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

Abstract

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

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

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

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

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

3.1 Introduction

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

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

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

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

While low-mass YSOs are extensively studied in the farardd, first with the In-
frared Space Observatory (ISO, Kessler et al. 1996) and nitlv kerschel (Pilbratt
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Chapter 3 — Far-infrared molecular lines from low- to highss star forming regions

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

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

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

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

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

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

cumstellar disks) and masses (low-, intermediate-, anla-higss) with both the Hetero-
dyne Instrument for the Far-Infrared (HIFI; de Graauw eR8ll0) and PACS (Poglitsch
et al. 2010). This paper focuses only on PACS observatiohggbfmass YSOs. It com-
plements the work by van der Tak et al. (2013), which dessriag source sample and
uses HIFI to study spectrally resolved ground-stat® Hines towards all our objects.
That paper also provides updated physical models of the&lepes.

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

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

3.2 Observations and data reduction

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

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

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

89



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

Table 3.1— Catalog information and source properties.

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

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

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

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

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

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

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

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

3.3 Results

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

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

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

2 httpy/herschel.esac.esa/MbcgPACShtml/pacs_om.html
3 The highest-excited OH doublet at 7in is not considered further in the analysis, because the37@¥
region observed with PACS istacted by spectral leakage and thus is badly flux-calibrated.
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Chapter 3 — Far-infrared molecular lines from low- to highss star forming regions

however: it can also be due to foreground absorption (etjoaulobe or the ISM). For
example, ISO Fabry Perot and new Hers¢higF| observations of KO and OH in Orion
also show line wings in absorptigremission extending to velocities up td00 km s
(Cernicharo et al. 2006, Goicoechea et al. 2006, Choi ehairep.), but the ISO-LWS
Fabry-Perot observations of Orion did not reveal any P-Cpgofiles in the [O] 63 um
line.

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

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

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

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

To summarize, PACS spectra of high-mass sources from oysleahow detections
of many molecular lines up to high excitation energies. CQOHOH, and CH lines
are seen toward all objects, whereas weaker lines of othkyomes are detected toward
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3.4 Analysis

fewer than half of the sources. CO lines are always seen iaséoni, CH in absorption,
and other species showfidirent profiles depending on the transition and the objebteTa
3.C.1 shows the CO line fluxes for all lines in the PACS range.

3.4 Analysis
3.4.1 Far-IR line cooling

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

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

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

93



6

YEN i P toved bl bttt
Pttt i

F
=
=
3
3

110 120 130 140 150 160 170 180
X (um)
Figure 3.1— Herschel-PACS continuum-normalized spectrum of W3 IRSBeacentral position. Lines of CO are shown in redCHn blue, OH
in light blue, CH in orange, and atoms and ions in green. koitizl magenta lines show spectral regions zoomed in Fig@rd 3

<1101631 Btiniiior 1S eeruhbitl 01 -AMOI LHO T SO 1RIND2I0L DA IR LT-1Pd — © 197dei1N



3.4 Analysis

[0I] 63.2 um
NGC7538 11 W3 IRS5 G5.89-0.39
1.6
1.4

y o JHL

DR21(0H) NGC6334-1 AFGL2591

‘—ijph

G327-0.6 W33A G34.26 WS51N-el

Ty

0.8

1.1

1.0

.

0.9

F\/Cy

-400 0 400
v (km s™")

Figure 3.1— Herschel-PACS profiles of the [(063.2um line at central position.

95



96

C\IIE
L 0’38
G5.89-0.39 I
e a's
W3IRS5 V

N

|

N

o

B

[
V™Y " V i

AFGLZ2591
i
—Mﬁ'«

|

W"W"W Mm\-sv
= 2INGC7538-11 i |
=] v WAWM
o
9 NGC6334-1
S —_— v W \{ NWWWN‘V\AM—M‘\'\/"W
& | 6G34.26

DR21(0OH)

AN P Wt ey VAo W A W‘V\MWJ"WJL«NM"W

W51IN-el

G327-0.6

S
I WMW
EONTRAT

65 66 67 148 152 156 172 176 180
A (um) A (um) A (um)
Figure 3.2— Normalized spectral regions of all our sources at the akpusition at 64-68, 148-157, and 169-1@®. Objects are shown in the

evolutionary sequence, with the most evolved ones on taed.of CO are shown in red,;B in blue, OH in light blue, CH in orange, and §H
and G in green. Spectra are shifted vertically to improve theitlaf the figure.
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3.4 Analysis

G5.89-0.39 .80
W3-IRS5 H,0
AFGL2591 M oH
NGC7538I11 0.6
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G34.26+0.15
W33A
DR21(OH)
W51N-el
G327-0.6 | | |
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Lspecies/[‘mtal (%)

Figure 3.1— Relative contributions of [@ (dark blue), CO (yellow), HO (orange), and OH (red)
cooling to the total far-IR gas cooling at central positioa ahown from left to right horizontally
for each source. The objects follow the evolutionary seqeavith the most evolved sources on top.
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Table 3.1— Far-IR line cooling by molecules and atoms in units gf L

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

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

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

3.4.2 Molecular excitation

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

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

_ Ard?F 0

N hcA

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

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

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

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

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

(3.3)

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

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

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

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

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

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

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

3421 CO

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

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

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

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

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

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

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

3.4.2.2 HO

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

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

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

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

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

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

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

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

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

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

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

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

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

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

3.423 OH

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

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

3.5 Discussion: from low to high mass

3.5.1 Origin of CO emission

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

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

In this work, the continuum emission for all our objects isdated using a modified
3D Whitney-Robitaille continuum radiative transfer coebitaille 2011, Whitney et al.
2013). For simplicity, the van der Tak et al. models do nottamnany cavity or disk,
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Table 3.1— Input parameters for the®®D envelope emission model

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

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

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

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

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

Figure 3.1 compares the envelope model for NGC7538 IRS1thkCO J,p = 14
to 22 observations from HerscjiehCS, CO 3-2 (in 14” beam, San José-Garcia et al.
2013), and CO 7-6 (in 8" beam, Boonman et al. 2003) from thee3a@lerk Maxwell
Telescope. By design, the model fits the line profile 8f@9-8 (San José-Garcia et al.
2013, from Hersch@HIFI) shown in the bottom of Figure 3.1. The pure envelope etod
slightly underproduces tHéCO 10-9 line, because it does not include any broad entrained
outflow componentlex ~ 70 K, Yildiz et al. 2013). Adding such an outflow to the model
(see Mottram et al. 2013) provides an excellent fit to thd twta profile. For the case of
12CO, the pure envelope model reproduces the 3-2 and 7-6 lifilbsna factor of two,
with the discrepancy again caused by the missing outflowénntiodel. This envelope
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Table 3.2— Far-IR CO emission: observations and envelope models

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

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

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

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

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

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

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

This contribution is much greater than for low-mass YSOsmtthe quiescent enve-
lope is responsible for only up to 7% of the total CO emissidisger et al. 2012). Still,
even for the high-mass sources, an additional physical ooet is needed to explain
the excitation of the highest-CO lines. The broad line profiles of high¢J 10) CO lines
(San José-Garcia et al. 2013) argue in favor of a shock baititvn to the far-IR emission
in 12CO. There may also be a contribution from UV-heating of théflow cavities by
the photons from the protostellar accretion shocks or prediy high velocity shocks
inside the cavities as found for low-mass YSOs (Visser e2@1.2), but this component
is distinguished best by high+3CO lines (van Kempen et al. 2009a). Physical models
similar to those developed for low-mass sources by Vissak é€2012), which include the
different physical components, are needed to compare thevestatitribution of the en-
velope emission, shocks, and UV-heating in the high-massss, but this goes beyond
the scope of this paper.
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NGC7538 IRS1: '*CO ladder

?E 107" f 1
o

= o
ook envelope J

0 5 10 15 20 25
Jup

2co 3-2 '3c0 10-9 C'0 9-8

[

T g (K)

(==

-80-80-40 —-80-60-40 -80-60-40
v (km s™)
Figure 3.1— Top: Comparison of integrated line fluxes BCO observed by HerschBACS and
from the ground (black dots with errorbars) and the prealitiof the quiescent envelope passively
heated by the luminosity of the source (red crosses) for \E384RS1.Bottom:The same model
compared with the JCMT2CO 3-2 and HerschgflFl 3CO 10-9 and &0 9-8 observed line
profiles. An additional model including an outflow componisrghown in blue dashed line.

3.5.2 Molecular excitation

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

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

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

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

for W3 IRS5.

Rotational temperatures of,B increase for the more massive and more luminous
YSOs from about 120 K to 220 K (Figure 3.3). The similarityweén the temperatures
obtained from the absorption and emission lines arguedtibgtarise in the same phys-
ical component in high-mass YSOs (see also Cernicharo 2086). Owing to the high
critical density, the water lines are most likely subtheltynexcited in both low- and high-
mass YSOs (see discussion in Section 4.2.2), but in the dengigonment of high-mass
protostars, the gas is closer to LTE and therefore the ootatitemperatures are higher.
High optical depths of KO lines drive the rotational temperatures to higher valbeth
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Figure 3.3 - Rotational temperatures of CO,®, and OH for low- to high-mass star forming
regions. WISH, DIGIT, and HOPS team’s results with PACS drews in blue, red, and navy
blue, respectively. Dotted lines show the median valueshefrotational temperature from each
database; for the case of WISH, the median is calculatedatebafor objects with_py < 10° Ly
andLye > 10° Lo, except for OH where intermediate-mass YSOs coverirfig=10,, > 50 L, are

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

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

AQ x B,(Tex) > Feonty (3.4

and are in absorption in the opposite case.

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

3.5.3 Correlations

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

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

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

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

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

3.5.4 Far-IR line cooling

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

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

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

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

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

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

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

3.6 Conclusions

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

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

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

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

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

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

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

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

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

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

3.A Details of PACS observations

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

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

P Table 3.A.1— Log of PACS observations

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

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

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

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

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

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

3.C Tables with fluxes and additional figures

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

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

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

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

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

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

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

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

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

Source Trot(K) log gV

Low-mass YSOs

NGCI133314A  270(700) 52.4(0.9)

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

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

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

Notes.Rotational diagrams are shown in Figures 3.D.1 and 3.D.fc@bwith at least 3 detected
doublets in Wampfler et al. (2013) are presented. Rotatimmaperatures of OH calculated with
error less than 100 K are shown in boldface.
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Figure 3.C.1- Close-ups of several of the,®, CO and OH lines in W3IRS5 as shown in Figure 4.2. The reseleagth of each line is indicated
by dashed lines: blue for 0, red for CO, and light blue for OH. Identifications of the etetted lines in the presented spectral regions are sho
in parenthesis.
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Figure 3.C.2— Close-ups of several transitions of CO lines in the PACSalemgth range toward all sources. The spectra are contisulntnacted
and shifted vertically for better visualization.
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Figure 3.C.3— Normalized spectra of OH doublets for all our sources atraéposition. Doublets
at 71 and 9&:m are excluded because of poor calibration of those speegans observed with
PACS. OH doublet at 84.4m is a blend with the CO 31-30 line, whereas OH at 65ufiBcan be

affected by HO 6;5-514 at 65.17um.
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Figure 3.D.1— OH rotational diagrams (from emission lines) for low-mgesng stellar objects
(fluxes from Wampfler et al. 2013).
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Figure 3.D.2— OH rotational diagrams (from emission lines) for interiagetmass young stellar
objects (fluxes from Wampfler et al. 2013).
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