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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 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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2.2 Observations

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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2.3 Results
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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

37



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

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.
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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 Origin of far-IR line emission

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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2.5.3 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
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2.5 Origin of far-IR line emission
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Figure 2.15—Panel 1:Median cooling in CO, KO, OH, and [Q] lines for Class 0, |, and Il objects
are shown from left to right for each class in red, blue, oeaaigd green colors, respectively. (Class
Il data from Podio et al. 2012.Panel 2: Evolution of the ratio of molecular and atomic cooling.
Panel 3:Evolution of the median total far-IR gas coolinganel 4: Evolution of the median total
far-IR gas cooling over bolometric luminosity.
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Chapter 2 — Far-infrared cooling lines in low-mass younfiastebjects

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

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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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

193lao1eBiin0A SSPILI-AOL LIS BLinoon naieliti-mwed — 7 1o1dei1n




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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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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2.1 Cooling budget calculations
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Figure 2.F.3— Rotational diagrams of CO 4@ for Class | sources. Blue lines show linear fits
to the data. The corresponding rotational temperaturegieea. Errors associated with the fit are
shown in the brackets. Warm components only are seen towdr9, TMR1 and TMC1A in our
diagrams.
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Chapter 2 — Far-infrared cooling lines in low-mass younfiastebjects
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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.
Both the full spectroscopy line and the selected lines ofeskin the line scan mode are shown. Two
component fit is done to the CO diagram with the break at 1700eKt(ansitions] 24 correspond

to the warm component) and a single component fit to t5@ Hiagram. Errors associated with the
fit are shown in the brackets.
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