Astrochemistry of dense protostellar and
protoplanetary environments

Ewine F. van Dishoeck

Abstract Dense molecular clouds contain a remarkably rich chemiatryevealed
by combined submillimeter and infrared observations. $ngnd complex (or-
ganic) gases, polycyclic aromatic hydrocarbons, ices diwdites have been un-
ambiguously detected in both low- and high-mass star fogmegions. During star-
and planet formation, these molecules undergo large almgeddnanges, with most
of the heavy species frozen out as icy mantles on grains icalugre-stellar phase.
As the protostars heat up their immediate surroundingsytrening and evapora-
tion of the ices triggers the formation of more complex males, perhaps even
of pre-biotic origin. Water, a key ingredient in the chemyistf life, is boosted in
abundance in hot gas. Some of these molecules enter thelanoétary disk where
they are exposed to UV radiation or X-rays and modified furtiiee enhanced
resolution and sensitivity of ALMA, Herschel, SOFIA, JWSAMBELTSs across the
full range of wavelengths from cm tom will be essential to trace this lifecycle of
gas and dust from clouds to planets. The continued need &c baolecular data
on gaseous and solid-state material coupled with poweatlistive transfer tools is
emphasized to reap the full scientific benefits from thesefaeilities.

1 Introduction and overview

The study of exo-planetary systems and their formation ésajnhe fastest growing
topics in astronomy, with far-reaching implications for @lace in the universe. In-
timately related to this topic is the study of the chemicahposition of the gaseous
and solid state material out of which new planets form and ihdasmodified in the

dense protostellar and protoplanetary environmentstdigiéar clouds are known
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to have a rich chemical composition, with more than 130 diifé species identified
in the gas, ranging from the simplest diatomic molecules s1scCO to long carbon
chains such as H{Bl and complex organic molecules like @BICHs. Polycyclic
aromatic hydrocarbons (PAHSs) are a ubiquitous componestaofforming regions
throughout the universe, and ices have been found to be a resjrvoir of heavy
elements in the coldest and densest clouds. Indeed, theegasd dust undergo a
rich variety of chemical transformations in response tdainge changes in physical
conditions during star- and planet formation, where terapuges vary from<10 K
to more than 1000 K and densities fronl0* to > 10'° H, molecules cm?3. Intense
ultraviolet (UV) radiation and X-rays from the young stapatt the envelopes and
disks causing further chemical changes. At the same tinesetbhemical changes
can also be used as diagnotics of the physical processemdtais chemical and
physical evolution in its diversity requires a combinatafrobservations from in-
frared (IR) to millimeter (mm) wavelengths, where gasemasolid material have
their principal spectroscopic features and where the etiin is small enough to
penetrate the dusty regions.

The different evolutionary stages in star- and planet fdionaare traditionally
linked to their Spectral Energy Distributions (SEDs) (L4®@99), which illustrate
how the bulk of the luminosity shifts from far- to near-infea wavelengths as mat-
ter moves from envelope to disk to star. In the standard smefta the formation
of an isolated low-mass star, the earliest stage is repeddry a cold pre-stellar
core which contracts as magnetic and turbulent supporbateThis phase is char-
acterized by heavy freeze out of molecules onto the graifroices. Subsequent
inside-out collapse forms a protostellar object whichdesimost of its luminos-
ity from accretion and heats its immediate surroundingsylteng in evaporation of
ices back into the gas phase and in an active high-temperel@mistry. Because
the initial core has some angular momentum, much of thelinfaimaterial ends
up in a dense rotating disk from which further accretion dh#star occurs. Soon
after formation, a stellar wind breaks out along the rotai@xis of the system and
drives a bipolar outflow entraining surrounding cloud mialeiThe main chemical
characteristics of outflows are high temperature shock @itgnand sputtering of
grains returning heavy elements to the gas. Low-mass ydetigrobjects (YSOs)
in this embedded phase of star formation are often denot€thas 0 and | objects.

Once the protostellar envelope has been dispersed, amlptitsible pre-main
sequence star with a disk is revealed, a so-called Clasgdtbbnside this disk,
grains collide and stick owing to the high densities, legdim pebbles, rocks and
eventually planetesimals which settle to the midplane aeract to form plan-
ets. High densities lead to freeze-out in the cold mid-plaoé UV radiation heats
the surface layers leading to an active gas-phase chen@tanges in the miner-
alogical structure of the dust indicate thermal processirtge hot inner disk. Ices
survive in the outer parts of the disk, providing the vo&sifor atmospheres, oceans
and possibly life on rocky planets. The remaining gas and\whi&h do not make
it into planets or smaller (icy) bodies are gradually losinirthe disk through a
combination of processes, including photoevaporationsaelthr winds.
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The above scenario holds largely for low- and intermediadssrstars, with lu-
minosities up to~ 10° L. The formation of massive O and B stars is much more
poorly understood due to larger distances, shorter tinkeseend heavy extinction.
Recent observations show that the embedded phase of msissif@mation can be
divided into several stages. Massive pre-stellar cords laital temperature minima
and density maxima represent the initial conditions. Thet pbase are the high-
mass protostellar objects (HMPO) which contain a centraingpstar surrounded
by a massive envelope with a centrally peaked temperatardamsity distribution.
HMPOs show signs of active star formation through outflond/anmasers. The
next, related phase are the hot molecular cores which heye tampact masses of
warm and dense dust and gas, and high abundances of comgémiomolecules.
Finally, hyper-compact HIl regions with pockets of ionizgas develop, but they
have rather weak free-free emission since they are stifirved to the star. The em-
bedded phase ends when the ionized gas expands hydrodwtigiraind disrupts
the parental molecular cloud, producing a classical coirigdiecegion.

In this chapter, an overview will be given of the differenteahical character-
istics and their modifications during the various phasedaif &nd planet forma-
tion, both low- and high mass. Also, the use of molecules abgw of physical
structure (temperature, density, radiation field, ionarafraction, geometry, ...) is
discussed. Finally, the importance of chemistry and spsctpic features in trac-
ing evolutionary processes (timescales, grain growthingpgap formation, ...) is
emphasized. Note that our current knowledge is almostedntirased on spatially
unresolved observations which encompass the entire stak+tdenvelope sys-
tem in a single beam. A key aspect of new facilities like ALMIYST, Herschel,
SOFIA and future ELTs is that they will have the combined spand spectral
resolution as well as the sensitivity to resolve the indigidphysical components
and image the key chemical processes on all relevant s€ilksr recent reviews
on this topic include (van Dishoeck 2006; Ceccarelli et D2 Bergin et al. 2007;
Bergin & Tafalla 2007).

Astrochemistry is a highly interdisciplinary subject andmy of the basic chem-
ical processes that occur under the exotic conditions isespae not yet well un-
derstood. Continued interaction of astronomers with ck&and physicists to de-
termine the basic atomic and molecular data is essentiabi@mprogress.

2 Infrared and submillimeter observations

The two main observational techniques for studying gasandsolid-state material
in protostellar regions are infrared and (sub)millimefercroscopy (Table 1). Both
techniques have their strengths and weaknesses, and anagiobiof them is es-

sential to obtain a full inventory and probe the differenygibal processes involved
(Table 2).
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Table1 Need for broad wavelength coverage to study astrochenastiystar formation

Radiation Mid-IR Far-IR Submm Radio
3-28um 28-350um 0.3-7mm >1lcm
Continuum Warm dust Cooler dust, Cold dust Large grainskijesi,
SED peak ionized gas
Broad features: Silicates, ices, (Hydrous) silicates,.
solids oxides,PAHs ices, carbonates,
PAHs
Narrow lines:  Simple (symmetric) 40, OH, O | CO, myriad of  Heavy complex mol.
gas molecules hot CO, C I simple + complex H |, masers
molecules, @

2.1 Infrared spectroscopy

Atinfrared wavelengths, the vibrational bands of both ghase and solid-state ma-
terial can be detected, including those of symmetric mdéclike CH, and GH,.
The most abundant molecule in the universg, &so has its principle rotational
transitions at mid-infrared wavelengths. Resolving pafee= A /AA range from
a few x 107 up to 1@, which is sufficient to resolve intrinsically broad solith
features but not the narrower profiles of quiescent gas.dtoptellar sources, bands
of silicates, cold ices and gases are seeabsorption superposed on the infrared
continuum due to hot dust close to the young star (Fig. 1)sTthese observations
probe only a pencil-beam line-of-sight and are more sefediti the warm inner part
than the submillimeter data. Toward pre-main sequencs sii#ln disks, features of
silicates, PAHs and hot gases are usually fourghiission, originating in the warm
surface layers and the hot inner disk. In near edge-on gemsethe bands occur
in absorption. Because of the limited spectral resolutimhsensitivity, abundances
down to 107 — 10-8 with respect to H can be probed, sufficient to detect the major
O, C and N-bearing species but not the minor ones.

Only a small fraction of the infrared wavelength range carobserved from
Earth. Thelnfrared Space Observatory (ISO, 1995-1998) provided the first oppor-
tunity to obtain complete 2.5-2Q0m mid-infrared spectra above the Earth’s atmo-
sphere aR = 200— 10* but was limited in sensitivity to YSOs £0- 10° times more
luminous than the Sun (for review, see van Dishoeck 2004 Sptizer Space Tele-
scope, launched in 2003, has orders of magnitude higher sergiivid can obtain
5-40um spectra of YSOs down to the brown dwarf limit, albeit onlyjjat reso-
lution R= 50— 600. The slits of bothSO andSpitzer are large, typically> 107, so
that most emission is spatially unresolved.

Complementary ground-based spectra can be obtained fré@n8<lass tele-
scopes in atmospheric windows at 342®. These facilities have two advantages:
R up to 1@ can be achieved and emission can be spatially resolved @rcage
scales, comparable to those of disks (Table 2).
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Table 2 Chemical characteristics of YSOs

Component SiZe Chemical Submillimeter Infrared
) characteristics diagnostics diagnostics
Pre-stellar cores 60 Low-T chemistry, lons, deuteratedpkd mol. Simple ices
Heavy freeze-out (DH™, H,D™) (H20, CQ,, CO)
Outer cold 20 Low-T chemistry, lons, deuterated, simple. nhmés
envelope Heavy freeze-out §N*, HCO', H,CO...)  (HO, CQ;, CO, CHOH?)
Inner warm 1-2  Evaporation, Highed High gas/solid,
envelope X-rays (pCO, CH;0OH, High Ty, Heated ices
(CO™, OH',..) CO,CQ)
Hot core <1 Evaporation, HO, Complex organics Hot gas
High-T chemistry (CHOCH;, CH3CN) (HCN, NHz;, HNCO)
Qutflow: <1-20 Shock chemistry, #D, OH, Si- and S-species HAtomic lines
direct impact Sputtering cores  (SiO, §O [on,[sin,[sim
Outflow: <1-20 Sputtering ices Ice products 2H
gentle impact (CHOH, H,0, ..)
Outer disk: ~2 UV irradiation,  lons, radicals PAHSs, heated ices
surface lon-molecule (CN/HCN, HCQ (NH)
Outer disk: ~2 Heavy freeze-out, Deuterated mol.
midplane (DCO, H,D™)
Inner disk <0.02 Evaporation, Silicates, PAHSs, [Ne 1],
High-T chemistry, CO, K, hot gas
X-rays (H20,GH,, HCN)

a Typical angular size for a low-mass YSO at 150 pc, or a higlssnéSO at 3 kpc.

2.2 Submillimeter spectroscopy

At (sub)millimeter wavelengths, the pure rotational lirefanolecules are seen in
emission. Only gaseous molecules with a permanent elelipagte moment can be
observed, but not symmetric molecules likg, N>, CHg, and GH» nor solid-state
species. @ only has weak magnetic dipole transitions. The level sppsitales
with BJ(J+ 1), with J the rotational quantum number aBdhe rotational constant,
which is inversely proportional to the reduced mass of tretesy. Thus, light hy-
drides such as $0D, OH, CH, ... have their lowest transitions at submillinméée-
infrared wavelengths, whereas those of heavy moleculesGi® occur at longer
wavelengths. A big advantage is that the heterodyne resenagturally have very
high resolutionR > 10°, so that the line profiles are fully resolved, providing in-
formation on dynamical processes occurring in the proli@stenvironment. Thus,
infall, outflow and rotation can in principle be kinematigatlistinguished. Also,
the sensitivity is very high: molecules with abundancesasds a fewx 1012 can
be seen. Detection of linear molecules is favored compartdheavy asymmetric
rotors because their population is spread over fewer erievgls.

Because the lines are in emission and can be readily exgjtedllisions even in
cold gas, the spatial distribution of the molecule can bepedpHowever, the an-
gular resolution of the most advanced single-dish teless@ponly~15-20’ which
corresponds to a linear scale of a few thousand AU at thertistaof the nearest
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Fig. 1 Left: Energy level diagram showing typical (sub)millimetnd infrared lines. Middle:
Cartoon illustrating infrared absorption line observatidoward an embedded young stellar ob-
ject. Right: Laboratory spectra of gas-phase and solid C@e that gas and ice can readily be
distinguished at a resolving powBr= 2000 and higher. The gas-phase CO spectrum gives direct
information on the excitation temperature of the molecuieesthe individual lines originate from
levels with different energies (see left panel).

star-forming regions of-150 pc. Since typical sizes of protostellar envelopes are
about 3000 AU, the single-dish beams encompass the entitespellar envelope
and are much larger than protoplanetary disks which havieaghdrder 100 AU.
This means that the different chemical and physical regianesblurred’ together

in a single spatial pixel, and that the data are generallyerb@sed toward the cold,
outer part.

Direct information on smaller spatial scales can be obthme(sub)millimeter
interferometry, which can reach resolutions downtd” or ~50 AU. However,
sensitivities of existing arrays are still limited and cheah surveys have not yet
been feasible. Fortunately, the fact that molecules haveauy different lines and
transitions can be put to good use: single-dish obsen&bbtines with a range of
excitation conditions combined with detailed radiativ@nsfer modeling can pro-
vide constraints on physical and chemical gradients oresealich smaller than the
beam, down to a feW (see below).

2.3 From intensities to physical conditions and abundances

The rotational and vibrational levels are excited by a coration of collisional
and radiative processes. In the simplest case of a 2 leviglmythe critical density
Ner = Aye/que, WhereAy, is the Einstein A constant for spontaneous emissiorggnd
the rate coefficient for collisional de-excitation. Sinkg is proportional tou?v?
with u the dipole moment of the moleculsg, increases with frequenay. Also,
the rotational energy level separation of (linear) molesuk proportional to the
quantum numbed. Thus, the higher frequency, high&transitions probe regions
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with higher densities and temperatures. For example, itieadrdensity of the CS
J=2-1 transition at 97 GHz is 8 10* cm3 (E =7 K), whereas that of the 76
transition at 346 GHz is 3 10° cm~23 (E,=66 K). For optically thick lines, line
trapping will lower the critical densities. CO has a parély small dipole moment,
at least 20 times smaller than that of CS and other commonrdgrekd species.
Combined with its high abundance of10-* with respect to H, this implies that
CO is readily excited and detected in molecular clouds, etetensities as low as
10° cm3.

The translation of the observed intensities to chemicahdhnces, temperatures
and densities requires a determination of the excitatich@imolecule and an un-
derstanding of how the photon is produced in the cloud andihovakes its way
from the cloud to the telescope. Significant progress has besle in recent years
in thequantitative analysis of molecular line data through the developmerapitt,
accurate and well-tested radiative transfer codes whichbeaapplied to multi-
dimensional geometries (for overview, see van Zadelhadf.€2002).

2.4 Importance of laboratory astrophysics

The computation of the excitation of gas-phase molecutpsres availability of ac-
curate frequencies, radiative rates and collisional regdficients with the main col-
lision partner, usually bl For atoms, large data bases are available thanks to many
decades of dedicated work by physicists in laboratoriessacthe globe, allowing
astronomers to readily interpret their optical and X-ragctpa. For molecules, such
information is much more limited. In molecular clouds, thaimcollision partner
is H, and state-to-state collisional rate coefficients are ingypie required for both
para-H, J=0 (cold clouds) and ortho-KJ=1 (warm regions). In practice, such data
are available for only a few molecules and 8+0 is usually taken as the main col-
lision partner. Much of the molecular data gathered ovetdbe30 years from lab-
oratory experiments and quantum-chemical calculatiossbie®n summarized by
(Schaier et al. 2005) and made publicly available throughweb together with a
simple on-line radiative excitation code. New results,eesqly those coordinated
through the EU ‘Molecular Universe’ network progrémare being added. Never-
theless, accurate collision rates are still lacking for ynastrochemically important
molecules, especially the larger ones. The analysis ofreasenal data on these
species is often limited to the simple rotation diagram apph, in which it is as-
sumed that the level populations can be characterized mgéesexcitation temper-
ature and that the lines are optically thin (§d€3 for example).

PAHSs are a special class of very large molecules. Huge sff@te been made
in the last decade to determine the basic spectroscopy tansities of neutral and
ionic PAHs by a variety of experimental and theoretical rdh (e.g., Hudgins &

1 http://www.strw.leidenuniv.nk:moldata
2 http://molecular-universe.obspm.fr/
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Allamandola 1999, see review by Tielens 2008). One problem is that most ssudie
are still limited to the smaller PAHs with up to about 30 carladoms, whereas the
PAHs seen in interstellar and circumstellar regions amd\lisomewhat larger, con-
taining up to 100 carbon atoms. Another problem is that mdni@experiments
have been done using matrix isolation techniques ratharithhe gas phase, intro-
ducing shifts which are a priori unknown.

For solid-state species, information on infrared band tmos, profiles and
strengths are needed for analysis. Because these quadépend on specific com-
position, e.g., whether the material is in pure or mixed foiarge series of exper-
iments are needed. For ices, systematic studies have beennped by a variety
of groups (e.g., Hudgins et al. 1993; Gerakines et al. 18®&rg et al. 2007), with
data available through the WelFor silicates and oxides, the Jena databéessy.,
Jaeger et al. 1998) is an invaluable resource for intergyetiid-infrared spectra.

Besides basic spectroscopy, there continues to be a gredtfoebasic reac-
tion rates of gas-phase processes from 10-1000 K (ion-mleleaeutral-neutral,
radiative association, dissociative recombination),eafctions under the influence
of UV radiation or X-rays (photodissociation, photoiortina) and of reactions be-
tween the gas and the grains (e.q fermation on silicates; molecule formation on
and in ices, binding energies). Summaries of rate coeffisiare publicly available
from UMIST® and Ohio staté Ultimately, the science return from the new billion
dollar/Euro/Yen investments will be limited by our poor kviedge of these basic
processes.

3 Cold clouds and pre-stellar cores

3.1 Dense starless clouds

Catalogs of isolated dark clouds and globules have beelabi@afor nearly a cen-
tury. Some of them have become favorite targets of astromatstudies, in partic-
ular the starless core TMC-1. Its conditioisx 10 K andn ~ 2 x 10* cm 3, are
average of those of other cold dense clouds, but this comeshaemarkable vari-
ety of molecules. In particular, the unsaturated long cartdains — e.g., HEN,
HC,N, HC9N, C4H, CsH — have all been detected with relatively high abundances.
An exciting recent discovery is that negative ions such g8 Cand GH~, which
have long been neglected in astrochemical models, aremiras@bundances of
1-5% of their neutral counterparts (McCarthy et al. 200@&ir&en et al. 2007).

3 http://www.astrochem.org/databases.htm

4 http://www.strw.leidenuniv.nitlab

5 http://www.astro.uni-jena.de/Laboratory/Databasgases.html
6 http://www.udfa.net

7 http://www.physics.ohiostate.eduéric/research.html
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Fig. 2 Physical and chemical structure of a prestellar and a pedtas(Class 0) object. Left: den-
sity (red), temperature (black) and typical abundanceefgrerofiles. Right: cartoons illustrating
the main chemical characteristics of each stage (basedrganien et al. 2005, van Dishoeck &
Blake 1998).

Clouds such as TMC-1 are traditionally used as benchmarksuiee gas-phase
astrochemical models. Reasonable agreement with thev@asaibundances (within
factors of 3) is obtained for the majority of species if TMdslassumed to be
‘chemically young’, i.e., if the time since most of the canbwas in atomic form
is only ~ 10° yr (e.g., Wakelam et al. 2006). This time most likely referste pe-
riod elapsed since the dense cloud formed out of the monesdiffas, but any other
event that may have replenished atomic carbon in the cloutti@so have reset
the ‘clock’. However, the inclusion of gas-grain interacis and use of different el-
emental abundance ratios may affect these conclusions, tAlsrecent discovery of
the saturated propene molecule, {LLHHCHz, which was not included or predicted
in any models, casts doubt on their completeness (Marcetiab 2007). Indeed,
the role of unobservable (at submm) molecules such as tleedaabon-chains £
and G and saturated hydrocarbons like £&hd GHg is still poorly understood in
dark clouds.

3.2 Pre-stellar cores

A subset of dark clouds with a clear central density conegioin have been iden-
tified recently. These so-called pre-stellar cores areebedl to be on the verge of
collapse and thus represent the initial conditions for toass star formation (for
review, see Bergin & Tafalla 2007). The physical and chehsizde of these clouds
is well established on scales of few thousand AU by single diglimeter observa-

tions combined with extinction maps. The cores are cold) teiimperatures varying



10 Ewine F. van Dishoeck

from 10-15 K at the edge to as low as 7-8 K at the center, and dev&ty pro-
files that are well described by Bonnor-Ebert profiles. It éasvrwidely accepted
that most molecules are highly depleted in the inner denses pé these cores
(Caselli et al. 1999; Bergin et al. 2002): images of cloudshsas B68 show only
a ring of C®0 emission, indicating that more than 90% of the CO is frozen o
toward the center.

This ‘catastrophic’ freeze-out of CO and other molecules &lao been probed
directly through observations of ices as functions of posiin the cloud. Ow-
ing to the increased sensitivity of ground-based 8-10m |Bst®pesSpitzer and
Akari, it is now possible to make maps of ice abundances on the gaattialsscale
(~15") as those of gas-phase molecules, by taking spectra towaselyg spaced
background or embedded stars (Pontoppidan et al. 2004)mahefeatures seen in
mid-IR spectra are the 9.7 and u& Si-O stretch and bending modes of the silicate
grain cores, together with ice bands of relatively simplecégs (Fig. 3). HO ice,
seen through its 3 andém bands, has the largest abundane¢).5 — 1.5) x 104
with respect to H, whereas the combined contribution of CO and,Gfay be as
high as that of HO. Thus, the ices are a major reservoir of the heavy elements i
cold clouds, exceeding even that of gaseous CO. Indeedrdaiva center of the
Oph F core at least 60 % of CO is observed to be frozen out (Bpittan 2006).

Another chemical characteristic of cold cores is their @xte deuterium frac-
tionation: doubly and even triply deuterated molecules xCO, NHD,, ND3,
and C3OH have been found with abundances that are enhanced by jdo 1
ders of magnitude compared with the overall [D]/[H] ratiog(e Lis et al. 2002;
Parise et al. 2004). The origin of this strong deuterationd& understood to be
directly linked to the observed heavy freeze-out: the bamis Hj and HD™,
which initiate much of the low-temperature ion-moleculewctistry and deutera-
tion, are enhanced significantly when their main destrog€J, is depleted onto
grains. Grain surface chemistry may also play a role (TelE983). Models predict
that D} can become as abundant as (Roberts et al. 2003) and lines of bothbi"
and DH' have indeed been detected in cold clouds at submillimeteeleagths
(Caselli et al. 2003; Vastel et al. 2004). These ions may belthe best probes of
the ionization fraction and kinematics in regions wherénakivy molecules are de-
pleted.

The freeze-out of CO is reflected in the abundances of marsr atiolecules,
either through correlations or anti-correlations (Jgsgeret al. 2004b). A striking
example of the latter case iSN*, which, like Hj and KD, is mainly destroyed
by reactions with CO. The binding energy of its precurser, i ice is comparable
to that of CO Oberg et al. 2005), but the lack of a rapid gas-phase deistnuztian-
nel together with the boost inHkeeps the hH" abundance high even if some N
is frozen out. Thus, BH™ is an excellent and easy to observe tracer of the densest
and coldest parts of cores.

The above discussion focussed on low-mass cores. Masdisecares which
likely represent the initial conditions for high mass stainfiation are only just start-
ing to be identified, for example as infrared dark clouds .iTtleemical character-
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Fig. 3 Ices observed toward protostars with a large range of lusities. Top: W 33A ¢ 10° L)
from Gibb et al. (2000b); Middle: HH 46~10 L) from Boogert et al. (2004); Bottom: L 1014
(~0.1 L) from Boogert et al. (2008). Note the similarity in major ifeatures between high-
mass and substellar mass YSOs. Right: Spitzer image of HHR86ahd its bipolar outflow (top;
Noriega-Crespo et al. 2004) and of L 1014 (bottom; Young .€2@04).

istics are likely to be similar to those of the low-mass piedlar clouds, in particular
heavy freeze-out and strong deuteration toward the cefiiai(et al. 2007).

4 Embedded protostars

4.1 Cold outer envelope: ices

Ices are a prominent component of protostellar systems Sitzer, infrared spec-
tra have now been observed toward several dozen low-mass ¥f{Dding some
of the most deeply embedded Class 0 YSOs and sources of kabktminosity

(Boogert et al. 2008) (Fig. 3). At first sight, all spectrakaemarkably similar, not
only to each other, but also to those toward much more lunsntOs (HMPOS)
and background stars. This implies that most ices are fopriedto star formation,
and that orders of magnitude higher luminosities do notlt@sunajor changes in
the ice composition. The detected species are consistéimtansimple theory of
grain surface chemistry put forward 25 years ago (Tielensagéh 1982), in which
the major ice components are those formed by hydrogenafittreomain atoms
and molecules arriving from the gas on the grains. Thus, Gn@,N are hydro-
genated to KO, CH,, NH3 and CO is hydrogenated to,80 and CHOH, a re-

action confirmed in the laboratory (Watanabe et al. 2004¢. diigin of CQ ice is
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Fig. 4 Grain surface chemistry scheme leading to more complexagaroposed by Tielens &
Charnley (1997). Solid rectangular boxes contain molecwieich have been detected in interstel-
lar ices, whereas dashed boxes indicate molecules thatieavedetected in the gas phase.

not yet fully clear, but likely involves reactions of CO wittither O or OH. Reac-
tions of CO with both H, O, C and N may lead to more complex oigga(tig. 4),
although not all reactions in this scheme have yet been coediiin the laboratory
(Bisschop et al. 2007a).

On closer inspection, differences in ice composition aumth both between dif-
ferent types of sources and within one class of objects. ttiqudar, abundances
of minor species like CEDH, OCN™ and NH; vary by more than an order of
magnitude among the low-mass YSOs and even on spatial scaksall as 1000
AU (Pontoppidan et al. 2004; van Broekhuizen et al. 2005)c&ithese molecules
are the precursors of more complex organic species form#teigas, one of the
main future challenges is to understand the origin of thasgel abundance vari-
ations. Is this due to passive heating of the ices, or are WNatian or cosmic
ray bombardment (i.e., different forms of ‘energetic pissirg’) involved? The
line profiles of solid CO, C@and the carrier of the 6.8m feature (likely NH,
(Schutte & Khanna 2003)) show subtle changes which areecbtatheating of the
ices up to at least 50 K (Keane et al. 2001; Boogert et al. 20883uch tempera-
tures, various atoms and radicals stored in the ices becayhéenand lead to a rich
chemistry (Garrod & Herbst 2006). An open question is to vexa¢nt complex or-
ganic molecules are formed on the grains during this heaivege rather than in
the ‘hot core’ gas (se¢d.3).
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4.2 Warm inner envelopes: ice evaporation

Once the protostars have formed, they heat the envelopaghi®inside, setting up
a strong temperature gradient (see Fig. 2). As a result,culas will evaporate from
the grains back to the gas in a sequence according to thdimsion temperatures.
The most volatile species like CO and Will start to evaporate around 20 K in the
outer envelope, whereas more strongly bound moleculedH#® only evaporate
around 100 K in the inner part. For mixed molecular ices (62§ mixed with
H»0), the evaporation temperature depends on the type of niredbundant but
volatile species will rapidly sublimate as the mixed ice e&ated up. However, a
small abundance of these volatile species can remain tdappbe water ice in a
clathrate-like structure. These minor species will not eaff until the water ice
itself starts to sublimate around 100 K. As evolution preges, the envelope mass
decreases and its overall temperature becomes higher.

Observational evidence for ice evaporation is found in lfitared and submil-
limeter data. Mid-IR spectra of CO ang @ toward high-mass YSOs directly reveal
changes in gas/solid ratios with increasing source tentyoerévan Dishoeck et al. 1996;
Pontoppidan et al. 2003). Also, more complex moleculesHIiN, C,H,, HNCO
and NH; freshly evaporated off the grains are found toward a few ivagsoto-
stars, with orders of magnitude enhanced abundances cechpéth cold clouds
(Evans et al. 1991, Lahuis & van Dishoeck 2000; Knez et al320Big. 5).

Independent evidence for freeze-out and evaporation ciiorasanalysis of sub-
millimeter data. The best fit to multi-transition CO data lgained with a so-called
‘drop’ abundance profile (Fig. 2) in which the CO abundanemisnal (~ 2 x 10~%)
in the warm inner part and in the outermost parts where thsityeis too low for
significant freeze-out within the lifetime of the core. Iretbold, dense intermedi-
ate zone, however, the abundance is at least an order of tadgthdwer, since the
timescale for freeze-out is shor, 2 x 10°/n yr. This chemical structure, inferred
from spatially unresolved data, has been confirmed by nglieninterferometer
studies at higher angular resolution§00 AU) for a selected set of objects where
the freeze-out zone is directly imaged (e.g., Jargense#)200s also found for
other molecules, especially those directly chemicallgtesd to CO.

4.3 Hot cores: complex organics and prebiotic molecules

In regions where the dust temperature reaches 90-100 K,tkgemost strongly-
bound ices like HO start to evaporate, resulting in a ‘jump’ in the gas-phdmma
dances of molecules trapped in®l ice. For high-mass YSOs, this 100 K radius
typically lies at 1000 AU, whereas for low-mass YSOs it istard 100 AU. Thus,
taking typical source distances into account, these ‘hmgdave angular sizes of
less than 4 (Table 2), i.e., their emission is severely diluted in th&0’ single-dish
submillimeter beams. Other effects such as holes, catielsdisks also start to
become important on these scales. Nevetheless, if the aboa@&nhancements are
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Fig. 5 Mid-IR spectrum toward the massive YSO NGC 7538 IRS1 showigh abundances of
NH3z and HNCO in the hot core, likely fresly evaporated ices (Kekal. 2008).

sufficiently large (typically more than a factor of 100), ytean be detected even in
unresolved data.

Hot core regions have been a prime focus of submillimeteefagions for more
than 30 years with line surveys focussing tranditionallytioa prototypical Orion
and SgrB2 hot cores (e.g., Blake et al. 1987; Schilke et @I128ummelin et al. 2000)
but now moving to more general high-mass regions (e.g., idél& van Dishoeck 1997,
Gibb et al. 2000a) and even low-mass YSOs (e.g., Cazaux22@8). Spectra of
these objects are littered with lines and often confusiontéid (Fig. 6). Indeed,
such complex spectra are now used as signposts of sourdes éatliest stages of
massive star formation, since this stage even preceedsttheampact H Il region
stage. Most of the lines can be ascribed to large, saturag@ahic molecules includ-
ing CHzOH (methanol), CHOCH;z (di-methyl ether), HCOOCEI(methyl formate)
and CHCN (methyl cyanide). With increasing frequency and sevigjtthe labo-
ratory line lists become more and more incomplete resulting large fraction of
unidentified lines in observed data. For example, a rece280 GHz IRAM-30m
line survey of Orion-KL by Tercero & Cernicharo (in prep.yeals 16000 lines of
which 8000 were unidentified in 2005. Two years later, thaoksew laboratory
data on just two molecules —GBH,CN and CHCHCN - together with their iso-
topes and vibrationally excited states, the number of Edihas been reduced to
6000. Significantly more laboratory work is needed to spgethis process. Also,
the spectra of known molecules (including their isotopes @hrationally excited
states) need to be fully characterized and ‘weeded out'rbefearches for new,
more complex and pre-biotic species can be properly urkiarta

One of the main future questions is how far this chemical dewity goes.
Molecules as complex as acetamide gCIEDNH,, the largest interstellar molecule
with a peptide bond) and glycol-aldehyde (&PHCHO, the first interstellar ‘sugar’)
have been found (e.g., Hollis et al. 2000; Hollis et al. 20B6&wever, in spite of
literature claims, the simplest amino-acid glycine (}0,COOH) has not yet
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Fig. 6 Submillimeter line surveys of the Orion-KL region. Top: CS04-840 GHz survey by
Comito et al. (2005); Middle: CSO 600-720 GHz survey by Sehiét al. (2001); Bottom: CSO
325-360 GHz line survey by Schilke et al. (1997). The greee in each panel indicates the
typical atmospheric transmission. Right, middle: SMA ifeeometric survey around 680 GHz by
Beuther et al. (2006). UL denotes unidentified lines. Rigbtfom: rotation diagram of C§OH

in the Orion hot core using JCMT data in the 345 GHz window bst@uet al. (1995), giving
Trot &~ 250 K (dashed line). The optically thifCHsOH lines give a somewhat lower temperature
of ~180 K (full line).

been convincingly detected, although the chemically eelaamino acetonitrile
(NH2CH,CN) has (Belloche et al. 2008). Other prebiotic speciesdikiedine and
pyrimidine have also not yet been seen (Kuan et al. 2004). ALMII be able
to push the searches for larger, perhaps prebiotic moledule orders of mag-
nitude deeper to abundances-ofLl0~*2 with respect to H, because it will have
much higher sensitivity to compact emission and it will fgsothe hot cores
so that spatial information can be used to aid in the ideatifin of lines. In-
deed, chemical differentiation between, for example, G} Brrich complex or-
ganics is seen on small spatial scales in both high- and lessnYSOs from di-
rect imaging (e.g., Wyrowski et al. 1999; Bottinelli et a@(%) and is also inferred
from (lack of) abundance correlations (Bisschop et al. 20®ut see Fontani et
al. 2007). Abundance ratios such agHgOH/CH3zOH are remarkably constant in
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high-mass YSOs, even in very diverse regions including thka@ic Center clouds
(Requena-Torres et al. 2006), pointing toward a commorirofig these O-rich or-
ganics. However, other O-containing molecules such ag@@Hand CHCHO ap-
parently avoid the warm gas, illustrating that not all coexgrganics co-exist (e.qg.,
Ikeda et al. 2001; Bisschop et al. 2007b).

The origin of these complex organic molecules is still undebate, in par-
ticular whether they are first generation molecules diyeetlaporated from the
ices or whether they are second generation products of ectivetchemistry’ in-
volving high-temperature gas-phase reactions betwegoeated molecules (e.qg.,
Charnley et al. 1992). A related problem is that the timescédr crossing the hot
core region are very short for low-mass YSOs in a pure infahario, only a few
hundred yr, much shorter than the timescales-of0* — 10° yr needed for the
hot core chemistry (Schaier et al. 2002). Thus, unless soezhanism has slowed
down the infall or unless the molecules are in a dynamicadligle region such as a
disk, there is insufficient time for the hot core gas-phasarubtry to proceed.

4.4 Outflows and shocks

Bipolar outflows and jets are known to be associated withraledded YSOs, both
low- and high mass. They impact the quiescent envelope aatecshocks which
can sputter ices and, if sufficiently powerful, even thesaiie grain cores themselves
(e.g., Blake et al. 1995; Bachiller & Pérez-Gutiérrez299The SiO molecule is
therefore a good tracer of shocks: its abundance is greattigreceed when Si atoms
are liberated from the grains by the direct impact. Ices aioiig species like
CH3OH can be released in the less violent, turbulent shear zbroesed, in outflow
lobes offset from the central protostar, ¢BH is observed to be enhanced by more
than two orders of magnitude (e.g., Jgrgensen et al. 20@tsedttini et al. 2007).
This could also provide an alternative explanation for thigio of the complex
organic molecules, especially if most of them are formed maing.

Owing to the high temperatures in shocks (up to a few 1000 ég¢tions with
energy barriers become very important in this hot gas coetpaith the colder
cloud material. The most important example is the reactfdd & H, — OH + H,
followed by OH + B — H,0O + H (reaction barriers- 2000 K), driving most of
the atomic oxygen into water (e.g., Kaufman & Neufeld 1996)us, HO, OH and
[O 1] far-infrared lines are predicted to dominate the sheokission, and this has
been confirmed observationally for the Orion shock with I$@rvit et al. 1998).
The precise balance between these three species depertasidftt ratio of the
pre-shock gas, since reactions with H drivgOHback to OH and O. Since lines of
these species, together with those of CO anddtle the main coolants of the gas,
their observations also provide direct information on thergetics of the flows.



Astrochemistry of protostellar environments 17

4.5 Water and the oxygen budget

Water is one of the most important molecules to study in tettar and proto-
planetary environments, because it is a dominant form ofjery the third most
abundant element in the universe. Like CO, it thus contfwschemistry of many
other species. Water also plays an important role in theggrialance as a strong
gas coolant, allowing clouds to collapse up to higher tempees. It can serve as
a heating agent as well, if its levels are pumped by infraesfiation followed by
collisional de-excitation. As discussed§#.1, water is the most abundant molecule
in icy mantles, and its presence may help the coagulatioogssothat ultimately
produces planets. Asteroids and comets containing iceltkahg delivered most of
the water to our oceans on Earth, where water is directlycéestsal with the emer-
gence of life. Thus, the distribution of water vapor and ioemng the entire star and
planet formation process is a fundamental problem relezamdair own origins.

Because water observations are limited from Earth, mostrimdtion to date
has come from satellites (see review by Cernicharo & CrevigD05). SWAS and
ODIN observed the 557 GHz ground-state line of orthgHat poor spatial reso-
lution, ~ 3. The emission was found to be surprisingly weak, implyinat tmost
water is frozen out on grains in cold clouds, consistent \h#n direct ice obser-
vations. In contrast, ISO found hot water near massive ptais in mid-IR ab-
sorption line data (e.g., van Dishoeck et al. 1996; Boonntah 003), as well as
strong far-IR water emission lines near low-mass YSOs ,(kigeau et al. 1996;
Ceccarelli et al. 1998; Nisini et al. 2002). The implicatisnthat water undergoes
orders of magnitude changes in abundance between cold amad regions, from
~ 1078 up to 2x 10~* (Boonman & van Dishoeck 2003). Thus, water acts like a
‘switch’ that turns on whenever energy is deposited in malkecclouds, and it is a
natural filter for warm gas.

An important question is the origin of the warm water seerr peatostars. One
option is shocks, as discussedéi.4. 1ISO has detected strong® and related
OH and [O 1] emission lines not only from Orion but also fronwlmass YSO
outflow lobes (e.g., Nisini et al. 1999). Another option is tjuiescent inner warm
envelope or hot core, where temperatures abo280 K should be high enough to
produce copious water both through ice evaporation andlibeeamentioned gas-
phase reactions (Ceccarelli et al. 1996; Charnley 199allyi an intriguing option
is hot water arising from the accretion shock as materidd taito the disk. Indeed,
strong mid-IR water lines have recently been detected Sittrer with excitation
conditions consistent with a disk accretion shock (Fig571) (Watson et al. 2007).

A related puzzle is that of the total oxygen budget in clod@&le 3 contains a
summary of the various forms of oxygen for a cold dense cloitdout star for-
mation (Whittet et al. 2007; Pontoppidan et al. 2004). In émsity diffuse clouds,
optical and UV absorption line data have established tha&®0% of the total (gas
+ solid) elemental O abundance aB4< 10~ is contained in refractory material
such as silicates, with the remainder in gaseous atomicesxgdeyer et al. 1998).
Assuming that the refractory budget stays the same in ddosds; one can make
an inventory of the remaining volatile components. As Tablshows, ices con-
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Table 3 Typical oxygen budget in a quiescent cold cloud

Component Material Fraction Observations
of oxyger?
Refractory Silicates 30% Mid-IR, UV
Ices HO, CO, CO, ... 26% Mid-IR
Gas-phase CO 9% Submm, Mid-IR
Remainder O? & H,O? 35% UV, Far-IR,
Submm, Mid-IR

aValues from Whittet et al. (2007) for several lines of sighffaurus.

tain about 25-30% and gaseous CO up to 10% of the oxygen, vetlise values
varying from cloud to cloud. That leaves a significant fratof the budget, about
1/3, unaccounted for. SWAS and ODIN have shown that thal@ndance in dense
clouds is surprisingly low< 10~/ (Goldsmith et al. 2000; Larsson et al. 2007), as
is H2O in the cold gas (see above discussion). Thus, gaseouscaidiaithe most
likely reservoir. Limited data on [O 1] 63 and 145n emission or absorption from
cold clouds exist (e.g., Caux et al. 1999; Vastel et al. 2006@) are difficult to in-
terpret because of the high optical depth of the lines calpith the fact that they
are spectrally unresolved.

5 Protoplanetary disks

5.1 From envelope to disk

In §4, it has been shown that the inner envelopes around protostetain a
wealth of simple and complex molecules, but it is not yet cleaether and
where these molecules end up in the planet-forming zonessk$ dince the dy-
namics of gas in the inner few hundred AU are poorly understdo the stan-
dard theory for inside-out collapse and disk formation .(eTgrebey et al. 1984;
Cassen & Moosman 1981), most of the material enters the disle do the cen-
trifugal radius, which grows with time a3. Also, the disk spreads as some material
moves inward to accrete onto the star and some moves outwachserve angular
momentum. Thus, in the earliest phase of the collapse, fasfaery close to the
star where it will experience such a strong accretion shioakall ices evaporate and
all molecules dissociate (Neufeld & Hollenbach 1994). Hesveat the later stages,
once molecules enter the disks beyond a few AU, all speciespxhe most volatile
ices (e.g., CO ice) survive. Some observational evidencadoretion shocks has
been presented through mid-IR CO observations (Pontopgitial. 2003) and yD
data (Watson et al. 2007) (see Fig. 7).
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Fig. 7 Detection of hot water lines toward the deeply embeddedsdaprotostar NGC 1333
IRAS4B using theSpitzer Space Telescope. These lines are thought to originate from the accretion
shock onto the growing disk (Watson et al. 2007).

5.2 Disk chemistry

Once in the disk, the chemistry of the outer part is governesdifmilar gas-phase
and gas-grain interactions as in envelopes, but at highmesitiks. From analyses of
SEDs, itis now well established that disks have temperafadients not only in the
radial direction but also vertically. If disks are flaredeytintercept a large fraction
of the stellar UV and X-rays which heat the dust and gas in ftieally thin surface
layers, with the IR emission from this layer subsequentlymiag the lower parts
of the disk. Moreover, this radiation dissociates moles@aed ionizes atoms, thus
modifying the chemistry in the upper layers. The result isyeeted chemical struc-
ture (Aikawa et al. 2002), with a cold mid-plane where mosteunoles are frozen
out, a top layer consisting mostly of atoms, and an interatedayer where the dust
grains are warm enough to prevent complete freeze-out amtenholecules are
sufficiently shielded from radiation to survive (for reviesee Bergin et al. 2007).

5.2.1 Outer disk

Indirect evidence for freeze-out in disks comes from therirgd low gas-phase
abundances of various molecules (e.g., Dutrey et al. 138v2Zadelhoff et al. 2001).
Direct detection of ices in disks has been possible for a fewwvees with a favor-

able near edge-on geometry where the line of sight passesghrhe outer part

(e.g., Pontoppidan et al. 2005; Terada et al. 2007). Bedawusground clouds can

also contribute to the observed ice absorptions, it hasetdigen possible to make
an ice inventory for disks. At longer wavelengths, the icadsacan be emission,
and therefore do not require a special geometry. Bands sfallipe water ice at 45

and 62um have been seen in a few disks with ISO (e.g., Creech et a2)200
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Most molecules other than CO have only been detected inadlyatinresolved
single-dish submillimeter spectra from which disk-avexdgbundances can be de-
rived (e.g., Dutrey et al. 1997; Thi et al. 2004). Chemicatdges’ of disks have
so far been limited to just a few pixels across a handful okglis a few lines
(e.g., Qi etal. 2003; Dutrey et al. 2007). The data obtaireths support the lay-
ered structure picture but obviously ALMA will throw this fiewide open. Besides
being interesting in its own right, chemistry and moleclilzes can also constrain
important physical processes in disks, such as the levatbfitence and the amount
of vertical mixing (e.g., Semenov et al. 2006).

5.2.2 Inner disk

The hot gas in the inner disk is readily detected in the midiiBs of CO (e.qg.,
Najita et al. 2003; Blake & Boogert 2004), as well as the UV #Rdines of H,
(e.g., Herczeg et al. 2002; Martin-Zaidi et al. 2007). PAHission has also been
spatially resolved, with both the inner and outer disk dbnting to the vari-
ous features (e.g., Habart et al. 2004; Geers et al. 2008 .chbmistry in the in-
ner disk differs in several aspects from that in the outetspahe densities are
so high that three-body reactions become important; X-fey® the young star
may be significant; gas columns may be so high that cosmiccagsno longer
penetrate to the mid-plane, thus stopping ion-moleculeti@as; and Fischer-
Tropsch catalysis can take place on hot metallic grains. Biqudarly exciting
topic is the chemistry inside the ‘snow-line’ where all nmlées evaporate and
the chemistry approaches that at LTE (e.g., Markwick et@D22. Spitzer absorp-
tion line data have revealed highly abundant and hot (300KjJ(HCN and GH»
in the inner few AU of two young near edge-on disks consistetit these mod-
els (Lahuis et al. 2006; Gibb et al. 2007). More recerifytzer and ground-based
Keck and VLT data have revealed surprisingly strong mid4titssion lines of hot
H,0 (~800 K), together with OH, HCN, &, and/or CQ, toward a number of
disks originating from the inner AU (Carr & Najita 2008; Sklgt al. 2008).

5.3 Disk chemical evolution

Near- and mid-infrared surveys have shown that inner disitsdic 10 AU) dis-
appear on timescales of a few Myr (e.g., Cieza et al. 2007).afomquestion is
how the gas and dust dissipate from the disk, and whetherdbeyp at the same
time. Examination of hundreds of SEDs of stars with diskSgrizer surveys show
that there may be multiple evolutionary paths from the nvasgias-rich disks
to the tenuous gas-poor debris disks, involving both graowth and gap open-
ing, either by photoevaporation or planet formation (eAjexander et al. 2006;
Varniere et al. 2006). Some transitional disks show ewtdehat molecular gas and
PAHs are still present inside the dust gaps (Goto et al. 2006kheid et al. 2006;
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Fig. 8 VLT-VISIR mid-infrared images of the disk around the youngauri star IRS 48, showing
strong centrally peaked PAH emission at 1[u/8 as well as a 60 AU diameter gap devoid of large
grains emitting at 1m. The inserts show the PSF of a standard star. The gri8pectrum with
the strong PAH features is included (Geers et al. 2007).

Geers et al. 2007; Pontoppidan et al. 2008) (see Fig. 8).igAHe dominant coolant
of dense gas, and as such may also be a particularly powexrsuhgss probe of
transitional disks with future facilities (Meijerink et.&008). The chemistry with
such high gas/dust ratios and large grains (which inhibitfétmation) is very
different from that under normal cloud conditions (e.g.k#@wa & Nomura 2006;
Jonkheid et al. 2007). Moreover, the shape of the radiatid filays a critical role,
in particular whether there are far-UV photons with enesgi&1 eV which can dis-
sociate H and CO and ionize C (van Zadelhoff et al. 2003; van Dishoeek &006).
Also, young stars are known to have UV flares resulting frostmdite accretion
events, which temporarily increase the disk temperatudeaéfiect the chemistry.

6 Prospectsfor futurefacilities

The major new facilities at infrared and submillimeter wlangths will be cru-
cial to answer many of the questions raised in the previocisoses. The principle
limitation at millimeter wavelengths is the low spatial okgion and sensitivity:
current single-dish telescopes and interferometers catiyh@solve the envelopes,
hot cores and disks. ALMA will be a tremendous leap forwardhis field, with
the capability and sensitivity to image molecules down tales of tens of AU
where planet formation takes place. In the coldest préastebres, ALMA can de-
tect the earliest signs of collapse through line profilespefcges like NH* and
ortho-H,D™ on 100 AU scales. Once the protostar has formed, ALMA is the in
strument of choice to unravel the chemistry in hot cores aadch for the most
complex prebiotic molecules, by spatially imaging the miga and ‘weeding out’
the more common species. Low-frequency cm data, such ad beyprovided by
one version of the proposed Square Kilometer Array, are stéted to probe the
heaviest rotors. ALMA can also resolve individual bowsh®ekd thus distinguish
the shock chemistry from that of the other protostellar congmts. For example,
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are the complex organics located in the passively heatecbietregion, in the disk,
or in the region where the outflow impacts the dense envelope?

Studies of the chemistry in outer disk will be opened up catgly by ALMA,
which will provide chemical images in many different spaci8ince the brightness
temperatures of the submillimeter lines from the inner dsk be as high as several
hundred K, ALMA can image lines in the nearest disks dowr tb0 AU. Because
of lower optical depth, ALMA has the advantage that it canbgrdeeper into the
disk than infrared telescopes. ALMA will also be criticalgtudy transitional ob-
jects by imaging the holes or gaps in their dust disks down ftenaAU and by
measuring the remaining gas mass through tracers like CQGijdon scales of
more than 10 AU.

The strength of JIWST-MIRI and NIRSPEC lies in their raw séwvisy coupled
with moderate spectral resolution. They will be particlylgmowerful to probe the
ices in the densest, most obscured parts of the cores anmdhiletevhen and where
ices are formed through ice mapping 10’ scale. The high sensitivity will also
allow searches for minor ice species toward highly obsc@ieds O protostars to
address the question, together with ALMA, which (complexjecules are formed
on the grains as first generation species and which in thesgsscand generation.
Mid-IR imaging of shocked bl [S 1] and [Fe 1] with JWST will trace the physical
structure of shocks in the deeply embedded phase, necdssarnderstanding the
chemistry.

JWST will also allow observations of ices toward a much lafggeection of edge-
on disks, and can perhaps even spatially resolve the abimoggainst the extended
mid-IR continuum. Moreover, with its medium resolution ned@~ 3000, JWST
can search for mid-infrared vibration-rotation lines oftaraand organic building
blocks like HCN, GH, and CH, in absorption or emission in protostars and disks,
although analysis will be hampered by the fact that the laresspectrally unre-
solved.

The unique power of ground-based ELTs lies in their very Isigéctral resolving
power up to 10 combined with high sensitivity and spatial resolutionpaiing
quantitative studies of gas-phase lines. Toward protastebjects, gas/dust ratios
can be measured directly in the coldest regions, and sonfeafamplex organics
freshly evaporated off the grains can be probed in absormien toward solar-
mass sources. Emission lines of hot water and organics fiisks ghould have
booming feature-to-continuum ratios and such spectraalgth allow searches for
less common species. Moreover, ELTs can image the emisaiikiaematics at
AU resolution and thus determine the chemigdistribution in the inner €10 AU)
disk, which ALMA cannot probe. This includes the distritmutiof PAHSs, the most
complex organics known to date.

Herschel's strength lies in its ability to observe cold arafmw HO in proto-
stellar environments through the myriad of pure rotatidinals. Indeed, the combi-
nation of Herschel and SOFIA will be uniquely suited to obségr,O, OH and O
far-infrared lines with orders of magnitude higher spadiadl/or spectral resolution
and sensitivity compared with previous missions. With rieeotfar-infrared space
missions on the horizon, this will be the only chance for desao follow the water
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trail through star formation and determine the oxygen btishgee variety of sources.
SOFIA s a key complementto Herschel, since it is the onlysioisthat can provide
spectrally resolved data on the [O I] lines at 63 and 4%

Herschel and SOFIA will also fully open up the far-infraredwelength range
through line surveys, with ample opportunities for unexpeéchemical surprises.
Higher frequency THz data can help in the identification ofencomplex species
(including PAHS) since their low-frequency vibrational des may be more easily
recognized than their pure rotational spectra observddAlitvA, where the inten-
sity is spread over many lines. SOFIA will also be the onlytrinsient available to
probe the lowest 1370 GHz transition of paraEH in the coldest clouds whereas
both SOFIA and Herschel can observe the lowest orthd"Dtransition at 1476
GHz. Finally, Herschel and SOFIA can search for the farardd bands of ices and
(hydrous) silicates in emission from protostars and digkss is the only option to
probe ices in disks which do not require any special viewiegretry.

7 Conclusions

Substantial progress has been made in determining thetones of the gases
and solids in protostellar and protoplanetary regionsomby for bright high-mass

YSOs but also for weaker sources thought to be represeat#ftour own early solar
system. Each evolutionary phase has its own chemical dieaistics related to the
changing physical conditions, with freeze-out and ice evafion playing a major

role. The combination of observations from near-infragedhtllimeter wavelengths
has been essential to probe all chemical components. Bdmicdtory data and so-
phisticated radiative transfer tools remain crucial foagtitative analysis. With the
orders of magnitude enhancements in sensitivity, spatidlspectral resolution of
future instruments, there is no doubt that astrochemisiliyontinue to blossom in

the next decade of JWST and its concurrent facilities.
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