Cover Page

The handle http://hdl.handle.net/1887/28845 holds various files of this Leiden University

dissertation.

Author: Karska, Agata

Title: Feedback from deeply embedded low- and high-mass protostars. Surveying hot
molecular gas with Herschel

Issue Date: 2014-09-24


https://openaccess.leidenuniv.nl/handle/1887/1
http://hdl.handle.net/1887/28845
https://openaccess.leidenuniv.nl/handle/1887/1�

Feedback from deeply embedded
low- and high-mass protostars

Surveying hot molecular gas withHerschel

4 Universiteit
b WES |4 .
Adld) Leiden






Feedback from deeply embedded
low- and high-mass protostars

Surveying hot molecular gas withHerschel

PROEFSCHRIFT

ter verkrijging van
de graad van Doctor aan de Universiteit Leiden,
op gezag van de Rector Magnificus prof. mr. C. J. J. M. Stolker,
volgens besluit van het College voor Promoties
te verdedigen op woensdag 24 september 2014
klokke 11.15 uur

door

Agata Karska
geboren te Inowroctaw, Polen
op 8 juni 1985



Promotiecommissie

Promotor: Prof. dr. E. F. van Dishoeck  Leiden University,
Max-Planck-Institut fir extraterrestrische Physik
Co-Promotor:  Dr. G. J. Herczeg Kavli Institute, Beijing

Overige leden:  Prof. dr. A. G. G. M. Tielens Leiden Universit
Prof. dr. H. J. A. Rottgering  Leiden University

Prof. dr. P. Caselli Max-Planck-Institut fur extraterresthe Physik
Prof. dr. N. J. Evans lI University of Texas
Dr. B. Nisini Istituto Nazionale di Astrofisica (INAF), Rome

Dr. E. Sturm Max-Planck-Institut fiir extraterrestrische/Bik



Dedicated to the entire PACS team



Cover: Artist's view of low-mass star forming regions.

Feedback from deeply-embedded low- and high-mass progosta

Surveying hot molecular gas with Herschel.

Copyright© 2014 Agata Karska

Thesis Universiteit Leiden - lllustrated — With summary intbh and Polish — With
references

ISBN 978-94-6259-279-7

Printed by Ipskamp Drukkeipskampdrukkers.nl

Cover by Arte BuenaMonika Aleksandrowicartebuena.eu

8

9% 789462 592797




“Ignorancja nasza jest oceanem og&@wiatowym, z& wiedza pewna
— pojedynczymi wysepkami na tym oceanie”

— Stanistaw Lem
[Our ignorance is like the world’s ocean, while our limitexdwledge
— like individual islands on this ocean]
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Introduction



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

3



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
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1.2 Evolution before the main sequence

Prestellar Class 0 Class|
Core

— —
—_— _ e
30 000 AU 10000 AU 300 AU
Planetary Class Il Class I
System

;

1

se—— p— —

50 AU 100 AU 100 AU

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

Class 0 Class |
= § IR-Excess
<t <k
8\ D
=L Black 21
Body
L 1 1 1 i 1l 1
1 10 100 1000 12 10 100 1000
A [um] A [um]
Class I Class lll
=| =
[N [N
=T Black =0
° Body o
i 1 1 1 i 1 1
12 10 100 1000 1 2 10 100 1000
A [um] A [um]

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

=< bow shock

~10000 AU

N
UV-heated
cavity walls

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

8



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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Red-shifted
outflow lobe

Blue-shifted
outflow lobe

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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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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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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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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Chapter 1 — Introduction

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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1.5 This thesis

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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Chapter 2 — Far-infrared cooling lines in low-mass younfiastebjects

Abstract

Context.Understanding the physical phenomena involved in theezatlstages of protostellar evo-
lution requires knowledge of the heating and cooling preesghat occur in the surroundings of a
young stellar object. Spatially resolved information fri@sconstituent gas and dust provides the
necessary constraints to distinguish betwedfeint theories of accretion energy dissipation into
the envelope.

Aims.Our aims are to quantify the far-infrared line emission frtow-mass protostars and the
contribution of diferent atomic and molecular species to the gas cooling butigdetermine the
spatial extent of the emission, and to investigate the Uyidgrexcitation conditions. Analysis of
the line cooling will help us characterize the evolution loé trelevant physical processes as the
protostar ages.

Methods.Far-infrared Herschel-PACS spectra of 18 low-mass pratestf various luminosities
and evolutionary stages are studied in the context of theM\k/ program. For most targets, the
spectra include many wavelength intervals selected torcgpecific CO, HO, OH, and atomic
lines. For four targets the spectra span the entire 55«80€egion. The PACS field-of-view covers
~ 47 with the resolution of 9V,

ResultsMost of the protostars in our sample show strong atomic anécntar far-infrared emis-
sion. Water is detected in 17 out of 18 objects (except TMCI#gluding 5 Class | sources. The
high-excitation HO 8,757 63.3um line (E,/ks = 1071 K) is detected in 7 sources. CO transitions
from J = 14— 13 up toJ = 49— 48 are found and show two distinct temperature components on
Boltzmann diagrams with rotational temperatures-850 K and~700 K. H,O has typical excita-
tion temperatures 6150 K. Emission from both Class 0 and | sources is usuallyiapaextended
along the outflow direction but with a pattern that dependsherspecies and the transition. In the
extendedources, emission is strongéf source and extended on 10,000 AU scales; irctivapact
sample, more than half of the flux originates within 1000 AUth# protostar. The O line fluxes
correlate strongly with those of the highhi CO lines, both for the full array and for the central
position, as well as with the bolometric luminosity and doge mass. They correlate less strongly
with OH fluxes and not with [@ fluxes. In contrast, [@ and OH often peak together at the central
position.

ConclusionsThe PACS data probe at least two physical components. Bedid CO emission
very likely arises in non-dissociative (irradiated) she@akong the outflow walls with a range of pre-
shock densities. Some OH is also associated with this coemipmost likely resulting from kD
photodissociation. UV-heated gas contributes only a miramtion to the CO emission observed
by PACS, based on the strong correlation between the showkrdted CO 24-23 line and the CO
14-13 line. [O] and some of the OH emission probe dissociative shocks innther envelope.
The total far-infrared cooling is dominated by® and CO, with the fraction contributed by D
increasing for Class | sources. Consistent with previoudiss, the ratio of total far-infrared line
emission over bolometric luminosity decreases with théutianary state.
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2.1 Introduction

2.1 Introduction

Stars form in collapsing dense molecular cores deep instdesitellar clouds (see reviews
by di Francesco et al. 2007, Bergin & Tafalla 2007, Lada 1988r formation is associ-
ated with many physical phenomena that occur simultangpinghll from the envelope,
action of jets and winds resulting in shocks, outflows swegpip surrounding material,
and UV heating of outflow cavity walls (Shu et al. 1987, Spaetred. 1995, Bachiller &
Tafalla 1999). In the earliest phases of star formationg€&and | objects; André et al.
1993, 2000), the interaction between the jet, wind, and #rese envelope is particularly
strong and produces spectacular outflows (Arce et al. 2007).

Atomic and molecular tracers are needed to probe the pHysinditions and to eval-
uate and disentangle the energetic processes that ocdwe @lass 0 young stellar ob-
jects. Low-J (J 6, Ey/ks 116 K) rotational transitions of carbon monoxide (CO) are
among the most widely used tracers (Bontemps et al. 1996arbwonly sensitive to the
cold gas,T 100 K, from both the envelope and the entrained outflow nmeltéYieverthe-
less, spectrally resolved profiles of CO @i@O 6-5 allowed van Kempen et al. (2009a)
and Yildiz et al. (2012) to attribute the narrow emissiordirio the heating of the cav-
ity walls by UV photons (see also Spaans et al. 1995). Highsitle tracers such as SiO
(ny2 10° cm~3) have been used to study fast J-type shocks produced at lomkssWhere
the jet plunges into the cloud (Bachiller et al. 2001). At $laene time, theoretical studies
of line cooling from dense cores predict that most of theasbel energy is produced in
between these two extreme physical regimes and emittedynaiatomic [O1], high-J
CO and HO rotational transitions in the far-infrared spectral cggin addition to H mid-
infrared emission (Goldsmith & Langer 1978, Takahashi €t@83, Neufeld & Kaufman
1993, Ceccarelli et al. 1996, Doty & Neufeld 1997). Therefao study the energetics of
young stellar objects (YSOs) and, in particular, the reéaimportance of dferent ener-
getic processes as a function of the evolutionary state d8@,¥ine observations in the
~ 50— 200um spectral region are necessary.

The Long-Wavelength Spectrometer onboard the Infrared&@dservatory has for
the first time dfered spectral access to the complete far-IR window (Kesslal. 1996,
Clegg et al. 1996). Many CO rotational transitions frdm= 14 - 13toJ = 29- 28
(for NGC1333-IRAS4) and several,® lines up toE,/ks ~ 500 K have been detected
in Class 0 sources (Giannini et al. 2001, Maret et al. 2002) tf@ other hand, D
remained undetected in Class | sources, the exception tregrayitflow position of HH46.
CO emission was generally found to be weaker tha® Hvhereas the fine structure lines
of [O1] and [Cu] dominates the ISO spectra (Nisini et al. 2002b). The gaimpbudget
calculations show similar contributions from lines of CQ,®{ [O1], and OH in Class 0
sources to a smaller extent. Moreover, an evolutionandtteward a gradual decrease in
molecular luminosity and total line luminosity was estabéd as the objects evolve from
the Class 0 to Class | phases. This trend was interpreteceagshblt of weaker shocks
and less shielded UV radiation in the later phase of prolastevolution (Nisini et al.
2002b).

The Photodetector Array Camera and Spectrometer (PACS)i{&h et al. 2010) on
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Chapter 2 — Far-infrared cooling lines in low-mass younfiastebjects

board theHerschelSpace Observatory (Pilbratt et al. 2010a)th 25 9’4 x 94 spatial
pixels provides an 8 improvement in spatial resolution as compared to/L$Z5. The
PACS field of view of~ 477 is smaller than the 80ISO beam, but in many cases it still
covers the full extent of the emission from nearby YSOs. Ftypécal distance of 200
pc to our objects (Table 4.1), regions-©f9400 AU are observed and resolved down to
~ 1880 AU. The higher sensitivity and better spectral resotuprovides an important
improvement in the quality of the spectra. PACS is thus wstksl for studies of atomic
and molecular emission in the Clas$ @bjects, as demonstrated by PACS results on in-
dividual Class {1 sources and their outflows (van Kempen et al. 2010b,a, Nétial.
2010a, Herczeg et al. 2012, Benedettini et al. 2012, Golweeet al. 2012). These re-
sults have already indicated relativéfdrences in the gas cooling budget fronffelient
sources and tlierences in spatial distributions of emission betwedfedint molecules.
Visser et al. (2012) have modeled these early data with a c@tibn of shocks and UV
heating along the cavity wall. The strong fliand OH emission also suggests there are
dissociative shocks in the close vicinity of the protostan(Kempen et al. 2010b).

In our paper, we address the following questions. How does$® ‘fect its sur-
rounding cloud and on what spatial scales? What are the dohijas cooling chan-
nels for deeply embedded YSOs? What do they tell us abouthfisiqal components
and conditions that cause excitation of the observed lité®® do all of these pro-
cesses change during the evolution from the Class 0 to thesClatage? To this end,
we present Herschel-PACS spectroscopy of 18 Claks¥ 8Os targeting a number of
CO, K0, OH, and [Q] lines obtained as part of the ‘Water in star forming regiwith
Herschel’ (WISH) key program (van Dishoeck et al. 2011). Wighserves about 80 pro-
tostars at dierent evolutionary stages (from prestellar cores to cisteffar disks) and
masses (low-, intermediate-, and high-mass) with both ttetddyne Instrument for the
Far-Infrared (HIFI; de Graauw et al. 2010) and PACS. Our pamdy focuses on low-
mass YSOs and is closely associated to other WISH papersifispkly, Kristensen et al.
(2012) studies the spectrally resolved 557 GHDHine observed towards all our objects
with HIFI. Wampfler et al. (2013) analyzes the same sampleoafces but focuses on
the excitation of OH in the Clasg/l0sources, whereas full PACS spectral scans of two
sources are published by Herczeg et al. (2012; NGC1333-#8)\8nd Goicoechea et al.
(2012; Ser SMM1). A synthesis paper discussing the HIFI, Aghd SPIRE data being
obtained in WISH and other programs is planned at the fingkstdthe program.

The paper is organized as follows. Section 2 introducestheree sample and explains
the observations and reduction methods; 83 presentsséisattare derived directly from
the observations; 84 focuses on the analysis of the data,o84des the discussion of the
results in the context of the available models, and §6 surzesthe conclusions.

1 Herschel is an ESA space observatory with science instrtsypovided by European-led Principal Investi-
gator consortia and with important participation from NASA
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2.2 Observations

2.2.1 Sample selection

We used PACS to observe 18 out of 29 Clagsobjects selected in the low-mass part
of the WISH key program. The WISH source list consists of hgdD < 450 pc), well-
known young stellar objects for which ample ground-baseglsidish and interferometer
observations are available (for details concerning the M&gram see van Dishoeck
et al. 2011). The remaining 11 sources, that were not tatgeitn PACS within WISH
were observed in the ‘Dust, Gas and Ice in Time’ key progran@G(D, PI: N. Evans;
Green et al. 2013, Dionatos et al. subm., Jgrgensen et pten, Lee et al., in prep.).

Table 4.1 presents our sample of objects together with biaaiic properties. Bolomet-
ric luminosities and temperatures were derived using our P&CS data supplemented
with observations found in the literature (see 8§2.4 for saéenergy distribution discus-
sion). Envelope masses are from Kristensen et al. (2012¢hvwhcludes a discussion of
the impact of new PACS measurements on the derived physicaieters.

2.2.2 Observing strategy

The far-IR spectra were obtained with PACS, an integral figld with a 5x 5 array of
spatial pixels (hereaftespaxel3. Each spaxel covers’8 x 9’4, providing a total field
of view of ~ 47" x 47”. The full wavelength coverage consisted of three gratimgis
(1st: 102-21Qum; 2nd: 71-105um; or 3rd: 51-73um), two of which were always ob-
served simultanously (one in the blueg 105um, and one in the red, > 102um, parts
of the spectrum). The velocity resolution ranges freits to 300 km s, depending on
the grating order and the wavelength. The highest spe@sallution is obtained at the
shortest wavelengths, below GB. Two nod positions were used for choppirigp8 each
side of the source. Typical pointing accuracy is better @fan

Two observing schemes were used in our program: line spactpy mode to cover
short spectral regions and range spectroscopy mode to towédull far-IR SED. Line
spectroscopy mode uses small grating steps to provide desgpations and to fully sam-
ple the spectral resolution over short (0.aF2) wavelength intervals. This mode was used
to observe selected lines for 16 of 18 objects from our safd@eSMM1 and NGC1333-
IRAS2A are the exceptions). We targeted 1ZHines E,/ks ~ 100— 1320 K), 12 CO
lines Eu/ks ~ 580— 3700 K), and 4 OH doublet$(,/ks ~ 120— 291 K), as well as the
[O1] and [Cu] lines (full list of available lines is included in Table 21. BHR71 and
Ser SMM4 were only observed in a limited number of scans withe WISH program;
range spectroscopy observations of those sources arezadatyDIGIT (Jgrgensen et al.
in prep. and Dionatos et al. subm., respectively).

The range spectroscopy mode uses large grating steps tklygstan the full 50-
210 um wavelength range with Nyquist sampling of the spectrabltg®n. This mode
achieves a spectral resolution®® 1/A1 ~1000-1500 over the full spectral range, which
includes 37 highJ CO transitions, as well as 1438 transitions{ < 10,E,/ks < 2031
K) and 11 OH doublets. NGC1333-IRAS2A, 4A, 4B, and Ser SMMten@bserved with
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Table 2.1— Catalog information and source properties.

Nr  Object D Lbot  Tho  Men?
(pe) (o) (K)  (Mo)

1 NGCI1333-IRAS2A 235 35.7 50 51
2 NGC1333-IRAS4A 235 9.1 33 5.6
3 NGC1333-IRAS4B 235 4.4 28 3.0
4 L1527 140 19 44 0.9
5 Ced110-IRS4 125 0.8 56 0.2
6 BHR71 200 148 44 2.7
7 IRAS15398 130 16 52 0.5
8 L1483 200 10.2 49 4.4
9  Ser SMM1 230 304 39 16.1
10 Ser SMM4 230 19 26 2.1
11 Ser SMM3 230 5.1 38 3.2
12 L7283 300 36 39 1.3
13 L1489 140 3.8 200 0.2
14 TMR1 140 3.8 133 0.2
15 TMCI1A 140 2.7 118 0.2
16 TMC1 140 0.9 101 0.2
17 HH46 450 279 104 4.4
18 RNO91 125 2.6 340 0.5

Notes. Sources above the horizontal line are Class 0, sources lae®@lass |. Source coordinates
and references are listed in van Dishoeck et al. (2011)tiBoal angles of CO 6-5 outflows will be
presented in Yildiz et al. (in prep.).

@ Envelope mass at 10 K from Kristensen et al. (2012)The diference between the pointing
coordinates and the coordinates derived from 2D Gauss&tofRPACS continuum observations in
multiple wavelengths is (4 + 0.2,8’0 + 0.3).
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full range spectroscopy within WISH. The NGC1333-IRAS2Aalaere taken during the
science demonstration phase, when the optimal PACS seitinge not yet known. The
data are therefore of poorer quality than the other full essygectroscopy observations.

2.2.3 Reduction methods

Both line spectroscopy and range spectroscopy basic datatien were performed with
the Herschel Interactive Processing Environment v.8 (HIPE2010). The flux was nor-
malized to the telescopic background and calibrated usieptiNe observations. Spec-
tral flatfielding within HIPE was used to increase the sigioahoise ratio (for details, see
Herczeg et al. 2012 Green et al. 2013). The overall flux catlibn is accurate te 30%,
based on the flux repeatability for multiple observationshef same target in fierent
programs, cross-calibrations with HIFI and ISO, and caniim photometry. The % 5
datacubes were further processed with IDL.

Since the spaxel size stays fixed, whereas the Herschel imamaeases with wave-
length, the wavelength-dependent loss of radiation in aeddar a well-centered point
source is observed to be80% in the blue te~60% in red parts of the spectra (see PACS
Observers Manual). Most of the radiation that leaks outaig&ven spaxel is captured by
the adjacent ones. However, the far-IR emission from maag<{l objects is spatially
extended on scales of10”, which are resolvable by PACS. For these sources the central
spaxel fluxes corrected for the point spread function (PSiRathe standard wavelength-
dependent values provided by the Herschel Science Cengehfainderestimate the total
emission from the source. Thus, in this paper, either a su@bapaxels (for lines at
A 100um) or a sum of the spaxels with detected emission (for weaslatt 100um)
are taken to calculate line fluxes used for most of the armli[$ie only exceptions are
in 3.1 and in 84.3, where central spaxel fluxes correctethisPSF using the standard
factors are calculated in order to study the emission in feetivicinity of the YSOs. All
line fluxes are listes in Tables 2.A.2 and 2.A.3.

The approach to use the sum of the fluxes of all spaxels reisuéidower signal-
to-noise ratio of the detected lines; some of the weak lireeoine undetected. There-
fore, we developed the ‘extended source correction’ metiwbith provides wavelength-
dependent correction factors for the brightest spax€el{sis method is well suited for
the extended, ClasglGources. The details of the method are given in Appendix B; i
primarily applied to sources for which full line scans araitable.

The PACS maps show that Herschel was mispointed for somerablgacts. Con-
tinuum emission of BHR71, IRAS15398 and TMR1 peaks in betweeéew spaxels. In
the case of IRAS15398, our observations were centered o2MASS position, which
is offset by~10” from the far-infrared source position as determined frofdB& maps
by Shirley et al. (2000). Continuum emission from TMC1 andTM peaks €-center
in the PACS array, but is well confined to a single spaxel.
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2.2.4 Spectral energy distributions

Radiation from the inner regions of a YSO is absorbed by dusté envelope and re-
emitted in the far-IR. As the evolution proceeds, the sp¢emnergy distribution (SED)
due to cold dust of a young Class 0 source evolves to a warnassCISED with emis-
sion also observed at shorter wavelengths. Therefore, &Ebsuseful starting guide for
estimating the evolutionary stage of a YSO (Lada 1999, Ardra. 2000). PACS con-
tinuum observations cover the SED peak of these embeddedesoand thus provide a
more accurate determination of bolometric luminosilty,() and bolometric temperature
(Two) than previously available.

Based on our PACS continuum measurements and the literaemsurements, new
values ofLpo and Tye have been calculated. They are included in Table 4.1 and were
also presented by Kristensen et al. (2012). The detailseot@thculations, the continuum
values at dferent PACS wavelengths, and the actual SEDs are preser@pandix C.

2.3 Results

2.3.1 Emission spectra

PACS spectroscopy of our sources reveals rich emissiorsfieetra superposed on the
dust continuum emission. Several transitions of the C&D) thnd OH molecules, as well
as atomic emission from [ are detected. Emission in the {line is only rarely de-
tected and associated with the young stellar object.

Figure 2.1 presents a line inventory at the on-source positir Class 0 sources (cen-
tral spaxel). The Class 0 spectra show detections of at least one ling®f BO, OH,
and [O1] each for every object (all except NGC1333-IRAS2A, whicls fzahigh upper
limit). The HyO 215-1p line at 179.5um is the strongest observed water line and often the
strongest far-IR line in general, only comparable with CG1B4and [OQ] 63.2um lines.
CO transitions fromJ = 14— 13 toJ = 48— 47 are detected in the richest spectra; typi-
cally CO emission from transitions higher thars- 31— 30 is either weak or undetected.
The OH2I1y, J = 7/2 - 5/2 doublet at 84:m is detected for all sources, except NGC1333-
IRAS2A. The discussion of other OH transitions can be foundampfler et al. (2013).
The [01] 3P; -2 P, and 3P, -2 P; lines at 63.2um and 145.5um are detected for all
sources except NGC1333-IRAS2A (both lines undetectedNBE1333-IRAS4B (the
145.5um line undetected).

For Class | objects, on-source spectra are presented imeFgR. At least one water
line is detected in all Class | sources except TMC1AQOHN RNO91 is detected when a
few lines are co-added. Unlike the case of the Class 0 souroces sample, the D 2;,-

1o1 (Eu/ks = 114 K) line at 179.5:um is no longer the strongest water or molecular line.
For all sources except HH46, the® 2,;-135 line (Ey/ks = 194 K) at 108.07m or the
H20 3p3-212 line (Ey/ks = 196 K) at 174.63:m is the strongest water line, whereas CO

2 For mispointed sources: TMR1, TMC1A, and TMC1 spaxel 32responding to the continuum peak, is
shown; for IRAS15398, where continuum emission falls infeva spaxels, only spaxel 23 is shown.
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Figure 2.3— PACS spectral maps of the Class 0 source NGC1333-IRAS4ReICO 14-13, CO
24-23, [O1] 63.2um, H,O 2;5-155, HoO 253-1;0 and OH 84.6um lines. The center of each spaxel
box corresponds to its position on the sky with respect tqtiiated source coordinates from van
Dishoeck et al. (2011); shown boxes are smaller than thakspaxel sizes. Wavelengths in microns
are translated to the velocity scale on the X-axis usingriboy wavelengths of the species and
cover the range from -550 to 550 km*sexcept for the OH 84.am lines where -400 to 400 km
st is shown. The Y-axis shows fluxes normalized to the brigtgpakel on the map separately for
each species in arange -0.2 to 1.2. Outflow directions aserdirablue and red lines based on CO
6-5 APEX CHAMP' sub-mm maps (Yildiz et al. 2012 and in prep.) that traces #reventrained
gas T ~ 100 K). Two red outflow (R R;), on-source (C) and blue outflow (BB) spaxels are
marked with letters. IRAS4A spectra at those positions ffedént species are shown in Appendix
D. The contribution from NGC1333-IRAS4B, located at (22-32.8") with respect to IRAS4A, is
seen in the S-E part of the map.

16-15 or CO 18-17 and OH 84:6n lines are the strongest molecular lines. The CO lines
are typically weaker from Class | than from Class 0 objeqtgpua factor of 10 compared
with the brightest Class 0 sources, and the CO 24-23 is evdetected for one Class |
object, RNO91. On the other hand, the OH 84n6line and both fine-structure [Plines

are seen in all sources. The [[dine at 63.2um is always the strongest emission line in
the far-IR spectrum of the Class | sources. The profiles of@hé line at 63.2um are
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Figure 2.4— The same as Figure 2.3 but for the Class | source L1489.

discussed in §3.3.

2.3.2 Spatial extent of line emission

PACS maps of the line emission in the detected species shawiety of patterns and
thus allow us to spatially resolve the emission fronffetent components of a young
stellar object.

The Class 0 source NGC1333-IRAS4A and the Class | source9 dv8used here to
demonstrate the flerences in spatial distributions of the emission from thieab in our
sample. Figures 2.3 and 4.A.2 show PACS%maps for the two sources in the [®3.2
um, H,O 212—101, H,O 221—110, CO 14-13, CO 24-23, and Om3/2 J=72-9> lines.
In each map the CO 6-5 blue and red outflow directions are égeg for comparison
(Yildiz et al. in prep.). The same figures for the rest of oueots are included in the
Online Material.

The NGC1333-IRAS4A emission in [ CO, and HO cover the outflow direction
over the entire map, corresponding to a radius df 865900 AU from the protostar.
The [O1] emission peaks at the red outflow position. The CO an@ Irhaps also show
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Figure 2.5 — Extent of line emission along the outflow direction for tledested molecular and
atomic lines. Top panel: The [(P63.2 um line (green filled circles), the OH 846n line (orange
filled diamonds), the ED 2;-1;0 line at 108um (blue empty diamonds), and the CO 24-23 line
(violet empty circles) are shown for each object. Bottomgbaithe HO 2,;-1;¢ line at 108um
(blue), the HO 2,-1q; line at 179um (light blue) are shown for all objects. Additionally, the®l
716-607 line at 71.9um is shown for IRAS4A and the D 3,-2;; at 89.9um line is shown for
HH46 and L1489 (all in navy blue). The X-axis shows the selécipaxel names along the outflow
direction (see Figure 2.3), whereas the Y-axis shows therfturalized to the central spaxel (C)
value.

a pattern of extended emission but are less concentrated@hh although some of this
apparent extent can be attributed to the larger PSF at lam@ezlengths. The CO emis-
sion, however, is rather symmetric and peaks in the caatboutflow position, whereas
H,0, contrary to [Q], is more pronounced in the blue outflow lobe, including tlealp
of the emission. The OH 84,6n line is detected both on-source arfttgource, but with
a pattern that is dicult to compare with other lines because of low signal-ts@das
well as at the neigboring IRAS4B position in the SE corneheftnap). OH follows the
[O1] emission by peaking at the cenfrexd outflow position. On the other hand, the maps
of L1489 show that the emission from all species peaks slyangsource, i.e. within a
5” radius corresponding to 700 AU distance from the proto¥taaker molecular and
atomic emission is detected along the outflow direction @nehdre pronounced in the
blue outflow position.

These diferences are shown further in Figure 2.5, which illustrateseixtent of line
emission from various species and transitions in NGC1338394A, HH46, and L1489,
including higher excited kD lines. The distributions are normalized to the emissidghén
central spaxel. For HH46, [@and H,O are strong in the red-outflow position,Rvhereas
OH and CO 24-23 are observed only on-source. L1489 shows ext@eded emission in
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the blue outflow (in particular in [@ and OH), but clearly most of the emission originates
in the central spaxel. Since L1489 is much closer to us tharother two sources (see
Table 1), the extended emission in NGC1333-IRAS4A and Hhigééd covers a much
larger area on the sky.

NGC1333-IRAS4A and L1489 are thus the prototypes for the rvasphologically
different groups of objects: sources wektendedemission and sources wittompact
emission. Figures 2.D.1 and 2.D.2 show the spectra in thedisgussed species in the
blue outflow, on-source and red outflow positions for those gnwoups. The adopted se-
lection rule is based on the ratio of the on-source and thiéoaufO 1]: the sources where
the outflow [Or] emission (in a selected position) accounts for more tharhtdf of the
on-source emission form tlextendedjroup, whereas the sources for which tlffesource
emission is 50% compared with the on-source emission foemndmpactgroup.

Table 2.2 summarizes the results of using the same critéoiothe [O1] 63.2 um,
CO 14-13, HO 215-10;, and OH?1y, J = 72 — 52 lines in all object3. The general
trends are: (1) in theompactgroup, [Or] and OH emission dominate the central spaxel,
whereas CO and #D either follow the same pattern or ar&-eource—dominated; (2)
in the extendedyroup OH is often strongf®source (except L1527 and HH46 where it
dominates on-source), similar to CO ang® (3) Most objects in thextendedyroup are
Class 0 objects, with the exception of TMC1A and HH46.; (4310 and | sources are
almost equally represented in tbempacigroup.

In a few cases both#D and CO are extended but in &drent manner. For example,
L1527 and NGC1333-IRAS4A show a brighter CO line and a weblk€r line in the red
outflow position and the opposite in the blue outflow positibigure 2.5). L483 shows
similar differences, but with the brighter CO and weakeOHine in the blue outflow
position. In those three cases thei[@ne is stronger at the position of weak8; the
same holds for the OH in case of NGC1333-IRAS4A (OH is notatet df-source in
L483 and L1527). Theseflierences are further discussed in §5.2.

For all objects, the [@ emission is seen from the young stellar object and assatiat
outflows rather than extended cloud emission. In the NGCAB2&54A, 4B, Ser SMM3
and SMM4 regions, spaxels where the emission originates fhee nearby sources are
omitted. When detected, the [ emission is usually spread across the entire detector
and seen in dierent strengths in the two nods, which both indicate thaethession is
primarily produced by the parent cloud. TMC1 is the only seuwith [Cu] detected
from the central source (maps in both nods are shown in then®Material). In Ser
SMM1, [Cu] emission follows the pattern of other species along thélamutdirection
(Goicoechea et al. 2012). The [femission is not discussed further in this paper.

3 No correction for PSF is performed. As a result, the caleglaftio of the on-source andf&ource emission is
lowered. The ffect is the strongest for the CO 14-13 ang0H2;,-1p; lines. Also, no correction for élierent
distances is made, but since our sources are located at lars{mean) distance of 190 pc (excluding
HH46), this does not change our conclusions.
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Table 2.2— Patterns of emission in atomic and molecular species.

Source [Q] CO14-13 HO 21,7 OHB84.6
Compactemission
NGC1333-IRAS2A ... X X ...
Ced110-IRS4 X b X X
BHR71 X r e
L483 X X X X
L723 X b b X
L1489 X X X X
TMR1 X X r X
TMC1 X b b X
RNO91 X X r X
Extendedemission
NGC1333-IRAS4A r rb rb r
NGC1333-IRAS4B b b b
L1527 r b X X
Ser SMM1 rb X b b
Ser SMM4 b b .. ..
Ser SMM3 rb rb rb b
TMC1A b b rb b
HH46 r X rb X
IRAS15398 rb rb rb rb

Notes.Compact emission (see text) is denoted with ‘x’. Red and bkiended (outflow) emission
that accounts for 50% of the on-source flux is denoted withnd ‘b’. BHR71 and Ser SMM4 were
not observed in the $0 2;,-15; and OH 84.6um lines. NGC1333-IRAS2A shows non-detections
of the above lines; the CO 15-14 line is used instead of CO3l4drt the HO 3y3-2, line instead

of H,O 212'101 line.
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2.3.3 \Velocity shifts in [O1] and OH lines

Figure 2.6 shows the [@line at 63.2um towards the Class 0 sources NGC1333-IRAS4A,
L1527, Ser SMM1, and SMM4 as well as the Class | sources TMQid\tdH46 (for
comparison between PACS and ISO fluxes of the] [@es see Appendix E). The blue
and red outflow profiles show significant line velocity shédtsd, in particular in the case
of HH46 and Ser SMM4, high-velocity line winds.

Early results by van Kempen et al. (2010b) showed that thediftthe [O1] emission
in HH46 comes from low-velocity gas. On top of this ‘quiestegmofile, high-velocity
gas was detected in the blueshifted jet with a centroid Wglotabout—170 km st and in
the redshifted jet with a centroid velocity 8100 km s*. Such velocity shifts, indicative
of an optically invisible *hidden’ atomic jet, are seen todsat least a third of our objects
(shown in Figure 2.6). High-velocity tails are detectablaifew [Oi]-bright sources, but
have a minor contribution to the total line emission.

The [O1] 63.2 um velocity shifts and profile wings may be associated withilaim
features of the OH line at 84 &m. For NGC1333-IRAS4A, the OH 84/ line from
the source spaxel is redshifted by 90 knh, compared with 50 km3 for the [O1] pro-
file shift (see also Figure 2.D.3). HH46 also shows a tergatietection of blue-shifted
high-velocity OH material that resembles thei[@attern. Within our sample, no other
molecular lines have significant centroid velocity shiftgth typical limits of~ 40 km st
at< 100um and~ 100 km s! at > 100um. Such velocity shifts are at the velocity cali-
bration limit and may be introduced by emission that is sfigtbffset within the slit(s).
Inclination dfects the projected velocity of the jet but is not likely to be explanation
for why a majority of sources do not show a velocity shift.

2.4 Analysis

2.4.1 Rotational diagrams

Boltzmann (or rotational) diagrams are used to determiaeedtational temperatur@se;
from level populations for the Clasgl @bjects from our sample (see Goldsmith & Langer
1978, for Boltzmann diagrams). For optically thin thermad lines, the natural logarithm
of the column density of the upper levd|, of a given transition over its degeneragyis
related linearly to the enerdy, of that level:
N _ N _Eu
Qu Q(Tro) ke Trot

whereQ(Tot) denotes the rotational partition function at a temperaiyy; for a given
molecule Ny is the total column density ari@ is the Boltzmann constant.

(2.1)

4 The velocity resolution of PACS is 90 km s at 63um (or 0.02um). In principle, apparent velocity shifts
can result from the location of the emission in the dispersiioection within each spaxel. This type of spatial
offset is ruled out for the velocity shifts presented here beedle velocity shifts are large and because we
would expect to see stronger emission in neighboring spakah is observed.
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Figure 2.6— Velocity shifts and high-velocity line wings in the [Qine at 63.2um for NGC1333-
IRAS4A, L1527, Ser SMM1, SMM4, TMC1A, and HH46. Selectedébhutflow, on-source and
red outflow positions are shown for each object from top tadsotin velocity range from -300 to
300 km s*. The black dashed line shows the laboratory wavelength df [O

The emitting region is unresolved in the PACS data due todtvespatial resolution,
thus the number of emitting molecule,, is calculated for each transition, defined as:

_ 47Td2F/1/1

N hcA

(2.2)
F, denotes the flux of the line at wavelengthd is the distance to the sourca,is the
Einstein cofficient,c is the speed of light anklis Planck’s constant.

Figure 2.7 shows CO andJ@ rotational diagrams calculated using the fluxes mea-
sured over the entire 55 PACS array for the Class 0 source Ser SMM3 and the Class |
source L1489. Diagrams for all objects are included in thpeXmlix (Figures 2.F.1, 2.F.2,
and 2.F.3).

Full range scan observations cover many more CO transiti@rs our targeted line
scans (van Kempen et al. 2010a, Herczeg et al. 2012, Goieaetlal. 2012, Manoj et al.
2013, Green et al. 2013, Dionatos et al. subm.). In thoseradens, two excitation
temperature components are clearly present. The IGwecomponent of 250— 300 K
dominates midj transitions withE, /kg below~ 1000-2000 K. A higherT,; component
of ~ 500- 1000 K dominates higld-transitions withE,/kg above~ 2000 K. We call
these componentsarmandhot, respectively, in order to distinguish them from el
componentT,: ~ 100 K, observed in thd < 14 lines (van Kempen et al. 2009a, Yildiz
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Figure 2.7— CO (left panel) and kD (right panel) rotational diagrams for Ser SMM3 (Class @) an
L1489 (Class I) calculated using the total flux in lines meadun the PACS field-of-view. The base
10 logarithm of the number of emitting molecules from a layeV,, divided by the degeneracy of
the level,g,, are written on the Y-axis. Two-component fits in the CO déags cover the transitions
below and aboveE,/kg ~ 1700 K (CO 24-23) for the ‘warm’ and ‘hot component’ (see Jext
Each data point corresponds to one observed transition afi@coie. The limited number of lines
observed in the line spectroscopy mode is responsible éogdps in the otherwise linearly spaced
CO diagrams. The error bars reflect the uncertainties inthe fi

et al. 2012, Goicoechea et al. 2012). Motivated by thesereasens of complete CO
ladders, we fit two linear components to our more limited $€@© data. The exceptions
are L723,1L1489, TMR1, and TMC1A, where there is no indicatbthe hot component
in our dataset. The physical interpretation of these twopmaments is discussed in 85.

As an example, the CO diagram of the Class 0 object Ser SMM&jir& 2.7 show
a break arouné,/kg ~ 1200- 2000 K, with a rotational temperature for the warm com-
ponent,T,oi(warm), of 292+ 14 K and a rotational temperature for the hot component,
Trot(hot), of 670: 50 K. The error bars reflect the uncertainties given by thenfitinclude
the uncertainties in individual line fluxes as given in TaBl@. The temperature fits in-
clude only relative flux uncertainties between lines andthetabsolute flux uncertainty,
which would shift the total luminosity up and down but wouldtrthange the tempera-
ture. The corresponding values for the Class | object L148285+ 20 K and 480« 55
K for the warm and hot components, respectively. Howeverteia single temperature
fit to these latter data is valid within the errors, one conguuriit is used to derive the
temperature of 47% 20 K. As a result, the ratio of the number of emitting moleswié
the hot CO over the warm CO is 0.1 for Ser SMM3, whereas no value for hot CO can
be given for L1489.

The rotational temperatures of warm and hot CO ap® Hhe numbers of emitting
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Table 2.3— CO and HO rotational excitation and number of emitting molecuMésbased on the
full array data.

Source Warm CO Hot CO 10 NIYNZam
Trot(K)  10g30N  Trot(K)  10g30N  Trot(K)
NGC1333-IRAS2A 310 49.1 e s (210) s
NGC1333-IRAS4A 300 497  (390) (49.4) 90 (0.5)
NGC1333-IRAS4B 340 49.6 820 48.7 200 0.1
L1527 (297)  (48.0) (600) (47.2) 70 (0.2)
Ced110-IRS4 (490)  (47.2)  (800)  (46.9) 90 (0.4)
BHR71 (370)  (49.4)  (550) (49.0)  (140) (0.4)
IRAS15398 280 489  (530) (47.8) 50 (0.1)
L483 360 48.6 620 48.1 150 0.3
Serpens SMM1 350 49.9 690 49.0 150 0.1
Serpens SMM4 (260)  (49.5)  (690)  (48.3) . (0.1)
Serpens SMM3 290 49.6 660 48.6 130 0.1
L723 431 48.5 e e 130 (0.4)
L1489 471 48.1 . . 170 (0.8)
TMR1 470 48.3 e e 170 (0.4)
TMC1A 420 47.9
T™MC1 350 48.1 510 47.7 160 0.4
HH46 310 49.2  (630) (48.3) 50 (0.1)
RNO91 (250)  (47.8) . (100) .

Notes.Rotational temperatures and corresponding numbers ofiegiholecules measured using
less than 5 points are written in brackets (see Figures,2H-12, and 2.F.3). Non-detections are
marked with ellipsis dots (...). In case of L723, L1489, TMRAd TMC1A one component fit is
used.

CO molecules and the ratio of hot over warm CO for all sourcedabulated in Table
3.2. The uncertainties due to the limited number of obselived, associated with the fits
and the selection of the break point are discussed in ApgehHi.

Median rotational temperatures of the CO warm componen828and 420 K for
Class 0 and Class | sources, respectively (calculated tisengnbracketed values from
Table 3.2). The hot CO average temperatured90 K for the Class 0 sources; for the
Class | sources the temperatures seem to be 100-200 K loutein beneral they are
poorly constrained due to the limited detections. The nreltigarithm of the number of
emitting CO molecules for the warm and hot components ofsdlasources is 49.4 and
48.7, respectively. Therefore, about 16% of the CO molexoifserved by PACS in Class
0 sources are hot.

The HO rotational diagrams of ClasglGources in Figure 2.7 show scatter in the
single-temperature fits that significantly exceeds the oreasent errors and is due to
subthermal excitation and optical deptfieets (Herczeg et al. 2012, see also Johnstone
et al. 2003 for the case of GBH). We refrain from calculating of the number of emitting
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Figure 2.8— Relative contributions of CO (red), [{(green), OH (yellow) and kDO (blue) to the to-
tal far-IR gas cooling integrated over the entire PACS aarayshown from left to right horizontally
for each source. The objects are in the sequence of deagdasith gas far-IR cooling, Lr. Note
that OH cooling is not available for BHR71 and Ser SMM4 andmetisured in NGC1333-12A.
Water cooling is not calculated for TMC1A.

H,O molecules because the high optical depths require ordemagnitude correction
factors. Highly excited KO emission from at least some Class 0 and Class | sources
is seen in the bO 8,5-7¢7 line at 63.3um (E,/kg=1071 K). The single rotational tem-
peratures obtained from the fit to the®l diagrams in Figure 2.7 arel120 K for the
Class 0 source andl70 K for the Class | source. Similarly low values of®irotational
temperatures are also obtained from full spectroscopyreasens (Herczeg et al. 2012,
Goicoechea et al. 2012). The fact that thgd+Hotational temperature is 100 K or higher
already indicates that 40 cannot be in the entrained outflow gas see/*@0O low-J

lines.

2.4.2 Far-infrared line cooling

The CO rotational temperatures of Clagksburces presented in 84.1 are used to estimate
the flux in non-observed lines and to calculate the totairficlered CO cooling. The
extrapolation of the fluxes is limited to the transitionstie PACS range, frord=14-13 to
J=49-48. This accounts fo¥ 80 % of the CO cooling calculated for the first 60 rotational
transitions of CO{ 60, E,/kg 10006 K), used in CO cooling calculations by Nisini
et al. (2002b) (see Appendix I). Additional line emissioising from theT,,; ~ 100 K
component seen in the CD 13 with SPIRE (Goicoechea et al. 2012) and ground-based
data (Yildiz et al. 2012) is not included in this estimatibecause these lines probe a
different physical component, the entrained outflow gas.

The far-IR cooling in HO lines is calculated by scaling the totaj®i flux observed
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over the full PACS range towards NGC1333-IRAS4B and Ser@dmsl1 (Herczeg et al.
2012, Goicoechea et al. 2012) to the limited number of lineseoved here in the line
spectroscopy mode. These two sources, even though botiifieldss Class 0, have very
different water spectra, with IRAS4B showing numerous hightatian water lines that
are absent in Ser SMM1.

In the water rich source NGC1333-IRAS4B, the total lumihosif the water lines
equals 2.6 16" L, whereas the luminosity calculated from the selected lgwsals 1.0
10 L,. For Serpens SMM1, where,B lines are much weaker as compared to CO, the
total water luminosity observed in the PACS range equald@4L, of which 1.1 10*

L, is detected in the small set of lines observed in the line steervations. Thus, the
scaling factor from the line scan observations to the t@alR water cooling, based on
these two sources, is 2.4°.

Despite the obvious limitations of the method, which assasimilar gas properties
for all the sources, it provides more reasonable valueseottioling than the extrapola-
tion using the HO rotational temperature (see Appendix 2.H and 2.1). Indasérgued
in Appendix |, the adopted scaling of the® luminosity should be robust for a broad
range of objects within the quoted uncertainties-80 %. As a further validation of our
approach, the values derived for Class | sources in Taumggagthin 30% with the full
range spectroscopy observations obtained in the DIGITraragLee et al., in prep.).
H,0 cooling in the PACS range accounts f0B6 % of the total cooling in this molecule
(from non-LTE large velocity gradient model of Serpens SMK&bicoechea et al. 2012).

For OH, a scaling factor of 1.5 is derived based on the full scan observations of Ser
SMM1 and IRAS4B, calculated in the same way as feOHFluxes of OH for all our
sources are from (Wampfler et al. 2013).

The cooling in the [@] lines is calculated as the sum of the observed fluxes in the 63
um and 145um lines. Cooling in [Gi] is omitted because the line emission is a minor
contributor to the cooling budget (Goicoechea et al. 2012)) asually originates from
extended cloud emission.

We use the definition of the total far-IR line coolinigsr, adopted by Nisini et al.
(2002b):Lrr = Lot + Lco + Lu,o + Lon- The results of the calculations are summarized
in Table 3.1 and illustrated in Figure 2.8, which shows tHatiee contributions to the
total far-IR gas coolingl.rr, by different atomic and molecular species, individually for
each object from our sample. Note that this definition dogsmatude the contribution
of H, near- and mid-infrared lines to the cooling. At-source shock positions, Htan
be a significant, and even dominant, gas coolant (Neufeld 2089, Nisini et al. 2002a).
However, at the much more obscured central source posdta, on H are generally
not available. In case where they are, therild-infrared emission (after extinction cor-
rection) is found to have a negligible contribution to thet@ooling for Class 0 sources
(Herczeg et al. 2012, Goicoechea et al. 2012).

H,0, CO and [Q] are the most important gas cooling channels among the derresi
species. For the sources with the lardgst in our sample (most of them are young Class

5 For Ser SMM4 and BHR71, a scaling factor-of10 is used. These two objects were observed in a limited
number of settings and therefore the correction for theingsiines, so uncertainty, is larger with respect to
other sources, with many more lines observed. The two ssaeeexcluded from the analysis in §5.4.
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Table 2.4— Atomic and molecular far-IR line luminosities based onfiliearray data.

Source Lco Lu2o Lon Lo Ler

NGC1333-I12A 3.9 7.1 1.6 12.6
NGC1333-14A 13.2 20.0 1.7 05 354
NGC1333-14B 225 27.6 5 0.3 54.1

L1527 0.3 05 03 08 19
Ced110-IRS4 0.1 01 02 05 09
BHR71 12.1 71 ... 28 220
IRAS15398 2.0 09 03 11 43
L483 1.7 28 10 11 6.7
Ser SMM1 428 236 115 143 931
Ser SMM4 7.4 36 ... 42 152
Ser SMM3 10.5 95 14 39 253
L723 1.9 1.2 06 10 47
L1489 0.7 08 05 04 24
TMR1 1.0 06 05 05 26
TMC1A 0.5 01 06 1.2
TMC1 0.5 03 05 09 22
HH46 5.8 38 41 228 365
RNO91 0.1 01 01 05 038

Notes. All luminosities are in 10° L,. Typical uncertainties are better than 30% of the quoted
values. BHR71 and Ser SMM4 were not observed in the OH linesiirprogram, thus their OH
luminosities are not available. OH is not detected in NGGtEA and HO is not detected in
TMC1A.
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0 sources, except HH46),,8 and CO clearly dominate the far-IR emissioni]@ the
most important coolant for those objects with relativelw lbrr (and more evolved,
except Ced110-IRS4). The relative contribution oftHis the highest for NGC1333-
IRAS4A and IRAS4B, where it accounts fer50 % ofLgr. The relative contribution of
CO is the largest for Ser SMM1 and SMM3, wherd0 % ofLgr is emitted in this chan-
nel. [O1] dominates the far-IR emission in HH46 and RNO91 (both ams€l sources)
with a relative contribution of 60 %. The OH contribution to the total cooling is the
highest for the Class | Taurus sources, in particular L1489R1 and TMC1, where
~ 20 % of the total cooling is done by OH. For the rest of the sesithe typical OH
contribution is~ 5— 10 %.

The Class | source HH46 was studied by van Kempen et al. (90%0in used the
central spaxel emission to determine relative contrilmgtiof 28, 22, 40, and 10% for
CO, H,0, [O1], and OH. Our results for this object, but using the full PA@%ay and
correcting for the missing lines, yield: 16, 10, 63, and 1d¥iliose species. This example
illustrates that depending on the extent of emission ffetént molecular and atomic
species, the derived values of the relative cooling can saggificantly, both between
species and across the protostellar envelope. In HH46 niisant amount of the [@
emission is foundfb-source and therefore in our calculations it is an even migrefecant
cooling channel as compared to van Kempen et al. resultSédde 2.2 and Figure 2.D.1
in Appendix).

2.4.3 Flux correlations

To gain further insight into the origin of the emission of tfegious species, the correlation
of various line fluxes is investigated. In addition, cortelas between the far-infrared
line cooling and other source parameters are studied. Taegih of the correlations is
guantified using the Pearson ¢b&ent,r. The 3 correlation corresponds to the Pearson
codficient ofr = 3/ VN — 1, whereN is the number of sources used for the calculation.
For our sample oN=18 sourcegf| < 0.7 denotes a lack of correlation,f0< |r| < 0.8 a
weak (3r) correlation andr| > 0.8 a strong correlation.

Figure 2.9 compares the luminosities in theH2;,-1p; line as a function of the
CO 14-13, CO 24-23, [@ 63.2 um, and OH 84.6um line fluxes. Both the integrated
luminosities over the %5 array and the central spaxels corrected for the missing flux
according to standard PSF corrections are presented. @a&B&lR71 and Ser SMM4 are
not included since some lines are missing for these two ssurc

A very tight correlation is found between the® 2;,-15; and the CO lines, both
on large and on small scales ¢ 0.95 for 5x5 fluxes and™ = 0.90 for central spaxel
luminosities). Thus, BO and CO — both in CO 14-13 and CO 24-23 — most likely arise
in the same gas. OH also strongly correlates wit®Hin particular on the larger scales
(r = 0.87), where it very likely probes the same gas as CO ag@d.HHowever, on the
central spaxel, the correlation betweesfHand OH weakens. The same results are found
when the HO 3y3-2;; line is used E,/ks ~ 200 K).

On the other hand, the [(P63 um line luminosities do not correlate with the,@
line luminosity, either on large or on small scales{0.42 andr = 0.21, respectively).
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Figure 2.9— Luminosity correlations between the® 2;,-1; line at 179.527um and (from top

to bottom) CO 14-13, CO 24-23, [(Pat 63.18um, and OH at 84.m, for 16 out of 18 objects (all
luminosities in units of.,). Full array and central spaxel luminosities are shown énléft and right
columns, respectively. Red circles correspond to Classiftes and blue circles to Class | sources.
Empty symbols show theompactsources, whereas filled symbols denote ¢xeendedsources.
The Pearson cdicient of the correlationr{ is shown.
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Figure 2.10— Correlations of full array line emission with bolometrisiinosity (left column) and
envelope mass (right column) from top to bottom: CO 14-1302;,-15;, [O1] at 63.2um line
luminosities, and total far-IR gas coolitgr.

Significant variations in the [@ luminosities are found in particular for the,B-bright
Class 0 sources. Similar results are obtained for th 1@5um line.

A strong correlation is also found between the twa][ines, at 63.2 and 145,&m
(r = 0.96, see Figure 2.11). The observed ratios of thg B3 um / 145um lines vary
from ~6 to ~26 with a median value of13 (see Table 2.5). Such a median line ratio
corresponds toy > 10° cm for optically thin lines excited by collisions with Hsee
Figure 4 in Liseau et al. 2006). Line ratios?20, as observed for example in IRAS15398,
L1489 and RNO91, are indicative of J-type shocks (HollehifadlcKee 1989).

The median [Q] 63.2 to 145.5 flux ratio of10 for the Class 0 sources andi6 for the
Class | sources could imply stronger shocks for the morevedosources. However, the
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Figure 2.11— Full array correlation between the [[Jine luminosities at 145 and 63m for 16
out of 18 objects (the [@ 145 line is not detected in NGC1333-IRAS2A and 4B). Classirees
are shown in red and Class | sources in blue. A typical errsh@vn on the NGC1333-IRAS4A
observation.

[O1] 63.2 flux may be suppressed for Class 0 sources becauseahenigher envelope
masses and therefore higher extinctions than Class | so(gee also Herczeg et al. 2012,
Goicoechea et al. 2012).

Mass loss rates can be derived directly from the luminodifyoa] at 63 um using
the Hollenbach (1985) equationMiddt=10 L(O1 63), in units of 16° M, yr-t. This
formula assumes that the [Dline traces the primary wind shock and that the shock is
a major coolant, which is valid for pre-shock densities of ® 3. Mass loss rates
calculated from this simple formula for our sources varyrfrb08 to 10 M, yr~* and
are the highest for Serpens SMM1 and HH46. Median valueseoifrthass loss rate are 1
107 My yrt and 0.5 10" M., yr~* for Class 0 and Class | sources, respectively, which
reflects the lower [@] 63 um line luminosities for the more evolved sources in Figure
2.11. In general, these values are in the same range as thtse entrained outflow
material derived from low3 CO observations (Yildiz et al. in prep.). However, for some
deeply-embedded and heavily extincted sources, e.g. NGEIRAS4A, the lowd CO
mass-loss rates are up to 2 orders of magnitude higher tluse thetermined from the
[O1] 63.2line (see Yildiz et al. 2012 for loWd-CO spectroscopy of NGC1333-IRAS4A).

Figure 2.10 shows the line luminosities of the CO 14-130k2;,-14;, and [O1] lines
and the total far-IR line coolindg.rr as functions of physical parameters: bolometric
luminosity, Lo, and envelope masdeny (for correlations with bolometric temperature
and density at 1000 AU see Appendix G). Values for these petens are taken from
the physical models of Kristensen et al. (2012) and the tesdilthis paper. The values
of Lo @and Mgy are not fully independent in our sample (a weak correlatikistg, see
Kristensen et al. 2012).

The CO and HO luminosities, as well akrr, correlate with both_p, and Mepy.

50



2.5 Origin of far-IR line emission

Table 2.5— Flux ratios of oxygen lines and inferred mass loss rates.

Object F(O 63)F(O 145) dv/dt
(10" Mo yr™h)

NGC1333-12A > 450 1.6
NGC1333-l14A 5.5 0.5
NGC1333-14B >15.8 0.1
L1527 10.6 0.8
Ced110-IRS4 10.3 0.5
BHR71 15.7 2.8
115398 16.9 1.1
L483 10.5 1.1
Ser SMM1 9.7 14.3
Ser SMM4 9.8 4.2
Ser SMM3 9.3 3.9
L723 6.4 1.0
L1489 26.4 0.4
TMR1 10.4 0.5
TMC1A 13.3 0.6
TMC1 14.6 0.9
HH46 14.4 22.8
RNO91 20.0 0.5

The correlations are particularly strong when the envelopss is used. However, no
correlation is found for the [@ fluxes and the [@] line ratios with physical parameters.

2.5 Origin of far-IR line emission

The protostellar environment contains many physical campts that can give rise to
far-infrared line emission. As illustrated in Figure 5 oivRishoeck et al. (2011), these
include (i) the warm quiescent inner part of the envelopsipaly heated by the luminos-
ity of the source (the ‘hot core’); (ii) the entrained outflgas; (iii) UV-heated gas along
the cavity walls; (iv) shocks along the outflow cavity walleeve the wind from the young
star directly hits the envelope; (v) bow shocks at the tighefjet where it impacts the sur-
rounding cloud; (vi) internal working surfaces within tles;jand (vii) a disk embedded in
the envelope. In the case of shocks, both C- and J-type slaoelgossible. Spatially dis-
entangling all of these components is not possible withéiselution of Herschel, but our
data combined with velocity information from HIFI and phyai-chemical models of the
molecular excitation provide some insight into which com@its most likely dominate
the emission (Visser et al. 2012, Herczeg et al. 2012).

Velocity-resolved spectra 6fCO up toJ,=10 (Yildiz et al. 2010, 2012, Bjerkeli et al.
2011, Benedettini et al. 2012) and of severaOHKristensen et al. 2010, Codella et al.
2010, Kristensen et al. 2011, 2012, Santangelo et al. 20d&a\et al. 2012) and OH
(Wampfler et al. 2011) lines indicate that the bulk of theifdrared emission has broad
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line wings with Av > 15 km s. The quiescent warm inner envelope is primarily seen
in the narrow fv < 5 km s1) 13CO and G0 isotopolog midd spectra centered at the
source position but this component does not contribute;t0 emission. The broad line
wings combined with the spatial extent of both CO angHbeyond the central spaxel
(i.e., beyond 1000 AU) argue against the hot core (optigrefid the disk (option (vii))
being the main contributors, at least for #xdendedources. Internal jet shocks (option
(vi)) have high-velocity shifts of 50 kn$ or more. While such fast-moving gas is seen
in some [O] (van Kempen et al. 2010b, and §3.3) and HIRHspectra (Kristensen et al.
2011), it is only a minor fraction of the total emission forr@ources (based on a lack
of extremely-high velocity (EHV)bullet emission in HIFI spectra) and is ignored here.
Our maps are generally not large enough to cover the bow shai¢ke tip of the outflow,
ruling out option (V).

For these reasons, the far-infrared line emission seenrhest likely originates in
the currently shocked and UV-heated gas along the cavity walls in the pteftar en-
vironment (options (iii) and (iv)). This warm and hot gas shibbe distinguished from
the cooler entrained outflow gas with rotational tempeestaf~100 K traced by?CO
line wings up toJ, ~10 (Yildiz et al. 2012, option (ii)). Visser et al. (2012) @dwped a
physical model that includes a passively heated envelogdaated outflow cavity walls
and heating by small-scale C-shocks. The model successfydfoduces emission from
the central spaxel in three sources (emission from othetetpavas not included in the
models). The cavity walls, carved by the outflows, are illnated by the UV from the
protostellar accretion shocks at the star-disk bounddinpagh UV produced by shocks
inside the cavity itself can also contribute (Spaans et3851van Kempen et al. 2009a).
The small-scale C-type shocks are produced when the pedisosvind hits the outflow
cavity walls and locally increases the gas temperature t@nfa@an 1000 K, driving much
of the oxygen into water (Kaufman & Neufeld 1996). The UV4sehgas can provide
12C0O emission up td, ~ 20 depending on source parameters. Evidence for UV-heated
gas also comes from strong extend8@O mid-J emission along the cavity walls (van
Kempen et al. 20094, Yildiz et al. 2012). In contrast, shaeckpredicted to produce the
bulk of high-J CO (J 20) and all of the HO in the PACS range (Visser et al. 2012). The
importance of the UV-heating was suggested to increaseeavidfutionary stage in the
three sources studied by Visser et al. (2012), whereas tiek @mission weakens for the
more evolved sources. Qualitative analysis of the] [@hd OH distribution in one case,
HH46, argued for a separate dissociatlvg/pe shock centered on the source to explain
the detected emission (van Kempen et al. 2010b).

In the following subsections, we seek to test these modealigiiens qualitatively
against the new observations and for a larger sample. As sagi the UV-heated com-
ponent contributes less to the observed PACS lines thagtiibefore. Also, evolutionary
trends will be explored and compared to previous ISO obsiens(Giannini et al. 2001,
Nisini et al. 2002b).
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2.5.1 Spatial extent of line emission and correlations

The molecular and atomic far-IR emission is commonly obséne be extended along
the outflow direction which is consistent with the above yietof the emission being
associated with the cavity walls. The physical scales ofetitent are~ 10* and~ 10°
AU for the extendedaindcompacigroups, respectively.

Most of the extended sources are well-known Class 0 objeatsaply known for
their large-scale outflows. The extended emission seemgm-3iCO and HO transitions
is therefore most likely associated directly with shoclat tre currently taking place in
the outflows. A few Class 0 sources famous for their largéesoatflows, e.g., BHR71
and NGC1333-IRAS2A, are found in the compact group. Thos#oms extend well
beyond the PACS field of view mapped here and their activeautflot spots are not
covered in our data. The excitation conditions for RJHCO and HO emission in the
outflow shocks have been determined recently in severakestbésed on PACS and HIFI
observations (e.g., Tafalla et al. 2013, Santangelo eDaRk 2/asta et al. 2012, Benedet-
tinietal. 2012, Bjerkeli et al. 2012, Lefloch et al. 2012adela et al. 2012a). All studies
conclude that only a combination of high density and temjpegacan account for the
observed intensities. In that respect, the dense, extaamadopes surrounding the Class
0 objects provide the ideal excitation conditions for exexh sources (Kristensen et al.
2012).

The compact group contains most Class | objects in our saamul@bjects with out-
flows seen nearly face-on (e.g. Ced110-IRS4). The envelpesunding Class | objects
are less dense than around Class 0 objects (Jgrgensen@3| K2istensen et al. 2012),
and thus less conducive to highCO and BO excitation except close to the source itself.
Their outflows are generally compact.

The fact that both the CO 14-13 and 24-23 fluxes as well as e 24-15; and CO
14-13 fluxes correlate very strongly with each other, bottha5<5 and central spaxels
(Figure 2.9), and also show a similar spatial distributgtnengthens the conclusion that
the HO and mighigh-J CO emission originate in the same physical component. Such
strong HO emission can only originate in non-dissociative shockasufield & Dalgarno
1989). Thus, the observed correlation suggests that maseadf,O and CO emission
arises in shocks and that only a minor fraction of the CO 14+hi&sion originates in the
UV-heated gas. Velocity-resolved line profiles of the CO1B4or neighboring CO lines
such as CO 16-15) are needed to quantify the relative camitiitis of UV heating and
shocks to the mid} CO line profiles. For the single case for which such HIFI data a
available in the WISH program, Ser SMM1, the line profile deposition indicates that
~25+4% of the flux comes from UV heated gas, but this number may frang source
to source (Kristensen et al. in prep.).

The fact that HO and CO emission is sometimes extended in féedint manner
(L1527, L483 and NGC1333-IRAS4A) (see §3.2) could be due Yaréety of reasons,
including asymmetric densities and UV fields across the.doigerent densities on the
two sides could be caused by irregularities or gradients®stirrounding cloud material
distribution (Liu et al. 2012, Tobin et al. 2011) and can leadlifferent excitation of
the molecules. The density alsffects the penetration of the UV field, which in turn
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Figure 2.12— CO rotational temperaturg,; from J=15-14 to 25-24 as a function of density
and temperature of the emitting gas derived from non-LTHtation calculations.

results in abundance variations. For example, the UV figdfthe star-disk boundary
can readily photodissociate the® molecule but is not hard enough to dissociate CO.
Higher extinction towards the red outflow lobe, as found f@TL333-IRAS4B (Herczeg
et al. 2012), can also result inftérent fluxes towards the two outflow lobes, but this
should dfect all species similarly as long as lines at similar wavglbes are compared.
The [O1] emission is usually extended along the outflow directiod ssembles the
pattern of the OH extent. In the two exceptions, L1527 and 6iHHde [O1] is extended
but the OH emission is seen only at the source position (seke Pa2). For theeompact
sources, both [@ and OH consistently peak together at the central posiflogether
with a weaker correlation of OH with #D and no correlation of [@ with H,O (Figure
2.9) as well as a strong correlation between][@d OH (Wampfler et al. 2013), this
confirms the early conclusion that [{2and at least part of the OH have a common origin.
The [O1] and OH emission is most likely produced by dissociativeciispin contrast to
the non-dissociative shocks which explain the CO ap@® lmission (see Section 5.3).

2.5.2 Excitation

A remarkable observational finding is the rather constantr@@tional temperature of
~300 K for the warm component, as well as the common presereéofter component
(see also Manoj et al. 2012, Green et al. subm.). In orderdesasthe physical condi-
tions that could reproduce the observiggl of the warm component, non-LTE molecular
excitation models were run for hydrogen densities,)=10* — 10’ cm3 and kinetic
temperatures of i, = 107 — 10° K using RADEX (van der Tak et al. 2007) (see Figure
2.12). The ratio of column density and the line witRECO)AV, which enters the escape
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probability calculation, is chosen such that the emisssooptically thin. CO transitions
fromJ = 15- 14 toJ = 25— 24 are modeled using the high collisional rate coffi-
cients from Yang et al. (2010), extended by Neufeld (201B§ ffansitions are plotted as
rotational diagrams and fitted with one rotational tempeetcorresponding to the warm
component.

The inferred physical conditions cover a broad rang&gfandn(H,) (Figure 2.12).
The range of possible scenarios can be described by twdrlgnéblutions: (i) CO is
subthermally excited in hoflg, 10° K), low-density a(Hz) 10° cm3) gas (Neufeld
2012, Manoj et al. 2012); or (ii) CO is close to LTE in warf ~ Trr) and dense
(n(H2)> neit ~ 10° cm™3) gas. We favor the latter interpretation based on the strong
association with HO emission and the high densities needed to excite t¢ee §85.1 and
Herczeg et al. 2012).

If H,O and CO indeed co-exist, the low rotational temperaturé6f (T,or ~ 100—
200 K) as compared to those of CQ¢; ~ 300-750 K) indicate sub-thermal excitation of
H,0, because the critical density ob@ is higher than that of highJ CO by 1-2 orders
of magnitude (depending ohlevel; e.g.ngit ~ 10° for CO 14-13 and~ 10% cm3 for
H,0 2;1,-101). RADEX simulations of optically thick KO (see Herczeg et al. 2012 and
Figure B.1 in Kristensen et al. 2011) indicate densitigs> 10° cm™ to reproduce our
observed HO rotational temperatures. This clearly favors the highsity, moderately
high-temperature solution (ii) for the CO excitation. Ttetuml gas density very likely
lies between the CO and,B critical densities if CO is assumed to be close to thermally
excited, i.e., between a few 46m3to 10°-10° cm. Such high densities are only found
within a few hundred AU of the protostar or at shock positiamgere the gas is strongly
compressed (Tafalla et al. 2013, Santangelo et al. 2012a¢sl. 2012). The hot CO
componentis not modeled in this work because it is less vedihdd than in other studies,
which have larger samples of sources with complete 55:28ACS spectra (see Manoj
etal. 2012). However, as is clear from Fig. 2.T2; ~ 450— 800 K requires even warmer
and higher density gas in our scenario (ii).

In the alternative solution (i) in which the entire CO fafrared ladder comes from
low-density, very high-temperature, high column densitgtenial (Neufeld 2012), the
guestion arises where this gas is located in the protostsildronment. The only region
close to the protostar (within the PACS central spaxel) wiyas densities are lower than
~ 10° cm2 is insidethe outflow cavities. If the CO andJ@ emission were to originate
from the jet itself, velocity shifts of the highl CO and HO lines would be expected in
the short-wavelength parts of PACS spectra, where the rgpeesolution is the highest.
As discussed in §3.3, we do not see clear evidence for vglsbifts of 100 km st
or more in short-wavelength4® and CO lines. Low velocity emission from inside the
cavity can originate from dusty disk winds (Panoglou et 8l12), but more modeling
is required to determine whether the line fluxes and profites lwe reproduced in this
scenario. Moreover, this explanation would raise the goesthy there is no contribution
from shocks along the higher density cavity walls, whickebumust be present as well.
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Figure 2.13—- Rotational temperature of CO (top) ang®(bottom) as a function of ffierent shock
velocities and pre-shock densities from the shock modeltsesf Kaufman & Neufeld (1996). The
rotational temperature is calculated froml5-14 to 25-24 for CO and for the eight,8 lines
commonly observed in this sample.
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2.5 Origin of far-IR line emission

2.5.3 Comparison with shock models

The association of the CO angd@ emission with warm dense shocked gas can be further
strengthened by comparison with shock modelgOtind CO are féiciently excited in
non-dissociative C-type shocks (Kaufman & Neufeld 1996;gBeet al. 1998, Flower
& Pineau des Foréts 2010). The models by Visser et al. (204€) the output of the
Kaufman & Neufeld (1996) models to compute line fluxes alomg tavity walls. To
test our full data set against these models and further explarameter space, rotational
temperatures were computed from the grid of Kaufman & Neuf&996) model fluxes
and presented in Figure 2.13. The results show that CO #&rcitemperature3 o ~
300 K for J=15-25 are readily found for pre-shock densities~o8 - 10* — 10° cm3
and a wide range of shock velocities. Similar results araiabt for the HO excitation
temperatures: the observed values of 100—200 K correspahé pre-shock densities of
~ 10° - 10° cm™2 and do not constrain the shock velocities.

The density probed by the CO and®llines is not the pre-shock density; by the time
CO and HO cooling becomes important, the gas has been compresshkd blgdck front
and a more relevant density is the post-shock density (Fl&Wwineau des Foréts 2010).
The compression factomgest/ Npre, IS V2 x Ma, whereM, is the Alfven Mach number,
Ushock/ Ua, @ndup is the Alfven velocity (Draine & McKee 1993). The Alfven velity
isva = B/ \fA4np = 2.18 kms? b/ un wherep is the pre-shock density, = iy my
Npre; the latter relation comes from the assumption that the mégfield is frozen into

the pre-shock gas and B= b /nye [cm=3] uGauss. For a mean atomic weigh, of
1.4, the compression factor is

n
post _ \/EMA _ \/Evshock (2.3)
Npre vA
v
= ﬁ% = 0.78X vshock/ . (2.4)

For a standard value df = 1, the compression factor is thys 10 for all the shock
velocities considered here, implying that the relevantssbeck densities are att 10°
cm3 as also shown by the RADEX results (Figure 13). At high veiesj~ 50 km s,
the post-shock densities are greater thahchd3 and the emission is in LTE.

Density is clearly the critical parameter: highgg; require higher pre-shock densi-
ties which in turn lead to higher post-shock densities. Tlitis shock model analysis
is consistent with that presented in 85.2 and with the tygca-shock densities found
in the inner envelope. The presence of UV radiation in thé@mutcavity may d@ect the
shock structure, however, and new irradiated models arerezijto fully test this scenario
(Kaufman et al., in prep.). With the addition of UV, some OHigsion is very likely also
produced by photodissociation ob8.

A large fraction of the [GQ] and some OH emission must originate in &elient phys-
ical component. Because the emission from these specissdbeorrelate with that of
CO and HO, especially in the central spaxel, their origin is moselkin dissociative
shocks rather than non-dissociative C- or J-type shockpatticular, the absolute flux
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Figure 2.14— Median line flux of the CO 14-13, 40 2:,-101, and [O1] 3P, -2 P, lines for Class
0 and | objects from our sample are shown from left to rightdfach class in black, blue and red,
respectively.

of [O1] is generally too high to be produced in non-dissociativey@e shocks (Flower

& Pineau des Foréts 2010). Dissociative shocks are typitalind at the terminal bow
shock where the-100 km s? jet rams into the surrounding cloud, but they can also be
located closer to the protostar where the protostellar wimmhcts directly on the dense in-
ner envelope near the base of the wind (van Kempen et al. 20b0fissociative shocks,
[O1] and OH emission greatly dominate over that a{0Has molecules are gradually re-
formed in the dense post-shock gas (Neufeld & Dalgarno 188je emission may also
arise in the jet itself, as evidenced by the velocity shifts 800 km s? of the [O1] line in

a few sources (Figure 2.6), but this is usually a minor conepdaccording to our data.

2.5.4 Evolution from Class 0 to Class |

Class 0 and Class | objects are relatively short phases tdgiatlar evolution (0.16 and
0.54 Myr, respectively, see Evans et al. 2009), yet ourfRaotbservations reveal a signif-
icant change in their spectral line characteristics. Inftflewing, evolutionary trends of
line fluxes, spatial extent, excitation and far-infrared gaoling are discussed.

Figure 5.3 shows the median fluxes of the CO 14-1&8)13,-1¢;, and [O1] 3P1 -2 P,
lines for the 12 Class 0 and 6 Class | sources. Although thesCleample is small, a factor
of 5 decrease is observed in the CO ang®HIluxes for the more evolved sources. These
trends indicate that the molecular emission decrease&lguigth evolution, whereas
atomic emission remains similar. One explanation couldhia¢ molecular abundances
are lower due to enhanced photodissociation as the enve&gmenes more dilute. When
the average density of the envelope drops (see Kristensdr€t1 2 for our sources), UV

58



2.5 Origin of far-IR line emission
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Table 2.6— Median molecular and atomic luminosities for Class 0, t| Hrsources.

Species ClassO Class| Classll

Lco 5.7 0.6 0.25
Lizo 5.3 0.5 0.45
Lon 0.4 0.5 0.03
Lo 1.1 0.5 0.55
Lol 11.0 1.6 0.73
Ler 140 2.3 1.45
Lmo/Lor 5.2 1.2 1.3

Lrr/Lbo 2.1 0.6 0.27

Notes. Luminosities are expressed in20L,. Percent of the total FIR cooling is given for each
species and total molecular cooling in brackets. Classtd dee taken from Podio et al. (2012).

photons penetrate more readily and on larger spatial sdhles dissociating more 0D
and OH to form O. This scenario was originally put forward bgiNi et al. (2002b).

An alternative explanation could be that the moleculesessg éxcited because of the
lower densities. The strong correlation of the line fluxethvile,, would be consistent
with this option. Also, comparison of CO rotational temparas for Class 0 and | sources
shows that the former are characterized by higher tempesatf the hot component,
possibly due to the higher densities. The warm componeatiootal temperatures of
CO are remarkably constant for all sources, however. Tregiooial temperature of 4D
tends to increase for the Class | sources and is mainly dueetbiat water detections
in the Taurus objects. Since there are only 6 Class | sounctgs sample it is dficult
to examine how robust the high,B rotational temperatures are for the Class | sources,
although these lines are now also seen in some Class Il so{Ragere-Marichalar et al.
2012). Dust extinction could hide the highly-exciteg@lines at shorter wavelengths in
the more embedded Class 0 sources (Herczeg et al. 20125 D&k also contribute to
the far-IR emission seen from some Class | sources but arelikelg entirely obscured
at short wavelengths by the more massive envelopes aroass Glsources.

The evolution of the far-infrared gas cooling in CO;® OH, and [Q] is presented in
Figure 2.15. Our calculations for Class 0 and | sources gyplemented by results from
Podio et al. (2012) for the Class Il sources (average coafrigG Tau A and RW Aur)
that drive prominent jets. Similar to the selected line fltentls, a factor of 10 decrease
in the CO and HO cooling is detected for the Class | sources as compare@ Gltss 0
objects. Further decrease, although much less, is sedref@lass Il objects. The absolute
values of the OH cooling are similar in the Class 0 and | ojemtit they decrease by a
factor of 10 for the Class Il objects. Cooling in [{3does not change that dramatically in
the three classes: a factor of 2 lower for Class | and Il sawdth respect to the Class 0
sources.

As a result, the relative contribution to the total coolingdifferent species changes
significantly in the course of the embedded phase of evaiutiothe earliest phase, CO
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2.6 Conclusions

and HO dominate the total gas cooling with only a minor contribatfrom OH and
[O1]. In the more evolved Class | phase, all species considezesl ¢tontribute almost
equally to the total gas cooling. The evolution of the total@cular coolingLme, Where
Lmol = Lco+ Ln,0 + Lon With respect to atomic cooling.o;, shows a significant decrease
by a factor of~ 5 between Class 0 and | sources. In the Class Il sourcakid@e main
coolant among the considered species, followed by CO a@ Fihese conclusions are
robust within the uncertainties of our calculations of tbekluminosities. As discussed
in 84.2, this discussion excludes any potential contrdsufiom H, cooling.

Similarly, the total far-infrared gas cooling and the tatabling over the bolometric
luminosity decrease with evolutionary stage, most dralijidetween the Class 0 and
Class | phases. These results agree witH#t@observations of 17 Class 0 and 11 Class
| sources (Giannini et al. 2001, Nisini et al. 2002b). Therdase in molecular emis-
sion was attributed to the less powerful jet impacting theeiedensity envelope of the
more evolved sources (Nisini et al. 2002b). Our results sti@t density may be more
important than shock velocity in controlling the emissiead Figure 2.13).

2.6 Conclusions

We have characterized titerschelPACS spectra of 18 deeply embedded low-mass pro-
tostars. The spatially resolved information allows us tik lthe emission in dierent
species with the physical components of a young stellarcbbjed study the spatial scales
over which the object interacts with its surroundings. Taeatusions are as follows:

1. Emission from the B 2, — 1o line at 179.5um (Ey/ks = 114 K) is detected
towards all Class 0 and | YSOs from our sample. The highlyte’dH,O 8;5-7¢7
line (E,/ks = 1071 K) at 63.3um is detected in 7 out of 18 sources, in both Class
0 and | objects. CO lines are detected frém 14— 13 up toJ = 48— 47.

2. Emission in the KO, CO, OH and [Q] lines is extended along the outflow direc-
tions mapped in lowed CO emission. The extent of emission covers the PACS
array in the outflow direction for half of our sourcextendedample), which ac-
counts for a region of 10* AU. The rest of the sources show compact emission
limited mostly to the central spaxel (a region-ofL.0> AU) (compactsample). The
extendedsample is dominated by Class O sources with evidence foreastiocks
(‘hot spots’ ) currently taking place along the outflow.

3. Fluxes of the HO 2;, — 151 line and the CO 14 13 and 24- 23 lines are strongly
correlated with each other as well as with the physical saperameterky, and
Meny SUggesting they arise in the same physical component. limazinHO and
CO fluxes correlate less strongly with the OH, in particulasmall scales, and not
at all with the [O1] line fluxes.

4. Rotational diagrams of CO show two distinct componentsewarm component
with Tronn ~350 K and thehot componenwvith Ty, ~ 700 K. The hot component
is weaker for Class | sources. Rotational diagrams ¢®thow scatter due to
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subthermal excitation and optical deptteets and are characterized by ~ 150
K for all sources, with a tendency for higher temperature€iass | sources.

5. CO and HO are argued to arise in non-dissociative shocks along ttilbauvalls
with a range of pre-shock densities. UV heating appearsédg alminor role in
the excitation of these PACS lines bufexts the shock structure and chemistry by
dissociating HO to OH. These shocks are most likely responsible for the waom
component. The origin of the hot CO component requires éurdlata and analysis.

6. [O1] and part of the OH originate largely in dissociative shoakthe point of direct
impact of the wind on the dense envelope. Only a few souroas bigh-velocity
[O1] emission tracing a hidden atomic jet.

7. HO is a major coolant among the observed far-IR lines and adsdor 25 to
50% of the total far-IR gas coolinggr. CO is the other important coolant with a
contribution of 5 to 50 % t&.rr. The [O1] contribution to the total cooling accounts
for 5-30% and increases for the more evolved sources, whdrd®% is radiated
in the OH lines.

8. Weaker emission in the molecular lines for the more evbsmurces can result
either from lower envelope densities resulting in less taxion or from lower
abundances of the molecules due to enhanced photodissncBath aspects very
likely play a role, but density is plausibly the critical facin controlling the line
emission.
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Appendix

2.A Targeted lines and measurements

Table 2.A.1 lists the species and transitions observedenP®CS range with the line
spectroscopy mode in the decreasing wavelength ordernhafiion about the upper level
energiesE,/kg, the Einstein cofficients, A, the weightsgy,, and frequencies;, are
obtained from the Cologne Database for Molecular Speabms¢Muller et al. 2001,
2005), the Leiden Atomic and Molecular Database (Schoieal.e2005) and the JPL
Catalog (Pickett et al. 1998).

Tables 2.A.2 and 2.A.3 list line fluxes for all our sources iitsiof 102° W cm2.
The uncertainties aresimeasured in the continuum on both sides of each line; célilora
uncertainty of 30% of the flux should be included for compamswith other modes of
observations or instruments.
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Table 2.A.1— Lines observed in the line spectroscopy mode.

64

Species Adab (M) Euks (K)  A(sh) 9wp v (GH2)

CO 14-13 185.999  580.49 2.739(-4) 29 1611.7935
0-Ho0 2,1-21»  180.488  194.093 3.065(-2) 15  1661.0076

0-Hp0 25191 179.527  114.377 5.599(-2) 15  1669.9048

0-Ho0 303212 174.626  196.769 5.059(-2) 21  1716.7697

OH 3%%% 163.398  269.761 2.121(-2) 4 1834.7355

OH §,§-m 163.131  270.134 2.133(-2) 4 1837.7466

CO 16-15 162.812  751.72 4.050(-4) 33  1841.3455
[O1]3Pg—3P; 145525  326.630 1.750(-5) 1 2060.0691

CO 18-17 144.784  944.97 5.695(-4) 37  2070.6160
p-HoO 844-753  138.641  1628.371  1.188(-2) 17  2162.3701

p-HoO 31320,  138.528  204.707 1.253(-1) 7 2164.1321

p-H20 404-313  125.354  319.484 1.730(-1) 9 2391.5728

OH §§§§ 119.442  120.460 1.361(-2) 6 2509.9355

OH Mé,i 119.235  120.750 1.368(-2) 6 2514.2988

CO 22-21 118.581  1397.39 1.006(-3) 45  2528.1721
p-HyO 533-554  113.948  725.097 1.644(-1) 11  2630.9595

0-Ho0 414-3p3  113.537  323.492 2.468(-1) 27  2640.4736

CO 23-22 113.458  1524.20 1.139(-3) 47  2642.3303
CO 24-23 108.763  1656.48 1.281(-3) 49  2756.3875
0-Hp0 251-139  108.073  194.093 2.574(-1) 15  2773.9766

CO 29-28 90.163 2399.84 2.127(-3) 59  3325.0054
p-H2O 744-735  90.050 1334.815 3.549(-1) 15  3329.1853

p-H2O 3,-2;7  89.988 296.821 3.539(-1) 7 3331.4585

CO 30-29 87.190 2564.85 2.322(-3) 61  3438.3645
0-HoO Tyg-707  84.767 1013.206  2.131(-1) 45 3536.6667

OHZI2.53 84.596 290.536 4.883(-1) 8 3543.8008

OH 25§§ 84.420 291.181 2.457(-2) 8 3551.1860

CO 31-30 84.411 2735.30 2.525(-3) 63  3551.5923
0-Ho0 616-505  82.032 643.496 7.517(-1) 39  3654.6033

CO 32-31 81.806 2911.18 2.735(-3) 65  3664.6843
CO 33-32 79.360 3092.47 2.952(-3) 67  3777.6357
OH %,%-3,3 79.182 181.708 2.933(-2) 4 3786.1318

OH méé 79.116 181.936 5.818(-3) 4 3789.2703

p-H2O 615-524  78.928 781.120 4555(-1) 13  3798.2817

0-HoO 43-317  78.7423  432.154 4.865e-01 27  3807.2585
CO 36-35 72.843 3668.82 3.639(-3) 73  4115.6055
p-H20 87-80s  72.032 1270.28 3.050(1) 17  4161.9189

0-HoO 707616 71.947 843.47 1.161(0) 45  4166.8511

CO 38-37 69.074 4080.03 4.120(-3) 77  4340.1382
0-HoO 8g-797  63.324 1070.683  1.759 51  4734.2959

[O01°%P1 2P, 63.184 227.713 8.914(-5) 3 4744.7773

p-H2O 4g1-404  61.809 552.263 2.383(2) 9 4850.3345

p-H2O 756-615  59.987 1020.967  1.350 15  4997.6133

CO 44-43 59.843 5442.39 5.606(-3) 89  5009.6079
CO 46-45 57.308 5939.20 6.090(-3) 93  5231.2744
p-H20 431-32,  56.325 552.263 1.463 9 5322.5459

0-HpO 530-505  54.507 732.066 3.700(-2) 33  5500.1006

CO 49-48 53.898 6724.17 6.777(-:3) 99  5562.2583
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Table 2.A.2— Line fluxes of Class 0 and | sources im3OwW cm 2.

Species Trans.  Ajp (um) Full array flux (102°W cm2)

IRAS2A IRAS4A L1527 CedIRS4 BHR71 IRAS15398 L483 SerSMM4
CcO 14-13 185.999 1.68.28 9.42.0.08 0.520.14 0.140.01 7.720.15 4.190.10 1.3%0.02 5.7%0.10
CcO 16-15 162.812 2.10.38 8.0@0.09 0.540.07 0.160.01 e 4.240.12 1.1@0.02 e
CcO 18-17 144784 2.76:0.29 6.740.09 0.5:%0.08 0.240.02 8.54:0.16 3.1%0.09 1.160.05 3.6&0.12
CO 22-21 118.581 e 3.40.27 0.3%0.11 <0.20 e 2.230.20 0.6%0.02
CO 23-22 113.458 3.16:0.37 . 0.950.12 0.520.02 e 3.560.14 2.550.07 e
CO 24-23 108.763 e 3.9D0.28 <0.26 0.2@:0.03 5.650.33 1.130.11 0.940.04 1.120.18
CO 29-28 90.163 <0.30 . 0.180.02 . e 0.420.04 0.52:0.04
CcO 30-29 87.190 <0.67 0.9%0.12 <0.33 <0.35 . 0.360.03 0.410.05
CO 32-31 81.806 <0.37 0.45:0.05 <0.21 0.16:0.04 e 0.260.04 0.430.05
CcO 33-32 79.360 <0.54 0.4%40.09 0.130.03 0.140.05 . 0.480.05 0.6Q-0.07 .
CO 36-35 72.848 <0.42 <0.09 <0.36 <0.08 0.820.08 <0.16 0.190.04 0.4@:0.09
0-H,O  251-2p5 180.488 2.72:0.32 e 0.1%0.04 e . . 0.580.02
0-H,O  2-1p; 179.527 3.120.34 13.030.08 0.740.06 <0.13 e 2.180.06 1.450.02
0-H, O 33212 174.626 4.880.47 10.540.11 0.610.07 0.240.01 e 1.930.09 1.3@0.02
p-HO 31320 138.528 2.680.33 6.9%0.08 0.320.07 0.120.02 e 1.180.08 1.0@0.02
p-H O 49s—313 125.354 <0.31 . 0.1#£0.06 . e e 0.520.03 .
0-H,O 21-19 108.073 3.840.51 10.230.21 0.7&0.17 0.260.04 4.880.22 1.820.19 1.330.05 2.160.17
p-H O  3-2p4 89.988 <0.30 2.3%40.12 0.1¢:0.03 0.130.04 e 0.3@0.02 0.610.04 .
0-H,O  716—T707 84.767 <0.44 <0.14 <0.36 <0.28 e <0.10 0.14-0.05
p-HO 615524 78.928 <0.65 <0.30 <0.41 <0.48 . <0.13 <0.54
0-H,O 43312 78.742 <0.65 2.030.19 0.330.03 0.240.06 . s 1.340.08 .
0-H,O  7o7—616 71.94F <0.62 0.780.08 <0.26 e 0.320.04 e 0.68.0.05 <0.26
0-H,O 815707 63.324 <0.77 <0.16 <0.47 <0.57 0.5@-0.11 <0.19 0.410.05 <0.44
O1 Spy—3P; 145.525 <0.2 0.42-0.10 1.040.10 0.840.10 1.330.12 1.130.11 0.780.10 2.36:0.06
O1 3p, 3P, 63.184  9.031.83 2.330.28 11.290.30 8.920.46 20.9%0.53 19.040.47 8.16:0.62 23.2%0.41

Notes. NGC1333-IRAS4B and Serpens SMML1 fluxes are published sighaia Herczeg et al. (2012) and Goicoechea et al. (2018peetively. CO 31-30 and OH
84.6um fluxes are presented in Wampfler et al. (2013). NGC1333-Ea&nd NGC1333-IRAS4A full PACS range fluxes will appear inr#la et al. (in prep.), but
IRAS2A central spaxel only fluxes were listed in Visser e{2012). Non-observed lines are marked with ellipsis dats)(The uncertainties arerlmeasured in the
continuum on both sides of each line; calibration uncetyaifi 30% of the flux should be included for comparisons withestmodes of observations or instruments.
1o upper limits calculated using wavelength dependent vaddidall-width high maximum for a point source observed witAGS are listed for non-detections.
@ The baseline from one side iffected by p-HO 4;3-3,; line at 144.518m, which falls in the edge of the scdP. A blend with the 0-HO 4;4-303 line at 113.537
um. © Lines at the edges of the scans, for many cases not possibleasure. Selected objects were observed in dedicated actrefCO 29-28 linel® Lines
observed in dedicated scans only for selected objétshe line falls in the leakage region of PACS and therefordltheis less reliable.
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2 Table 2.A.3— Line fluxes of Class 0 and | sources imaOwW cm 2.

Species Trans.  Ajap (um) Full array flux (102°W cm2)

SerSMM3 L723 L1489 TMR1 TMC1A TMC1 HH46 RNO91
CcO 14-13 185.999 7.06€.11 0.640.02 0.830.03 1.220.11 0.540.08 0.780.10 1.06:0.08 0.240.02
CO 16-15 162.812 6.86.09 0.6%0.01 0.980.02 1.580.06 0.590.02 0.92-0.05 0.860.06 0.240.01
CO 18-17 144784 4.98:0.18 0.620.03 1.050.01 1.5@0.07 0.440.08 0.720.06 0.6%0.08 0.250.01
CcO 22-21 118.581 3.40.13 0.3%0.03 0.820.02 0.8%0.12 0.6@0.11 0.410.08 0.720.14 0.080.02
CO 23-22 113.4588 6.75:0.19 0.640.03 1.950.02 2.380.15 0.69-0.09 1.24-0.09 0.6&0.11 0.330.03
CO 24-23 108.763 2.28.20 0.460.04 0.820.03 1.3%0.10 0.320.01 0.6@0.11 0.34:0.04 <0.18
CcO 29-28 90.163 1.96:0.10 0.140.03 0.5%0.04 0.3%0.07 <0.12 0.250.05 0.1%0.04 <0.08
CcO 30-29 87.190 2.00.21 0.320.06 0.430.05 0.420.08 <0.11 0.24-0.04 0.280.04 0.040.03
CO 32-31 81.806 1.080.32 <0.27 <0.32 <0.20 <0.12 0.14-0.03 <0.20 <0.04
CcO 33-32 79.360 1.3@.28 <0.28 0.1%40.04 0.140.04 <0.11 0.16:0.03 <0.26 <0.07
CcO 36-35 72.843 0.740.10 <0.10 <0.10 0.26:0.04 <0.03 0.0%0.02 <0.07 <0.02

0-H; O  21-21» 180.488 1.23:0.11 0.140.02 e e e e
0-H,O  215-1o1 179.527 4.96¢0.09 0.140.01 0.730.02 0.690.12 <0.13 0.220.04 1.160.10 <0.15
0-H,O 393212 174.626  4.520.08 0.36:0.02 0.830.08 0.5G@:-0.09 <0.12 0.240.07 0.540.09 0.2@-0.02
p-H O 31322 138.528  2.520.07 0.3&0.02 0.7@¢0.02 0.530.07 0.1%0.06 0.330.06 0.3&0.07 0.110.01
p-HO 494313 125.354  1.38:0.08 0.1@:0.02 .. . e e e e
0-H,O 2119 108.073  3.840.21 0.230.04 0.920.04 0.79:0.07 <0.31 0.4%0.14  0.2%0.04 0.09-0.02
p-H O 3211 89.988 1.230.11 0.130.04 0.420.04 0.46:0.07 <0.09 0.150.04 0.160.03 <0.05

0-H, O 716707 84.767 <0.27 <0.21 <0.29 <0.15 <0.09 <0.10 <0.17 <0.04
p-H,O 61554 78.928 <0.42 <0.44 0.24:0.04 <0.19 <0.14 <0.12 <0.18 <0.06
0-H,O 43312 78.742 2.93:0.25 0.240.07 0.930.10 0.55%0.04 . 0.3a0.05 . 0.190.06
0-H,O  7p7—616 71.94F 0.59+0.10 0.140.04 .. e . o .. o
0-H, O 815707 63.324 0.750.50 <0.35 0.610.04 0.59-0.07 <0.13 0.1%0.05 <0.23 <0.05
O1 P3P, 145525 2.260.08 0.56:0.11 0.240.08 0.6A0.13 0.640.09 0.9%0.13 2.350.13 0.4%0.08
O1 3p, -3 p, 63.184 21.080.56 3.19-0.45 6.340.47 7.060.39 853056 14.120.41 33.7680.63 9.380.47

Notes.NGC1333-IRAS4B and Serpens SMML1 fluxes are published segham Herczeg et al. (2012) and Goicoechea et al. (2018peetively. CO 31-30 and OH
84.6um fluxes are presented in Wampfler et al. (2013). NGC1333-Ea&nd NGC1333-IRAS4A full PACS range fluxes will appear inrla et al. (in prep.), but
IRAS2A central spaxel only fluxes were listed in Visser e{2012). Non-observed lines are marked with ellipsis dats)(:The uncertainties arerimeasured in the
continuum on both sides of each line; calibration uncetyaifi 30% of the flux should be included for comparisons withestmodes of observations or instruments.
1o upper limits calculated using wavelength dependent vaddidall-width high maximum for a point source observed witAGS are listed for non-detections.
@ The baseline from one side ifected by p-HO 413-3,; line at 144.51&m, which falls in the edge of the scdP. A blend with the 0-HO 4;4-303 line at 113.537
um. © Lines at the edges of the scans, for many cases not possibieasure. Selected objects were observed in dedicated actefCO 29-28 line® Lines
observed in dedicated scans only for selected objéfEhe line falls in the leakage region of PACS and therefordfitheis less reliable.
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2.B Extended source correction method
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Figure 2.B.1— lllustration of the correction curve metho@iop: CO fluxes of Serpens SMM1
measured over®b array divided by the central spaxel fluxes are plotted wn&velengths. PACS
PSF for a point source is shown in green. CO emission is gleatended for this sourcelliddle:
Best signal-to-noise measurements are used to make a fi¢ tdatia and derive the wavelength-
dependent correction factoiBottom: CO fluxes measured ovex5 array are divided by central
spaxel measurements corrected for the extended emisdimy ealculated correction factors are
plotted versus wavelength. Accuracy longwartD0um is better than 10%, whereas the accuracy
is ~30% for short-wavelength lines (1@0n).

2.B Extended source correction method

To account for the combination of real spatial extent in tiéssion and the wavelength-
dependent PSF, we developed an ‘extended source correngtmod. We first inspected
the 5x 5 spectral (or contour) maps. Contributions from NGC13B3$4A, Ser SMM6,
and an unlabeled object were subtracted from the obsemsatib NGC1333-IRAS4B,
Ser SMM3, and SMM4 (e.g. Yildiz et al. 2012, Dionatos et abrsy. In the next step,
we used two long-wavelength lines of CO angH(CO 14-13 at 185.998m and HO
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212 — 1p1 at 179.527um) to visualize the spatial extent of the line emission ladtied to
each object and summed all the spaxels that contained emissince all of our lines,
except the [Q] line at 63.2um, are spectrally unresolved by PACS, single or double (for
OH doublets, closeby and blended lines) Gaussian fits toethdting spectra are used to
calculate the line fluxes of the detected lines.

Summing the spectra from all 25 spaxels increases the nngeften prevents de-
tecting weak lines. Using only those spaxels that contaiatrabthe emission results in
a much higher signal-to-noise and ultimately a higher d&tecate for lines but fails to
include emission that leaks out of those spaxels becausmab$patial extent in the line
and the instrumental PSF. Therefore, our ‘extended sowunreation’ method provides a
wavelength-dependent correction factor to account fontlesing flux. The main idea of
the method is to use the brightest spaxels, which contain ofitise emission, to measure
the line fluxes and then correct the value for the missing ftoxtained in the omitted
spaxels. This method assumes that weak lines are similisthjdited to the strong ones,
with observed dterences in spatial distributions caused only by the wagthedepen-
dence in the PSF.

The correction factors are derived using the strongest line those that can be mea-
sured in the brightest spaxels as well as in all spaxels traaa emission from the object
(usually 25 of them). The ratio of flux in the small, bright edtion region and the large
extraction region yields a wavelength-dependmntection curve(see Figure 2.B.1). A
Oth-order fit (horizontal line) is used for the sharpart of the spectrum, whereas a 1st- or
2nd-order polynomial is used for the longpart of the spectrum (100-130n). All line
fluxes are then measured in only the brightest spaxels antipired by this correction
factor. This method was used primarily for the full specsens.

2.C Spectral energy distributions

Figure 2.C.1 shows the spectral energy distributions flosfadur sources obtained from
our PACS spectroscopy and literature measurements$uitnerIRAC and MIPS (Evans

et al. 2009), 2MASS (Skrutskie et al. 2006), SCUBA (Shirléyle 2000, Di Francesco
et al. 2008), as well as APEXABOCA, Bolocam, SEST, ISO and IRAS telescopes. The
PACS measurements cover the peak of dust emission and avedregreement with the
previous observations (for more details, see Kristensah 2012).

For PACS, the overlap regions offlirent orders cause the regions of 7048,
98-105um and 190-22Q:m to be less reliable in terms of continuum shapes and flux
densities. These regions were thus excluded from our spectergy distribution analysis.
New values ofLy, and Ty are calculated following the standard definitions of the two
physical quantities (e.g., Dunham et al. 2010). Severahau of interpolation were
tested for consistency of the results including linearripdéation, midpoint, prismodial
method and trapezoidal summation. Among them the trapaksiotmmation ffered the
most stable values and is used in this study.
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2.C Spectral energy distributions
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Figure 2.C.1- Spectral energy distribution shapes for most of our sauldéerature observations
are shown as filled circles, whereas our PACS observatiesarked with crosses and drawn in a
different hue (see Table 3.B.1). The maxima of the SEDs lie betd@&® and 16*° W cm2 for all
objects and thus, for better shape vizualisation, the SE®diset by several orders of magnitude.
Objects are shown in the sequence of decreasing evolujipaaametet 25/ Men.
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Table 2.C.1- Continuum measurements for Class 0 and | sources.

A (um) Continuum (Jy)

I2A° 14A  14B L1527 CedIRS4 BHR71 115398 L1483 SMM1 SMM4 SMM3 L32 L1489 TMR1 TMCIA TMC1 HH46 RNO91
62.050 289 16 9 17 15 79 12 85 153 . 11 9 43 37 38 8 34 37
62.700 235 ... ... 66 159 R
63.184 243 20 ... 18 14 85 12 85 166 . 14 9 42 37 41 10 35 36
69.300 303 34 13 31 17 . 21 76 224 . 21 15 49 38 43 7 39 42
72.843 349 38 15 27 18 125 .. 113 245 2 20 14 48 36 41 8 39 43
79.160 394 54 24 40 21 . 24 93 325 . 29 17 51 35 42 9 42 47
81.806 412 61 28 41 21 . 26 98 346 . 31 20 52 37 43 10 44 47
84.600 436 68 32 46 23 . 27 102 373 .. 33 22 52 36 43 10 47 49
87.190 457 78 34 50 24 . 28 110 399 ... 37 21 53 . 45 10 48 52
89.990 460 83 37 51 24 o 27 113 417 ... 40 21 51 35 42 9 48 50
108.070 427 157 ... 78 45 302 54 206 551 22 88 34 63 49 56 15 67 69
108.760 426 156 ... 79 45 304 54 206 552 22 88 34 62 48 54 15 67 69
113.458 417 ... ... 93 47 . 56 162 558 .. 92 35 61 48 53 15 67 70
118.581 410 178 93 97 50 e 59 165 561 ... 98 36 61 49 53 15 68 71
125354 416 ... ... 100 165 571 105 37 68
138.528 402 206 110 106 57 o 66 168 570 . 117 38 55 48 50 16 70 1 7
145525 412 211 115 98 58 326 68 201 587 45 122 39 54 47 48 17 71 70
157.700 397 220 121 107 60 . 71 163 558 .. 128 40 52 46 46 17 74 0 7
162.812 387 216 121 103 59 e 69 157 536 ... 124 40 50 43 43 16 72 8 6
169.100 364 201 113 95 53 . 65 145 510 o 117 36 45 39 38 15 68 62
174.626 357 206 119 98 57 . 69 149 468 . 121 37 46 39 40 16 72 63
179.527 325 198 116 88 51 .. 64 139 441 . 115 36 42 35 35 15 67 58
185.999 287 191 103 79 46 263 60 156 401 56 103 31 38 31 31 14 ... 51

Notes. Non-observed spectral regions are marked with ellipsis @lot ). The calibration uncertainty of 30% of the flux shob&lincluded for
comparisons with other modes of observations or instrusnent
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2.D Spatial extent of line emission

Table 2.E.1— Comparison between ISO and Herschel line emission ifPM cm2.

Object [O1] 63 um [O1] 145 um
LWS PACS LWS PACS
IRAS2 290+29 9.0k1.83 <45 <02
IRAS4 (A+B) 243+16 42+04 <36 0.4:0.1
L1527 134+20 113+03 48+07 11+01
L483 188+20 82+06 37+10 08+0.1
L723 145+36 319+05 31+04 05+01

2.D Spatial extent of line emission

Figures 2.D.1 and 2.D.2 show the spectra in the on-sourceatfidw positions for ob-
jects withextendedmission and objects wittompactemission, respectively (see §3.2).
Figure 2.D.3 presents the spectra of the][63.2 um line, the OH 84.6um line,
the H,O 716-607 line, and the CO 36- 29 line for the central target, two spaxels in the

red-shifted outflow, and two spaxels in the blue-shiftedlowtof NGC1333-IRAS4A.

2.E  Comparing PACS and ISO far-IR spectra

Higher sensitivity of Hersch#ACS compared to ISO-LWS allows us to improve the
detection rate of KO (15 out of 16 Class/0sources) and highe® CO transitions (14
out of 16 sources detected in CO 24-23). In particular, wédéections in Class | sources
are now possible for the majority of the sources. Detectfdh@more highly excited CO
transitions allows to distinguish thet componenon the rotational diagram, which was
not possible with ISO (Nisini et al. 2010a).

The chopping capabilities and the spatial resolutiofiefschelat the distances of
our objects allow us to distinguish the YSO-related atomiéssion from the emission
from the nearby objects or the surrounding cloud. Herschséovations show that only
two objects (Ser SMM1 and TMC1) show [emission associated with the YSO. The
[O1] emission, on the other hand, is clearly extended in the amutélirection and most
probably traces the hidden jet. For some of the outflow-dateithemission sources, the
Herschel beam does not cover the full extent of thg Ednission, whereas the ISO beam
can sufer from the cloud or nearby sources emission. Table 2.E wslite comparison
between the [@ emission for the sources observed with both instruments.

2.F Rotational diagrams

Figures 2.F.1, 2.F.2, and 2.F.3 show CO an@®Hotational diagrams for all sources from
our sample. Two-component fits are used for the CO diagramisoaa-component fits
for the H,O diagrams. These fits are used to determine the total coalidget in the two
molecules for each objects, as discussed in §4. The errdne itemperatures reflect the
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Chapter 2 — Far-infrared cooling lines in low-mass younfiastebjects

statistical error of the fit taking the uncertainties in iridual line fluxes as listed in Table
A.2 into account. They do not include the absolute flux uraisties since the relative
fluxes between lines within a single spectrum have much loweertainties.

2.G Correlations

Figure 2.G.1 shows correlations between selected linenlasities and bolometric tem-
perature [po) and density at 1000 Alh(;,). Strong correlations are found with the latter
guantity.

2.H Rotational temperature uncertainties

Figure 2.H.1 shows the CO an@@ rotational diagrams for the NGC1333-IRAS4B and
Serpens SMM1, using the data published in Herczeg et al2)281d Goicoechea et al.
(2012). The full spectroscopy data is shown, with the faklcoverage in the PACS range,
as well as the selected lines only, typically observed inlioerspectroscopy mode for 16
sources in our sample.

Rotational temperatures calculated from the rotatioredidims constructed using the
full and limited line configurations are in good agreemenmttfee CO. For the assumed
ranges of the two components, the warm compofgperror of the fit is+15 K and the
hot component,y error is+50— 100 K.

The change of the energy break in a wide range of transitiesislts in+20 K error
for the T,ot(warm) and=40 K for theT,q(hot) for the full spectroscopy data. Those ranges
are not well determined by line spectroscopy data only and ih this work we always
use 1700 K for this kind of observations.

H,O rotational temperatures, on the other hand, are lessatetyidetermined for the
line spectroscopy observations than the formal error ofith@ould imply. The scatter
due to the subthermal excitation and very likely high opesiof the water lines result in
significant diferences i, calculation, depending on the choice of observed lines. The
fit to the water lines chosen in our program underestimatesedbulting temperature by
about 50-80 K for the NGC1333-IRAS4B and Serpens SMM1.

2.1 Cooling budget calculations
Since diferent methods of cooling budget calculation exist in trerditure and will ap-

pear due to the availability of new Herschel observatioressparform here a comparison
between the methods and estimate tHeedénces between the resulting budgets.

Carbon monoxide

In order to calculate the CO cooling, Nisini et al. (2002blcatated LVG models that
reproduced the detected transitions and used them to detetine fluxes for the first 60
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2.1 Cooling budget calculations

transitions of CO. Due to the limitelO sensitivity, CO transitions frond =14-13 to

J =22-21 (Class ) and =29-28 (Class 0) were available for the brightest sourceg onl
which did not allow them to distinguish thet component. Their method corresponds to
a single-component fit to the excitation diagrams.

We use the entire PACS array line fluxes of NGC1333-IRAS4BS@dSMM1 from
Herczeg et al. (2012) and Goicoechea et al. (2012) to contparebserved CO total
luminosities with those calculated using fits to the exmtatliagrams (see Table 2.1.1).
In particular, we show the results of the two-componentsféitsPACS data and three-
components fits for PACS and SPIRE data, available for Ser $MMree wavelength
ranges are included: (i) the PACS range from 54-60 to4r80(ii) the Nisini et al. 2002
range, namely 44-26Qim; (iii) the PACS+ SPIRE range, from 60 to 656n (for SMM1
only). Additionally, we include the fitting results to the ssyved lines only, in order to
check how good our twithree-component linear fits reproduce the observations.

The calculations in Table 2.1.1 show that multi-componéarear fits to the excitation
diagrams agree well with the observed values of the total@rosity from the detected
lines (rows %2 and 5-6). The uncertainties correspond tdfdient choice of the break
energy for the two components. The fits are then used to extaigthe fluxes of the lines
which are either blends or fall in the region ©100um, where the measured line fluxes
are less reliable (row 3 for PACS range and row 7 for PAGBIRE range). The resultant
total CO luminosities are a good measure of the far-IR COingdfor the PACS range)
and total CO cooling (for PAGSSPIRE range).

The example of SMM1 shows that the additional CO emissiomftbe entrained
outflow gas increases the CO luminosity by a factor of 1.3 vé#ipect to the extrapolated
values from the warm CO componentZ8- 1072 L, versus @3- 1072 L,).

The relative CO luminosity in dierent spectral regions (Al=4-3 to J=13-12 B:
J=14-13 t0J=24-23 and C:J=25-24 t0J=44-43) for SMM1 is~2:2:1 (A:B:C) and for
IRAS4B is~2:1 (B:C), when the additional cold CO component is includBuus, ap-
proximately 80% of the CO luminosity comes from transitidower than CO 24-23,
roughly equally in both SPIRE and PACS ranges. The poorarahation of the hot
component rotational temperature does rte@ significantly the total cooling determi-
nation.

Water

Nisini et al. (2002) have calculated,8 luminosities based on the assumption tha®H
emission arises from the same gas as CO, for which largeitsetpadient (LVG) models
determined the gas temperature and density. The modekfidivere used to extrapo-
late HO line fluxes for rotational transitions with< 10 andg, /kg < 2031 K.

Total H,O cooling in this work (see 84.2) is calculated based on thspectroscopy
data for the NGC1333-IRAS4A and Serpens SMM1 (Herczeg 20412 and Goicoechea
et al. 2012). The average scaling factor than transfersutinenbsity observed in the se-
lected lines in the line spectroscopy mode to the total wataimnosities (as observed in
the range spectroscopy) is 2@3.
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Table 2.1.1— CO total luminosities for IRAS4B and SMM1 in 10L.

Method Rangem) IRAS4B SMM1
Obs. line fluxe$ 54-190 212 396
2-comp. fit for obs. lines only 54-190 210 3945
2-comp. fit, PACS rangé 54-190 2253 4288
2-comp. fit, Nisini-2002 rang® 44-2601 2736 5234
Obs.PACS-SPIRE line fluxes 60-650 - 650
3-comp. fit for obs. lines only 60-650 - 648
3-comp. fit, PACS rande 60-650 - 690
3-comp. fit, Nisin¥2002 range 44-2601 - 693

Notes.Errors correspond to standard deviation of the total COingatalculated using the break-
point upper energies from 1000 to 2200® From full PACS range, excluding CO 23-22 and CO
31-30 which are blended with the,B 4, — 353 and OH?T1, J = 7/2— 52, respectively® Includes
CO transitions fromJ =14-13 toJ =48-47 (IRAS4B) orJ =44-43 (SMM1). This is the method
used to determine cooling budget in Tablé4Includes CO transitions fromd =1-0 to J =60-59,
used in Nisini et al. (2002J9 Includes CO transitions from =4-3 to J =44-43.

An alternative method considered for the water coolingudalion is the extrapolation
of the non-observed line fluxes based on th®Hotational temperature. Table 2.1.2 com-
pares the results of this method with the values obtainedhwieescaling factor was used.
The extrapolation is done for (i) the 328 lowest rotatiomahsitions of waterJ < 10,
Eu/ks < 2031 K, so called 'Nisini et al. range’); (ii) the same trdiwsis but only for
PACS range. Molecular information is obtained from the JRl @DMS catalogs (Pick-
ett et al. 1998, Miller et al. 2001, 2005).

Calculations for Serpens SMM3 show that the extrapolatfdhefluxes based on the
fitted rotational temperature results in a factora? higher total water luminosities than
the value calculated using the scaling factor of 2.4. Evghdri values are obtained when
we extend the range used in Nisini et al. (2002). Additionétie rotational temperature of
H,O derived from the line scan data is very likely underesteddty a factor ot 1.3—-1.6
(see Appendix 2.H). This uncertainty has direet on the derived, extrapolated;®itotal
cooling.

In summary, from the comparisons it is concluded that thal toiminosity of both
CO and HO in the PACS range is accurate to 30% or better.
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2.1 Cooling budget calculations

Table 2.1.2— Different methods of 5O luminosities calculation (luminosities in T0L,).

Method Ser SMM3
Observed line fluxes (line spec mode) 4.0

Scaling to the total PACS range scan flux (factor: 2.4) 9.6
To=125 K

Extrapolation for PACS range 18.3

Extrapolation for Nisini et al. range 23.5
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Norm. flux

Figure 2.D.1— Spectra of the [@ 63.2um, CO 14— 13 186.0um, H,O 2;,-15; 179.5um, and

OH 84.6um lines in the selected blue outflow, on-source and red outfiositions (marked with
blue, green and red frames around the spaxels e.g. in Fi)rfoRtheextendedources (see 8§3.2).
The figure shows relative emission affdrent positions for each species separately. Measured line
fluxes at central spaxel position in units of W cm 2 are written next to the corresponding

spectra.
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2.1 Cooling budget calculations
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Figure 2.D.2— The same as Figure 2.D.1 but for ttmmpactsources.
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Figure 2.D.3— NGC1333-IRAS4A spectra in the [{063.2um line, the OH 84.6:m line, the HO
707-616 line, and the CO 36 29 line. Two blue outflow, on-source and two red outflow posii
are shown, corresponding to the the colored spaxels in 3.
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Figure 2.F.1— Rotational diagrams of CO and,@ for Class 0 sources. Blue and red lines show
linear fits to warm and hot components, respectively. Theesponding rotational temperatures are
written in the same colors. Errors associated with the fisamvn in the brackets.
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Figure 2.F.2— The same as Figure 2.F.1, but for the remaining Class 0 saWéarm component
only is seen towards L723 in our diagram.
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Figure 2.G.1- Correlations between bolometric temperature (left colyamd envelope density at
1000 AU (right column) and (from top to bottom): CO 14-13;(H2;,-103, [O1] at 63.18um, and
OH 84.6um line luminosities.
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Figure 2.H.1— The CO and KO rotational diagrams for NGC1333-IRAS4B and Serpens SMML1.
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Abstract

Aims.Our aim is to study the response of the gas-to-energetiepses associated with high-mass
star formation and compare it with previously publishedd&s on low- and intermediate-mass
young stellar objects (YSOs) using the same methods. Thtifjed far-infrared line emission and
absorption of CO, KO, OH, and [Q] reveals the excitation and the relative contribution dfedient
atomic and molecular species to the gas cooling budget.

Methods Herschel-PACS spectra covering 55180 are analyzed for ten high-mass star forming
regions of luminositieg, ~ 10°—1C° L, and various evolutionary stages on spatial scales1d*
AU. Radiative transfer models are used to determine theibotibn of the quiescent envelope to
the far-IR CO emission.

Results.The close environments of high-mass protostars show sfi@nigfrared emission from
molecules, atoms, and ions. Water is detected in all 10 tsh@en up to high excitation lines, often
in absorption at the shorter wavelengths and in emissidmeaibihger wavelengths. CO transitions
from J = 14 - 13 up to typically 29- 28 (E,/ks ~ 580— 2400 K) show a single temperature
component with a rotational temperatureTef; ~300 K. Typical HO excitation temperatures are
Trot ~250 K, while OH hasT,,; ~80 K. Far-IR line cooling is dominated by CG (75%) and, to

a smaller extent, by [@ (~20 %), which becomes more important for the most evolvedcssur
H,O is less important as a coolant for high-mass sources becaasy lines are in absorption.

ConclusionsEmission from the quiescent envelope is responsible-fé6 — 85 % of the total CO
luminosity in high-mass sources compared with only0% for low-mass YSOs. The highest
lines (Jyp 20) originate most likely in shocks, based on the strongetation of CO and KO with
physical parameterd {o, Men,) Of the sources from low- to high-mass YSOs. The excitatibn o
warm CO described b¥,,; ~300 K is very similar for all mass regimes, whereaOHemperatures
are~100 K high for high-mass sources compared with low-mass Y38s total far-IR cooling in
lines correlates strongly with bolometric luminosity, s@tent with previous studies restricted to
low-mass YSOs. Molecular cooling (CO8, and OH) is~4 times greater than cooling by oxygen
atoms for all mass regimes. The total far-IR line luminogtabout 10° and 10° times lower than
the dust luminosity for the low- and high-mass star formiegions, respectively.
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3.1 Introduction

High-mass stard\Ml > 8 M) play a central role in the energy budget, the shaping, aad th
evolution of galaxies (see review by Zinnecker & Yorke 2Q0Hey are the main source
of UV radiation in galaxy disks. Massive outflows and kegions are powered by massive
stars and are responsible for generating turbulence artthgehe interstellar medium
(ISM). Atthe end of their lives, they inject heavy elememit®ithe ISM that form the next
generation of molecules and dust grains. These atoms aretuoies are the main cooling
channels of the ISM. The models of high-mass star formatierstill strongly debated:
these two competing scenarios are turbulent core accratidricompetitive accretion’
(e.g. Cesaroni 2005). Molecular line observations areialtic determining the impact
of UV radiation, outflows, infall, and turbulence on the fation and evolution of the
high-mass protostars and ultimately distinguish betwhese models.

Based on observations, the ‘embedded phase’ of high-masfosiation may em-
pirically be divided into several stages (e.g. Helmich & ®ishoeck 1997, van der Tak
et al. 2000, Beuther et al. 2007): (i) massive prestellaesdPSC); (ii) high-mass pro-
tostellar objects (HMPOs); (iii) hot molecular cores (HM@hd (iv) ultra-compact
regions (UCH). The prestellar core stage represents initial conditadiggh-mass star
formation, with no signatures of outfloiinfall or maser activity. During the high-mass
protostellar objects stage, infall of a massive envelope tie central star and strong out-
flows indicate the presence of an active protostar. In thertaécular core stage, large
amounts of warm and dense gas and dust are seen. The tempefatu> 100 K in
subregions< 0.1 pc in size is high enough to evaporate molecul&ste grains. In the
final, ultra-compact H regions stage, a considerable amount of ionized gas istddtec
surrounding the central protostar.

The above scenario is still debated (Beuther et al. 200aiticular whether stages
(i) and (iii) are indeed intrinsically dierent. The equivalent sequence for the low-mass
Young Stellar Objects (hereafter YSO) is better establigl$hu et al. 1987, André et al.
1993, 2000). The ‘embedded phase’ of low-mass protostarsists of (i) the prestellar
core, (ii) Class 0, and (iii) Class | phases. The Class 0 YS®s@arounded by a massive
envelope and drive collimated j¢tsutflows. In the more evolved Class | objects, the
envelope is mostly dispersed and more transparent for Ulatiad. The outflows are
less powerful and have larger opening angles.

Low-mass sources can be probed at high spatial resolutietodufactor of 10 shorter
distances, which allow us to study well-isolated sourcekaamid much of the confusion
due to clouds along the line of sight. The line emission is l@&ected by foreground
extinction and therefore provides a good tool for studyimg gas’s physical conditions
and chemistry in the region. The slower evolutionary tinadscesults in a large number
of low-mass YSOs compared to their high-mass counterpattgh is also consistent
with observed stell@acore mass functions.

While low-mass YSOs are extensively studied in the farardd, first with the In-
frared Space Observatory (ISO, Kessler et al. 1996) and nitlv kerschel (Pilbratt
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et al. 2010bY, the same is not the case for high-mass sources (see e.gicH&nvan
Dishoeck 1997, Vastel et al. 2001, Boonman & van Dishoecl32dor those, the best-
studied case is the relatively nearby Orion BN-KL regioneasled with ISO’s Long-
and Short-Wavelength Spectrometers (Clegg et al. 1996,rdau® et al. 1996). Spec-
troscopy at long wavelengths (45-18m) shows numerous and often highly exciteg™H
lines in emission (Harwit et al. 1998), high€O lines (e.g., up t@=43-42 in OMC-

1 core, Sempere et al. 2000), and several OH doublets (Giieaect al. 2006), while
the shorter wavelength surveys reveal the CO ap@ Mibration-rotation bands and,H
pure rotational lines (van Dishoeck et al. 1998, Rosenthal.€000). Fabry-Perot (FP)
spectroscopyA/Al ~10,000, 30 kmst) data show resolved P-Cygni profiles for selected
H,0 transitions aft < 100um, with velocities extending up to 100 km's(Wright et al.
2000, Cernicharo et al. 2006). At the shortest wavelengthd5um) all pure rotational
HO0 lines show absorption (Wright et al. 2000). ISO spectratols other high-mass star
forming regions are dominated by atomic and ionic lines (g@é&ew by van Dishoeck
2004), similar to far-IR spectra of extragalactic sourdésdher et al. 1999, Sturm et al.
2002).

The increased sensitivity and spectral and spatial résalat the Photodetector Array
Camera and Spectrometer (PACS) (Poglitsch et al. 2010)avdlbterschelnow allow
detailed study of the molecular content of a larger samplgigii-mass star forming
regions. In particular, the more than an order of magnitag@ovement in the spectral
resolution over the 1ISO-LWS grating observing mode allomgtine detections of weak
lines against the very strong continuum of high-mass seusith Hersche] with line-to-
continuum ratios below 1%.

The diagnostic capabilities of far-infrared lines haverbdemonstrated by the recent
results on low- and intermediate-mass YSOs and their owf{éich et al. 2010, Herczeg
etal. 2012, Goicoechea et al. 2012, Manoj et al. 2013, Wamgifled. 2013, Karska et al.
2013, Green et al. 2013). The CO ladder frdml4-13 up to 49-48 and a few tens of
H>O lines with a range of excitation energies are detectedridsvine Class O sources,
NGC1333 IRAS4B and Serpens SMML1 (Herczeg et al. 2012, Goleeeet al. 2012).
The highly-excited HO 8,5—7p7 line at 63.3um (E,/kg = 1071 K) is seen towards almost
half of the Class 0 and | sources in the Karska et al. (2013pkgraven for bolometric
luminosities as low as 1 L. Non-dissociative shocks and, to a lesser extent, UV-hgati
are suggested as the dominant physical processes redpdnsithe observed line emis-
sion (van Kempen et al. 2010b, Visser et al. 2012, Karska. &04l3). The contribution
from the bulk of the quiescent warm protostellar envelopt#&PACS lines is negligible
for low-mass sources. Even for the intermediate-mass sdN@BC7129 FIRS2, where the
envelope contribution is higher, the other processes datirich et al. 2010).

In this paper, we present Herschel-PACS spectroscopy asdarces that cover nu-
merous lines of CO, kD, OH, and [Q] lines obtained as part of the ‘Water in star forming
regions with Herschel’ (WISH) key program (van Dishoecklef811). WISH observed
in total about 80 protostars atftirent evolutionary stages (from prestellar cores to cir-

1 Herschel is an ESA space observatory with science instrtsypovided by European-led Principal Investi-
gator consortia and with important participation from NASA
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cumstellar disks) and masses (low-, intermediate-, anla-higss) with both the Hetero-
dyne Instrument for the Far-Infrared (HIFI; de Graauw eR8ll0) and PACS (Poglitsch
et al. 2010). This paper focuses only on PACS observatiohggbfmass YSOs. It com-
plements the work by van der Tak et al. (2013), which dessriag source sample and
uses HIFI to study spectrally resolved ground-stat® Hines towards all our objects.
That paper also provides updated physical models of the&lepes.

The results for high-mass YSOs will be compared with thos®fe- and intermediate-
mass young stellar objects, analyzed in a similar manners@¢gaet al. 2013, Wampfler
et al. 2013, Fich et al. 2010) in order to answer the follongugstions: How does far-IR
line emissiopabsorption dier for high-mass protostars affi#irent evolutionary stages?
What are the dominant gas cooling channels for those scuiéeat physical compo-
nents do we trace and what gas conditions cause the exuit#tthe observed lines? Are
there any similarities with the low- and intermediate-masgostars?

The paper is organized as follows. Section 2 introducesthiees sample and explains
the observations and reduction methods, 83 presentsséisattare derived directly from
the observations, 84 focuses on the analysis of the datais8Gsges our results in the
context of the available models, and §6 summarizes the asiocis.

3.2 Observations and data reduction

We present spectroscopy observations of ten high-masgostaing regions collected
with the PACS instrument on boakkrschelin the framework of the ‘WISH’ program.
The sources have an average distancéDpf2.7 kpc and represent various stages of
evolution, from the classical high-mass protostellar otsi§HMPOS) to hot molecular
cores (HMCs) and ultra-compactiHegions (UC Hi). The list of sources and their basic
properties are given in Table 4.1. Objects are shown in thaesgce of increasing value
of an evolutionary tracet,*®Mz2, introduced in Bontemps et al. (1996). The sequence
does not always correspond well with the evolutionary agest commonly assigned
to the sources in the literature (last column of Table 2)hpps because multiple objects
in different evolutionary stages are probed within our spatialuésn element (see e.g.
Wyrowski et al. 2006, Leurini et al. 2013, for the case of GB2G).

PACS is an integral field unit with a5 5 array of spatial pixels (hereaftspaxels.
Each spaxel coverg'@x 9’4, providing a total field of view of 477 x 47", The focus of
this work is on the central spaxel. The central spaxel prelmsar physical scales as the
full 5 x5 array in the ten times closer low-mass sources. Fub Bnaps for the high-mass
sources, both in lines and continuum, will be discussedturéupapers.

The range spectroscopy mode on PACS uses large gratingsigyiskly scan the full
50-210um wavelength range with Nyquist sampling of the spectrahelets. The wave-
length coverage consists of three grating orders (1st2@M4m; 2nd: 71-10%m; or 3rd:
51-73um), two of which are always observed simultanously (oneérbthie A < 105um,
and one in the red] > 102um, parts of the spectrum). The spectral resolving power is
R = 1/AA ~1000-1500 for the first order, 1500-2500 for the second qedet 2500-5500
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Table 3.1— Catalog information and source properties.

Object D Lbol Meny  LP®MZE,  Class
(kpe)  (Lo) (M) (L2°Mgh
G327-0.6 3.3 7.310 2044 0.41 HMC
W51N-el 51 5210 4530 0.59 UCH!
DR21(OH) 1.5 1.316 472 0.62 HMPO
W33A 2.4 3.016 698 0.70 HMPO
G34.26+0.15 3.3 1919 1792 0.82 UCH!
NGC6334-| 1.7 1119 750 1.41 HMC
NGC7538-11 2.7 1.110 433 2.45 UCHI
AFGL2591 3.3 1.219 373 2.99 HMPO
W3-IRS5 2.0 2119 424 3.68 HMPO
G5.89-0.39 1.3 4170 140 4.18 UCH:

Notes.Source coordinates with references and their physicahpeters are taken from van der Tak
et al. (2013).

for the third order (corresponding to velocity resolutioorfi ~75 to 300 km st).

Two nod positions were used for choppingdh each side of the source. The com-
parison of the two positions was made to assess the influente aff-source flux of
observed species from th&®ource positions, in particular for atoms and ions. The|[C
fluxes are stronglyféected by the fi-position flux and saturated for most sources — we
therefore limit our analysis of this species to the two seanvith comparable results for
both nods, AFGL2591 and NGC7538-IRS1 (see Table 2).

Typical pointing accuracy is better tharf.2However, two sources (G327-0.6 and
W33A) were mispointed by a larger amount as indicated by tlvatlon of the peak
continuum emission on maps affférent wavelengths (for the observing log see Table
4.A.2 in the Appendix). To account for the non-centric flugtdbution on the integral
field unit due to mispointing and to improve the continuum sthaess, for these sources
two spaxels with maximum continuum levels are used (spakelrid 21 for G327 and
23 and 33 for W33A). Summing a larger number of spaxels wagpassible owing to
a shift of line profiles from absorption to emission. The sdaxtent of line emission
absorption will be analyzed in future papers.

We performed the basic data reduction with the Herschetdotve Processing En-
vironment v.10 (HIPE, Ott 2010). The flux was normalized te télescopic background
and calibrated using Neptune observations. Spectral fthtfge within HIPE was used
to increase the /8l (for details, see Herczeg et al. 2012, Green et al. 2013).0Merall
flux calibration is accurate te 20%, based on the flux repeatability for multiple observa-
tions of the same target inféiérent programs, cross-calibrations with HIFI and 1SO, and
continuum photometry.

Custom IDL routines were used to process the datacubegfutithe line fluxes were
extracted from the central spaxel (except G327-0.6 and W88&above) using Gaussian
fits with fixed line width (for details, see Herczeg et al. 2DIext, they were corrected

90



3.3 Results

for the wavelength-dependent loss of radiation for a pantree (see PACS Observer’s
Manuaf). That approach is not optimal for the cases where emissiertended beyond
the central spaxel, but that is mostly the case for atomeslinvhich will be presented
in a companion paper by Kwon et al. (in preparation, here&dper 11). The uncertainty
introduced by using the point-source correction factorefdended sources depends on
the amount of emission in the surrounding ring of spaxele Tbntinuum fluxes are
calculated using all 25 spaxels, except G327-0.6 where paret was excluded due
to saturation. In most cases, the tabulated values are alevagths near bright lines.
They are calculated using spectral regions on both sideleofiies (but masking any
features) and interpolated linearly to the wavelength eflitnes. The fluxes are presented
in Table 3.B.1 in the Appendix. Our continuum fluxes are ideld in the spectral energy
distribution fits presented in van der Tak et al. (2013), whedithem to derive physical
models for all our sources. Those models and associatetbpev@asses are used in this
work in Sections 5.1 and 5.3. [tb]

3.3 Results

Figure 4.2 shows the full normalized PACS spectrum with ishentifications for W3
IRS5, a high-mass protostellar object with the richest i emission among our
sources. Carbon monoxide (CO) transitions frdail4-13 toJ=30-29 are detected, all
in emission (see blow-ups of highCO lines in Figures 3.C.1 and 3.C.2). Water-vapor
(H20) transitions up tde,p ~ 1000 K are detected (e.016/- 625 at 66.1um, see blow-
ups in Figure 3.C.1). At wavelengths shortwards-80 um, many BO lines are seen in
absorption, but those at longer wavelengths are primarigniission.

Seven hydroxyl (OH) doublets up &, ~ 618 K are seeh All lines within the?I1s,
ladder (119, 84, and 6bm doublets; see Figure 1 in Wampfler et al. 2013) are strong
absorption lines. Thély, ladder lines (163 and 74m) are seen in emission. The cross-
ladder transitions at 79m (OH Y/2,Y/2-3/2,3/2, E,, ~ 180 K) and 96um (OH 3/2,1/2-5/2,3/2,

Eup = 270 K) are absorption and emission lines, respectivelyy @ ground-rotational
lines of methylidyne (CH) are detected at 149 in absorption. The [@ transitions at
63um and 145um are both strong emission lines in W3 IRS5. That is not alvhgsase
for other sources in our sample. TheifQine at 63um, where the velocity resolution
of PACS is at its highest~Q0 km s), shows a variety of profiles (see Figure 3.1): pure
absorption (G327-0.6, W51Nel, G34.26, W33A), regular Biprofiles (AFGL2591,
NGC6334-1), hints of inverse P-Cygni profiles in DR21(OH)dapure emission (W3
IRS5, NGC7538-11, G5.89). The [@line at 145um, however, is always detected in
emission. The P-Cygni profiles resolved on velocity scafes 00 km s resemble the
high-velocity line wings observed in ro-vibrational tréiens of CO in some of the same
sources (Mitchell et al. 1990, Herczeg et al. 2011), suggest originate in the wind
impacting the outflow cavities. Not all absorption needsd@bsociated with the source,

2 httpy/herschel.esac.esa/MbcgPACShtml/pacs_om.html
3 The highest-excited OH doublet at 7in is not considered further in the analysis, because the37@¥
region observed with PACS istacted by spectral leakage and thus is badly flux-calibrated.
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however: it can also be due to foreground absorption (etjoaulobe or the ISM). For
example, ISO Fabry Perot and new Hers¢higF| observations of KO and OH in Orion
also show line wings in absorptigremission extending to velocities up td00 km s
(Cernicharo et al. 2006, Goicoechea et al. 2006, Choi ehairep.), but the ISO-LWS
Fabry-Perot observations of Orion did not reveal any P-Cpgofiles in the [O] 63 um
line.

A comparison of selected line-rich parts of the spectra iy sources is presented
in Figure 3.2. The spectra are normalized by the continuumssom to better visualize
the line absorption depths. However, the unresolved psodifedPACS underestimate the
true absorption depths and cannot be used to estimate tivalaepths. The 64-68m
segment covers the highly-excited®l lines at 66.4, 67.1, and 6780 (Ey, ~ 410 K);
high-J CO lines at 65.7J =40-39) and 67.3] =39-38); and the OHI1y, J = 92— 7/2
(Euwp =~ 510 K) doublet at 65xm. The low-lying BO lines are detected for all sources.
The highd CO lines are not detected in this spectral region. The OH kgbigdetected
for six out of ten sources (see also Figure 3.C.3 in the Appénd

The main lines seen in the 148-1&T region are CHIly, J = 3/2— 21y, J = /2 tran-
sition at 149um (in absorption), CO 17-16, andB 3,,— 33 line at 156.2um (E,p ~ 300
K). Weak absorption lines at 155- 156um seen towards the hot core G327-0.6 are most
likely C3 ro-vibrational transitions (Cernicharo et al. 2000, Pdper

The most commonly detected lines in the 170-182 spectral region include the
CO 15-14 line and the O lines at 174.6, 179.5, and 18Qub (Eyp =100-200 K). The
profiles of HO lines change from object to object: the®2;,—1p; line at 179.5miis in
absorption for all sources except W3 IRS5; th&}2,,—1;, at 180.5um is in emission for
the three most evolved sources (top 3 spectra in Figure Bai2)ammonia line at 170
um, NHs (3,2)a-(2,2)s, is detected toward four sources (G327\W®1N-el, G34.26,
and NGC6334-I). An absorption line at181um corresponds to gﬁo 212 — 1p1 and or
H3O" 17 - 17 lines (Goicoechea & Cernicharo 2001). Extended discussioons and
molecules other than CO,,8, and OH will appear in Paper II.

Line profiles of HO observed with HIFI show a variety of emission and absorptio
components that are not resolved by PACS (Chavarria et 80,2Cistensen et al. 2012,
van der Tak et al. 2013). The only,B lines observed in common by the two instruments
within the WISH program are the ground-state transitions—21p; at 179.5um (1670
GHz) and 2;-1;,at 180.5um (1661 GHz), both dominated by absorptions and therefore
not optimal for estimating to what extent a complex wateffifgas diluted at the PACS
spectral resolution. However, HIFI observations of thedilbetween excited rotational
states, which dominate our detected PACS lines, are génaramission at the longer
wavelengths probed by HIFI. In the casé 820 10-9, the line profiles of YSOs observed
with HIFI consist of a broad outflow and a narrow quiescent gonent with the relative
fraction of the integrated intensity of the narrow to broachponents being typically 30-
70% for low-mass sources (Yildiz et al. 2013). For the simglee of a high-mass YSO,
W3 IRS5, this fraction is about 50% (San José-Garcia et 43R0

To summarize, PACS spectra of high-mass sources from oysleahow detections
of many molecular lines up to high excitation energies. CQOHOH, and CH lines
are seen toward all objects, whereas weaker lines of othkyomes are detected toward
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fewer than half of the sources. CO lines are always seen iaséoni, CH in absorption,
and other species showfidirent profiles depending on the transition and the objebteTa
3.C.1 shows the CO line fluxes for all lines in the PACS range.

3.4 Analysis
3.4.1 Far-IR line cooling

Emission lines observed in the PACS wavelength range aigtosealculate the contri-
bution of diterent species to the total line cooling from high-mass pstais. Our goal
is to compare the cooling of warm gas by molecules and atortistiné cooling by dust
and connect them with the evolutionary stages of the objéattative contributions to
the cooling between fferent molecules are also determined, which can be an iodicht
the physical processes in the environments of young pat®é&e.g. Nisini et al. 2002b,
Karska et al. 2013).

We define the total far-IR line coolind-§r.) as the sum of all emission line lumi-
nosities from the fine-structure [Plines (at 63 and 14pm) and the detected molecules,
following Nisini et al. (2002b) and Karska et al. (2013).1{Ic the most important line
coolant of difuse interstellar gas, is also expected to be a significaringpagent in
high-mass star forming regions and extragalactic souttesnot explicitly included in
our analysis, however, because the calculated fluxes aneghrafected by @&-source
emission and often saturated (see also Section 2). Theeeni@ii] luminosity is shown
below for only two sources, where reliable fluxes were olg@dirCooling in other ionic
lines such as [@i], [N 1], and [Nm] is also excluded, due to theteposition contamina-
tion and the fact that those lines trace fatient physical component than the molecules
and [O1]. Since the only molecules with emission lines are C@OHand OH, the equa-
tion for the total far-IR line cooling can be written Bgr. = Loi + Lco + Lu,o0 + Lon.

Table 3.1 summarizes our measurements. The amount of gdmnlidust is described
by the bolometric luminosity and equais10*-10° L, for our sources (van der Tak et al.
2013). The total far-IR line cooling ranges froml to ~ 40 L, several orders of magni-
tude less than the dust cooling. Relative contributionsxgben atoms and molecules to
the gas cooling are illustrated in Figure 3.1. Atomic coglmlargest for the more evolved
sources in our sample (see Table 1), in particular for NGBARS1 and AFGL2591,
where it is the dominant line-cooling channel. For those $worces, additional cooling
by [Cu] is determined and amounts td0-25% ofLgr. (Table 3.1). Typically, atomic
cooling accounts for20 % of the total line far-IR line cooling. Molecular line dow
is dominated by CO, which is responsible forl5 up to 85% ofLgr., with a median
contribution of 74%. HO and OH median contributions to the far-IR cooling are less
than 1%, because many of their transitions are detectedsiorption. Assuming that the
absorptions arise in the same gas, as found for the caseai @ernicharo et al. 2006),
they therefore do not contribute to the cooling, but to meathe gas. Still, the contri-
bution of H,O to the total FIR cooling increases slightly for more evadlgaurces, from
~5% (DR21(0OH)) to 30% (W3IRS5), whereas no such trend is seedIf.
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Figure 3.1— Herschel-PACS profiles of the [(063.2um line at central position.
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Figure 3.1— Relative contributions of [@ (dark blue), CO (yellow), HO (orange), and OH (red)
cooling to the total far-IR gas cooling at central positioa ahown from left to right horizontally
for each source. The objects follow the evolutionary seqeavith the most evolved sources on top.
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Table 3.1— Far-IR line cooling by molecules and atoms in units gf L

Source Lol LrrL Lol Lo Lco Lh2o Lon Lcn
(Lo) (Lo) (Lo) (Lo)
G327-0.6 73106 2.1(0.7) 1.8(0.6) 0.3(0.1)| 1.8(0.6) - - -
W51N-el 5210 | 37.8(10.8) 30.2(8.9) 7.6(1.8)| 25.3(6.8) 2.5(1.1) 2.4(1.0) -
DR21(OH) 1.316 1.4(0.4) 1.3(0.4) 0.09(0.03) 1.2(0.3) 0.09(0.04) - -
W33A 3.010 0.7(0.2) 0.6(0.2) 0.05(0.02) 0.6(0.2) 0.02(0.01) 0.04(0.01 -
(G34.26+0.15 1.918 9.6(2.9) 7.7(2.4) 1.9(0.5)| 7.7(2.4) - - -
NGC6334-I 1.116 4.2(1.3) 4.2(1.2) 0.04(0.03) 3.4(1.0) 0.7(0.2) 0.06(0.03 -
NGC7538-IRS1 1.1 10| 13.6(3.3) 2.6(0.8) 11.0(2.5) 1.8(0.5) 0.6(0.2) 0.2(0.1) | 2.0(0.4)
AFGL2591 1.218 6.1(1.8) 2.7(0.8) 3.4(0.9)| 1.6(0.5) 1.0(0.4) 0.11(0.04) 1.9(0.4)
W3-IRS5 2.110 | 22.0(6.0) 17.8(5.0) 4.2(1.0)| 10.5(2.5) 6.1(2.2) 1.2(0.4) -
G5.89-0.39 4110| 8.8(2.2) 5.1(1.3) 3.7(0.9)| 3.9(0.9) 0.8(0.3) 0.5(0.2) -

Notes.Columns show: (1) bolometric luminositly,, (2) total FIR line coolingLrr. (Lmoi+Lor), (3) molecular coolinglLmq, and (4) cooling

by oxygen atomsl.o,. Cooling by individual molecules is shown in column (5) C6) H,0, and (7) OH. Absence of emission lines that would
contribute to the cooling are shown with “—" (absorptionebnare detected for 4@ and OH). Errors are written in brackets and include 20%
calibration error on individual line fluxes.
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3.4 Analysis

3.4.2 Molecular excitation

Detections of multiple rotational transitions of CO;® and OH allow us to determine
the rotational temperatures of the emitting or absorbirgyug@ng Boltzmann diagrams
(e.g. Goldsmith & Langer 1999). For,® and OH, the densities are probably not high
enough to approach a Boltzmann distribution and therefeeliagrams presented below
are less meaningful.

Emission line fluxes are used to calculate the number of imgitholecules Ny, for
each molecular transition using Equation (3.1), assuntiagthe lines are optically thin.
Here,F, denotes the flux of the line at wavelengtid is the distance to the souro&the
Einstein coéicient,c the speed of light, anld Planck’s constant:

_ Ard?F 0

N hcA

(3.2)
The base-10 logarithm df, over degeneracy of the upper legglis shown as a function
of the upper level energi,, in Boltzmann diagrams (Figures 3.2 and 3.3). The rotationa
temperature is calculated in a standard way, from the diagfehe linear fit to the data in
the natural logarithm unitg,;; = —1/b.

Because the size of the emitting region is not resolved byrmfirument, the calcula-
tion of column densities requires additional assumptianstherefore only the total num-
bers of emitting molecules is determined. The formula fer tittal number of emitting
molecules Mo, is derived from the expression for total column dendiky; = Q- exp@),
whereQ is the partition function for the temperature amthe y-intercept. Correcting for
a viewing angleQ = d?/7R?, and multiplying by the gas emitting area of radRjgields

Niot = Q - exp(a) - d. (3.2)

For details, see e.g. Karska et al. (2013) and Green et dl3§20
For absorption lines, column densiti®, are calculated from line equivalent widths,
W,, using Equation 3.3 (e.g. Wright et al. 2000).

8rcW, g
N, = 2 .
A*Agy

(3.3)

This relation assumes that the lines are optically thincthesring factor is unity, and the
excitation temperaturésx < hc/ka for all lines. Some of the emissigrabsorption lines
are likely P-Cygni profiles (Cernicharo et al. 2006) that aoé resolved with PACS and
which we assume to be pure emissj@bsorbing lines.

The natural logarithm o, over the degeneracy of the lower leval,is shown in the
Boltzmann diagrams as a function of the lower level endgggifigures 3.3, 3.4, and 3.6).
Rotational temperatures and total column densities acellzdéd in the same way as for
the emission lines (see above).

In the following sections, the excitation of CO;@, and OH are discussed separately.
Table 3.2 summarizes the values of rotational temperatiirgs and total numbers of
emitting molecules or column densities, for those species.
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Figure 3.2— Rotational diagrams of CO for all objects in our sample. Bhase-10 logarithm of
the number of emitting molecules from a lewelA,, divided by the degeneracy of the levgl,

is shown as a function of energy of the upper level in kelvifig, Detections are shown as filled
circles, whereas three-sigma upper limits are shown asyecimgtes. Blue lines show linear fits to
the data and the corresponding rotational temperaturesyvétical red line in the G34.2®.15
panel shows the dividing line between the warm and hot commpisras seen in rotational diagrams
of low-mass YSOs. Errors associated with the fit are showmaokets.
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Figure 3.3— Rotational diagrams of #D calculated using emission lines (left column) and absorp-
tion lines (right column), respectively. For emission lidiegrams, the logarithm with base 10 of
total number of molecules in a leve| N, divided by the degeneracy of the levgl, is shown as a
function of energy of the upper level in Kelving,,,. For absorptions lines, the natural logarithm of
the column density in a levé] N;, divided by the degeneracy of the levgl, is shown in y-axis. A
one-component linear fit is shown with the correspondingevalf rotational temperature and error
of the fitin brackets. A solid line is used for the cases wheleast 10 lines are detected. In the W3
IRS5 emission panel, para;8 lines are shown in gray and orthg® lines in black, respectively.
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Table 3.2— CO, K0, and OH rotational excitation

Source Warm CO KO (em.) HO (abs.) R? OHZI,,>  OH°
Trol(K) IOglON Trol(K) |0910N Trot(K) In NIow (arc SEC) Trot(K) Trol(K)
G327-0.6 295(60) 51.9(0.3) . 210(80) 34.5(0.5) . 105(12) 77(29)
W51N-el 330(15) 52.9(0.1) 320(120) 50.1(0.5)200(90) 34.0(0.5) 3.4 66(-) 54(29)
DR21(OH) 290(15) 51.7(0.1) . . . 98(27) 79(30)
W33A 245(40) 51.6(0.2) .
G34.26+0.15 365(15) 52.3(0.1) AN s 270(210) 34.0(0.6) e 89(5) 71(15)
NGC6334-I 370(20) 51.9(0.1) . 180(40) 34.6(0.3) . 93(-) 71(50)
NGC7538-IRS1 220(20) 51.7(0.2) 400(90) 48.2(0.2) 170(7033.1(0.5) 1.1 52(-) 54(37)
AFGL2591 220(20) 51.7(0.2) 460(110) 49.1(0.2) 160(130) .9@B1) 1.6 105(29) 89(21)
W3-IRS5 375(10) 52.4(0.1) 260(40) 49.3(0.2) 220(160) 34.1(0.6) 3.2 109(3) 83(22)
G5.89-0.39 295(10) 52.2(0.1) 250(40) 49.1(0.2) 250(190) 34.6(0.6) 3.0 96(1) 77(16)

Notes.Rotational temperatures of;® and OH within theé’I1y, ladder are calculated using at least 10 and 3 lirsmublets, respectively, and are
shown in boldface. Non-detections are marked with dots(Fotemperatures determined using only 2 transitions, tbecated error is not given
and marked with "-".

@ sSize of the HO emitting region assuming that alLB lines trace the same physical component (see Section)}4®.Rotational temperature
of OH calculated using only the OHTs, ladder transitions, see Figure 9 and Section 4(9.Rotational temperature of OH calculated using all
lines detected in absorption.
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3421 CO

Figure 3.2 shows CO rotational diagrams for all our sour€€sdetections, up td =30-

29 (E, = 2565 K), are described well by single rotational tempeegum the range from
220 K (AFGL2591 and NGC7538 IRS1) 870 K (W3IRS5 and G34.268.15) and the
average off oco ~300(23)%60 K.# The highest temperatures are seen for objects where
high-J CO transitions witlg, > 2000 K are detected.

Temperatures 0£300 K are attributed to the ‘warm’ component in low-mass YSOs
(e.g. Goicoechea et al. 2012, Karska et al. 2013, Green2058), where they are calcu-
lated using transitions from,, = 14 (Ey = 580 K) to 24 €, = 1660 K). In those sources,

a break aroun&, ~ 1800 K in the rotational diagram is noticeble (see verticed In Fig-
ure 3.2) andl,p 25 transitions are attributed to the ‘hot’ component. Sutlraing point
is not seen in the diagrams of our high-mass sources witltii@is extending beyond
theJ = 24— 23 transition.

INNGC7538 IRS1, a possible break is seen ardtipg 1000 K. A two-component fit
to the data results in rotational temperatufgg ~160+10 K andTq2 ~370+35 K. The
latter temperature is consistent within errors with theriwacomponent seen towards
low-mass sources. The colder temperature resembles Tie- 100 K ‘cool’ component
seen inJy, 14 transitions (e.g. Goicoechea et al. 2012, Karska et 413, 20an der Wiel
et al. 2013), detected at longer wavelengths than the PAQgera

The absence of the hot component toward all our sources isigiificant accord-
ing to the calculated upper limits. In addition to limit8dN and line-to-continuum ratio,
there are otherfiects that may prevent the hot component from being detetlegbe in-
clude the fact that the continuum becomes more opticaltktat the shorter wavelengths
(see also below) aridr a smaller filling factor of the hot component in the PACSrhea
compared with low-mass sources. More generally, both tlaertiwand ‘hot’ components
could still be part of a single physical structure as propgaseéNeufeld (2012).

The average logarithm of the number of emitting (warm) COeuuoles, logyN, is
similar for all objects, and equals 52.4(QtD)5. Values of logyV in the range from 51.6
to 53.1 are derived. DR21(OH), one of the lowest bolometrmihosity sources in our
sample, exhibits one of the lowest(CO) contents, whereas the highest CO content is
found for W51N-el, the most luminous source.

3.4.2.2 HO

Figure 3.3 shows rotational diagrams of® calculated for five sources with,B lines
detected both in emission and in absorption. Because thgirggmiegion is not resolved
by our observations, the diagrams calculated using thesammisind absorption lines are
shown separately. Figure 3.4 showsHdiagrams for the three sources where glOH
lines are seen in absorption.

The rotational diagrams show substantial scatter, greélaser the errors of individ-
ual data points, caused by large opacities, subthermabeixei (see Herczeg et al. 2012

4 The value in the brackets (23) shows the average error dfang temperatures for flerent sources, whereas
+60 is the standard deviation of rotational temperatures.
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Figure 3.4— Rotational diagrams of #D calculated using absorption lines. A single-component fit
is used to calculate the temperature shown in the panels.

and below), and possible radiation excitation by far-IRtdaraission pumping. The de-
termination of rotational temperatures is therefore sttlife significant errors when only
a limited number of lines is detected. In Table 3.ZHemperatures calculated using at
least ten lines are indicated in boldface. Ro-vibratiopa&lcsra of HO from ISO-SWS
towards massive protostars (four of them in common with @mnge) show rotational
temperatures of $O as high as 500 K, in agreement with the errors with our measur
ments (Boonman & van Dishoeck 2003).

The largest number of #D lines is detected in the two most evolved sources — G5.89-
0.39 and W3 IRS5. Single component fits to 12 and 37 water @nidimes, respec-
tively, give similar rotational temperatures ef 250 K (see Figure 3.3), with no sys-
tematic diterences betweamH,0 andp-H,O lines. Rotational temperatures determined
for the remaining sources, with at least five detections gD h emission, are higher,
Trot ~ 300— 450 K, but are less accurate.

Rotational temperatures calculated from a single compditea the absorption line
diagrams are- 200 K for all sources. They are in good agreement with theagatibtained
from the emission diagrams for G5.89-0.39 and W3 IRS5, sstggethat all BO lines
originate in the same physical component (see e.g. Cemuigitaal. 2006). In such a
scenario, the column densities should also agree, and thparison of the total number
of molecules calculated from emission lines and columnerdehed from the absorption
lines yields the size of the emitting regidR, The radius of the KD emitting area under
that condition equals3 arcsec for G5.89-0.39 and W3 IRS5 (see Table 3.2).

To assess thefliects of optical depth and subthermal excitation on the ddriem-
peratures from the absorption lines, equivalent widthsredd are calculated using the
radiative transfer code Radex (van der Tak et al. 2007) amkated to column densities
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Figure 3.5— Top Rotational diagram of kD calculated assuming a kinetic temperaflire 1000
K, H, densityn = 10° cm 3, H,O column density 2 10* cm 2, and line widthAV = 5 km s,
Lines observed in absorption in NGC6334-| are shown in Hits.are done to all lines in the PACS
range included in the LAMDA database (Schoier et al. 2005bl@ck) and to the NGC6334-1 lines

(in blue). Darker shades denote optically thin linBsttom The same as above, but assuming an
H,0 column density 1% cm2, such that all lines are optically thin.

using Equation (2). The adopted physical condition$,gf = 1000 K andnh = 10° cm3
are typical of warm, shocked region where water is exciteni¢@chea et al. 2012). The
models were calculated using alb@ lines in the PACS range included in the LAMDA
database (Schoier et al. 2005). The latest availab(@ ¢bllisional codficients are used
(Daniel et al. 2011, and references therein).

Figure 3.5 shows the ‘theoretical’ rotational diagramsuekdted for low and high
column densities. A single component fitad lines in the high column density model
gives a temperature of 120 K, consistent with subthermal excitation, and a totalom
density of 1.210'° cm™ (INN,w ~34.7), an order of magnitude lower than the input
column. A separate fit to the lines detected in NGC6334-Ig@aveemperature of 180 K
and a slightly higher column density (119'° cm2). These observed lines are typically
highly optically thick withr ~few tens, up to 100.

In the low column density model all lines are optically thixfit to all lines gives a
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Figure 3.6— Rotational diagrams of OH calculated using absorptiogsljisimilar to Figure 3.4 for
H,O. The single component fit to all OH transitions detectedbisoaption is shown with a solid
line with the corresponding temperature. A separate siogiheponent fit is done for the OHI5,
ladder transitions and drawn in a dashed line. The resgegibational temperatures are tabulated
in Table 3.2.
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3.5 Discussion: from low to high mass

temperature of 120 K, similar to the high column density model. The level plagions

are clearly subthermal{y; < Tiin), resulting in the scatter in the diagram. These exam-
ples illustrate the diiculty in using the inferred rotational temperatures to ehterize a
complex environment of high-mass star forming regions.

The continuum opacity at PACS wavelengths is typically af trder of a few in
the observed sources, as indicated by the source structereed by van der Tak et al.
(2013), and becomes higher at shorter wavelengths. Thikashat the absorbing 40
is on the frontside of the source. Also, any emission at shavelengths must originate
outside the region where the dust is optically thick.

3.423 OH

Figure 3.6 presents rotational diagrams of OH calculat@tjuebsorption lines. A single
component is fitted to all detected lines. A separate fit isedion the lines originating
in the ?I1s, ladder, which are mostly collisionally excited. This fit éxaes the intra-
ladder 79um doublet, connecting with the ground state, which readtg @ptically thick
(Wampfler et al. 2013). A possible line-of-sight contrilautiby unrelated foreground is
expected in the ground-state 14 line, which is included in the fit. The resulting ro-
tational temperatures for each source are shown in Tables8garately for those two
fits.

The average rotational temperature for k), ladder is very similar for all objects
and equals 100(12y K. The inclusion of all OH doublets results in lower temparas,
Troton ~79(22)£6 K.

3.5 Discussion: from low to high mass

3.5.1 Origin of CO emission

Several physical components have been proposed as a sddacd® CO emission in
isolated low-mass young stellar objects: (i) the inner paitthe quiescent envelope,
passively heated by a central source (Ceccarelli et al. 1988 & Neufeld 1997); (ii)
gas in cavity walls heated by UV photons (van Kempen et al9ap2010b, Visser et al.
2012); (iii) currently shocked gas along the outflow walleguced by the protostellar
wind-envelope interaction (van Kempen et al. 2010b, Vigteal. 2012, Karska et al.
2013).

The quiescent envelope of high-mass protostars is warntedanser than for low-
mass YSOs, and therefore its contribution to the far-IR CGssion is expected to be
greater. In this section, we determine this contributiongasubsample of our sources
using the density and temperature structure of each erwelbtained by van der Tak
et al. (2013).

In this work, the continuum emission for all our objects isdated using a modified
3D Whitney-Robitaille continuum radiative transfer coebitaille 2011, Whitney et al.
2013). For simplicity, the van der Tak et al. models do nottamnany cavity or disk,
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Chapter 3 — Far-infrared molecular lines from low- to highss star forming regions

Table 3.1— Input parameters for the®®D envelope emission model

Object % XinP Tew FWHM 160/180°
(K) (kms™
G327-0.6 3.810 - - 5.0 387
W51N-el 3.0107 - - 4.7 417
DR21(OH)  1.310° - - 2.4 531
NGC6334-I 0.510’ 2.0107 35 4.2 437
G5.89-0.39 0.110 5.0107 40 45 460
NGC7538-11 2.11¢8 75107 35 2.1 614

Notes. @ Parameters for the remaining sources will be presentedrid&é-Garcia et al. (in prep.).
® A jump abundance profile is used to model NGC6334-1, G5.89;Gand NGC7538 IRS19 The
ratio depends on the source’s distance from the Galaxy c@hitson & Rood 1994).

and assume a spherically symmetric power law density streiaf the envelopay «
r~P, wherep is a free parameter. The size and mass of the envelope andwes faw
exponentp, are calculated by best-fit comparison to the spectral grdistyibutions and
radial emission profiles at 450 and 8&® (Shirley et al. 2000). The models solve for the
dust temperature as function of radius and assume that $teggperature is equal to the
dust temperature. For more detailed discussion, see varalest al. (2013).

The envelope temperature and density structure from vamaleet al. (2013) is used
as input to the 1D radiative transfer code RATRAN (Hogede# van der Tak 2000) in
order to simultaneously reproduce the strengths of opfittain C'80 lines fromJ =2-1
to 9-8 (following the procedure in Yildiz et al. 2010, 201Phe free parameters include
C!80 constant abundancé, and the line width, FWHM. For three sources, a ‘jump’
abundance profile structure is needed, described by th@etign temperaturé,, and
inner abundance X The parameters derived from the fits are summarized in Talle
the C*0 observations are taken from San José-Garcia et al. (20h8¢ the modeling
details and results for all our objects will be presented Ban José-Garcia (in prep.).

The parameters from Table 3.1 are used as input for the RATRWwRels of*?CO.
The integrated?CO line emission obtained from RATRAN is convolved with tledet
scope beam and compared with observed line fluxes.

Figure 3.1 compares the envelope model for NGC7538 IRS1thkCO J,p = 14
to 22 observations from HerscjiehCS, CO 3-2 (in 14” beam, San José-Garcia et al.
2013), and CO 7-6 (in 8" beam, Boonman et al. 2003) from thee3a@lerk Maxwell
Telescope. By design, the model fits the line profile 8f@9-8 (San José-Garcia et al.
2013, from Hersch@HIFI) shown in the bottom of Figure 3.1. The pure envelope etod
slightly underproduces tHéCO 10-9 line, because it does not include any broad entrained
outflow componentlex ~ 70 K, Yildiz et al. 2013). Adding such an outflow to the model
(see Mottram et al. 2013) provides an excellent fit to thd twta profile. For the case of
12CO, the pure envelope model reproduces the 3-2 and 7-6 lifilbsna factor of two,
with the discrepancy again caused by the missing outflowénntiodel. This envelope
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3.5 Discussion: from low to high mass

Table 3.2— Far-IR CO emission: observations and envelope models

Object Lco(obs) Lco(env)
(Lo) (Lo) (%)
High-mass YSO%

G327-0.6 1.9 1.6 84
W51N-el 25.8 14.6 56
DR21(0OH) 1.2 0.7 58
NGC6334-I 3.4 2.4 71
G5.89-0.39 3.9 1.8 46
NGC7538-I1 2.1 1.6 77

Low-mass YSO%
NGC133312A 4.116° 0.310°3 7
HH46 6.910° 0510° 7
DK Cha 5.110°% 0.110° 2

Notes. @ Observed CO luminosities are calculated using detecteditians only, fromJ =14-13

to 30-29, depending on the source (see Table 3.C.1). Thesmmnding envelope CO luminosities
are calculated using the same transitidAsResults from Visser et al. (2012). The observed CO
emission is taken to be the total CO emission from all modplegsical components.

model reproduces the CO-integrated intensities for ttamsi up toJ,, = 18, but the
largerJ CO fluxes are underestimated by a large factor.

Comparison of the observed and modeled integr&€® line emission for the re-
maining sources from Table 3.1 is shown in Figure 3.2. As fbfionthe case of NGC7538
IRS1, the contribution of the quiescent envelope emissambe as high as 70-100% of
that of theJ=15-14 line but decreases sharply for the high¢ransitions. Only 3% to
22% of COJ=22-21 line emission is reproduced by the envelope modetstéh~ 50%
to 100% of observed total FIR CO luminosity can be explaingthle envelope emission
(see Table 3.2).

This contribution is much greater than for low-mass YSOsmtthe quiescent enve-
lope is responsible for only up to 7% of the total CO emissidisger et al. 2012). Still,
even for the high-mass sources, an additional physical ooet is needed to explain
the excitation of the highest-CO lines. The broad line profiles of high¢J 10) CO lines
(San José-Garcia et al. 2013) argue in favor of a shock baititvn to the far-IR emission
in 12CO. There may also be a contribution from UV-heating of théflow cavities by
the photons from the protostellar accretion shocks or prediy high velocity shocks
inside the cavities as found for low-mass YSOs (Visser e2@1.2), but this component
is distinguished best by high+3CO lines (van Kempen et al. 2009a). Physical models
similar to those developed for low-mass sources by Vissak é€2012), which include the
different physical components, are needed to compare thevestatitribution of the en-
velope emission, shocks, and UV-heating in the high-massss, but this goes beyond
the scope of this paper.
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NGC7538 IRS1: '*CO ladder
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Figure 3.1— Top: Comparison of integrated line fluxes BCO observed by HerschBACS and
from the ground (black dots with errorbars) and the prealitiof the quiescent envelope passively
heated by the luminosity of the source (red crosses) for \E384RS1.Bottom:The same model
compared with the JCMT2CO 3-2 and HerschgflFl 3CO 10-9 and &0 9-8 observed line
profiles. An additional model including an outflow componisrghown in blue dashed line.

3.5.2 Molecular excitation

The basic excitation analysis using Boltzmann diagrametiGn 4.2 shows remarkably
similar rotational temperatures of each molecule for atlligh-mass sources, irrespec-
tive of their luminosity or evolutionary stage. The averag&ies of those temperatures
are 300 K for CO, 220 K for KO, and 80 K for OH.

Figure 3.3 presents our results in the context of low- anérinediate-mass YSOs
studies by Fich et al. (2010), Herczeg et al. (2012), Goikeaet al. (2012), Manoj et al.
(2013), Wampfler et al. (2013), Karska et al. (2013), Greeal.g2013), and Lee et al.
(2013). Rotational temperatures from the Water In Star fiegnmegions with Herschel
(WISH), the Dust, Ice, and Gas In Time (DIGIT), and the Heed€brion Protostar Survey
(HOPS) programs are shown separately. OH rotational tesyreis of NGC1333 14B,
Serpens SMM1, and L1448 are taken from the literature, velsaemperatures for the two
additional low-mass YSOs and four intermediate-mass Y38salculated in Appendix
B based on the line fluxes from Wampfler et al. (2013).

Rotational temperatures of CO are remarkably similar fosihsources in the lumi-
nosity range from 16 to 1 L, and equal to- 300- 350 K. For the high-mass sources,
this refers to the shocked component, not the quiescentapeeomponent discussed
in 85.1. To explain such temperatures in low-mass YSOs, imvitihg solutions for the
physical conditions of the gas have been proposed: (i) CObdthermally excited in hot
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Figure 3.2— Comparison of integrated line fluxes of CO observed by PAQI$ @lack dots with
error bars) and the predictions of the quiescent envelopsiyiy heated by the luminosity of the
source (red crosses).

(Tkin 10° K), low-density o(H,) 10° cm™3) gas (Neufeld 2012, Manoj et al. 2013); or
(i) CO is close to LTE in warm Tyin ~ Tror) and densen(Hz)> ngir ~ 10° cm3) gas
(Karska et al. 2013). The low-density scenario (i) in theecalseven more massive pro-
tostars studied in this work is probably unlikely. Even thbuno®3CO lines are detected
in our PACS spectra, three of our high-mass protostars weserged in the fundamental
v = 1- 0 vibration-rotation bands of CO af#CO (Mitchell et al. 1990). The Boltzmann
distribution of highd populations of3CO, indicated by a single component on rotational
diagrams, implies densities above® n—3 for W33A and NGC7538-11 and 10’ cm3

for W3 IRS5.

Rotational temperatures of,B increase for the more massive and more luminous
YSOs from about 120 K to 220 K (Figure 3.3). The similarityweén the temperatures
obtained from the absorption and emission lines arguedtibgtarise in the same phys-
ical component in high-mass YSOs (see also Cernicharo 2086). Owing to the high
critical density, the water lines are most likely subtheltynexcited in both low- and high-
mass YSOs (see discussion in Section 4.2.2), but in the dengigonment of high-mass
protostars, the gas is closer to LTE and therefore the ootatitemperatures are higher.
High optical depths of KO lines drive the rotational temperatures to higher valbeth

111



Chapter 3 — Far-infrared molecular lines from low- to highss star forming regions

001 5~ T WISHDIGIT
[ ¢ R HOPS
400 %% -
EEEENN [N gr======= e -. ----- -
...... .‘-.Qf.:.&ge.'......,.....;...,
[ > : i
2001 o o © -
I . ]
400 ; ; ; ]
_ 300f H20 ]
X c o b ]
L 200f Lo e
= Eavannans %o ]
& 100 o..o. ]
0: [ ° E
200 ; ; ; ;
OH
- . -
[ ]
toor . P S
[ ]
| o -
O 1 1 1 1
107 10° 10® 10* 10
Lbol (LO)

Figure 3.3 - Rotational temperatures of CO,®, and OH for low- to high-mass star forming
regions. WISH, DIGIT, and HOPS team’s results with PACS drews in blue, red, and navy
blue, respectively. Dotted lines show the median valueshefrotational temperature from each
database; for the case of WISH, the median is calculatedatebafor objects with_py < 10° Ly
andLye > 10° Lo, except for OH where intermediate-mass YSOs coverirfig=10,, > 50 L, are

also shown separately. The CO angHexcitation of intermediate-mass sources has not yet been
surveyed with Herschel.

for the low- and high-mass YSOs. Lines are in emission, whenangular size of the
emitting region AQ,) multiplied by the blackbody at excitation temperatureasger
than the continuum flux at the same wavelength,

AQ x B,(Tex) > Feonty (3.4

and are in absorption in the opposite case.

Rotational temperatures of OH show a broad range of valuetofo-mass YSOs
(from about 50 to 150 K), whereas they are remarkably coh$taerintermediate-mass
YSOs ¢ 35 K; see Appendix D) and high-mass YSOs&0 K). The low temperatures
found towards the intermediate-mass YSOs may be a restiedafiterent lines detected
towards those sources rather thanféedent excitation mechanism.
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3.5 Discussion: from low to high mass

3.5.3 Correlations

Figure 3.4 shows relations between selected line lumiiessif CO, HO, and [O] tran-
sitions and the physical parameters of the young stellaatdj Our sample of objects is
extended to the low-mass deeply embedded objects studibd®ACS in Herczeg et al.
(2012), Goicoechea et al. (2012), Wampfler et al. (2013), kadka et al. (2013) and
intermediate-mass objects from Fich et al. (2010) and Wamegflal. (2013). This allows
us to study a broad range of luminosities frem. to 1 L, and envelope masses, from
0.1to 10 M.

The typical distance to low-mass sources is 200 pc and 3 khigtomass sources.
For this comparison, the full PACS array maps of low-massoregare taken~ 507),
which corresponds to spatial scales of 2QJ, hence only a factor of 3 smaller than the
central spaxel{ 10”) observation of high-mass objects. On the other hand, thisigdl
sizes of the low-mass sources are smaller than those ofrhags-sources by a factor that
is comparable to the fference in average distance of low- and high-mass sourcesgso
could argue that one should compare just the central sptoetmth cases. Using only
the central spaxel for the low-mass YSOs does ffecathe results, however (see Figure
9in Karska et al. 2013).

The choice of CO, KO, OH, and [Q] transitions is based on the number of detections
of those lines in both samples and their emission profiles.sttengths of the correlations
are quantified using the Pearson fiméent,r. For the number of sources studied here, the
3 o correlation corresponds to~ 0.6 and 50~ correlation tor ~ 0.95.

Figure 3.4 shows strong,® correlations between the selected line luminosities and
bolometric luminosities, as well as envelope masses. The laminous the source, the
higher is its luminosity in CO, kD, and [O] lines. Similarly, the more massive is the
envelope surrounding the growing protostar, the largehésabserved line luminosity
in those species. The strength of the correlations over bradd luminosity ranges and
envelope masses suggests that the physical processessiedptor the line emission are
similar.

In the case of low-mass young stellar objects, Karska ef@allJ) link the CO and
H,0 emission seen with PACS with the non-dissociative sholtkegathe outflow walls,
most likely irradiated by the UV photons. The {ICemission, on the other hand, was
mainly attributed to the dissociative shocks at the poindiodéct impact of the wind on
the dense envelope. In the high-mass sources, the envedogéids and the strength of
radiation are higher, but all in all the origin of the emigsan be similar.

3.5.4 Far-IR line cooling

Figure 3.5 compares the total far-IR cooling in lines, itsleealar and atomic contri-
butions, and the cooling by dust for the YSOs in the luminposinge from~ 1 to 1¢

Lo. The far-IR line coolingLgr., correlates strongly (b) with the bolometric luminos-

ity, Lpol, in agreement with studies on low-mass YSOs (Nisini et a02b) Karska et al.
2013). Under the assumption thatr, is proportional to the shock energy, the strong
correlation betweehy,, andLgr. has been interpreted by Nisini et al. (2002b) as a result
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Figure 3.4— Correlations of line emission with bolometric luminosftgft column) and envelope
mass (right column) from top to bottom: CO 14-13;H3y3-2;,, [O1] at 145um and OH 163
um line luminosities. Low- and intermediate-mass youndat@bjects emission is measured over
5x5 PACS maps. Red and blue circles show Class 0 and Class | ksg-MSOs from Karska et
al. (2013). Blue diamonds show intermediate-mass YSOs fMampfler et al. (2013; O and OH
lines) and from Fich et al. (2010; CO and® line). High-mass YSOs fluxes are measured in the
central position and shown in black. Pearsonfiéoientr is given for each correlation.
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Figure 3.5— From top to bottom: (1) Total far-IR line cooling; (2) Ratid molecular to atomic
cooling; (3) Gas-to-dust cooling ratidrr./Lpo, WhereLgre = Lmol + Latom; @S @ function of
bolometric luminosity. Low-mass YSOs are shown in red (€l@sand blue (Class 1), whereas
high-mass ones are in black.

of the jet powet velocity being correlated with the escape velocity from pinetostellar
surface or an initial increase in the accretion and ejectibe.

The ratio of molecular and atomic line coolinlgne/Latom is Similar for YSOs of
different luminosities, although a large scatter is presentli@pin molecules is about
four times higher than cooling in oxygen atoms. If cooling[Byi] was included in the
atomic cooling, the_n0/Latom ratio would decrease for the high-mass sources. In low-
mass YSOs, the [@ emission accounts for less than 1% of the total cooling redi
(Goicoechea et al. 2012, for Ser SMML1). In the high-masscasjrthis contribution is
expected to be higher due to the carbon ionizing and CO dagtsog FUV radiation. In
Section 4.1 we estimate the [iCcooling in two high-mass sources to 10-25%.¢fr,. .

The ratio of cooling by gas (molecular and atomic lines) amst @_,o)) decreases from
1.3103to 6.210°° from low to high-mass YSOs. It reflects thas® and, to a smaller
extent, OH contribute less to the line luminosity in the Rhighss sources, because many
of its lines are detected in absorption. The detection gdtdnd OH lines in absorption
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proves that IR pumping is at least partly responsible foretkatation of these molecules
and the resulting emission lines (e.g. Goicoechea et ab,20@mpfler et al. 2013). When
collisions play a marginal role, even the detected emistims of those species do not
necessarily cool the gas.

The above numbers do not include cooling from moleculesideithe PACS wave-
length range. This contribution can be significant for COereifor low-mass sources the
low-J lines are found to increase the total CO line luminosity bgwt80% (Karska et al.
2013). Thus, the CO contribution to the total gas coolingkisly to be even larger than
suggested by Table 3.1.

3.6 Conclusions

We have characterized the central posititerschelPACS spectra of ten high-mass pro-
tostars and compared them with the results for low- and imeeliate-mass protostars
analyzed in a similar manner. The conclusions are as follows

1. Far-IR gas cooling of high-mass YSOs is dominated by Con{fr 15 to 85%
of total far-IR line cooling, with a median contribution 0f%) and to a smaller
extent by [Q] (with median value~20 %). HO and OH median contributions to
the far-IR cooling are less than 1%. In contrast, for low-sndSOs, the HO, CO,
and [O1] contributions are comparable. Théextive cooling by HO is reduced
because many far-IR lines are in absorption. The [@oling increases for more
evolved sources in both mass regimes.

2. Rotational diagrams of CO in the PACS range show a simglen componentor-
responding to rotational temperature~800 K, consistent with low-mass YSOs.
Upper limits on high-J CO do not exclude there being an additiorradf compo-
nentin several sources of our sample.

3. Emission from the quiescent envelope accounts-#%-85 % of the total CO lu-
minosity observed in the PACS range. The correspondingegdhr the cooler and
less dense envelopes of low-mass YSOs are below 10%. Additphysical com-
ponents, most likely shocks, are needed to explain the bigheCO lines.

4. Rotational diagrams of #D are characterized bl ~ 250 K for all sources from
both emission and absorption data. This temperature istal0OK higher than for
low-mass sources, probably due to the higher densitiesgim-triass sources. The
diagrams show scatter due to subthermal excitation andajptepth &ects.

5. OH rotational diagrams are described by a single rotatimmperatures 0f80 K,
consistent with most low-mass YSOs, but highert#b K than for intermediate-
mass objects. Similar to 0, lines are subthermally excited.

6. Fluxes of the HO 3y3—212 line and the CO 1413 line strongly correlate with bolo-
metric luminosities and envelope masses over six and sedemsoof magnitude,
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3.6 Conclusions

respectively. This correlation suggests a common physieshanism responsible
for the line excitation, most likely the non-dissociativesks based on the studies
of low-mass protostars.

7. Across the wide luminosity range from 1 to 1¢ L., the far-IR line cooling
strongly correlates with the bolometric luminosity, in egment with studies of
low-mass YSOs. The ratio of molecular and atomic line caplgv4, similar for
all those YSOs.

8. Because severabi lines are in absorption, the gas-to-dust cooling ratioekeses
from 1.3102t0 6.2107° from low to high-mass YSOs.
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Appendix

3.A Details of PACS observations

Table 4.A.2 shows the observing log of PACS observationd us¢his paper. The ob-
servations identifications (OBSID), observation day (Qd2)te of observation, total inte-
gration time, primary wavelength ranges, and pointed doatds (RA, DEC) are listed.
All spectra were obtained in point¢@hop-nod observing mode. Additional remarks are
given for several sources. G327-0.6 and W33A observati@ns mispointed. NGC6334-

I, W3IRS5, and NGC7538-IRS1 spectra were partly saturateldre-observed (re-obs).
Two observations each of W51N-el, G34.26, G5.89, and AF@IL2gere done using
different pointing.
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P Table 3.A.1— Log of PACS observations

Source OBSID oD Date Total time  Wavelength ranges RA DEC Rlesna
(s) (um) "9 ()
G327-0.6 1342216201 659 2011-03-04 6290 102-120 15530884 3701.0 mispointed
1342216202 659 2011-03-04 4403 55-73 155308.8 -54 37 01.0spaimited
W51N-el 1342193697 327  2010-04-06 4589 55-73 1923 43+14 30 28.8  df. point.
1342193698 327  2010-04-06 4969 102-120 192343714 3025.3  df. point.
DR21(OH) 1342209400 551  2010-11-15 4401 55-73 20 39 00:812 22 48.0
1342209401 551  2010-11-16 6280 102-120 2039 0042 22 48.0
W33A 1342239713 1018 2012-02-25 4403 55-73 1814 39.1 -17/82 0 mispointed
1342239714 1018 2012-02-25 3763 102-120 1814 39.1 -17 & O7mispointed
1342239715 1018 2012-02-25 2548 174-210 1814 39.1 -17 B O/mispointed
G34.26r0.15 1342209733 542  2010-11-07 4589 55-73 1853184114 58.1  dfi. point.
1342209734 542  2010-11-07 4969 102-120 1853 18:#01 1501.5 df. point.
NGC6334-I| 1342239385 1013 2012-02-21 4403 55-73 17 20 53.35 47 00.0 saturated
1342239386 1013 2012-02-21 3763 102-120 172053.3 -35 47 OOsaturated
1342239387 1013 2012-02-21 2548 174-210 172053.3 -35 47 OOsaturated
1342252275 1240 2012-10-05 3771 102-120 172053.3 -3546 57. re-obs
NGC7538-11 1342211544 589  2010-12-24 6290 102-120 23183 45:612810.0 saturated
1342211545 589  2010-12-24 4403 55-73 231345.8612810.0 saturated
1342258102 1329 2013-01-02 3771 102-120 2313 45461 28 10.4 re-obs
AFGL2591 1342208914 549 2010-11-14 6280 102-120 2029 24+A40 11 19.0  df. point.
1342208938 550 2010-11-15 4403 55-73 202924.9401121.0 dfi. point.
W3-IRS5 1342191146 286  2010-02-24 6345 102-120 2 2540662 0551.0 saturated
1342191147 286  2010-02-24 4102 55-73 22540.6620551.0 saturated
1342229091 860 2011-09-21 4403 55-73 22540.6620551.0 saturated
1342229092 860 2011-09-21 4499 102-120 2 2540.662 0551.0 re-obs
1342229093 860 2011-09-21 2249 55-73 22540.6620551.0 re-obs
G5.89-0.39 1342217940 691  2011-04-05 4969 102-120 18 @) 3024 04 00.4  dt. point.
1342217941 691  2011-04-05 4589 55-73 1800 30.5 -24 04 04.4ff. pdint.
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3.B Continuum measurements

3.B  Continuum measurements
Table 3.B.1 shows the continuum fluxes for all our sourcessomea using the full PACS

array. The fluxes were used in the spectral energy distobsifpresented by van der Tak
et al. (2013).
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Table 3.B.1- Full-array continuum measurements ir? 1§

A (um) Continuum (16 Jy)
G327-0.8 W51IN-el DR21(OH) W33A G34.26 NGC63341 NGC7538I1 AFGL2591 3IRS5 G5.89

56.8 2.2 11.0 1.7 1.9 7.9 16.1 8.6 55 23.0 17.7
59.6 2.6 12.3 2.0 2.1 8.2 17.2 8.9 5.7 23.8 18.8
62.7 3.0 13.3 2.5 2.2 9.2 18.2 9.3 5.8 24.0 19.7
63.2 3.0 13.6 2.6 2.3 9.4 18.3 9.3 5.8 24.2 19.9
66.1 3.5 14.3 3.0 2.5 10.6 19.3 9.6 6.0 24.8 20.2
69.3 3.8 15.2 3.4 2.5 10.9 19.8 9.6 6.0 24.4 20.7
72.8 4.6 17.8 4.1 3.0 13.2 20.5 9.7 5.9 24.8 15.7
76.0 4.9 18.6 4.5 2.9 14.0 20.9 9.6 5.6 24.4 15.8
79.2 5.3 18.9 4.8 3.0 14.4 20.9 9.5 5.6 23.3 15.7
81.8 5.6 19.2 5.1 3.2 14.8 21.1 9.6 5.7 23.1 15.7
86.0 6.1 19.8 55 3.2 15.6 21.6 9.6 55 22.2 15.7
90.0 >3.2 20.1 5.9 34 16.0 21.8 9.9 55 21.8 15.3
93.3 >3.3 19.7 6.4 3.3 15.9 21.7 9.6 55 20.9 14.7
108.8 8.2 18.8 7.8 3.9 16.1 23.7 10.0 5.3 19.4 13.1
113.5 8.1 18.5 7.8 3.9 15.9 23.0 9.8 5.2 18.2 12.5
118.0 >7.1 18.1 7.9 3.8 15.6 22.2 9.5 5.0 17.3 11.9
125.4 >7.2 17.5 7.9 3.7 15.2 21.2 9.0 4.7 15.8 11.0
130.4 >7.2 16.7 7.8 3.6 14.6 20.2 8.5 4.4 14.6 10.2
136.0 8.1 16.1 7.7 3.5 14.1 19.2 8.1 4.2 13.4 9.6
145.5 8.0 14.7 7.6 3.3 13.0 17.4 7.3 3.8 11.7 8.4
158.5 7.7 12.6 6.9 3.0 11.1 15.1 6.3 3.3 9.5 6.8
164.0 7.5 11.7 6.6 2.9 10.3 14.1 5.8 3.0 8.6 6.1
169.1 7.2 11.0 6.0 2.7 9.7 13.6 54 2.8 7.9 5.7
175.8 6.9 10.0 5.9 2.7 8.9 12.3 5.0 2.6 7.0 5.0
179.5 6.6 9.5 5.6 2.4 8.5 11.6 4.7 2.4 6.5 4.7
186.0 5.6 8.7 4.8 2.4 7.8 10.2 4.0 2.0 55 4.2

Notes. The calibration uncertainty of 20% of the flux should be inleld for comparisons with other modes of observations oningnts® One
spaxel at N-W corner of the PACS map is saturated aroung:fOfegion due to the strong continuum; therefore the tabdileaies are the lower
limits to the total continuum flux from the whole map.
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3.C Tables with fluxes and additional figures

3.C Tables with fluxes and additional figures

Table 3.C.1 shows line fluxes ands3upper limits of CO lines toward all our objects in
units of 102° W cm2. For details, see the table caption.

Figure 3.C.1 shows blow-ups of selected spectral region&®fIRS5 with highd
CO, H0, and OH lines. Figures 3.C.2 and 3.C.3 show blow-ups otsaleCO and OH
transitions towards all sources.

123



A

N Table 3.C.1- CO line fluxes in 16?°° W cm2

Trans. Aab (um) Central position flux (167° W cm2)

G327-0.6 W51N-el DR21(OH) W33A G34.26+r0.15 NGC6334-1 NGC7538-11 AFGL2591 W3IRS5 G5.89-0.39
CO14-13 1859990 8.52(0.48) 40.93(1.26) 29.93(0.67) (0.98) 23.05(1.14) 40.07(1.60) 17.79(0.52) 10.86(0.455.67(1.38) 80.36(0.74)
CO15-14 173.6310 9.34(0.36) 50.65(1.83) 22.65(1.07) (8.82) 26.30(1.07) 52.70(2.39) 14.54(0.33) 7.72(0.57) .186.76) 103.91(1.41)
CO16-15 162.8120 8.82(0.51) 43.10(1.43) 24.71(0.92) (0.18) 22.71(1.06) 43.88(1.59) 11.78(0.39) 8.00(0.27) .79@.08) 105.49(1.76)
CO17-16 153.2670 3.00(0.76) 36.94(1.54) 16.19(1.21) (2.24) 18.52(1.63) 31.37(2.46) 8.60(0.56)  5.67(0.38) 48@.31) 96.31(1.67)
CO18-17 144.7840 2.13(0.48) 27.78(1.89) 17.40(1.13) (0.39) 18.27(1.53) 20.93(2.02) 5.82(0.47)  5.02(0.53) 0B@.69) 82.73(1.67)
CO19-18 137.1960 6.76(0.64) 24.18(1.81) 13.82(1.07) (8.87) 20.16(1.68) 36.07(2.02) 4.96(0.42)  3.02(0.58) 39@.54) 60.19(2.14)
CO20-19 130.3690 6.68(0.81) 25.73(1.42) 15.02(0.93) (8.52) 21.93(1.93) 37.25(2.19) 5.31(0.54)  4.34(0.64) 03®.27) 59.14(1.27)
CO21-20 124.1930 3.96(1.24) 22.77(3.15) 11.38(0.87)<0.75  18.69(2.02) 34.56(5.43) 4.62(0.72)  2.97(0.61) 6@88) 51.31(2.90)
CO22-21 1185810 4.61(1.16) 20.31(3.29) 9.79(1.23) <0.77  21.66(3.21) 35.05(5.02) 3.97(0.89) <0.90  63.44(2.81) 44.98(3.84)

CO 24-23 108.7630 <1.78 <7.05 5.18(1.40) <0.54 18.86(5.45) 12.89(3.28) <1.68 <0.86 49.51(3.75) 21.89(3.45)
CO27-26 96.7730 <0.86 4.71(0.79)  3.68(0.56) <1.50 4.34(1.22) 9.46(1.76) <2.49 <1.01 23.29(2.65) 6.16(0.81)
CO 28-27 93.3490 <1.75 6.28(1.21) <0.94 <0.91 5.06(1.35) 11.75(1.99) <4.97 <1.04 24.72(1.75)  9.71(1.63)
CO29-28 90.1630 <1.24 5.23(1.54) <1.23 <1.25 3.67(1.30)  10.80(5.36) <6.35 <1.70 20.23(1.94) 5.38(3.49)
CO30-29 87.1900 <1.10 3.59(0.72) <1.00 <1.72 4.48(1.10) <7.00 <2.10 <1.57 14.38(2.03)  6.32(2.59)
CO32-31 81.8060 <1.19 <5.84 <1.19 <1.43 <2.31 <4.63 <1.84 <2.03 <9.49 <3.70
CO33-32 79.3600 <3.99 <11.04 <1.70 <2.28 <3.76 <18.46 <2.09 <1.99 <3.40 <13.59
CO34-33 77.0590 <1.88 <4.57 <1.83 <1.83 <3.17 <2.71 <1.40 <2.16 <5.27 <6.93
CO35-34 748900 <2.06 <2.90 <0.99 <1.27 <2.03 <3.09 <2.50 <1.20 <1.83 <18.61
CO 36-35 72.8430 <0.55 <0.63 <0.29 <0.70 <1.17 <1.74 <0.69 <0.37 <7.03 <3.00
CO 38-37 69.0740 <1.36 <1.06 <1.93 <0.67 <1.77 <1.21 <3.23 <2.09 <2.16 <2.74
CO39-38 67.3360 <1.20 <0.84 <0.40 <1.86 <0.80 <2.50 <2.40 <0.89 <1.99 <3.54
CO40-39 65.6860 <0.57 <2.40 <0.43 <1.05 <2.40 <1.94 <2.17 <0.94 <2.63 <2.91
CO41-40 64.1170 <1.06 <1.11 <0.57 <1.80 <1.54 <2.91 <1.59 <1.80 <5.56 <4.60
CO42-41  62.6240 <1.03 <2.74 <0.44 <1.08 <2.50 <2.19 <1.91 <2.34 <4.01 <5.01
CO43-42 61.2010 <0.90 <1.39 <0.58 <1.05 <1.20 <4.59 <2.10 <2.41 <4.94 <6.21
CO 44-43  59.8430 <0.67 <1.61 <0.39 <0.68 <1.41 <3.38 <2.30 <1.54 <2.85 <3.49
CO 45-44 585470 <0.96 <1.24 <0.55 <1.41 <1.42 <1.34 <1.69 <1.08 <6.77 <4.89
CO46-45 57.3080 <2.33 <10.54 <1.03 <1.81 <4.01 <6.49 <3.75 <2.65 <6.46 <8.54
CO47-46  56.1220 <0.76 <1.08 <0.50 <2.29 <1.85 <2.51 <1.39 <1.71 <5.78 <4.79

Notes. The uncertainties areimeasured in the continuum on both sides of each line; célilorancertainty of 20% of the flux should be included
for comparisons with other modes of observations or insénis) 3- upper limits calculated using wavelength-dependent waddiéull-width high
maximum for a point source observed with PACS are listed éor-detections. CO 23-22 and CO 31-30 fluxes are not listedalsevere blending
with the HO 414-303 line at 113.537%:m and the OHZ,3-2,3 line at 84.4um, which are often in absorption. CO 25-24, CO 26-25 and CG®&7-
transitions are located in the regions of overlapping ardehere the flux calibration is unreliabl@. A mispointed observation. The fluxes are
calculated from a sum of two spaxel closest to the true squusiion, see Section 2.
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3.D OH in low and intermediate mass sources

3.D OH inlow and intermediate mass sources

Figures 3.D.1 and 3.D.2 show rotational diagrams of OH farland intermediate-mass
young stellar objects based on the fluxes presented in Wangbféd. (2013). Only the
sources with at least three detected doublets in emissianofo4 targeted in total) are
shown in diagrams. Rotational temperatures and total nesydiemitting molecules are
summarized in Table 3.D.1. For low-mass YSOs, a single corapifit is usually not a
good approximation (with the exception of L1527 and IRASAS3 In the intermediate-
mass YSOs, on the other hand, such an approximation holdeeaots in very similar
rotational temperatures of OHy ~ 35 K for all sources except NGC7129 FIRS2.
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Chapter 3 — Far-infrared molecular lines from low- to highss star forming regions

Table 3.D.1— OH rotational excitation and number of emitting molecuMésbased on emission
lines for low- and intermediate-mass sources

Source Trot(K) log gV

Low-mass YSOs

NGCI133314A  270(700) 52.4(0.9)

L1527 80(40) 51.5(0.6)
Ced110 14 380(1400) 51.4(0.9)
IRAS15398 85(90) 51.5(1.0)
L483 200(380) 52.0(0.9)
L1489 140(150) 51.6(0.7)
TMR1 490(2150) 52.0(0.8)
TMC1 170(290) 51.7(0.9)
HH46 160(350) 52.6(1.1)
Intermediate-mass YSOs

NGC2071 37(10) 55.7(0.8)
Vela IRS17 35(10) 55.1(0.7)
Vela IRS19 36(15) 55.1(1.1)

NGC7129 FIRS2  170(270)  53.9(0.9)
L1641 S3MMS1  36(10)  54.7(0.8)

Notes.Rotational diagrams are shown in Figures 3.D.1 and 3.D.fc@bwith at least 3 detected
doublets in Wampfler et al. (2013) are presented. Rotatimmaperatures of OH calculated with
error less than 100 K are shown in boldface.
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Figure 3.C.1- Close-ups of several of the,®, CO and OH lines in W3IRS5 as shown in Figure 4.2. The reseleagth of each line is indicated
by dashed lines: blue for 0, red for CO, and light blue for OH. Identifications of the etetted lines in the presented spectral regions are sho
in parenthesis.
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Figure 3.C.2— Close-ups of several transitions of CO lines in the PACSalemgth range toward all sources. The spectra are contisulntnacted
and shifted vertically for better visualization.
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Figure 3.D.1— OH rotational diagrams (from emission lines) for low-mgesng stellar objects
(fluxes from Wampfler et al. 2013).
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Chapter 4 — Water deficit in low-mass young stellar objecRearseus

Abstract

Context.Protostars interact with their surroundings through jet$ winds impacting on the enve-
lope and creating shocks, but the nature of these shock# mstrly understood.

Aims.Our aim is to survey far-infrared molecular line emissioanfra uniform and significant
sample of deeply-embedded low-mass young stellar obj¥&©§) in order to characterize shocks
and the possible role of ultraviolet radiation in the imnaeiprotostellar environment.

Methods HerschelPACS spectral maps of 22 objects in the Perseus moleculad glere obtained
as part of the ‘William Herschel Line Legacy’ (WILL) survelyine emission from HO, CO, and
OH is tested against shock models from the literature.

ResultsObserved line ratios are remarkably similar and do not shanetions with source physical
parameters (luminosity, envelope mass). Most ratios ee @dmparable to those found &t-o
source outflow positions. Observations show good agreemihtthe shock models when line
ratios of the same species are compared. Ratios of variglslinles provide a particularly good
diagnostic of pre-shock gas densitiag,~ 10° cm3, in agreement with typical densities obtained
from observations of the post-shock gas when a compresaiiorfof order 10 is applied (for
non-dissociative shocks). The corresponding shock wasciobtained from comparison with CO
line ratios, are above 20 km's However, the observations consistently show one-to-tviers

of magnitude lower KLO-to-CO and HO-to-OH line ratios than predicted by the existing shock
models.

ConclusionsThe overestimated model,B fluxes are most likely caused by an overabundance of
H,O in the models since the excitation is well-reproducediniihation of the shocked material
by ultraviolet photons produced either in the star-diskesysor, more locally, in the shock, would
decrease the #D abundances and reconcile the models with observatioriscfimns of hot HO

and strong OH lines support this scenario.
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4.1 Introduction

Shocks are ubiquitous phenomena where outflow-envelopmitions take place in young
stellar objects (YSO). Large-scale shocks are caused blyipiodar jets and protostellar
winds impacting the envelope along the ‘cavity walls’ cahgy the passage of the jet
(Arce et al. 2007, Frank et al. 2014). This important intéoacneeds to be characterized
in order to understand and quantify the feedback from ptate®nto their surroundings
and, ultimately, to explain the origin of the initial mass@tion, disk fragmentation and
the binary fraction.

Theoretically, shocks are divided into two main types based combination of mag-
netic field strength, shock velocity, density, and levelafization (Draine 1980, Draine
et al. 1983, Hollenbach et al. 1989, Hollenbach 1997). Imtowous’ C-type) shocks,
in the presence of a magnetic field and low ionization, theknegaupling between the
ions and neutrals results in a continuous change in the gampéers. Peak temperatures
of a few 1¢ K allow the molecules to survive the passage of the shock;misitherefore
referred to as non-dissociative. In ‘jumpl{type) shocks, physical conditions change in
a discontinuous way, leading to higher peak temperatuassithC shocks of the same
speed and for a given density. Depending on the shock veldcihocks are either non-
dissociative (velocities below about30 km s, peak temperatures of about a fewt K)
or dissociative (peak temperatures even exceedifid<).0but the moleculesféciently
reform in the post-shock gas.

Shocks reveal their presence most prominently in the iafré§iR) domain, where the
post-shock gas isfigciently cooled by numerous atomic and molecular emissioesli
Cooling from H is dominant in outflow shocks (Nisini et al. 2010b, Giannirak 2011),
but its mid-IR emission is stronglyfi@cted by extinction in the dense envelopes of young
protostars (Giannini et al. 2001, Nisini et al. 2002b, Datisl. 2008, Maret et al. 2009).
In the far-IR, rotational transitions of water vapor,(®) and carbon monoxide (CO) are
predicted to play an important role in the cooling processldémith & Langer 1978,
Neufeld & Dalgarno 1989, Hollenbach 1997) and can serve aagndstic of the shock
type, its velocity, and the pre-shock density of the meditiolienbach et al. 1989, Kauf-
man & Neufeld 1996, Flower & Pineau des Foréts 2010, 2012).

The first observations of the critical wavelength regimedst these modelst(~
45— 200um) were taken using the Long-Wavelength Spectrometer (L@I&gg et al.
1996) onboard thinfrared Space ObservatoySO, Kessler et al. 1996). Far-IR atomic
and molecular emission lines were detected toward sevarahass deeply-embedded
protostars (Nisini et al. 2000, Giannini et al. 2001, vanhdisck 2004), but its origin was
unclear due to the poor spatial resolution of the telescep8Q’, Nisini et al. 2002b,
Ceccarelli et al. 2002).

The sensitivity and spectral resolution of the Photodete&stray Camera and Spec-
trometer (PACS, Poglitsch et al. 2010) onbo#terschelallowed a significant increase
in the number of young protostars with far-IR line detecsi@mompared with the early
ISO results and has revealed rich molecular and atomic limeston both at the proto-
stellar (e.g. van Kempen et al. 2010b, Goicoechea et al.,20d12zeg et al. 2012, Visser
etal. 2012, Green et al. 2013, Karska et al. 2013, Lindbeay) 2013, Manoj et al. 2013,
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Wampfler et al. 2013) and at pure outflow positions (Santangfedl. 2012, 2013, Codella
et al. 2012b, Lefloch et al. 2012b, Vasta et al. 2012, Nisial.€2013).

The unprecedented spatial resolution of PACS allowed l@ettahaging of L1157 pro-
viding firm evidence that most of far-IR4® emission originates in the outflows (Nisini
et al. 2010a). A mapping survey of about 20 protostars redesimilarities between the
spatial extent of KO and high-J CO (Karska et al. 2013). Additional strong flux correla-
tions between those species and similarities in the vetoetolved profiles (Kristensen
et al. 2010, 2012, San José-Garcia et al. 2013, Santangalo2i14) suggest that the
emission from the two molecules arises from the same regidns is further confirmed
by finely-spatially sampled PACS maps in CO 16-15 and varit3 lines in shock po-
sitions of L1448 and L1157 (Santangelo et al. 2013, Tafdllal.e2013). On the other
hand, the spatial extent of OH resembles the extent of §2d, additionally, a strong
flux correlation between the two species is found (Karska.e2@L3, Wampfler et al.
2013). Therefore, at least part of the OH emission mostyfikeiginates in a dissociative
J-shock, together with [@ (Wampfler et al. 2010, Benedettini et al. 2012, Wampfler
et al. 2013).

To date, comparisons of the far-IR observations with shoolets have been limited
to a single source or its outflow positions (e.g. Nisini etl@199, Benedettini et al. 2012,
Vasta et al. 2012, Santangelo et al. 2012, Dionatos et aB,A08e et al. 2013, Flower
& Pineau des Foréts 2013). Even in these studies, separaesanof each species (or
different pairs of species) often led tdfdrent sets of shock properties that needed to be
reconciled. For example, Dionatos et al. (2013) show thata@® H line emission in
Serpens SMM3 originates from a 20 knts) shock at low pre-shock densities (L0*
cm3), but the BO and OH emission is better explained by a 30-40 km& shock.

In contrast, Lee et al. (2013) associate emission from b@ha@d HO in L1448-MM
with a 40 km s C shock at high pre-shock densities 10° cm~3), consistent with the
analysis of the L1448-R4 outflow position (Santangelo e2@1.3). Analysis restricted to
H,0 lines alone often indicates an origin in non-dissociafiwhocks (Santangelo et al.
2012, Vasta et al. 2012, Busquet et al. 2014), while separstysis of CO, OH, and
atomic species favors dissociatiyshocks (Benedettini et al. 2012, Lefloch et al. 2012a).
The question remains how to break degeneracies betweenritels and how typical
the derived shock properties are for young protostars.,Asoveys of highd CO lines
with PACS have revealed two universal temperature comgsmethe CO ladder toward
all deeply-embedded low-mass protostars (Herczeg et &R,2B8oicoechea et al. 2012,
Green et al. 2013, Karska et al. 2013, Kristensen et al. 2048pj et al. 2013, Lee et al.
2013). The question is how theffiirent shock properties relate with the ‘warm’ £ 300
K) and ‘hot’ (T = 700 K) components seen in the CO rotational diagrams.

In this paper, far-IR spectra of 22 low-mass YSOs observaubasof the ‘William
Herschel Line Legacy’ (WILL) survey (PI: E.F. van Dishoeek§ compared to the shock
models from Kaufman & Neufeld (1996) and Flower & Pineau des2Es (2010). All
sources are confirmed deeply-embedded YSOs located in thetwdied Perseus molec-
ular cloud spanning the Class 0 and | regime (Knee & Sand@02Bnoch et al. 2006,
Jargensen et al. 2006, 2007b, Hatchell et al. 2007a,b, Bagis2008, Enoch et al. 2009,
Arce et al. 2010). KO, CO, and OH lines are analyzed together for this uniform-sam
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ple to answer the following questions: Do far-IR line obsgions agree with the shock
models? How much variation in observational diagnosticshafck conditions is found
between dferent sources? Can one set of shock parameters explainlattuter species
and transitions? Are there systematiffeliences between shock characteristics inferred
using the CO lines from the ‘warm’ and ‘hot’ components? Hawsock conditions vary
with the distance from the powering protostar?

This paper is organized as follows. Section 2 describesaince sample, instrument
with adopted observing mode, and reduction methods. §&pteshe results of the ob-
servations: line and continuum maps, and the extractedrsp& shows comparison
between the observations and shock models. 85 discussdis @stained in 84 and §6
presents the conclusions.

4.2 Observations

All observations presented here were obtained as part oftfilkam Herschel Line
Legacy’ (WILL) OT2 program orHerschel(Mottram et al. in prep.). The WILL sur-
vey is a study of HO lines and related species with PACS and the Heterodyneiment
for the Far-Infrared (HIFI, de Graauw et al. 2010) toward ahiased flux-limited sample
of low-mass protostars newly discovered in the reGpitzer(c2d, Gutermuth et al. 2009,
2010, Evans et al. 2009) aterschel(André et al. 2010) Gould Belt imaging surveys.
Its main aim is to study the physics and chemistry of stamfog regions in a statistically
significant way by extending the sample of low-mass protestéserved in the ‘Water
in star-forming regions with Herschel’ (WISH, van Dishoestlal. 2011) and ‘Dust, Ice,
and Gas in Time’ (DIGIT, Green et al. 2013) programs.

This paper presents thderschelPACS spectra of 22 low-mass deeply-embedded
YSOs located exclusively in the Perseus molecular cloud Tsdle 4.1) to ensure the
homogeneity of the sample (similar ages, environment, éstdrite). The sources were
selected from the combined SCUBA aS8gitzefIRAC and MIPS catalog of Jgrgensen
et al. (2007b) and Enoch et al. (2009), and all contain a aoefirembedded YSO (Stage
0 or I, Robitaille et al. 2006, 2007) in the center.

The WILL sources were observed using the line spectroscamenon PACS which
offers deep integrations and finely sampled spectral resolat@ments (minimum 3 sam-
ples per FWHM depending on the grating order, PACS Obserwéanuat) over short
wavelength ranges (0.5+2n). The line selection was based on the prior experience with
the PACS spectra obtained over the full far-infrared spécainge in the WISH and DIGIT
programs and is summarized in Table 4.A.1. Details of theerdagions of the Perseus
sources within the WILL survey are shown in Table 4.A.2.

1 httpy/herschel.esac.esa/iMbcgPACShtml/pacs_om.html
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Table 4.1— Catalog information and source properties

Object R.A. Decl. Thol Lbot  Menv Region Other names
"m9 ©’" (K)  (Lo) (Mo)
Per01 03:25:22.32 +30:45:13.9 44 4.5 1.14 L1448 Per-emb 22, L1448 IRS2, IRA2382034, YSO 1
Per02 03:25:36.49 +30:45:22.2 50 10.6 3.17 L1448 Per-emb 33, L1448 N(A), L1483, YSO 2
Per03 03:25:39.12 +30:43:58.2 47 8.4 2.56 L1448 Per-emb 42, L1448 MMS, L1448)C{I$O 3
Per04 03:26:37.47 +30:15:28.1 61 1.2 0.29 L1451 Per-emb 25, IRAS032884, YSO 4
Per05 03:28:37.09 +31:13:30.8 85 111 0.35 NGC1333 Per-emb 35, NGC1333 IRASASD3255-3103, YSO 11
Per06 03:28:57.36 +31:14:15.9 85 6.9 0.30 NGC1333 Per-emb 36, NGC1333 IRASZR) Y6
Per07 03:29:00.55 +31:12:00.8 37 0.7 0.32 NGC1333 Per-emb 3, HRF 65, YSO 18
Per08 03:29:01.56 +31:20:20.6 131 16.8 0.86 NGC1333 Per-emb54,HH 12, YSO 19
Per09 03:29:07.78 +31:21:57.3 128 23.2 0.24 NGC1333 Per-emb 50
Perl10 03:29:10.68 +31:18:20.6 45 6.9 1.37 NGC1333 Per-emb 21, HRF 46, YSO 23
Perl? 03:29:12.06 +31:13:01.7 28 4.4 5.42 NGC1333 Per-emb 13, NGC1333 IRASYBO 25
Per12 03:29:13.54 +31:13:58.2 31 1.1 1.30 NGC1333 Per-emb 14, NGC1333 IRASED) 26
Perl3 03:29:51.82 +31:39:06.0 40 0.7 0.51 NGC1333 Per-emb 9, IRAS03Z28, YSO 31
Perl4 03:30:15.14 +30:23:49.4 88 1.8 0.14 B1l-ridge Per-emb 34, IRAS033013
Perl5 03:31:20.98 +30:45:30.1 35 1.7 1.29 B1l-ridge Per-emb 5, IRASO328235, YSO 32
Perl6 03:32:17.96 +30:49:47.5 30 1.1 2.75 B1l-ridge Per-emb 2, IRAS0323239, YSO 33

Perl? 03:33:14.38 +31:07:10.9 43 0.7 1.20 B1 Per-emb 6, B1 SMM3, YSO 35
Perl8  03:33:16.44 +31:06:52.5 25 1.1 1.22 B1 Per-emb 10, B1 d, YSO 36
Per19 03:33:27.29 +31:07:10.2 93 1.1 0.23 B1 Per-emb 30, B1 SMM11, YSO 40

Per20 03:43:56.52 +32:00:52.8 27 2.3 2.05 IC 348 Per-emb 1, HH 211 MMS, YSO 44
Per21 03:43:56.84 +32:03:04.7 34 2.1 1.88 IC 348 Per-emb 11, IC348 MMS, IC348 $80 43
Per22 03:44:43.96 +32:01:36.2 43 2.6 0.64 IC 348 Per-emb 8, IC348 a, IRAS038152, YSO 48

Notes.Bolometric temperatures and luminosities are determineldding the PACS continuum values; the procedure will Iseused in Mottram
et al. (in prep.). Numbered Per-emb names come from Enodh(@089), whereas the numbered YSO names come from Jgrgehaé (2006)
and were subsequently used in Davis et al. (2008). Othecsadentifiers were compiled using Jargensen et al. (200&hull et al. (2007),
Davis et al. (2008), and Velusamy et al. (2013). Observatimstained in 2011 which overlap with Per03 and Perll arespted in Lee et al.
(2013) and Herczeg et al. (2012), respectivélyTabulated values come from Green et al. (2013), where full®8pectra are obtained. The WILL
values forTye andLyg are 48 K and 8.0 L, respectively, within 5% of those of Green et al. (203)Tabulated values come from Karska et al.
(2013) and agree within 2% of the values 29 K and 4,3®htained here. We prefer to use the previously publishagegabecause the pointing of
that observation was better centered on the IRAS4Bhe df-positions of Per17 and Per18 were contaminated by otheéincmm sources, and
therefore thel,, andLy, are calculated here without the HerschBACS points.
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4.3 Results

PACS is an integral field unit with & array of spatial pixels (hereaftspaxel¥
covering a field of view of 477 x 47”. Each spaxel measuredd.4” x 9.4”, or 2x107°
sr, and at the distance to Perseds= 235 pc, Hirota et al. 2008) resolves emission
down to ~2,300 AU. The total field of view is about 5.2308 sr and~11,000 AU.
The properly flux-calibrated wavelength ranges includ®5—70um, ~72—94um, and
~105-187um, corresponding to the second {00um) and first spectral orders- (100
um). Their respective spectral resolving power Rre2500—-4500 (velocity resolution of
Av ~70-120 km s'), 1500-25004v ~120-200 km s'), and 1000-1500Ap ~200-300
km s1). The standard chopping-nodding mode was used with a me(B)nthopper
throw. The telescope pointing accuracy is typically betten 2’ and can be evaluated to
first order using the continuum maps.

The basic data reduction presented here was performedthsihtprschel Interactive
Processing Environment v.16i¢e, Ott 2010). The flux was normalized to the telescopic
background and calibrated using observations of Neptupect&l flatfielding within
HIPE was used to increase the signal-to-noise (for detaks Herczeg et al. 2012, Green
et al. 2013). The overall flux calibration is accurate-t@0%, based on the flux repeata-
bility for multiple observations of the same target iffdient programs, cross-calibrations
with HIFI and ISO, and continuum photometry.

CustomioL routines were used to extract fluxes using Gaussian fits widd fiine
width (for details, see Herczeg et al. 2012). The totah %ine fluxes were calculated by
co-adding spaxels with detected line emission, after ekoficontamination from other
nearby sources except Per 2, 3, 10, and 18, where spatiabtiepebetween dierent
components is too small (see §3.1). For sources showing@xteemission, the set of
spaxels providing the maximum flux was chosen for each liparsgely. For point-like
sources, the flux is calculated at the central position aed tiorrected for the PSF us-
ing wavelength-dependent correction factors (see PAC®1®@bss Manual). Table 4.A.3
shows the line detections toward each source, while thebfttxes will be tabulated in
the forthcoming paper for all the WILL sources (Karska etraprep.).

4.3 Results

In the following sections, PACS lines and maps of the Per¥&@s are presented. Most
sources in this sample show emission in just the centraledp@xly a few sources show
extended emission and those maps are compared to maps ravatieengths to check
for possible contamination by other sources and their ausfldn this way, the spaxels
of the maps with emission originating from our objects aralgshed and line fluxes
determined over those spaxels. The emergent line speetthenr discussed.

4.3.1 Spatial extent of line emission

Table 4.1 provides a summary of the patterns gdk2;,-10; line and continuum emission
at 179um for all WILL sources in Perseus (maps are shown in Figs.4ahd 4.A.2).
The mid-infrared continuum and_Hine maps from Jgrgensen et al. (2006) and Davis
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et al. (2008, including CO 3-2 observations from Hatchelle2007a) are used to ob-
tain complementary information on the sources and theftaws. For a few well-known
outflow sources, large-scale CO 6-5 maps from Yildiz et abifs) are also considered.

As shown in Table 4.1, the majority of the PACS maps toward@es YSOs do not
show any extended line emission. The well-centered continand line emission orig-
inates from a single object and an associated bipolar oufffovt2 out of 22 sources.
Among the sources with spatially-resolved extended eprissh the maps, various rea-
sons are identified for their origin as illustrated in Figl.4n the map of Per 2, contribu-
tion from three nearby protostars and a strong outflow froemtiore distant L1448-MM
source cause the extended line and continuum pattern. Bmissthe Per 12 map is
detected away from the continuum peak, but the emissionnaitigs from a large-scale
outflow from NGC1333-IRAS4A, not the targeted source. Th®Hmission in the Per
20 map is detected in the direction of the strong outflow asaxtent is only slightly
affected by the small mispointing revealed by the asymmetii¢icoum emission.

Extended emission beyond the well-centered continuumn dke case of Per 20,
is seen clearly only in Per 9 and Per 21-22. Additionally, ¢batinuum peaks for Per
3, 8, and 11 areft-center, whereas the line emission peaks on-source, dirggésat
some extended line emission is associated with the sows&lé énd not only due to the
mispointing.? Similar continuum patterns are seen in Per 6 and Per 10, bethe line
emission peaks a few spaxels away from the map center. Incagtfs, contribution from
additional outflowg sources is the cause of the dominafiitspurce line emission.

To summarize, when the contamination of other sources agid dltflows can be
excluded, Perseus YSOs show that th®H;--19; line emission is either well-confined
to the central position on the map or shows at best weak estklige emission (those
are marked with ‘e’ in Table 2). In total, 7 out of 22 sourceswstextended emission in
the H,O 2;,-10; line associated with the targeted sources. Emission in GO a@d other
H-O lines follows the same pattern (see Figure 4.A.3). Sityileompact emission was
seen in a sample of 30 protostars surveyed in the DIGIT progreen et al. 2013). In
contrast, the WISH PACS survey (Karska et al. 2013) revestieahg extended emission
in about half of the 20 low-mass protostars. There, the aimbf patterns of molecular
and atomic emission showed thag®land CO spatially co-exist within the PACS field-
of-view, while OH and [Q] lines are typically less extended, but also follow eacteoth
spatially and not KO and CO.

2 On-source observations that contained Per 3 and Per 11 athe field-of-view are discussed in separate
papers by Lee et al. (2013) and Herczeg et al. (2012), resplyct
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Table 4.1— Notes on mapped regions for individual sources

Object | Continuum Line Sources Outflows Remarks
on of on of | single multiple single multiple
Per01 | X - X - X - X -
Per02 | X - - X - X - Xc three sources (3), contam. by Per03 (1,2)
Per03 | - Xe - X - X a binary (1,4)
Per04 | X - nd nd X - X -
Per05 | X - X - X - X -
Per06 | - X - X - X? - Xc contam. by NGC1333 IRAS 2A in N-W (5)
Per07 | X - nd nd X - Xc - contam. in lines in N-W
Per08 - X Xe - X - X -
Per09 | X - Xe - X? - X? -
Perl0 | - X - X - X - Xc two sources (1,2), dominated by YSO 24 (1,2)
Perll | - X Xe - - X - Xc NGC1333 IRAS4A in N-W (5)
Per12 | X - nd nd X - Xc - contam. in lines by NGC1333 IRAS4A in N-W (5)
Perl3 | X - nd nd X? - X?
Perld | X - X - X? - X?
Perl5 | X - X - X - X -
Perl6 | X - nd nd X - X -
Perl7 - X? nd nd - X - Xc? Per18 in S-E, nodded on emission
Perl8 | X - X - X - - Xc? B1-b outflow? (2)
Per19 | X - X - X - X -
Per20 | X - Xe - X - X -
Per21 | X - Xe - X? - X? -
Per22 | X - Xe - X? - X? -

Notes. Columns 2-5 indicate the location of the continuum at LR9 and line emission peak of the;&8 2;,-1y; (179.527um) transition on
the maps (whether on orffecenter). Columns 6-9 provide information about the numdfesources and their outflows in the mapped region.
Contamination by the outflows driven by sources outside @3 field-of-view is mentioned in the last column. Extendedssion associated
with the targeted sources is denoted by 'e’. Non-detectizrsabbreviated by ‘nd’, while ‘c’ marks the contaminatidrite targeted source map
by outflows from other sources. References: (1) Jgrgensain (@006), (2) Davis et al. (2008), (3) Looney et al. (20q@),Hirano et al. (2010),
Lee et al. (2013), (5) Yildiz et al. (subm).
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Figure 4.1 — PACS spectral maps in the;8 2,,-15, line at 179um illustrating sources with ex-
tended emission due to multiple sources in one field (Perdtaenination by the outflow driven
by another source (Per 12), and associated with the targetédstar (Per 20). Even though the
emission on the maps seems to be extended in many sources@u®gahe extended emissiasr
sociated with the targeted protostar itsédfdetected only towards a few of them (see Table 2). The
orange contours show continuum emission at 30%, 50%, 70869@% of the peak value written
in the bottom left corner of each map. L1448 IRS 3A, 3B, and 8@&es and their CO 2—-1 outflow
directions are shown on the map of Per 2 (Kwon et al. 2006, ep@t al. 2000); the blue outflow
lobe of L1448-MM also covers much of the observed field. CO @utflow directions of Per 20

/ HH211 are taken from Gueth & Guilloteau (1999). Wavelengthsiicrons are translated to the
velocity scale on the X-axis using laboratory wavelengsies (Table 4.A.1) of the species and cover
the range from -600 to 600 km’s The Y-axis shows fluxes in Jy normalized to the spaxel wi¢h th
brightest line on the map in arange -0.2to 1.2.

4.3.2 Line detections

In the majority of our sources, all targeted rotational sifans of CO, HO, and OH are
detected, see Fig. 4.2 and Tables 4.A.1 and 4.A.3. Thgl{@e at 63um and the [Gi]
line at 158um will be discussed separately in a forthcoming paper iriogicll WILL
sources (Karska et al. in prep.) and are not included in thedignd further analysis.

The CO 16-15 line with an upper level enerdy,(ks) of about 750 K is seen in 17
(~80%), the CO 24-23H,,/kg ~ 1700 K) in 16 &70%), and the CO 32-3E(/kg ~ 3000
K) in 8 (~30%) sources. The most commonly detected orth®-tines are: the 2-1p;
line at 179um (E,/ks ~ 110 K) and the g4-3;3 line at 125um (E,/ks ~ 320 K), seen in
15 sources+ 70 %), whereas the;6-5¢s line at 82um (Ey/ks ~ 640 K) is detected in 13
sources{ 60 %). The para-kD line 3,,-21; at 90um (E,/ks ~ 300 K) is seen toward 9
sources{ 50 %).

Three OH doublets targeted as part of the WILL survey, the ik, J = Y2 —
My,, J = 32 at 79um, 211y, J = 7/2 - 5/2 doublet at 84um (E,/kg ~ 290 K), and?Tly,
J = 32— 12 doublet at 163:m (E,/ks ~ 270 K), are detected in 14, 15, and 13 objects,
respectively £ 60— 70 %).
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Figure 4.2— Line survey of deeply-embedded young stellar objects indRes at the central position
on the maps. Spectra are continuum subtracted and not turier the PSF. Line identification of
CO (red), HO (blue), and OH (light blue), are shown. Each spectrum is scate from 0 to 5 Jy
in the y-axis, with the brightest sources — Per 3, Per 9, and Pe scaled down in flux density by
a factor of 0.1, 0.5, and 0.1, respectively.

Sources without any detections of molecular lines assediaiith the targeted pro-
tostars are Per 4, 7, 12, and 17 (see Table 4.A.3). In Per 33tenlweak HBO lines
at 108 and 12m are seen, whereas in Per 16 only a few of the loweSP lines are
detected. A common characteristic of this weak-line grougbgects, is a low bolometric
temperature (all except Per 4) and a low bolometric lumiygsiee Table 4.1), always
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Figure 4.3 — Flux ratios of the HO 4y;-3;3 and CO 21-20 lines at125um calculated using
compactand extendedflux extraction regions (see text) corrected for contannimafrom other
sourceg outflows. Median values for the two configurations are showrhe dashed line. The
light blue rectangle shows the parameter space betweenitiimum and maximum values of line
ratios in the more extended configuration. The error bareaethe uncertainties in the measured
fluxes of the two lines, excluding the calibration error, ghis the same for those closely spaced
lines.

below 1.3L.. However, our sample also includes a few objects with sifyilaw values
of Lpol, that show many more molecular lines (in particular Per 8also Per 15 and 21),
so low luminosity by itself is not a criterion for weak ling3n the other hand, low bolo-
metric temperature and high luminosity is typically conieelowith strong line emission
(Kristensen et al. 2012, Karska et al. 2013).

4.3.3 Observed line ratios

Observed line ratios are calculated using the fluxes olddien the entire %5 PACS
maps in cases of extended emission where contamination l@aidoy source angor
outflows is excluded. For point sources, a wavelength-degetrPSF correction factor is
applied to fluxes obtained from the central spaxel (for detaee §2). In principle, ratios
using lines that are close in wavelength could be calculaséty smaller flux extraction
regions, and no PSF correction would be required. Howekieriransition wavelengths
of H,O are not proportional to the upper energy levels, as is tee far CO, and com-
parisons of lines tracing similar gas have to rely on lined tie far apart in wavelength.
We explore to what extent the size of the extraction regi®ecss the inferred line ratios.
Since our aim is to understand the influence of the extendéskem associated with the
source(s), the ratios of lines close in wavelength are stutdi avoid the confusion due to
the PSF variations.

Fluxes of the nearby $O 4p4-313 and CO 21-20 lines located at 124-128 are cal-
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culated first using only the central spaxebfnpact regiopand then using all the spaxels
with detected line emissiomxtended regionFig. 4.3 illustrates that the line ratios calcu-
lated in these two regions are fully consistent. Thereffethe subsequent analysis the
extended region is used for comparisons with models. Tal®el4hows the minimum
and maximum values of the observed line ratios, their mearesaand the standard de-
viations for all sources with detections.

Even taking into account the uncertainties in flux extractibe line ratios span re-
markably narrow ranges of values, see Table 4.2 for a seteofiH,O, CO, and OH line
ratios. The largest range is seen in thgdH;,-15/CO 16-15 line ratio, which spans an
order of magnitude. In all the other cases the line ratiossardlar up to a factor of a
few. The most similar are the OH line ratios whictifdi only by a factor of two, con-
sistent with previous studies based on a large sample ofiaas YSOs in Wampfler
et al. (2013). The observed similarities also imply thatlthe ratios do not depend on
protostellar luminosity, bolometric temperature, or dope mass (see Fig. 4.B.1).

Our line ratios for Perseus sources are consistent withrénaéqusly reported values
for other deeply-embedded protostars observed in the say€on source’) as tabulated
in Table 4.2. Some tlierences are found for PACS observations of shock positivay a
from the protostar (‘@ source’). Most notably, the ratios using the low excitatidyO
212-1p1 line at 179um are up to a factor of two larger than those observed in the pro
tostellar vicinity. Such dferences are not seen when more highly-excite@® Hnhes are
compared with each other, for examplg®2,,-1;0 and 44-3;3 lines, or with the high J
CO lines, for example CO 24-23. The ratios of two CO lines oleskaway from the pro-
tostar, e.g. the CO 16-15 and CO 24-23 ratios, are at the Idvokthe range observed
toward the protostellar position.

Spectrally-resolved profiles of the,B 2;,-1p; line observed with HIFI toward the
protostar position reveal absorptions at source veloeityaving about 10% of total line
flux (e.g. Kristensen et al. 2010, Mottram et al. in press). @uesolved PACS observa-
tions therefore provide a lower limit to the,® emission in the -1, line. This dfect,
however, is too small to explain theffiirences in the line ratios at the ‘on source’ an ‘o
source’ positions.
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Table 4.2— Comparison of observed;R®, CO, and OH line ratios with literature values

objeCt 2,-1p1/ 16-15 44-313/ 24-23 16-15 24-23 2o-101/ 404-313  201-110/ 404-313 OH 84/79 Ref.
Perseus (this work)
Perseus 0.2-2.4 0.2-1.1 1.2-4.6 1.3-6.3 1.4-55 1.1-2.4 is wbrk
On-source (literature)
SMM3 b 1.0:0.1 0.5:0.2 3.3:0.8 7.%1.0 3.#1.0 1.4:0.7 1)
c 0.9:0.2 0.9-0.3 4.6:1.0 4.91.0 2.3:0.8 2.41.2 Q)
r 1.0:0.1 2.0£0.7 9.4:2.3 4.7+1.0 3.10.9 n.d. 1)
SMM4 r 0.8:0.1 0.4-0.1 3.6:0.6 7.81.6 3.:1.3 1.10.5 1)
L1448-MM 2.3:1.3 1.20.7 2112 4123 2.6:1.5 1.4:0.9 2
NGC1333 14B 1.40.1 1.6:0.1 1.9-0.1 1.9-0.1 2.6:0.1 1.2:0.2 3)
Off—source (literature)
L1157 B1 4.0+0.5 - - 11.0 2.91.2 n.d. (4,5)
Bl 2.1+0.2 - - 9.2+42.2 2.8+1.0 0.9:0.5 (4,5)
B2 17.0:8.4 n.d. >0.3 >7.7 n.d. - (6)
R 5.3t2.4 >0.26 >0.5 10.6:4.7 1.8+0.8 - (6)
L1448 B2 2.304 0.4:0.3 2.80.9 15.0:6.5 3.7+1.6 - (6)
R4 8.2+3.0 >0.3 >0.9 23.249.7 3.3t1.2 - (6)

Notes.Sources in the upper part of the table refer to protostediaitipns within the PACS maps, sources in the lower part tefshock positions
away from the protostar. Ranges of line ratios calculatedPferseus sources are listed at the top. Line ratios of setine¢ exceed the Perseus
values are shown in boldface. The L1157 B1’ position referghe high-excitation CO emission peak close to the nominaltjpn of the B1
shock spot (Benedettini et al. 2012). Non-detections abeesiated with n.d. OH 8479 refers to the ratio of two OH doublets, at 84 andun®
respectively. The total flux of the 8dn doublet is calculated by multiplying by two the 8446 flux, due to the blending of the 84.4n line with
the CO 31-30 line. References: (1) Dionatos et al. (2013).€2 et al. (2013), (3) Herczeg et al. (2012), (4) Benedettial. (2012), (5) Busquet

et al. (2014), (6) Santangelo et al. (2013).
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4.4 Analysis

4.4 Analysis

The fact that multiple molecular transitions over a widegauof excitation energies are
detected, points to the presence of hot, dense gas and caedhéouconstrain the signa-
tures of shocks created as a result of outflow-envelopesdictien. In particular, the line
ratios of HO, CO, and OH are useful probes of various shock types andnedeas that
do not siffer from distance uncertainties.

Similarities between the spatial extent offdrent molecules (83.1) coupled with sim-
ilarities in the velocity-resolved line profiles among teepecies (Kristensen et al. 2010,
Yildiz et al. 2013, San José-Garcia et al. 2013, Mottram. éh gress) strongly suggest
that all highly-excited lines of CO andJ@ arise from the same gas. Somé&eliences
may occur for OH, which is also associated with dissociadivecks and can befacted
by radiative excitation (see 85). Modeling of absolute filuxes requires sophisticated
two-dimensional (2D) physical source models for the prapatment of the beam filling
factor (Visser et al. 2012). Those models also show that UAtihg alone is not dficient
to account for the high excitation lines. Hence, the focuthia analysis is on shocks.
Since the absolute flux depends sensitively on the assumitingnarea, in the subse-
guent analysis only the line ratios are compared.

In the following sections, properties of shock models amptedicted line emission
in various species are discussed (84.1) and observatierarpared with the models,
using line ratios of the same species (84.2), artbdint species (84.3). Special focus
will be given toC—type shocks where grids of model results are available ifitdrature.
Observations suggest that most of the mass of hot gasGs-tppe shocks toward the
central protostellar positions, at least fop® and CO withd < 30 (Kristensen et al.
2013, Kristensen et al. in prep.); high&€O, OH and [Q] transitions, on the other hand,
will primarily trace J-type shocks (e.g. Wampfler et al. 2013, Kristensen et al. 2013
The excitation of OH and [@ will be analyzed in a forthcoming paper; tle> 30 CO
emission is only detected towaxd30% of all sources and so is likely unimportant for the
analysis and interpretation of the data presented herg.l@rited discussion ofl— type
shocks is therefore presented below.

4.4.1 Modelline emission

Models of shocks occurring in a medium with physical comdfi§ typical for the en-
velopes of deeply-embedded young stellar objects providduable tool for investigat-
ing shock characteristics: shock type, velocity, and treegirock density of (envelope)
material.

Model grids have been published using a simple 1D geometngrefor steady-state
C andJ type shocks (Hollenbach et al. 1989, Kaufman & Neufeld 1898yer & Pineau
des Foréts 2010) or time-depend€nt J type shocks (Gusdorf et al. 2008, 2011, Flower
& Pineau des Foréts 2012). The latter are non-stationargkshavhere al-type front is
embedded in &—-type shock (Chieze et al. 1998, L&%a et al. 2004a,b). These shocks
are intermediate between pue andJ-type shocks and have temperatures and physical
extents in between the two extremes.
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C-J shocks may be required for the youngest outflows with agestlemn 16 yrs,
(Flower & Pineau des Foréts 2012, 2013, for the case of IRAS# 11). Here the
dynamical age of the outflow is taken as an upper limit of thahe shock itself, which
may be caused by a more recent impact of the wind on the ereeld®e age of our
sources is of the order of $@rs (Sadavoy et al. 2014, for Class 0 sources in Perseus)
and they should have been driving winds and jets for the bilthis period, so this
timescale is long enough for any shocks close to the soursitigqoto have reached
steady state. While we cannot exclude that a few individoatks have been truncated,
our primary goal is to examine trends across the samplekingd-J type shocks with
a single truncation age as an additional free parameteeigfitre not a proper approach
for this study. The focus is therefore placed on compa€@nrgype shock results from
Kaufman & Neufeld (1996, KN96 from now on) and Flower & Pinafas Foréts (2010,
F+PdF10 from now on) with the observations.

All models assume the same initial atomic abundances anithdyriow degrees of
ionization,x; ~ 1077 for C shocks. The pre-shock transverse magnetic field strength is
parametrized aBy = bx +/ny( cm3) uGauss, wheray is the pre-shock number density
of atomic hydrogen andl is the magnetic scaling factor, which is typically 0.1-3 lire t
ISM (Draine 1980). The value dfin KN96 and RPdF10 is fixed at a value of 1.

The main diference between the two shock models is the inclusion of giiaithe
F+PdF10 models (Flower & Pineau des Foréts 2003). As the elesiare accelerated
in the magnetic precursor, they attach themselves to gthereby charging the grains
and thus increasing the density of the ionized fluid signifilya This increase in density
has the fect of enhancing the ion-neutral coupling (Draine 19803r¢by défectively
lowering the value ob compared to the KN96 models. As a consequence, the maximum
kinetic temperature is higher in the-PdF10 models for a given shock velocity,The
stronger coupling between the ions and neutrals resultairower shocks (Flower &
Pineau des Foréts 2010), with shock widths scaling B&xnyv)~* (Draine 1980). This
proportionality does not capture the ion-neutral coupkxgctly, as, for example, the
grain size distribution influences the coupling (Guilleae®2007, 2011). The compression
in C shocks also changes with the coupling since the post-shersity depends on the
magnetic fieldngost ~ 0.8vnyb™ (e.g. Karska et al. 2013). The column density of emitting
molecules is a function of both shock width and compressictof, and as a zeroth-order
approximation the column density Ié ~ nyosex L ~ b>§1. The ionization degree is not
significantly diferent between the KN96 and-PdF10 models because it is primarily set
by the cosmic ray ionization rate, and thus thePEF10 models predict lower column
densities than the KN96 models for a given velocity and dgnsi

Another important dference is that the4fFPdF10 models take into account that mo-
lecules frozen out onto grain mantles can be released thrspugttering when the shock
velocity exceeds- 15 kms*! (Flower & Pineau des Foréts 2010, 2012, Van Loo et al.
2013). Therefore, the gas-phase column densities of mieletacked up in ices increase
above this threshold shock velocity with respect to the KM&&dels, an ffect which
applies to both CO and4®. Furthermore, KO forms more abundantly in the post-shock
gas of FPdF10 models, because keformation is included, unlike in the KN96 models
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(Flower & Pineau des Foréts 2010).

Molecular emission is tabulated by KN96 for a wide range afcshvelocities, from
v = 51to 45 kms? in steps of 5 kms', and a wide range of pre-shock densitigg
from 10* to 1P° cm2 in steps of 18° cm™. The R-PdF10 grid is more limited in
size, providing line intensities for only two values of mleck densities, namely 40
and 1§ cm3, and a comparable range of shock velocities, but calcuiatsteps of 10
kms™. Calculations are provided for CO transitions frdm= 1 - 0to J = 60— 59 in
KN96 and only up toJ = 20— 19 in F+PdF10. The two sets of models uséfelient
collisional rate cofficients to calculate the CO excitation+IFdF10 show line intensities
for many more HO transitions (in totak 120 lines in the PACS range, see §2) than in the
older KN96 grid (18 lines in the same range), which was inéehior comparisons with
the Submillimeter Wave Astronomy Satellite (SWAS, Melnétlal. 2000) and 1SO data.
KN96 use collisional excitation rates fopB from Green et al. (1993) andHPdF10 from
Faure et al. (2007). Line intensities for OH are only comguig KN96, assuming only
collisional excitation and using the oxygen chemical nelwaf Wagner & Gréf (1987).
The reaction rate cdiécients in that network are within a factor of 2 of the neweesl
by Baulch et al. (1992) and tabulated in the UMIST databasewwdfa.net, McElroy
et al. 2013), see also a discussion in van Dishoeck et al3{201

We also use CO fluxes extracted from the grid of models preddmnt Kristensen et al.
(2007), since highJ CO lines are missing in-APdF10. This grid is based on the shock
model presented in Flower & Pineau des Foréts (2003) andsdeasities from 18-10/
cm~3 and velocities from 10-50 knts (denoted as FPdF* from now on). The main
difference compared to the results fromAelF10 is that CO and 4 level populations
are not calculated explicitly through the shock; insteadlyital cooling functions are
used to estimate the relevant line cooling and only aftedte/dine fluxes are extracted
(Flower & Gusdorf 2009). Models with = 1 are used. The CO line fluxes presented here
are computed using the 3D non-LTE radiative transfer cot#H (Brinch & Hogerheijde
2010), for levels up ta) = 80—79. The CO collisional rate cfirients from Yang et al.
(2010) extended by Neufeld (2012) are used.

In the following sections, the model fluxes of selected C@OHand OH lines are
discussed for a range of shock velocities and three valugses$hock densities: 10
10°, and 16 cm. Note that the post-shock densities traced by observationselated
to the pre-shock densities via the compression factor digrgron the shock velocity and
magnetic field. IrC shocks, the compression factor is about 10 (e.g. Karska 2048).

Figure 4.1 compares model fluxes of various CO, OH, ap@ thes from the KN96
models (panels a and d) and, for a few selected CO a@lllhes, compares the results
with the F+PdF10 or F-PdF* models (panels b, c, e, and f).

4411 CO

The KN96 model line fluxes for CO 16-15, CO 21-20, and CO 29+28aown in panel

a of Fig. 4.1. The upper energy levels of these transitianatli’50 K, 1280 K, and 2900
K, respectively, while with increasing shock velocity, theakC—shock temperature in-
creases from about 400 K to 3200 K (for 10 to 40 kjsand is only weakly dependent
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Figure 4.1— Absolute fluxes of selected CO,8, and OH lines predicted by Kaufman & Neufeld
and Flower & Pineau des Foréts models and shown as a fundt&took velocity. OH 84 refers to
the OH?I1y, J = 7/2 - 52 doublet at 84m.
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on the assumed density (see Fig. 3 of KN96). Therefore, thel&Q@5 line is already
excited at relatively low shock velocities ¢10 kms?, for ny=10* cm3), whereas the
higherJ levels become populated at higher velocities. At a giverckivelocity, emis-
sion from the CO 16-15 line is the strongest due to its lowiical density,ne; ~ 9x 10°
cm3 atT=1000 K (Neufeld 2012). This situation only changes for thghleist pre-shock
densities, when the line becomes thermalized and the apioliather lines dominates.

The CO 16-15 flux from the FPdF10C-type shock models is comparable to the
KN96 flux for thev ~10 kms* shock, but increases less rapidly with shock velocity
despite the sputtering from grain mantles (panel b of Fit)).4As explained before, it
is expected that the column density and the correspondiegflixes are lower in the
F+PdF10 models. For slow shocks the higher temperatures ilatiee models compen-
sate for the smaller column density resulting in a similar T8215 flux.

In J-type shocks, the peak temperatures of the post-shock gad@de5500, 12000,
and 22000 K for the shock velocities of 10, 20, 30, and 40 Kmiespectively (Neufeld
& Dalgarno 1989, Kaufman & Neufeld 1996). For 10-20 krh shocks, these high tem-
peratures more easily excite the CO 16-15 line with respeCt-ttype shock emission.
For shock velocities above 20 km's such high temperatures can lead to the collisional
dissociation of H and subsequent destruction of CO angDHmolecules, resulting in
the decrease of CO fluxes. Thifext requires high densities and therefore the CO flux
decrease is particularly strong for the pre-shock dessit{e cm.

4412 HO

The K0 fluxes show a strong increase with shock velocities abevé0— 15 kms? in
both models, especially at low pre-shock densities (patiétsf Fig. 4.1). At this velocity,
the gas temperature exceedd00 K, so the high-temperature route of® formation
becomes #icient (Elitzur & Watson 1978, Elitzur & de Jong 1978, Berginak 1998,
KN96), which quickly transfers all gas-phase oxygen intgOHvia reactions with bl
(KN96).

In contrast to CO, the upper level energies of the observgd kihes are low and
cover a narrow range of values,, ~ 200—- 600 K. As a result, thefiect of peak gas
temperature on the # excitation is less pronounced (Fig. 3 of KN96) and after the
initial increase with shock velocity, the) @ fluxes in the KN96 models stay constant for
all lines. For high pre-shock densities, the higher lyingele are more easily excited and,
as a consequence, the fluxes of th&H6,6-505 line become larger than those of the®
212-1p1 line. The critical densities of these transitions are atfbotders of magnitude
higher than for the CO 16-15 line and the levels are still idrmally excited at densities
of 10°-10" cm 3,

The HO 2;,-1; fluxes in theC—type F+PdF10 models are remarkably similar to
those found by KN96 (panel e of Fig. 4.1), while the®4y4-313 fluxes are lower by
a factor of a few over the full range of shock velocities and-ghock densities in the
F+PdF10 models (panel f of Fig. 4.1). Lower@ fluxes are expected due to smaller
column of KO in the models with grains (84.1). For the lowdHines, the various factors
(lower column density through a shock but inclusion of icetsring and H reformation)
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apparently conspire to give similar fluxes as for KN96.

In J-type shocks, the fluxes of J@ 2;,-1p1 and 44-313 lines increase sharply for
shock velocities 10-20 knmts (panels e and f of Fig. 4). The increase is less steep at 30
km s shocks fomy=10° cm~3, when the collisional dissociation of,Hind subsequent
destruction of HO molecules occurs (fluxes for larger shock velocities ateamputed
in F+PdF10 and hence not shown). Below 30 ki $ine fluxes fromJ—type shocks are
comparable to those froi—type shock predictions except for the®l 21,-1y; fluxes
at high pre-shock densities, which are an order of magnikigleer with respect to the
C-type shock predictions. Theftirence could be due to smaller opacities for the low-
excitation BO line in thed shocks.

4413 OH

The fluxes of théITy, J = 7/2— 52 doublet at 84im (E,/kg ~ 290 K) calculated with the
KN96 models are shown with the;B lines in panel d of Fig. 4.1. Not much variation is
seen as a function of shock velocity, in particular beyorditfitial increase from 10 to
15 kms?, needed to drive oxygen to OH by the reaction with At about 15 kmst, the
temperature is high enough to start further reactions witteldding to HO production.
The trend with increasing pre-shock density is more appanéth OH fluxes increasing
by two orders of magnitude between the! 1n—2 to 16° cm3, as the density becomes
closer to the critical density of the transition.

4.4.2 Models versus observations — line ratios of the sameespes

Comparison of observed and modeled line ratios Gedént pairs of CO, kD, and OH
transitions is shown in Fig. 4.2. The line ratios are a uspfabe of molecular excita-
tion and therefore can be used to test whether the excitatittre models is reproduced
correctly, which in turn depends on density and temperatué thus shock velocity.

4421 CO line ratios

Given the universal shape of the CO ladders observed tovesaplgtembedded protostars
(see 81 and the discussion on the origin of CO ladders in Bfetpairs of CO lines are
compared with models: (i) CO 16-15 and 21-20 line ratio, esponding to the ‘warm’,
300 K component (panel a); (i) CO 16-15 and 29-28 line ratmmbining transitions
located in the ‘warm’ and ‘hot’¥ 700 K) components (panel b); (iii) CO 24-23 and 29-
28, both tracing the ‘hot’ component (panel c). All ratios aonsistent with th€-type
shock models from both KN96 and-PdF10 for pre-shock densities abaye=10* cm .
For the CO 16-121-20 ratio, a pre-shock density mf=10° cm™3 and shock velocities
of 20-30 kms? best fit the observations. Shock velocities abevgs kms* are needed
to reproduce the observations of the other two ratios atdheegpre-shock density. Alter-
natively, higher pre-shock densities with velocities beRD km s are also possible.
The KN96 C-shock CO line ratios for lower-to-highed transitions (panel b of
Fig. 4.2) decrease with velocity, due to the increase in peaiperature that allows ex-
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pre-shock densities of $@m2 (left), 16° cm™2 (center), and 10cm 2 (right). Observed ratios are
shown as grey rectangles.
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citation of the higheid CO transitions. Thefeect is strongest at low pre-shock densities
(see 84.1.1) and for the sets of transitions with the largesh inJ numbers. The CO 16-
15/29-28 line ratio AJy, = 13) decreases by almost three orders of magnitude between
shock velocities of 10 and 40 km'sover the range of pre-shock densities. In contrast,
the CO 16-15 21-20 and CO 24-2829-28 line ratios show drops of about one order of
magnitude with increasing velocity (panel a and c of Fig) 4Tlhese model trends explain
why the observed CO line ratios are good diagnostics of skieldcity.

In absolute terms, the line ratios calculated for a giveosig} are inversely propor-
tional to the pre-shock density. The largest ratios obthfioe ny=10* cm result from
the fact that the highetJ levels are not yet populated at low shock-velocities, wttike
lower-J transitions reach LTE at high shock-velocities and do notshn increase of
flux with velocity. This éfect is less prominent at higher pre-shock densities, winere t
higherJ lines are more easily excited at low shock velocities.

The F+PdF* CO line ratios, extending the Flower & Pineau des Fq&63) grid to
higher-J CO lines, are almost identical to the KN96 predictions fa-phock densities
ny=10* cm~3. For higher densities, the low-veloci6~shock models from FPdF* are
systematically lower than the KN96 models, up to almost a@eoof magnitude for 10-15
km st shocks any=10° cm3. Therefore, the pre-shock density is less well constrained
solely by CO lines.

For densities of 19cm3, shock velocities of 20-30 knts best reproduce the ratios
using only transitions from the ‘warm’ component, while skaelocities above 25 km
s~ match the ratios using the transitions from the ‘hot’ comgratnVelocities of that order
are observed in CQ = 16 — 15 HIFI line profiles (Kristensen et al. 2013, in prep.), but
higherJ CO lines dominated by the hot component have not been obtaiitle suficient
velocity resolution.

4.4.2.2 HO line ratios

Two ratios of observed D lines are compared with ti@- and J-type shock models:
(i) the ratio of the low excitation kD 2;,-19; and moderate excitation4313 lines (panel
d of Fig. 5) and (ii) the ratio of the highly-excitedB 6,5-505 and 44-313 lines (panel e).
Similar to the CO ratioSC—type shocks with pre-shock densities of Bon2 reproduce
the observations well. Based on the observations of rgti€(shocks with a somewhat
larger (F+PdF10) or smaller (KN96) pre-shock density are also paséilsla broad range
of shock velocities. On the other hand, no agreement witldtigpe shocks is found for
this low-excitation line ratio. Observations of ratio (ifjdicate a similar density range
as ratio (i) for the KN96 models, but extend to*1dn2 for the F+PdF10 models, with
agreement found for boti— andJ-type.

The model trends can be understood as follows. For 10-20 kistecks, increasing
temperature in th€ shock models from KN96 allows excitation of high-lying® lines
and causes thed 2,,-191/404-313 line ratio to decrease and the® 6,6-505/404-313 line
ratio to increase. At higher shock velocities, the forméorshows almost no dependence
on shock velocity, while a gradual increase is seen in the tesing two highly-excited
lines in the KN96 models. At high pre-shock densitiag£10° cm3), the upper level
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transitions are more easily excited and so the changes enesevaller.

The HO 2;,-101/404-313 line ratios calculated using the—type shock models from
F+PdF10 are a factor of a few larger than the correspondingsr&tom the KN96 models
(see the discussion of absolute line fluxes in Sec. 4.1.2a fesult, when compared to
observations, the-PdF10 models require pre-shock densities of at legstl0° cm,
while the KN96 models suggest a factor of few lower densiti@gerall, the best fit to
both the CO and kD line ratios is for pre-shock densities around &612.

4.4.2.3 OH line ratios

Comparison of the observed OH 84 anduf8 line ratio with the KN96C—-type models
(panel f of Fig. 5) indicates an order of magnitude highergiteck densitiesp=10°
cm~3, with respect to those found using the CO angDHatios. However, the KN96
models do not include any far-infrared radiation, whidfeets the excitation of the OH
lines, in particular the 7@m (Wampfler et al. 2010, 2013). Additionally, part of OH most
likely originates in aJ—type shock, influencing our comparison (Wampfler et al. 2010,
Benedettini et al. 2012, Karska et al. 2013, Kristensen. &(Hl3).

Similar to the absolute fluxes of the &n doublet discussed in 84.1.3, not much
variation in the ratio is seen with shock velocity. The raticreases by a factor of about
two between the lowest and highest pre-shock densities.

4.4.3 Models and observations - line ratios of dferent species

Figure 4.3 compares observed line ratios of variog® ldnd CO transitions with the C
and J-type shock models. The line ratios offféirent species are sensitive both to the
molecular excitation and their relative abundances.

4.4.3.1 Ratios of HO and CO

Comparison of observations to the KN96 andAeF10 models shows that tie-type
shocks at pre-shock density = 10° cm3, which best reproduces the line ratios of same
species, fail to reproduce the observed line ratios fiedint species (Fig. 4.3). There
are only a few cases where the observations seem to agre¢hwithodels at all. For
ny = 10° cm3, a few HO/CO line ratios fit at low velocities{ 20 kms?) (panels a,
¢ and e) but this does not hold for all ratios. Moreover, sueth $hock velocities have
been excluded in the previous section. Higher densitigss 10° cm3, are needed to
reconcile the observations of the®l 2,,-15/CO 29-28 line ratio. Observations of all the
other ratios, using more highly-excited® lines, are well below the model predictions.
The patterns seen in the panels in Fig. 4.3 can be understofmli@vs. The KN96
C type shock models show an initial rise in the@H2;,-1p; and CO 16-15 line ratios
from 10 to 15 kms! shocks (panel a), as the temperature reaches the 400 K ablésna
efficient HLO formation. Beyond this velocity, the line ratios show naiations with
velocity. The decrease in this line ratio for higher deesitfrom 10 at 1bcm3to 0.1 at
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Figure 4.3— H,0 to CO line ratios using Kaufman & Neufeld (1996)shock models (KN96,
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ny=10° cm2 is due to the larger increase of the column of the populaticthé J,=16
level with density compared to the increase in th&2;, level (see Fig. 4.1 above).

Line ratios of BO 2;,-10; and higher-J CO lines (e.g. 29-28, panel b) show more
variation with velocity. A strong decrease by about an oafanagnitude and up to two
orders of magnitude are seen for the ratios with CO 24-23 and2@-28, respectively
(the ratio with CO 24-23 is not shown here). These lines, saudised in 84.1.1 and 4.2.1,
are more sensitive than,B to the increase in the maximum temperature attained in the
shock that scales with shock velocities and therefore thediis quickly rising for higher
velocities (Fig. 4.1). The decrease is steeper for models loiv pre-shock densities,
sinceny ~ 10° cm2 allows excitation of highJ CO lines at lower temperatures. At this
density, the HO/CO line ratios are the lowest and equal about unity.

Due to the lower CO 16-15 fluxes in tli&-type shock models from-HdF10 and
similar H,O 2;,-10; fluxes (Fig. 4.1), the BO-to-CO ratios are generally larger than in
the KN96 models. The exceptions are the ratios with higi€€?O which are more easily
excited, especially at low shock velocities, in the ho@ettype shocks from FPdF*.

For the same reason, the increasing ratios seen id #teck models are caused by
the sharp decrease in CO 16-15 flux for shock velogity 30 kms?, rather than the
change in the KO lines. At such high-velocities far shocks, a significant amount of CO
can be destroyed by reactions with hydrogen atoms (Flowem&d® des Foréts 2010,
Suutarinen et al. 2014). Since the activation barrier feréaction of HO with H is about
10* K, the destruction of KO does not occur until higher velocities.

Similar trends to the line ratios with 4 2;,-1¢; are seen when more highly-excited
H,O0 lines are used (panels c-f of Fig. 4.3), supporting therimetations that variations
are due to dferences in CO rather than@ lines.

4.4.3.2 Ratios of CO and HO with OH

Fig. 4.4 shows line ratios of CO orJ® with the most commonly detected OH doublet at
84um. The ratios are calculated for three values of pre-shoakitles (16, 1, and 16
cm~3) using exclusively the KN96 models, because thé8F10 grid does not present
OH fluxes.

In general, the observed @QOH, and HBO/OH ratios are similar for all sources but
much lower than those predicted by the models assuming gighdicant fraction of the
OH comes from the same shock as CO an@HKisee Sec. 5.1.). The only exception is the
CO 24-230H 84 um ratio where models and observations agree for densitits 10°
cm~3 and shock velocities below 20 km's For any other set of lines discussed here, the
observations do not agree with these or any other models.

As discussed in previous sections, the trends with shocicitglare determined
mostly by the changes in the CO lines, rather than the OHf,itaslseen in Fig. 4.1
(panel d). At shock velocities below 20 kmtghe OH model flux exceeds that of CO due
to the abundancefect: not all OH has been transferred tgHyet at low temperatures.
Due to the lower critical densities of the CO lineg;(~ 10° — 10’ cm3) compared with
the OH line @, ~ 10° cm3), the lines for various pre-shock densities often cross and
change the order in the upper panels of Fig. 4.4. The corneipgtrends in the KHO/OH
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Figure 4.4— CO to OH and HO to OH line ratios as a function of shock velocities using N9
The range of line ratios from observations is shown as fiketangles.

line ratios are similar to those of GOH, except that the variations with shock velocity
are smaller and the critical densities are more similar.

4.5 Discussion

4.5.1 Shock parameters and physical conditions

Spectrally resolved HIFI observations of the CO 10-9 andLb6ine profiles (Kristensen
etal. 2013 and in prep., Yildiz et al. 2013) as well as varidp® transitions (Kristensen et
al. 2012, Mottram et al. in press) reveal at least twftedént kinematic shock components:
non-dissociative C-type shocks in a thin layer along thetgavalls (so-called ‘cavity
shocks’) and J-shocks at the base of the outflow (also cadleat 'shocks’), both caused
by interaction of the wind with the envelope. Both shocks difeerent from the much
cooler entrained outflow gas that is observed in the lo@© line profiles (Yildiz et al.
2013).

One possible physical explanation for our observed lackaoftion is that although
the outflow structure depends on the mass entrainntgcieacy and the amount of mass
available to entrain (the envelope mass), the wind causiagshocks does not depend
on these parameters. Instead the cavity shock caused byrtbémpinging on the inner
envelope depends on the shock velocity and the density dfitiee envelope (Kristensen
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etal. 2013, Mottram et al. in press). Thus, the lack of sigaiit variation in the line ratios
suggests that the shock velocities by the oblique impadh@fiind are always around
20-30 km st.

In Section 4 the observed emission was compared primariinddels ofC—type
shock emission. Although—-type shocks play a role on small spatial scales in low-mass
protostars (Kristensen et al. 2012, 2013, Mottram et alré@sg) their contribution to CO
emission originating in levels with,, < 30 is typically less thar 50%. Since higherJ
CO emission is only detected toward 30% of the sourcesJ#tgpe shock component
is ignored for CO. For the case of,8, spectrally resolved line profiles observed with
HIFI reveal that the profiles do not change significantly véititation up toE,, = 250
K (Mottram et al. in press)J—type shock components typically contributel 0% of the
emission. It is unclear if the trend of line profiles not chiauggwith excitation continues
to higher upper-level energies, in particular all the waytaip,, = 1070 K (J = 816—707
at 63.32um). OH and [Q], on the other hand, almost certainly trace dissocialivgype
shocks (e.g., van Kempen et al. 2010b, Wampfler et al. 201t3) bull analysis of their
emission will be presented in a forthcoming paper. Thushafollowing the focus re-
mains on comparing emission to modelsmftype shocks.

Figure 4.1 summarizes theffiirent line ratios as a function of pre-shock density dis-
cussed in the previous sections. General agreement is foeteken the observations
and models when line ratios offtkrent transitions athe same speciese used (see top
row for H,O, CO, and OH examples), indicating that the excitation divildual species
is reproduced well by the models. The®iline ratios are a sensitive tracer of the pre-
shock gas density since they vary less with shock velociy those of CO. Th€ shock
models from KN96 with pre-shock gas densities in the range06f10° cm2 are a best
match to the observed ratios, consistent with values 8th®2 from theC shock mod-
els of F+PdF10. For the considered range of shock velocities, thepoession factor in
those shocks, defined as the ratio of the post-shock andhpacgas densities, varies
from about 10 to 30 (Neufeld & Dalgarno 1989, Draine & McKe&39Karska et al.
2013). The resulting values of post-shock densities, trhgehe observed molecules, are
therefore expected to be 2a0° cm3,

The CO line ratios, on the other hand, are not only sensitivdensity, but also to the
shock velocities, due to their connection to the peak teatpes attained in the shock. In
the pre-shock density range of “00° cm™3, indicated by the KO line ratios, shocks
with velocities above 20 knT$ best agree with the CO observations. Within this range of
densities, the predictions from both the KN96 ardPeF10C shock models show a very
good agreement with each other.

The ratio of two OH lines from the KN96 models compared with dbservations sug-
gest higher pre-shock densities above &3, but this ratio may beféected by infrared
pumping (Wampfler et al. 2013). Also, some OH emission trédissociative)J—shocks,
based on its spatial connection and flux correlations to [@m]ssion (Wampfler et al.
2010, 2013, Karska et al. 2013). The single spectrallytvesiiOH spectrum towards Ser
SMML1 (Fig. 3, Kristensen et al. 2013) suggests that the dartton of the dissociative
and non-dissociative shocks is comparable. Thus, obs€&@@®H and HO/OH line
ratios are only fiected at the factor2 level and the discrepancy in the bottom row of
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Figure 4.1— Ratios of line fluxes in units of erg crhs™ as a function of logarithm of density of
the pre-shock gasy . Ratios of diferent transitions of the same molecules are shown at thetop r
and line ratios comparing flierent species are shown at the bottom. Filled symbols ahérfes
show models o€ shocks (circles — from Kaufman & Neufeld, diamonds — fromvwéo & Pineau
des Foréts), whereas the empty symbols and dash-dottedshesy models of shocks (Flower &
Pineau des Foréts 2010). Colors distinguish shock vedsciti20 kms' shocks are shown in red,
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Fig. 4.1 remains.

Overall, the observed CO and,@ line ratios are best fit witlC—shock models
with pre-shock densities 6f10° cm and velocities>20 km s, with higher velocities
needed for the excitation of the highestCO lines.

The shock conditions inferred here can be compared to thpaeatures and densi-
ties found from single-point non-LTE excitation and raliettransfer models, e.qRADEX
(van der Tak et al. 2007) and from non-LTE radiative tranafalysis of line intensity ra-
tios (Kristensen et al. 2013, Mottram et al., in prep.) tavearious sources. Typically,
densities> 10° cm™3 and temperatures of 300 K and> 700 K are required to account
for the line emission (Herczeg et al. 2012, Goicoechea @042, Santangelo et al. 2012,
Vasta et al. 2012, Karska et al. 2013, Santangelo et al. 20{i#)in this range of densi-
ties, the predictions from both the KN96 anetfFdF10C—-shock models reproduce CO
observations. However, the disconnect between predicteghmpck conditions required
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to reproduce KO and CO is puzzling (see below).

A small number of individual sources have been comparedtjréeo shock models
(Lee et al. 2013, Dionatos et al. 2013) and the conclusiomsiarilar to what is reported
here: pre-shock conditions of typically4010° cm~3, and emission originating iB—type
shocks. None of the sources analyzed previously were threrspecial or atypical, rather
these shock conditions appear to exist toward every emidgutdéostar.

At shock positions away from the protostar, dissociativean-dissociativel—type
shocks at the same pre-shock densities are typically im/tikexplain the FIR line emis-
sion (Benedettini et al. 2012, Santangelo et al. 2012, Beisqual. 2014). Oterences
between the protostar position and the distant shock pasitare revealed primarily by
our line ratios using the low-excitation,® 2;,-1o; (Table 3) and can be ascribed to the
differences in the filling factors and column densities betwieefmmediate surrounding
of the protostar and the more distant shock positions (Mottet al. in press).

4.5.2 Abundances and need for UV radiation

In contrast with the ratios of two #D or CO lines, the ratios calculated usidigferent
species do not agree with the shock models (Figure 4.1,mathav). The ratios of HO-
to-CO lines are overproduced by tBeshock models from both the KN96 and PdF10
grids by at least an order of magnitude, irrespective of 8®imed shock velocity. Al-
though there are a few exceptions (e.g. the ratio gD 12;,-1; and CO 16-15), the ma-
jority of the investigated sets of 4 and CO lines follow the same trend. Observations
agree only with slow<20 kms, J shock models, but as shown above, those models do
not seem to reproduce the excitation properly (Fig. 4.2).

The discrepancy between the models and observations islangar in the case of
the H,O-to-OH line ratios, as illustrated in Fig. 4.1. The two aslef magnitude dis-
agreement with th€ shock models cannot be accounted by any excitatik@tes for any
realistic shock parameters. Additional comparisod ghock models is not possible due
to a lack of OH predictions fod shocks in the FPdF10 models.

The CO-to-OH ratios are overproduced by about an order ofiitizde in theC shock
models, similar to the pD-to-CO ratios. The agreementimproves for fast 40 km s!)
shocks in high density pre-shock medium 10°° cm3), but those parameters are not
consistent with the line ratios from the same species.

An additional test of the disagreement between models asdrations is provided
by calculating the fraction of each species with regard ®oshm of CO, HO and OH
emission. For that purpose, only the strongest lines obseirv our program are used.
As seen in Table 4.1, the observed percentage (median}@fislabout 30 % and OH
is about 25 %. In contrast, KN96 models predict typicallyd®% of flux in the chosen
H>0 lines and only up to 2% in the OH lines.

The only possible way to reconcile the models with the olet@yus, after conclud-
ing that the excitation is treated properly in the modeldpiseconsider the assumed
abundances. The fact that the®tto-CO and CO-to-OH ratios are simultaneously over-
estimated suggests a problem with the abundanceg®@fid OH, rather than that of CO.
The scenario with the overestimateg®abundances and underestimated OH abundances
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Table 4.1— Fraction of HO and OH emission with respect to total far-IR molecular sinis

logny(cm=3) Obs. (%) KN96 models (%)

v (kms™):

20 30 40
4 29 955 926 90.0
4.5 29 91.6 86.3 8238
5 29 846 782 753
55 29 77.3 712 704
6 29 71.3 685 70.7
6.5 29 68.3 69.6 73.3

OH/ (CO+H,0+0H)

4 25 0.7 0.3 0.2
4.5 25 0.7 0.3 0.3
5 25 0.7 03 0.4
55 25 09 04 0.6
6 25 1.3 05 1.1
6.5 25 1.9 0.8 2.4

Notes.In this analysis, the following lines are used;®lines at 179.5:m, 125.4um, 108.1um,
and 90.Qum; CO lines at 162.&m, 124.2um, 108.7um, and 90.2:m; OH lines at 7ym and 84
um. Median values of the fractions calculated from 18 souvdés line detections are adopted in
case of observations (column Obs.).

would translate into a too large;B@-to-OH abundance ratio in the models. A possible and
likely solution is photodissocation of 4@ to OH and subsequently to atomic oxygen. As
noted above, some OH also comes from the dissociative steeckis [O I].

A significant shortcoming of all these shock models lies eirtinability to account
for grain-grain interactions, which has been shown to §icgnitly alter the structure of
the shocks propagating in dense media ¢ 10° cm3, Guillet et al. 2007, 2009, 2011).
These grain-grain interactions mostly consist of coaguataporization, and shattering
effects dfecting the grains. Their inclusion in shock models necatesita sophisticated
treatment of the grains, especially following their chaegel size distribution (Guillet
et al. 2007). Most remarkably, such interactions evenjuabult in the creation of small
grain fragments in large numbers, which increases the dotstl grain surface area and
thereby changes the coupling between the neutral and thgeth#iuids within the shock
layer. The net fect is that the shock layer is significantly hotter and thir{@uillet et al.
2011), which in turn fiects the chemistry and emission of molecules (Guillet &2G09).

Unfortunately, at the moment these models are computdlyoegpensive and are
not well-suited for a grid analysis; moreover, the solutsidound by Guillet et al. do
not converge for preshock densities of®1@n2 or higher. A recent study by Anderl
et al. (2013) shows that it is possible to approximate thé&ets in a computationally
efficient way, and subsequently evaluated the line intensitieSO, OH and HO on
a small grid of models. When including grain-grain inteiags, CO lines were found
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to be significantly less emitting than in ‘simpler’ modeldhile a smaller decrease was
found for O lines, and a small increase for OH. These trends probaibipetd to be
systematically investigated on larger grids of models kefbey can be applied to our
present comparisorfferts.

Regardless of thefiect of grain-grain interactions, Snell et al. (2005) invibkeveral
scenarios to reconcile high absoluteg@fluxes with the shock models for the case of
supernova remnants. These include (i) the high ratio of etéonmolecular hydrogen,
which drives BO back to OH and O, (ii) freeze-out of,® in the post-shock gas, (iii)
freeze-out of HO in the pre-shock gas, and (iv) photodissociation g®hh the pre- and
post-shock gas. Due to the high activation barrier of th®H H — OH + H; reaction
(~ 10* K), the first scenario is not viable. The freeze-out in thetyst®ck gas (i) is not
effective in the low density regions considered in Snell et2006), but can play a role
in the vicinity of protostars, where densities abev&0® cm™3 are found (e.g. Kristensen
et al. 2012, this work). However, this mechanism alone wowatdexplain the bright OH
and high-J H2O lines seen toward many deeply-embedded sources (e.gk&Keatsal.
2013, Wampfler et al. 2013). A similar problem is related te treeze-out in the pre-
shock gas (iii), which decreases the amount of e.g. O, OHH@in the gas phase for
shock velocities below 15 kns

Therefore, the most likely reason for the overproductiodgd in the current gener-
ation of shock models, at the expense of OH, is the omissidheofffects of ultraviolet
irradiation (scenario iv) of the shocked material. The pnee of UV radiation is directly
seen in Lye emission both in the outflow-envelope shocks (Curiel et 8951 Walter
et al. 2003) and at the protostar position (Valenti et al.R0@ng et al. 2012). Addition-
ally, UV radiation on scales of a few 1000 AU has been infefreth the narrow profiles
of 13CO 6-5 observed from the ground toward a few low-mass prategBpaans et al.
1995, van Kempen et al. 2009a, Yildiz et al. 2012)0Htan be photodissociated into OH
over a broad range of far-UV wavelengths, including byd,yand this would provide an
explanation for the disagreement between our observaindshe models. Photodisso-
ciation of CO is less likely, given the fact that it cannot besdciated by Lye and only
by very hard UV photons with wavelengtksl000 A. The lack of CO photodissociation
is consistent with weak [@ and [Cu] emission observed toward low-mass YSOs (Yildiz
et al. 2012, Goicoechea et al. 2012, Karska et al. 2013). &ptisitions away from the
protostars, on the other hand, the bow-shocks at the tipegirtbtostellar jets can produce
significant emission in the [€ (van Kempen et al. 2009a). Therefore, it is unlikely that
lower line excitation at those positions is due to the we&RérThe differences seen in
the resolved line profiles (e.g. Santangelo et al. 2012 ,aVasal. 2012, Mottram et al.
in prep.) indicate that the lower column densities involaeel the more likely reason for
differences in the excitation.

Visser et al. (2012) proposed a scenario in which the loyiaglCO transitions ob-
served with PACS (14 J, < 23) originate in UV-heated gas and highértransitions
(Ju > 24) in shocked material. All water emission would be asgediavith the same
shocks as responsible for the higlle€O emission with less than 1% of the water emis-
sion coming from the PDR layer. Although not modeled exglicthe UV irradiation
from the star-disk boundary impinging on the shocks nalyiedcounts for the lower
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H,0 abundance. The authors predict that while the dynamideediot layers where both
shocks and UV irradiation play a role will be dominated by #ecks, only the UV
photons penetrate further into the envelope, where therdigsavould resemble the qui-
escent envelope. The lower-temperature UV-heated gasiiaed been observed to be
guiescent on the spatial scales of the outflow cavity thraafggervations of mediuni-
13CO lines (Yildiz et al. 2012, subm.).

Flower & Pineau des Foréts (2013) proposed a model whereradiseon originates
in a non-stationary shock wave, wherd-atype shock is embedded inGx-type shock.
Without a detailed modeling of individual sources basedidiieent source parameters it
is not possible to rule out any of these solutions. Howewer ttends reported here sug-
gest that it is possible to find a pure shock solution, in agesg with Flower & Pineau
des Foréts (2013), as long as UV photons are incorporatedotdde dissociation of
H,0. Complementary observations, preferably at higher amgekolution, are required
to break the solution degeneracy and determine the relatigehe shocks and UV pho-
tons play on the spatial scales of the thickness of the cawaty Models whose results
depend sensitively on a single parameter such as time, @ out by the fact that the
observed line ratios are so similar across sources.

4.6 Conclusions

We have compared the line ratios of the main molecular cgdimes detected in 22
low-mass protostars usirderschelPACS with publicly available one-dimensional shock
models. Our conclusions are the following:

e Line ratios of various species and transitions are remdylsiinilar for all observed
sources. No correlation is found with source physical patans.

¢ Line ratios observed toward the protostellar position amststent with the values
reported for the positions away from the protostar, excepsbme ratios involv-
ing the low-excitation HO 2;,-1p; line. Coupled with the larger absolute fluxes of
highly-excited HO and CO lines at the protostellar positions, this indicétes
lines at distant fi-source shock positions are less excited.

e General agreement is found between the observed line @ftihe same species
(H20, CO, and OH) and th€ shock models from Kaufman & Neufeld (1996) and
Flower & Pineau des Foréts (2010). Ratios gfHare particularly good tracers of
the density of the ambient material and indicate pre-shecisities of order 10
cm~3 and thus post-shock densities of orde? &61~3. Ratios of CO lines are more
sensitive to the shock velocities and, for the derived rasfgere-shock densities,
indicate shock velocities above 20 knis

e Ratios of CO lines located in the ‘warm’ component of CO laddevith T ~300
K) are reproduced with shock velocities of 20-30 krhand pre-shock densities of
10° cm3. The CO ratios using the lines from the ‘hot’ componéht(>700 K)
are better reproduced by models with shock velocities aB&van s.
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4.6 Conclusions

e Alack of agreementis found between models and the obseineditios of difer-
ent species. The4D-to-CO, HO-to-OH, and CO-to-OH line ratios are all overpro-
duced by the models by 1-2 orders of magnitude for the mgjofithe considered
sets of transitions.

e Since the observed molecular excitation is properly repced in theC shock mod-
els, the most likely reason for disagreement with obseswaatis the abundances in
the shock models, which are too high in case gbHand too low in case of OH. In-
voking UV irradiation of the shocked material, togetherhnatdissociativel shock
contribution to OH and [G], would lower the HO abundance and reconcile the
models and observations.

New UV-irradiated shock models will allow us to constraire tbV field needed to
reconcile the shock models with observations (M. Kaufmaiv, pomm.) Those models
should also account for the grain-grain processing, whitdces significantly the shocks
structure at densities 10° cm™2 (Guillet et al. 2011). Theféects of shock irradiation
as a function of the distance from a protostar will help toenstand the dierences in
the observed spectrally-resolved lines from HIFI at ‘onrsetand distant shock-spot
positions.
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Appendix

4.A Supplementary material

Table 4.A.1 provides moleculaatomic information about the lines observed in the WILL
program.

Table 4.A.2 shows the observing log of PACS observationkdiicg observations
identifications (OBSID), observation day (OD), date of aliaéon, total integration time,
and pointed coordinates (RA, DEC).

Table 4.A.3 informs about which lines are detected towaedRRerseus sources. The
full list of line fluxes for all WILL sources including Persswvill be tabulated in the
forthcoming paper (Karska et al. in prep.).

Figures 4.A.1 and 4.A.2 show line and continuum maps arou®dsl:m for all the
Perseus sources in the WILL program.

Figure 4.A.3 show maps in the;® 4,3-3;2 line at 78.74um, OH 84.6um, and CO 29-
28 at 90.16:m for Perl, Per5, Per9, and Per20, all of which show briglketéimission and
centrally peaked continuum. The lines are chosen to beddazbse in the wavelength
so that the variations in the PSF does not introduce significhanges in the emission
extent.

Table 4.A.4 summarizes observed and modeled line ratias insthe Analysis sec-
tion.
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Table 4.A.1— Atomic and molecular datdor lines observed in the WILL program

Species Transition Wave Fréq. Euks Ay
(um)  (GHz)  (K) (sh
H>O 251-212 180.488 1661.0 194.1 3.1(-2)
H>O 210-101 179.527 1669.9 114.4 5.6(-2)
OH 32,12-1/2,12  163.398 1834.7 269.8 2.1(-2)
OH 32,12-1/2,12  163.131 1837.7 270.1 2.1(-2)

co 16-15 162.812 18413 7517 4.1(-4)
[Cul  2Py,-2Py, 157.74 2060.0 326.6 1.8(-5)
HO  4os-313 125354 2391.6 3195 1.7(-1)
co 21-20 124.193 2413.9 1276.1 8.8(-4)
co 24-23 108.763 2756.4 1656.5 1.3(-3)
H,O  2-10 108.073 2774.0 1941 2.6(-1)
Co 29-28 90.163 3325.0 2399.8 2.1(-3)
HO 30211 89.988 3331.5 296.8 3.5(-1)
H,O 71707 84.767 3536.7 1013.2 2.1(-1)

OH 72325232 84596 3543.8 290.5 4.9(-1)
OH 72325232 84.420 35512 291.2 2.5(-2)

co 31-30 84.411 3551.6 27353 2.5(-3)
H:O 616508 82.032 3654.6 6435 7.5(-1)
co 32-31 81.806 3664.7 2911.2 2.7(-3)
co 33-32 79.360 3777.6 30925 3.0(-3)

OH Y212-323> 79.182 3786.1 181.7 2.9(-2)
OH 12123232 79.116 3789.3 181.9 5.8(-3)

H,O 61550 78.928 3798.3 781.1 4.6(-1)
HO 45312 78.742 3807.3 4322 4.9(-1)
H,O 815707 63.324 47343 1070.7 1.8

[O1] 3P 3P, 63.184 47448 227.7 8.9(-5)

Notes. @ Compiled using the CDMS (Milller et al. 2001, 2005) and JPIcKett et al. 1998)
databased? Frequencies are rest frequenci®s A(B) = A x 10°
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Table 4.A.2— Log of PACS observations

Source OBSID oD Date Total time RA DEC
(s) ™9 "
Per01 1342263508 1370 2013-02-12 851 32522.32304513.9
1342263509 1370 2013-02-12 1986 32522.32304513.9
Per02 1342263506 1370 2013-02-12 851 325 36.4830 45 22.2
1342263507 1370 2013-02-12 1986 32536.49304522.2
Per03 1342263510 1370 2013-02-12 851 32539.12304358.2
1342263511 1370 2013-02-12 1986 32539.12304358.2
Per04 1342264250 1383 2013-02-25 851 326 37.4i730 15 28.1
1342264251 1383 2013-02-25 1986 32637.4%301528.1
Per05 1342264248 1383 2013-02-25 851 328 37.0831 13 30.8
1342264249 1383 2013-02-25 1986 32837.09311330.8
Per06 1342264247 1383 2013-02-25 1986 32857.3631 14 15.9
1342264246 1383 2013-02-25 851 32857.363114 15.9
Per07 1342264244 1383 2013-02-25 1986 329 00.5531 12 00.8
1342264245 1383 2013-02-25 851 32900.55311200.8
Per08 1342264242 1383 2013-02-25 1986 329 01.5631 20 20.6
1342264243 1383 2013-02-25 851 329 01.5631 20 20.6
Per09 1342267611 1401 2013-03-15 1986 32907.4812157.3
1342267612 1401 2013-03-15 851 32907.78312157.3
Per10 1342267615 1401 2013-03-15 1986 32910.681 18 20.6
1342267616 1401 2013-03-15 851 32910.68311820.6
Per1l 1342267607 1401 2013-03-15 1986 32912.06311301.7
1342267608 1401 2013-03-15 851 32912.06311301.7
Per12 1342267609 1401 2013-03-15 1986 329 13.5431 1358.2
1342267610 1401 2013-03-15 851 32913.54311358.2
Per13 1342267613 1401 2013-03-15 1986 32951.881 39 06.0
1342267614 1401 2013-03-15 851 32951.82313906.0
Per14 1342263512 1370 2013-02-12 1986 33015.14302349.4
1342263513 1370 2013-02-12 851 33015.14302349.4
Per15 1342263514 1370 2013-02-12 1986 33120.983045 30.1
1342263515 1370 2013-02-12 851 33120.983045 30.1
Perl16 1342265447 1374 2013-02-16 1986 33217.963049 47.5
1342265448 1374 2013-02-16 851 33217.96304947.5
Per17 1342263486 1369 2013-02-11 1986 33314.38107 10.9
1342263487 1369 2013-02-11 851 33314.383107 10.9
Per18 1342265449 1374 2013-02-16 1986 33316.44310652.5
1342265450 1374 2013-02-16 851 33316.44310652.5
Per19 1342265451 1374 2013-02-16 1986 33327.28107 10.2
1342265452 1374 2013-02-16 851 33327.293107 10.2
Per20 1342265453 1374 2013-02-16 1986 34356.52820052.8
1342265454 1374 2013-02-16 851 34356.52320052.8
Per21 1342265455 1374 2013-02-16 1986 34356.8432 03 04.7
1342265456 1374 2013-02-16 851 34356.8432 03 04.7
Per22 1342265701 1381 2013-02-23 1986 344 43.9632 01 36.2
1342265702 1381 2013-02-23 851 344 43,9632 01 36.2
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Table 4.A.3— Line detections toward our Perseus sources
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Figure 4.A.1— PACS spectral maps in the.@ 2;,-15, line at 179.527:m. Wavelengths in microns
are translated to the velocity scale on the X-axis usingriooy wavelengths of the species and
cover the range from -600 to 600 kmtsThe Y-axis shows fluxes normalized to the spaxel with the
brightest line on the map in a range -0.2 to 1.2. The orang®ohshow continuum emission at
30%, 50%, 70%, and 90% of the peak value written in the bot&ftrcbrner of each map.
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Figure 4.A.3— PACS spectral maps in the,8 4,3
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line emission normalized to the emission in the brighteaksp
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3‘ Table 4.A.4— Observed and model line ratios based on Kaufman & Neufégg)L
Line 1 Line 2 Observed line ratios ModelsG shock (KN96)
Line 1/ Line 2 loghy=4 logny=5 logny=6

N Min Max Mean Std] =20 30 40 | 20 30 40 ] 20 30 40|

CO 16-15 21-20 17 1.2 2.5 1.7 0.4 4.4 2.9 2.4 2.7 1.4 10| 0.8 05 05
CO 16-15 24-23 16 1.2 4.6 2.3 0.9 116 5.7 4.2 6.2 21 13| 09 05 04
CO 16-15 29-28 10 1.9 8.3 3.8 1.8 722 314 22| 191 55 05| 113 27 03
CO 21-20 29-28 10 14 41 2.2 0.8 16.5 11.7 2.9 6.6 4.1 09| 46 27 06
H20 215-101  404-313 15 13 6.3 3.0 1.6 6.7 5.3 4.6 15 1.3 12| 0.7 07 07
H20 25-101  616-505 13 0.7 5.9 2.4 1.8 8.1 4.7 3.8 1.3 0.8 07| 0.3 02 02
H20 251-110  404-313 16 14 5.5 2.8 1.4 4.2 3.6 3.3 2.3 2.0 18| 15 1.3 13
H20 21-110 616505 13 0.9 5.5 2.1 1.3 5.0 3.2 2.7 2.0 1.2 10| 0.6 04 04
OH 84 OH 79 14 11 2.4 1.7 0.3 0.6 0.7 0.8 0.8 0.9 09| 14 1.3 11

H,O 2,-1; CO16-15| 16 0.2 2.4 0.9 0.8 18.8 10.6 80| 04 0.4 04| 0.1 01 01
H,O 21-1,0 CO24-23| 16 0.6 3.8 1.7 1.0 135.7 411 242 225 7.0 48| 3.0 2.2 25
HyO 3,-2;7 CO29-28| 9 0.7 2.1 1.2 0.4| 51.9 11.6 6.7 | 45.3 8.3 47| 6.6 2.2 2.0
H,0 40s-3;13 CO16-15| 15 0.1 0.5 0.3 0.1 28 2.0 1.7 1.6 1.7 19| 22 3.6 5.4
H,0 404-3;3 CO21-20| 15 0.2 0.9 0.5 0.2 123 5.8 4.2 4.2 2.3 20| 17 2.0 2.6
H,0 6,6-55s CO16-15| 13 0.1 1.0 0.5 0.3l 23 2.2 2.1 | 0.05 0.07 0.1| 0.01 0.02 0.04
H,0 6,6-55s CO21-20| 13 0.2 1.4 0.7 0.4/ 10.2 6.5 5.1 0.1 0.1 0.1 0.01 0.01 0.02
H,O 616-5s CO24-23| 13 0.4 1.6 0.9 0.5 27.0 12.7 8.8 | 11.2 5.7 47| 5.2 5.0 6.4
H,O 6,6-55s CO32-31| 8 1.2 4.6 3.0 1.1} 576.3 91.6 43.3| 1654 28.1 15.6/ 28,6 6.6 5.5
H,0 215-15;  OH 84 15 0.1 4.2 1.2 1.3] 182.2 4228 4294 725 140.7 98.6 154 37.0 21.2
H,0 3-2;7 OH 84 9 02 0.8 0.4 0.2 7.0 24.2 32.4| 43.9 97.3 71.2] 28.8 653 36.5
CO 16-15 OH 84 15 04 2.8 11 0.7, 9.7 40.0 54.0| 30.4 64.6 415 96 142 55
CO 24-23 OH 84 15 0.2 11 0.5 0.3l 0.8 7.0 12.7| 4.9 30.3 30.8/ 10.6 30.8 151

Notes.Number of YSOs with detections of the two lines in the rati, (Ninimum (Min) and maximum (Max) value of the ratio, meatiocaalue
(Mean) and standard deviation (Std) is given for the obsklve ratios. Model line ratios are calculated for threauesl of pre-shock densities,
ny=10% 1P, and 16 cm3, and three values of shock velocities;20, 30, and 40 kms. See Table 4.A.1 for the full identifiers of the lines.
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4.B Correlations with source parameters
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Figure 4.B.1- H,0O-to-CO line ratios and, from left to right, bolometric teenpture, bolometric
luminosity, and envelope mass. The ratios are calculated) Umes at nearby wavelengths for
which the same, limited to the central spaxel, extractigiomris considered. Shown are line ratios
of the H,O 2;,-10; line at 179um and CO 16-15 at 16@m (top), the HO 4y4-3;3 and CO 21-20
lines at about 12am (middle), and the KD 2,;-1;9 and CO 24-23 lines at about 108 (bottom).
Red and blue symbols correspond to sources Wjth 70 and> 70 K, respectively. Black rim is
drawn for the sources with detections of CO 29-28 line.

4.B Correlations with source parameters
Figure 4.B.1 shows selected,®-t0-CO line ratios as a function of source physical pa-

rameters (bolometric luminosity, temperature, and emp&loass). Lack of correlation is
seen in all cases.
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Chapter 5 — Physics of deeply-embedded low-mass protostars

Abstract

During the embedded phase of the protostellar evolutiengdénse envelope is partly accreted onto
the protostar and partly dispersed by the outflow. Far-ieftanolecular and atomic lines are unique
diagnostics of the physical conditions, outflow shocks dtrdviolet radiation needed to understand
the physics of the accretion and dispersal process. WeHsethe| PACS to obtain spectral maps
of 90 nearby D < 450 pc) low-mass protostars at 55-248 as part of the ‘Water in Star Forming
Regions with Herschel’ (WISH), ‘William Herschel Line Lega (WILL), and ‘Dust, Ice, and Gas
in Time’ (DIGIT) surveys. The maps show typically compaeflQ00 AU scales) emission in CO,
H,0, and OH lines, and more extended (up-tt),000 AU) emission in [OI] and [CI1] lines.

Rich molecular spectra are detected towards 70 out of 9@ssiincluding 27 sources with the de-
tection of the highly-excited O 8,5-7¢7 line (E,/ks = 1071 K) and highly-excited CQJ(, 2 30)
emission. Similar to previous studies, two components @auad on CO rotational diagrams corre-
sponding to median rotational temperatures-d@20 K and~ 690 K. Detection of highly-excited
CO and HO lines and analysis of CO rotational diagrams indicate ajiroin hot (T 2 300 K) and
dense if > 10* cm®) gas. Non-dissociative shocks can reproduce the obserebetutar emis-
sion, but additional dissociative shocks gnak ultraviolet radiation (UV) are needed to account
for the [O 1] and some of the OH emission. The [C II] emissionmat be reproduced by any shock
model and, when spatially associated with a young stellgopbcharacterizes the hard ultraviolet
radiation @ <1100 A) from the protostar. For the few sources where this indetected, incident
radiation field<G ~ 10— 100 G, are found, in agreement with UV fields employed in recent nsde
of UV irradiated cavities (Visser et al. 2012). Inferred gigies ofn ~ 10* — 105 cmi® for the
PDR layer are an order of magnitude lower than those obtaitegbendently from shock models,
suggesting the origin of [C ll] emission is in the jet and rw butflow cavity walls.

The decrease of the, @/ OH intensity ratio from Class 0 to Class | stages providesadievidence
for an increasing role of UV radiation as the protostar eesh\5uch a trend is not found for the®1

/ [O1] ratio, most probably due to the larger contributionrfrahe jet to the [O I] emission in the
dense envelopes of Class 0 sources. Mass flux rateglgfdd ~ 108 M, yr-* are determined from
the [O1] line, on the assumption that most of the [O I] emigssiviginates solely in the dissociative
jet shock, which we argue is not the case so these values fae upper limits. Nevertheless, these
rates are up to about an order of magnitude lower than thasentieed for the entrained outflow gas
from the CO 3-2 and CO 6-5 maps, especially for the most demplyedded sources. In contrast,
Class | sources show lower GQO I] mass flux rates than the Class 0 sources, suggestinghhat
jet evolves from molecular to atomic form during the embetiplease.
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5.1 Introduction

Complex physical processes are at play during the eartiestply-embedded stage of
low-mass star formation. A fraction of the dense enveloptensl is accreted onto the
protostar, but part of it is also removed in the form of colited jets that entrain the sur-
rounding material and produce wider-angle outflows. Thekpe is partially emptied in
the outflow cones allowing ultraviolet (UV) photons from afustar to reach the ‘cavity
walls’. The ‘bow shock’, at the tip of the jet, is strong enbug produce additional UV
that heats the cavities. The interplay of these processkesmiadificult to characterize
them individually and track their evolution from the Clas®0 stages.

The common signature of these processes is a presence of hgt 8300 K) and
dense i > 10* cm™3) gas that cools via emission lines of hydrogen)Hvater vapor
(H20), carbon monoxide (CO), hydroxyl (OH), atomic oxygen (JQand ionized carbon
([Cn)) at far-infrared wavelengths (Hollenbach et al. 1989)s@ted intensities of those
lines and their line ratios are therefore useful diagnesifeshocks and photodissociation
regions (PDRs) produced in the young stellar object (YSQ@)renment. In particular,
the type of shock, its velocity, and the pre-shock densitthefambient medium can be
obtained from comparisons to detailed shock models (e.gfrtkan & Neufeld 1996,
Flower & Pineau des Foréts 2010, 2012). Independent memasfitbe gas density and
the incident UV field in a YSO can be derived from the PDR moéelg. Kaufman et al.
1999), but the shocks and large-scale cloud PDR contribtitidhe emission lines need
to be first subtracted.

First far-infrared (IR) spectra of low-mass YSOs were atediwith Long-Wavelength
Spectrometer onboard thefrared Space Observatoif|Kessler et al. 1996, Clegg et al.
1996). The main shortcoming of those early observationstivasarge telescope beam
(~ 80”) and thus the contamination from the cloud PDR emission ameh imultiple
sources andor outflows. Nevertheless, a few pointed observations o#48lallowed to
associate the far-IR line emission with the &hd low-J CO outflow (Nisini et al. 2000).
A combination of a slow, non-dissociative shock and a fassatiative shock from the
jet was then invoked to explain the observed molecular andl §@ission, respectively
(Giannini et al. 2001, Nisini et al. 2002b). A survey of 28 €&l protostars revealed
a gradual decrease in the molecular emission and an inciredse [O1] emission, at-
tributed to the weakening of shocks and less-shielded UVhietess-massive envelopes
of more evolved sources. For the Class 0 sources, howeedQthemission was linked
only to jet shocks, and as such was used to derive mass less(cenoted here as mass
flux rates). Giannini et al. (2001) found agreement betwherd rates and the CO mass
flux tracing the entrained outflow activity over much longeripds and suggested that
the mass flux rate, and thus the accretion, occur at a conpieatduring the protostellar
phase.

Far-IR spectral maps from the Photodetector Array Camet&aectrometer (PACS)
(Poglitsch et al. 2010) on board tikterschelSpace Observatory (Pilbratt et al. 2010a)

1 Herschel is an ESA space observatory with science instrtsypeovided by European-led Principal Investi-
gator consortia and with important participation from NASA
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Chapter 5 — Physics of deeply-embedded low-mass protostars

are well-suited to revisit théSOQLWS results due to enhanced sensitivity, along with
improved spatial and spectral resolution. The array gfSelements covers a total field
of view of ~ 477 with 9.4” pixels, corresponding to the spatial resolution scales@éio

~ 1000 AU at distances to the nearby protostérs-(200 pc).

The PACS maps obtained as part of the ‘Water in Star formigpres with Herschel’
(WISH) survey show extended molecular and]@mission along the outflow direction
in half of the 18 targeted sources andil&mission associated with a cloud PDR (van
Dishoeck et al. 2011, Nisini et al. 2010a, Karska et al. 2@EBitangelo et al. 2013). In
the ‘Dust, Ice, and Gas in Time’ survey of 30 protostars, mundrte compact emission
was detected, implying that the extended emission is notnanuan characteristics of
Class @l YSOs (Green et al. 2013). At the same time, CO rotationajrdias in all those
sources show surprisingly similar two temperature comptsevith T, ~ 300 K and
> 700 K, irrespective of the protostellar luminosity, enyanass, and evolutionary
stage (see also Goicoechea et al. 2012, Herczeg et al. 20idhdrg et al. 2013, van
der Marel et al. 2013). CO ladders for small subsamples ofcesthave been modeled
with a combination of non-dissociative shocks and UV hegéitong the cavity wall (van
Kempen et al. 2010b, Visser et al. 2012), but an equally gotdien was obtained by
invoking two shocks alone (Flower & Pineau des Foréts 20IBg argument in favor
of a hot component arising in the slow dissociative shock pvagorward by Kristensen
et al. (2013), who linked the hotter component with a kinegtedmponent extracted
from velocity-resolved KO profiles of the same protostars observed with the Hetedyn
Instrument for the Far-Infrared (HIFI; de Graauw et al. 2010

A systematic comparison dferschel/ PACS spectra of 22 protostars in Perseus with
shock models from Kaufman & Neufeld (1996) and Flower & Pindas Foréts (2010)
was presented in Karska et al. (subm.). Line ratios of vario®, and separately,®
lines, show good agreement with non-dissociative shockatsaglith pre-shock densities
of ~ 10° cm2 and shock velocities of 20 km s*. However, the models used for those
comparisons overproduced by 1-2 orders of magnitude H@/HCO and HO / OH line
ratios, indicating that the inclusion of shock illuminatiby ultraviolet photons is needed.
The presence of irradiated shocks is also invoked to extilainomplex HO spectra from
HIFI, with the ‘broad’ and ‘dfset’ components linked to irradiatéti-type andJ—type
shocks, respectively (Kristensen et al. 2013, Suutarihah 2014, Mottram et al. subm.).
Since thel-type dissociative shocks contribute only a small fractibtine flux to the CO
lines withJ < 30, a larger number of sources with even highB€O lines is needed to
study this component with PACS.

To address those issues, a consistent analysis of a largengiodn sample of pro-
tostars is clearly needed. In this paper, the WISH and DIGiUrees are re-analyzed
together with an additional 50 sources observed as parteofthilliam Herschel Line
Legacy’ survey (WILL, Mottram et al. in prep.) to answer tlefldwing questions: What
determines the detection of highly-excited CO and spgtietended line emission? What
are the typical spatial scales of line emission? Do line #ofedifferent species correlate
with each other? What part of the [Pand [Cu] emission originates in the YSOs and
can be attributed to the shock ahdr PDR components? Do total molecular and atomic
cooling rates change from the Class 0 to Class | stage? Wadhaimplications for the
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mass flux rates calculated from thei|dne and how do they compare with the mass flux
rates based on CO outflows?

This paper is organized as follows. Section 2 describes ampke selection, obser-
vations, and data reduction. 83 compiles results on detestatistics and cross-species
line correlations. 84 shows analysis of CO excitation, rooler and atomic cooling, and
mass loss rates, and how they evolve from Class 0 to | phasep&ison of absolute
line emission of [Q] and [Cu] lines to shock and photodissociation regions models is
presented. 85 discusses the results obtained in §3 and §86apicesents the summary
and conclusions.

5.2 Observations

5.2.1 Sample selection

The low-mass embedded protostars analyzed here werdlynafzserved as part of the
‘Water In Star forming regions with Herschel’ (WISH, van baeck et al. 2011) and
‘Dust, Ice, and Gas In Time’ (DIGIT, Green et al. 2013) suisjegomprised of 18 and
29 Class {1 protostars targeted with PACS, respectively, includingv@rlap sources.
This sample was subsequently enlarged by the ‘William Hezktine Legacy’ survey
(WILL, Mottram et al. in prep.), where an additional 50 Cl@gssources were observed,
including 2 sources in common with the WISH and DIGIT progsaithree more sources
were further extracted from the PACS spectral maps of theamy targets (ID numbers
4, 82, 85), increasing the sample to 90 sources in total @tail$, see Table 5.1). Most
of our sources are located in Perseus (30 sources), Tau2uso(frces), Ophiuchus (9
sources), Aquila Rift complex (6 sources in Aquila, 7 sosriteW40, and 2 sources in
Serpens South), Corona Australis (5 sources), and SerBesasi(ces) molecular clouds,
at distances< 450 pc (for distance references see Kristensen et al. 20E2nGet al.
2013, Mottram et al. in prep.).

The selection procedure for the WISH and DIGIT sources aseudised in detail in
van Dishoeck et al. (2011) and Green et al. (2013), with aigénge that all of them are
well-known and extensively studied protostars. The WILLrses were selected based on
unbiased mid-IR and millimeter continuum observations\8ipitzerand various ground-
based telescopes. Protostars in Perseus and Ophiuchuseiested from the ‘Cores to
Disk’ program (c2d, Evans et al. 2009), and extensivelyutsed in Jgrgensen et al.
(2007a) and Rebull et al. (2007) (Perseus) and in Jgrgersan (€008) (Ophiuchus),
with (sub-)millimeter follow-up in Enoch et al. (2009), viiempen et al. (2009c), and van
der Marel et al. (2013). Protostars in Taurus were obsersgxe of the ‘Taurus Spitzer
Survey’ and catalogued in Rebull et al. (2010). Corona Alist{CrA 1) and Ophiuchus
North / Scorpius (Scol) protostars are from the ‘Spitzer Gould Beltvey’ (Peterson
et al. 2011, Hatchell et al. 2012). Sources located in thelladRift complex (Gutermuth
etal. 2008) are catalogued in Maury et al. (2011). The detdll be discussed in Mottram
et al. in prep.

The entire sample of protostars covers a broad range of ltantemperatures and
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Figure 5.1— Tpo — Lo diagram illustrating the variety of physical parametertedained for the
protostars from our survey. Protostars in Perseus, Ta@pBiuchus, Aquila, W40, and CrA are
showed in red diamonds, blue squares, yellow trianglesy matated triangles, green circles, and
light blue rectangles, respectively.

luminosities (Table 5.1), with specific clouds often lochtd selected parts of thB,

— Lpo diagram, as illustrated in Figure 5.1. The most luminougdqgstars are those in
Perseus and Taurus, with average bolometric luminositigs 6 L, whereas the sources
in Aquila have on average the lowest luminositied,.3 L. Bolometric temperatures are
the lowest for the Serpens and W40 protostars (avefgg®f ~ 30 K) and the highest
for Ophiuchus protostars-(370 K). The average bolometric temperature for the rest of
the clouds is around 100 K. In total, 45 ClassI@y 70 K) and 45 Class [To > 70 K

and 650 K) sources were observed.
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Table 5.1— Bolometric Temperatures, Luminosities, and Envelopeddsa®f Embedded Protostars

ID  Position Cloud Dist. Tpot Lbot Men? Region Other names ProjecP

(pc)  (K)  (Le) (M)
1 03:25:22.33+30:45:14.0 Per 235 74 2.3 1.1 L1448 Per-emb 22, YSO 1, L1482 ]R03222-3034 WILL (Per01)
2 03:25:36.48+30:45:22.3 Per 235 73 12 3.2 L1448 Per-emb 33, YSO 2, L1448 N(48 IRS3 WILL (Per02)
3 03:25:38.82+30:44:06.3 Per 235 69 4.4 3.9 L1448 Per-emb 26, YSO 3, L1483 C( DIGIT
4 03:25:39.10+30:43:58.0 Per 235 190 1.1 2.6 L1448 Per-emb 42, YSO 3, L14MI8BM_1448 C(N) DIGIT (Per03)
5 03:26:37.46+30:15:28.0 Per 235 92 1.2 0.3 L1451 Per-emb 25, YSO 4, 1082664 WILL (Per04)
6 03:27:39.09+30:13:03.0 Per 235 59 4.2 — L1455 Per-emb 17, YSO 6, 1083882, L1455-IRS1 DIGIT
7 03:28:00.40+30:08:01.3 Per 235 221 0.3 - L1455 Per-emb 46, L1455-IRS240-2957 DIGIT
8 03:28:37.09+31:13:30.7 Per 235 130 12 0.4 NGC1333 Per-emb 35, YSO 11, BGZHL, 1032553103  WILL (Per05)
9 03:28:55.56+31:14:36.6 Per 235 50 35.7 5.1 NGC1333 Per-emb 27, YSO 1518G&I2A WISH
10 03:28:57.36+31:14:15.7 Per 235 100 10 0.3 NGC1333 Per-emb 36, YSO 16, SGZL2B WILL (Per06)
11  03:29:00.52-31:12:00.7 Per 235 32 0.7 0.3 NGC1333 Per-emb 3, YSO 18, HRF 65 WILL (Per07)
12 03:29:01.5%431:20:20.7 Per 235 280 15 0.9 NGC1333 Per-emb 54, YSO 19, HH 12 WILL (Per08)
13 03:29:07.76+31:21:57.2 Per 235 210 27 0.2 NGC1333 Per-emb 50 WILL (Per09)
14  03:29:10.50-31:13:31.0 Per 235 33 9.1 5.6 NGC1333 Per-emb 12, YSO 22, SGEHMA WISH
15 03:29:10.68-31:18:20.5 Per 235 70 3.3 1.4 NGC1333 Per-emb 21, YSO 23, HRF 4 WILL (Per10)
16 03:29:12.04-31:13:01.5 Per 235 28 4.4 3.0 NGC1333 Per-emb 13, YSO 25, 8GXMB WISH (Perl1l)
17  03:29:13.52-31:13:58.0 Per 235 39 0.9 1.3 NGC1333 Per-emb 14, YSO 26, BGEIHUC WILL (Perl12)
18 03:29:51.82-31:39:06.1 Per 235 41 0.6 0.5 NGC1333 Per-emb 9, YSO 31, 32828 WILL (Perl13)
19  03:30:15.12-30:23:49.2 Per 235 120 2.3 0.1 B1l-ridge Per-emb 34, 1033013 WILL (Perl14)
20 03:31:20.96+30:45:30.2 Per 235 37 1.2 1.3 B1-ridge Per-emb 5, YSO 323282035 WILL (Per15)
21  03:32:17.95-30:49:47.6 Per 235 29 1.3 2.8 B1-ridge Per-emb 2, YSO 339282039 WILL (Perl16)
22 03:33:12.85-31:21:24.1 Per 235 438 3.2 - B1 Per-emb 64, 1033111, Bolo76 DIGIT
23  03:33:14.40r31:07:10.9 Per 235 43 0.7 1.2 B1 Per-emb 6, YSO 35, B1 SMM3 WRr17)
24  03:33:16.45-31:06:52.5 Per 235 25 1.1 1.2 B1 Per-emb 10, YSO 36, B1 d WIler(®)
25 03:33:16.66+31:07:55.2 Per 235 132 15 - Bl Per-emb 40, YSO 37, B1 a, 1083087 DIGIT
26 03:33:17.85-31:09:32.0 Per 235 76 18 - B1 Per-emb 29, YSO 38,B1 ¢ DIGIT
27 03:33:27.28-31:07:10.2 Per 235 95 2.2 0.2 B1 Per-emb 30, YSO 40, B1 SMM11 LL\VgPerl9)
28  03:43:56.53-32:00:52.9 Per 235 22 1.9 2.1 IC 348 Per-emb 1, YSO 44, HH 211SMM WILL (Per20)
29 03:43:56.85-32:03:04.6 Per 235 27 1.1 1.9 IC 348 Per-emb 11, YSO 43, IC3EBMC348 SW WILL (Per21)
30 03:44:43.94-32:01:36.1 Per 235 49 3.2 0.6 IC 348 Per-emb 8, YSO 48, IC3/38415+3152 WILL (Per22)
31 04:04:42.9+26:18:56.3 Tau 140 238 3.7 0.2 L1489 DIGIT/WISH
32 04:19:58.4+27:09:57.0 Tau 140 131 1.5 0.3 104165702 WILL (Tau01)

Continued on next pag¢
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Table 5.1 — continued from previous page

ID  Position Cloud Dist. Tpo Lbol  Men® Region Other names ProjecP

(pc)  (K)  (Lo)  (Mo)
33  04:21:11.4+27:01:09.0 Tau 140 271 0.5 - 104184654A WILL (Tau02)
34  04:21:56.9+15:29:45.9 Tau 140 24 0.1 - IRAM 04191522 DIGIT
35 04:22:00.6+26:57:32.0 Tau 140 178 0.4 - FS Tau B WILL (Tau03)
36 04:27:02.6+26:05:30.0 Tau 140 159 14 0.6 DG Tau B WILL (Tau04)
37 04:27:57.3+26:19:18.0 Tau 140 52 0.5 0.1 104243612 AB WILL (Tau06)
38  04:29:30.0+24:39:55.0 Tau 140 132 0.6 - 104262433 WILL (Tau07)
39 04:31:34.1+18:08:04.9 Tau 140 97 28 2.3 L1551 IRS5 DIGIT
40  04:35:35.3+24:08:19.0 Tau 140 72 1.1 0.1 104325402 A WILL (Tau09)
41  04:39:53.9+26:03:09.8 Tau 140 36 2.0 0.9 L1527, 1043@557 DIGIT/WISH
42 04:39:13.9+25:53:20.6 Tau 140 144 3.7 0.2 TMR 1, 1043&647 AB DIGIT/WISH
43  04:39:35.0+25:41:45.5 Tau 140 172 2.2 0.2 TMC 1A, 10436535 DIGIT/WISH
44  04:41:12.7+25:46:35.9 Tau 140 139 0.7 0.2 TMC 1, 10438640 DIGIT/WISH
45  08:25:43.9 -51:00:36.0 Core 450 104 279 4.4 HH 46 WISH
46  11:06:47.0 -77:22:32.4 Cha 178 56 0.8 0.2 Cham | Cedl1@IRS WISH
47  11:09:28.51 -76:33:28.4 Cha 178 - 2.9 - Cham | 1SO192, &aIN WILL (Cha01)
48  12:01:36.3 -65:08:53.0 Core 178 84 7.1 2.7 BHR71 DIGIT/WISH
49  12:53:17.23 -77:07:10.7 Cha 178 550 38.0 0.8 Cham Il DK Q2at96-7650 DIGIT
50 12:59:06.58 -77:07:39.9 Cha 178 220 1.9 —  Chamll ISO-C28I WILL (Cha02)
51 15:43:01.29 -34:09:15.4 Lup 130 52 1.6 0.5 115398-3359 WISH
52  16:26:21.48 -24:23:04.2 Oph 125 254 4.4 0.1 L1688 Oph-8nd5S30 IRS1, Elias 21 DIGIT
53  16:26:25.80 -24:24:28.8 Oph 125 35 1.0 0.8 L1688 Oph-envib.8 1623 DIGIT
54  16:26:44.2 -24:34:48.4 Oph 125 440 2.6 0.05 L1688 WL 12 DIGIT
55  16:26:59.1 -24:35:03.3 Oph 125 150 2.7 0.2 L1688 WL 22-(38h 90 WILL (Oph01)
56 16:27:09.36 -24:37:18.4 Oph 125 383 4.8 0.04 L1688 Opb-&6n Elias 29, WL 15 DIGIT
57 16:27:28.1 -24:39:33.4 Oph 125 633 0.8 0.3 L1688 Oph-eBniRIS 44 DIGIT
58  16:27:29.4 -24:39:16.1 Oph 125 633 0.8 0.3 L1688 IRS46 DIGIT
59 16:31:35.76 -24:01:29.2 Oph 125 580 1.6 0.3 L1709 Oph-EmiRS 63 DIGIT
60 16:32:00.96 -24:56:42.7 Oph 125 150 7.7 0.1 L1689 Oph-&dnb WILL (Oph02)
61 16:34:29.3-15:47:.01.4 Core 125 340 2.6 0.5 RNO 91 WISH
62 16:46:58.27 -09:35:19.8 Sco 125 - 1.0 0.1 L260 SMM1 WILL (Sco01)
63  18:17:29.9 -04:39:39.5 Core 200 49 10.2 4.4 L 483 MM WISH
64  18:29:03.82 -01:39:01.5 Aqu 260 26 1.0 1.1 Aqu-MM2 WILL (AquO1)
65 18:29:08.60 -01:30:42.8 Aqu 260 32 2.8 0.8 Aqu-MM4 WILL (Aqu02)

Continued on next pag¢
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Table 5.1 — continued from previous page
ID  Position Cloud Dist. Tpo Lbol  Men® Other names ProjecP
(pc)  (K)  (Le)  (Mo)

66  18:29:49.56-01:15:21.9 Ser 429 39 30.4 16.1 Ser-emb 6, Ser SMM1, FIRS1 HWIS

67  18:29:56.A401:13:17.2 Ser 429 26 1.9 2.1 Ser SMM4 DIGIT/WISH

68  18:29:59.3+01:14:01.7 Ser 429 38 5.1 3.2 Ser SMM3 DIGIT/WISH

69  18:29:37.70 -01:50:57.8 SerS 260 22 1.1 0.4 SerpS-MM1 WILL (SerS01)

70  18:30:04.13 -02:03:02.1 SerS 260 35 15 3.0 SerpS-MM18 L\W(Bers02)

71  18:30:25.10 -01:54:13.4 Aqu 260 217 1.0 0.3 Aqu-MM6 WILL (Aqu03)

72 18:30:28.63 -01:56:47.7 Aqu 260 306 1.6 0.4 Aqu-MM7 WILL (Aqu04)

73 18:30:29.03 -01:56:05.4 Aqu 260 34 0.6 0.2 Aqu-MM8 WILL (Aqu05)

74  18:30:49.94 -01:56:06.1 Aqu 260 43 0.8 0.2 Aqu-MM14 WILL (Aqu06)

75  18:31:09.42 -02:06:24.5 W40 260 37 4.2 0.7 W40-MM3 WILL (W40-1)

76  18:31:10.36 -02:03:50.4 W40 260 33 5.2 0.8 W40-MM5 WILL (W40-2)

77  18:31:46.54 -02:04:22.5 W40 260 26 8.1 1.2 W40-MM26 WILL (W40-3)

78 18:31:46.78 -02:02:19.9 W40 260 31 5.3 0.6 W40-MM27 WILL (W40-4)

79  18:31:47.90 -02:01:37.2 W40 260 25 6.6 0.7 W40-MM28 WILL (W40-5)

80 18:31:57.24 -02:00:27.7 W40 260 25 0.5 0.1 W40-MM34 WILL (W40-6)

81  18:32:13.36 -01:57:29.6 W40 260 33 0.5 0.1 W40-MM36 WILL (W40-7)

82 19:01:48.03 -35:57:22.2 CrA 130 209 1.7 2.0 RCrA IRS 5A [3][€]

83 19:01:48.47 -36:57:14.9 CrA 130 63 0.7 - RCrA IRS 5N DIGIT

84  19:01:55.33 -36:57:17.0 CrA 130 79 9.1 - RCrA IRS¥SMM 1C DIGIT

85 19:01:56.42 -36:57:28.3 CrA 130 89 4.6 - RCrA IRS 7B DIGIT

86 19:02:58.67 -37:07:35.9 CrA 130 — 0.9 0.7 CrA-44, IRAS 32c WILL (CrA01)

87 19:17:53.719:12:20.0 Core 300 39 3.6 1.3 L 723 MM WISH

88  19:37:00.9+07:34:09.6 Core 106 37 0.5 1.2 B335 DIGIT

89  20:39:06.3+68:02:16.0 Core 325 42 6.0 1.5 L1157 DIGIT

90 21:24:07.5+49:59:09.0 Core 200 64 0.2 - L1014 DIGIT
Notes.Numbered Per-emb and Oph-emb names come from Enoch et @)(20e PerseysYSO names come from Jgrgensen et al. (2006) &
were subsequently used in Davis et al. (2008). Aqu, SerpBY0 numbered names are from Maury et al. (2011). Other sadentifiers were C
compiled using Jgrgensen et al. (2007b), Rebull et al. (2@vis et al. (2008), and Velusamy et al. (2013) (for Peskeand Rebull et al. (2010]
for Taurus. Chamaeleon names come from Spezzi et al. 208 {@hand Winston et al. 2012 (Cham §. Envelope masses are from Kristen 5%
et al. (2012) for WISH DIGIT and Mottram et al. (in prep.) for WILL source®) Source names used in the WILL program and entered ing
Herschel Archive are written in brackets. S
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Chapter 5 — Physics of deeply-embedded low-mass protostars

5.2.2 Observations and data reduction

Single footprint spectral maps of all our sources were olethiwith the PACS instru-
ment onboardHerschel Each map consists of 25 spatial pixetpéxel} of 9/4 x 974
arranged in the %5 array with a total field of view of 47’ x 47”. Each spaxel con-
tains a (sub-)spectrum observed in first (red) or seconce)luder, within the wave-
length ranges of 102-2%@m and 51-10%m, respectively. The spectral resolving power
increases with wavelength from about 1000 to 2000 (cormedipng to velocity resolutions
of ~140 to 320 km s) in the first order and from about 1500 to 306000 to 210 km st)

in the second order.

Two main observing schemes were used: line spectroscopyg fioodhe WISH and
WILL sources and range spectroscopy mode for the DIGIT smuithe line spectroscopy
mode allows observations of small spectral regiadns£0.5-2um) around selected lines
and is particularly suited for deep integrations. The rasgectroscopy mode provides
the full spectrum from~ 50 to 210um but the spectral sampling within a resolution
element is about 3-4 times coarser than in the line speapysnode. For both schemes,
the chopping nodding observing mode withirf rom the source was used to subtract
the background emission.

Data reduction for both observing modes was performed vhighHerschel Inter-
active Processing Environment (HIPE, Ott 2010). The flux wasmalized to the tele-
scopic background and calibrated using observations ofusiep Spectral flatfielding
within HIPE was used to increase the signal-to-noise rédindetails, see Herczeg et al.
2012 Green et al. 2013). Overall flux uncertainty is about 2% cross-comparisons
of sources in common within our programs.

The 1D spectrum is obtained by summing a custom number oetpakosen after
investigation of the 2D spectral maps (Karska et al. 201&) sBurces with extended line
emission, the co-addition of spaxels with detected emisisioreases the SN, smooths
the continuum, and enables correction for significaffedénces in beam sizes over the
wide spectral range covered by PACS. For sources with thet{ike emission in all
lines, only the central spaxel spectrum is used, but theflines are multiplied by the
wavelength-dependent instrumental correction facterg.4 at 70um and~ 2.3 at 180
um, see PACS Observer's Mangpl

Since lines are spectrally unresolved (excepi][®ee below), the line fluxes are cal-
culated by fitting Gaussians to the final 1D spectrum. SinglasSians are used for well-
isolated lines and double or triple Gaussians for closeai®gliincluding blends. The line
width of the Gaussians is fixed to the instrumental value aésolved lines, except the
[O1] line at 63um which often shows high-velocity wings (van Kempen et all )
Karska et al. 2013). In this case, integration aAndbroad Gaussian fitting are applied.

2 httpy/herschel.esac.esa/MbcgPACShtml/pacs_om.html
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5.3 Results

Hot H,0 High-velocity [0 I] Extended emission

Figure 5.1— Detection statistics for the hot,® 8,5-707 line at 63um, high-velocity [O] emission,
and an extended pattern of line emission. Detections arersimred (Class 0) and navy blue (Class
1), non-detections for Class 0 sources are shown in pink an€lass | sources in light blue. The
sources withouT, determination (unknown Class) and contamination frommmeautflows and

or large-scale cloud emission in theJdine are shown in white.

5.3 Results

5.3.1 Detection statistics

PACS spectra of low-mass protostars show exclusively lai€3O, H,O, OH, [O1], and
[Cu]. CO, H,O and OH lines are seen in emission, with the exception of ¢ 2,-1p;
line seen in absorption in a few fields with multiple outflowse [O1] lines are seen in
emission in the majority of cases, unless originating frangé-scale photodissociation
regions contaminating theffeposition. The [Gi] line at 158um is even more sensitive
to the cloud emission and typically detected in tiiepmsitions as well. In total, the CO
16-15 line targeted in the WISH, DIGIT, and WILL programsgitected in 70 out of 90
sources, the kD 2;5-19; line in 57 sources, and the OH doub?ﬁz/z J=72-52at 84
umin 62 sources. Atomic emission associated with a YSO isctleddén 71 sources in the
[O1] 63 um line and in 10 sources in the [Cline.

Our large sample of sources also allows investigation ofdiection statistics of
interesting features found in PACS maps by previous studiiggire 5.1 illustrates the
percent of sources with the detections of heCH high-velocity [O] emission, and an
extended pattern of line emission.

A strong detection of the O 6,6-5¢5 line at 63um (E,p ~ 1000 K) in the Class 0
protostar NGC1333 IRAS 4B was one of the first surprises tedda the high-sensitivity
Herschel/ PACS data (Herczeg et al. 2012). The line flux of thigOHransition in IRAS
4B exceeds the flux of the nearby [O 1] line. Even though noosle@rce in our sample
shows such a bright #D 8,5-7¢7 line as found in IRAS 4B, the line is detected in about a
quarter of our sources. The detections are non-evenhjtilistd for Class 0 and Class |
sources — almost half of the Class | sources show the deteafiie HO 8,5-7¢7 line in
contrast to mere 14% of Class 0 sources. The line is alsoteetecClass Il sources: in 4
out of 8 T Tauri stars in Fedele et al. (2013) and in 8 out of 38eh T Tauri disks (or
68 in total) in Riviere-Marichalar et al. (2012). Interesly, the HO 8,5-7¢7 line is often
detected in the absence of lowdrH,0 lines for those more evolved sources and most
likely originates from the disk (Fedele et al. 2012, 2013ji&ke-Marichalar et al. 2012).
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Chapter 5 — Physics of deeply-embedded low-mass protostars

PACS spectral maps of the [Pand [Cu] lines at 63 and 15&m provide a means
to disentangle the emission associated with a young peotfrstm the large-scale cloud
emission and to fully explore the diagnostic potential @t forbidden lines. [@] emis-
sion is very rarely associated with YSOs and primarily testbe photodissociated regions
of molecular clouds (Karska et al. 2013). Since thei[@mission is typically detected
at the dt-positions and subtracted by chopping, most of the maps shore or less uni-
formly distributed [Ga] in absorption. Only 10 sources show ffCin emission, related
either to the central or outflow positions of YSOs.

Unlike maps in the [@] line, the majority of our sources show [Pemission related
to YSOs with the pattern strongly indicating an origin in fee/ outflow (Green et al.
2013, Karska et al. 2013). The spectral resolution of PAC&bisut 90 km s! at these
wavelengths, resolving only the highest-velocity, jdated component of the [Dline.
The [O1] velocity shiftis most clearly seen in the red outflow of HH@&n Kempen et al.
2010b), while for the other sources the best signature di-ligocity emission is a broad
line width, exceeding the best-fit Gaussian profile reprotuthe maximum intensity. In
total, 20% of sources, evenly distributed among Class 0 andrces, show high-velocity
emission associated with the [Qine.

Spatially-extended emission in molecular lines is not asmon a feature as seen
in the [O1] line. The H,O 2;,-1p; line at 179um is clearly extended in several well-
known Class 0 outflow sources, most notably in the cases BT {Misini et al. 2010a),
L1448 (Nisini et al. 2013), and NGC1333 IRAS 4A (Karska e8l13, Santangelo et al.
2014). The statistical study of the line emission extentiy possible based on the single
footprint 5x5 maps. Preliminary analysis showed significant variatioth almost half of
the sources in the WISH sample having extended emissiorskidat al. 2013), but only
a minor fraction in the DIGIT sample (Green et al. 2013). BExied molecular emission
is only detected in 8 Class 0 and 2 Class | sources in our caxdlsample beyond the
central 9.4 spaxel, altogether only 10% of 90 sources. The large fraction of sources
with extended emission in the WISH sample is due to the olasenal bias in the source
sample, where sources with strong outflow emission wereepefially selected.

5.3.2 Cross-species line flux correlations

Correlations between line fluxes are a useful indicator attvigroups of species are re-
lated to the same anidor different physical components in a YSO. Karska et al. (2013)
found strong line flux correlations between®and high-J CO lines and, based also on
the similarity in their spatial distribution, suggestedaaumon origin in non-dissociative
shocks. A lack of correlation was found with the 1JQine, which traces dissociative
shocks and to a smaller extent the hidden atomic jet (Karskh 2013). Weak correla-
tions of OH with HO and its similar spatial distribution to that of [[Ondicated that OH
is also partly tracing the dissociative shocks.

Figure 5.2 revisits the above results using an extendedlIsaofigources and most-
commonly detected lines of CO,,B, OH, and [Q] observed in the WISH, DIGIT, and
WILL programs. The correlations are quantified following formulation of a correlation
factor,r, in Marseille et al. (2010, Appendix A), that can be traresiatdo the significance
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Figure 5.2— Flux correlations between the,& 2;,-1y, line at 179um and the CO 16-15 and OH
84.6um lines (top) and the [@ 63 um line with the HO 2;,-15; and OH 84.6um lines (bottom).
Class 0 sources are shown in red and Class | sources in bllie liBes show the best linear fits
obtained with a least-squares method. A separate fit to #&s© sources only is shown on thgH

- OH plot as red dashed line. Correlation fiaments ¢) and number of sources with line detections
(N) are shown on the plots.

level of a correlation when multiplied by'N — 1, whereN is the sample size. Using this
procedure, the strongest, 6.5orrelation is found between the,&8 and CO lines and a
somewhat weaker, 5s4correlation is seen between the®and OH lines. The weakest,
4.1 correlation is obtained between the®land [O1] lines, while the [Q] and OH lines
correlate at the 56 level.

While these results are qualitatively consistent with geitts from the WISH sample,
the extended sample allows a further distinction betweerClass 0 and | sources. The
H,O — CO line fluxes are correlated at a significance ot4f@ Class 0 sources and
4.00 for the Class | sources. The,8 and OH lines show correlations of 4-4or Class
0 sources and only 2o6for Class | sources.

Clearly, the correlations between the pairs of molecufadiare stronger for the less
evolved Class 0 sources, while a comparabde cdrrelation is found between the [P
and OH line fluxes for both Class 0 and | sources. At the sanme time OH line luminosi-
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Chapter 5 — Physics of deeply-embedded low-mass protostars

ties are larger for the Class | sources with the san@ fluxes as the Class 0 sources (see
the HO — OH panel), suggesting that the fraction of OH associatédtive component
traced by the [@] line increases for more evolved sources.

The diferent origin of HO and [O1] emission, revealed by the weak correlation be-
tween the two species, is further supported jedences in the correlations with source
physical parameters (see Figures 5.B.1 and 5.B.2 AppendiXiie [O1] line is tightly
related to the source bolometric luminosity, while the HO line luminosities are
mostly influenced by the envelope malk,,,. The trend for HO could be a pure excita-
tion effect, since the lines are subthermally excited. Howeveramestudy of spectrally
resolved HIFI line profiles of the same sources shows a deicigéne width of the HO
lines from Class 0 to Class | (Mottram et al. submitted), shgvthat evolution also in-
fluences the b - Mepy relation.

5.4 Analysis

5.4.1 CO excitation

Rotational temperatured ) and number of molecules\) of the emitting gas from
low-mass YSOs are routinely calculated from PACS spectireguBoltzmann diagrams
(e.g. Green et al. 2013, Karska et al. 2013, Manoj et al. 2013 most meaningful
results are obtained for CO, since its excitation is doneidddy collisions and the lines
are mostly optically thin (based on the upper limits'®8@0 line fluxes, Goicoechea et al.
2012, Lee et al. 2013). The CO rotational diagrams in the PAe®e covering =14-
13 up to 49-48 show a break around the- 24 — 23 transition and therefore are often
fitted with two straight lines. The corresponding comporent referred as the ‘warm’
and ‘hot’ (Karska et al. 2013), to distinguish them from theld’, 70-100 K component
detected atl < 10 transitions (Goicoechea et al. 2012, Yildiz et al. 20R)tational
temperatures obtained in this manner are surprisinglyiairii all low-mass embedded
YSOs, and equal to about 300-350 K (A0~ 14— 24 lines) and> 700 K (COJ = 24
lines), respectively. Similar values of the warm comporemntperatures are even seen in
much more massive protostars (Karska et al. 2014), furtiggessting that an underlying
universal physical mechanism is responsible for the etxaitan all sources. The number
of emitting molecules varies more strongly from source tarse, increasing with source
bolometric luminosity (Figure 25 of Green et al. 2013, sae &llanoj et al. 2013).

In the following sections, rotational temperatures and benof emitting molecules
are correlated with source physical parameters (bolomktminosities and envelope
masses) and compared on a cloud-to-cloud basis. The CCGadiador the WISH sources
are presented in Karska et al. (2013) and for the DIGIT sauitéreen et al. (2013),
Lee et al. (2013), Dionatos et al. (2013), Lindberg et al1@0and J.-E. Lee et al. (sub-
mitted). The procedures used to derive meaningful paras&t@m rotational diagrams
with a limited number of targeted lines and associated sog explained in Appendix
B, where the remaining diagrams for the WILL sources are sti@ovn (Figures 5.C.1 and
5.C.2).
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Figure 5.1— CO rotational temperatures (left) and numbers of emitthadecules (right) for the
‘warm component’ (top), ‘hot component’ (middle), and theitios in the ‘hot’ and ‘warm’ com-
ponents as a function of bolometric luminosity. Solid lisé®w the best linear fits obtained with a
least-squares method, only for the cases where the ciooretaidficientr exceeds the®threshold
(see text). Otherwise, the median values are shown in ddste=d Class 0 sources are shown in

red and Class | sources in blue.

5.4.1.1 Correlations with source physical parameters

The left panel of Figure 5.1 shows the rotational tempeestwf CO in the warm and
hot components, and the ratio of the temperatures in the tmgponents, as functions
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Table 5.1— Correlation cofficients for CO excitation and sources parameters relations

I—bol I\/lenv
r N r N
Trot (warm) 0.17 60 -0.27 48
Trot (hot) 0.09 22 0.06 20
Trot (hOt)/ Tror (warm) -0.06 22 0.20 20
N (warm) 0.56 60 0.65 48
N (hot) 0.33 22 0.7% 18

N (hot)/ N (warm) -0.24 22 -043 20

Notes.Correlation cofficients exceeding thes3threshold values are shown in boldface. Positive
codficients are indicators of correlations while negative — thie eorrelations. No correlations are
found with bolometric temperaturd@y,. @ R CrA IRS 5A and L1157 are excluded from the fit.
The correlation ca@icient when the two sources are included is 0.47, below thesktimid.

of source bolometric luminosity. The warm component in th@ dlagrams is detected
in 60 sources with a median rotational temperature-820 K and standard deviation
of ~60 K. The hot component is seen in only 22 sources with a qooreting median
temperature 0690 K and standard deviation of 200 K. The larger spread inhtite
component temperatures is most likely due to the fewer litetected in this component
and their lower 8\; the intrinsic spread may be smaller. The ratio of the hatwarm
rotational temperatures is of order 2.

The correlation co@cients between rotational temperatures or their ratio andce
bolometric luminosities (Table 5.1) are in all cases belb& & threshold value, equal
tor; = 0.39 for N = 60 sources and 0.65 fod = 22 sources (Marseille et al. 2010).
Therefore, in line with previous studies, CO rotational pematures are not related to the
source bolometric luminosities even in this much largersesample.

On the other hand, the cfieient ofr = 0.56, translating to the 4a3significance level,
strongly suggests a correlation between the number ofiamittarm CO molecules and
the bolometric luminosity (right panel of Figure 5.1). Nahicorrelation is found for the
hot component numbers of molecules and their ratio with tirelver of warm molecules,
likely due to the less accurate measurements and limitexte@ample with a detected
hot component. The median of the number of molecules in thedraponent is 1.3 18
molecules, while the ratio of the hot over warm number of rooles is about 0.2.

Similar results are obtained when the CO rotational tentpsza and emitting molecules
are correlated with the envelope masses (Figure 5.2). Slifidtences between the me-
dian values are due to a somewhat lower number of source&matlin envelope masses.
Note, however, that the correlations between numbers atiaghimolecules and the en-
velope masses astronger than those with bolometric luminosities (Table 5.1). Intjzar
ular, the number of molecules in the warm component coeehaith a higher, & confi-
dence level. Moreover, an additional correlation is fouatil@en the hot component and
envelope mass. The strength of this correlations is atdheoPrelation threshold when all
20 sources are considered, but increases to thel8vél when the two outlying sources
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Figure 5.2— Similar to Figure 5.1, except that all the quantities amghas a function of envelope
mass. Class 0 source L1157 and Class | source R CrA IRS 5A ataekem into account for the
fit in the total number of hot molecules versus envelope mexggee text) and overplotted with a

black cross.

are excluded. These outliers are the Class 0 source L115Clasd | source R CrA IRS

5A.
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Table 5.2— CO excitation in selected molecular clouds

Cloud CO warm component CO hot component Ratio
N (% ObS) Throt (K) Nw (1048) N (% ObS) Trot (K) Nn (1048)

Per 23 (77 %) 318 6.4 7 (23 %) 678 3.1 0.23
Tau 10 (71 %) 359 1.0 3 (21 %) 755 0.7 0.37
Oph 7 (78 %) 345 3.5 3 (33%) 690 11 0.31
Aqu 2 (33 %) 281 14.5 0 (0 %) - - -
W40 1 (14 %) 339 2.8 0 (0 %) - — -
CrA 5 (100 %) 293 3.1 3 (60 %) 710 0.5 0.04
All 60 (67 %) 322 3.9 23 (26 %) 690 1.3 0.21

Notes. The bottom line refers to all sources and not only the ones fiioe clouds mentioned

specifically in the table.
@ The ratio of numbers of emitting CO molecules in the hot anchweomponents.

5.4.1.2 Cloud-to-cloud dfferences

Median rotational temperatures and numbers of emittingemdés are calculated sep-
arately for YSOs in dterent molecular clouds in Table 5.2. The warm component in
the CO diagrams is most commonly detected in YSOs locateciora Australis (all
sources), Ophiuchus, Perseus, and Taurii®{80 %), and much less frequently detected
for sources in the W40 and Aquila molecular clouds (15-30 %d®n rate). Similarly,
the hot component is detected most often in Corona Aussalisces (60 %), less often in
Ophiuchus (30 %), Perseus and Tauru®d %), and never detected in W40 and Aquarius.

As expected from the previous section, the spread in rotati@mperatures between
sources in dterent clouds is small. More significanti@irences are seen in the total num-
bers of emitting CO moleculesV,, is the largest in the Aquila~(15 10*®) and Perseus
sources {6 10*®), and smallest in the Taurus sourced (L0*®), and of order o~3 10*®
for the remaining YSOs. The large number of emitting molesuh the warm compo-
nent does not directly translate to detections of the hotpmmant, as seen in the Aquila
sources. TypicallyNy, is of order of 1 162 for all sources. The ratio of the hot-to-warm
numbers of molecules is the lowest for Corona Australis aes160.04), and up to an
order of magnitude larger, 0.2-0.4, for the remaining ckud

Environment is therefore not a critical factor for the CO ieation. The diferences
between YSOs in Perseus and Taurus are not significant, andefaest of the clouds
the samples are too small for definitive conclusions. The @@-detections in Aquila
and W40 are more likely due to low-luminosities of the prtaos and not intrinsic cloud
differences.

5.4.2 Molecular and atomic cooling

Previous FIR surveys have shown that the proportion of atéeninolecular emission in
low-mass protostars changes as they evolve (Nisini et 8RI2(Podio et al. 2012, Karska
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et al. 2013). We revisit these results using our larger saropksources which is more
evenly distributed over the Class 0 and | stages.

The total luminosity in the atomic lines is calculated by suimg the fluxes of the two
[O1] lines in the PACS spectra, at 63 and 14%. For the WILL sources where only the
63 um line was targeted, the median ratio of the two oxygen linesnfthe WISH survey
([O1]163/[01]145=10.5, Karska et al. 2013) is used to correct for the missingdfuhe
[O1]1145um line. The [C 1] line flux is not included in the atomic lumisities because it
is either non-detected or contaminated by the larger-stalel emission for the majority
of our sources. Unlike the surveys of Giannini et al. (2001 Hisini et al. (2002b) using
the single ISO beam of 8Q only objects with [O I] emission spatially associated vifik
studied sources are included in our analysis. As demoastiafTable E.1. of Karska et al.
(2013), PACS fluxes are up to a factor of a few lower than the V8lDes for the same
sources, most probably due to elimination of the cloud doution to the [O 1] emission.

The total far-infrared (55-210m) luminosity of the CO lines is calculated for our
sources in two ways. For sources with full PACS spectra (ftloenDIGIT program), the
total flux in the CO lines is simply the sum of fluxes from allelgted lines. For sources for
which only selected CO transitions were targeted (from th8MvVand WILL programs),
the CO rotational temperatures were used to obtain the flofkdge missing lines. The
procedure is applied only for sources with a minimum of tlteected lines in each of the
(warm and or hot) components on the CO diagrams. In particular, foesagere the hot
component temperature could not be well-determined, thenveamponent temperature
is used for extrapolation. The extrapolation to low&transitions not accessible to PACS
(Ju < 14) is not done due to the fact that the so-called ‘cold’ congma on CO diagrams
traces the entrained outflow gasiofs 100 K (Yildiz et al. 2013, Goicoechea et al. 2012),
not the shockedl 2 300 K gas seen by PACS.

The histograms of total CO and [O I] luminosities over boldrieduminosities Lco
/ Lbor @nd Ljoy / Lol) and of the ratio of the cooling in the two speciésd / Lioy)
are presented in Figure 5.3. The histograni.ed / Lno peaks in the 16-10-25 bin for
Class 0 sources and in the £6-10-3 bin for Class | sources, demonstrating that the
fractional CO luminosity decreases for the more evolvedazsl This is also reflected by
the observed ranges bfo / Lo, Which extend to larger values for Class 0 sources and
to smaller values for Class | sources.

Such a trend is not seen when histogramigi / Luol for the two classes of sources
are compared. The ratio peaks in the+Q0~2 bins with a small fraction of sources with
higher or lower ratios up to an order of magnitude, irrespedif the evolutionary stage.
These results are qualitativelyfiirent from previous studies with ISO, where the his-
togram for Class 0 sources peaked 2 orders of magnituderhighgpared to the Class |
sources, at about 1®° (Nisini et al. 2002b, see also Podio et al. 2012). The largeab
lute values olLjoy) / Lwol from ISO indicate significant contamination from nearbyuclo
emission, which could possibly be more severe in the sudimgs of Class 0 sources.

The histograms of theco / Ljoy for Class 0 and | sources both peak in thé-10°°
bin, showing that typically the CO luminosity is equal to @rto a factor~ 3 larger than
the [O 1] luminosity. There is a tail of Class 0 sources withemen larger fraction of CO
to [O 1] luminosities. The histogram for the Class | sourcembre symmetric, with only
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Figure 5.3— Histograms of the CO (left) and [O I] (center) cooling ovetdmetric luminosity and
the ratio of cooling in CO and [O 1] (right). The red color shethe distributions for Class 0 sources
and blue for Class | sources.

a slightly higher number of sources at lowato / Ljoy ratios, corresponding to large
fractions of atomic oxygen emission. In total, however, ensources in the Class | stage
have more luminosity in CO than in atomic lines, but the maximiLco / Lioj) values are
up to an order of magnitude lower than for the Class 0 souRieslar trends have been
reported in Nisini et al. (2002b) and Karska et al. (2013)simaller samples of sources.

The large scatter in the rotational diagrams ofCHand OH (Karska et al. 2013,
Wampfler et al. 2013) implies that the accuracy of extrajaldluxes of lines not tar-
geted in the WISH and WILL programs is significantly lowernhar the case of CO
(Lee et al. submitted). Therefore, molecular cooling isgOHand OH lines and, conse-
qguently, the total far-infrared cooling, can only be wedtermined for a limited sample
of sources with full PACS spectra observed in the DIGIT andWprograms and is not
presented here.

5.4.3 Mass flux rates in jets and outflows

Maps of outflows in lowJ CO lines are commonly used to calculate outflow energetics
of the entrained material in low-mass young stellar objéetg. Curtis et al. 2010, van
der Marel et al. 2013, Yildiz et al. subm.). The outflow massloa derived from the total
column density of CO by conversion tg Fhass over the whole area of the outflow (details
in Appendix C in van der Marel et al. 2013). The mass outflow iatthen calculated

by dividing the mass by the so-called ‘dynamical age’ of th&low, which is obtained
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Figure 5.4— Wind mass flux rates calculated from the [O I] line and CO 3#,(from Mottram
et al. in prep) and CO 6-5 (right, from Yildiz et al. subm.)d& Solid lines show the best fit to the
data and the dashed lines show the y function.

from the current outflow extent and the maximum velocity seetihe CO line wings.
Therefore, the CO mass flux rate is by definition an ‘integrateass flux rate over the
outflow lifetime and is sensitive to the assumed outflow imadiion. If momentum flux
conservation applies, the wind mass flux rate implied by tReli@es, dM,,(CO)dt, is
subsequently calculated by multiplying the observed C® bgtthe ratio of maximum
velocity of CO line profiles and the assumed wind velocity 80 km s™.

An alternative method of calculating the mass flux rates wapgsed by Hollenbach
(1985), who showed that for the range of physical conditimusd in YSOs the mass
flux rates scale with the [O 1] line luminosityM,/dt=10 L(O1 63), in units of 10° M,
yr~t. The formula is valid under the assumption that the [O1] lirezes primarily the
dissociative shock caused by the impact of theg jgind on the surrounding cloud. The
contribution from the non-dissociative outflow shocks istased to be negligible and
effects of outflow geometry are neglected.

Figure 5.4 and Table 5.3 compare the mass flux rates caldulateg the two meth-
ods. The majority of the sources show higher mass flux rafesré@d from the CO lines,
with only a few sources lying on the ¥ x line. There are also about 10 sources with
lower mass flux rates derived from CO 3-2 than [O I]. Those law/GO I] mass flux
rates sources are typically Class | sources observed aefthg WILL program. Over-
all, the CO 3-2 and [O I] mass flux rates show .60~ correlation with the slope clearly
deviating from the y= x function.

The median [OI] mass flux rate equals about 5818, yr~1, of the same order for
both Class 0 and | sources (Table 5.3). The median CO 3-2 argt&@ass flux rates are
of order 107-10% M, yr~1, but those are obtained for a subsample of sources observed
in [O1]. The median ratios of the CO 3-2[01] and CO 6-5/ [O1] are of the order
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Table 5.3— Jet/ outflow mass loss rates from [O 1] and CO lines

dMy/dt (Mg, yr=1) Ratios of dvl,,/dt
[O1]63um CO3-2 CO6-5 CO3-2[0l] CO6-5/[0]]

All (median)  5.410%° 1.2107 3.510° 3 4
(mean) 2410 3.310% 3.710° 27 19
Class 0 431 12107 1510° 5 15
26107 3.010% 5.210° 47 27

Class | 70168 19107 1.6107 1 2
2.1107 5.310% 1.910° 27 10

Notes.CO 3-2 mass loss rates are from Mottram et al. (in prep.) altiz¥ét al. (subm.), for WILL
and WISH/ DIGIT sources respectively. CO 6-5 rates are calculatedhi@isame WISH DIGIT
sources in Yildiz et al. (subm.).

of unity for both Class 0 and | sources. Largefteliences between the two methods of
determining wind mass flux rates are seen when the mean vataesompared (Table
5.3). In particular, the mean CO I] ratios are of the order of 10, indicating that some
of the sources with the largest wind mass flux rates infemam ICO are at the same time
weak in [O1].

Note that the CO maps were obtained in a uniform way and the matflow rates
were calculated using the same method with absolute uncietaof a factor of a few
(van der Marel et al. 2013). Lower rates from the CO 3-2 witpeet to CO 6-5 maps
(Table 5.3) are due to the intrinsidirences in the sample of sources: the CO 3-2 data are
obtained for a significantly larger number of sources, iditlg the low luminosity sources
from the WILL program. Despite thesefiirences, the results are qualitatively the same
for the CO 3-2 and CO 6-5 rates, as seen in Figure 5.3. For netadled discussion of
these results see 85.5.3.

5.4.4 Comparisons to models of shocks and photodissociaticegions

Since PACS does not resolve the emitting regions of the mtde@and atoms, compar-
isons of such observations with shock models have condedtean line ratios (e.g. San-
tangelo et al. 2012, Vasta et al. 2012, Lee et al. 2013, Sgekaret al. 2013, Karska
et al. subm.). Various molecular ratios indicate an origilCi-type shocks, which emit
copiously in CO, HO, and OH, but produce very little [O 1] emission.

[O1] shock predictions are calculated using the Flower &eRinm des Foréts (2003)
model for a finely-sampled grid of shock velocitiegrom 10 to about 50 km$, and two
pre-shock densitiesy; = 10* and 18 cm3. The model intensities in units of erg cfn
s! sr! are translated to W cm assuming that the emission entirely fills one spaxel in
the PACS maps (1 s¢ 2.1 10°° ). The one spaxel size is chosen despite the fact that
PACS maps in the [O ] and [CII] lines often show emission exiieg to more than one
spaxel (this work and Karska et al. 2013), because the aetuoiling region observed
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Figure 5.5— Absolute fluxes of the [O I] line at 63m (top) and the [C I1] line at 158m (bottom)
predicted byC- and J-shock models of Flower & Pineau des Foréts (2003) and cotdtbwith
observations. Median observed fluxes of [O |] shown in thepapel are calculated only for those
sources where the emission is associated with the sourcadiddrge-scale cloud emission. The
minimum detected flux of [O I] is shown also for reference.dseof [C11], in the rare cases that the
line is actually detected and spatially associated wittsthece, the fluxes exceed the range shown
in the bottom panel. The instrumental upper limit for thelgetection is shown as reference.

by each spaxel is likely only a fraction of the spaxel sizdliffy factor’ below unity).

A possible underestimate of a factor of a few of the emittiegion size does noffi@ct
the conclusions below given the orders of magnitude varatprobed by the models and
observations.

Comparison of absolute observed and model line fluxes of@1g§3 um and [C 1]
158um lines are shown in Figure 5.5 (top panel). The median olesd® I] flux, calcu-
lated for sources with emission spatially associated wiO¥, equals-107° W cm2
and falls between the predictions for t8e and J-type shock models for a wide range
of shock velocities. Th€—type shock model fluxes decrease from aboufdWv cm2
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Chapter 5 — Physics of deeply-embedded low-mass protostars

by 1 and 2 orders of magnitude in the velocity range from 10koua 40 km s! for

the assumed pre-shock densities of &2 and 16 cm3, respectively. Above 40 km
s, the fluxes increase to values as high as t0"1W cm2 for the models with higher
pre-shock densities, but still notflicient to explain the [O 1] emission in many of the
brightest sources. Th&-type shock model fluxes, on the other hand, fit even the bright-
est observed [O1] lines. A sharp increase from aboufd® cm2 to 10 W cm
occurs when the shock becomes dissociative at velocitiabait 20 km s'. Depending

on the size of the emitting region, likely lower than the fglaxel area, the observations
of all absolute line fluxes of [O I] can be reproduced witktype shocks.

The observed fluxes and limits of the [CI] line at 158 greatly exceed the model
predictions for botltC— andJ-type shock models (Figure 5.5, bottom panel). Whenever
the line is detected and associated with a YSO, the fluxesext@?* W cm2, 4 orders
of magnitude above the mode} shock fluxes and a factor of a few above the peak [C 1]
flux from the J— shocks, at about 30 knTs In many sources, however, the [C1I] line is
not detected and only the upper limit can be used for commasiwith the models. For
those sources, the observed limit is consistent with BetandC—type shocks.

Since the shock models cannot reproduce the observed [QXBdIfor the sources
where itis detected, [C 1] is most likely the result of CO pbissociation and photoion-
ization of C. This requires hard UV photons with< 1100 A, likely produced in the
vicinity of the protostar, in accretion flows in the staridisoundary layer ang or fast
bow-shock (e.g. Spaans et al. 1995, van Kempen et al. 200@alels of photodissocia-
tion regions (PDRs, Tielens & Hollenbach 1985) can be usednatrain the UV field and
densities using absolute intensities of atomic and ioniedias well as molecules. In our
case, where most of the molecular emission and a part of [@i§son originates from
shocks, comparisons to absolute line intensities of [Cri]the most reliable measure of
FUV alone. To better constrain the range of possible paramsethe ratio of [C 1] and
[O1] can be used, taking into account that a fraction of thé] [@nission comes from the
dissociative shocks. This ratio rapidly decreases withsitgrcontrolled mainly by [O1]
with its high critical density of about 5 10 cm3, two orders of magnitude higher than
for [CII] (Kaufman et al. 1999).

Figure 5.6 compares the observed [(/I[D I] versus [C I1] intensities and the PDR
model predictions from Kaufman et al. (1999). The [C II] in¢&ies are calculated assum-
ing a size of one spaxel and shown only for sources where thgg@ission is spatially
associated with YSOs. The range of observed [C II] intessigéiquals 1¢-10~* erg cnt?
st srt, whereas [C I} [O]] ranges from 10?-10°. The corresponding model densities
are in the range from £0cm= to 10° cm3. The majority of the sources show a very
similar incident UV field, about 170G, on scales 0f~1000 AU, with the exception of a
more massive source — Serpens SMM1 (#66) — in tieGHregime.

Possible contributions from shocks to the [O I] intensityukebdecrease both the den-
sities and the UV field matching the observations (see Figu8g For example, if 90%
of [O 1] flux comes from the shock, corresponding to an incesz#fbserved [CII] [O1]
by a factor of 10, the best fit densities are in the range11® cm™ and UV field of
~ 10%-10? Go.

Finally, we note that the diagnostic diagram from Figurecal be used to distinguish
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Figure 5.6— Observed line ratio of the [C II] line at 158n and the [O 1] line at 63m as function
of the [CII] line intensity (red dots for Class 0 and blue dfiis Class | objects) and models of
photodissociation regions from Kaufman et al. (1999). Med@ee shown for densities from 3.6
10" cm™3 (in dashed lines) and for incident UV from 41 135 Gy (in solid lines). Small magenta
dots and crosses indicate line ratios assuming that 90% %tdof [O I] flux comes from the jet,
respectively. Two cloud-related PDR regions in the W40 dlate shown with blue diamonds.

between PDRs associated with YSOs and clouds. For compawi the local PDRs,
two sources observed within a strong PDR in the W40 cloud (\&/4Mhd W40-3) are
shown. Both of them are located in the low-density and high+ggime that is very
distinct from our observed YSOs.

5.5 Discussion

As demonstrated in the previous sections, far-IR lines n#orin about the physical pro-
cesses in the surroundings of young protostars. First rigg@f the CO line emission is
discussed based on excitation diagrams and correlatiessipted in §1.4.1. Second, pos-
sible scenarios responsible for the [O I] emission are cmmed, which are finally related
to the mass loss rates calculated based on the [O I] lumjnosit

5.5.1 Origin of CO emission: a two-shock scenario

Similar to individual and small subsample studies witrschel PACS, two temperature
components are seen in CO rotational diagrams of Cl4s3le medianT,,; are~ 320

K and~ 690 K, for the ‘warm’ and ‘hot’ components, respectivelydato not correlate
with physical parameters (bolometric luminosity and eopelmass). Such correlations
are found for the total number of emitting CO molecules, irtipalar using the envelope
mass, with the ratio of the hot-to-warm emitting moleculésmler of 0.2. At the same
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time, however, the detection rate for the *hot’ componerdiggificantly higher for the
Class | sources, which have lower envelope masses.

The above results quantitatively agree with the interpicigoroposed for the ‘hot’
CO component by Kristensen et al. (2013) who linked it to thedium’ or ‘offset’ com-
ponent extracted from the complex® and CO profiles from HIFI and arising from
dense i ~ 5x 10* — 10° cm™3) and hot T ~ 750 K) gas in the inner 100 AU of the
protostellar envelope (see also Kristensen et al. 201 2pg@oison to shock models from
Neufeld & Dalgarno (1989) implied an origin in a dissociatishock with the dissoci-
ation due to the UV radiation from the accreting protostae(also Kristensen et al. in
prep.). The ‘hot’ CO component would then trace the part efshock where KHreforms
(Kristensen et al. 2013).

The larger detection rate of the highly-excited CO lineshi@ tmore evolved sources
from our study could be therefore related to the smallerldimg (wide-angle outflows,
more dispersed envelopes) of UV radiation in the Class Icsurather than the higher
dust continuum shielding opacity in the Class 0 sources.detection of highly-excited
H>O lines in the sources with highl CO emission suggest the same origin during the
embedded phase. In the Class Il sources, where the enveldpléyidispersed, the hot
H,O emission and non-detections of highCO argue in favor of the disk origin (Fedele
et al. 2012, Riviere-Marichalar et al. 2012).

The ‘warm component’, on the other hand, traces the partethock that is more
shielded from UV, probably further out along the outflow oeger into the envelope.
High absolute intensities of CO lines cannot be accountedisgociative shocks alone
and require the non-dissociative shock component (Karséa gubm.).

5.5.2 Origin of [O 1] emission: disk, jet, or UV-heated cavity walls?

A possible contribution from the disk to the [O1] §8n line is investigated via com-
parisons with more evolved, Class Il sources. The envelopg&smof Class Il sources is
negligible and the corresponding accretjogjection rates are much lower compared to
Class @I sources. Therefore, the contribution from the jet is expeto be low, with the
bulk of [O 1] emission originating in the disk.

Figure 5.1 shows our protostars on a diagram comparing thilif@ emission with
continuum at 63:m with separate fits to the non-outflow Class Il sources and<Clia
sources with associated jet emission taken from Howard ¢2@1.3§. Not surprisingly,
almost all of our sources are located above the ‘non-outffivand follow the fit to the
‘outflow’ Class Il sources instead.

The relative contribution of the jet andr UV-heated cavity walls to the total [O]

3 We note a mistake in equation 4 of Howard et al. (2013), whitates the [O 1] line emission and continuum
flux at 63um for the outflow sources, and not the non-outflow sourcesaiset in the text. Based on their
Figure 6, we obtained the equation for the non-outflow sairce

logF([O1]) = 0.737x log(Fcony) — 0.67 (5.1)
whereF([O I]) refers to the line flux of the [O ] 6&m line in units of 1616 W m=2 andF¢on¢ to the continuum

flux at 63um in Jy.
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Figure 5.1— Fluxes of the [O ] line at 6m as function of continuum flux at similar wavelength
scaled to the common distance of 140 pc. The best fits to Classutces in Taurus with jet
outflow emission (dashed line) and without (solid line) fretoward et al. (2013) are included for
reference. Black dots denote sources with [C ] line débest (see Figure 5.6), three of them have
less certain continuum values and as such have no corrésgdolde/ red circles. Sources lying
on the dashed line have 25% contribution from the disk and %% the jet to the total [Ol]
emission, assuming that the solid line represents 100%ibation from the disk. The dash-dotted
line represents sources with 90% jet contribution to [O HeBhaded region denotes sources with
75% - 90% jet contribution to [O 1] emission and includes thkiof our sources.

emission can then be estimated assuming that the fit to theodntflow’ sources cor-
responds to the 100% emission coming from the disk. Accgldinhe sources on the
‘outflow’ fit have about 75% contribution from the jétavities to the [O 1] flux, with a
fraction of our sources showing more than 90% of these daurttans (i.e. less than 10%
contribution from the disk). As a consequence, we can ruléhmudisk emission to be an
important factor influencing the [O I] emission observed im protostars.

The excess [O1] emission is produced either in dissocigévehocks, including a
bow shock at the tip of the jet, or as a result of irradiatioouotflow cavity walls by UV
photons from these shocks and from a central protostar. Ailpesway to distinguish
between the jet shocks and UV-heated cavity walls is to deter the densities of the
emitting material. In the two-shock model, where the digsde and non-dissociative
shocks are assumed to be in a steady state, the highertygkicshock propagates in
smaller density material than the non-dissociative shbictlénbach 1997, Giannini et al.
2001).

For a subsample of our sources that show [C Il] detectiongadlyaassociated with
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protostars, the analysis of PDR emission provides an int#grg measure of material
densities that can be compared with densities for CO a@iéxcited in a non-dissociative
shock. Since all of those sources have at least 75% pégtities contribution to the [O ]
emission (Figure 5.1), the corresponding gas densitiesfaneler 13-10>° cm™3 (Figure
5.6). The pre-shock densities obtained from the ratios ofgd CO and HO lines are

of similar order ¢ 10° cm3, Karska et al. subm, this work), but become larger by about
a factor of 10 when the compression factor for a non-dissgeiahock is accounted for.
As a consequence, the densities in the outflow cavity shaeksa high to explain the

[O 1] emission, confirming a diierent origin in a dissociative jet shock for the considered
subsample of sources.

Generally, the relative fraction of emission from the jedsks and UV-heated cavity
walls will likely differ depending on the evolutionary stage of a protostar anciespe
considered. Large OH intensities relative tg(Hfound in the Class | sources (Figures 5.2
and 5.A.1) indicate the increasing importance gf0Hphotodissociating UV photons as
a protostar evolves. At the same time, no sudfedence is seen between [O I] emission
relative to HO in Class @ sources. In fact, both the total cooling in the [O 1] linesyfre
5.3) and the fraction of sources with detected high-vejosihission in the [O 1] 63m
line (Figure 5.1) is similar in Class 0 and | stages. On theolttand, if the [O 1] emission
is produced in a slowep (~ 15— 40 km s1), C— or J-type shock, it should decrease for
the more evolved sources with lower envelope masses (FigbyeA combination of this
effect with the larger amount of UV photons penetrating suctspatsed envelope in the
Class | stage could provide an explanation to all our obsienvs

5.5.3 Mass flux rates: evidence for jet evolution?

The origin of the [O I] emission has consequences for thepnégation of the dferences

in the mass flux rates obtained from the edv\CO and [O I] lines (84.3). The [O I] mass
flux rates are equal t8108 M, yr~* for Class @l sources and as such are similar or up
to an order of magnitude lower than the CO mass loss ratebémsame sources (Figure
5.4).

The opposite result was obtained in Giannini et al. (20043¢l oriSOobservations
of [O] towards~10 Class 0 sources. Here, the [O ] mass loss rates were cabipar
or higher to the CO rates, clearly because of the cloud cdnttion within a single
beam. Some discrepancy between mass flux rates from CO ahdij€sl was seen in a
subsample of our sources analyzed in Karska et al. (2018pritrast to this preliminary
study, however, no decrease in the [O I] luminosity is fourmahf Class 0 to Class | stage
(Figure 5.3 and Figure 5.3).

The mass flux rates from the [O ] line are calculated on tharagsion that all [O]
emission is produced in the jet shock, which is most likelythe case. If indeed part of
the [OI] emission is a product of #D photodissociation in a slower shock, the calculated
rates are only upper limits to the actual mass loss ratesdifadt even more from the
CO 3-2 and 6-5 rates, in particular for the more evolved sesirtn such more evolved
sources, the outflow cavity has widened and emptied, raguiti less ficient entrain-
ment.
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Interestingly, the majority of the sources with low GQOI] mass flux ratios are
the more evolved Class | sources (Figure 5.4). Bright [Ot§ jre also seen in Class
Il sources (Podio et al. 2012), where much weaker CO wind rflassates are found.
In contrast, the most deeply embedded sources have large[OQ mass flux ratios
suggesting that [O I] underestimates the momentum flux,gprbecause the jet is partly
molecular (Nisini et al. in prep.).

Altogether, this shows a possible evolution of the windhie most deeply embedded
stages the jet is mostly molecular and evolves to the momiatform as the envelope
is dissipated, the outflow cavities widen, and the gas entrant is reduced. Velocity-
resolved observations of [O 1] are needed to determine tlagivie jet and UV contribu-
tions and thus the details of the jet evolution.

5.6 Summary and conclusions

Herschel/ PACS observations of hot gas in the surroundings of low-maststars al-
low to disentangle and characterize energetic physicalgases associated with the ear-
liest stages of star formation. CO and®iline are primary tracers of non-dissociative
shocks occurring in the outflows on %#00* AU scales. Dissociative shocks due to the
fast-moving jet and KO photodissociation by UV photons contribute to the [OI] &mi
sion. The [CII] line is a unique tracer of the UV strength wisgratially associated to a
young protostar. The main conclusions are the following:

1. Two temperature components are found on CO diagrams,wjth- 320 K and
~ 690 K. Although the number of emitting molecules in the twongpmnents cor-
relates with the envelope mass, the detection rates of theohgponent are signif-
icantly lower for the Class 0 sources. These results ardstenswith the interpre-
tation proposed by Kristensen et al. (in prep.) that the batmonent originates in
a dissociative shock exposed to protostellar UV photons.wérm component, on
the other hand, originates in non-dissociative shocks towtt for the high abso-
lute intensities of CO lines. The highly-excited®l line is most probably related
to the same physical component.

2. Similar to previous studies, the CO molecular coolingrdx@ometric luminosity
ratio is larger for the Class 0 sources. The total coolinghm O 1] line, on the
other hand, is the same for Clagsdburces, contrary to tH&Oresults from Nisini
et al. (2002b). The contribution from the disk to the [O I] sgion is negligible for
the deeply-embedded protostars considered here. The [@Ipfiginates in the
jet shocks and in the UV irradiated cavity walls whergdHphotodissociates. The
fraction of the jet emission decreases for more evolvedcgsibut the penetration
by UV photons is enhanced, explaining a similar amount of] [@bling in Class
0/l sources.

3. Incident UV field and densities are calculated for a sulpamf sources with de-
tected [C 1] emission using the Kaufman et al. (1999) modélshotodissociation
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regions. UV fields of 10— 100 G and densities afi ~ 10* — 10>° cm3 are deter-
mined. The densities are an order of magnitude lower thavetlues obtained from
comparison of molecular emission to shock models indigetie origin inside the
outflow cavities.

4. Mass flux rates in the jetind of order~108 M, yr~! are calculated from the [O 1]
63 um line for both Class 0 and | sources. Those values are similaip to an
order of magnitude lower than the wind mass flux rates infefrem CO using
momentum conservation and obtained for the same sourceanifam manner.
Differences are found between Class 0 and | sources, with tke shtbwing the
[O1] mass flux rates exceeding the CO rates, suggestingitbattomic component
of the jet dominates.
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Figure 5.A.1— Flux ratio - flux correlations between the CO 16/13,0 2;,-15; and CO 16-15
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lines. Class 0 sources are shown in red and Class | sourcaseinGorrelation cocients ¢) and
number of sources with line detectiori$)(are shown on the plots. Solid lines show the best linear
fits obtained with a least-squares method for cases whethelation co#ficient exceeds thes3
threshold.

Appendix

5.A Correlations of fluxes and flux ratios

Figure 5.A.1 shows correlations between line ratios difedént species as functions of
line fluxes of one of those species. Stror§e- correlations are found between the®
212-1p1/ OH 84.6um ratio and the KO 2;,-1p; flux and between the D 2,5-1p;1 / [O1]
63 um ratio and the HO 2;,-10; flux.
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Table 5.B.1- Correlation cofficients for line fluxes and sources parameters relations

I-boI Menv

r N r N
CO 16-15 0.56 70 0.60 57
CO 29-28 0.53 46 0.55 39
H,O 2:15-191 0.45 57 0.75 47
H,O 2,1-1;,0 0.54 52 0.72 44
OH 84um 0.58 62 0.44 49
O163um 0.65 70 0.47 56

Notes. All correlation codficients exceed the & threshold values, the ones exceeding the 4
threshold are shown in boldface.

5.B Correlations with sources parameters

Figures 5.B.1 and 5.B.2 illustrate how line luminositiesvwdlecules and [@ correlate
with two main physical parameters of the sources: bolomé&iminosities and envelope
masses. The correlations with source bolometric lumiressdre particularly strong for
the [O1] and OH lines (see Table 5.B.1) and to a smaller extent wighGQd 16-15 line.
Lack of correlation is found for kD and higherJ CO transitions.

The envelope masses, on the other hand, correlate mosglstrith the HO lines
(at 5 level) and CO 16-15 line (at 4o5level). In the sub-thermally excited,® lines
this could be just an excitatiortfect, however a strong correlations with the CO line and
the decrease of line with of 4D lines for the Class | sources (Mottram et al. submitted)
indicate that evolution also plays a role.
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5.C Rotational diagrams for the WILL sources
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Figure 5.B.1— Correlations of source bolometric luminosity and line 8sxof CO 16-15, CO 29-
28, HO 2;5-151, H20 255-150, OH doublet at 84m, and [O]] line at 63um. Correlation cofficients
(r) and number of sources with line detectiohy ére shown on the plots and in Table 5.B.1.

5.C Rotational diagrams for the WILL sources

Figures 5.C.1 and 5.C.2 show CO rotational diagrams for theLVgources. Separate
linear fits are done to the transitions located in the ‘warnd &hot’ components, the
same as used in Karska et al. (2013) and Green et al. (2013)resi5.C.3 and 5.C.4
show HO rotational diagrams with only one linear fit to all obserlieds.
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Figure 5.B.2— Similar to Figure 5.B.1, except that the line fluxes are elated with envelope
masses.
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Figure 5.C.1— Rotational diagrams of CO for Perseus sources not inclird€drska et al. (2013)
and Green et al. (2013). The base-10 logarithm of the numftemitting molecules from a level,
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Figure 5.C.2— The same as Figure 5.C.1, but for the remaining sourcestfier/ILL program.
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5.C Rotational diagrams for the WILL sources
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Figure 5.C.3— Rotational diagrams of ¥#D for Perseus sources not included in Karska et al. (2013)
and Green et al. (2013).
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Figure 5.C.4— The same as Figure 5.C.3, but for the remaining sourcestfier/ILL program.
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De terugkoppeling van protosterren op hun omgeving.
Een onderzoek naar heet moleculair gas metlerschel

Stervorming

Het ontstaan van ons eigen zonnestelsel kan worden bestiudieer waarnemingen te
doen naar vormende protosterren in ons sterrenstelseal.edobeter begrip van ons ei-
gen bestaan volgen we met name de evolutie van protosteereiteindelijk op onze zon
zullen lijken (i.e. sterren met een madga~0.08-1.5 M, met M, de massa van de zon
~2x 10% gram). Sterren met een lage massa (zoals de zon) dominereorsting, zowel
gua totale massa als qua aantal. De weinige sterren met gemiassaNl =8 M) heb-
ben echter een grooftect op de vorming van de lichtere sterren, doordat ze sténddeng
en winden veroorzaken, en daarnaast zware elementen iméegtellaire medium (ISM)
injecteren.

Figuur 1 illustreert de belangrijkste fasen in het ontsteam een lichte ster. Wan-
neer een dichte kern ineenstort onder zijn eigen zwaaxtbkrkeidt dat tot de vorming
van een jonge stellaire kern die materie aan blijft trekkan kiet omhullende gas. Een
deel van de materie wordt verdreven door bipolaire stnaaistn die eerst gecollimeerd
zijn (Klasse 0) maar later wijder worden (Klasse 1). De wiioéette (UV) straling van de
groeiende ster dringt steeds dieper door in het omhulleadeTegelijkertijd is er min-
der materie dat door de straalstroom kan worden weggehlapgatat er minder materie
door de ster wordt aangetrokken. Dit proces gaat door tateadtraalstroom helemaal
verdwijnt. Wanneer het omhullende gas weg is (Klasse Ilydivde jonge hoofdreeksster
met circumstellaire schijf zichtbaar. Het stof in de scki@intert samen tot steeds grotere
deeltjes, die uiteindelijk planetesimalen en planetemeor (Klasse IIl). Het gas van de
schijf komt deels terecht in grote gasplaneten, en wordsdeeggeblazen door de wind
en de straling van de ster.

Doel van dit project
Uit het hierboven beschreven scenario blijkt dat protesteeen destructieffiect heb-
ben op de moleculaire wolken waaruit ze geboren worden. iffedes protoster groeit,

verwarmt ze het ineenstortende omhullende gas, en stoelijkegtijd materie uit dat
in de donkere wolk terecht komt. De ultraviolette stralirnldeels ontsnappen door de
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Figuur 5.5 — Schematische weergave van een protoster die uiteinéelijkster wordt zoals onze
zon. De schaal wordt aangegeven voor elke evolutionaip staarbij 1 Astronomical Unit (AU)
de afstand is tussen aarde en zon, 1-AW5 x 10° km. Overgenomen uit Persson (2013).

gaten die de straalstroom gemaakt heeft, en deels het gearmeen en de moleculen ver-
nietigen. Het karakteriseren van deze processen is eengdrighe stap in het begrijpen
waarom stervorming zo’n irfécient proces is, en welke materialen aanwezig zijn voor
planeetvorming.

In dit proefschrift wordt geanalyseerd wat voor ‘stempelzd fysische processen ach-
terlaten op het gas. Dit wordt gedaan met infrarood speipie van het allernieuwste
state-of-the arPhotodetector Array Camera and SpectromgRACS) instrument aan
boord van déHerschel Space ObservatoACS is een uniek instrument dat deze hoog-
energetische processen kan waarnemen met een ongeéeegeendligheid en spatiéle
resolutie, en daardoor de omgeving van de protoster kaijkieekdie in optisch licht niet
zichtbaar is. In het bijzonder kunnen watermoleculen waxaognen worden met PACS,
iets wat niet mogelijk is vanaf de aarde. Juist deze watezoudén kunnen een unieke
karakterisatie geven van warm gas en de energetische pescdi® plaatsvinden tijdens
stervorming. Ook spelen ze een actieve rol in de koeling eag&s. Door de ver-infrarode
emissielijnen te interpreteren kunnen we bepalen ondeteaedndities de protosterren
vormen, maar er ook achter komen welke rol schokken en LAlksty spelen in dit pro-
ces.
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Figuur 5.6 — Boven: Moleculaire straalstroom van de Klasse | protddt¢46. Het waargenomen
gezichtsveld dooHerschel/ PACS en zijn voorganger ISOLWS is aangegeven. De gekleurde
blokjes zijn pixels van de PACS detector, waarbij rood daadstroom detecteert die van ons weg
beweegt, en blauw waar die naar ons toe beweegt. Onder: Berheld van de CO lijnen waargeno-
men met Hersch@ACS en de APEX telescoog «10), samen met voorspellingen van modellen
van het gasomhulsel (blauw), de uitholling die de straadstr gemaakt heeft in het gas verhit door
ultraviolet fotonen (groen), en schokken op kleine schadki uitholling (rood). De zwarte lijn is de
som van de drie. Een tekening van de verschillende compenéntechts onder in de ingevoegde
figuur gegeven. Overgenomen uit van Kempen et al. (2010b).

Herschel / PACS

Het eerste instrument dat het volledige ver-infrarode patvan een protoster heeft
waar genomen is de Long-Wavelength-Spectrometer (LWS)aand van ddnfrared
Space ObservatorySO). De telescoop had een vrij kleine diameter van 0.6 metear-
mee groottes va 20,000 AU (1 AU = 1.5 x 10° km is de gemiddelde afstand tussen
de aarde en de zon) bestudeerd kunnen worden in nabije fots Daardoor vielen
zowel het omhullende gas als de straalstroom op 1 enkelé(pigdiguur 2), en was niet
duidelijk waar het licht, dat was waargenomen met LWS, vandavam.

Herschel/ PACS, operationeel tussen halverwege 2009 en halverweds 26rbe-
terde de spatiéle resolutie met een factor 8, en kon daatdmaritgestraalde licht van
~2,000 AU rond nabije protosterren onderscheiden van de reshetgezichtsveld (zie
Figuur 2 voor een vergelijking tussen ISO en PACS). Door dalmoatie van de reso-
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lutie met de verbeterde gevoeligheid van PACS en astrododmmimodellen, kunnen we
de herkomst van de ver-infrarode straling bepalen, en deada fysische processen die
plaatsvinden tijdens de eerste fasen van de stervorming.

Figuur 2 is een voorbeeld van zo’n analyse, waarbij het opjwearvan omhullend gas,
UV fotonen van de protoster, en schokken de koolmonoxidée @xssie van een Klasse
| protoster verklaren. De modellen die voor deze analyseuijgbworden geven echter
geen unieke verklaring: de CO emissie kan ook gemodelleerdem met een combi-
natie van schokken. Er moeten dus beperkingen aan het numgpoegd worden door
tegelijkertijd licht van alle atomen en moleculen te anatgs die in het ver-infrarood
stralen — zoals water damp £8), hydroxide (OH) en atomair zuurstof (O). Om erachter
te komen welke fysische processen de vorming van protestelemineren, moet onder-
zoek gedaan worden naar protosterren in verschillende fase hun ontwikkeling, met
verschillende massa’s en in verschillende omgevingen.

Dit proefschrift

Dit proefschrift behandelt de herkomst en evolutie van a8l protosterren met een
lage en hoge massa met ver-infrarode straling. Dit is gedstrbehulp varHerschel/
PACS. Ver-infrarode straling is alomtegenwoordig in stemingsgebieden (Hoofdstuk
2-5). In 80% van de lage massa protosterren worden GO, ¢h OH lijnen waargeno-
men. 40% van deze objecten is ook zichtbaar in lijnen van lyeéxciteerde toestanden
van CO en HO (Hoofdstuk 5). Het stralingsgebied heeft een grootte v4600 AU,
hoewel een aantal objecten straling ovéi0, 000 AU vertoont in de richting van de CO
straalstroom. Emissie van atomair zuurstof komt ook méeptdeze grote schalen voor.

Van lage massa protosterren nemen we CO excitatie waar rmgatetemperatu-
ren van~320 K en~690 K (Hoofdstuk 2, 5). Wanneer protosterren met een grote ve
scheidenheid in massa wordt bestudeerd, blijkt dat ze atégas van-300 K bevatten
(Hoofdstuk 3). Ondanks de gelijkenissen in de CO emissietuprotosterren met kleine
en grote massa, is er een groot verschil tussen beide: heillemtle gas van een zware
ster draagt 10 keer zoveel bij aan de totale emissie, damitatltende gas van een lichte
ster (Hoofdstuk 3).

De verhouding tussen koeling door moleculen en koeling damnen hangt sterker af
van de leeftijd van de protoster dan van zijn massa. Daarte@enover dat de verhouding
tussen koeling van het gas en de helderheid van de protos@r een factor 4 kleiner
wordt bij de overgang van Klasse 0 naar Klasse | (zie Figuptedyvijl het meer dan een
factor 20 verschilt tussen protosterren met een lage enimagsa (Hoofdstuk 2,3).

Schokken zijn de belangrijkste bron van héetf300 K) en dicht i ~10° cm3) gas
in de lage massa protosterren (Hoofdstuk 2, 4, 5). Niediateve schokken produceren
het overgrote deel van de waargenomen moleculaire lijn@ay missociatieve schokken
zijn nodig om zowel de O en OH lijnen te verklaren, als ook dgehexcitatie van CO en
H,O (Hoofdstuk 4, 5). De huidige modellen van schokken zijn n@ geheel correct.
In een volgende generatie modellen zou UV straling, da¢tigdde schok ontstaat, ook
geimplementeerd moeten worden (Hoofdstuk 4, 5). Het gadt/dgmaeelden van 10-100
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Figuur 5.7 — Boven: Gaskoeling in de lijnen van koolmonooxide (CO),endt,0), hydroxide
(OH), en atomair zuurstof (O) voor Klasse 0, | en |l protosgar Onder: Evolutie in de hoeveelheid
koeling in alle ver-infrarood lijnen ten opzichte van dedeheid van de bron.

keer het gemiddelde interstellaire stralingsveld (Hofkls).

De toekomst

Het German Receiver for Astronomy at Terahertz-Freque{G&EAT) instrument aan
boord van de Stratospheric Observatory for Infrared Astnoy (SOFIA) kan spectra
meten in het ver-infrarood met hoge spectrale resolute,egin aanvulling zijn op de
Herschel/ PACS waarnemingen. In het komende jaar zijn waarnemingarat@mair
zuurstof mogelijk, met ongeévenaarde spectrale resolatiel km s, waarmee we kun-
nen bepalen hoeveel de straalstroom en het UV bijdrageneatothaire emissie tijdens
de evolutie van de protoster.

Met sub-millimeter waarnemingen met de Atacama Large Maliefsubmillimeter
Array (ALMA) zullen we nog meer inzicht krijgen in defecten van jonge stellaire ob-
jecten op hun omgeving. De emissie van CO isotopologen opa®al van-100 AU zal
de rol van UV straling duidelijk maken, terwijl SiO waarnemen de sterkste schokken
karakteriseren die ontstaan door interactie van de straafa met het omhullende gas en
stof.

De spectrale kaarten met een resolutie van 0.4-0.8" van ebifrared Instrument
(MIRI) op de James Webb Space Telescope (geplande lancgiridd2018), maken het
mogelijk om heet gas rondom protosterren te bestuderentimioeinfrarood (5-28:m)
op dezelfde ruimtelijke schaal als ALMA.

Hoewel deHerschelniet langer operationeel is, bevat het archief nog veel mexam-
gen die niet geanalyseerd zijn. In het bijzonder de waameem van nabije protosterren
in moleculaire wolken, zullen bijdragen aan modellen vam&trming, evolutie, en het
effect op de omgeving.
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Streszczenie w jezyku polskim

Procesy oddziatywania protogwiazd na otoczenie.
Przeglady goracego gazu molekularnego przy pomodyerschela

Powstawanie gwiazd

Odpowiedzi na pytanie, jak powstat nasz Uktad Stonecznygmagoszukiwa poprzez
obserwacje protogwiazd potozonych w Drodze Mlecznej. &8el protogwiazd, ktére
w przysziéci stana sie gwiazdami podobnymi do i&a (tzn. utworza matlomasywne
gwiazdy o masacM z zakresu-0,08-1 5 M., gdzie M, to masa Staca rowna-2x 103
gramow), jest kluczowe do zrozumienia naszego wiasnegbgatzenia. Matomasywne
gwiazdy sa najbardziej liczne w galaktykach a ich sumarganasa przewyzsza mase
nielicznych masywnych gwiazd. Mimo to, badania masywnyatagd (M =8 M) sa
réwniez niezwykle istotne, poniewaz gwiazdy te w istosposéb wplywaja na obszary
formujace mniej masywne gwiazdy poprzez silne promieaiow, wiatry gwiazdowe
oraz wzbogacaniesnodka w cigzkie pierwiastki.

Rysunek 1 przedstawia kluczowe fazy ewolucji protogwiazdadych masach. Gra-
witacyjny kolaps najgestszych obszaréw obtokéw moletayeh powoduje powstanie
centralnego jadra gwiazdowego. Jego masmie®w wyniku akrecji materii z otoczki
wokot protogwiazdy. CZ& tej materii jest wyrzucana w postaci symetrycznych dieto
tworzacych wyptywy molekularne, poczatkowo o bardzoynmakacie rozwarcia (Klasa
0), ktéry rasnie na pozniejszych etapach ewolucji (Klasa ). Pronoeanie ultrafio-
letowe (UV) z tworzacej sie gwiazdy dociera do coraz bamjdzewnetrznych warstw
otoczki, w miare jak jej masa zmniejsza sie pod wpltyweneakya cz&C jest rozpraszana
przez dzety. Dzety z czasem wyprowadzaja coraz mniegrinat powodu spadajacego
tempa akrecji i ostatecznie ich dziataftaistaje. W momencie, gdy znika otoczka (Klasa
), w Swietle widzialnym zaczyna leywidoczna gwiazda centralna przed ciagiem gtow-
nym, otoczona przez dysk wokotgwiazdowy. Gaz z tego dyslstage uwieziony w ga-
zowych olbrzymach, czyli planetach takich jak Jowisz cztu8a lub rozproszony przez
silny wiatr gwiazdowy i promieniowanie. W tym samym czasastgpuje zlepianie sie
pytu w coraz wigksze struktury, tworzac w efekcie plazgtoale oraz planety skaliste
takie jak Ziemia (Klasa III).
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Rysunek 5.8— Schemat ewolucji protogwiazd, ktére w przysaiputworza gwiazdy podobne
do naszego Sfica. Kazdy obrazek ma przypisane typowe rozmiary przeste, przy czym 1
jednostka astronomiczna (AU) odpowiada odlégicZiemia-Stéice i wynosi 1 AU= 1,5 x 10°
km. Na podstawie Persson (2013).

Glowne cele pracy doktorskiej

Z przedstawionego scenariusza jasno wynika, ze mtodegneazdy gwattownie oddzia-
tywuja na macierzyste obtoki molekularne. Gdy protogwliazwiekszaja swoja mase,
ogrzewaja kurczaca sie otoczke i jedndze wyrzucaja dzety gazu, ktére uderzaja w
otaczajace je ciemne obtoki materii. W tym samym czasiengaiowanie ultrafioletowe
przedostaje sie do opréznionej przez dzet wneki wygdlywnolekularnych i dysocjuje
oraz ogrzewa gaz. Doktadne scharakteryzowanie tego tygziaigwah jest kluczowe do
wyjaSnienia bardzo niskiej obserwowanej efektyweaiqprocesu formowania gwiazd oraz
chemicznego przetwarzania materiatu, ktory stanie siilmem uktadu planetarnego.
Praca doktorska przedstawia analize proceséw fizycznyotoezeniu mtodych pro-
togwiazd, ktére odzwierciedlaja sie w emisji gazu moleknego w dalekiej podczer-
wieni. Obserwacje pochodza z instrumentu PACS (ang. Rletéator Array Camera and
Spectrometer) nKosmicznym Teleskopie Hersche&pektrofotometr PACS umozliwia
badaniaiobrazowanie — z dotychczas najwyzsza &oiga rozdzielczécia przestrzenna
— procesow energetycznych w poblizu protogwiazd, ktonertxesy sa catkowicie nie-
widoczne wswietle optycznym. Pozwala, miedzy innymi, na obserwaujéekut wody,
ktore wskazuja na obecsbcieptego gazu oraz proceséw energetycznych zachodzacyc
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Rysunek 5.9— Gora: Wyptyw molekularny z HH 46, protogwiazdy Klasy |. Nesione jest row-
niez pole widzenia PACSa rderscheluoraz jego poprzednika, instrumentu LWS na 1SO. Kolo-
rowe kwadraty pokazuja piksele detektora PACS, ktoremhga czeét wyptywu oddalajacego sie
od nas (czerwone) oraz zblizajacego sie do nas (nielelegkot: Strumienie linii CO obserwowane
przy pomocy PACSa nblerscheluoraz teleskopu submilimetrowego APEX (p&&pa oznaczone
jako J,<10) oraz model teoretyczny uwzgledniajacy grzanie pkagapsujaca otoczke (na niebie-
sko), ogrzewanie wnek obtokéw molekularnych przez pronoiwanie UV (zielone), oraz lokalne
szoki wzdtuz wnek (czerwone). Czarna linia jest sumétirzech sktadnikéw, ktére dodatkowo
zobrazowane sa na matej wstawce. Na podstawie van Kempaén2010b).

podczas formowania sie gwiazd, a takze odgrywaja &@ante w procesie chlodzenia
gazu. Interpretacja pochodzenia linii emisyjnych w dag¢kiodczerwieni pozwala na
okreslenie warunkéw fizycznych gazu oraz roli szokéw i promigmi@ UV podczas
‘przedszkolnych lat’ protogwiazd o matych i duzych masach

Herschel / PACS

Kompletne widmo protogwiazdy w podczerwieni zostalo po péerwszy otrzymane
przy pomocy Spektrometru Diugich Fali (ang. Long-Wavetbn§pectrometer, LWS)
dzialajacego n&osmicznym Obserwatorium Podczerwonfang. Infrared Space Ob-
servatory ISO). Teleskop miasrednice 06 m, co umozliwiato obserwacje najblizszych
protogwiazd z rozdzielcAzia przestrzenng20 000 AU (1 AU= 1.5 x 10° km, odpo-
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wiada odlegt&ci Ziemia-Staice). W rezultacie, zarbwno otoczka jak i wyptywy moleku-
larne przypadaty na jeden piksel (zobacz Rysunek 2) i jedaczne okrslenie pocho-
dzenia emisji podczerwonej byto niemozliwe.

Instrument PACS dzialajacy niderscheluod potowy 2009 do potowy 2013 roku
umozliwit osSmiokrotne zwiekszenie rozdzielsa przestrzennej, az do wielkci prze-
strzennych rzedw2 000 AU (poréwnanie pola widzenia ISO oraz PACSa pokazaste je
na Rysunku 2). W potaczeniu z wigksza cAg@ PACSa oraz nowymi modelami astro-
chemicznymi, mozliwe stato sie identyfikowanie zrodeligji w dalekiej podczerwieni i
tym samym opis proceséw fizycznych majacych miejsce paicapvczéniejszych eta-
péw formowania sie gwiazd.

Rysunek 2 pokazuje przyktad takiej analizy, gdzie grzarseugprzez otoczke, fo-
tony UV z protogwiazdy oraz szoki zostato wymodelowane &g, wyjssnic emisje we
wszystkich liniach molekuty CO obserwowanej u protogwiakdasy |. Niestety, tego
typu modele nie sa unikatowe — emisja w CO mozé bytworzona uzywaf przy-
ktadowo, tylko réznych rodzajow szokéw (bez otoczki i piemowania UV). Z tego
powodu bardzo istotna jest jednoczesna analiza emisji vegedieni wszystkich ob-
serwowanych molekut i atomoéw: tlenku wegla (CO), pary wejditi>O), wodorotlenku
(OH) i tlenu atomowego (O). Przeglady protogwiazd na y@iretapach ewolucji, w sze-
rokim zakresie masy i potozonych w réznorodngcbdowiskach, sa niezbedne, aby pra-
widtowo zidentyfikowd i wyizolowat gtéwne procesy fizyczne prowadzace do powstania
gwiazd.

Wyniki

W niniejszej pracy obserwacje przy pomocy PACS#leaschelwzyte sa do odpowiedzi
na pytania o zrédto emisji podczerwonej u protogwiazd ¥KI@s |, o matych i duzych
masach. Molekularna emisja podczerwona okazuje sigobywszechna w obszarach for-
mowania gwiazd (Rozdziaty 2-5). Emisja w liniach CQHoraz OH zostata zaobserwo-
wana u 80% matomasywnych protogwiazd. 40% tych obiektowazyie ponadto emisje
w wysokowzbudzeniowych liniach CO oraz@® (Rozdziat 5). Rozktad przestrzenny emi-
sji molekularnej jest rzedu1000 AU, z wyjatkiem kilku obiektéw w ktérych rozciagaesi,
ona az do~10 000 AU w kierunku wyptywu molekularnego obserwowanegoiskich
przegciach molekuty CO. Emisja tlenu atomowego jest zwykle iggia i ma podobny
rozkiad.

Emisja w przesciach molekuty CO odpowiada temperaturom wzbudzeniow3a0 K
i ~690 K u matomasywnych protogwiazd (Rozdziaty 2 i 5). Kompure temperaturze
~300 K widoczny jest rowniez u protogwiazd o duzych masdbz@ziat 3). Pomimo
tych podobié@stw, udziat otoczki w grzaniu gazu i chtodzeniu przy pom@& w przy-
padku masywnych protogwiazd wzrasta dziesieciokrotngosunku do obiektow o ma-
tych masach (Rozdziat 3).

Status ewolucyjny ma istotny wplyw na stosunek emisji molaknej do atomowej,
zdecydowanie wiekszy niz masa protogwiazdy. Z kolei wtek catkowitego chtodze-
nia gazu do jasrizi obiektéw zmniejsza sie jedynie czterokrotnie mietfdssa 0 i |
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Rysunek 5.10- Goéra: Chtodzenie gazu w liniach tlenku wegla (CO), pargmegj (H,O), wodo-
rotlenku (OH), oraz tlenu atomowego (O) dla obiektow Klasy Oll. Dét: Zmiany ewolucyjne
stosunku chtodzenia gazu w liniach dalekiej podczerwigasndci bolometrycznej (w catym za-
kresie widma) badanych obiektow.

(Rysunek 3) i az dwudziestokrotnie miedzy protogwiazdamnatych i duzych masach
(Rozdziaty 2 3).

Szoki sa gléwnym zrodiem goracedb £300 K) i gestegorf ~10° cm™3) gazu w ma-
tomasywnych protogwiazdach (Rozdzialy 2, 4 i 5). Szokir&tdie powoduja dysocjacji
molekut, odpowiedzialne sa za wiek&z@misji w liniach CO i HO, podczas gdy szoki
dysocjujace sa niezbedne do wsgenia emisji w liniach tlenu atomowego oraz liniach
OH, a takze emisji w najbardziej wzbudzonych psoggch CO i HO (Rozdzialy 4 i 5).
Jednakze uwzglednienie wplywu promieniowania UV na sk niezbedne dscistego
okreslenia ich parametréw i musi zostaaimplementowane w nastepnej generacji modeli
szokéw (Rozdziat 4 i 5). Pole promieniowania UV w otoczeniatpgwiazd jest okoto
10-100 razy wieksze nigrednie miedzygwiazdowe pole promieniowania (Rozdziat 5

Plany na przysztast

Widma w dalekiej podczerwieni o wiekszej rozdzielsebwidmowej niz PACS moga
byt otrzymywane przez Niemiecki Instrument na Czésiach Terahercowych (ang. The
German REceiver for Astronomy at Terahertz Frequencie§ /AR dziatajacy na Stra-
tosferycznym Obserwatorium dla Astronomii Podczerwoarg( Stratospheric Observa-
tory for Infrared Astronomy, SOFIA). W szczegobm, w ciagu najblizszego roku wy-
konywane beda po raz pierwszy obserwacje tlenu atomowetwieksza dotychczas
rozdzielczécia rzedu 1 km, co pozwoli na okrglenie stosunku emisji powodowanej
przez dzety oraz promieniowanie UV od protogwiazd o rdarsfopniu zaawansowania
ewolucyjnego.

Komplementarny obraz proceséw fizycznych wokét protogdidastarczaja obser-
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wacje w p&mie (sub)milimetrowym prowadzone przy pomocy WielkiegSiTelesko-
péw SubMilimetrowych na Atacamie (ang. Atacama Large Millimégeromillimeter Ar-
ray, ALMA). ALMA umozliwia obserwacje izotopologéw liniCO w obszarach wielko-
5ci~100 AU, co w najblizszych latach pozwoli na oktenie roli promieniowania UV w
obszarze formowania gwiazd o matych masach. Z kolei obsgewaliniach SiO pomoga
okreslic parametry silnych szokéw powstajacych w wyniku oddziedy otoczki i dze-
tow.

Podobna rozdzielc& przestrzenna (0.4-0.8") w podczerwieni bedzie ofetdwa
strument Podczerwony (ang. Mid-Infrared Instrument, MJRtory znajdzie sie na po-
ktadzie planowanego do wystrzelenia pod koniec 2018 if#taskopu Kosmicznego Ja-
mesa Webbéang. James Webb Space Telescope, JWST). Instrumentansiaiormacii
o rozkfadzie przestrzennym goracego gazu i jegcsuitacsciach ukazanych przez linie
widmowe w zakresie 5-28m.

Pomimo zakaczenia misjiHerschelaw potowie 2013 roku, ogromna & danych
ciagle nie zostata jeszcze opracowana. Tymczasem komypbezeglad protogwiazd w
pobliskich obtokach molekularnych jest potrzebny do opveania modeli teoretycznych
powstawania gwiazd oraz ich ewolucji, a takze wplywu pget@zd na najblizsze oto-
czenie.
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“We gain strength, and courage, and confidence by each experin which we really
stop to look fear in the face... we must do that which we thiekoannot."

— Eleanor Roosevelt












