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Chapter 1 — Introduction

The origin of our Solar System can be studied by observatbrsirrently forming
protostars in our Galaxy. Tracing the evolution of protosthat will eventually resemble
our Sun is fundamental to understand our own origins. Lowgsstarsi ~0.08—1.5Vl;)
dominate the star formation in galaxies both in total mass muimber (Kroupa 2002,
Chabrier 2003). The less numerous high-mass stdrg>8 M) strongly influence the
formation of low-mass stars via strong radiation, windsl anjection of heavy elements
and are therefore equally important to study (Zinnecker &®x2007, Krumholz et al.
2014).

One of the most interesting aspects of star formation is ¢héeof material conden-
sation needed to form a star: from abed particles per ciin the interstellar medium,
~10* cm~3 in molecular clouds;10° cm~2 in dense cores and filaments,440** cm3
in stellar cores (Mottram et al. 2013). The gravitationdlajmse alone is however too ef-
ficient by a factor 0f~20 in forming stars compared to the actual observed starétiom
rates (Leroy et al. 2008, Evans et al. 2009) and must be sldwat by some combina-
tion of turbulence, radiation, outflows, and magnetic fi¢lEgans 1999, Krumholz et al.
2014).

The inclusion of ‘feedback’ in simulations of star formatibas a profoundfiect

on the accretion, multiplicity, and mass of protostarshvinplications for the shape of
the initial mass function and formation of star clusterdff@r et al. 2014, Bate et al.
2014, Krumholz 2014). Feedback processes in low- and higbsratar forming regions
are associated with high temperaturgs}00K) and are thus not traced by the emission
from cold dust. Instead, the high-temperature gas is bapged in far-infrared molecular
transitions (Goldsmith & Langer 1978). Quantifying thisdiemission is therefore crucial
to identify additional physical processes in the surrongdiof young stars and ultimately
estimate their impact on the molecular clouds (Bate et al42@ales et al. 2014) and
galaxy formation (Vogelsberger et al. 2014).

Validation of those simulations requires that the basicspdat phenomenon are quan-
titiatively understoodWhat are the physical conditions of the gas (temperatunasithg)
in low- and high-mass star forming regions? What are the d¢hami physical processes
responsible for the gas heating (shocks, ultraviolet réidi@? How does the evolution
proceed to the point where the envelope is fully disperseldiaa stars become visible in
the optical light? How does the procesgei for stars of diferent mass?

Temperatures and densities of the physical regimes indalvehe star formation
process are best probed by far-infrared lines of in padicGO and HO whose excita-
tion depends on the local physical conditions. The comhinaif excitation studies and
spectroscopy at high enough angular resolution presemiddfal tools to quantify which
physical mechanisms are responsible for the gas heating.

This thesis presents spectral observations of low- and-mgss star forming regions
at different evolutionary stages using the PACS instrument (RBablet al. 2010) on board
the 3.5 mHerschel Space Observatoilbratt et al. 2010a) that allow us to quantify the
far-infrared emission at unprecedented detail and shedligéivon the feedback from
deeply embedded protostars.
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1.1 Interstellar medium and sites of star formation

Table 1.1- Physical characteristics of interstellar and circunfestelouds

Name Density =~ Temperature Extinction Examples
(cm®) (K) (mag)
Diffuse cloud 10 30-100 1 £ Oph
Translucent cloud 10 15-50 1-5 HD 154368
Dense PDR 10-10° 50-500 <10 Orion Bar
Molecular cloud 18 10-20 > 10 Perseus cloud
Dense core > 10 8-15 10-100 L1544
Protostellar envelope
low-mass 16-10° 8-100 10-100 L 1527
high-mass 1610 20-100 50-500 AFGL 2591

Notes.The table presents typical physical parameters and is asddble 2 from van Dishoeck
et al. (2013), but with envelope parameters split into lomd high-mass protostars based on van der
Tak et al. (2000, 2013), Jgrgensen et al. (2002), Kristeasah (2012). The examples forfllise
and translucent clouds are the objects along their lingigift.

1.1 Interstellar medium and sites of star formation

Galaxies are mostly empty volumes with only a small fractbapace filled by stars and
their planetary systems (e.g3x1071° of space in Milky Way, Tielens 2010). Everything
in between stars is referred to as interstellar medium (ISMg main visual manifesta-
tions of the otherwise hidden ISM are nebulosities seenraf@me young stars (e.qg.
reflection nebulae in the Pleiades) and some evolved stargp{anetary nebulae and su-
pernova remnants). In general, théfaée and cold ISM is best revealed by absorption
lines. The youngest stars are formed in the densest conttersaf the ISM, which are
opaque to visual light and seemingly devoid of stars.

Physical conditions in various clouds in the cold phase efi8M are summarized in
Table 1.1. The regions range from low-densitffue and translucent clouds to dense pho-
todissociation regions (PDRs, Tielens & Hollenbach 198B)ninated by far-ultraviolet
photons from nearby OB stars (FUV;-613.6 eV). Molecular clouds are regions with
densities comparable to some PDRs but higher visual eidméfy) and thus more ef-
ficient UV shielding. The high density, low temperature oeg of molecular clouds are
dense cores, the sites of star formation. When the collapgm$ most of the material
will accumulate in the envelope, the mass reservoir for thening star(s).

Most stars in our Galaxy form in the Giant Molecular Cloudsjah have masses as
high as~ 10°° M, (Rosolowsky 2005) and projected areas of a few i€ (Solomon
et al. 1987). The most local star formation, however, ocauigmaller clouds, like the
Perseus molecular cloud wit ~ 7-10° M, and total area of 73 g¢Evans et al. 2014).
Even smaller are the Bok globules, clouds with masses of0LM£ The most striking
common characteristics of those seeminglyedent environments are the uniform distri-
bution of stellar masses that they form (‘initial mass fume? and the small number of
stars formed given the available reservoir of gas and dusst{@&n et al. 2010). The star
formation éficiency, defined as a fraction of stellar mass to the total matbe cloud and
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Chapter 1 — Introduction

stars, is only about 3-6% in the nearby molecular clouds¢Baet al. 2014).

Simulations of molecular clouds reproduce the shape aélmitass function and low
star formation #iciencies when feedback from protostars is included (Krumkoal.
2014). For example, feedback from outflows driven by low-sna®tostars adds turbu-
lence to the cloud, while UV heating suppresses the fragatientand slows down the
infall of material onto the protostar (er et al. 2014, Bate et al. 2014, Krumholz 2014).
On the other hand, recent results from extinction mappimgfeom the ‘Herschel Gould
Belt Survey’ show large similarities between the stellad ane-stellar core mass func-
tions (within a factor of 3), suggesting that no additionaygical processes are required,
i.e. the role of feedback is not dominant (Alves et al. 200i@d# et al. 2010, 2014). A
better understanding of physics and chemistry in the imatediurroundings of proto-
stars is therefore needed to resolve these discrepantsrasual link the star formation on
local and global scales.

1.2 Evolution before the main sequence

1.2.1 From dense cores to stars and planets

Figure 1.1 illustrates the key phases of low-mass star fiomal he star formation begins
once enough cold material condenses in the dense coreydeiadis collapse under self-
gravity (i.e. the criteria for Jeans instability are satidfiJeans 1928). Larson (1969) first
described the main stages of this collapse, in particutnitial isothermal phasevhen,
due to pressure gradients, the small region with high dggsitckly develops in the core
center; thé=ormation of the opaque corevhere adiabatic collapse leads to the formation
of the first hydrostatic core (radius ef5 AU and mass of5 Jupiter masses) and the
Formation of the second (stellar) cqrgiggered by dissociation of H

The formation of the stellar core marks the beginning of ttes€0 phase. During this
phase, referred to by Larson as thain accretion phasenaterial from the dense envelope
is accreted to the star-disk system, quickly increasingthss of the central protostar. The
infall / accretion of material on the rotating protostar in the pneseof magnetic fields
leads to the launching of bipolar jets in the direction padieular to the disk, see recent
review by Frank et al. (2014). The collimated jets carve @uitees in the surrounding
envelope, exposing the material to the stellar winds and bidtgns. As a result, wider-
angle bipolar outflows are formed, with shocks and entramtmecurring along the cavity
walls. Such a low-mass protostar with its envelope and ousfis altogether referred to
as ayoung stellar objecfYSO).

The subsequent evolution of a protostar is determined bryetion onto the diststar
system and simultaneous dispersal of the envelope by tHwsat(Class I). The UV
radiation from the growing central star penetrates deeferthe envelope, while the jets
carry less material as the accretion rate decreases anallgstops. Once the envelope
disappears (Class Il), a central pre-main sequence stausited by a circumstellar disk
becomes visible. The gas from the disk is trapped in the giamets or dispersed by the
strong stellar wind and radiation. Subsequently, the grairthe disk coagulate to larger

4



1.2 Evolution before the main sequence
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Figure 1.1— Evolution of a collapsing dense core to a Sun-like star wiflanetary system. The
physical scales are indicated for each evolutionary st&dapted from Persson (2013).

particles, leading to the planetesimal and planet formai@iass I11).

The evolution of protostars is therefore driven by the rebadmount of mass in the
envelope Meny), central protostamVl, ), and the disk¥gisk). Physical classification based
on the masses distinguishes four main Stages ((0-l1l), &Ritlei et al. 2006, 2007) that
ideally should correspond to more phenomenological Cfassed in this thesis and in
Figure 1.1. In the Stage 0 sources the envelope mass is nrgehn than that of the central
protostarMen, > M,. In Stage |, the envelope mass becomes less than the mass of th
protostarM, > Men,. In Stage 11, the disk mass is larger than that of the enveldpg; >
Menv. Unfortunately, determining masses directly from obstove is dificult (Crapsi
et al. 2008) and therefore alternative methods of clastifichave been developed.

1.2.2 Observational classification of young stellar objest

The evolution of young stellar objects is revealed by thepsheof their spectral en-
ergy distributions (SEDs). The SEDs of Class 0 sources arerdded by emission from
cold dust, whereas the contribution from the star-diskespshcreases gradually in more
evolved Class/Il sources (Figure 1.2 and Chapter 2). Several methods adtogjuan-
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Chapter 1 — Introduction
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Figure 1.2— Spectral energy distributions of low-mass young stelldects. Class 0 sources are
characterized by a single black-body spectrum from the eoleelope peaking at100 um (no
emission in near-IR). Class | sources have lower extinaimhthus a protostellar black body spec-
trum slowly appears in the near-IR with a large IR excessifig SED’) at longer wavelengths due
to the remaining envelope and growing disk. Class Il souhee® flat or falling SEDs consisting
of a pre-main sequence (T Tauri) stellar black-body and disission at mid- to far-IR. Class Il
sources show a stellar spectrum (more luminous than the-segjuence stars) with a possible weak
contribution from the remaining disk. Figure by M. Persson.

tify the SEDs and construct the age sequences of protostarddgtailed discussion, see
Evans et al. 2009).

Their main shortcoming is the uncertainty in the outfldisk geometry, which can
severely alter the shape of the SED. For example, when theéshigewed face-on, mid-
IR emission is easily detected by looking down the outfloweganimicking the more
evolved sources. On the other hand, the edge-on disks heertitostellar contribu-
tion, and the SED is thus dominated by the cold envelope ngakia source appear less
evolved.

Table 1.2 summarizes how Class 0 and | sources are definegdi§&rent classifica-
tion methods. The method based on the spectral indertroduced by Lada & Wilking
(1984) and extended by Greene et al. (1994), uses the SER&etvand 2@m and is
not suitable for classification of Class 0 sources. Boloim&mperatureT o, defined as
the temperature of a blackbody with the same flux-weightegimfi®quency as the actual
SED, is calculated over the entire spectrum and dividescgesuinto Class 0 and | at 70
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1.3 Heating and cooling in deeply-embedded protostars

Table 1.2— Classification of Class/Dprotostars

Method Class 0 Class || Reference

a? - 0.3 Lada & Wilking (1984), Greene et al. (1994)
Thol <70 70< Tpo < 650 Myers & Ladd (1993), Chen et al. (1995)
Lsubmm/Lbor > 200 < 200 André et al. (1993),Young & Evans (2005)
LoS/Meny <2b 20 Bontemps et al. (1996)

Lrire/Lpo®  ~ 1072 ~ 107 Giannini et al. (2001), Nisini et al. (2002b)

Notes. @ Spectral indexp = dlog(1S(1))/dloga, calculated using SED between 2 and 2@

(4 is the wavelength an8(2) is the flux density at that wavelength). Class 0 sources &#&Ds
resembling a blackbody spectrumTat~ 15— 30 K could not be classified in this scheme due to
non-detections in mid-IR wavelengtH®. For a protostar with bolometric luminosityy, = 1 Lo,

© Far-infrared line coolingl.irL, is the sum oLo; + Lco + Lo + Low-

K (Myers & Ladd 1993). According to models of collapsing cotgy Young & Evans
(2005), the ratio of source luminosity longwards of 360 and its bolometric luminosity
is a good indicator of the ratio of mass in the star and thelepegsee also, André et al.
1993); theLpo/Lsubmm ~200 marks the transition from Class 0 to I. A tight correlatio
between envelope mass and bolometric luminosity in Clasgrotostars led Bontemps
et al. (1996) to describe the evolutionary stage using_ﬂjleMenV ratio.

Far-IR lines are not sensitive to extinction and are ofteticafly thin (e.g. highly-
excited CO lines); as such, they provide an alternative taticoum slopes for deter-
mining the evolutionary stage. Giannini et al. (2001) idtioed a parameteétr., the
total line luminosity of species emitting in the far-IR, whidecreases for more evolved
sources. The underlying assumption was that the dominaitaégn mechanism of far-
IR emission (most likely outflow shocks) decreases in stitemgth evolution. If that is
indeed the casé,rr. could serve as the most accurate evolutionary tracer obgt@ltar
evolution.

1.3 Heating and cooling in deeply-embedded protostars

1.3.1 Processes leading to gas heating

Figure 1.3 illustrates the main physical components of toass YSOs that can give rise
to far-IR line emission. Possible components include @ itmer part of the envelope
heated by the accretion luminosity (hot core); (ii) the aimed outflow gas; (iii) UV-
heated gas along the cavity walls; (iv) shocks along the mutflavity walls where the
wind from the young star directly hits the envelope; (v) bdwaks at the tip of the jet
where it impacts the surrounding cloud; (vi) internal woiksurfaces within the jet; and
(vii) a disk embedded in the envelope. The contribution esthcomponents to the far-IR
emission from deeply-embedded YSOs is evaluated and disdumlow.



Chapter 1 — Introduction
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Figure 1.3— Cartoon of a low-mass young stellar object with varioussitgl components and their
nomenclature indicated. IWS stands for internal workindesaes. The spatial scales correspond to
low-mass protostars and do not resolve t1€0 AU disk surrounding the protostar. Figure by R.
Visser, adapted from van Dishoeck et al. (2011).

1.3.1.1 Envelope heating by protostellar luminosity

The main source of protostellar luminosity during the Cl@dsphase is theaccretion
luminosityproduced from the gravitational energy of the infalling dasm the dense
collapsing envelope, through the disk, and onto the staxtiremely hot &10° K) accre-
tion shocks. This luminosity heats mostly the inner partthefenvelope, since the large
amount of dust quickly absorbs most of the protostellaratain and re-radiates it in the
form of far-IR continuum. The gas is then heated throughdjest-collisions. However, a
fraction of the envelope cooling is also predicted to océaratoms and molecules (Cec-
carelli et al. 1996, Doty & Neufeld 1997, for early modelsiofl emission from low- and
high-mass envelopes, respectively).

Far-IR H,O emission was initially interpreted as arising purely frime collapsing
envelope in Class/Dsources (Ceccarelli et al. 1999) based on the single bea®rob
vations ¢ 80”) with the Long-Wavelength Spectrometer on board ltifeared Space
Observatory(ISO) (Kessler et al. 1996, Clegg et al. 1996). However, smaps with the
same instrument revealed that the emission is extended argllikely originates in the
outflow (Nisini et al. 1999). Recently, Visser et al. (2018hcluded that the envelope
cooling accounts for less than 1% of the totallHemission and only a few percent of CO
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1.3 Heating and cooling in deeply-embedded protostars
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Figure 1.4— Rates of molecular cooling as a function of flow time of nalstin C— (left) and
J-type (right) shocks with=20 km s and pre-shock density of the ambient medians 10°
cm 3. The temperature structure through the shock is shown omighe vertical axis. Adapted
from Flower & Pineau des Foréts (2010).

emission observed towards low-mass protostars HéfschelPACS.

1.3.1.2 Shocks in outflow cavities and jets

Large-scale shocks are produced by the bipolar jets andgiediar winds impacting the
envelope along the cavity walls. Theoretically, shockdaregled into two main types, the
‘continuous’ C-type) and ‘jump’ 0-type) shocks, based on a combination of magnetic
field strength, shock velocity, density, and level of iotiza (Draine 1980, Draine et al.
1983, Hollenbach et al. 1989, Hollenbach 1997).

In C—type shocks, which occur in regions with strong magnetid$ielnd low ion-
ization fractions, the weak coupling between the ions andrats results in a continuous
change in the gas parameters (for an example of temperatfile psee Figure 1.4). Peak
temperatures of a few K allow the molecules to survive the passage of the shock,
which is therefore referred to as non-dissociative.

In J-type shocks, physical conditions change in a discontinweays leading to
higher peak temperatures than@nshocks of the same speed and for a given density
(Figure 1.4). Depending on the shock velocityshocks are either non-dissociative (ve-
locities below about 30 km s, peak temperatures of about a few? K or dissociative
(peak temperatures even exceeding KJ, but the moleculesféciently reform in the
dense post-shock gas (Figure 1.4).

Cooling of post-shock gas by,Hs dominant in the outflow shocks, but negligible for
lower-T gas due to a lack of low-lying rotational states and the ldegel spacing in
H, (Goldsmith & Langer 1978). But even in regions withistiently high temperatures,
mid-IR H, emission is strongly féected by extinction in the dense envelopes of young
protostars (Davis et al. 2008, Maret et al. 2009). The fardftional transitions of kD
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Chapter 1 — Introduction
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outflow lobe

Blue-shifted
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Figure 1.5— Cartoon illustrating the inner regions of protostellavedope where UV radiation
from the protostar can dissociate the shocked gas and mddgh-J CO emission (), = 24).
Adopted from Kristensen et al. (2013).

and CO are thus a better diagnostic of the shock type, shdokitse and the pre-shock
density of the medium (Hollenbach et al. 1989, Kaufman & N&lifl996, Flower &
Pineau des Foréts 2010, 2012).

The characteristics of the first complete far-IR spectrawfinass Class/Oprotostars
obtained with ISJLWS indicated an origin in the two distinct shocks (Gianrehial.
2001, Nisini et al. 2002b). The molecular emission waslaitdd to the slowC—-type
shock in the cavity walls and the bright [fPemission arising from thd—type shock in
the jet and or bow-shock. A fraction of the [@ emission was also attributed to the UV
heating from the protostar. The [Pcontribution to the total cooling was higher for the
more evolved sources.

This general picture finds support in the recent observatisith Hersche] even
though the details of the shock characteristics are stdngfly debated. The [@ emis-
sion is generally explained hi~type shocks (van Kempen et al. 2010b, Benedettini et al.
2012, Dionatos et al. 2013, Lee et al. 2013, Santangelo 20&B), but a convincing de-
tection of the high velocity component is seen only towaod&iass source HH46 (van
Kempen et al. 2010b). The molecular emission is attributesddw @ ~ 15— 40 km s?%),
non-dissociativeC— or J-type shocks, depending on the assumptions on the (spatially
unresolved) size of the emitting region and the exact sp€i®, HO, OH, H) that are
treated together. An alternative explanation for the végihJ CO emission is dissocia-
tive shocks due to strong UV irradiation proposed by Krisamet al. (2013), see Figure
1.5.

1.3.1.3 Ultraviolet heating and gas entrainment in the outfiw cavity walls

The first observations fCO J = 6 - 5 in low-mass protostars showed unexpectedly in-
tense, extended line emission that could not be accountdxy fine models of collapsing
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1.3 Heating and cooling in deeply-embedded protostars
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Figure 1.6— CO fluxes observed witHerschel/ PACS and APEX telescopd<10) with model
predictions from a passively heated envelope (blue), a Batdd cavity (green), and small-scale
shocks in the cavity walls (red). The black line is the sumhef three. A cartoon of the flierent
components is shown in the inset. Adopted from van Kempeh €G@L0b).

envelopes (Spaans et al. 1995, Hogerheijde et al. 1997anSpet al. (1995) explained
this puzzling excess emission with additional heating ofitgavalls by the ultraviolet
photons from the-10,000 K boundary layer where the accretion stream hitstéressat-
tered in the low-density outflow cavities. van Kempen et2009a) adopted this model to
describe the extended CD= 6 — 5 emission in the HH46, but with additional UV pho-
tons created in the dissociatidetype shocks originating in the internal working surfaces
in the jet and or in the bow-shock at the tip of the jet (Neufeld & Dalgarn@2®

The UV heating was subsequently invoked to explain the btl®® J,, ~ 10— 20
emission detected witHerschel PACS (van Kempen et al. 2010b, Visser et al. 2012). In
models of HH 46 (Figure 1.6), 45% of the total CO emission icitex by UV heating,
48% is excited in small scale—type shocks, and 7% is excited in the passively heated
envelope (Visser et al. 2012). Modeling of two additionalmes in Visser et al. (2012)
showed that the contribution of the UV heating to the totat Icooling increases as the
protostar evolves, from20% in the young Class O protostar up~+80% in Class
protostar.

Yildiz et al. (2012) used the velocity-resolved profiles @f Sotopologues to directly
measure the amount of gas traced by CO 2to 10— 9 lines in the envelope, outflow,
and UV heated component (see Figure 1.7). First, the deasdytemperature gradients
in the envelope were modeled using the continuum maps. Tinewm&*0 line profiles
produced in the envelope emission were used to constra®@ha&bundance profile in the
envelope (following the approach in Jgrgensen et al. 2082)sequently, the resulting
envelope structure was used to calculate the fractiolf@® emission that arises from
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Figure 1.7— *2CO 6-5 line profiles at the blue and red outflow positions of NG3E33 IRAS 4A.
The integrated emission in the blue (-20 to 2.7 krf) &nd red (10.5 to 30 knT$) velocity ranges
with respect to the source velocity is shown as contouraurBigy U. A. Yildiz, based on Yildiz
etal. (2012).

the envelope. The excess emission from the observationgnepesed to arise in the UV-
heated component (following van Kempen et al. 2009a,bediine narrow shape 61CO
line profiles and the low abundances€O with respect to the CO made the outflow
origin unlikely. The emission in the broad component in @O line was interpreted as
arising in the entrained outflow gas with a kinetic tempeabf ~ 100 K. The amount
of gas mass in the UV-heated and the outflow components wasl tolbe comparable.

1.3.2 Main cooling channels

Any single dust grain located in Clasgl @nvelopes absorbs ultraviolet photons from
the central protostar, heats up, and then cools by emitsid@gtion at far-infrared wave-
lengths. This cooling channel is the dominant source ofRacontinuum radiation. The
resulting far-IR continuum is thus an excellent tracer afedope properties (size, density,
temperature) that can be derived from simple modified bladiffitting (e.g. Goicoechea
et al. 2012) or more complicated radiative transfer modelg. (Young & Evans 2005,
Kristensen et al. 2012). On the other hand, the dust emiskies not trace the warm
gas of young stellar objects that is heated directly by shockhe photoelectricfiect in
other physical components and can only be studied using.line

Goldsmith & Langer (1978) made the first predictions of malacand atomic line
emission from dense interstellar clouds. Although the Kedge of abundances of vari-
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1.3 Heating and cooling in deeply-embedded protostars
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Figure 1.8— Energy levels of ortho- and para® with some important transitions observed in
the WISH program wittHerschel/ PACS (inum) andHerschel/ HIFI (in GHz) indicated (adopted
from van Dishoeck et al. 2011). In fact, as many-a85 H,O lines were detected with PACS in
NGC 1333 IRAS 4B (Herczeg et al. 2012).

ous species was scarce, the models based on the energyrgotire, Einstein cd@cient

for spontaneous emissioA), and the collision rate céiécients were mostly correct. For
densities> 10 cm3 andT ~ 10 K, a large number of species including® hydrides
(e.g. OH), molecular ions (emitting in the sub-millimetegime), and diatomic molecules
(e.g. CO) dominated the total line cooling. Neufeld & Kauim@993) extended these
predictions to warmer ga3 (= 100) of similar densities, focusing on,HH,0, and CO,

and suggested that,® may be even the dominant coolant in such gas if its predicted
high abundances are correct. The other reasons for the datrivle of HO, CO, and a
possible importance of OH, in gas cooling are discussedibelo

1321 HO

The routes of HO formation include ion-molecule reactionsTat~ 10 K, very éficient
high temperature neutral-neutral reactions in shocke@as 230 K), and formation on
the grains (ice abundances as high as*}Lbllowed by evaporation into the gas phase at
T ~ 100 K (van Dishoeck et al. 2011, 2013). In dense and relgtiwakm environments
of young protostars, the abundances gOHare expected to be high.

H,0 is an asymmetric rotor molecule with a large number of enkxegls contribut-
ing to the total cooling (Figure 1.8). Rotational levels aferacterized by rotational
guantum numbed and two additional quantum numbers Kand Kz, which relate to
the projection of the angular momentum on the axes of synymiEltre nuclear spins of
the two hydrogen atoms can be either parallel or anti-pera#sulting in a grouping of
the rotational levels into ortho (K+ K¢ = odd) and para (K + K¢ = even) ladders.
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Chapter 1 — Introduction

The large dipole momentf=1.85 D) of HO and the high frequencies)(of the tran-
sitions result in relatively large spontaneous radiatates compared to other molecules,
proportional tqu3y® (Einstein A codicients). Therefore, O is de-excited by line emis-
sion (radiation) and not by collisions in protostellar dopes, where densities are a few
orders of magnitude lower than the critical density neeaedHermalization. That im-
plies that the level population typically cannot be desliby a Boltzmann distribution
at the gas kinetic temperature; the rotational temperatalailated based onJ@ lines
is therefore set by a combination of the temperature andtgens

Giannini et al. (2001) first quantified the role 0@ in the total gas coolingin Class 0
protostars using the complete far-infrared spectra obthvith ISQLWS. H,O, CO, and
[O1] were found to contribute each 30% of the total gas cooling, with the remaining
emission originating in OH. Nisini et al. (2002b) extendbis tstudy to Class | sources
and demonstrated a decrease in molecular cooling as a faosvslves.

1322 CO

CO is the second most abundant molecule in the ISM afteGO/H, = 107%) with
level energies scaling as J(J + 1) (Figure 1.9). Due to the relatively high mass of the
molecule the levels are closely spaced, with the few lowgstansitions lying at sub-
/mm wavelengths and > 10 in the far-IR. In contrast to #D, CO has a very small
dipole momentgp=0.1 D) and its low-J transitions are easily collisionally excited even
at low densities, providing a better diagnostic of gas kinetmperature.

CO lines with upper levels as high 8 = 49 and 36 CO lines in total have been de-
tected withHerschelPACS towards low-mass young stellar objects (Herczeg @0412,
Goicoecheaetal. 2012, Green et al. 2013, Manoj et al. 2&1&h a large number of tran-
sitions contribute a significant fraction of the total lineoting, but can also prove useful
in determining the physical conditions of gas (its tempae@and density) in young proto-
stars. In fact, many protostars observed with PACS show CiSséon at two (rotational)
temperaturesy 350 K and> 700 K, suggesting that the origin is in two distinct physical
components (van Kempen et al. 2010b, Visser et al. 20129 ridtively, the originisin a
single low-density, hot component (Neufeld 2012, Manojle@13). In either case, the
physical origin(s) is not yet fully understood.

1.3.2.3 OH

OH is a free radical i.e., it has one unpaired electron, auslitis energy levels are divided
into two ladders corresponding to opposite orientatiorthefunpaired electron spin with
respect ta\, the projection of angular momentum on the molecular axpue 1.9). The
levels are further split into two configurations, dependingvhether the symmetry axis
of the unpaired electron orbital motion is coincident ohogonal to the internuclear axis
(A-doubling). The interaction between the spins of the urgubetectron and the hydrogen
nucleus results in magnetic hyperfine splitting (Tenny<ees).
Although the OH abundances are not as high as those of COpthiag in OH can

be important in regions where the high temperature route,&f férmation is at play (at
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Figure 1.9 — Energy levels of CO (right) and OH (left) observed witlerschel/ PACS. Blue
arrows indicate transitions detected towards low-masggtars in the full-spectrum mode, while
red arrows indicate the lines targeted and detected towaods sources in the WISH program. The
OH diagram is adopted from Wampfler et al. (2013).

T 2230 K). The backward reaction leading to theGHdestruction and OH formation
requires hydrogen in the atomic form and therefore dependhe local UV field or
presence of dissociative shocks (Wampfler et al. 2013). &'kesditions can occur in
J-type shocks along the jet or in a bow shock or in UV-irradiataedity shocks in low-
mass young stellar objects and thus explain the relatieegiel OH cooling~3% in Class
0 and~ 20% in Class | sources (this thesis, Karska et al. 2013).

1.4 Herschel / PACS

Herschelwas a 3.5 m space telescope operating from mid-2009 to mi@-20the L2
point located 1.5 1Om ‘behind’ the Earth as viewed from the Sun (Pilbratt et all.@24).
The telescope was equipped with three complementary msints designed for observa-
tions at the far-infrared and submillimeter wavelengths:

e HIFI — the Heterodyne Instrument for the Far-Infrared (da&mw et al. 2010) —
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a single pixel heterodyne spectrometer observing at 48@-GHz (157-62um)
with very high spectral resolving power=R1/A1 > 10° (dv ~ 0.1 km s!) and
diffraction limited beam of11-45".

e PACS —the Photodetector Array Camera and Spectrometelitdebget al. 2010) —
consists of two subinstruments: an imaging photometer aridtagral-field spec-
trometer, both sensitive to emission at&10um with blue and red bands observed
simultaneously. The photometer consisted of two boloretayys with 1&32 and
32x64 pixels covering a field of view 1.753.5’ in the 60-85um / 85-125um
and 125-21Qim bands. The spectrometer consisted ok& &rray of spaxels, each
corresponding to 9.49.4” on the sky, and a total field of view of 4¥47”. The
spectral resolving power is~R1000- 5500 (d ~ 60— 320 km s') depending on
the grating order.

e SPIRE — the Spectral and Photometric Imaging ReceiveffiGst al. 2010) — an
imaging photometer and an imaging Fourier transform spewter observing at
194-672um with spectral resolution R40— 1000 at 25Q:m.

A more detailed description of the PACS spectrometer armbitgparison to the Long
Wavelength Spectrometer on ISO are presented in the faltpgections.

1.4.1 PACS spectrometer

The key scientific goal of the PACS spectrometer was to peowmedium resolution ob-
servations (R 1500) of weak spectral lines on top of a much stronger faranefd contin-
uum, particularly of extragalactic sources (Poglitschle@10). In order to achieve the
required sensitivity, but also theffigient baseline coverage and high tolerance to point-
ing errors without compromising spatial resolution, theegral-field unit (IFU) design
was selected.

In the PACS IFU spectrometer, the two dimensional image tiwerbx5 array is trans-
formed by the image slicer into a one dimensional entranc®sthe grating spectrome-
ter, as illustrated in Figure 1.10. The spectrometer ctsefdwo Ge:Ga photoconductors
arrays (for blue and red bands) with 16 spectral element®&rgpatial pixelsgpaxel},
that determine the spectral and spatial resolution of tetiment.

The grating is operated in the 1st, 2nd, and 3rd orders tordbeefull wavelength
range, with special order sorting filters suppressing doumions by other orders. The
respective wavelengths are 102-240 (1st order), 71-10bm (2nd), and 51-73m (3rd),
but the order overlap regions and spectruh90um is not instantly usable (see Appendix
Ain Herczegetal. 2012).

The resolving power increases non-linearly with wavelbngtith R~1000-2000 in
the 1st order, R1500-3000 in the 2nd order, and~-R500-5500 in the 3rd order. The
corresponding velocity resolution ranges fref@0 km s in the 3rd order observation
of the [O 1] line at 63um to ~300 km s? in the CO 24-23 line at 108m. As a result,
typically the lines are spectrally unresolved (Gaussiaapsh, with only a few sources
showing high-velocity wings in the [O I] profiles. Spectramerage (covered by 16 pixels)
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Figure 1.10 — Integral-field spectroscopy with PACS. Thex% array of spaxels is
re-arranged by the image slicer along the entrance slit & grating spectrograph
to observe simultaneously all 25 spectra. Adopted from tH&CS Observer's Manual
(httpy/herschel.esac.esa/DbcgPACShtml/pacs_om.html).

is about 1400 km$ at 63um and 3000 at 108m, with typically 1-2 pixels per full width
half maximum (FWHM), respectively.

The telescope point spread function (PSF) is asymmetrib,thvé size increasing with
wavelength and not ffraction limited below~130um. As a consequence of the fixed
size of the spaxels, the fraction of the PSF viewed by theadpaitters depending on the
wavelength. At 63:m, the central spaxel views 70% of a perfect point-sourcessiom,
while at 186um (CO 14-13) only 42 % is captured. It is thus important to acdtdor
the flux outside the central spaxel, in particular when caimgdine fluxes at dierent
wavelengths.

The two main observing schemes on PACS were the line speopgsnd the range
spectroscopy modes. The line spectroscopy mode allowsatigms of small spectral
regions (1 ~0.5-2um) around selected lines and is particularly well suiteddeep
integrations. The range spectroscopy mode provides thegattrum from~ 50 to 210
um but the spectral sampling within a resolution element mua3-4 times coarser than
in the line spectroscopy mode.

For both schemes, the choppingodding or the wavelength switching techniques
were employed to subtract the far-IR background emissiothé chopnod mode, spec-
troscopy of the region at a distance up tofm the source was used to correct for
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emission unrelated to the source. In cases where the cardtion was still high at those
distances, the signal is modulated by moving the line oveutbalf of the FWHM and
the diferential line profile is measured.

1.4.2 Comparisons to ISQ LWS

The ISQLWS was the only instrument before PACS théfieoed the access to the com-
plete far-IR window, with a spectral range of 45-18% (Kessler et al. 1996, Clegg et al.
1996). The telescope was operational in 1995-1997.

ISO had a relatively small diameter of 0.6 m and thus the LW&ahbevas~ 80",
nearly an order of magnitude larger than in casélefschel/ PACS. As a consequence,
the spatial information of the line and continuum emissi@svacking. The emission in
a single beam from protostars was often contaminated bypeaurces, their outflows,
and the PDR emission from the cloud.

A factor of ~ 6 increase in the telescope diameter and the IFU design dPAES
instrument provides an improved spatial resolution. Asr@sequence, the spatial extent
of line emission coupled with the more accurate excitatiwalysis allows us to trace the
origin of far-IR line and continuum emission. In particyldre [O1] and [Cu] emission
patterns demonstrate whether the emission is dominatduetrtge scale cloud PDR or
a protostar.

The spectral resolving power of LWS wa00, about a factor of 10 lower than PACS.
The Fabry-Perot modeiered a higher spectral resolution, but the sensitivity veelew
that only a few brightest sources could be observed. Theehigpectral resolution and
sensitivity of PACS with respect to LWS was therefore crutaletect weak molecular
lines, especially on top of the bright continuum. The COdine toJ,, = 49 are detected
in NGC1333 IRAS4B (20 more lines than with ISO!) and reveab ttomponents on
CO diagrams (Herczeg et al. 2012, Goicoechea et al. 2012pMaral. 2013, Green
et al. 2013). The detections of,B lines in Class | sources improve our understanding
of the evolution of molecular cooling from Clasé protostars and allow us to model the
physical conditions at which O is produced (Herczeg et al. 2012).

1.4.3 WISH, DIGIT, and WILL programs

This thesis uses data from three latgerschelprograms: WISH, DIGIT, and WILL.
The ‘Water in Star forming regions with Herschel’ (WISH) igaaranteed-time key pro-
gram onHerschelwith the primary goal to probe the physical and chemical psses
in young stellar objects usingJ® and related species (van Dishoeck et al. 2011). The
effects of evolution and environment on the molecular emissi@nstudied by target-
ing sources at various evolutionary stages (from preastetires to Class Il) and masses
(low-, intermediate-, and high-mass protostars). The K8ffdctra of selected lines (Fig-
ure 1.8) are complemented with PACS maps in the line spexdpysmode. Full PACS
spectra are acquired for only 4 Class 0 sources. Fully-saanphps of a few sources are
obtained at the protostellar or outflow position (e.g. Nisinal. 2010a), with most of the
sources observed in a single pointing.
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The ‘Dust, Ice, and Gas in Time’ (DIGIT) open time key prograses the full PACS
50-210um spectra of about 30 Clasd Protostars to quantify the dust and gas evolution
in the far-IR (Green et al. 2013). All the targeted sourceslgood quality mid-IR and
sub-mm observations, which together with PACS spectravalh@ determination of the
full SED and the search for and analysis of solid-state featuThe full inventory of
far-IR gas lines provides a unique measurement of totahfaared line cooling and is a
useful guide for analysis of WISHPACS data, where mostly selected lines were targeted.

The ‘William Herschel Line Legacy’ (WILL) survey obtainedES and HIFI spectra
toward an unbiased flux-limited sample of low-mass protsstawly discovered in the
recentSpitzerand Herschel Gould Belt imaging surveys (e.g. Evans et &l928ndré
et al. 2010). Its main aim is to study the physics and cheynagtiH,O and related species
in star-forming regions in a statistically significant way ¢boubling the sample of low-
mass protostars observed in the WISH and DIGIT programs.

1.5 This thesis

The central theme of this thesis is the feedback from pratesinto their surroundings
during the first 0.5 million years of protostellar life (Duarh et al. 2014). The feedback
is elucidated by means of astrochemistry — the moleculesatords are used as tracers
of physical conditions of the emitting gas and the assodigteysical processes. Far-
infrared spectroscopy from thiderschel Space Observato(2009-2013) unravels the
spatial scales and energetics of the protostellar feedataokprecedented detail. Large
Herschelsurveys of protostars at various evolutionary stages arsb@sareveal global
properties of young stellar objects and their evolutiorirythe deeply-embedded stage
that cannot be studied at visible wavelengths. The mostiitapbquestions specifically
addressed in this thesis are the following.

e What is the origin of far-infrared emission in the surrourgsi of young stellar ob-
jects? Can we quantify the feedback from protostars on epeedpatial scales using
molecular lines of CO, KD, and OH, and atomic [@?

e What is the role of shocks and ultraviolet radiation in lowss protostars and on
which scales?

e What is the cooling budget of hot gas in deeply-embeddedptats? Which feed-
back processes determine the total line cooling?

e How do physical processes responsible for the gas heatiaggehwith evolution?
How robust is the total gas cooling as an evolutionary tracer

e What is the impact of protostellar mass on the propertiesefdr-infrared emission?
Are the dominant excitation mechanisms of CO the same in &-high-mass star
forming regions?

These questions are addressed in the following chapteesadimes of the projects on
Herschelwhere the data come from are shown in brackets next to theaehifes.
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Chapter 2 —Far-IR cooling lines in low-mass young stellar objeptélSH]

A spectral survey of 18 low-mass protostars reveals riclemdar and atomic far-infrared
emission. CO lines fromd =14-13 toJ = 49— 48 and even highly-excitedJ® lines (for
example, the KO 8,577 line with the upper level energy above 1000 K) are detected.
Boltzmann diagrams of CO show two temperature componeits3%0 K and~700 K,
whereas HO diagrams show a single componenta60 K and a significant scatter due
to subthermal excitation. A broad range of correspondirsgdgsical conditions is found
using non-LTE radiative transfer calculations. Similatt@ans of spatially-extended,@
and CO emission and their strong flux correlations found & gtrvey indicate high-
densities iy > 10° cm™3) and moderately-high temperaturég{ > 350 K) of the
exciting gas. Comparisons to shock models yield consisesmilts suggesting that,O
and CO originate most likely in non-dissociative shodkscontrast, at least a fraction
of OH and [O1] emission originates in a fierent physical component, since no spatial
or strong flux correlations are found between those speo@€® or HO. Dissociative
shocks at the point of direct impact of the wind on the denselepe are the most likely
excitation mechanism, since only a small fraction ofi®mission is seen in the high-
velocity wings tracing a hidden atomic jet. The total fafrémed gas cooling budget is
dominated by HO and CO (up to 50%) with an increasing contribution of][@r more
evolved sources (up to 30% of total cooling). The absoluteevaf the total gas cooling
and its ratio with the source bolometric luminosity decesagth evolution from Class 0
to Class Il sources and therefore are useful evolutionagets.

Chapter 3 —Far-IR molecular lines from low- to high-mass star formirgiongWISH]

A survey of 10 high-mass star forming regions extends thebystd low-mass protostars
from Chapter 2 to more massive objects. Rich far-infraretemdar spectra are detected
at the central position of PACS maps. Many®lines are detected in absorption against
the bright continuum emission, in particular at shorter &lamgths, and do not contribute
to the gas cooling. Instead, the total cooling is dominate€® (typically ~75%) and
[O1] (~20%) with a minor contribution of HD and OH (below~1%). Even though CO
transitions up tal,, ~ 29 are detected, only one temperature component2d0 K is
seen on the CO rotational diagrams. In contrast with lowshpagtostars, radiative trans-
fer modeling shows that most of CO emission originates frbm dquiescent envelope
(up to 70-100 %), except the highestlines that require an additional physical compo-
nent (shocks). b rotational temperatures ax@50 K, about 100 K higher than for the
low-mass protostars due to higher envelope densities ampetatures. Across the wide
luminosity range from- 1 to 1& L, the far-IR line cooling strongly correlates with the
bolometric luminosity, in agreement with studies of lowssagrotostars, but the relative
amount of cooling of hot gas to the dust cooling ratio de@edxy more than an order of
magnitude from low to high-mass protostars.
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Chapter 4 — Shockingly low water abundances in HersgheACS observations of low-
mass protostars in Perse(M/ILL]

A large and uniform sample of young protostars (22 objedsated exclusively in the
Perseus molecular cloud is observed in selected transitibd,O, CO, and OH. Line ra-
tios of the same and fierent species are used as diagnostics of shocks resutiimgtfie
envelope-outflow interactions. Changes in absolute lineefitand line ratios as a func-
tion of shock velocity and pre-shock density are discusseticmmpared with steady-
state non-dissociative and dissociative shocks from teealiure. Observed line ratios of
the same species are well-reproduced by existing modelsrofiissociativeC—shocks
with velocities> 20 km s and pre-shock densities ef 10° cm™3. In contrast, model
line ratios of HO / CO, H,O / OH, and CO/ OH are overestimated with respect to the
observations by one to two orders of magnitude. The modlyliteasons for these dis-
crepancies are too large,8 abundances and too small OH abundances produced in the
shock models. Inclusion of illumination of shocks by uliddet radiation from the proto-
stellar environment should allow to reconcile the modethwbservations.

Chapter 5 — Physics of deeply-embedded low-mass protostars: evolofichocks, ul-
traviolet radiation, and mass loss ratf#/ISH, DIGIT, WILL]

A combined survey of 90 low-mass protostars sheds more diglihe physical com-
ponents and their evolution giving rise to the far-infragetission observed witHerschel
/ PACS. Rich molecular spectra are detected towards 70 ot 8b@rces, including 30
sources with the detection of highly-exciteg®and CO emission. Median CO rotational
temperatures are 320 K and~ 690 K, in line with previous studies. The total cooling
in CO decreases as the protostar evolves, but thEdmission is surprisingly similar in
the Class 0 and | stages. Comparison of][{the emission to the shock models implies
a necessary contribution from dissociati*eshocks and or UV irradiation of outflow
cavities. The [Gi] emission, on the other hand, must originate in photodission re-
gions, characterized by densities of*1010>° cm=3 and UV fields of 10-100 times the
average interstellar radiation field. The increasing rélé\d in the more evolved sources
is testified by the decrease of the®l/ OH ratio from Class 0 to Class | stages. A sim-
ilar decrease is not seen in the®i/ [O1] ratio, implying that in Class | sources a large
fraction of [O1] emission comes from the 4 photodissociation in the outflow cavities
and not from the jet. As a consequence, the mass loss ratesgatat from the [@] lu-
minosity, of order 168 M, yr™1, are upper limits to the jet ejection rates. Nevertheless,
these rates are up to about an order of magnitude lower theeme ttietermined for the
entrained outflow gas from the CO 3-2 and CO 6-5 maps, espefoathe most deeply
embedded sources. In contrast, Class | sources show I&dECIO mass flux rates than
the Class 0 sources, suggesting that the jet evolves froreaulalr to atomic form during
the embedded phase.
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The main conclusions from this thesis are summarized below.

1.

Far-infrared molecular line emission is ubiquitous ar $orming regions (Chapters
2-5). 80% of low-mass protostars show detections of C£D) Fand OH lines. 40%
of those sources show also highly-excited lines of CO as@ EChapter 5).

. Spatial extent of molecular line emission is typicallyastier~ 1000 AU, with

a few sources with extended emission up~td.0,000 AU in the CO outflow di-
rection. The [Q] emission is often extended on the same spatial scales éteng
outflow direction.

. Rotational diagrams of CO show uniformly two componentfiv-mass proto-

stars, corresponding to temperatures @20 K and~ 690 K (Chapters 2, 5). The
~300 K component is detected in protostars with a broad rahdenunosities,
from ~ 1 to 1 L, (Chapter 3). Despite the similarities in the CO ladderscthe
tribution from the envelope to the far-IR CO emission inse=al0 times from low-
to high-mass protostars (Chapter 3).

. Evolutionary stagefgects the ratio of molecular and atomic cooling more than the

mass of a protostar. In contrasfr, /Lpo decreases only by a factor of 4 from
Class 0 to Class | and more than 20 times from low- to high-nstesforming
regions (Chapters 2, 3).

. Shocks are the main source of hdt £300 K) and densen(~10° cm3) gas in

low-mass protostars (Chapters 2, 4, 5). Non-dissoci@ivehocks produce most
of the observed molecular emission, but dissociative shack needed to explain
the [O1] and OH lines as well as the highly-excited CO angdHines (Chapters 4,
5).

. UV irradiation of shocks needs to be implemented in the-gexeration of shock

models (Chapters 4, 5). The UV fields are of order 10-100 tithesverage inter-
stellar radiation field (Chapter 5).

Feedback processes from low- and high-mass star formingnegre therefore suc-
cessfully identified in the far-IR spectra froderschel/ PACS emission. Characteristics
of shocks and UV radiation presented here provide additimeans to test the origin of
protostellar outflows and the launching mechanisms of gstsyell as the scales on which
feedback processes occur. Determination of relative jgtlévi contributions to the [Q)]
emission as the protostar evolves is becoming possible thdhGerman REceiver for
Astronomy at Terahertz Frequencies (GREAT) instrumentaardbthe Stratospheric Ob-
servatory for Infrared Astronomy (SOFIA) whictifers [O1] spectroscopy with spectral
resolution<1 km s,

A complementary view of the feedback processes in the yotgtigisobjects is being
provided by sub-millimeter observations with the Atacaraage Millimeteysubmillimeter
Array (ALMA). Spatially resolved down te-100 AU scales emission frofiCO J,, < 8
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transitions will fully explore the importance of ultravedlheating, while, for example,
SiO observations will continue to constrain the shock cttaréstics originating in the
outflow-envelope interactions.

High spatial resolution (0.4-0.8") spectral maps from th&¥hfrared Instrument
(MIRI) on theJames Webb Space Telesc@oebe launched in late 2018) will eventually
allow us to study hot gas around protostars using the unigddRhdiagnostics (5-28
um) on spatial scales similar to ALMA.

Even thougtHerschelis no longer operational, the large amount of data collected
its archives still awaits further exploration. In partiaylcomplete surveys of protostars
in nearby molecular clouds will help to develop theoretimaldels of star formation and
protostellar evolution, and their feedback on the surrdnugel
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