0] = 557 and }20]/[*’O] = 3.6; Wilson
1999); the complete list of elemental abundances is giveiable 5.6. Chemical steady
state is reached at all depths after Myr, regardless of whether the gas starts in atomic
or molecular form.

5.6.1.2 2CO

The left panel of Fig. 5.8 showN(*2CO) versusN(H) for all depth steps in our grid.
These and other column densities are also listed for a setleftedA, values in the
online appendix to the paper that this chapter is based @s€¥et al. 2009). The scatter
in the data is due to the fiiérent physical parameters. For a givé(H,), N(*?CO) is
about two times larger &igas = 100 K than at 15 K. The formation rate obkhcreases
with temperature; through the chain of reactions startiit Reaction (5.4), that results
in a larger CO abundance and column density. UNgH>) = 10°* cm2, increasing the
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Figure 5.8— Column densities dfCO versus those of H Left: data for all points withA, < 5 mag
from our grid of translucent cloud models. The vertical gbeyd indicates the range over which
photodissociation ceases to be the dominant destructichanésm of*?CO; the dotted line is the
median. Likewise, the horizontal band indicates the range which'2CO becomes self-shielding.
Right: 100-point means of our model results (black squafé@sd with two straight lines. Also
shown are the fits to the observations by Breet al. (2008, grey lines) and the results from the
translucent cloud models of vDB88 fgr= 0.5, 1 and 10 (dashed lines, left to right).

gas density by a factor of ten increa$$($>C0O)/N(H,) also by about a factor of ten. This
is due to the photodissociation rate being mostly indepeinafedensity, while the rates
of the two-body reactions forming CO are not. Photodisgmrieceases to be the main
destruction mechanism for CO deeper into the cloud, so @simgny has a smallerféect
there. Increasing the UV intensity from= 1 to 10 has the simplefiect of decreasing
N(*2CO)/N(H,) roughly tenfold forN(H,) < 10°* cm2. For larger depths, changing
only has a smallffect. These dependencies on the physical parameters aristenhs
with the observations of SHer et al. (2008).

The full set of points already gives some indication thatdh&a are not well repre-
sented by a global single-slope correlation. The right paifeig. 5.8 shows the 100-point
means of the full set, revealing the same two distinct regiagefound by Sheer et al.
(2008). Taking the uncertainties in both the observatioastae models into account, the
two sets of power-law fits (indicated by the black and gregdinare identical. The break
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5.6 Chemistry of CO: astrophysical implications

between the two slopes occurshiH,) = 2.5 x 10?° cm™ and is due to the switch from
suprathermal to normal chemistry. It is clearly unrelatetihe switch from UV photons to
He* or H; as the main destroyer &CO, which does not occur unfil(Hz) = 1-2x 107
cm 2. When we extend the grid to high&k (not plotted), we quickly reach the point
where thet?CO abundance equals the elemeht@l abundance and the plot N{*2CO)
versusN(H;) continues with a slope of unity. The model results from vBR8ashed
lines, corresponding tp = 0.5, 1 and 10) do not extend to low enoulyfH>) to show the
suprathermal regime, but they do show at the upper end thsitien to the regime where
all gas-phase carbonis in CO.

5.6.1.3 3CO

With our model able to reproduce the observational relatigmbetween bland*?CO, the
next step is to look at the heavier isotopologues. Sonnekenet al. (2007), Burgh et al.
(2007) and Shiger et al. (2007) together presented a sample of #8sk and translucent
sources with derived column densities for b&#80 and'*CO. These data are plotted in
the left panel of Fig. 5.9 (grey crosses)NME&3CO) versusN(H,). The 100-point means
from our model grid (black squares) agree with the obsewratio within a factor of three.
The model results are again best fitted with two power lawstHat3CO observations do
not extend to low enougN(H>) to confirm this.

The observations show considerable scatter ilNitéCO)/N(*3CO) ratio, with some
sources deviating by a factor of two either way from the l@amental?C-13C ratio of
69+6 (Wilson 1999). It has long been assumed that the enhantiesl ase due to isotope-
selective photodissociation and that the reduced ratmslae to isotope-exchange reac-
tions. However, no answer has been found so far to the questiwhy one process
dominates in some sources, and the other process in otheresailLanger et al. 1980,
McCutcheon et al. 1980, Sfier et al. 1992, Lambert et al. 1994, Federman et al. 2003,
Sonnentrucker et al. 2007, Sfer et al. 2007). Chemical models consistently show that
isotope exchange is mordfieient than selective photodissociation for observed cloud
temperatures of up te60 K. The models can easily reprodug€?CO)/N(*3CO) ratios
of less than 69, but they leave the ratios of more than 69 Uaiqul.

Our grid of models suggests that the answer lies in suprathlechemistry. The
right panel of Fig. 5.9 shows a plot &§(*2CO)/N(*3CO) versusN(H,) for the obser-
vations (grey) and for all depth stepsfat < 5 from our models (black plus signs). Also
shown are the 100-point means from the modféet by a factor of three for clarity. The
N(*?CO)/N(*3CO) ratio initially increases from 69 to a mean of 15NgH,) = 4 x 10?°
cm 2, then decreases to a mean of 51 at10°! cm~2, and gradually increases again for
larger depths. The turnover from the initial rise to the daghiop is due to the transition
from suprathermal to normal chemistry.

At an Alfvén speed ofi, = 3.3 km s, the dfective temperature for Reaction (5.7) is
about 4000 K, so the forward and backward reactions are lgcfaat. Photodissociation
is therefore the only active fractionation process and tagiwes the amount dfCO
relative to'3CO. As we move beyond the depth to which the Alfvén waves réd@H,) =
4 x 107° cm2 in our model), suprathermal chemistry is brought to a halte Torward
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Figure 5.9 — Column densities of*CO (left) and column density ratios 6CO to **CO (right)
plotted against the column density of HGrey crosses: observations of Sonnentrucker et al. (2007)
Burgh et al. (2007) and SHer et al. (2007). Black squares and straight lines: 100tpoieans
from our grid of translucent cloud modeldfset by a factor of three in the right panel. Dotted line:
median depth at whicl*CO becomes self-shielding. Black plus signs: model dataliquoints
with Ay < 5 mag. Dashed lines: data from the translucent cloud model®B88 for y = 0.5, 1
and 10 (left to right).

channel of Reaction (5.7) becomes faster than the backwarthel and isotope exchange
now reverses the fractionation. When we reach a depM(f) = 1-2x 10°* cm 2, the
13C+ abundance drops too low to sustain further fractionatiahtagN(*>CO)/N(**CO)
ratio gradually returns to the elemental ratio of 69.

The observations show a downward trend inK{&CO)/N(*3CO) ratio in theN(H,)
range from X 10%° to 2x 107 cm2. This supports a rapid switch from selective photodis-
sociation to isotope-exchange reactions being the dorhfrectionation mechanism. A
firm test of our model predictions requires observation#h @ both smaller and larger
N(H) than are currently available.

5.6.1.4 Other isotopologues

Moving to the next two isotopologues!© and G20, the number of observed column
densities goes down to three. Lambert et al. (1994) detemrarratio betweeN(*?CO)
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andN(C!0) of 1550+ 440 for the; Oph difuse cloud, some three times larger than the
elemental®0-180 ratio of 557+ 30 (Wilson 1999). An even higher ratio of 30836500
was recorded by Sfier et al. (2002) for the X Per translucent cloud, along with an
N(*2CO)/N(C*0) ratio of 8700+ 3600. The elementaPO-180 ratio is about four times
smaller: 200Q: 200.

The H, column density towards X Per (HD 24534) i$& 10°° cm 2 (Sonnentrucker
et al. 2007, Shier et al. 2007). Our grid of models givé*>CO)/N(C'®0) = 680-
3880 (median 1080) and(*2CO)/N(C'’0) = 2520-10600 (median 3660) for that value,
consistent with the observations. Out of the three parais#iat we variedy affects the
ratios most strongly. Both ratios decrease by a factor ofshieny is increased from 1
to 10. The onset of self-shielding &1CO, and with it the onset of isotopic fractionation,
occurs deeper into the cloud for a stronger UV field. Theef(12CO)/N(C*®0) and
N(*?CO)/N(C*70) are smaller at any given depth.

In order to further explore the behaviour ot’© and G20, we take a more detailed
look at our results fony = 300 cnt3, Tgas= 50 K andy = 1 (model C2 from Table 12
of Visser et al. 2009). This also allows for a comparison Wi@'’O and**C'®0. Both
of these have been detected in interstellar clouds (Larigdr 8980, Bensch et al. 2001),
but column densities have not yet been derived.

The photodissociation rates of CO and fér this combination of parameters are
plotted in Fig. 5.10 as a function of depth) {nto the cloud. The isotope-selective nature
of the photodissociation is clearly visible. At a depth d #c Ay = 2.3 mag,N(Hy) =
1.7 x 107t cm2), *2CO photodissociates about 7 times slower th#20O, 15-18 times
slower than ¢’0 and G80, and 23-26 times slower th&*C'’O and'3C*®0. At depths
between 0.4 and 3.4 p&{ = 0.3-2.0 mag), the photodissociation ot®0 proceeds
faster than that of £O. The lines of the latter lie closer to those'&€0 and are therefore
more strongly shielded, as was the case for tlfuse/ Oph cloud (Table 5.4). As the
CO column grows larger in our model cloud!®0 becomes self-shielding and its rate
drops below that of €0 around 3.4 pc.

The extent to which each isotopologue is fractionated cailyebe seen from the
cumulative column density ratios when they are normalisé8@0O and the isotope ratios:

NA(*C¥0) [**C] [**C]

R = Nzco) el ol &)
with [Z] the elemental abundance of isotapand
N,(*CO)(2) = f ‘ n(*Cc’0)dz (5.10)
0

the cumulative column density. A plot &{*3CO) as function of depth (Fig. 5.11) shows
the same trends as the model data in Fig. 5.9: the amod#Eafis reduced® < 1) up to

a certain depth and is enhanc@X 1) farther in by isotope-exchange reactions. We only
seeR < 1 for C’0O and G80 becausé’O* and*®0O* never become abundant enough to
convert G%0 in a reaction similar to Reaction (5.7). Photodissocratieases to be the
dominant destruction mechanism fot’O and G0 aroundz = 4 pc (Fig. 5.10), so it
can no longer cause substantial fractionation®&mpiadually returns to unity.

157



Chapter 5 — The photodissociation and chemistry of intdast€O isotopologues

Ay (mag)
0.0 05 1.0 1.5 2.0 25

10—10

10—11

',‘_:‘\ 160y e 179 - -- 180 |
: 12C; grey: '3C

10_16 L L L L L1 1.l I L L Ll Ll I LU L L1 1 1.1 | I LU L L L L L1l
0 1 2 3 4 9
z (pe)

Figure 5.10— Photodissociation rates obldnd the six CO isotopologues as a function of depth into
translucent cloud model GTable 12 of Visser et al. 2009) witty = 300 cnT?, Tgas = 50 K and

x = 1. Attenuation by dust is included. The diamonds and cooeding markers on the bottom
axis indicate the depth at which Héakes over from UV radiation as the dominant destroyer for
each isotopologue.
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Figure 5.11— Cumulative column densities of the CO isotopologues ntisewh to *>’CO and the
elemental isotopic abundances (Eqg. (5.9)) as a functiorpfidinto translucent cloud model €2
(Table 12 of Visser et al. 2009).

The remaining two isotopologueSC'’O and**C'®0, experience the fractionation
of 13C and*’0/*80 simultaneously. Isotope exchange enhances their abceslasiative
to C'’0 and G280, in the same manner that it enhances the abundan@€6¥ relative
to 12CO. However, isotope-selective photodissociation is ansfer é€fect for the two
heaviest isotopologues, $oremains less than unity. This result holds across our entire
grid of translucent cloud models.

5.6.2 Photon-dominated regions

Photon-dominated regions (PDRs) form another type of ¢djpbere photodissociation

is a key process in controlling the CO abundance. Their tlessare higherr{y up to

~10° cm3) than those of dfuse and translucent clouds and they are exposed to stronger
UV fields (y up to~10°; Hollenbach & Tielens 1997). Observation#licgts have mostly
gone into mapping the structure of PDRs, so CO column dessatie tabulated only for

a small number of sources. For most of these the column geoisiteutral carbon has
also been determined. There are no direct measurementsooftinn densities; instead,
N(H,) is usually obtained from(*>CO) using a typical abundance ratio between the two
species (e.g., Frerking et al. 1982).

159



Chapter 5 — The photodissociation and chemistry of intdast€O isotopologues

19 +10° em™ i""
107k QOF M 1y 3 8] ©10° ecm™ '-'IHE
G M 4 g 107°F - ps., gL
GOF gl e + ¥
— Ot 4 w
q Plaory, + *
g P ¥ £ * 108} -ti J
2 18] R Qo T i
—10 ; o o&ﬂ'
S 0 4 .
% -+ * 10M} 1
$ +°0+
1017_ |
102} o8 ]
+ ,
3x10!¢ 10'" 3x10'" 10" 10" 10" 10'® 10'" 10'®

N(**C) (em™)

Figure 5.12— Column density of?CO versus that of?°C on two diferent scales. Black: results
from our grid of PDR models withy = 10° cm 3 (plus signs) and Focm (diamonds). The line
traces the results for fierent depth steps af = 10° cm3, Tgas= 50 K andy = 10°. Grey squares:
observations of Beuther et al. (2000), Kamegai et al. (2088mer et al. (2008) and Sun et al.
(2008).

We present here the results from our combined photodissmtand chemistry model
for a grid of physical parameters appropriate for PDRg:s = 50, 80 and 100 Kny =
10°, 104, 1% and 16 cm™3, andy = 10°, 10* and 16. The excitation temperatures of
CO and H are set equal tdgas Where necessary, we expand the number of rotational
levels of CO beyond the default limit df’=7, and likewise for H (see Sect. 5.4.4). UV
pumping increases the population in ¥ie=0, J’>3 andv’>0 levels of H. However,
this does not fiect the CO photodissociation rates at these temperatwebeslevel
population of H is simply taken as fully thermal. The models are run taAgrof 30 mag
and are otherwise unchanged from the previous section.

Figure 5.12 shows the relationship between the column tiesisif2°CO and'C for
a large series of depths steps from our grid. The datagoe 10* and 16 cm3 are
omitted for reasons of clarity. Overplotted are column dersdetermined towards a
number of positions in dierent PDRs (Beuther et al. 2000, Kamegai et al. 2003, Kramer
et al. 2008, Sun et al. 2008). Figure 5a of Mookerjea et aD§20@ontains additional data
for several dozen positions in the PDRs in Cepheus B. In nétleese cases was the
12CO column density measured directly; instead, it was ddrivem the*CO or G20
column density using standard abundance ratios. The spréath the model predictions
and the observational data is large. The columtt@ffor each individual model is nearly
constant foN(*2CO) > 3 x 10'7 cm2, as shown by the solid line connecting the various
depth steps fony = 10° cm™3, Tgas = 50 K andy = 10*. The observations seem
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Figure 5.13— Column densities of 0 (left) and'3CO (right) versus that 0?C. Symbols are as
in Fig. 5.12. See text for references to the observations.

to correspond more to the lower-density end of the model @hie plus signs), but the
sample is too small and is too scattered to be conclusive.

The onset of shielding is seen to occur arolN@CO) = 10* cm™2 in the mod-
els. From that point onwards, the low-density models gaimenaomic carbon than do
the high-density models. For a given column'8€0, the photodissociation rates (or, in
other words, thé?C formation rates) are roughly independent of density, beidestruc-
tion of 12C occurs faster in higher densities. The same argumentiagpléhe density
dependence of thid(*2C0O)/N(H,) ratio in the translucent clouds.

The two isotopologues for which column densities have betarchined directly are
C'80 and!3CO (Loren 1989, Gerin et al. 1998, Plume et al. 1999, Beuthat. 2000,
Schneider et al. 2003, Mookerjea et al. 2006, Kramer et &1828un et al. 2008). Again,
both the observations and the models show a large spreatlimeaensities (Fig. 5.13).
It seems the observations do not trace the high-extinc#gnx 10 mag), high-density
(ny > 10° cm3) material shown in the upper left corner of each panel, bubsende-
tailed study is required to draw any firm conclusions on tligp N(*2CO), N(C'®0)
andN(*3CO) are mutually well correlated in both the observations #re models, but
significant deviations can easily occur at specific deptlestdihe diferent photodissoci-
ation rates. When using standard abundance ratios to dagveolumn density of?’CO
from that of another isotopologue, as was done for all cas€sg. 5.12, the result will
generally be accurate to at best a factor of two.
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5.6.3 Circumstellar disks
5.6.3.1 Model setup

Low-mass stars like our own Sun are formed through the grtoital collapse of a cold
molecular cloud. As the young star grows at the centre, ligatpart of the remaining
cloud material into a circumstellar disk. It is inside thiskdthat planets are formed, so
its chemical composition is of great interest. The physétalcture of the disk may be
simplified as consisting of a cold, dense region near the laidp covered by a warmer
region of lower density. This surface layer intercepts tiag'sradiation and shows many
similarities to common PDRs.

We adopt the standard disk model of D’Alessio et al. (1999)pse chemistry has
been studied extensively (Aikawa et al. 2002, van Zadékioal. 2003, Jonkheid et al.
2004). The star, a T Tauri type, has a mass ofM5 a radius of 2R, and an fective
temperature of 4000 K. It is surrounded by a disk of mass 04@7and outer radius
400 AU. The disk is accreting onto the star at a constant @@ M, yr-* and its
viscosity is characterised hy = 0.01. We focus on a vertical slice through the disk at a
radius of 105 AU, where the surface is located at a heiglat-0f120 AU. This slice is
irradiated from the top by a radiation field with affiective UV intensity of 516 times that
of the interstellar radiation field. Following van Zadefhet al., we adopt two spectral
shapes: the Draine field and a 4000 K blackbody spectrum.afttex s very weak in the
wavelength range where CO is photodissociated. We adopt #gachemical network
from Sect. 5.6.1.1, and we set the gas temperature equad thudt temperature from the
D’Alessio et al. model. Given the high densities{20* cm at the surface and more
than 16 cm™2 at the midplane), we also u3gasfor Tex(CO) andTex(Hz). As in the PDR
models, UV pumping of lidoes not iect the CO photodissociation rates, so thddvel
populations are taken as fully thermal.

In reality, disks are notirradiated by the Draine field or aggalackbody. For example,
T Tauri stars typically show UV emission in excess of thesgpét model spectra. Many
of them also emit X-rays from accretion hotspots. As showrvéy Zadelhd et al.
(2003), the photochemistry of the disk can be sensitiveaalttails of the radiation field.
Moreover, the excess emission can be concentrated in a fegifisplines such as H
Lyman-. CO cannot be dissociated by ly-but it can be by the kLy-y line at 972.54
A through overlap with th&Vv0 band at 972.70 A (No. 25 from Table 5.1). A detailed
treatment of thesefkects is beyond the scope of the current work.

5.6.3.2 Isotopologue ratios

The depth dependence of the dissociation rates in the diskjnated by the Draine field,

is qualitatively the same as in the clouds and PDRs from SBdisl and 5.6.2. Several
guantitative diferences arise because of th&atent UV flux and the higher densities.
The profiles of the normalised column density rati@{Eq. (5.9)), do not show any en-
hancement itCO (Fig. 5.14). Moving down from the surface, suprathernhaistry
initially prevents the formation 0fCO from*2CO and'3C*. The Alfvén waves penetrate

to N(Hz) = 4x10?°cm2 or a height of about 50 AU. The absence of suprathermal chem-
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Figure 5.14— Cumulative column densities of the CO isotopologues ntisewh to*>’CO and the
elemental isotopic abundances (Eq. (5.9)) as a functioreigfit at a radius of 105 AU in our disk
model with the Draine field and dust grains of @uh (left) or 1 um (right). CO freezes out below
24 AU. The diamond symbols indicate wherg tdkes over from UV photons as the main destroyer
of each isotopologue.

istry below that point allowsR(**CO) to increase again. However, th&* abundance
decreases at the same time, &(#CO) never gets above unity. This is consistent with
the N(*2CO)/N(*3CO) ratios of more than 69 determined for the disks around Hil, T
AB Aur and VV CrA (Brittain et al. 2005, Schreyer et al. 2008nigh et al. 2009).

In terms of local abundances, our results show a trend ogptsithe model by
Woods & Willacy (2009). Moving up vertically from the midpla at a given radius,
their n(*2C0)/n(*3C0) abundance ratio initially remains nearly constantp ttieps to a
lower value, and finally shows a shallow rise for the remairaie¢he column. We also
find a constant ratio at first, but then we getise (equivalent toR(*3CO) < 1) and a
gradual decrease back to the elemental ratio of 69. Tiiereice is due to the absence
of suprathermal chemistry in the Woods & Willacy model. Stpermal chemistry ef-
fectively shuts down the isotope-exchange reactions,igaphotodissociation (which
increasesi(*2C0O)/n(*3C0O)) as the only fractionation mechanism. Additional olsaer
tions of 2CO and3CO in circumstellar disks are required to ascertain whewope
exchange or selective photodissociation is the key prdcessntrolling the ratio of the
abundances of these two species.

For Ct’0 and CG80, R is ~1 from the disk surface down to 70 AU. It then gradually
drops to~0.1 due to their dissociation being faster than thaf@O. Shielding of 'O
and C80 sets in around 32 AU, so photodissociation no longer casséspe fraction-
ation andR increases again. However, it does not reach a value of uBépw 24 AU,
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the temperature is low enough that most of the CO freezesrtattbe dust grains. The
tiny amount remaining in the gas phase does not add to thencodiensity, s&R is effec-
tively frozen at 0.75 and 0.73 (Fig. 5.14). The correspogdiolumn density ratios are
N(*2CO)/N(CY"0) = 2700 andN(*>CO)/N(C'80) = 760, consistent with the degree of
fractionation determined for the disk around the T Tauni ¥ CrA (Smith et al. 2009).

5.6.3.3 Model variations

If we illuminate the disk by a 4000 K blackbody (spectrum Cnfrgan Zadelhf et al.
2003), it does not receive enough photons in the 912-111$éderéo cause substantial
photodissociation of CO. Instead, the non-isotope-seteatactions with He and Hj
are the main destruction mechanisms even at the top of oticaleslice atR = 105 AU.
The normalised column density ratios therefore remainyuatitall heights. Adding the
interstellar UV field afy = 1 to the 4000 K blackbody spectrum allows CO to be pho-
todissociated again in the surface layers. The isotopéidration returns, but only par-
tially, because the UV field is still weaker than in the orggjinase. Freeze-out now locks
R(CY0) andR(C*®0) at 0.86 and 0.85 instead ©0.75. Clearly, some UV component is
required in the irradiating spectrum to get isotope frawiton through the photodissoci-
ation of CO, but it does not have to be a very strong compotteatnterstellar UV field
already has a significanffect in this model.

Another parameter to be varied is the grain size. The diskaisal far contained
small dust grains, with an average size of prt. Grain growth is an inevitable step
towards planet formation and is indeed known to occur ingl{san Boekel et al. 2003,
Przygodda et al. 2003, Lommen et al. 2007). Larger grainsecéass extinction in the
UV (Shen et al. 2004), so CO can be photodissociated degpahmdisk. Grain growth
also dfects the H formation rate: the rate is inversely proportional to apirately the
square of the grain radius (Jonkheid et al. 2006). The righepof Fig. 5.14 shows the
normalised vertical column density ratios at a radius of AQ5or an average grain size
of 1 um. The onset of fractionation occurs at a lower altitude timatine 0.1um case:
55 AU instead of 75 AU. The slower formation rate of Has a direct influence on the
formation of CO through the pathway starting with Reactib@). There is less Hand
CO in the disk’s surface layers when we increase the gra& siz we have to go down
deeper befor&CO becomes self-shielding and isotope fractionation setatithe same
time, the weaker continuum extinction allows the UV radiatio penetrate deeper, so the
isotope-selective photodissociation goes on to lowetuakis. The spike iR(*3CO) to
1.4 at 30 AU is due to a narrow zone where the temperaturedatwely low (35 K), the
Alfvén waves do not reach, and thtC* abundance is high enough to convE 0 into
13CO. The model with 0.Lim grains also has a narrow zone with a ht{§@* abundance
and no suprathermal chemistry, but the kinetic temperaituttds zone is 50 K. There is
still some conversion d?CO into'3CO at that temperature, but not enough to show as a
spike in the normalised column density ratio.

The bigger dust grains alsdfact the fractionation of €0 and G®0. The point at
which photodissociation ceases to be the main destructeErhanism now nearly coin-
cides with the point where CO freezes out (Fig. 5.14). Bo#cis haveR ~ 0.15 when
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this happens, so the ratios are locked at that value. In tladl-slust model, the ratios
were locked at-0.75. Observations of face-on disks in principle probe GQhal way
to the midplane, so our model predicts that grain growth ffbinto 1um can increase
the observed fractionation of'@ and G80 by a factor of five. The fractionation in the
local abundances, which is relevant for incorporating matéto comets, increases by
the same amount from 0.1 tquin grains.

All the results so far in this section are for a T Tauri diskriblg Ae/Be stars are more
massive and more luminous and tend to have warmer disksgv@@may not be frozen
out at all. That would preverR from being locked as it is in Fig. 5.14; instead, it would
rapidly return to unity for all isotopologues. Observasgrobing the midplane of such
a disk would not find any fractionation #fO and*®O relative to'®0.

5.6.3.4 Implications for meteorites

Regardless of the grain size and the absence or presenaepéfout, the model shows
170 and'®0 to be nearly equally fractionate® has very similar values for ‘GO and
C80. The equal photodissociation rates implied by this remelpartly due to our choice
of molecular parameters. Spectroscopic data Hi©Qire still very scarce, so we assume
many of its oscillator strengths and predissociation podligzs to have the same value
as for C®0 (Sects. 5.2.3 and 5.2.4). Still, two importantféiences remain. First, the
elemental abundance 80 is higher than that df' O, resulting in some self-shielding for
C80 (Fig. 5.1). Second, the shifts of thé’© lines with respect t6°CO are generally
somewhat smaller than those of thé?Q lines, so ¢’0 is more strongly shielded by
12C0O. Both ¢fects are minor, however, and the photodissociation ratdsuprbeing
nearly the same.

According to the experiments of Chakraborty et al. (2048 ,ghotodissociation rate
due to theEO andE1 bands may be up t940% higher for ¢’O than for G20. If we
mimic this by artificially increasing th&0 andE1 oscillator strengths of €O by 40%,
the overall change iR(C’0) is less than 10% at any depth. When the two oscillator
strengths are doubled from their standard vaiS:’0) changes by at most 20%. In
both cases, the changeR(C'’0) is largest at the top of the disk and gradually decreases
for lower altitudes; it is less than 1% below 50 AU.

Observational evidence for equal fractionatiort® and*®0 in disks was recently
obtained by Smith et al. (2009) for the T Tauri star VV CrA. Trhanalysis points to
isotope-selective photodissociation of CO as the moshlikgplanation, although they
cautioned that more observations are needed to confirmdhatision. Meanwhile, their
observations are consistent with our model results.

A long-standing puzzle in our solar system involves the &fjaationation oft’O and
80 in the most refractory phases of meteorites (Clayton et@3). Current evidence
points at isotope-selective photodissociation of CO ingiblar nebula playing a key role
(Clayton 2002, Lyons & Young 2005, Lee et al. 2008). It is gailg accepted that the
resulting atomic oxygen eventually makes it into the refsacmaterial to produce the ob-
served isotope ratios, but it remains unknown how this digthappens. Any additional
mass-independent fractionation during that process naulitrtited, because photodisso-

165



Chapter 5 — The photodissociation and chemistry of intdast€O isotopologues

ciation of CO already reproduces the observed isotope amnaedratios (Young 2007).
One important requirement here is to hav€é@ and G20 photodissociate at the same
rate, an assumption that had gone untested up to now. Our waa@ms they do so in
many diferent environments — includingftlise and translucent clouds, PDRs, and cir-
cumstellar disks — even when allowing for the isotoffe@s suggested by Chakraborty
et al. (2008).

Equal (or nearly equal}’O and*O fractionation also occurs for other oxygen-
containing molecules in the model, such as water. The eqaefidénation is a clear
sign of CO photodissociation playing a key role in the fracttion process. Other frac-
tionation processes, such as isotope-exchange readtifiusion, freeze-out and evap-
oration, depend on the vibrational energies of the isotugues and are therefore mass-
dependent. Specifically, such processes would leddQdeing 0.52 times as fraction-
ated as'®0 (Matsuhisa et al. 1978). If mass-independent fractionapirocesses other
than isotope-selective photodissociation play a role iournstellar disks, they have not
been discovered so far (Clayton 2002, Yurimoto & Kuramot®4£0Lyons & Young
2005). Recently, Kimura et al. (2007) did report on a set efattal experiments yielding
mass-independently fractionated silicates, but they weable to identify the underly-
ing reaction mechanism. Hence, it remains unknown if thisildidoe relevant for disks.
Self-shielding in @ (Thiemens & Heidenreich 1983) is unimportant becausenéver
becomes abundant enough to become a significant sourcenoitaio

5.7 Conclusions

This chapter presents an updated model, based on the mdtlkiad Dishoeck & Black
(1988), for the photodissociation of carbon monoxide (C@) iéss heavier isotopologues.
It contains recent spectroscopic data from the literatnceproduces a photodissociation
rate of 26 x 10719 s71 in the interstellar medium, 30% higher than currently addpt
values. Our model is the first to includé© and3C'’O and we apply it to a broader
range of model parameters than has been done before. Theenalts are as follows:

e Self-shielding is very important fo#CO and somewhat so for'®D and*CO. The
rare isotopologue$C'’0 and*3C'®0 have the highest photodissociation rate at most
depths into a cloud or other object. The rates bi@and G20 are very similar at all
depths, but details in the line overlap and self-shieldiag cause mutual fierences
of up to 30% (Sects. 5.3.3 and 5.6.1.4).

e When coupled to a chemical network, the model reproducastaoldensities ob-
served towards €luse clouds and PDRs. It shows that the large spread in olaserve
N(*?CO)/N(*3*CO) ratios may be due to a combination of isotope-selectitqulis-
sociation and suprathermal chemistry (Sect. 5.6.1.3).

¢ Photodissociation of CO is more strongly isotope-seledtivcold gas than in warm
gas (Sect. 5.4).

e The results from the full calculation are well approximalyda grid of pre-computed
shielding functions, intended for easy use in various othedels. Shielding func-
tions are provided for a range of astrophysical paramegsst(5.5).
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e Grain growth in circumstellar disks increases the vertiaage in which CO can be
photodissociated. If photodissociation is still impottatithe point where CO freezes
out onto the grains, the observable gas-phase column geaisitsN(12CO)/N(C'’0)
andN(*?CO)/N(C*®0) may become an order of magnitude larger than the inital is
topic abundance ratios (Sect. 5.6.3.3).

e Without a far-UV componentin the irradiating spectrum, phetodissociation of CO
cannot cause isotope fractionation. The interstellaratamh field can already cause
substantial fractionation in disks (Sect. 5.6.3.3).

e The isotope-selective nature of the CO photodissociaéeults in mass-independent
fractionation of}’O and®0. Column density ratios computed for a circumstellar
disk agree well with recent observations. Our model supgba hypothesis that the
photodissociation of CO is responsible for the anomalé@sand*®0 abundances in
meteorites (Sect. 5.6.3.4).
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Abstract

Aims. The chemistry of polycyclic aromatic hydrocarbons (PAHs}isks around Herbig ABe

and T Tauri stars is investigated, along with the infrareéssian from these species. PAHs can exist
in different charge states and they can befiedint numbers of hydrogen atoms. The equilibrium
(steady-state) distribution over all possible charge agmitdgenation states depends on the size and
shape of the PAHs and on the physical properties of the sths@amounding disk.

Methods. A chemistry model is created to calculate the equilibriurargle and hydrogenation
distribution. Destruction of PAHs by ultraviolet (UV) plasts, possibly in multi-photon absorption
events, is taken into account. The chemistry model is cauple radiative transfer code to provide
the physical parameters and to combine the PAH emissiortkgtBpectral energy distribution from
the stawdisk system.

Results. Normally hydrogenated PAHs in Herbig A&e disks account for most of the observed
PAH emission, with neutral and positively ionised speciestiibuting in roughly equal amounts.
Close to the midplane, the PAHs are more strongly hydrogenand negatively ionised, but these
species do not contribute to the overall emission becausieedbw UV/optical flux deep inside
the disk. PAHs of 50 carbon atoms are destroyed out to 100 Atiardisk’s surface layer, and
the resulting spatial extent of the emission does not agedkewith observations. Rather, PAHs
of about 100 carbon atoms or more are predicted to cause rhas¢ @bserved emission. The
emission is extended on a scale similar to that of the sizéeftsk, with the short-wavelength
features less extended than the long-wavelength featlinescontinuum emission is less extended
than the PAH emission at the same wavelength. Furthermueesrhission from T Tauri disks is
much weaker and concentrated more towards the centralhstarthat from Herbig ABe disks.
Positively ionised PAHs are predicted to be largely abserit Tauri disks because of the weaker
radiation field.
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6.1 Introduction

6.1 Introduction

Polycyclic aromatic hydrocarbons (PAHSs; Léger & Puget 198amandola et al. 1989)
are ubiquitous in space and are seen in emission from a witktywaf sources, including
the difuse interstellar medium, photon-dominated regions, oistellar envelopes, and
(proto)planetary nebulae (Peeters et al. 2004 and refesaherein). The PAHs in these
sources are electronically excited by ultraviolet (UV) fhs. Following internal conver-
sion to a high vibrational level of the electronic groundetéhey cool by emission in the
C-H and C—-C stretching and bending modes at 3.3, 6.2, 7.,718.8, 12.8 and 16.4m.

Using the Infrared Space Observatory (ISO; Kessler et &6)%he Spitzer Space
Telescope (Werner et al. 2004a, Houck et al. 2004) and vagoaund-based telescopes,
PAH features have also been observed in disks around HemdgBBeland T Tauri stars
(Van Kerckhoven et al. 2000, Hony et al. 2001, Peeters eD@R 2Przygodda et al. 2003,
van Boekel et al. 2004, Acke & van den Ancker 2004, Geers 2(d6). Spatially re-
solved observations confirm that the emission comes froromegvhose size is consistent
with that of a circumstellar disk (van Boekel et al. 2004, Hidlet al. 2006, Geers et al.
2007). Because of the optical or UV radiation required tatextie PAHs, their emission
is thought to come mostly from the surface layers of the dislebart et al. 2004b). Acke
& van den Ancker (2004) showed that PAH emission is genestlignger from flared
disks (Meeus et al. 2001, Dominik et al. 2003) than from fladedf-shadowed disks.

Although the presence of such large molecules in disks amef aistronomical envi-
ronments is intrinsically interesting, it is also importém study PAHs for other reasons.
They are a good diagnostic of the stellar radiation field aarde used to trace small dust
particles in the surface layers of disks, both near the eantd farther out (Habart et al.
2004b). In addition, they are strongly involved in the plegsiand chemical processes
in disks. For instance, photoionisation of PAHs produces@etic electrons, which are
a major heating source of the gas (Bakes & Tielens 1994, KanipuBemond 2004,
Jonkheid et al. 2004). The absorption of UV radiation by PAithe surface layers in-
fluences radiation-driven processes closer to the midpl&iarge transfer of Cwith
neutral and negatively charged PAH$eats the carbon chemistry. Finally, Habart et al.
(2004a) proposed PAHs as an important site gffetmation in photon-dominated re-
gions, a process which is also important in disk chemistopkbeid et al. 2006, 2007).
Although this process is probably morieient on grains and very large PAHSs than it is
on PAHSs of up to 100 carbon atoms, the latter may play an inaporble if the grains
have grown to large sizes.

Many PAHs and related species that are originally presettiénparent molecular
cloud, are able to survive the star formation process andtealy end up on planetary
bodies (Allamandola & Hudgins 2003). They add to the riclsr@fghe organochemical
“broth” on planets in habitable zones (Kasting et al. 1988)n which life may originate.
Further enrichment is believed to come from the impact of esmPAHs have now been
detected in cometary material during the Deep Impact misfigsse et al. 2006) and
returned to Earth by the Stardust mission (Sandford et &6R0The icy grains that
constitute comets also contain a variety of other moleqidesenfreund & Fraser 2003).
Radiation-induced chemical reactions between frozeriRAtts and these molecules lead
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to a large variety of complex species, including some thatfaund in life on Earth
(Bernstein et al. 1999, Ehrenfreund & Sephton 2006). Thessipilities are another
reason why it is important to study the presence and chgna§®AHSs in disks.

The chemistry of PAHs in an astronomical context has beeatiediuwith increasingly
complex and accurate models since the 1980s (Omont 1986, éteql. 1988, Bakes &
Tielens 1994, Salama et al. 1996, Dartois & d’Hendecour71®2ong & Foing 2000,
Le Page et al. 2001, 2003, Weingartner & Draine 2001, Bakes €001a,b); however,
none of these were specifically targeted at PAHs in circullastéisks. Disk chemistry
models that do include PAHs only treat them in a very simplemea (e.g., Jonkheid
et al. 2004, Habart et al. 2004b). In this chapter, an extenRAH chemistry model
is coupled to a radiative transfer model for circumstellaks (Dullemond & Dominik
2004a, Geers et al. 2006, Dullemond et al. 2007a). The clwrpart includes ionisation
(photoelectric emission), electron recombination anaichtinent, photodissociation with
loss of hydrogen andr carbon, and hydrogen addition. Infrared (IR) emissi@mfithe
PAHs is calculated taking multi-photon excitation into aent, and added to the spectral
energy distribution (SED) of the stadisk system. The model can in principle also be
used to examine PAH chemistry and emission in other astraabenvironments.

We present the chemistry model in Sect. 6.2, followed byefbeview of the radiative
transfer model in Sect. 6.3. The results are discussed in &dand our conclusions are
summarised in Sect. 6.5.

6.2 PAH model

The chemistry part of our model is a combination of the modelseloped by Le Page
et al. (2001, hereafter LPSB01) and Weingartner & Drain®20ereafter WD01). Pho-
todissociation is treated according to Léger et al. (1988)ere possible, theoretical rates
are compared to recent experimental data. Our model emfiteysew PAH cross sec-
tions of Draine & Li (2007, hereafter DLO7), which are an utedef Li & Draine (2001)
based on experimental data (Mattioda et al. 2005a,b) ancbhHergations (e.g., Smith
et al. 2004, Werner et al. 2004b). In this section, we preff@enmain characteristics of
our model.

6.2.1 Characterisation of PAHs

The PAHs in our model are characterised by their number dfaraatomsN.. A PAH
bears the normal number of hydrogen atoig, when one hydrogen atom is attached
to each peripheral carbon atom bonded to exactly two othdwocaatoms (e.g., 12 for
coronene, G,H,,). The ratio betweeN; andN_. is taken as (e.g., DLO7):

05 Ng < 25,
fo = N§/Ne ={ 05 25/N; 25< N, < 100, 6.1)
0.25 N > 100.
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6.2 PAH model

This formula produces values appropriate for compact¢pedensed) PAHs. Elongated
(catacondensed) PAHs have a higher hydrogen coverageyhovileey are believed to
be less stable and to convert into a more compact geometnyg\&fzal. 1997, Dartois &
d’Hendecourt 1997), so only compact PAHs are assumed todsept.

Every carbon atom that bears one hydrogen atom in the noamsalis assumed to be
able to bear two in extreme conditions, so each PAH can ex&\lj, + 1 possible hydro-
genation states (8 N, < 2Ny,). Furthermore, each PAH can exist in two or more charge
statesZ. The maximum and minimum attainable charge depend on thati@ufield and
the PAH’s ionisation and autoionisation potentials (BakeBEelens 1994, WDO01). The
number of accessible charge states increases with PAH size.

For a number of properties, the radius of the PAH is more ingmtithanN.. The
PAHSs of interest are assumed to be spherically symmetricfafidwing e.g. Draine &
Li (2001) and WDO1, are assigned affieetive radiusa in A:

N, 1/3
as= (o 468) ' 6.2

This equation does not give the actual geometric radiubgrait gives the radius of a
pure graphite sphere containing the same number of carbomsatEquations (6.1) and
(6.2) do not apply to very small PAHS( < 20), but like irregularly shaped PAHSs, they
are assumed not to be abundant enough to contribute to tissiem{Sect. 6.2.6).

6.2.2 Photoprocesses

The absorption of a UV or visible photon offeigient energy by a PAH causes either the
emission of an electron (ionisation or detachment) or asttimm to an excited electronic
and vibrational state. In the second case, internal coioreed fluorescence rapidly
bring the molecule to a high vibrational level of the grouthet&onic state. From here,
several processes can take place (Léger et al. 1988, 1989)is6ociation with loss of
atomic or molecular hydrogen; (2) dissociation with lossaafarbon-bearing fragment;
or (3) cooling by infrared emission. The cooling rate consfar a PAH with internal
energyEjn is given by Li & Lunine (2003):

®  4rByoabs
= ————da, 6.3
kcool LlZA hC//l ( )
with B,(T[Ein]) the Planck function at the PAH’s vibrational temperatUrE;] (Draine
& Li 2001). The cross sections;qps are treated in Sect. 6.2.3.

The yield of a single dissociation procesy;, depends on the rate constamtsf all
possible processes:

ki

Xk
To determine the ratE; of dissociation proceds the yield is multiplied by the absorp-
tion rate, taking into account the possibility of electranigsion, and integrated over the

Y, (6.4)
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relevant energy range:
Ii = f (1 - Yem)YiU'abszth s (6-5)
0

whereYen is the photoelectric emission yield (Eqg. (6.8)) @ is the number of photons
in units of cnT? st erg™?. The radiation field is treated explicitly at every pointlietdisk
in a 2D axisymmetric geometry, i.e., the wavelength depeoéés taken into account as
well as the magnitude.

Photoelectric emission is the ejection of an electron frdPABE due to the absorption
of a UV photon. The electron can come either from the valeraze l{photoionisation;
possible for all charge states) or from an energy level alloseralence band (photode-
tachment; only for negatively charged PAHS). The photdeglzemission rate is given by
WDO01 as . .

Fem= jh\ YionU':;\bs'\lpth + f Ydeto'dethth > (6.6)

Vion hvget

whereh is Planck’s constant. Photoelectric emission can only oeten the photon
energy exceeds the thresholdfy, or hvger. The photodetachment yielyey, is taken
to be unity: every absorption of a photon withh > hvyet leads to the ejection of an
electron. The photoionisation yield,,, has a value between 0.1 and 1lerz 8 eV and
drops rapidly for lower energies. For photons with> hvion, the photodetachment cross
section,oqet, is about two orders of magnitude smaller féx = 50 than the ionisation
cross section, which is assumed equatigs

In order to deriveYem as used in Eq. (6.5), Eq. (6.6) is rewritten:

0 o
Fem= f (Yion + LerYdet) O'abszth . (6.7)
0 O abs
The quantity between brackets is the electron emissiod yyel:
g
Yem = Yion + detYdet, (6.8)

taking Yion andYget to be zero for photon energies less thaf, andhvge, respectively.
FurthermoreYen is not allowed to exceed unity: each absorbed photon cahajécone
electron.

If no photoelectric emission takes place, the PAH can ura@digsociation with loss
of carbon or hydrogen. Several theoretical schemes exisaltulate the dissociation
rates. LPSB0O1 employed the Rice-Ramsperger-Kassel-Maypeasi-equilibrium theory
(RRKM-QET) and obtained hydrogen loss rates close to thes=iehined experimentally
for benzene (gH;), naphthalene ({gH,) and anthracene ((H,,). Léger et al. (1989)
investigated the loss of carbon as well as hydrogen, usimgvanse Laplace transform of
the Arrhenius law (Forst 1972) to determine the rates. Isitheéthod, the rate constant is
zero when the PAH's internal enerdyi:, originating from one or more UV photons, is
less than the critical energlyy, for a particular loss channel. Whé&,; exceeds,

P(Eint — Eox)

) =A ,
kdlss)( X P(Eint)

(6.9)
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6.2 PAH model

Table 6.1— Arrhenius parameters for the loss of carbon and hydrogagmfents from PAHS.

Fragment N, Z EEv) A

C all all 7.37  62x10%
C all all 8.49 35x 10Y7
Cs all all 7.97 15x 108
H <Ny all 465 15x10%
H >N, <0 11 4x 101
H >N, >0 28 1x 10%
H, > Nf_’| <0 15 4% 101
H, >N, >0 31 1x 10

2 Ep andAfor C, G and G are from Léger et al. (1989)E, for H and H is based on the RRKM-QET
parameters from Le Page et al. (2001) and modified slightfibtain a better match with their rate& for
H is modified from Léger et al. (1989) and used also for H

whereAy is the pre-exponential Arrhenius factor for chanKedndp(E) is the density
of vibrational states at enerdy. Léger et al. (1989) considered the loss of H, ¢.a@d
Cs; LPSBOL1 also took hkiloss into account for PAHs withl,, > N¢. Our model uses
the method of Léger et al. (1989) for all loss channels, wétlugs forA andE, given in
Table 6.1.

The intensity of the UV radiation field inside the disk is cheterised in our model by

G where

’
0 = Uyy/Upar

136 eV 136 eV
Uyy = fﬁ u,dy = fe (h/)hyNprdly (6.10)

eV eV

andu,,, = 533x 10* erg cn® is the UV energy density in the mean interstellar
radiation field (Habing 1968). However, the radiation figidide the disk does not have
the same spectral shape as the interstellar radiation §el@;, is used instead o5, to
denote its integrated intensity. The exact UV field at evariypand every wavelength is
calculated by a Monte Carlo code, which follows the photeomfthe star into the disk
in an 2D axisymmetric geometry (see also Sect. 6.3.1). Asudtreegions of high optical
depth may not receive enough photons between 6 and 13.6 eMdalateGy. In those
cases, the lower limit of the integration range is extendetl-eV steps and the energy
density of the Habing field is recalculated accordinglyGlf still cannot be calculated
between 1 and 13.6 eV, it is set to a value of®0

In the strong radiation fields present in circumstellar sligp toG|, = 10'%in the
inner disk around a Herbig ABe star), multiple photons are absorbed by a PAH be-
fore it can cool through emission of IR radiation. These ipliioton events result in
higher dissociation rates than given by Egs. (6.5) and (&8) example, a PAH of 50
carbon atoms is photodestroyed in a radiation fiel@&pf~ 10° if multi-photon events
are allowed, whileGy ~ 10'*is required in a pure single-photon treatment (Sect. 6.2.6)
However, the multi-photon treatment is much more compaonatiy demanding, hence
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our model is limited to single-photon treatments for all ggsses but photodestruction;
the latter is discussed in detail in Sect. 6.2.6. The errgreduced by not including a full
multi-photon treatment are discussed in Sect. 6.4.5.

As long as the internal energy of the PAH exceEgl$or any of the loss channels from
Table 6.1, there is competition between dissociation adigtiae stabilisation. Typically,
the emission of a single IR photon is noftistient to bringEj,; belowEgp. If the emitted
IR photons are assumed to have an average emgygy 0.18 eV (6.9um; LPSB01), a
total of n = (Eint — Eo)/qz photons are required to stabilise the PAH. Ttiephoton in
this cooling process is emitted at an approximate rate $t&tunbar 1991)

[Eint - (l - 1)q|R] s
05 ’

with Ei in eV ands = 3(N. + N,,) — 6 the number of vibrational degrees of freedom. The
competition between dissociation and IR emission occurevery intermediate state.
Hence, the total radiative stabilisation rate is (Herbst&&Rage 1999)

Kradi
kradi + kdissH + kdisst + kdissC ’

Kradi = 73

(6.11)

n
Krad = kradl 1_[ (6.12)
i=1
wherekgissc denotes the sum of all three carbon loss channels. Note tfsat&11) and
(6.12) are used only in the chemical part of the code, whezedtails of the cooling
rate function are not important (LPSB01). The radiativesfar part employs the more
accurate Eq. (6.3).

Alternative stabilisation pathways such as inverse irgdlszanversion, inverse fluores-
cence and Poincaré fluorescence (Leach 1987, Léger et &) a88probably of minor
importance. Their fect can be approximated by increasag, thus creating an ‘féec-
tive” kiag that is somewhat larger than the “oléf,g. However, this has no discernible
effect on the rates from Eq. (6.5), so these alternative presese ignored altogether.

6.2.3 Absorption cross sections

Li & Draine (2001) performed a thorough examination of thea@iption cross sections,
oaps Of PAHS across a large range of wavelengths. Following ngueemental data
(Mattioda et al. 2005a,b) and IR observations (e.g., Sniiéh 004, Werner et al. 2004b),
an updated model was published in DLO7, providing a set oagus that can readily be
used in our model. The cross sections consist of a continuuntnibution that decreases
towards longer wavelengths, superposed onto which are d@&uai Drude profiles to
account for theo-o* transition at 72.2 nm, the-n* transition at 217.5 nm, the C—H
stretching mode at 3/3m, the C—C stretching modes at 6.2 andghy, the C—H in-plane
bending mode at 8.6m, and the C—H out-of-plane bending mode at 11.2—th3Some
of these primary features are split into two or three subiest and several minor features
are included in the 5-2m range to give a better agreement with recent observations
(DLO7). The additional absorption for ions in the near IR swead by Mattioda et al. is
included as a continuum term and three Drude profiles.

176



6.2 PAH model

The absorption properties of a PAH depend on its charge.rbleRAHs have 6.2, 7.7
and 8.6um features that are a factor of a few weaker than do cations.3T8um band
strength increases from cations to neutrals (Lafigh®96, Hudgins et al. 2000, 2001,
Bauschlicher 2002). The other features have similar ifiessfor each charge state.
While the cation-neutral band ratios at 6.2, 7.7 and/8r6are mostly independent of
size, those at 3.3m decrease for larger PAHs. DLO7 provide integrated barehgths,
o, for neutral and ionised PAHs, but they do not account fosthe dependence of this

feature in cations. Rather than takingf; 3 , = 0.2270%9 ; as DLO7 do, our model uses

e = oTta(1+ ) 619
S 5 N, - 14

This way, the cation-neutral band ratio approaches unityafige PAHs. The theoretical

ratios forN. = 24, 54 and 96 from Bauschlicher are well reproduced by E43(6.

LPSBO01 based their opacities on experiments by Joblin (LBAZPAHS in soot ex-
tracts. They fitted the cross section of an extract with amaayePAH mass of 365 amu
(corresponding tdN. ~ 30) with a collection of Gaussian curves, obtaining pradiyc
the same values fot £ 0.25um (E 2 5 eV) as DLO7. Between 0.25 and Qif, the
integrated cross section of LPSBO1 is about 2.5 times sénor@ince LPSBO1 were only
interested in the UV opacities, their cross section thraugthe rest of the visible and all
of the infrared is zero. For our purposes, thiatent opacities in the 0.25-0ufn range
only afect the hydrogen dissociation rates, and, as shown in Sdchk, 6he &ects are
negligible.

The details of the IR cross sections of negatively chargeds$are not well under-
stood, with very diterent values to be found in the literature (Lanffi®96, Bauschlicher
& Bakes 2000). However, this is not a problem for our modek&ese of the small elec-
tron dfinities, photodetachment is a verffieient process and absorption of a photon by
a PAH anion leads to ejection of an electron rather than anbat emission in the in-
frared. Rapid electron attachment retrieves the originadrabefore the transient neutral
PAH can absorb a second photon. Hence, if anions are pressteddy state, they are
excluded altogether when the infrared emission is caledlat

Large PAHs can carry a double or triple positive charge irs¢h@gions of the disk
where the radiation field is strong and the electron densityw. The diferences between
the cross sections of singly charged and neutral PAHs ginerarease when going to
multiply charged PAHs (Bauschlicher & Bakes 2000, Baked.e2@01a). However, no
cross sections for multiply charged species exist that eaditectly used in our model,
so the cross sections for singly charged species are ugeddnsSince multiply charged
species only constitute a very small part of the PAH popoiatSect. 6.4.1), this approx-
imation is not expected to cause major errors.

6.2.4 Electron recombination and attachment

Free electrons inside the disk can recombine with PAH cat@rattach to PAH neutrals
and anions; both processes are referred to here as elettmohraent. The electron at-
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tachment ratd, 5 = Keane, With ne the electron number density, depends on the frequency
of collisions between electrons and PAHs and on the proibatiiat a colliding electron
sticks, as expressed by WDO1:

~ [8KT
kea = ﬂaz&\] m N (614)

wherek is Boltzmann'’s constant and, the electron mass. The sticking ¢heient,s., has

a maximum value of 0.5 to allow for the possibility of elasdirattering. Non-scattering
electrons have to be retained by the PAH before their momectrries them back to
infinity. The probability of retention is approximately-le ', wherels ~ 10 A can

be considered the mean free path of the electron inside thé& RADO1 included an
additional factor 1(1 + €% Nc) for PAH neutrals and anions to take into account the
possibility that the PAH is dissociated by the electron’sess energy, but this is only
important for PAHs smaller than 24 carbon atoms (see als®0RBand they are assumed
not to be present in the disk (Sect. 6.2.6). Thus, our moadsd us

S = 0.5(1- e¥k) (6.15)

for all PAHs with a charg& > Zmin.

Expressions fod, a dimensionless factor that takes into account the chargeiae
of the PAH and the temperature of the gas, can be found in B&iSutin (1987). For
neutral PAHs,J « T2, so the attachment rate does not depend significantly on the
temperature (Bakes & Tielens 1994) changes a3 ~* for PAH cations in the PAH size
and gas temperature regimes of interest, leadifdgdoc T~Y/2. Finally, for PAH anions,
bothJ and the attachment rate varyed/™.

Recombination rates at 300 K for PAH cations of up to sixtegban atoms have been
determined experimentally (Abouelaziz et al. 1993, RabfRowe et al. 2003, Hassouna
et al. 2003, Novotny et al. 2005, Biennier et al. 2006). Theeexnental and theoreti-
cal rates agree to within a factor of two for these small ggaxcept for naphthalene
(C,oHg), where the theoretical value is larger by a factor of seeperimental data on
larger PAHs are needed to ascertain the accuracy of Eq.)(®dthe sizes used in our
model.

Experimental data on electron attachment to PAH neutrelsearce. Rates for an-
thracene (G,H,,) have been reported from®10-2° to 4.5 x 10°° cm® s™* (Tobita et al.
1992, Moustefaoui et al. 1998), with no apparent dependendemperature. Equation
(6.14) predicts a rate of 2 107% cm® s7%, about an order of magnitude lower, for tem-
peratures between 10 and 1000 K. For pyrengkiG), however, the theoretical value,
2 x 107 cm?® s7%, is 5-10 times larger than the available experimental wabfe2 and
4.2x101%cm? s71 (Tobita et al. 1992). Hence, we can only estimate that Eq4)ds
accurate to within about an order of magnitude. No expertaiatata are available on
electron attachment to negatively charged PAHs or on eleccombination with PAHs
carrying a multiple positive charge, so the uncertaintiethe theoretical rates for these
reactions are at least as large.
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6.2.5 Hydrogen addition

The addition of atomic hydrogen to neutral and ionised PAdHan exothermic process
requiring little or no activation energy (Bauschlicher 89Blirama et al. 2004). For addi-
tion to cations, we use the temperature-independent nateslfPSBO01, which are based
primarily on experimental work by Snow et al. (1998). Adalitito neutrals is about two
orders of magnitude slower for benzene (Mebel et al. 199@pért et al. 1998) and has
not been measured for larger PAHs. No rates are known fordtigi@n of hydrogen to
anions or to cations witd > 1. We takekiy, = 10-%kZ53, andkZih, = K34, The rate
depends oM, as described by LPSBO1.

Itis assumed that molecular hydrogen can only attach to ReiHsN,, < N;;,. Again,
the rate for addition to cations from LPSBO1 is used and éi¢idy 100 for the neutral
and anion rates.

For naphthalene and larger PAHs, addition of atomic hydi¢g&H + H — PAH, ;)
is assumed to be much faster than the bimolecular abstnackiannel (PAH+ H —
PAH_; + Hy; Herbst & Le Page 1999), so the latter is not included in oudeho

6.2.6 PAH growth and destruction

The PAHs observed in disks are generally not believed to baea formed in situ af-
ter the collapse and main infall phases. Formation and drofvPAHs requires a high
temperature<{1000 K), density and acetylene abundance (Frenklach & FBeigel 989,
Cherchné et al. 1992) and, especially for the smallest PAHs, a weak abifation field
to prevent rapid photodissociation. If these conditioristex all in a disk, it is only in a
thin slice (less than 0.1 AU) right behind the inner rim, anid unlikely that this &ects
the PAH population at larger radii. Another possible metbblte-stage PAH formation
is in accretion shocks (Desch & Connolly 2002), but tooditd known about these events
to include them in the model. Hence, no in situ formation avwgh of PAHSs is assumed
to take place.

PAH destruction is governed by the loss of carbon fragmemts @bsorption of one
or more UV photons. C-C bonds are a few eV stronger than C-lds@ng., Table 6.1),
so carbon is lost only from completely dehydrogenated PARisrder to get an accurate
destruction rate, multi-photon events have to be takenactmunt, as first recognised
by Guhathakurta & Draine (1989) and Siebenmorgen et al.19@ur model uses a
procedure based on Habart et al. (2004b). A PAH ensembldimgsin a given radiation
field assumes a statistical distribution over a range ofmatieenergies. This distribution
is represented blp(E;,;), which is normalised so th&(E;,;)dEj is the probability to find
the PAH in the energy interval froif; to Ej; + dEjn¢. At everyEiq, there is competition
between cooling and dissociation with loss of a carbon fraigim The probability for
dissociation depends on the ratio betw&eifthe sum of the rate constants for all carbon
loss channels in Eq. (6.9)) akgk (the instantaneous IR emission rate, comparable to Eq.
(6.11)) atEjn:
ke

Ein) = ——.
1ded Eint) ke + K

(6.16)
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kir is a very flat function in the relevant energy regime, whids very steep, S@gesis
approximately a step function.

The probability,pges that a PAH in a certain radiation field is destroyed is themfb
by integratingP(Eint)nded Eint) Over all energies:

Paes = f P(Ein)ced Ein)dEint (6.17)
0

with P(Ein) calculated according to Guhathakurta & Draine (1989) sThiequal to the
formula in Habart et al. (2004b) ifqes is replaced by a step function and the internal
energy is converted to a temperature using the PAH’s heatciigp(e.g., Draine & Li
2001). Destruction is assumed to take plageyif exceeds a value of 18

We define a critical radiation intensit¢g, which is the intensity required to cause
photodestruction of a given PAH within a typical disk lifeg of 3 Myr, i.e., the intensity
required to getrgissc = 1/Taissc = 3 Myr. The G for both single-photon and muilti-
photon destruction is plotted in Fig. 6.1. Knowledge of thdiation field at every point
of the disk (Fig. 6.3) is required to determine where PAHs cédain size are destroyed.
An approximate approach is to trace the radiation field atbeg;s = 1 surface, where
the intensity decreases almost as a power law (see Se@).614. our Herbig A¢Be
model (Sect. 6.3.2), PAHs of 50 carbon ator@ (= 1.2 x 10°) are destroyed out to
100 AU on therys = 1 surface. The destruction radius is larger for smaller PARG
vice versa; for example, PAHs witN. = 100 are only destroyed in the inner 5 AU.
PAHSs with less than 24 carbon atoms are not taken into ac@iait, because they are
already destroyed whegy, ~ 1. There are regions inside the disk where the UV intensity
is below that limit, but the PAHSs in such regions do not cdntté significantly to the
emission spectrum. The radiation field in a T Tauri disk is nweaker than for a Herbig
Age/Be disk, so the destruction radius is smaller. In our modediiriTdisk, 50-C PAHs
can survive everywhere but in the disk’s inner 0.01 AU, whi®-C PAHs can survive
even there (Sect. 6.4.6).

6.2.7 Other chemical processes

No reactions between PAHs and species other than H aratdHincluded in our model.
Although the second-order rate ¢beients for the addition of, e.g., atomic nitrogen and
oxygen are comparable to that for atomic hydrogen (Snow.et388, LPSB01), the
abundances of these heavier elements are not high enouffe¢bthe chemical equilib-
rium. Formation of dimers and clusters (Rapacioli et al.®80d references therein) and
trapping of PAHs onto grains and ices (Gudipati & Allamarad®003) are also left out.
The midplane of the disk, where densities are high enoughemgeratures low enough
for these processes to play a role, does not contributefisignily to the IR emission
spectrum.
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Figure 6.1— Photodestruction of PAHga) The UV intensity for which the destruction timescale
is shorter than the disk lifetime, with (solid line) or witlito(dashed line) multi-photon events
included. The right axis shows the corresponding “destnatadius” along theis = 1 surface in
our model Herbig A@e disk. The disk’s inner and outer radius are indicated byditted lines.
(b,c) Thetys = 1 surface in a vertical cut through our two model disks. Thk tharks denote the
radius inwards of which PAHs of a given size are destroyetiwithe disk lifetime; for the Herbig
Ae/Be model, this corresponds to the right vertical axis of péae
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6.3 Disk model

6.3.1 Computational code

The Monte Carlo radiative transfer code RADMC (Dullemond &rinik 2004a) is used
in combination with the more general code RADICAL (Dullendof Turolla 2000) to
produce the IR spectra from PAHSs in circumstellar disksngsin axisymmetric density
structure, but following photons in all three dimension®,\0RIC determines the dust
temperature and radiation field at every point of the disk.DR2AL then calculates a
spectrum from all or part of the disk, or an image at any givemelength.

The calculations in RADMC and RADICAL are based on the optraperties of a
collection of carbon and silicate dust grains. RecenthiPAvere added as another type
of grain to model the emission from the Herbig Ae star VV Set e surrounding nebu-
losity (Pontoppidan et al. 2007), from a sample of HerbigB¥eand T Tauri stars (Geers
et al. 2006), and to study théfects of dust sedimentation (Dullemond et al. 2007a). The
PAHSs are excited in a quantised fashion by UV and, to a lessgreg, visible photons
(Li & Draine 2002), and cool in a classical way according te thontinuous cooling”
approximation (Guhathakurta & Draine 1989), which was fbbg Draine & Li (2001)
to be accurate even for small PAHs. A detailed descriptioh@efPAH emission module
is given in Pontoppidan et al. (2007), whereas tests agathst codes are described in
Geers et al. (2006).

In the models used by Geers et al. (2006), Pontoppidan 2@0.7) and Dullemond
et al. (2007a), no PAH chemistry was included. PAHs of a gisiee existed in the
same charge and hydrogenation state everywhere, or in arfitedoetween a limited
number of states (e.g., 50% neutral, 50% ionised). In theeaimodel, the chemistry is
included in the following way. First, a single charge and toggenation state for a given
N is included at a given abundance in the radiative transfecqature, to calculate the
disk structure and radiation field at every point. Using ¢hphysical parameters, the
equilibrium distribution of the PAHs over all possible cgarand hydrogenation states is
then determined. After an optional second iteration of tdiative transfer to take into
account the heating of thermal grains by emission from thid$Ahe spectrum or image
is calculated.

Some additional chemistry is added to the model in order terdene the electron
and atomic and molecular hydrogen densities, which aregtetedcalculate the chemical
equilibrium of the PAHs. The electron abundangg,= ne/ny, is set equal to the T
abundance, based on a simple equilibrium between the mmisation of neutral C and
the recombination of C(Le Teuf et al. 2000, Bergin et al. 2003, 2007). All hydrogen
is in atomic form at the edges of the disk and is converted tecutar form inside the
disk as the amount of dissociating photons decreases d@dftshielding and shielding
by dust (Draine & Bertoldi 1996, van Zadelfiet al. 2003). The kiformation rate is
taken from Black & van Dishoeck (1987). For the outer partthefdisk, which receive
little radiation from the star, an interstellar radiatiogldi with Gg = 1 is included.

The RADMC and RADICAL codes only treat isotropic scatteragigphotons. We ver-
ified with a diferent radiative transfer code (van Zadéitet al. 2003) that no significant
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changes occur in the results when using a more realistio@mofsc scattering function.

Different PAHSs (i.e., dierent sizes) can be included at the same time, and for each
one, the equilibrium distribution over all charge and hyg#oation states is calculated.
The abundance of each PAH with a givida is equal throughout the disk, except in those
regions wherés > G;(N.); there, the abundance is set to zero. As discussed in Sect.
6.2.6, mixing processes are ignored.

6.3.2 Template disk with PAHs

For most of the calculations, a template HerbigBe star-disk model is used with the
following parameters. The star has radius®R,, mass D1 M, and dfective temper-
ature 10000 K, and its spectrum is described by a Kurucz madelUV excess due to
accretion or other processes is present. The mass of thésdiskL M, with inner and
outer radii of 0.48 and 300 AU. The inner radius correspondsdust evaporation tem-
perature of 1700 K. The disk is in vertical hydrostatic eipilim, with a flaring shape
and a slightly ptfed-up inner rim (Dullemond & Dominik 2004a). The dust tengiare
is calculated explicitly, whereas the gas temperature igga constant value of 300 K
everywhere, appropriate for the upper layers from whichtrobthe PAH emission orig-
inates. The results are not sensitive to the exact valueeofj#is temperature (see also
Sect. 6.4.5).

The same parameters are used for a template T Tauridishrmodel, except that the
star has mass. B8 M, and dfective temperature 4000 K. The dust evaporation tempera-
ture is kept at 1700 K, so the disk’s inner radius moves inwé&od.077 AU.

C,H,g is present as a prototypical PAH, at a high abundance ®&110°® PAH
molecules per hydrogen nucleus to maximise tiieats of changes in the model param-
eters. This abundance corresponds to 10% of the total dusst amal to 36% of the total
amount of carbon in dust being locked up in this PAH, assuramgbundance of carbon
in dust of 222x 10~* with respect to hydrogen (Habart et al. 2004b). The modelalss
run for PAHs of 24 and 96 carbon atoms.

6.4 Results

This chapter focuses on the chemistry of the PAHs in a cirtelfas disk and on its
effects on the mid-IR emission, as well as on thedlences between disks around Herbig
Ae/Be and T Tauri stars. Geers et al. (2006) analysedffleets of changing various disk
parameters, such as the PAH abundance and the disk geosattling of PAHs and dust
was analysed by Dullemond et al. (2007a).

6.4.1 PAH chemistry

Due to the large variations in density and UV intensity tlyloout the disk, the PAHs are
presentin alarge number of charge and hydrogenation ¢fa@bles 6.2 and 6.3). When a
disk containing only 50-C PAHS\[, = 18) is in steady state, our model predicts that 56%
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Table 6.2— Abundances of the dominant charge and hydrogenationsdiatehree PAHSs in the

model Herbig A¢Be star-disk systenf

N, Z N.R. 100y 0.01ea 100 gissy  0.01TgissH
Ne =24,N,=12,-1<Z<+2
12 -1 6.6(+1) 92(+1) 35(+0) 67(+1) 6.5(+1)
12 0 28(+1) 6.0(-1) 89(+1) 27(+1) 2.8(+1)
23 0 10(-1) 64(-5) 6.3(-3) 10(-1) 10(-1)
24 -1 36(+0) 7.4(+0) 37(-1) 37(+0) 3.6(+0)
24 0 73(-1) 51(-2) 71(+0) 7.5(-1) 7.3(-1)
Ne =50,N;, =18,-1<Z<+3
17 0 22(-1) 81(-2) 16(-1) 21(-1) 22(-1)
17 +1 35(-2) 20(-3) 26(-2) 22(-2) 3.6(-2)
17 +2 43(-4) 87(-6) 97(-4) 15(-4) 6.1(-4)
18 -1 28(+1) 44(+1) 11(+0) 30(+1) 26(+1)
18 0 21(+1) 6.2(-1) 48(+1) 21(+1) 20(+1)
18 +1 33(-2) 13(-3) 37(-1) 49(-2) 31(-2)
18 +2 75(-4) 89(-6) 83(-3) 11(-3) 4.3(-4)
19 -1 96(-1) 11(+0) 7.6(-2) 32(-1) 5.6(-1)
19 0 18(-1) 33(-3) 11(+0) 53(-2) 20(-1)
19 +1 56(-3) 30(-6) 47(-1) 31(-3) 7.5(-3)
36 -1 45(+1) 53(+1) 42(+1) 45(+1) 4.8(+1)
36 0 40(-1) 30(-2) 56(+0) 38(-1) 8.3(-1)
No =96,N;, =24,-2<Z<+4
48 -2 21(+1) 20(+1) 23(+1) 21(+1) 21(+1)
48 -1 57(+1) 7.9(+1) 24(+1) 57(+1) 5.7(+1)
48 0 22(+1) 71(-1) 50(+1) 22(+1) 22(+1)
48 +1 13(-1) 10(-2) 11(+0) 1.3(-1) 13(-1)
48 +2 20(-2) 38(-4) 21(-1) 20(-2) 20(-2)

@ In per cent of the entire PAH population in the disk.

N.R.: normal rates, i.e., the rates as discussed in Sectl8@®x and 001'x: the normal rate for process
X (ea: electron attachment; diss,H: photodissociation le&h of H or i) in/decreased by a factor of 100.
The dfect of increasing a certain rate is the same as decreasingt¢hef the reverse process (photoelectric
emission or addition of H or b).

of the observed PAH emission between 2.5 and Li&%originates from neutral GH, o,
with another 9% from ¢ H7.. PAHs missing one hydrogen atom also contribute to the
emission: 22% comes from(H, . and 12% from G H1-.

A strong contribution to the observed emission does notyngphigh abundance
throughout the disk, because the contribution of each statee spectrum also depends
on its spatial distribution. Figure 6.2 shows a cut throughdisk and indicates the abun-
dance of the six most important states with respect to tra @%H§ population. Near
the surface, where the radiation field is strong, the PAHSa@msed and some of them
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Table 6.3— Emissivity contributions from 2.5 to 138m for the dominant charge and hydrogena-
tion states for three PAHSs in the model Herbig/Be star-disk systent.

N, Z N.R. 100y 0.01ea 100 gissy  0.01T gissH
Ne=24,N;,=12,-1<Z<+2

12 -1 - - - - -

12 0 10(+2) 10(+2) 10(+2) 1.0(+2) 10(+2)

23 0 12(-3) - 27(-5) 19(-3) 12(-3)

24 -1

24 0 36(-2) 36(-1) 51(-2) 55(-2) 3.6(-2)
No =50,N;, =18,-1<Z<+3

17 0 22(+1) 51(+1) 29(+0) 18(+1) 21(+1)
17 +1 12(+1) 20(+0) 3.0(+0) 6.8(+0) 12(+1)
17  +2 13(-1) 49(-3) 24(-1) 24(-2) 19(-1)
18 -1 - - - - -

18 0 56(+1) 4.6(+1) 29(+1) 59(+1) 55(+1)
18 +1 90(+0) 1.2(+0) 10(+1) 15(+1) 8.3(+0)
18 +2 23(-1) 54(-3) 24(+0) 35(-1) 13(-1)

19 -1 - - - - -

19 0 B53(-6) 6.9(-6) 91(-6) 39(-7) 8.2(-1)
19 +1 17(+0) - 45(+1) 81(-1) 2.4(+0)
36 -1

36 0 50(-5) 35(-5) 6.2(-5) 50(-5) 5.2(-5)
Ne=96,N; =24,-2<Z<+4

48 -2 - - - - -

48 -1 - - - - -

48 0 44(+1) 87(+1) 13(+1) 44(+1) 4.4(+1)

48 +1 42(+1) 12(+1) 29(+1) 4.2(+1) 42(+1)

48 +2 14(+1) 50(-1) 56(+1) 14(+1) 14(+1)

a see footnotes to Table 6.2.

have lost a hydrogen atom. Going to lower altitudes, the PiMdsbecome neutral and
then negatively ionised. Still lower, the increasing dgnand optical depth lead to fur-
ther hydrogenation, resulting in a high abundance of theptetaly hydrogenated anion,
CyoHze @round the midplane.

Normally hydrogenated and positively ionised states oncorore strongly irradiated
regions than do completely hydrogenated and negativelyadrstates, so the former emit
more strongly. For example, the state responsible for ntoma half of the emission,
CsoH,g CONstitutes only 21% of all PAHs in the entire disk (Tablez &nd 6.3). About
half of the PAHs (45%) are expected to be in the form gfHG,. This state, which is
assumed not to emit at all (Sect. 6.2.3), dominates the tiégisity regions close to the
midplane. The normally hydrogenated anion i€, accounts for 28% of all PAHS,
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Figure 6.2 — Steady-state distribution of the most important charge lardrogenation states of
CyoHy (N3, = 18) in a disk around a Herbig @e star (16 K). Each panel shows a cut through the
disk, with the equator on the horizontal axis and the poléhervertical axis. The grey scale denotes
the fraction at which a state is present compared to all ptesstates. The dashed line denotes the
7vis = 1 surface. The dotted “emission line” connects the pointsrethe PAH emission is strongest
for a given distance = VR? + 2 from the star. The thick black contour lines denote the megio
responsible for most of the PAH emission; from the outsideaird, the contours contain 95, 90, 76,
52 and 28% of the total emitted power between 2.5 and A5 They are omitted from the last
frame for clarity.

and the remaining PAHs are mostly present as anions witk 1§, < 36. States like
C, Hi; and G HZ, are entirely absent: the same environmental parametetréatiaur
dehydrogenation (strong radiation, low density), als@avonisation.

Species withN,; < 17 are also predicted to be absent. They have to be formed from
CSOH%, but wherever these states exist, the ratio between the t#sity and the hy-
drogen density favours hydrogen addition. In those regiameare the ratio is favourable
to photodissociation with H loss, the radiation field is adémng enough to destroy the
carbon skeleton. The abundance gfi@, is boosted by Hlloss from G H%,, whichis a
much faster process than H loss frorgbﬂfs. Moving from the surface to the midplane,
the increasing, /G ratio allows all hydrogenation states fraij, + 1 to 2Ny, to exist.
However, since all of them excepf, = 19 are negatively charged, they are assumed not
to emit.

6.4.2 PAH emission

The integrated UV intensity between 6 and 13.6 eV, charseibyG| (Eq. (6.10)),
varies by many orders of magnitude from the disk’s surfatkdanidplane. The radiation
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Figure 6.3— The radiation field (characterised Gy; Eq. (6.10)) for a flaring disk around a Herbig
Ae/Be star (10 K), containing PAHs of 50 carbon atoms. The dashed line is'¢h@ssion line”
from Fig. 6.2. The white contour lines are the same as thelaawstour lines in Fig. 6.2.

field for the model Herbig A®e system is shown in Fig. 6.3, with the region responsible
for most of the 2.5-13.Bm PAH emission indicated by contour lines. Part of this ragio
is truncated sharply due to photodestruction of the PAHskim@ theG|, = G line. An
analysis of the disk structure shows that some 95% of the RAldsgon originates from
a region with 16 < G < 10°, 10° < ny (cm3) < 10°, and 10* < ne (cm™®) < 10* (see
also Fig. 6.4).

When the radiation field is traced along thg = 1 surface, and the disk’s inner 0.01
AU is disregarded, the integrated intensity decreasessila®a power law. Specifically,
for any point on theris = 1 surface a distanae (in AU) away from the star,

G) ~3.0x10°r; 1™, (6.18)

The power-law exponent fliers from the value of2 expected based on geometrical
considerations because of the curvature intlie= 1 surface. This relationship allows
one to predict to what radiuges PAHS of a certain size are destroyed, as was done in
Sect. 6.2.6 and Fig. 6.1. It should be noted, however, thgothly applies to theis = 1
surface. PAHs can survive and contribute to the emissiam fre: rgeswhen they are at
lower altitudes (e.qg., Figs. 6.3 and 6.7).
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Figure 6.4— Normalised cumulative PAH emission for the HerbigBe model as function of total
hydrogen densityry, left panel), radiation field&;, middle panel) and electron density(right
panel).

The abundances of the charge and hydrogenation statesdiB¥hemission region are
different from those in the entire disk. Although they agree notwsely to the emissivity
contributions, a perfect correspondence is not achieved.irstance, only D% of the
PAHs in this region are in the form of gH;, but they account for.8% of the emission
(Tables 6.2 and 6.3). This is again due to the positive iorsiioing in a more intense

radiation field than the neutrals and negative ions.

In a vertical cut through the disk, a point exists for everstaicer.n, from the star
where the PAH emission is strongest. These points form ties®on lines” in Figs. 6.2
and 6.3. The conditions along this line determine the chargehydrogenation of the
PAHSs responsible for most of the observed emission. Itidki depends mostly on two
competing factors: the intensity of the UV field and the PAHner density. A strong
UV field leads to stronger emission, but a strong UV field caly erist in regions of low
density, where the total emission is weaker.

The variation ofny, ne andGy along the emission line is plotted in Fig. 6.5. In the
disk’s inner 100 AU (disregarding the actual inner rim), fftestruction of PAHs causes
the emission line to lie below the;s = 1 surface, wheray andn, are relatively high (18
and 10 cm3, respectively) ane; is relatively low (16—10%). The resultingn,/G;, and
n, /Gy ratios favour the neutral normally hydrogenated specigghif;. Going to larger
radii, the emission line gradually moves up and crossegfige= 1 surface at around
100 AU. As a consequence, andne decrease whil&| increases. Because the electron
abundance with respect to hydrogen also decreases, thefifdHase a hydrogen atom
to become G H,,. Farther out, ionisation takes place to produggHZ.,. At still larger
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Figure 6.5— Total hydrogen densityn(;), electron densityr¢), radiation field G) and ratio be-
tween electron density and radiation fietg /G;,) along the emission line defined in Fig. 6.2 and
Sect. 6.4.2. The bars at the bottom indicate the main engitteach distance along the emission
line. The parameters are those of the template Herbj§éeodel.

radii, the radiation field starts to lose intensity angl€;; becomes the dominant species.
The deviation from the=174 power law for the radiation field (Eq. (6.18)) is due to the
emission line not following the,;s = 1 surface.

It should be noted that ionised and dehydrogenated speciesisk (and emit) in the
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disk’s inner part. However, for any given distance to the, steey only become the most
abundant species at around 100 AU.

6.4.3 Other PAHs

If CogH,, is put into the disk instead of £H,,, the abundance of the dehydrogenated
and normally hydrogenated states essentially goes to Zéris.is due to the hydrogen
addition rates being larger and the hydrogen dissociattesrbeing smaller for larger
PAHs. Most of the 2.5-13 &m emission in théN. = 96 case comes from{H ., (44%),
CyeHig (42%) and GH2; (14%), while the anion, GGHy, is the most abundant overall
(Tables 6.2 and 6.3).

If only C,,H,, is putin, the PAH emission becomes very weak. The criticdilation
intensity for this PAH is less than 1 (Fig. 6.1), so it can osilyvive in strongly shielded
areas. There, 66% of the PAHs are presentgbl(, 28% as G,H,, and 4% as GH;,.
Only the neutral species contributes to the emission; hewsince this PAH only emits
from regions wherés; < 1, no PAH features are visible in the calculated spectrum,
despite the high abundance used in our model. This is exBeabiln Fig. 6.6, where the
calculated spectra for the model stdisk system are compared for the three PAH sizes.
A disk around a Herbig ABe star containing PAHs of 50 or 96 carbon atoms shows
strong PAH features, but the 24-C spectrum contains onlyrtakdust emission.

The goal of Fig. 6.6 is to show theftkrences arising from the photochemical mod-
elling of the three PAH sizes in model Herbig /Be and T Tauri disks, rather than to
provide realistic spectra from such objects. In order todit model results to observa-
tions, one would need to include a range of PAH sizes in oneainad& Lunine 2003)
and execute a larger parameter study (Habart et al. 2004ys@¢ al. 2006) than was
done in this work.

6.4.4 Spatial extent of the PAH emission

The top panelin Figure 6.7 presents the cumulative intgoéthe five main PAH features
and the continua at 3.1 and 1% as a function of radius fal. = 50. In accordance
with Figs. 6.2 and 6.3, more than 95% of the power radiatedhénféatures originates
from outside the inner 10 AU, and some 80% from outside 100 s is largely due to
these PAHs being destroyed closer to the star. The 3.3 aBg@ilfeatures are somewhat
less extended than the other three features. The contiauawarh more confined than the
features, especially at 3iin, where 75% comes from the disk’s inner rim.

The PAH emission from a disk witN. = 96 (Fig. 6.7, middle panel) is less extended
than that from the same disk witlh. = 50, because larger PAHs can survive at smaller
radii. About 80% of the integrated intensity of the 8 feature originates from within
100 AU, and so does about 60% of the other, less energetioésatThe continuum at 20
um has the same spatial behaviour as the@®3PAH feature, while the continuum at 3.1
um is very much confined towards the centre. These resulthajedd agreement with
the spatial extent modelled by Habart et al. (2004b). Thé&aExtent of the continuum
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Figure 6.6— Model spectra (flux at 1 pc) for disks around a HerbigBee(black) and a T Tauri star
(grey) containing either GH, ., C,H,, (shifted by a factor of two) or GH,, (shifted by a factor
of four), with the charge and hydrogenation balance caledlay the chemistry model.

emission from the ¢H,, disk is identical to that from the £H, ; disk, so the thermal
dust emission appears to be tieated by the details of the PAHs and their chemistry.

Our model also agrees well with a number of spatially resblebservations (van
Boekel et al. 2004, Habart et al. 2006, Geers et al. 2007)renvte PAH features were
consistently found to be more extended than the adjacetincmm. Furthermore, PAH
emission is typically observed on scales of tens of AU, wiiahnot be well explained
by our model if only PAHs of 50 carbon atoms are present. Hghesobserved emission
is probably due to PAHSs of at least about 100 carbon atoms.

6.4.5 Sensitivity analysis

The rates for most of the chemical reactions discussed ih &@are not yet well known.
In order to gauge the importance of having an accurate rate fgiven reaction, the
equilibrium distributions were calculated for rates iresed or decreased by a factor of
100 from their normal model values. These results are abEsepted in Tables 6.2 and 6.3.
Modifying the hydrogen dissociation and addition ratesits® no significant changes, so
treating photodissociation with loss of hydrogen in a pusghgle-photon fashion likely
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Figure 6.7— Normalised cumulative integrated intensity of the fivem2AH features (black) and
the continua at 3.1 and 196n (grey) for G H,, around a Herbig ABe star (top), GH,, around
a Herbig AgBe star (middle) and GH,, around a T Tauri star (bottom). In each case, the charge
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and hydrogenation balance are calculated by the chemisiden

does not introduce large errors. The fact that most of the RAtission comes from
regions with a relatively weak UV field, < 10°), where multi-photon events play only

a minor role, further justifies the single-photon dehydrag®sn treatment.

The ionisation and electron attachment rates are more taupicio know accurately.
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For instance, the contribution from the cations to the spectdecreases by a factor of
a few when taking an ionisation rate that is 0.01 times thenabmodel rate. The shift
away from positively charged species aldteats hydrogenation (addition of hydrogen
is faster to cations than to neutrals), resulting, e.g., smaller emissivity contribution
from G, H,4 and G H;,; with respect to G H,, and G H;,. Further laboratory work on
ionisation and electron attachment rates, especiallyaiayelr PAHs, will help to better
constrain this part of the model.

As shown by e.g. Kamp & Dullemond (2004) and Jonkheid et 8043, the gas tem-
perature is not constant throughout the disk. The recortibmaates between electrons
and cations decrease for higher temperatures, whereattahbraent rates of electrons to
neutrals are almost independent of temperature (Sect)6Taking a higher temperature
would result in a slightly larger cation abundance. Howgeeen for an extreme temper-
ature of 5000 K, the recombination rates decrease by onlgtarfaf four, and the #ects
are smaller than what is depicted in Tables 6.2 and 6.3. Heveebelieve it is justified to
take a constant temperature of 300 K throughout the disk.

6.4.6 T Tauri stars

The results discussed so far are for a star with fiecéve temperature of ¥ 10* K,
appropriate for a Herbig ABe type. Colder stars, like T Tauri types, are lefiicient
in inducing IR emission in PAHs, as shown with both obseoratiand models by Geers
et al. (2006), unless they have excess UV over the stellaogihere. Hence, when the
model parameters are otherwise unchanged, the continuxifindha the sta#disk system
and the absolute intensity of the PAH features become wéglger6.6).

It was shown in Sect. 6.4.2 that the integrated intensityhef WV field along the
1vis = 1 surface of a disk around a Herbig /Be star decreases approximately as a power
law. Thisis also true for the T Tauri case, if the disk’s in@g€¥1 AU are again disregarded.
The exponentis slightly larger:

Gy~ 12r]19%3, (6.19)

with r, in AU. The UV field peaks aGj = 6 x 10° at the inner rim and drops by two
orders of magnitude within 0.01 AU, so a PAH of 50 carbon at@@js= 1.2 x 10°) can
survive almost everywhere (see also Fig. 6.1).

The smaller destruction radii also lead to the PAH emissgindpmore concentrated
towards the inner disk (Fig. 6.7, bottom panel). The @8 feature is particularly con-
fined, with 70% originating from the inner 10 AU and 25% frone ihner rim. As was
the case for the Herbig ABe disks (Sect. 6.4.4), the inner rim contributes stronglhe
continuum emission at 3;Am. The 19.Gum continuum also behaves very similarly to that
from the Herbig A¢Be disks, except that it is stretched inwards because ofrttadler
Rin. Thus, the spatial extent of the thermal dust emission séers largely unfiected
by the temperature of the central star.

Cations are practically absent in the model T Tauri disk aitly kind of PAH, due
to the weaker radiation field. Fdf. = 24 and 50, almost all of the PAH emission origi-
nates from the normally hydrogenated neutral speciggi G or C,H, .. Less than (1%
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originates from other neutral states, primarily those mgsne hydrogen atom ((H, ,,
C;,H;) or having twice the normal number of hydrogen atomskG,, C.;H,,). If a
disk around a T Tauri star contains only 96-C PAHs, all of timéssion is due to G;H .
The absence of cations could help explain the weak 7.7 andn8 ®atures in observed
spectra (Geers et al. 2006), because these two featuregakemn neutral PAHs.
Anions are abundant for all three PAH sizes, accounting baua half of the entire
PAH population. However, they are again assumed not to iborérto the emission.

6.4.7 Comparison with observations

Acke & van den Ancker (2004) performed a comprehensive aisbf the PAH features
in a large sample of Herbig ABe stars observed with 1SO, measuring line fluxes and
comparing them to each other. Figure 6.8 recreates thei9Figlotting the ratio of the
integrated fluxes in the 8.6 and Guth bands against the ratio of the integrated fluxes in
the 3.3 and 6.2m bands. In order to gauge the plausibility of the numeroasgdand
hydrogenation states a PAH can in principle attain, the saties are also plotted for a
sample of models containing one PAH in one specific state only

The 3.3-6.2 ratio from the model is very sensitive to the ghaf the PAH and in-
creases by an order of magnitude when going from ionised utralespecies. The 3.3
and 8.6um features are due to C—H vibrational modes, while theZeature is due to
a C-C mode (Sect. 6.2.3), so both ratios in Fig. 6.8 incredtbeNy,. The observations
fall mostly in between the model points for neutral and iedi$?’AHs, so both charge
states appear to contribute to the observed emission. rhisgthens the model results
presented in this work, although the observed emissivitgrdaution from neutral species
seems to be somewhat less than the predicE%0. Most of the observations agree with
the model prediction that the emission originates from ipléthydrogenation states, with
a lower limit of N, = N7, — 1.

6.5 Conclusions

We studied the chemistry of polycyclic aromatic hydroca®@AHS) in disks around
Herbig AgBe and T Tauri stars, as well as the infrared (IR) emissiomftioese species.
We created an extensive PAH chemistry model, based priynanilthe models of Le
Page et al. (2001) and Weingartner & Draine (2001), with glitgan cross sections from
Draine & Li (2007). This model includes reaction$escting the charge (ionisation, elec-
tron recombination, electron attachment) and hydrogerrame (photodissociation with
hydrogen loss, hydrogen addition) of PAHs in an astronoheicgironment. Destruction
of PAHs by UV radiation is also taken into account, includitggtruction by multi-photon
absorption events. By coupling the chemistry model to astej radiative transfer
model, we obtained equilibrium charge and hydrogenatistridutions throughout the
disks. The main results are as follows:

e Very small PAHs (24 carbon atoms) are destroyed within acglpilisk lifetime of
3 Myr even in regions of low UV intensity@;, ~ 1). No features are seen in the
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Figure 6.8 — The ratio of the fluxes of the 8.6 and g bands against the ratio of the fluxes of
the 3.3 and 6.2zm bands. Filled circles and arrows are detections and uppés lfrom Acke &
van den Ancker (2004). Open diamonds and lines are predgcfrom the template Herbig ARe
model. The cross in the lower right shows the typical erraslfar both the observations and the
model results.

calculated spectrum for either a Herbig/Be or a T Tauri disk, despite a high PAH
abundance.

e PAHs of intermediate size (50 carbon atoms) do producelglesible features, even
though they are still photodestroyed out to about 100 AU i sirface layers of
a disk around a Herbig ABe star. The model predicts that most of the emission
arises from the surface layers and from large radii (more & AU). Neutral and
positively ionised species, bearing the normal number dfbgen atoms or one less,
contribute in roughly equal amounts. Negatively chargextis are also present, but
are assumed not to contribute to the emission.

e Going to still larger PAHs (96 carbon atoms), photodestomcbecomes a slower
process and the PAHs can survive down to 5 AU from a Herbj@Astar. The slower
photodissociation rates also mean that these PAHs areifydisogenated everywhere
in the disk. Neutral and ionised species still contributeamparable amounts to the
emission, with some 15% originating from doubly ionised RAH

e The PAH emission is predicted to be extended on a scale siinilthe size of the
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disk, with the features at longer wavelengths contributimgre in the outer parts
and the features at shorter wavelengths contributing motée inner parts. The
continuum emission is less extended than the emission fnenPAH features at the
same wavelength.

Disks around T Tauri stars show weaker PAH features than sisdiround Herbig
Ae/Be stars because of the weaker radiation from T Tauri stassjnaing they have
no excess UV over the stellar atmosphere. The PAH emissoon T Tauri disks is
considerably more confined towards the centre than that ffisks around Herbig
Age/Be stars, because PAHs can survive much closer to the staingtance, a 50-
C PAH survives everywhere but in the disk’s innermost 0.01 Aurthermore, the
radiation field is no longer strong enough to ionise the PAds, all the PAH emission
originates from neutral species for all three PAH sizes.sTuuld help explain the
weak 7.7 and 8.am features in observed spectra. About half of all PAHs in adriTa
disk are predicted to be negatively ionised.

Comparing the model results to spatially resolved obsemat(van Boekel et al.
2004, Habart et al. 2006, Geers et al. 2007) for HerbigBaestars, it appears that
PAHSs of at least about 100 carbon atoms are responsible fst aidhe emission.
The emission from smaller species is predicted to be tomeeit. Other observations
(Acke & van den Ancker 2004) support the conclusion that théssion is due to a
mixture of neutral and singly positively ionised species.



Nederlandse samenvatting:

Chemische evolutie
van kernen tot schijven

Astrochemie: scheikunde in de ruimte

Chemie is overal. Auto’s worden aangedreven door de chémisactie tussen benzine
en zuurstof. Planten en bomen zetten koolstofdioxide eemwaet behulp van zonlicht
om in zuurstof en glucose. In ons eigen lichaam vindt het d&wgele proces plaats om
energie te leveren voor onze spieren. Zo zijn er nog tallbeenische reacties die de Aar-
de en het leven daarop maken wat ze zijn. De leus “chemie mB\eeperkt zich echter
niet tot de Aarde. De rode kleur van Mars is bijvoorbeeld afktig van ijzeroxides, een
groep chemische verbindingen bestaande uit ijzer- en tfatsmen. De verschillende
kleuren in de atmosfeer van Jupiter worden veroorzaaktaltentei stikstof-, zwavel- en
fosforhoudende verbindingen. Zelfs in de schijnbaar legmte tussen de planeten en de
sterren blijkt zich een scala aan chemische verbindingbavaden.

De wetenschap die zich bezighoudt met deze verbindingernt-deze scheikunde in
de ruimte — is de astrochemie. Zij is ontstaan in de jarentigvivan de vorige eeuw,
toen langzaam maar zeker duidelijk werd dat de ruimte tudeesterren niet geheel leeg
is. Er bevindt zich een zeer ijl gas, ook wel het interstedlanedium genoemd, dat op
de meeste plaatsen een dichtheid heeft van minder dan ém ptr kubieke centimeter
(cc). Ter vergelijking: een kubieke centimeter van de luoimnt ons heen bevat ruim
10.000.000.000.000.000.000 (10 triljoen) atomen. Eeimldeel van het interstellaire
medium — ongeveer 1% van het totale volume — bestaat uit zbgemoleculaire wolken.
Dit zijn gebieden met een dichtheid van ongeveer 100 atoreerc@ De toevoeging
“moleculair” slaat op het feit dat bij deze dichtheid de atmelkaar al vaak genoeg
tegenkomen om chemische bindingen te vormen en zo moletautaaken.

Het eerste molecuul in de ruimte werd pas in 1937 gevonden: €eH combinatie
van één atoom koolstof (C) en één atoom waterstof (H). Ineldijn er zo’n 150 in-
terstellaire moleculen ontdekt, en ieder jaar komen er negwe bij. Op de lijst staan
heel gewone verbindingen zoals® (water), CH (methaan, het hoofdbestanddeel van
aardgas) en C§CH,OH (ethanol, de bekendste vorm van alcohol), maar ook etutis
moleculen zoals §H™ en HG1N. Een van de uitdagingen voor astrochemici is om te
begrijpen hoe al deze gfen in de ruimte worden gevormd, en waarom de ene stof in veel
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hogere concentratie voorkomt dan de andere. In dit proefsezhn deze vragen vooral
gericht op moleculen die we waarnemen in de omgeving rong@asrmde sterren.

De vorming van sterren en planeten

De moleculaire wolken uit de vorige paragraaf zijn tot eekadntallen lichtjaren groot en
hebben dus, ondanks hun enorm lage dichtheid, een aafjkaeemiassa: 1000 a 10.000
keer de massa van de ZbA.Ze bevatten kleinere gebieden met hogere dichtheid. De
dichtste hiervan worden kernen genoemd; zij zijn rond d@d®@astronomische eenhe-
den (AE) groot een paar zonsmassa’s zwaar, en hebben een dichtheid vareengen
miljoen atomen of moleculen per cc. De wolk en de kernen bestaor 99 massa-% uit
gas met een betrekkelijk eenvoudige chemische samengtédie de paragraaf “Chemi-
sche evolutie”). Voor de rest bestaan ze uit stof: minuszatalkorreltjes van ongeveer
0,1 micrometer (of 0,0001 millimeter), omgeven met een diagje ijs.

Sterren zoals de Zon ontstaan uit kernen. In figuur 1 is sctisthaaangegeven hoe
dit proces verloopt. Paneel a toont een moleculaire wolk daarin een aantal kernen
van hogere dichtheid, aangegeven met een donkerdereifmtRaneel b zoomtin op één
zo’'n kern, met een typische afmeting van 10.000 AE. Voor leetak doen we hier alsof
de kern mooi bolvorming is, zodat we een cirkelvormige dwaossnede zien. In werke-
lijkheid zijn kernen echter zelden precies rond. Ongeaehtatm verliest de kern op een
gegeven moment haar stabiliteit en begint ze onder invlaachaar eigen zwaartekracht
ineen te storten. Dit moment wordt beschouwd als het begimeastervormingsproces.

Door het instorten wordt de dichtheid in het midden van de lsteeds hoger, zoals
wederom aangegeven met de verschillende grijstinten. Nawaer 10.000 jadis de
dichtheid zo hoog dat we kunnen spreken van een jonge stee€pe). De ronde vorm uit
paneel b heeft nu plaatsgemaakt voor een plattere diclstreridieling. Dit komt doordat
de kern, net als de omringende moleculaire wolk, langzaamdd@ait. Een gevolg van
deze draaiing is dat het materiaal dat van de buitenkant eaketh naar binnen valt,
niet precies in het midden uitkomt. In plaats daarvan vorettden platte schijf rond de
jonge ster, meestal aangeduid als een circumstellairg.s¢@el van het materiaal dat in
de schijf terechtkomt, beweegt verder naar binnen en vedingelijk alsnog in de ster.
Ondertussen wordt een deel van het materiaal weer uitgestoeen sterke straalstroom,
in een richting loodrecht op het vlak van de schijf. Dezeadstaoom creéert een holle
ruimte in het omringende materiaal, die we in paneel ¢ zismalwitte zandlopervorm.

Na zo’n 100.000 jaar (£0r, paneel d) is de kern volledig ingestort. Wat overblit i
een jonge ster omringd door een circumstellaire schijf viageoeer 100 AE groot. De

1 Een lichtjaar is de afstand die het licht in een jaar aflegthtieist met een snelheid van 300.000 km per
seconde, dus een lichtjaar is 10.000.000.000.000 (1Cehiljam. Na de Zon staat de dichtstbijzijnde ster,
Proxima Centauri, op 4,2 keer deze afstand.

2 De massa van de Zon isx210%C kg, oftewel een 2 met 30 nullen. De Zon is ruim 300.000 keeneaez als
de Aarde.

3 Een astronomische eenheid is de gemiddelde afstand tusgmdn de Aarde, oftewel 150 miljioen km. Een
afstand van 10.000 AE is gelijk aan 0,16 lichtjaar.

4 In wetenschappelijke notatie is dit4:0een 1 met vier nullen. Een miljoen is dus bijvoorbeel§.10
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Figuur 1 — Schematische weergave van de vorming van een ster metgiarige tijd benodigd
voor iedere fase is rechtsboven in de panelen aangegevesdnder staan de ruimtelijke schalen;
lj staat voor lichtjaar (10 biljoen km) en AE voor astronoatie eenheid (150 miljoen km).

dichtheid van de schijf loopt op tot meer dan een biljoen malen per cc, een miljoen
keer hoger dan de kern waaruit ze is ontstaan. De minusafliesitjes die in de kern
aanwezig waren, beginnen zich nu te concentreren in hetanidan de schijf. Ze botsen
daar tegen elkaar aan en blijven soms plakken om steedse@sitédeceltjes te vormen.
Zo krijgen we op een gegeven moment kiezels van een paanesst, die weer verder
groeien tot rotsblokken van een paar meter, en nog verdplaioétaire embryo’s van een
paar kilometer. Ze zijn dan zo groot en zwaar dat hun zwaatsk sterk genoeg is om
het gas in de schijf als het ware op te zuigen. Zo belanden vemgaveer een miljoen
jaar in paneel e. De schijf is nu grotendeels verdwenen; wah@ van over is bevat grote
gaten waar het gas is opgenomen in de planeten-in-wordigigpitdces van planeetgroei
duurt nog enkele miljoenen jaren en resulteert tot slot mwdwassen zonnestelsel zoals
getoond in paneel f.

Chemische evolutie

De rode draad in dit proefschrift is de chemische sameirgjelian het gas en het stof
tijdens de verschillende fases in de vorming van een jongle diVe bestuderen deze
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samenstelling met behulp van astrochemische modellenls Zeader opgemerkt is de
chemische samenstelling van het gas in wolkenkernenetkgnvoudig. Dat komt om-
dat ze een lage temperatuur hebben (10 K&vém nog niet blootstaan aan het sterke
stralingsveld van een ster. De lage temperatuur leidt elddbgeel moleculen vastvriezen
op de stofdeeltjes. Zodra de kern begint in te storten loegethperatuur op. De vluch-
tigste verbindingen in het ijs verdampen weer, en de algetlemische samenstelling
van het gas en het ijs verandert. Als even later de jonge stgnbte schijnen, zorgt het
stralingsveld voor nog meer veranderingen. Dankzij al ¢giemeessen, die zijn samenge-
vat in figuur 2, ziet de circumstellaire schijf er chemiscls theel anders uit dan de kern
waarmee we begonnen. Een belangrijke reden dat we zeeegisgerd zijn in de che-
mie van de schijf, is dat het materiaal uit de schijf in en opldmeten terechtkomt. Het
is nog steeds onduidelijk waar de chemische bouwstenenhaiaerste leven op Aarde
vandaan komen. Als we begrijpen in wat voor omgeving de Aerdgevormd, en uit wat
voor materiaal, kunnen we die vraag in de toekomst welliefatribwoorden.

De meest directe manier om iets te weten te komen over de sbeensamenstelling
van moleculaire wolken en circumstellaire schijven, is dpe te bestuderen met een
telescoop. leder molecuul, zowel op Aarde als in de ruintispebeert licht en andere
vormen van straling op een unieke manier. Door met telescopeoeken naar deze
“streepjescodes” kunnen we vaststellen of een bepaalfievstof niet in een wolk of
een schijf voorkomt. Deze methode heeft echter een aanpa@rkiegen. In de eerste
plaats hebben we te maken met de enorme afstanden waarapstexgsgebieden zich
bevinden, waardoor we slechts weinig details kunnen ooterden. Een ander probleem
is dat jonge sterren en schijven in het begin nog zijn ingehede moleculaire wolk
(panelen b en c in figuur 1), zodat we ze niet rechtstreeks&ummarnemen. Tot slot
vertellen waarnemingen ons alleen iets over de chemischersselling van een wolk of
schijf op dit moment, en niet hoe de samenstelling vroegsrafién de toekomst zal zijn.

Een geschikte methode om de chemische evolutie in de tijdlteem, en meteen ook
om meer details te kunnen zien, is het gebruik van astrodomaimodellen. Zo’n model
bevat een aantal moleculen, die bepaalde reacties met elaagaan. De snelheid van
elke reactie hangt af van de fysische omstandigheden, doditheid, temperatuur en
stralingsveld. Aan elk molecuul in het model wordt een begitentratie gegeven, die
meestal berust op waargenomen concentraties. Vervolgertk een stelsel wiskundige
vergelijkingen opgelost om te kijken hoe de concentraté@salle moleculen veranderen
in de tijd. Dit kan gedaan worden voor constante of veranudysische condities. In
het laatste geval kunnen we bijvoorbeeld kijken hoe de aunates veranderen als een
wolkenkern instort om een jonge ster en bijbehorende sehijbrmen.

Dit proefschrift

Zoals gezegd staat in dit proefschrift de verandering vachéenische samenstelling tij-
dens het stervormingsproces centraal. In het verledereisdoior anderen al veel aan-

5 Een temperatuur in Kelvin kan worden omgerekend in gradési®@eviaT (°C) = T(K) — 273. Een tempera-
tuur van 10 K is dus -263C.
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Figuur 2 — Schematische weergave van de chemische evolutie tijdensrthing van een ster.
Bovenin zijn de dichtheidr| in atomen per cc) en temperatudr, (n Kelvin) aangegeven; beide
nemen toe van buiten naar binnen. De grijze bol stelt deritestde kern voor, met binnenin de
jonge ster en de omringende schijf. De pijl (langs de puntefh &n 2) is een mogelijke baan
die het materiaal kan volgen vanuit de buitendelen van de kear de schijf. Langs deze baan
is aangegeven hoe de samenstelling van de ijslaag rond fiteeities (niet op schaal) globaal
verandert. Voor de kern begint in te storten is de temperaaaig en vriezen sften als water (KO)
en koolstofmonoxide (CO) vast op het stof. Het CO wordt deetgezet in methanol (GiDH).
Tijdens het instorten wordt het ijs opgewarmd. Het CO vergiamaar het minder viuchtige water
en methanol blijven bevroren. In het ijs worden radicalest@biele verbindingen) gevormd die
snel verder reageren tot complexere organische molecal@is azijnzuur (CHICOOH) en ether
(CH3OCHg). De circumstellaire schijf is relatief koud, dus als hetenal daarin terechtkomt kan
CO weer bevriezen. Dichtbij de ster is de temperatuur zo liad@l het ijs verdampt.

201



Nederlandse samenvatting

dacht aan besteed. Dit is echter altijd met eendimensionatiellen gedaan. Daarmee
kan prima de chemische evolutie in de instortende kern wogd®olgd, maar voor een
goede beschrijving van de circumstellaire schijf zijn tdiegensionale modellen nodig.
Dit proefschrift bevat het eerste astrochemische modealeathele chemische evolutie
vanaf de kern tot aan de schijf volgt in twee dimensies.

Na een algemene inleiding in hoofdstuk 1 geven we in hookdadgen gedetailleerde
beschrijving van het model. We gebruiken een zogeheten-aratytische methode om
de dichtheden in de kern en de schijf te berekenen, alsmedealleeden waarmee het
materiaal naar de ster toe valt. De dichtheden en snelhemtearkgoed overeen met wat
anderen hebben berekend met een meer gedetailleerde akenmethode. Het voordeel
van onze semi-analytische methode is dat ze sneller is emalatakkelijker het model
kunnen herhalen voor bijvoorbeeld een kern met een andessantd andere draaisnel-
heid. De temperatuur heeft een grote invioed op de chem@aiiatie. Zij kan niet goed
semi-analytisch worden berekend, dus gebruiken we hiemeewkeurige numerieke
methode.

Als een eerste voorbeeld voor de chemische evolutie volgedevtwee veel voor-
komende moleculen water en koolstofmonoxide (CO). Doorage ltemperatuur in de
kern vriezen ze allebei vast op de stofdeeltjes voordat sieiiting begint. Tijdens het
instorten verdampt CO al snel omdat het een lage bindinggienteeeft. In een later sta-
dium kan het weer bevriezen in de diepste delen van de sgljintvangen geen directe
straling van de ster en zijn dus erg koud. Water heeft eenrediedingsenergie dan CO
en verdampt pas als het binnen ongeveer 10 AE van de jongeoster

In hoofdstuk 4 kijken we in meer detail naar de draaisnelingidrmee materiaal van-
uit de kern op de schijf terechtkomt. Het is al sinds de jaaehtig bekend dat het neerko-
mende materiaal minder snel rond de ster draait dan hetialtar de schijf. Hoofdstuk
2 bevat een beperkte oplossing voor dit probleem; hier tewde een betere af, die ver-
volgens ook in hoofdstuk 3 gebruikt wordt. De nieuwe oplogdevert nieuwe inzichten
in de kwestie van kristallijn stof in schijven. Het stof in faoulaire wolken is geheel of
vrijwel geheel amorf, maar in schijven is het tot zo’n 30%skallijn. De overgang van
amorf naar kristallijn vereist een temperatuur die veeldragdan de temperatuur waarbij
het kristallijne materiaal wordt waargenomen. Ons moda #en dat stof dicht bij de
ster op de schijf terecht kan komen, daar heet genoeg worgaaramorf over te gaan in
kristallijn, en vervolgens door de schijf heen weer van éeat beweegt en zo in koudere
gebieden belandt.

De chemie uit hoofdstuk 2 wordt in hoofdstuk 3 sterk uitg@btet een netwerk van
ruim 400 moleculen en ruim 5200 reacties. We kijken nu nikteal meer naar CO en
water, maar naar een twintigtal belangrijke zuurstof-,I&ktwd- en stikstofhoudende ver-
bindingen. Het blijkt dat de meeste veranderingenin hurcentraties het gevolg zijn van
een klein aantal sleutelprocessen, zoals het verdampe@®auf de fotodissociatie van
water. Deze sleutelprocessen zijn weer terug te voerenmgmaeringen in bijvoorbeeld
de temperatuur of de intensiteit van het stralingsveld.

In hoofdstuk 3 en 4 besteden we speciale aandacht aan kareteijn rotsblokken
ter grootte van een paar tot enkele tientallen kilometdestiglens de vorming van het
zonnestelsel niet verder zijn gegroeid tot planeten. Opdjr@an de modelresultaten uit
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hoofdstuk 4 en waarnemingen gedaan door anderen, conetuderdat kometen worden
gevormd uit kleinere brokken met verschillende oorsprdten deel van deze brokken is
nooit sterk verwarmd, zodat water altijd in ijsvorm is getgle en de gehele chemische
samenstelling vrijwel hetzelfde is als die van moleculaiodken. Een ander deel is juist
wel sterk verwarmd doordat het dichtbij de ster op de schif¢htkwam. Daarna is het
naar het koudere gebied getransporteerd waar kometen mgesdermd. In dit materiaal
is al het water verdampt en later weer bevroren, en het heeftleemische samenstelling
die duidelijk verschilt van die van een moleculaire wolk.

Hoofdstuk 5 beperkt zich tot CO en zijn isotoopvariarte@dnder invioed van ultra-
violette straling (UV-straling) kan een molecuul CO uiteglfen in de losse atomen C
en O. We herzien een model uit 1988 met nieuwe laboratoritenwta de snelheid van
dit uiteenvallen te berekenen en om te kijken hoe de snelifbi@ngt van de positie in
bijvoorbeeld een moleculaire wolk of een circumstellazkig. De meest voorkomende
isotoopvariant?C®0 blijkt in de meeste gevallen het langzaamst uiteen te valdaar-
door komen er relatief meé#C-, 1’0- en'®0-atomen vrij. Dit gebeurt in een dusdanige
verhouding dat we de hoeveelhedé® en'®0 in meteorieten kunnen verklaren.

Het laatste hoofdstuk draait om de chemie van polycyclischeatische koolwater-
stoffen (PAK’s) in circumstellaire schijven. PAK'’s zijn een gpogrote, stabiele mole-
culen bestaande uit een kippengaasachtig skelet van &taitsthen omringd door een
enkele rand waterstofatomen. We berekenen onder andereiwda schijf de PAK’s
elektrisch geladen zijn en waar ze worden vernietigd dodddsstraling van de jonge
ster. We concluderen dat waargenomen straling van PAK'shijyv&n in ruwweg gelij-
ke mate afkomstig is van neutrale en geladen PAK’s. De PAKisnen bovendien niet
kleiner zijn dan honderd koolstofatomen.

6 |sotopen zijn verschillende atomen van hetzelfde elemmear met een afwijkende massa. Twee van nature
voorkomende stabiele koolstofisotopen ZfiC en13C, met atoommassa’s van respectievelijk 12 en 13. De
drie natuurlijke zuurstofisotopen zififO, 170 en!80.
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