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Chapter 3 — The chemical history of molecules in circumatalisks, part Il

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

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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Chapter 3 — The chemical history of molecules in circumatalisks, part Il

& 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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3.2 Collapse model

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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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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3.3 Chemical network

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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3.5 Results from the collapse phase

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

81



Chapter 3 — The chemical history of molecules in circumatalisks, part Il

8 - black: mainl§l7 ice h
6F .

o | ]
= o4r -
oot ]
ot : . . i

0 ) 10 15 20

R (AU)

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

87



Chapter 3 — The chemical history of molecules in circumatalisks, part Il

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

91



Chapter 3 — The chemical history of molecules in circumatalisks, part Il

t =ty + 1 Myr

o

N

S 0o N

z (AU)
S

o 0o

0 10 20 30 40 O 10 20 30 40 50
R (AU)

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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Figure 3.21- As Fig. 3.19, but comparing the cometary abundances te thasir model at = t,c.
The vertical black lines indicate the spread in the comatifiog region: at the midplane, between
5 and 30 AU from the star.

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).
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