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Introduction

The chemistry and physics of the universe have been inteethéver since molecules first
appeared during the Dark Ages. Observations of molecuéetharefore ffective probes
of physical processes in space, but astrochemistry is nihame & means to a physics
end. During star- and planet-formation the chemistry mustve from atoms and ions
to organic acids and sugars; astrochemistry sets the stagfeeforigin of life at the ever
increasing number of exo-planets.

This chemical evolution depends on the presence of dushgyraithe interstellar
medium and on the icy layers that form around them. Ices fapidiy during the dierent
stages of star formation through condensation of gas oritbgmains and through an
active grain chemistry. In interstellar clouds, the birthges of stars, this results in an ice
mixture with simple components:J8, CG,, CO, CHOH, NH3; and CH,.

Ices around protostar do not remain simple for long. Heatlvidrom the newborn
star both evaporate ices back into the gas phase and opeaatfprepathways towards
a complex organic chemistry in the ice phase. The grain{gfasactions — freeze-out,
quiescent ice reactions and the ice processing due to eigrgyfrom the new star —
can be investigated in the laboratory in vacuum chambetssthaulate the situation in
space. This is a crucial compliment to astrophysical olzg&ms which under most cir-
cumstances only provide snapshots of the ongoing chenistigrds diferent objects.

The thesis aims to combine quantitative laboratory sintatwith ice and gas obser-
vations to map out key gas-grain processes during star tammand thus the chemical
evolution from dark clouds to comets. The investigatiohsaa knowledge of the physics
of low-mass star formation, which directs the chemistrg an previous developments
of observational and laboratory techniques to study icé® fdllowing pages introduce
these pre-requisites together with the current understgraf astrophysically important
ice processes. The origin of chemistry goes further baakttmafirst star formation event,
however, and this dark age is the topic of the first section.



Chapter 1 Introduction

1.1 The first molecule

Fourteen billion years ago, the Big Bang created the unévbod, dense and filled with
radiation — too hot for even the elements of atoms, such demspto exist at any length.
As the universe expanded the energy spread out and the tetugedecreased. After the
first second of the Universe’s existence, it had alreadyembehough for protons (hy-
drogen nuclei), neutrons and electrons to form and remaatin 200 seconds later the
temperature was ‘only’ a billion degrees, cool enough fat@ns and neutrons to com-
bine to form helium, deuterium, beryllium and lithium nucl/ith further expansion and
cool-down the nucleosynthesis stopped. Still the radidteld was too intense for atoms;
a capture by a nucleus of an electron was immediately foliblephotoionization, i.e.
the stripping of electrons following the absorption of athignergy photon. This contin-
ued for another 400 000 years, while the universe expandew,aplder and grew darker
(Dalgarno 2006).

Around this time, at a redshifz < 10000, the photons had become scarce enough
for atom-electron recombination to become significantugioit would take untilz <
2000 for the Universe to become predominantly neutral {@adHalla 1998; Seager et al.
2000). This recombination of nuclei and electrons procdesgguentially dependent on
the ionization energies of the species; Helium was the fistnal species. The lack of
photons during the next period in the Universe’s history pravided the name of the
epoch, the Dark Ages; its hospitality to neutral speciesiniee dawn of chemistry.

At a redshiftz ~ 3000, He and H (or He") radiatively associated to form the Uni-
verse’s first molecular compound HeHHe;) (Galli & Palla 1998; Lepp et al. 2002).
It took anotherz = 1000 before the first neutral moleculep,Hormed. H is still the
most common molecule today though its dominant formatidah pas changed radically
over the ages. At > 100 H, formed from H +H radiative association, followed by;H
charge transfer with H. Arounzl= 100 a new morefécient formation channel became
available, associative detachment of &hd H. Both these processes are veryfinent
compared to the predominant formation mechanism todaytwikiH recombination on
grain surfaces. Two H atoms cannot simply recombine in tleepase. With no third
body available, the energy released from the atoms bindiggther can only be irradi-
ated away and this is extremely slow becausehbls no dipole moment compared with
the probability of the two atoms flying apart again.

Grain formation requires C, O and Si, however, and this oelyame available after
the birth and death of the first starzat 15. The collapse of gas into these first, giant stars
ended the Dark Ages and the Universe was re-ionized by thiggbta Nucleosynthesis
inside the stars turned hydrogen into carbon and oxygen thred beavier species. Many
stars in this era ended in violent explosions — the most nlistescovered is at = 8.3
(Tanvir et al. 2009) — and thus ejected the new elements heartterstellar medium,
dramatically changing the chemical conditions. Obseovettiof probable dust continuum
emission towards quasarszat 6.4 indicate that these novae wer@@ent producers of

1The redshift is produced by the Dopplefezt from the expansion of the Universe. The higher the rédshi
of the observed light, the farther away and further backnretis its origin. For a matter dominated universe,
t = 14x 10°/(1 + 2)%2 years, where is the redshift and the age of the Universe when the light was emitted.
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1.2 Stellar birth, life and death

small dust grains (Bertoldi et al. 2003). When protectednfradiation, the grains are
cold surfaces on which gas phase atoms and molecules cantteftsm icy layers and
there is tentative evidence of ice formation already at #aidy epoch of the Universe
(Dudley et al. 2008).

This enrichment of the interstellar medium with heavy at@md dust grains contin-
ued for the next billions of years and is still continuing &gd The organic chemistry
observed here on Earth, on other bodies in our solar systemmeé new-born stars and in
distant galaxies all has its origin in these blasts, whiggmevhen the Universe was only
a little more than a billion years old.

1.2 Stellar birth, life and death

While the first stars are still somewhat of a mystery, the difele of stars such as our
own is fairly well understood (Fig. 1.1). Except for dustiides and large molecules,

most molecular compounds are easily destroyed when expodé irradiation, which

is universally present in the interstellar medium. Therefbe chemistry has to start over
in each stellar cycle, which begins with the formation of aeredense region, a cloud,
consisting of gas and dust, both primordial H and He, andibealements produced in

the previous stellar life cycles. These clouds contain ghanatter to absorb some or all
of the interstellar UV light and thus protect molecules frdastruction.

The most tenuous clouds, so calledfase ones, are still harsh environments where
molecules are continuously destroyed by UV light. The riaileoular inventory of such
clouds discovered first in the 30s came therefore as somesflatsurprise (Snow &
McCall 2006, for a review). CN, CH and CHvere the first molecules to be discovered.
Now it is well established that molecules of all sizes arespnéin these clouds including
H,, CO, carbon chains and,BO. Their presence despite the strong UV field implies
efficient formation mechanisms. For most molecules ion-nbgsations in the gas phase
are fast enough to explain the observed abundances. OtHecutes, especially §
require a grain reaction pathway.

The tenuous clouds can be compacted through a range of eietigling colliding
diffuse cloud streams, and energy input from stellar winds apérsovae (Vazquez-
Semadeni et al. 2003). The result is a dense, gravitatipbalind cloud, whose interior
is completely protected from external UV rays. The densaddaare thus cold~10 K)
and molecules dominate the chemistry. The high densitiescantemperatures result in
rapid accretion of gas-phase molecules onto grain-susfémening ices (van Dishoeck &
Blake 1998, for a review). These grains are also active ctamsites, which is discussed
further in 81.3.

Molecular clouds contain even denser core regions, whieth&rbirth places of solar-
type stars. The density of the cores is higher thahmo6lecules cm?, which can be com-
pared to molecular cloud densities 0ff2Q0* molecules cm® and difuse cloud densities
of 1-1¢ molecules cm?, and to the atmosphere on earth witi 0*° molecules cm®. If
the core’s density is high enough to induce a collapse urnsl@wn gravity it is termed
pre-stellar, i.e., it will eventually form a star. This caise releases a large amount of
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Figure 1.1 The stellar life cycle from a)filise clouds to f) star death. The dense cloud
(b) contains cores which collapse under their own gravitfoten a protostar (c), which

is still embedded in cloud material. As the cloud disperf®s pre-main sequence star
and an accompanying disk are exposed (d). With time the deglemal is incorporated
into planets or dispersed resulting in a main sequence staranplanetary system (e).
When the star dies, stellar winds and novae drive newly fdretlements and dust grains
back into the dituse interstellar medium (f). The length scales for eachestag order of
magnitude estimates.



1.2 Stellar birth, life and death

energy, which threatens to stop the collapse through threased pressure building up
from the heated gas. The presence of molecules preventgdhshappening. Mole-
cules are fficient coolants; they can be thermally excited through siolfis at a range of
temperatures, and then irradiate the energy at specificlarayths. Some of the discrete
radiation escapes from the core and thus carries away energy

During the collapse, the protostar starts to release angudanentum through large
outflows and through the formation of a dense disk, whichioaes to accrete material
onto the protostar (Bachiller 1996; Jgrgensen et al. 2@&gause of the high density of
the disk & 10° cm), grains coagulate, forming larger and larger boulderd,emntu-
ally planets (Dullemond & Dominik 2005; Johansen et al. 200 his process continues
after the now pre-main sequence star has dispersed theufastisding cloud material.
The large number of discovered exo-planets (353 as thigsthess into print) shows that
the production of planets in such disks is quiteogent. The protoplanetary disk is less
protected than the protostellar envelope and has a surdgee Where the chemistry is
dominated by UV radiation and heat from the protostar. Degpiees may still survive
and continue to féect the chemistry actively (Chiang & Goldreich 1997). Thenpo-
sition of comets suggests that at least some of the ice istptiear in origin (Bockelée-
Morvan et al. 2000).

Eventually the disk is cleared of gas by irradiation and wifrdm the star and by
the gravitational pull of the young star and of planets. Rerriext billions of years most
of the interesting chemistry in the solar system will takacel in comets, and on planets
and moons. As the star closes in on its end, its outer atmosfieeomes a production
factory of dust particles and other complex molecules argteggates of molecules, just
as it did in the earlier generations. These particles andonaaecules are fed back into
the diffuse interstellar medium and the process starts over, thoogh enriched in heavy
elements than last time around.

This is the life cycle for solar-type stars and for low-matssin general. High-
mass star formation probably shares some of the same pescéss their exact evolution
from giant molecular clouds to stars is still contested. tfles of star formation are
however accompanied by a rich chemistry which evolves wighphysical environment,
dependent on changes in the density structure, temperataiability of surfaces, UV
light flux and other energy fluxes. Molecular and atomic speate used routinely to
probe the physical processes described in this sectios eftan the mostfcient means
to investigate astrophysical processes, especially duhia heavily obscured stages of
star formation. Molecular and atomic abundances afechits physical environment
through for example cooling, as described above. This @ogetween the chemistry
and physics implies that understanding the chemical pseseis space is important for
most branches of astrophysics. The remainder of this iottieh and this thesis both
focus, however, on the understanding of astrochemistrit§awn sake and how inves-
tigating gas-grain interactions provides crucial cluebdw the chemistry evolved from
dense molecular clouds to solar systems such as our own.
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1.3 Ices in star forming regions

The presence of ices in general and water ice in particul@ihéninterstellar medium
was first proposed in the astrophysical literature by Edaing1937), building on the
argument that the obscuring clouds between stars had pdtateriors, where water
molecules could aggregate together to form small ice pestid his was 23 years after the
discovery of the first interstellar absorption line (Hartmd 904), and just prior to the first
identification of an interstellar molecular species (SwidgRosenfeld 1937). Eddington
was right: ice is present in space. When progressing frdfus#i regions to dense clouds,
water (HO) ice is the first ice to form and it is the most common ice sgettiroughout
the molecular cloud in all but a few sources (Bergin et al. 2@dnnentrucker et al. 2008),
closely followed by carbon dioxide (Cpand carbon monoxide (CO). Observations of
ices and their implications for how the first ices form, how\tlare destroyed and how
they react into more complex ones are the topics of this@eetnd of Fig. 1.2.

b) =10

6
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Figure 1.2 The proposed ice evolution during star and plemetation starting with sim-

ple ice formation in dark clouds and cloud cores (a). Heatlavidrom the protostar may
result in a more complex ice mixture (b.ii), which evaposatkse to the protostar (b.iii).
Some of this ice becomes incorporated in the protoplanetiakyinstead (c), and further
into comets and planets (d).



1.3 Ices in star forming regions

1.3.1 Ice observations and infrared spectroscopy

Water ice was first detected in the 1970s. Shortly afterwmestsof diferent kinds were
determined to be a common constituent of molecular clow@lidleft & Forrest 1973; Mer-
rill et al. 1976). Over the years4®, CO,, CO, CHOH, NHz and CHj ice have all been
observed, and some of their abundances have been estdbitisheange of astrophysical
environments, including the inner and outer regions of denslecular clouds, protostel-
lar envelopes and protoplanetary disks (Knez et al. 2008 @t al. 2004; Boogert et al.
2008; Pontoppidan et al. 2005, and Chapter 2—3 of this theEigese ices reside on the
surfaces of (sub-)micron-sized dust particles, whose @sitipn, origin and evolution
are treated in detail by Whittet (1992).

Identification and abundance determinations of ices relyfyared absorption spec-
troscopy, i.e., the dierent absorption patterns offiirent ice species superimposed on a
background continuum light source, such as a protostarfréjeency of light that is ab-
sorbed by a certain molecule depends on the molecular nettian can be excited. When
free-floating, molecules have degrees of freedom corralipgrio translation, rotations
and vibrations, and to electronic transitions. In an ice, tiolecules are immobilized.
Thus there is no translation nor any rotations. The molestillevibrates, however, and
these vibrations are excited by the absorption of infraaeliation.

In the gas phase these vibrationally excited states canfndated thermally as well,
through collisions between molecules. This is not posdibiéces, since the required
temperatures exceed the evaporation temperatures ofathoo ices. Thus only infrared
absorption spectroscopy of ices is possible — far-infraraasitions due to hindered ro-
tational transitions can be populated thermally for the hedatile ices and kD ice has
been observed in emission at these wavelengths (Molinati 2099). In general, the in-
vestigation of ices in space is restricted to specific lirffessght, since background sources
with strong infrared continua are rare, except for protestaherefore ices around proto-
stars are among the most well studied, while less is knowntabes in the densest cloud
cores before the onset of star formation.

Figure 1.3 shows the infrared spectrum towards a protosthrseveral of the iden-
tified ice species marked out. Spectra of molecular cloudstawards circum-stellar
disks share most of the spectral features found towardegtaos, with clear detections
of H,0, CO, and CO ice and a deep silicate feature aufrfOfrom the grain cores them-
selves (Knez et al. 2005; Pontoppidan et al. 2005). The iogosition thus seems only
marginally dfected by the transition between thesffatent evolutionary stages of low-
mass star formation, suggesting that most of the ice forready in the molecular cloud.
This is supported by mapping of ice absorptions toward moéeclouds, which shows
that once a certain distance threshold into the cloud iscovee, the water ice abundance
is linearly correlated with the cloud material, i.e. it fagrbefore the cloud core stage
is reached. Some of the carbon dioxide ice is also observeardis the cloud edges.
In contrast to water ice, it increases somewhat in abundiamteer into the cloud core.
This second growth seems dependent on a catastrophicfoeené CO ice, which only
happens in the cloud core itself (Pontoppidan 2006). Théseroations then imply a
structured ice mantle with a layer obB-rich ice directly on the grain core and a second
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layer of CO-rich ice on top.

This scenario is consistent with the observed ice specttee AQ ice absorption
features have been compared with laboratory spectra @§JaAd are best explained by
CO, present in two separate ice environments: @Hlich and CO-rich one. CO ice is
observed to be mostly pure except for a small part mixed wiih.Gnce the protostar
turns on these original ice mixtures are modified througtilidgon and segregation and
pure CQ ice becomes common as well (Pontoppidan et al. 2008). Thesegses are
the topic of Chapters 5-6, while the formation conditiongdiferent ices during star
formation is investigated through statistical analysis ddrge sample of protostars with
ice observations in Chapter 2.

The observations in Chapter 2 and 3 were mainly acquired thigfSpitzer Space
Telescope. Some infrared observations are possible through speeindiows in the at-
mosphere of the earth. Only space-born telescopes givessato the entire infrared
spectral region an@pitzer was the first space-born telescope with high enough sensi-
tivity to carry out ice observations towards low-mass pstdcs. This has dramatically
increased the number of ice detections and thus our unddistpof how the first ices
form.

1.3.2 The firstices

From observations, ices thus first appear in dense molecldads. The observations
described above have shown that even there ice formatiant jsassible up to the edges
of the clouds where the irradiation field is strong. This i$ twosay that molecules do
not form on surfaces in these harsher environments. Theyhgy also evaporate due to
different non-thermal processes, such as UV photodesorptforeban ice layer can be
built up (Fig. 1.4).
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Figure 1.4 The proposed ice evolution in molecular cloudsreghe onset of star forma-
tion resulting in a layered ice structure.

The proposed formation paths of interstellar ices have gbadnhrough the decades
as theory, observations and laboratory experiments hawvente more detailed. When
Eddington first proposed the existence of ices in the irgastmedium, he assumed that
they could form as in our atmosphere, where gas phase metefrekze out on macro-
molecules or on soot particles. This may explain some of Heeved ices in molecular
clouds, especially CO ice, but for most ices, the gas phasduption mechanisms are
simply too indficient to explain the observed abundances. This is espetiak for
H,0, CH;OH and CQ.

A decade after Eddington, van de Hulst (1946) first proposegicéive ice chemistry
where C, O and N atoms condense on patrticles consisting ¢fashasice aggregates
and subsequently react with hydrogen to form an ice congistf H,O, CH; and NH;.
The hydrogenated atoms should dominate the ice compositime hydrogen is orders
of magnitude more abundant than any of the heavier atomshasdthe probability for
any specific atom to react with hydrogen far exceeds the pitityeof it reacting with
another C or O atom. This framework of atom-radical reaction ice or grain surfaces
still holds, though the exact reaction schemes have evolved

This ice formation framework reached a new level of soptasibn when Tielens &
Hagen (1982) proposed a combined gas and grain chemistrgevelt@ms accrete onto
grain surfaces, depending on their gas phase abundancestigkidg probabilities. In
their model the energy barrier for an atom, molecule or @diz hop around the sur-
face is assumed to be lower than the desorption or evaporadioier and thus a given
atom will hop around the grain for a period of time, whose tbrdepends on the grain
temperature. If the atom encounters another atom or radiicalg its time on the grain,
they react, since radical-radical reactions have no dadivdarriers. At typical molec-
ular cloud temperatures of 10 K, hydrogen atoms will scan the grain surface orders
of magnitude faster than the second smallest common atond$ a@d O. Therefore the
formed ice is still predicted to be abundant in hydrogenatedns, i.e. HO, CH; and
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Chapter 1 Introduction

NHs. Because of the flierent transition conditions between the atomic and moé&scul
form for hydrogen and the heavier species, hydrogenatiomaécules and oxygenation
are important processes as well. CO forriently in the gas phase, and thus CO ice
is explained by direct freeze-out of the molecular gas. ldgénation of CO produces
methanol, while its oxygenation results in €O

There are few laboratory studies of the proposed grain sairf@actions. The hydro-
genation of CO to form KCO and CHOH is an exception. A key experimental result
is that in a molecular and atomic mixture of CO and C eON\and O, hydrogen atoms
react preferentially with the atoms rather than the moles(Hiraoka et al. 1998). Thus
methanol is expected to form at a later stage than methameifedre carbon and carbon
monoxide co-exist in the outer parts of molecular cloudgure CO ice, hydrogenation
to form H,CO and subsequently GBH seems ficient though absolute rates are still
lacking (Watanabe et al. 2003, Fuchs et al. A&A in press).

Combining the model, laboratory experiments and astrdpalsbservations, the ice
chemistry is proposed to proceed as in Fig. 1.4. In tiieisk clouds and at the edges of
denser clouds atoms accrete onto the surface for long enoughct with hydrogen. f-
cient UV induced desorption (Chapter 7-9) prevents the éokmolecule from remaining
on the surface long enough to form more than a monolayer ¢Ho#lenbach et al. 2009).
As the cloud grows denser, or alternatively deeper into astieg cloud, atoms start to
convert into molecules in the gas phase since they are naeqgtea from most UV light.
This also allows for the build-up of ices. O, C, N and CO aamnto surfaces, and
the atoms are preferentially hydrogenated as predictedkpgrenents. CO is thus not
hydrogenated at this stage, but instead reacts with oxygebably in the form of OH,
to form CQ,. As the gas is depleted of C and O atoms and the density irege€0
accretes rapidly onto the surface with only a small portiemf turned into C@, while
the remainder is either converted to §bH or not reacting at all. Some non-thermal
desorption is present deep into the cloud because of diosatic ray desorption, cosmic-
ray induced UV desorption and desorption due to releasearhidal energy (Shen et al.
2004; Garrod et al. 2007).

This figure is however a proposition, not a fact. Chapter 2reRides further ob-
servational evidence in its support, but the real lack isaboratory data rather than in
ice observations. Without laboratory tests, the relativé absolute iciency of these
different reactions remain speculative.

1.3.3 A complex ice chemistry?

The ice chemistry does not necessarily stop with methanblléthere is only a handful
of ice observations towards high-mass protostars withesdd of more complex species
forming in the ice, the detection limits in such observagiare high because of the intrin-
sic overlap of many organic ice features (Gibb et al. 2004 p®ér 2). Still, as discussed
further in Section 1.3.4, the gas phase observations of xmpolecules around pro-
tostars and in shocked regions seem to provide indireceacil of the evaporation of
complex ice species.
Two different kinds of models in the literature result in complexfmenation. One

10



1.3 Ices in star forming regions

possible formation route is atomic accretion and recontlmnan grain surfaces, simi-
larly to how smaller species form (Brown et al. 1988; Tiel&tSharnley 1997). Building
on this idea, Charnley (2004) suggested that complex ices &ther through hydro-
genation of molecules and radicals, such as CO and HCCOrargh a combination of
hydrogenation and oxidation starting withK,. Similar reaction schemes are suggested
to explain observations of complex gas phase species byBesgchop et al. (2007) and
Requena-Torres et al. (2008). Whether such a formatiorerisuéficient for complex
molecules under astrophysically relevant conditions iamt be shown. Experimental
studies indicate that dissociative reactions may be theréalvoutcome of hydrogenating
larger molecules and fragments (e.g. Bisschop et al. 20@fppering the build-up of
large quantities of complex molecules. Quantitative eixpents are however still lacking
for most reactions.

Co
%

H(|ov

FEO

Hf|ov
[ Hc0 e—— ocH, J&——5{ cH,0H |

v
[ico |- moc,crok MOl ey or |- Sfcn,cH,oH]

CH,O0H

(CH,OH),

Figure 1.5 A proposed reactions scheme to form complex icas €H;OH ice, through
UV-photodissociation followed by radicalftlision and radical recombination (Chapter
10).

A competing scenario is formation of complex molecules tigioenergetic process-
ing of simpler ices, such as GBH, NH; and CH,. In this scenario cosmic rays and UV
photons break apart the existing ices into smaller fragmehich subsequently filuise
and recombine into more complex species (Fig. 1.5). Cosayigcan penetrate deep into
cloud cores and protostellar envelopes, while externatigpced UV rays are rapidly ex-
tinguished. The cosmic rays produce an internal UV field, énaw, through interactions
with molecular hydrogen. Thus energetic processing of fleesugh both direct cosmic
ray bombardment and the secondary UV field are possible alsogthe cold, protected
stages of star formation.
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Chapter 1 Introduction

A few theoretical studies have investigated this routerdusitar formation. Most re-
cently Garrod & Herbst (2006) and Garrod et al. (2008) madi#le formation of complex
molecules in ice through radicalftlision and recombination during the slow warm-up of
ices in an in-falling protostellar envelope. The incregsi@mperature towards the pro-
tostar (20-100 K) allows for the fiusion of heavier and heavier radicals such ag CH
and CHOH, which recombine to form larger and larger molecules. iruglel contin-
ues until all the ice is evaporated and the resulting gasegpalagndances reproduce some
of the abundance ratios and temperature structures seet gotes around protostars.
Improvement of these model predictions is mainly limiteddgk of quantitative exper-
imental data on photodissociation branching ratios of &niges, difusion barriers of
the formed radicals and binding energies of most complexeoudés. The experimental
guantification of this complex molecule formation routehs goal of Chapters 10 and
11.

1.3.4 Observations of evaporated ices in the gas phase

Ice evaporation is required to explain gas phase obsenstiocloud cores, at cloud
edges and in protostellar envelopes. Thermal evaporatipossible once the protostar
has turned on and started to heat up the cloud remnant. kiespghe excess gas phase
abundances of water and methanol in the inner regions abgtedtar envelopes as well as
the presence of more complex molecules; the high abundantiesse complex species
require either an fécient gas phase formation route from thermally desorbegd@HH
ice or an dicient ice formation pathway followed by evaporation. In ge, models
predict that thermal evaporation of ices sets the stagénéogas phase chemistry during
the warmer stages of star formation because of the large mimiotimolecules bound up
in ices during the preceding colder stages (e.g. Aikawa. 0418).

The evaporation temperatures for a number of ices have beestigated experimen-
tally and the determined desorption energies range fromdlatile N, and CO, desorbing
~30 K at laboratory time scales, ta8 and larger organic molecules, which desorb above
150K (e.g. Sandford & Allamandola 1988; Fraser et al. 20@iliays et al. 2004; Oberg
et al. 2005) — at astrophysical timescales the desorptiop¢eatures are lower. Because
of the large range in evaporation energies, thermal evéiparia expected to proceed se-
guentially during star formation starting with the mostatile species. Mixed ices may
however not segregate completely prior to desorption,ltiagun efficient trapping of
volatile molecules in the water ice, which is further dismesin §1.4.3 and in Chapters
5-6.

Ices can also desorb non-thermally, through sputteringglotgbes in shocks, through
cosmic ray spot-heating of the ice, through release of ctalranergy during bond forma-
tion and through UV photodesorption (Shen et al. 2004). Eladive importance of these
different mechanisms in fiierent astrophysical environments has so far befficdli to
assess because of a lack of quantitative experimental @ataervations of excess gas
phase water at cloud edges and carbon monoxide and methaold cores can only be
explained by a highféciency for at least one of the latter three mechanisms (Mdkl&i
Bergin 2005; Garrod et al. 2007; Hollenbach et al. 2009)|evdiamatic enhancements of
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1.4 Ices in the laboratory

e.g. methanol in outflows are explained by grain sputtesmg,e methanol does not form
efficiently through gas phase reactions (Blake et al. 1995;ddaat al. 2006). Chapters
7-9 are dedicated to the quantification of one of these mésinanUV photodesorption
of ices.

Thus ice chemistry and ice desorption are crucial to exgeseral kinds of gas phase
observations. The inverse is also true; gas phase obsersatie crucial to understand
the ice evolution inaccessible by infrared ice spectrogcdfhile gas phase spectroscopy
is possible at a range of frequencies, all of the above ob#ens were carried out at mil-
limeter and sub-millimeter wavelengths to probe pure rotat transitions. Such radio
observations allow for investigations of orders of magmétlower abundances of mole-
cules compared to the infrared. Added to that, peak ovedepsignificantly reduced in
radio observations compared to infrared ice spectrosdapyitating molecular identifi-
cations. Thus while CEDH is the most complex ice molecule to be securely identified,
the three times larger GG&H,CHO has been identified around protostars from its rota-
tional spectra (Belloche et al. 2009). If the grain-gasratdon becomes well understood,
rotational spectroscopy of gas phase molecules may preaderful constraints on the
ice evolution during the warm protostellar and disk stagebtaus provide the stepping
stone between the simple ice chemistry observed direatlyrat protostars and the com-
plex molecules found in comets and meteorites in our owrr sylstem. The observa-
tions of non-thermally evaporated ice provides additianf@rmation, since it probes the
chemical evolution before the onset of thermal evaporafidris is the topic of Chapter
12.

1.4 Ices in the laboratory

Laboratory solid-state astrophysics has two main objestiidentifications of ice spectral
features and simulations of astrophysically relevant ime@sses. Most chapters in this
thesis fall in the second category, while it was with spesttopy that this field of study
began half a century ago.

1.4.1 The need for laboratory experiments

Astrophysical observations directly provide spectra tdiiactions between light and mat-
ter towards specific objects at specific times. Laboratarglies are thus first required
to identify what species produce the observed spectra. rafdny spectroscopy is also
needed to extract information about the physical conditfioom the spectra, such as the
density and temperature.

The second challenge of astrophysical observations, whlgratory studies address,
is the fact that astrophysical time scales are typicallems@f magnitude longer than hu-
man life spans — even the relatively fast collapse of cloudsto form protostars takes a
minimum of 1000 years. Thus it is seldom possible to obseitherthe chemical or the
physical evolution of a specific object. Rather observat@mm to provide ‘snapshots’ of
the evolution towards a large set of objects dfedent evolutionary stages and then put
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them into an evolutionary sequence. This is not trivial attblatory studies of ferent
astrophysical processes are key to solve the puzzles. lalibeatory, the chemical evo-
lution is sped up by increasing the UV flux or the heating ratarny other parameter of
interest. It is therefore possible to investigate eachistépe ice evolution on time scales
of hours instead of thousands of years and then use the tabppedictions of how the
ice will change with time, temperature or flux to interpret tistrophysical observations.

1.4.2 Spectroscopy of astrophysical ice equivalents

The development of spectrographs and astrophysical giseofpy are historically insepa-
rable. When Joseph von Fraunhofer invented the spectrogrd817, he also discovered
the Sun’s atomic absorption lines, though not identifieduaeh suntil 1859 by Kirchhéf
and Bunsen. It was also credit to visible spectroscopy tieptesence of external galax-
ies was first established in the early 20th century; speadmsof the closest spiral galaxy,
M31, (M for Charles Messier who cataloged it in 1734) revdalestellar spectrum and
a higher Doppler shift than had been observed anywhere iG #taxy, both which sepa-
rated it from local nebulae such as M42 and the Orion Nebula.

Infrared spectroscopy, the preferred tool for ice iderdifin, was developed during
the same period, though it did not reach the accuracy ofleisipectroscopy until much
later — one William Herschel’'s many discoveries was thegmes of infrared light, which
he first detected around 1800. Draper first managed to phaggbgnfrared absorption
bands in 1842 (Lewis 1895), while infrarémk spectroscopy only dates back to the early
20th century.

Molecular vibrations are excited by infrared radiation elegent on the derivative
of dipole moment function @/dR. Most molecules have a permanent dipole moment,
since all diferent atoms attract electronsfdrently, producing a charge imbalance in the
molecule. Exceptions include both homo-nuclear diatonatercules, such as molecular
oxygen (Q), and larger molecules that are symmetric, e.g. carbonidkoar O-C-O.
The latter kind still have dipole-allowed infrared absaoptfeatures, sinceiddR # 0
during some vibrations, while homo-nuclear di-atomics fiorst order do not have any
detectable infrared transitions — the quadrupole-allogtiansitions are exceptions be-
cause hydrogen is so abundant.

In isolation, molecular vibrations have specific frequesctdependent on the strength
on the vibrating bond. In solids, interactions with the noolles around it modify these
bond strengths, which often results in a range of overlapfsgquencies for one type of
molecular vibration. For example the symmetrig@Hstretch vibrates at a frequency of
3657 cn! (2.7um) in a dilute gas, but at 3000-3600 cth{2.8—3.3:m) in an amorphous,
i.e. disordered, ice. The feature changes again when {fei¢¢ is in a mixture.

The discoveries of ices in space prompted targeted speopy®f ices and ice mix-
tures to pursue the identifications offéirent infrared bands observed towards star form-
ing regions, starting in the 1970s in Leiden. This spectipgbdegan before the discovery
of the 3.1um band, associated with ice, towards several astrophysical sources (Gillett
& Forrest 1973; Merrill et al. 1976), and was further driventhe observation that the 3.1
um profile does not match pure,B ice perfectly. Hagen et al. (1980) investigated the
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Figure 1.6 The water infrared bending feature in a pure wate(left panel) and in a

carbon dioxide ice mixture (right panel).

impact on the 3.1m feature when adding fierent molecules to thed® ice. They noted
that in addition to profile changes due to overlap betweetufea of diferent species,
the ice mixture spectra also contained distorted isolatedld compared to the pure ice
spectra. Figure 1.6 shows qualitatively the dramatic charighe water bending feature
at 6 um between pure tD ice and HO mixed with CQ ice (from Chapter 4). This
both adds confusion and extra information when interpgegistrophysical observations;
changes in shapes can easily be mistaken for spectral ésaitinew species, but if cor-
rectly assigned the spectral shapes add information ortrihetsre of the ice in addition
to its composition. These distortions are almost imposgibtalculate in amorphousices
though recent attempts exist (Mate et al. 2008). Therefoeetsoscopy of dferent ice
mixtures is an ongoing work of which Chapter 4 is part.

The set-up used for transmission infrared spectroscopsesfin this thesis is shown
in Fig. 1.7 and also discussed in detail by Gerakines et 80%)L A gas mixture is
prepared separately and then attached to the set-up, whiddists of a high-vacuum
chamber with infrared-transmitting windows, one or motletitubes for the gas mixture,
an outlet for the pump and an infrared-transmitting windowhie center of the chamber
which is cooled by a helium cryostat down to 15 K. The ice migtis built up difusively
by letting gas into the chamber and where it freezes out tvetoald window. The spectra
of the ice can then be monitored with a Fourier transformeirgfd spectrometer ranging
between 4000-400 cth at 15-200 K.

1.4.3 Ice dynamics — mixing, segregation and desorption

Amorphous ices may be best thought about as very viscousfluidere the viscosity
depends steeply on ice temperature. Below 20 K most icesrarmbile on laboratory
time scales. Kl and H can still scan the surface and also penetrate somemntbathie

ice (loppolo et al. 2008). CO and,Necome mobile around 25 K (Oberg et al. 2005;
Bisschop et al. 2006, Chapter 5). Other potentially impgdrtaolecules and radicals
sequentially start to duse in the ice, dependent on their binding energies. At lmighe
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temperature the ices start to evaporate, again dependényroa the binding energies,
though the ice structure plays a role as well (Collings e2@04).

In the literature, ice dynamics are studied using a rangedastincluding infrared
spectroscopy of the ice, quadrupole mass spectrometryeadiésorbing molecules and
guartz-balance measurements of the mass of the ice on flaesumfrared spectroscopy
can be used both to determine the amount of ice on a surfade anabe the ice structure.
The latter is based on the dependence of infrared ice-bamkston its bonding structure
and the nature of its nearest neighbors as discussed abiove B). Thus ice spec-
troscopy can be employed to measure ice desorption, throogfinuous measurements
of the ice amount as a function of temperature, as well as ig@giand segregation
through analysis of changes in the spectral band shapes.

Mass spectrometry is used to probe desorption at a higher r@solution and at a
higher sensitivity than is possible with infrared speataysy of the ice. It is also the
only molecule-specific tool available to probe species aithdipole-allowed infrared
transitions and complex ice species whose infrared bardsgossible to separate from
the absorption bands of other species. Finally quartz bakprovide the most sensitive
measurements of total ice desorption, both thermal andtinemal, but cannot be used
to determine which ice species desorb from an ice mixture.

Figure 1.8 illustrates the use of spectroscopy and massrepegtry during segre-
gation and desorption studies 0®:CO, ice mixtures when a particular ice mixture is
heated with a linear heating ramp between 20 and 200 K (takem €hapters 4-6). Be-
fore the onset of C@desorption the spectral profile of GOhanges, indicating an ice re-
structuring. At higher temperatures the mass spectrorsttds to detect COmolecules
in the gas phase, indicative of ice desorption. Simultaslyahe infrared spectroscopy
reveals a loss in COabsorbance. By combining the heating rate and the temperatu
which the dynamical process occurs it is possible to denivergergy barrier for the dy-
namical process in question. This can subsequently bepocated into an astrophysical
model, predicting when and where ices segregate and desspace.

The simplest dynamical process in ices is thermal desorftfgure ices and this
has been studied quantitatively by a number of groups. [Pé&sorof binary mixtures is
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Figure 1.8 The changes in a8:CG; ice mixture with temperature and the recorded
output by the mass spectrometer and the infrared specteoimaesponse to the dynam-
ical processes in the ice. The top panel shows the nding mode at 1Gm at 15 K

when mixed with HO, at 50 K when the ice is partly segregated ice, at 100 K whest mo
CO, has desorbed and above 150 K following desorption of th® ite and the CQ

molecules trapped in the @ matrix. The bottom panel shows the £®lack) and HO
(red) ice desorption rates as a function of temperaturenigmbixture most C@desorbs

around 70 K, but some is trapped in the®ice and desorbs with D at 150 K.
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less understood, though a few composition specific modedsgpfH0:CO, CO:N and
CO:O, mixtures exist (Collings et al. 2003; Bisschop et al. 2006h&ryya et al. 2007).
Segregation and mixing of binary ices have not been treatiedhtgatively, except for
in the desorption studies, and the underlying mechanismstdr unknown. These two
problems are treated by a combination of experiments andhmgdn Chapters 5-6.

Desorption and ice structure changes can also be induceashyicrayion bombard-
ment (Baratta et al. 1991) and UV photons (Westley et al. 188#® & Baratta 2003).
UV photodesorption is potentially the life line between gasl ices in quiescent regions
and thus three of the chapters here aim to quantify the ragtsn@chanisms of ice pho-
todesorption. Previous photodesorption experiments sd@awhigh desorption yield per
incident UV photon for water ice (Westley et al. 1995), whihe yields for other as-
trophysically relevant ices have not been previously mesbsand often assumed to be
negligibly small (e.g. Rfile & Herbst 2001). Even in the water experiments an observed
fluence dependence seems to limit the astrophysical appifgaf the previous experi-
mental results. To address this, photodesorption yielgsid and mixed ices containing
CO, Np, CO; and KO are presented in Chapters 7-9.

1.4.4 Ice chemistry

The formation of the first ices, such as gbH and HO, is investigated in atomic bom-
bardment experiments where the reactions of atoms or atodalecules are observed
on ice surfaces (Hiraoka et al. 1998; Watanabe et al. 20@dio et al. 2008). Qual-
itatively, hydrogenation of both molecules and atoms seleigisly efficient even at low
temperatures, confirming the previous hypothesis that biserved simple ices, GOH
and smaller, form through this route.

Experiments on complex ice formation have investigateceffeet of energetic bom-
bardment of simpler ices with ions or UV photons (e.g. Stie@le 1965; Hagen et al.
1979; Allamandola et al. 1988; Gerakines et al. 1995; Hudsdhoore 2000; Bennett
et al. 2007). With a few exceptions, most studies have fatusethe qualitative as-
signment of final products, following irradiation or bomtarent of ice mixtures that are
proposed to mimic ice compositions in star forming regidrtee investigated ice mixtures
are usually converted into a mixture of more complex speggm irradiation. Photol-
ysis of ices is thus a potential pathway of complex molecalenftion in space. The
traditional approach with high-vacuum set-ups and irréatieduring deposition followed
by warm-up and analysis of the complex residue has providédable insights into the
possible outcomes of UV- and ion-chemistry, but little qitative data that can be tested
against astrophysical observations.

The approach to UV induced ice chemistry in this thesis fietént. The studies do
not propose to perfectly imitate either the conditions @ ite compositions in space.
Therefore the results are not meant to be directly trarssiate astrophysical predictions.
Rather the aim is to run experiments from which physical progs can be extracted, such
as photo-production cross sections and branching ratnostadical difusion barriers in
the ice. These physical properties, to a first approximationnot depend on the time
scale of the process and are thus equally valid in a labgratiting and in space. Thus,
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astrochemical models including these barriers and crat®as can provide direct tests
of the likelihood of snap-shot observations being due tocop@sed chemical scenario.

This dfects the design of the experiments. The experimental seseg for the UV-
experiments is described in detail below. The general pbpby has been to focus on
pure ices or other well-constrained ice systems ratherigemixtures with all compo-
nents present in interstellar ices. The chemistry in th@spler ices are then investi-
gated during the full range of laboratory conditions aua#ancluding diterent radiation
fluxes, ice temperatures, ice structures and so forth toiggdhhe maximum amount of
constraints on the underlying physical quantities, i.e difftusion and reaction barriers
and dissociation cross-sections. The experimental seatdtpresented in Chapter 10 and
11, while the quantitative modeling of these processes ti@exthe physical quantities
will be presented in a series of papers by Garrod & Oberg @paration).

1.4.5 CRYOPAD

Figure 1.9 A drawing of the key fea-
tures of the experimental set-up CRY-
OPAD including the hydrogen discharge
UV lamp. The temperature refers to the
gold substrate on which the ices are de-
posited.

The ice dynamics, ice photodesorption and ice photochgmasiperiments are all
carried out under ultra-high vacuum conditiord 0-° mbar) in the CRYOPAD set-up,
which is described in detail in Oberg et al. (2005) and Futlas. €2006). The set-up was
built as part of the Ph.D. thesis project of van BroekhuiZZ06) and has been further
modified during the present thesis to achieve its curremh fgtig. 1.9). CRYOPAD was
built with for the specific purpose of studying photochemyidbut as this thesis shows, it
is a versatile instrument suitable for a range of dynamickc@mistry experiments.

In the beginning of each experiment, pure ices and ice nestare growrin situ
with monolayer (ML) precision at thicknesses between 1 ad@ ML, by exposing a

19



Chapter 1 Introduction

cold substrate at the center of the vacuum chamber to a sfileadgf gas, directed along
the surface normal. The ultra-high vacuum allows for thelytof thin ices, similar in
thickness to those found in space, since the contaminadiaai is low. The substrate is
temperature controlled between 15 and 200 K.

The set-up is equipped with a Fourier transform infraredI&Tspectrometer in
reflection-absorption mode (Reflection-Absorption InfedfSpectroscopy or RAIRS) and
a quadrupole mass spectrometer (QMS) to investigate idatemoand ice desorption. In
the photo-experiments the ice films are irradiated at nownd5 incidence with UV
light from a broadband hydrogen microwave-discharge lamiich peaks around Ly at
121 nm and covers 115-170 nm or 7-10.5 eV (Mufioz Caro & ScR0@8).

Compared to the interstellar environment CRYOPAD repredube ice temperature
well. The vacuum consists mainly of,Has in space, and is comparable to the con-
ditions of disk midplanes and pre-stellar cores. The UVdiation is however several
orders of magnitude higher compared to most astrophysegadns. This will certainly
affect the relative time scales of photodissociation and eddiiffusion in the laboratory
ice compared to astrophysical settings; hence the needrmafcting underlying physical
guantities from the experiments rather than applying latwoy ice product compositions
and formation rates directly to the chemistry around praiss Another major dierence
is the choice of substrate. Gold is inert and should thus fietethe chemistry observed
in the lab, but additionalféects of silicate grains on the chemistry in space can at this
point not be excluded. In most regimes of interest the ic& bulice surface chemistry
will dominate over the silicate grain surface chemistrywbeer, and then the fierence
between chemical path ways on the laboratory surface arapasssical grains should be
minimal.

1.5 This thesis

The first ices that form in dark clouds may be simple, but tleemlution is complex.
During star- and planet formation the original ices are eggboto atom-, UV- and ion-
bombardment, and to heat, which interact to produce larganic molecules. The same
bombardments and heat also evaporate ices into the gas;ghabker complicating the
gas-grain interactions.

Though complex, these ice processes can be quantified theopagmbination of ice
and gas observations, and laboratory spectroscopy andesioms. Chapters 2—3 set the
stage for the thesis by presenting an inventory of simple indow-mass star forming
regions and the constraints observations put on simplededtion. This is used in
Chapter 4-6 to experimentally investigate dynamics obastysically relevant ice mix-
tures. Chapter 7-11 continues with laboratory experimentt/V induced desorption
and chemistry in pure and mixed ices. Chapter 12 concludethfsis with a proposed
approach to study these ice processes in space when it da@mioine directly through
ice spectroscopy. The principal conclusions of this thesiganized by chapter, are:
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The Spitzer c2d ice survey towards low-mass protostars

Based orpitzer data, with complimentary VLT antSO observations, Chapters 2—3 in-
vestigate ice compositions and formation in the pre- andopstellar stages. The large
sample size allows for a more statistical treatment thavipusly possible, which is fully
exploited through variability plots, correlations stusliece maps and principal compo-
nent analysis. The results set the stage for the remaindbedhesis, which comprises
laboratory experiments on how these first ices diected by energetic processing.

Chapter 2 Ices towards low- and high-mass protostars form throughgeaf processes
resulting in that ices vary between a factor of two and ordénsagnitude between
different protostars. All identified variable ices either depen protostellar heat-
ing, e.g. CO and pure GQor the pre-stellar CO freeze-out fractions, which traces
the lifetime and density of the cloud core before the onsatodibpse to form a
protostar. The results suggest that the ice chemistry giyperoceed in four steps,
starting with hydrogenation of atoms, followed by hydrogon of molecules, UV
and ion processing of pre-existing simple ices and finallyand radical dfusion
due to protostellar heating

Chapter 3 Statistics on the abundance and variance of the smalleahiorgnolecules
CH, towards a large sample of protostars shows that it is a momenmmn ice con-
stituent than previously assumed. Its strong correlatiiimsO and CQ confirms
its proposed formation path from hydrogenation of carba@matduring the early
stages of cloud formation.

Spectroscopy and dynamics of ice mixtures

Amorphous ices are disordered and thuclilt to model. Yet, the macroscopic dynam-
ics, revealed by spectroscopy and desorption patternsheajuantified by combining
understanding of bond strengths anffulion barriers with empirical models on the ef-
fects of diferent environmental parameters. Once quantified, ice rgsectpy and ice
dynamics can be used to trace the thermal history, such ascthearence of transient
heating events, in protostars and disks.

Chapter 4 Water ice in HO:CO;, ice mixtures has significantly fierent spectral profiles
and band strengths compared to pure ice, which can be uaddifsom the caging
of H,O molecules by CQ preventing resonance vibrations between hydrogen-
bonded HO molecules. This must be taken into account both to coyrétgintify
minor ice species with overlapping absorption bands wiftdnd to derive accu-
rate column densities of water ice in space.

Chapter 5 Segregation of ices proceeds through fast surfategion, followed by slower
bulk segregation in both #D:CO, and HO:CO ices. This is reproduced in simula-
tions where molecules fluse through surface hopping and surface and bulk swap-
ping. lce segregation in thin ices can be characterizedtgatvely, dependent
only on the mixture composition and the relative bindingrgies of the involved
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molecules. For KO:CO,, surface segregation becomes important already at 30 K
during protostellar collapse.

Chapter 6 Desorption from mixed ices depends on ice thickness, nméxtatios, heating
rates and mixture constituents. Despite these numeroendepcies, the main at-
tributes of desorption from mixed ices can be modeled witiprgsingly few free
parameters, when using a three-phase model where the kebdlice surface
are treated separately. The simplicity of the model allowvsts use in large astro-
chemical networks and thus using observations of thernsarg¢ion as anfécient
probe during star formation.

UV induced desorption and chemistry in ices

UV photons are always present due to cosmic-ray inducedtiadifields. Hence, pho-
toprocesses are possible and potentially important ateajes of star formation and UV
interactions with ice mantles have been proposed to expbaess gas in cold regions
through photodesorption as well as the presence of compbsaules towards protostars
through ice photochemistry.

Chapter 7 UV photodesorption of CO is orders of magnitude mdifecent than previ-
ously assumed, but it is only possible from the surface Epéices. CO has no
dissociative transitions within the UV lamp spectral rangéd the photodesorption
must thus occur through non-dissociative excitation fedld by desorption. Pure
N> ice, which does not have an allowed electronic transitioh@UV lamp spec-
tral range, has a much lower desorptighatency. The high CO photodesorption
yield per incident UV photon means that photodesorption imayhe major link
between the gas and the grain in quiescent regions.

Chapter 8 UV photodesorption of B and CQ is also possible but through ftgrent
mechanisms compared to CO: co-desorption following etioitaof a neighbor-
ing molecule and desorption following photodissociati@spectively. The dier-
ent mechanisms are apparent in the opposite ice thicknesemperature depen-
dences of CO and GO Despite the dferent mechanisms both CO and £liave
photodesorption yields of 10-3, while N, co-desorption is an order of magnitude
less dficient.

Chapter 9 UV photodesorption of KO ice is confirmed to befcient (1- 4 x 10°2 per
incident UV photon), with an increasingfieiency with temperature for thick ices,
similarly to CO; at higher temperatures the ice is more mobile and thus pesor
tion is possible from deeper within the ice. The high yielgexsally dfects the
chemistry in regions with excess UV photons such as proteéay disks, where
photodesorption will maintain molecules in the gas phageificantly further to-
wards the mid-plane, compared to thermal desorption.

Chapter 10 UV photons drive a rich chemistry in ices, which has for thetfiime
been quantified for CEDH dominated ices. The detected photoproducts reproduce
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the gas phase compositions around low-mass protostarsatariets, strength-
ening the theory that both have a protostellar ice origin.e Tdrge amounts of
HCOOCH; and other CHO-bearing molecules towards some protosteltaons
are explained by the experiments as originating from phwotstry of CHOH in
CO-rich ices, while pure CEDH photochemistry produces more gEH,OH and
related species. The quantified results are used to derive@B photodissocia-
tion branching ratios for the first time in either gas or icéjleabsolute dfusion
barriers requires more detailed modeling. The experimgrgdict certain mole-
cules to co-vary and other ratios to depend on the local enmient, which should
provide observational tests on the importance of this foiongoathway for ob-
served complex molecules in astrophysical environments.

Chapter 11 The photochemistry of Ngtcontaining ices provides a pathway to forming
amino acids and other prebiotically interesting molecwlesng star formation.
The study confirms that amino acids and amino acid-like moéscform during
photolysis of ices with Ckl NH3 and CQ, including ice mixtures that are more
representative of astrophysical situations that prevexyeriments. It is however
the quantification of the simpler chemistry in binary misiwith HO, CO,, NH3
and CH, that provides data from whichfiusion barriers and branching ratios can
be derived. Their analysis reveals that whil&wahion is fast at 20 K in BO-poor
mixtures and the relative production of radicals goverestiemistry, in HO-rich
mixtures the relative diusion barriers of radicals instead decides the chemical evo
lution. This once again demonstrates the importance oftcaingg the underlying
physics of ice processes rather than directly extrapgatsults from the labora-
tory to the inter- and circum-stellar medium.

Observations of non-thermal ice desorption

Ices can only be observed in specific lines of sight becauseedfackground light source
requirement. In addition more complex ices cannot be oleskdirectly by infrared spec-
troscopy because of overlapping features with simplerenatundant ice species. Thus
there is a need for complimentary methods to study the ickigon.

Chapter 12 Photodesorption and other non-thermal desorption pathweyide means
to observe ice compositions indirectly where direct icecpscopy is not feasible.
This is tested in a pilot study of quiescent gas and ice tosvaginall sample of low-
mass protostars. The observations are consistent withrasentative fraction of
the ice being constantly maintained in the gas phase duaetthemal desorption.
This opens up a door to studying the complex chemistry inyaigtd in the previous
chapters as it happens in the protostellar envelope andisiothe evaporating end
product.
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1.6 Summary of main discoveries

Taken together, the results described in Section 1.5 canrhenarized as follows.
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1. Simple ices — from kD and CH to CH;OH — form sequentially during the dark

cloud, cloud core and prestellar stages because of hydatigarof atoms, direct
freeze-out, hydrogenation of CO, O and N additions to CO amall§i ice difu-
sion close to the protostar. The later an ice forms in thisisage, the more its
abundance tends to vary betweefiatient sources. (Chapters 2, 3)

. Thermal ice processes, such as segregation and desogizend on ice compo-

sition, mixture ratios, ice thicknesses and ice tempeeafline dependences can be
quantified and extrapolated to astrophysical conditiomg loypcombining compre-
hensive sets of experiments with microscopic modelingllastiated by two test
cases on desorption from, and segregation 3Q1€0,/CO ice mixtures. (Chapters
5, 6)

. Photodesorption of pure ices is found to be much mdieient than previously

assumed and photodesorption alone may lfigcgent to explain puzzling observa-
tions of cold gas at the edges of clouds, in cloud cores antbitoplanetary disks.
Furthermore, the photodesorption yield is constant, withfactor of three, for all
common ice constituents, except fog KChapters 7-11). This suggests that pho-
todesorption of ices results in an ice ‘fingerprint’ in thesgdnase, which is found
to be consistent with a proof-of-principle study on ice aag ghase abundances
towards a few cold protostellar envelopes (Chapter 12).

. Ice photochemistryfBciently converts simple ices into more complex species,

which can explain the observed abundances of complex mekanound proto-
stars and in comets and explain the chemiciedénces betweenftiérent sources.
The results were acquired throughsitu quantification of photochemistry, which
provides an unprecedented understanding of complex iamistrg at the level of
elementary processes,fBaiently detailed to model complex ice chemistry during
star formation and to predict the formation of yet undetéd@rger complex mole-
cules. (Chapters 10, 11)
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