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ABSTRACT

We presenHerschelSpace Observatory Photodetector Array Camera and Spestgp(PACS) and Spectral
and Photometric Imaging Receiver Fourier Transform Spewdter (SPIRE FTS) spectroscopy of a sample
of twenty massive Young Stellar Objects (YSOs) in the Larggamall Magellanic Clouds (LMC and SMC).
We analyse the brightest far-infrared (far-IR) emissioed, that diagnose the conditions of the heated gas
in the YSO envelope and pinpoint their physical origin. Wenpare the properties of massive Magellanic
and Galactic YSOs. We find that [iPand [Cu] emission, that originates from the photodissociationaeg
associated with the YSOs, is enhanced with respect to thiecdainuum in the Magellanic sample. Fur-
thermore the photoelectric heatinffieiency is systematically higher for Magellanic YSOs, cetesit with
reduced grain charge in low metallicity environments. Theasved CO emission is likely due to multiple
shock components. The gas temperatures, derived from tlgsanof CO rotational diagrams, are similar
to Galactic estimates. This suggests a common origin to liserged CO excitation, from low-luminosity
to massive YSOs, both in the Galaxy and the Magellanic CloBdght far-IR line emission provides a
mechanism to cool the YSO environment. We find that, evenghd@1], CO and [Cu] are the main line
coolants, there is an indication that CO becomes less irapbat low metallicity, especially for the SMC
sources. This is consistent with a reduction in CO abundemesvironments where the dust is warmer due
to reduced ultraviolet-shielding. Wealk,& and OH emission is detected, consistent with a modestmole i
the energy balance of wider massive YSO environments.
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1 INTRODUCTION winds and often violent demise help shape the propertidseoit
terstellar medium (ISM) in their host galaxies. Since therfation
of stars in the high-redshift Universe occurred in a metadsen-
vironment, it is important to understand how massive stams fat
low metallicity.

* Herschelwas an ESA space observatory with science instruments pro- The Large and Small Magellanic Clouds (LMC and
vided by European-led Principal Investigator consortid @ith important SMC), at distances of 5001.1 kpc P'etrZW§k' etal. 2013 a.nd
participation from NASA. 62.1+2.0kpc Graczyk et al. 201} respectively, Ger a wide
i E-mail: j.oliveira@keele.ac.uk panorama of stellar populations, unencumbered by distamiz-

The formation of massive stars has a profound impact on galax
Their great luminosities, intense ionising radiationpsy stellar
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guities and foreground dust extinction. Their physicalditans,
distinct from those prevalent in the Milky Way galaxy, allas to
assess the impact of environmental factors like metaflimit ISM
properties and on the star formation process.

The lower metallicities of the LMC and SMC
(Zumc =0.3-0.5Z, and Zgyc=0.2Z,; e.g., Russell & Dopita
1992, imply not only lower gas-phase metal abundances but
also lower dust abundances (el8gman-Duval et al. 2004 The
reduced dust shielding in turn results in warmer dust gréers.,
van Loon et al. 2010Bk). All these éfects have a direct impact on
the physical and chemical processes that drive and regsiate
formation, in particular the ability of the contracting atbcore to
dissipate its released energy.

The Magellanic Clouds are an interacting system of galaxies
Tidal stripping between the LMC and the SMC about 0.2 Gyr ago
(Bekki & Chiba 2007 gave rise to perturbed Hgas that is col-
liding with the pristine H gas in the LMC disk. These colliding
H1 flows are believed to have triggered the formation of the mas-
sive O- and B-type stars in the 30 Dorad&siKui et al. 201y and
N 44 (Tsuge et al. 2019star forming complexes in the LMC. Fur-
thermore, by combining dust optical depth maps andrdps, the
gas-to-dust ratio of the colliding gas is shown to be larantthat
of the LMC disk gaskukui et al. 2017Tsuge et al. 20191n other
words, this tidal interaction may have induced significaetatiic-
ity gradients across the disk of the LMC, where the most fianit
star formation activity is taking place. Likewise, meteilly differ-
ences between distinct regions of the tidally distorted SiviCalso
reported Choudhury et al. 2018

The Spitzer Space Telescop8pftzer Werner et al. 2004
Legacy Programmes “Surveying the Agents of Galaxy Evolu-
tion” (SAGE, Meixner et al. 200pand “Surveying the Agents of
Galaxy Evolution in the Tidally-Disrupted, Low-Metalltgi Small
Magellanic Cloud” (SAGE-SMC@Gordon et al. 201)Lhave iden-
tified 1000s of previously unknown massive YSO candidates, i
both Magellanic Clouds (e.dwhitney et al. 2008Gruendl & Chu
2009 Sewito et al. 2018 The Herschel Space ObservatoHet-
sche| Pilbratt et al. 201 Key Programme “HERschel Inventory
of The Agents of Galaxy Evolution” (HERITAGBEVeixner et al.
2013 further allowed the identification of the most heavily em-
bedded YSOs Sewito et al. 2010 Seale etal. 2004 Follow-
up programmes with theSpitzer Infrared Spectrograph (IRS
Houck et al. 200% in the Magellanic Clouds (e.gSeale et al.
2009 Kemper et al. 20100liveira et al. 2013have confirmed the
YSO nature for 100s of objects (see alSdiveira et al. 2009
Seale et al. 203 MWoods et al. 2011Ruffle et al. 2015Jones et al.
2017).

Heating in the massive YSO near-environment is dominated
by the emerging Hi regions and the associated photodissociation
regions (PDRs), as well as mechanical (shock) heating bypgas
flows (e.g.,Beuther et al. 2007 The most éicient cooling of hot
and dense gas occurs at far-infrared (far-IR) wavelengttistzere-
fore rotational bands of abundant molecules like CeDtnd OH,
and atomic lines of [@] and [Cu] are ideal tracers to probe the
physical mechanism at play.

The goal of this study is to investigate the properties of-mas
sive YSOs in the Magellanic Clouds. We present spectrosaupi
servations, obtained with thi¢erschelPhotodetector Array Camera
and Spectrometer (PAC8pglitsch et al. 2010and Fourier Trans-
form Spectrometer (FTS) of the Spectral and Photometriginga
Receiver (SPIREGriffin et al. 2010, of twenty massive Magel-
lanic YSOs, targeting the species mentioned above. Thelars
structured as follows. The sample selection, and obsenstnd

data processing are described in Sections 2 and 3 respyclee-

tion 4 outlines the method to calculate the total infraredihosity

and dust temperature for the Magellanic YSOs; Section ®-ntr
duces the sample of massive Galactic YSOs used for compariso
with the Magellanic sample. Sections 6 and 7 detail the te$oit

all detected spectral lines, and describe the propertigseoémit-
ting gas. Section 8 focuses on the contribution of tiftedént gas
species to the cooling budget in the far-IR. We summarise@ur
sults in Section 9.

2 MAGELLANIC MASSIVE YSO SAMPLE

In the cold and dense circumstellar envelopes of YSOs, amind
molecules freeze-out to form icy mantles on the dust graim su
faces. As a result their IR spectra exhibit numerous broad ab
sorption features associated with abundant moleculaiepéke
H,O, CO and CQ(e.g.,Tielens et al. 1984Gibb et al. 200% such
features are thus commonly used to identify the most emizedde
YSOs (Voods et al. 2011Ruffle et al. 2015Jones et al. 20371In

the LMC, 168 IR sources have been spectroscopically confirme
as bona-fide massive YSOs, using a variety of spectral fesior
the SpitzerIRS range (sedones et al. 201 7or a re-evaluation of
these classifications), 53 of which exhibit ice feature$@irtspec-
trum (van Loon et al. 20050liveira et al. 2009 Seale et al. 2009
Shimonishi et al. 201,0Seale et al. 20110liveira et al. 2013 In

the SMC only 51 massive YSOs have been spectroscopically con
firmed, Oliveira et al. 20112013 Rufile et al. 2015 Ward et al.
2017, 14 of which exhibit ice absorption features.

Starting from this sample of 67 YSOs with ice signatures,
we inspectedSpitzerand Herschelbroad-band images to exclude
sources located in regions with extended complex backgkoitn
order to retain only the YSO sources least likely to be coitam
nated by ambient ISM emission. Since maser emission is anoth
important signpost of the early stages of massive star fiioma
(e.g.,Fish 2007, we included in the sample six maser sources in
the LMC and SMC (e.g.Qliveira et al. 2006 Green et al. 2008
Ellingsen et al. 201 imai et al. 2013Breen et al. 2013 The sam-
ple further includes an LMC YSO discovered with dderschel
photometric surveySeale et al. 2014 potentially a more embed-
ded, less evolved YSO. Sources that are fainter thagum ~ 2 Jy
were discarded. The final sample comprised 22 regions inh@ L
and 6 in the SMC of which 14 regions in the LMC and 5 in the
SMC were actually observed beforerschelstopped operations.
Two LMC pointings include multiple YSOs. In total 20 sources
with Herschelspectroscopy are analysed (see details below and Ta-
blel).

The properties of the few objects that have also been arthlyse
by other studies atigher spatial resolutiorare briefly described
below. The SMC sample includes three sources with strondeee
tections Qliveira et al. 20112013 and two sources listed in Ta-
blel as protoclusters. These five sources were recently inatstlg
at high spatial resolution using the adaptive optics asisttegral-
field unit (IFU) SINFONI at ESQVLT by Ward et al.(2017), with
a typical field-of-view (FOV)~3”x3”. They found that both
IRAS 004306-7326 and IRAS 004647322 exhibit extended out-
flow morphologies in H1-0S(1) at 2.1218m; IRAS 00430-7326
(a H,O maser sourceBreen et al. 2018is particularly suggestive
of a wide, relatively uncollimated outflow that is bound bg thres-
ence of a disc detected in CO bandhead emission (the firstgich
tection in any extragalactic YSO). By contrast S3MC 0054319
is a compact emission line sour&¥ard et al(2017) also analysed
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Table 1. Target information for the Magellanic YSO sample analyssmh@giHerschelspectroscopy. References for the information in the
source properties column are as followsliveira et al.(2013; 2: Breen et al(2013); 3: Ward et al.(2017); 4: Oliveira et al.(2009); 5:
Seale et al(2009); 6: Seale et al(2011); 7: Imai et al.(2013 and references therein for a compilation gfCHmaser sources in the LMC; 8:
Green et al(2008) for a compilation of OH and CEOH masers in the LMC; 9Vard et al.(2016 and references therein for a recent review
of the N 113 region; 10: probable YSO detected wittrschel(Seale et al. 200)4ut not detected witspitzer 11: Shimonishi et al(2010.
Radio detections for SMC YSOs are frabiiveira et al.(2013 and references therein); archival imagesighes et al. 200Bozzetto et al.
2017 were inspected to identify radio counterparts of the LMCO&S Sources # 7A and 7B are not resolved in the PACS obsemsatio
but a separate PACS spectrum was extracted for # 7C; thesegburces are unresolved at SPIRE wavelengths. Thiss@as@0 sources
resolved across the fullerschel(PACS and SPIRE) wavelength range, but PACS spectra weracted for 21 sources. The last column
indicates which PACS spectral ranges from Tabére not observed for each object; all sources are observed withHBESFTS except
for #11 (N 113 YSO-4, see also top panel in Bjga further four sources (#3, 8, 9 and 16) have been obserittdSRIRE FTS but the
signal-to-noise ratio for the line emission is too low foretiable analysis (Sect).

# Source ID RA (J2000) Dec Source properties Ref. Lines ns¢nied
(h:m:s) ) or with low SNR
SMC YSOs
1 IRAS00436-7326 00:44:56.3-73:10:11.6 ice; HO maser; UCHI; radio 1,2,3 OH 84im
2 IRAS 004647322 00:46:24.5-73:22:07.3 ice 1 OH 84m, [Omi], H,0 108um, CO 18Gum
3 S3MC 005417319 00:54:03.6-73:19:38.4 ice 1 low SNR SPIRE FTS
4 N81 01:09:12.7-73:11:38.4 protocluster; UCH radio 3 OH 79um
5 SMC01240#73090 (N88A)  01:24:07.9-73:09:04.1 protocluster; UCH 3
LMC YSOs
6 IRAS 045146931 04:51:11.4-69:26:46.7 ice; radio 4 OH 78m
7A SAGE 045400.2691155.4 04:54:00.1369:11:55.5 ice; HO maser 5,6,7
7B SAGE 045400.9691151.6 04:54:00.9-69:11:51.6 ice 5
7C SAGE 045403.0691139.7 04:54:03.6-69:11:39.7 ice 5,6
8 IRAS 050116815 05:01:01.8-68:10:28.2 HO, OH, CH;OH masers 7,8 low SNR SPIRE FTS
9 SAGE 051024.4701406.5 05:10:24.1-70:14:06.5 ice 5,6 low SNR SPIRE FTS
10 N113YSO-1 05:13:17.769:22:25.0 HO, OH maser; radio 7,8,9
11 N113YSO-4 05:13:21.469:22:41.5 HO maser?; protocluster; UGH radio 7,9 SPIRE FTS
12 N113YSO-3 05:13:25.169:22:45.1 HO maser; protocluster; UCi] radio 7,8,9
13 SAGE 051351.5672721.9 05:13:51.5-67:27:21.9 ice; radio 5,6 OH 78n
14 SAGE 052202.7674702.1 05:22:02.767:47:02.1 ice; radio 5,6
15 SAGE 052212.6675832.4 05:22:12.6-67:58:32.4 ice; radio 5,6
16 SAGE 052350.0675719.6 05:23:50.6-67:57:19.6 ice; radio 5,6 low SNR SPIRE FTS
17 SAGE 053054.2683428.3 05:30:54.268:34:28.3 ice; radio 5,6 OH 78n
18 IRAS 053286827 05:32:38.6-68:25:22.6 ice; radio 4
19 LMC 053705694741 05:37:05.0-69:47:41.0 HerschelYSO; radio 10 OH 7@im
20 STO1 05:39:31.2-70:12:16.8 ice; radio 11

two well-known regions, N 81 and SMC 0124673090 (N 88A).
Both IR sources are in fact resolved into protoclusters. Ni81
cludes a source that exhibits resolved bipolardthission, while
N 88A is dominated by an expanding bubble of ionised gas (8een polycyclic aromatic hydrocarbon (PAH) and forbidden lineig-
Bry emission) surrounded by a very conspicuouysehhission arc. sion), the nature of the three sources are in fact quifieraint.
The sample includes YSOs in N 113, one of the most promi- N 113YSO-1 is a single relatively quiescent and compactcsur
nent star forming regions in the LMGewito et al.(2010 pro- while N113YSO-3 is a protocluster dominated by an expanding
vided a compilation of the indicators for ongoing star fotima in ultra-compact h region (UCHi) accompanied by another more
the region (see their Fig. 2) that we summarise here. A demse d compact YSO and a brightt$ource (suggestive of a YSO with an
lane seems to be heated grccompressed by prominenttemis- outflow), all withina 3 FOV. N 113 YSO-4 is in turn resolved into
sion bubbles (e.gQliveira et al. 200§ seen also in the Magellanic ~ two continuum sources, one expanding UCahd a more com-
Cloud Emission Line Survey (MCEL%He, [Om] and [Su] im- pact source. The complexity of this region is undeniablel e
ages. N 113 also hosts the largest number gD ldnd OH masers origin of the observed maser emission remains unclear.guta
and the brightest }0 maser in the LMC (e.gGreen et al. 2008 obtained with the Atacama Large Millimet8ubmillimeter Array
Ellingsen et al. 2011 Figurel (top) shows the three conspicuous (ALMA), Sewito et al(2018 reported on the first extragalactic de-
YSO sources in this region; N113YSO-1 and N113YSO-4 are tection of several complex organic molecules in two hot samehe
at distances of-45” and 20 respectively from N 113 YSO23 neighbourhood of N 113 YSO-1 and YSO-3.

These three massive YSOs were analysedNard et al.(2016
using SINFONIVLT (see above). They found that even though
the SpitzerIRS spectra of the sources are similar (dominated by

1 UM/CTIO MCELS ProjegNOAO/AURA/NSF
2 Sewilo et al. (2010 labelled N113YSO-1, while N113YSO-3 and

N 113 YSO-4 were identified ivard et al.(2016); N 113 YSO-2 is located
further away to the NorthSewito et al. 201D
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SPIRE FTS SLW FWHM

SPIRE FTS SLW FWHM

Figure 1. Spitzer 3.6um image of N113 (top) and
SAGE 045400.9691151.6 (bottom), identifying the YSO sources
(red circles). Also indicated is the PACS beam full-widthhalf-maximum
(green circle,FWHM = 9”5 at the wavelength of the [(P63um and
[Om] 88um lines, Altieri & Vavrek 2013), and the nominal SPIRE FTS
beam (orange circl&fWHM = 40” for SLW, Valtchanov 201Y. Note that
the FWHM for the [Cu] beam is~ 20% larger. North is to the top and East
is to the left.

Figurel shows the Herschel pointings with multiple

YSO sources: the N113 region described above (top) and

SAGE 045400.9691151.6 and its neighbours (bottom; #7 in Ta-
ble1). While resolved in thé&pitzerlRAC bands, #7A and 7B are
not resolved beyond 24m (their separation is approximately/ )5
both sources are strong ice sourcesdle et al. 2002011) and are
associated with a $#0 maser Imai et al. 2013 Another nearby
source (#7C, separation20”) is a weak ice sourceSgale et al.
2009 2011). These three sources are unresolvedeaschelSPIRE
wavelengths; #7A & 7B are unresolved in the PACS spectraabut
PACS spectrum for #7C could be extracted from the obsemntio
(Sect3.1). Other sources visible in Fid. (bottom) are relatively
blue, for instance they are not detected in the PACSh00m-
ages. Henceforth we will refer to unresolved sources #7A & 7B
collectively as SAGE 045400-$91151.6. All other pointings are
relatively simple point sources at this resolution.

3 HERSCHELOBSERVATIONS AND DATA REDUCTION

The observations discussed here were obtained as part ¢fdwo

Table 2. Transitions observed with the PACS spectrometer (line
spectroscopy mode). As described in the text, 19 pointireysst
late to 21 YSO sources resolved with PACS; the last coluntiesal
how many sources are observed for each spectral region l&ee a
Tablel).

Species Transition Redfum) N
[O1] 3Py—3P, 63.18 21
OH 2My(Jd = 1/2)-2Tg;2(J = 3/2)  79.11,79.18 19
OH Mz/2(J = 7/2-3 = 5/2) 84.4,846 16
[Om] 3p1—3Pg 88.36 20

0-H,O 210— 101 179.52 21
[Cu] 2P32—2Py)2 157.74 21

O-Hzo 221— 110 108.07 20
co 14-13 185.99 20

3.1 PACS spectra

All the targets in Tabl& were observed using the PACS spectrom-
eter: an integral field unit made of&b square spaxels — total FOV
~47" x 47") — operating in the 58 200um range. Selected wave-
length ranges were targeted to obtain spectra that inclualecu

lar and atomic lines of interest (Tal#e All wavelengths quoted
throughout this paper are rest wavelengths in vacuum. The-sp
tral resolution varies betweetf A1~ 3000 (for [Or] at 83um) and
~1000 (for HO at 108um).

The targets are unresolved in 8jpitzerandHerschelimages,
and thus single-pointing mode was used. The emission fr@am th
ISM surrounding the targets precluded the use of the /cloop
mode, and instead we observed all targets in unchoppeddare s
mode, selecting patches of sky with negligible 169 emission

for the dfset measurement (dominated by the emission from the

telescope). For this observing mode the continuum levebeare-
covered in a reliable way only for bright sourcéstieri & Vavrek
2013; many of our targets are relatively faint in all or some of
the observed spectral ranges, therefore continuum uiaseEof

at least~30% are expected. However, both the line profiles and
strength are reliably recovered in this observing mode.nimber

of objects targeted for each PACS range is detailed in thectds

umn of Table2; ranges not observed for each target are listed in the

last column of Tabl4.

Spectra were reduced as advised within the Herschel Inter-

active Processing EnvironmeIPES, v.10.0.2, PACS calibration
tree version 48) using standard recipes for this type ofrobsiens.
Reduced observations were retrieved from the databasedctral
flatfielding was performed independently step-by-ste:itha cru-
cial task for improving the signal-to-noise ratio (SNR) bétfinal
spectra, and it is advised to monitor the task’s progressetjoFor
more information, the reader should refer to the “PACS Daga R
duction Guide: Spectroscop” The spectra were checked against
subsequent database, software and calibration releaségrther
improvements in the quality of the spectra were forthcoming

For most pointings the intended target is located in theraknt
spaxel. The spectrum for the central spaxel (2,2) was ertldmom
the rebinned data cubeslicedFinalCubes) and a point source

3 Herschelinteractive Processing EnvironméiPE is a joint development
by the Herschel Science Ground Segment Consortium, comgist ESA,

schelOpen Time programmes. These two programmes (proposal the NASA Herschel Science Center, and the HIFI, PACS, an®RBRbN-

identifications OT1_joliveir_1 and OT2_joliveir_2) amdad to
73.4 h ofHerschelobserving time.

sortia.
4 httpy/herschel.esac.esa/intss-doc-10,0
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flux loss correction was applied (no correction for slighintiog
offsets and pointing jitter can be applied to unchopped obsenga
due to the uncertainties in the continuum level). Line fluamee-
ments for the lines of interest (Tal#le were performed on these
extracted spectra, using standard spectral fitting todlsim# IPE.

All lines are spectrally unresolved. Line fluxes for all lingetected
with PACS are listed in Table D1; example spectra are shown in
Fig.C1.

Referring to Tabld, sources SAGE 045400-891155.4 and
SAGE 045400.9691151.6 (#7A and 7B) are blended as observed
with the PACS spectrometer (the observations are actualty c
tred on #7B); these two sources fall on the central spax@) (2,
while SAGE 045403.0691139.7 (#7C) falls on spaxel (1,3). N 113
YSO-4 was not directly targeted with a separate PACS obgerva
but it falls onto the FOV of the observations for both N 113 ¥-$0
and N 113 YSO-3; this source is however better centred foolthe
servation of N 113 YSO-3, falling on spaxel (4,3). Spectrafiose
secondary sources are extracted from the spaxels mentakd
the point source flux loss correction is applied; centringpaxels
other than the central one is obviously not optimal, theeefor
those sources there are additional flux losses that cannobrbe
rected for. To summarise, the sample comprises 19 PACS-point
ings that result in 21 sources for which spectra were exdthdhe
analysis of all lines detected in the PACS range is desciib&ec-
tion 6.

For some sources, [(@ [Cu] and [Omi] line emission is de-
tected in spaxels other than the central spaxel (see®@&d), i.e.

a point source is superposed on an extended environmemtizi-co
bution. In order to analyse the morphology of the emissigiore
and to estimate the environmental contribution to the armremline
emission, we measured the emission line flux for these lioexsa

all spaxels. Since rebinned data cubes do not have a redylar s
footprint (they are organised spatially as a slightly itleg 5x 5
grid of 25 spaxels), we projected the data from the irreguddive
sky footprint onto a regular”3sky grid, producing line flux maps
(we made use of final data product scripts available WiHTPE).
Such maps should not be used for science measurements bdt are
equate to estimate the contribution of tHegource emission. More
detail on how these flux maps are used is given in $ettl When
detected, HO, OH and CO emission is present only in the central
spaxel; compact OH absorption is detected for a small nurober
sources (see SectiéiD).

3.2 SPIRE FTS spectra

We observed our YSO targets using the SPIRE FTS in single-
pointing mode with sparse image sampling to obtain spectra
from 447 to 1546 GHz+ 190- 650um) with spectral resolution
Av=1.2 GHz, covering the CO ladder from transitidA€0 (4-3)
to (13-12) (Table3). The full wavelength coverage was achieved
by using two bolometer arrays (SPIRE Shoonhg Wavelength, re-
spectively SSW and SLW) providing a nominalwvigneted FOV.
In total 19 SPIRE FTS pointings were performed. No SPIRE FTS
spectrum is available for N 113 YSO-4; even though it fallthwmi
the FOV of the observations of both YSO-1 and YSO-3 (Ejgthe
positions of the individual SSW and SLW bolometers do naivall
for a spectrum to be extracted (see below). Referring to€elabl
a single spectrum was extracted that includes the coniitgiDf
sources #7A, 7B and 7C (see also bottom panel inJjig.

FTS spectra were reduced as advised WiHTRE® (v.10.0.1,
SPIRE calibration tree spire_cal_11_0) using standarigpesdor
this type of observations (“SPIRE Data Reduction Guide:cSpe

Herschel spectroscopy of Magellanic YSO$H

Table 3. Transitions in the SPIRE FTS range.

Species  Transition Redfum) Restv (GHz) Ej(K)
co 4-3 650.25 461.041 55.30
[C1] 3p1—3Pg 609.14 492.161 23.62
co 5-4 520.23 576.268 83.00
co 6-5 433.56 691.473 116.20
co 7-6 371.65 806.652 154.90
[C1] 3p,—3p; 369.87 809.342 62.46
co 8-7 325.23 921.800 199.10
co 9-8 289.12 1036.912  248.90
co 10-9 260.24 1151.985  304.20
co 11-10 236.61 1267.014  365.00
co 12-11 216.93 1381.995  431.30

[N 1] 3p1—3Pg 205.18 1461.130 70.10
co 13-12 200.27 1496.923  503.10

troscopy®, see alsdrulton et al. 2015 Background subtraction
was performed using dedicat&8dPE scripts; we found that using
carefully selectedff-axis detectors for the subtraction provided the
best results (in terms of spectral shape and agreement éretive
SSW and SLW bands), compared to using dark sky observations
from the same operational day (this is expected for religtifgent
sources). The data products were checked against subsegeten
processings with more advancB@PE and SPIRE calibration ver-
sions for representative sources; no significant improvesneere
found. Finally the FTS spectra of the targets were extrafrtad
the SLWC3 and SSWD4 detectors. Note that given the natuteof t
observations (single pointing sparse map), SSW and SL\W idete
alignment is only achieved for the intended source; thusammat
extract fully calibrated spectra for other sources in th&/K@.g.,
N113YSO-4).

The majority of SPIRE FTS spectra show a discontinuity be-
tween the SSW and SLW bands. For most sources the disconti-
nuity is such that the SSW flux drops below the SLW flux in the
overlap region. This results from the fact that the SLW beam d
ameter is approximately a factor of 2 larger than that of S$\/ a
it affects any sources that are semi-extended at these wavedength
For such sources the final spectra are corrected to an eepiival
beam size (a Gaussian beam of’¥@sing theSemi-extended
Correction Tool (SECT, for more details see the “SPIRE Data
Reduction Guide: Spectroscopy” already mentioned). lukhbe
noted that there is an implicit assumption that the spasi@resion
of the continuum and line emitting regions is the same. laltbs
sources out of 19 hadSECT correction applied.

For remaining four sources the discontinuity is reverses, i
the SLW flux drops below the SSW flux. This is a calibratidieet
due to rapidly changing detector temperatures after thiecams
recycled; it &fects observations taken at the beginning of an FTS
observing block, as is the case for the four sources in duresti
Specialists at thelerschelHelpdesk reprocessed and corrected the
FTS spectrafdiected.

Line emission intensities were obtained by fitting the un-
apodised spectra with a low-order polynomial combined winc
profile for each line of interest (Tab®, using standard spectral
fitting tools within HIPE. Line fluxes for all lines and transitions
detected with SPIRE FTS are listed in Table D2; example spect
are shown in Fig.C1. A full characterisation of the SPIRE FTS

5 httpy/herschel.esac.esa/imtss-doc-11,0
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performance can be found Hopwood et al(2015 and references
therein), including discussions of line flux and velocity anere-
ments and performance (see also Sectidnh For four of the 19
SPIRE FTS pointings the SNR for the CO line fluxes (Table D2)
is deemed too low for a meaningful analysis (see also THbfer
these sources we compute total CO luminosities only, andino f
ther analysis is performed. The analysis of emission linethé
SPIRE range (i.e. CO, [ and [Ci]) is described in Section

4 FAR-IR LUMINOSITY AND DUST TEMPERATURE

Even though the Magellanic sample was selected trying tédavo
sources with a complex background, this was not always the.ca
We have also found that th@&pitzerlRAC and MIPS Magellanic
photometric cataloguesvieixner et al. 2006Gordon et al. 201)L
are not always reliable or complete for massive Magellar8©¥.
Such sources are often marginally extended to the extentttby
are absent from thosgoint sourcecatalogues (see discussion in
Sewito et al. 2018 Furthermore, massive YSO fluxes atuf of-

ten seem anomalously high compared to for instance PACSsfluxe
Since aperture photometry has been shown to perform better f
samples such as our&iuendl & Chu 2009 Sewito et al. 2018

we instead performed aperture photometry tailoring thampaters

to each source environment. The measured fluxes are prdsente
Table Al. They are used to estimate the integrated IR luritinos
for each target.

Sewito et al (2010 described the dliculties of usingSpitzer
optimised YSO spectral energy distribution (SED) fittergg(e
Robitaille et al. 200to fit simultaneouspitzerandHerschelpho-
tometry: the model components do not fully account for the en
velope of cooler dust and gas further away from the source tha
emits little at shorter wavelengths but contributes sigaiitly in
theHerschelbands. For the line emission analysis presented in this
work, it is crucial to constrain theold dust emissiotthat is the
spatial counterpart to the emission lines measured withSPAad
SPIRE. The spatial resolution of the observations acrassvhil-
able wavelength range (3-6600um) is also very disparate. Im-
proved SED models are availabRdbitaille 2017 but limitations
remain; namely only Galactic dust emission without the dbot
tion of PAH emission is included, and a single source of eimiss
is assumed. Since for our analysis we simply require an agim
of the dust temperature and total integrated far-IR emissice
opt instead for the simpler approach of fitting a two tempeeat
component modified blackbody function to the available phu-
try. A cold blackbody component is responsible for the nigjaf
the far-IR emission (details below), however a hotter congmb is
needed to fit th&pitzemphotometry at 24m.

To fit the two component modified blackbody we use the
blackbody python code, available as part of thepy collec-
tion of astronomical softwafe It uses a Markov-chain Monte
Carlo (MCMC) Bayesian statistical analysis to constram itiod-
ified blackbodies’ temperatures and fluxes; we use an emissiv
ity spectral index3=1.5 (see alsSeale et al. 2004 We adopt
gas-to-dust ratios of 400 and 1000 (e.kpman-Duval et al.
2014, and distances of 50kpc and 60 kpc (e$chaefer 2008
Hilditch, Howarth & Harries 200§ respectively for the LMC and
SMC. For further details on the modified blackbody expressiad

6 agpy is authored by Adam Ginsburg and is available at

httpsy/github.conikeflavichyagpy.

adopted dust opacity, refer toBattersby et al(2011). Examples

of the two component modified blackbody fits are shown in Fig. B
Integrated total IR luminosity and cold dust temperature

are listed in Tabld; L(>30um) accounts for the majority of

the contribution of the cold dust blackbody, whil&g>10um)

includes the contribution of the warm blackbody; the ratio

L(>30Qum)/L(>10um) ranges between 67% and 93% (median

77%). Cold dust temperatures vary between 22 and 39 K (median

31.6 K); the temperature of the warmer blackbody is not weti-c
strained.L(> 10um) varies between- (5—32)x10°L,, (median
~6.3x10°L,). For the same integrated luminosity there is a ten-
dency for SMC sources to have higher blackbody temperattees
flecting higher dust temperature (see alaa Loon et al. 201Qh).
Seale et al(2014 determined temperatures and far-IR luminosi-
ties for a subset of our sources, usidgrschelphotometry only.

In general the temperatures agree within the uncertajrtigtsin
some cases our derived temperatures are higher given thabkwe
into account additional photometry (zth MIPS fluxes are crucial
in constraining the dust temperature). The integratedRdumi-
nosities fromSeale et al(2014 are in good agreement with our

L(>70um) fluxes (not tabulated). In the subsequent discussions we

adoptL(> 10um) as the object’s total IR luminosityrr. For these
type of objectd_rr does not dfer significantly from the bolomet-
ric luminosity Lpg.

5 GALACTIC MASSIVE YSO COMPARISON SAMPLE

One of the challenges in observing and interpreting the data
massive YSOs in the Magellanic Clouds lies with the fact that
observations probe fiierent spatial scales compared to Galactic
massive YSOs. A sample of high luminosity Galactic YSOs was
observed withHerschel(Karska et al. 2014 however the spatial
scales probed (corresponding to the central PACS spaxgl sar-

ple very diferent spatial components in the massive YSO environ-
ment compared to the Magellaniterschelobservations. Further-
more, the [Gi] emission is often saturated for those sources. With
this in mind, we instead compiled a Galactic comparison $amp
of massive YSOs observed with the Infrared Space Obsewator
(ISO, Kessler et al. 1996 In fact, the region sampled by PACS at
156um at a distance of the LMC~50 kpc) is equivalent to the
region sampled by th&SO Long-Wavelength SpectrograpiSQ
LWS, Clegg et al. 199Fat a distance of 8 kpc (SO-LWS equiv-
alent beam size information fro@ry et al. 2003.

We identified 22 massive YSOs observed wii® LWS with
luminosities in the range- (5-500)x10°L,, and located at dis-
tances in the range 1-10kpc (see Table E1 for individual ob-
ject information); the spectra of these sources were wetdiérom
the 1ISO Data Archivé(IDA). Of these 22 spectra we selected 19
for which both the [Q] and [Cn] lines are in emission. The rel-
atively low SNR of the spectra, especially at shorter wavgtes,
implies we were only able to measure fluxes for the stronges-e
sion lines: [Gi] at 158um, [O1] at 63 and 14xm, [Om] at 88um,
[Nn] at 122um and CO at 18am. To ensure uniformity in the
way fluxes are estimated, we measured all line fluxes fromiaich
spectra rather than using published measurements. Maisdarn
this massive YSO comparison sample are provided in Appdadix
The Magellanic and Galactic sample properties are further d
cussed in Sec8.2.2

7 httpsy/www.cosmos.esa.ifwebiso/access-the-archive.

610Z 1800100 /| U0 UBMODO|\ 11093 ‘Bjeay] 10 AusiaAiun Ag 9GE48GG/0182Z1S/S_IUW/EE0 L 0 | /I0P/10BISqE-8]0ILIB-00UBAPER/SEIUW/WO02 dNo"dIWapeoe//:sdiy Wol) papEojuMO(]



Herschel spectroscopy of Magellanic YSOs/

Table 4. Parameters for the modified blackbody fits to the availabtegrhetry (see Table Al). The emissivity spectral inde&4sl.5. Inte-
grated luminosities are tabulated for wavelengths longan tLQum and 3Qum, L(>10um) andL(>30um) respectively. The temperature of
the hotter modified blackbody that contributed {o 10um) (see text) is poorly constrained (typically~ 100 K). The comments column in-
dicates missing fluxes and provides an empirical assesofidmd reliability of the fitted parameters. For LMCO537@94741 the tabulated
parameters are particularly uncertain: there are two beghrces within~ 257, and the fit is rather conservative meaning the luminosities
could easily be higher by a factor R(>10um) is adopted akrr for all subsequent discussions.

# Source ID T L(>30um) L(>10um) Comments
() 10Le)  (10Lo)

SMC YSOs
1 IRAS 00430-7326 35.21.4 48.64.1 71.44.8
2 IRAS 00464-7322 27.90.6 10.20.6 11.80.6 broad peaKJ uncertain
3 S3MC 005417319 33.526 16.k1.6 24.11.9 no fluxes available fot > 250um
4 N 81 31519 41693 53.98.3 poor fit, uncertain parameters
5 SMC 01240773090 (N88A) 38.12.4 13116 195:25 no fluxes available fot > 250um

LMC YSOs
6 IRAS 04514-6931 32518 55.87.7 68.2:7.8
A SAGE 045400.2691155.4 o .
7B SAGE 045400.9691151.6 31.9:3.3 112:24 128:24 flux limits for 70um andA > 350um, extremely uncertain
7C SAGE 045403.6691139.7 35.62.0 76.5%10 8310 flux limits for 70um anda > 350um, extremely uncertain
8 IRAS 0501+6815 31621 17.&21 20.6:2.3
9 SAGE 051024.1701406.5 23.90.8 12.40.8 18.4:1.0
10 N113YSO-1 30.61.6 21721 264:22 flux limits for 2 > 350um
11 N113YSO-4 29.#3.6 828 114+8.4 broad peakT uncertain, uncertain parameters
12 N113YSO-3 34.41.9 188:20 246:21 flux limits for 2 > 350um

13 SAGE 051351.5672721.9 31.81.2 89.5%8.2 122:8.9

14 SAGE 052202.7674702.1 25824 24.26.0 28.2:6.0 flux limits for 70um, broad peak] uncertain
15 SAGE 052212.6675832.4 38.84.0 23650 31054 T possibly too high

16 SAGE 052350.0675719.6 30.61.0 45.%4.4 57.24.5

17 SAGE 053054.2683428.3 335825 55.%6.5 72.6:6.8 flux limits for A > 250um

18 IRAS 05328-6827 22.62.6 9.5:0.9 12.81.5 flux limits for 70um, T uncertain
19 LMC 053705694741 26.34.0 4.6:1.5 5.¢:1.5 flux limits for 70um anda > 350um, extremely uncertain
20 STO1 29.82.1 33.k3.6 40.5:3.7 broad peak, flux limits fot > 250um, T uncertain
6 RESULTS: PACS SPECTRA sources compared to SMC sources. Furthermore, the mogpholo
of the [Cu] and [O1] extended emission follows the dust emission
6.1 [Cu], [O 1] and [O m] emission (e.g., 10Qum PACS emission), even if the [Pemission is gener-

ally less extended (Fi@).

6.1.1 Emission line morphology The [Om] emission line morphology is as expected some-

[Cu], [O1] and [Om] emission is often detected beyond the central What different, given its distinct physical origin (see discussion
spaxel. [Qi] emission is usually present across the FOV, covering it N Next section). Out of the 18 observations in this specange
completely for all but two sources. [Pemission completely cov- (IRAS00464-7322 was not observed), six sources are not detected

ers the FOV in 11 out of 19 pointings, and is present beyond the in [Om] line emission and four sources exhibit compact emission

central spaxel in eight others. Crucially there is alwaysua én- at the central spaxel only. For the other eight pointingsission
hancement in the central spaxel related to the point soargeted, ~ €xtends across the FOV: for two of these the intended tatigat (
i.e. thepoint source contributiois superposed on extendedidse ~ falls on the central spaxel) is the source of the strongestsiom;
environmental emission. we discuss below the remaining six pointings in more detail.
We investigate the morphology of the extended emissiosline As can be seen in Fig. (top left), for the two pointings in

observed, making use of the line emission maps described inN113, YSO-1 and YSO-4 are strong [@ emission line sources,
Sect3.1 Taking into account the beam size for each line, these while YSO-3 is actually consistent with environmental esios

maps are used to estimate the environmental contributiarfras- or contamination from YSO-4 (the strongest if(D emitter in
tion of the peak flux at the source position; that contributis this region). Strong emission also originates from locatiat the
subtracted from the measured line flux for the source, andra po  FOV’s northern and western edges. For four other pointiigs t
source correction is applied (Se8tl). For [O1] the environmen- peak [Om] emission is displaced from the central spaxel. Fig-

tal emission accounts for typically 20% (maximum 70%) in the ure2 (bottom right) shows the line emission in the region of
LMC and 7% (maximum 11%) in the SMC; for [@ it accounts SAGE 045400.9691151.6. While the spatial distributions of {0

for typically 42% (maximum 85%) in the LMC and 30% (maxi- and [Cu] emission are similar (tracing the dust emission), thai]O
mum 50%) in the SMC. Clearly the extendedfdse contribution is emission is clearly fiset. This morphology is very suggestive of a
more important for [Gi] emission than for [Q] emission (see also  large ionised gas bubble (as seen also in MCELS images) heéth t
Lebouteiller et al. 201R but it is also more significant for LMC three YSOs embedded in the dust at its rim. The observed emis-
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N 113 [CII]

[O11]]
[O1]

SAGE051351.5-672721.9

20 arcsec

20 arcsec

SAGE052212.6-675832.4

20 arcsec

SAGE04500.9-691151.6

S04503.0-691139.7

S04500.9-691151.6

e

S04500.2-691155.4

Figure 2. Line emission maps for [@] (red), [Om] (green) and [G] (blue). The YSOs in N 113, SAGE 052212.675832.4, SAGE 045400-$91151.6 and
SAGE 051351.5672721.9 (clockwise from top left) are shown (black ciralgth diameter 95, the FWHM of the [O1] and [Om] beams). North is to the

top and East to the left in all maps.

sion for SAGE 045400-9691151.6 and N 113 above are reminis-
cent of the emission line maps of LMC-N 11, in which the spatia
distribution of [Om] emission seems anti-correlated to that ofifC
(Lebouteiller et al. 201

Two other sources with fBsource [Qu] peak emission
are also shown in Fi@ SAGEO051351.5672721.9 (bottom
left) and SAGE 052212:675832.4 (top right) are also de-
tected in the MCELS [@i] map. While there might be a
slight problem with source centring on the spaxel, it is nev-
ertheless very clear that the [@ emission is not point-
source like. Instead it originates from the immediate sumtb
ing Ho regions: SAGE051351-%72721.9 is situated~20"
from the ionising B[e] supergiant Hen S2ZHu etal. 2008
while SAGE 052212.6675832.4 is just~10’" away from an
O7V star within N44C Chen etal. 200 Therefore we con-
clude that the observed emission for SAGE 051356 /2721.9
and SAGE 052212:6575832.4, as well as N113YSO-3 and
SAGE 045400.9691151.6 above, is likely mostly ambient.

A final source, SAGE 053054-583428.3 (not shown in
Fig.2), exhibits compact [@i] emission centred on spaxel (2,3) su-
perposed on more extended environmental emission. Inepeuft
the emission line centroids for several spaxels reveal&lsagth
shifts that are a tell-tale sign that the source is not weltreal in
the central spaxel and isfeet in the dispersion direction (i.e. from
spaxel (2,2) to spaxel (2,3), for more details refevandenbussche
2011). Thus, the observed compact [ emission is very likely
associated with the source on the central spaxel but fiésted by
poor source centring.

In brief, [Om] emission associated with the YSO targets is
detected for a total of nine sources, six in the LMC and thnebe
SMC.

6.1.2 Emission line diagnostics and correlations

In this section we compare line emission forifc [O1] and
[Om] for the Magellanic sample and the GalactBO sample.
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Emission lines like [G] and [Cu] are often used to diagnose
the environmental conditions of massive YSOs, since they ar
amongst the main contributors to line cooling. Théidilty is
that such lines can originate from distinct components iwithe
star formation environment. In particular in their lateiokxion-
ary stages, massive YSOs are copious producers of ultehyibb-
tons; as a result they often exhibit expanding compaat rid-
gions, even while still actively accreting from their eryges (e.g.,
Beuther et al. 2007 These emerging hl regions help shape the
structure and chemistry of the YSO environment. In schamati
terms (se&aufman, Wolfire & Hollenbach 20Q6or an actual di-
agram and further details), two main regions can be disishgal:
the Hu region itself marks the sphere of influence of H-ionising
photons v > 13.6 eV); less energetic far-untraviolet (FUV) pho-
tons (6eV<hy <13.6eV) penetrate into the adjacent neutral and
molecular hydrogen gas and play a significant role in the ehem
istry, heating and ionisation balance of these photodiation re-
gions (e.g.,Tielens & Hollenbach 1985 PDRs include both the
neutral dense gas near the YSOs but also the neutfakdilSM.
Energetic outflows are also a ubiquitous phenomenon in mas-
sive star formation, driving shocks through the surrougdijas
(e.g., Beuther et al. 20G07Bally 2016. Both PDRs and shocks
contribute to the excitation of far-IR [ [Cu] and CO emis-
sion (e.g.Hollenbach & McKee 198%Kaufman et al. 1992006),
while shocks are particularly important tao® and OH excitation
(e.g.,van Dishoeck et al. 201 Wampfler et al. 20183

The ionisation potential for neutral carbofi i§ just 11.26 eV,
therefore [Gi] emission can originate not only in idregions,
but also in PDRs and fluse atomic and ionised gas (e.g.,
Kaufman et al. 19992006. On the other hand, [@ is only
found in neutral gas (the ionisation potential fof @ 13.62eV,
just above that for hydrogen), and emission arises from warm
dense regions. [@ emission can originate from deeper inside
the PDR than [@] since some atomic oxygen remains in re-
gions where all carbon is locked into CO. {Oemission also
originates from shocks in molecular outflows that can cbotg
in a small fraction to [Gi] emission (resulting in [@/[C u] flux
ratios of 2 10, Hollenbach & McKee 198p Given the relatively
high ionisation potential for O(35 eV), [Om] emission originates
from Hu regions, rather than theftlise interclump medium (e.g.,
Cormier et al. 2015for a thorough description of these line proper-
ties). We note that the ionised gas emittinguiPemits little [Cu]
(the ionisation potential for Cis 24.38 eV); ionised [@]-emitting
gas is traced instead by [l emission (the ionisation potential for
NCis 14.53 eV).

It is important to quantify the contribution of ionised gas t
[Cu] emission, before comparing [§ and [O1] line fluxes. Con-
sidering an integrated PDR anduHegion modelKaufman et al.
(2006 find that for solar metallicity [@i] emission is always dom-
inated by the PDR contribution as opposed to the contribubio
the ionised gas in the tregion; furthermore the Hregion contri-
bution increases fdnigher metallicity environments. As described
in Sect.7.5.1 we estimated the ionised gas contribution tar]@r
the eleven Magellanic YSOs for which [l205um emission is
detected with the SPIRE FTS; this contribution is typicallg0%.
For the Galactic sample, we detectifNemission at 122m for
seven out of 18 sources; the ionised gas contributierdi8% (Ap-
pendixE). These contributions are consistent with other estimates
available in the literature, and with an increased contidloufor
high metallicity environments (further discussion in S&d.J).

As mentioned in Sed. 1.1, for the Magellanic sample we cor-
rected the [Q] and [Cu] line fluxes for the contribution of more

Herschel spectroscopy of Magellanic YSO9
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Figure 3. FIR line correlations: [G] versus [Q] luminosities (top panel),

[C u] luminosity versud_tgr luminosity (middle) and [GQu] versus [O] lu-
minosities (bottom). Squares represent Magellanic YS&spgctively red
and blue for the LMC and the SMC) and circles represent Gal¥&Os.
Line luminosities for both samples have been correctedhieiidnised gas
contribution to [Ci] emission (for sources with [N] emission (yellow sym-
bols), see text). Only the Magellanic sample has been dedédar contribu-
tion of the extended fiuse emission (see text for details); the colour-coded
lines indicate the size of this correction.

extended dfuse gas; the [@] ionised gas correction is generally
smaller than the extended gas contribution. We do not have ex
tended gas estimates for the Galactic sample; however thitdw
tend to enhance the observedfeliences between the Magellanic
and Galactic samples (see discussion below and Beysd4).

In Fig.3 we compare [G], [O 1] and TIR luminosities for the
Magellanic and Galactic samples. Firstly, for both samfiieq4Oi]
and [Cu] luminosities are strongly correlated (top panel, Spear-
man’s rank correlatiop ~ 0.89 and the probability that the two
quantities are uncorrelated s< 10°6). Even though [Q] emis-
sion at 63um can be fiected by optical depthfkects, this strong
correlation suggests a common origin for the majority ofehes-
sion being measured. Secondly, ifICluminosity correlates with
the YSO's Lyg emission (middle panefp ~ 0.81, p < 10°)
indicating that photons from the YSO are responsible foeis
citation. Furthermore, the [Q¥[C ] flux ratios are relatively low
(~ 0.3-5) suggesting negligible contribution from shock excdati
(Hollenbach & McKee 198p Put together, this points to both €
and [O1] emission originating predominantly from a PDR compo-
nent, at the spatial scales sampled here (i.e. “integraieet the
whole complex YSO environment). The ratio {iZJC u] correlates
with line emission, more strongly with [ than [Cu] emission
(Spearman’g respectively 0.86 and 0.56). This is likely related to
uncertainties in the large corrections for th&wake emission. Fi@
also shows that the line emission to dust continuum ratigps t
cally higher in the Magellanic Clouds compared to the Galdyy
a factor~ 4.5 for L([Cn])/Ltgr and~ 3.5 for L([O1])/Ltr, cOM-
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paring line luminosities uncorrected for extended emissiontri-
bution), as seen also for instance Isyael & Maloney(2011, and
references within).

Figure3 (bottom) shows that the Magellanic and Galactic
samples are not significantly distinct in terms ofifpemission:
the mearL ([O m])/L([O1]) ratio uncorrected for diuse emission is
~ 1 with a large scatter for both samples. This is broadly ctest
with a typical ratio of~ 0.8 measured for another sample of Mag-
ellanic YSOs usingSpitzer MIPS spectroscopyvén Loon et al.
2010ab). As described in Sed.1.1, the emitting regions are com-
plex and extended, and it is not always clear what is the roogi
the [Omni] emission. There is a weak correlation betweemGnd
[O1] and [Cu] emission, suggesting a mild luminosity scaling ef-
fect. TheL([O m])/L([O1]) ratio can be a probe of the filling factor
of ionised gas compared to that of the PDR gas. In dwarf galax-
ies and resolved Magellanic star forming regions (SFR$), rén
tio is high (~ 3, Cormier et al. 2015see alsdameson et al. 2018
However, such discussion of relative filling factors offelient gas
phases is likely only meaningful over large scales of whé&RSor
unresolved galaxies, not on smaller YSO scales (i.e. ondaes
of a single PACS spaxel).

6.1.3 Photoelectric heatingjeciency

Figured shows the traditional PDR diagram used to diagnose emit-
ting gas conditions, i.e. line ratio [[Cu] versus the total line
fluxes compared to the total TIR emission ([®[Cu])/Frir. The

line emission is unresolved, therefore we implicitly assutimat the
beam filling factor is the same for both emission lines. ThlaGa

tic and Magellanic YSOs have been corrected for the corttabu

of ionised gas to [@] emission, and Magellanic YSOs have fur-
ther been corrected for the contribution of mor&utie extended
gas (corrections shown in Fid). It is clear that the YSO samples
occupy diferent regions in this diagram: similar line ratios are ob-
served, but the line emission is more prominent in the Magét|
Clouds for the same dust emission as measured by TIR emission
compared to Galactic sources.

We also include a sample of resolved Magellanic SFRs
(Cormier et al. 201} for which line and dust emission fluxes are
summed over the whole regions mapped. Line intensity and ra-
tios vary across the regions mapped; furthermore the fnacif
line intensity compared to dust emission decreases fromithese
medium to denser regions in SFRs (in the LMRIibin et al. 2008
Therefore the massive YSO sample has weaker line emisdin re
tive to dust emission when compared to integrated SFRs (see a
Jameson et al. 20).8As described irChevance et a(2016, Frr
can also include a contribution from ionised gas; such dmuntr
tion is traced for instance by the @ emission. We find that the
([O1]+[Cu])/Frr ratio is not anticorrelated with the [@]/[C u]
ratio, as would be expected if a significant fractiorFef; resulted
from the ionised gas contribution. Therefore, we conclindeRrr
is mostly tracing dust cooling.

The ratio ([O]+[Cu])/Fmr is often used as a proxy for the
photoelectric heating féciency. Dust grains absorb incident ra-
diation and emit electrons that in turn heat the gas; givext th
[O1] and [Cu] are the main coolants in dense PDRs, and far-IR
continuum emission (as well as PAH emission) cools the dust,
this ratio provides a measure of théigency of the photoelec-
tric heating (e.g.Kaufman et al. 1999 From Fig4 this dficiency
is higher for Magellanic YSOs when compared to Galactic YSOs
with medians respectively 0.25% and 0.1%, with a large ecatt
These estimates are broadly consistent with other estingin
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Figure 4. PDR diagnostic diagram using [, [O1] and Frr fluxes, for
Galactic and LMC sources (top) and LMC and SMC sources (bgtto
Plotting symbols are as in Fig; open squares are resolved SFRs in the
Magellanic CloudsCormier et al. 201p The black cross gives the size of
25% systematic uncertainties. For the Magellanic souroce®ctions for
the ionised [G1] gas fraction and extended emission are applied; for the
Galactic sources only an ionised f{fraction correction is applied (see
text for further details). Observations are compared toetoilom the PDR
Toolbox Kaufman et al. 1992006), for Galactic ISM conditions (top) and
adapted for SMC ISM conditionsd@meson et al. 20).8
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the Galaxy (e.g.Salgado et al. 20)6and the Magellanic Clouds
(van Loon et al. 2010b There seems to be no cleaffdrence be-
tween the LMC and SMC samples (as found als@doy Loon et al.
20108. The photoelectric heatindfeciency can be enhanced if the
grains are less positively charged, leading to more, anc: reoer-
getic, electrons being released. Ind&zathdstrom et a(2012) and
Oliveira et al.(2013 suggested that observed PAH emission ratios
in the SMC are consistent with a predominance of small neutra
PAHSs.

In Fig.4 we also compare the YSO ratios with the PDR model
prediction§ from the PDR Toolbox Kaufman et al. 19992006).
The emission is parameterised in terms of the cloud densityd
the strength of the FUV radiation field, (in units of the Habing
Field, 1.6x 103 ergscm?s™t). We show two sets of PDR mod-
els: for standard Galactic conditions (top) and using medifjrain
extinction, grain abundances, and gas-phase abundanmepgp
ate for SMC ISM conditions (bottom, full details can be found
Jameson et al. 20)8Figured suggests that the range of parame-
terised densities is similan§ 1 - 3 x10* cm3), however the Mag-
ellanic YSOs are consistent with lower valuesGyf (Gy < 2x 10,
bottom), i.e. weaker radiation field at the surface of the PBIRen
compared to Galactic YSO&{ =2 1x10%, top). Therefore th&y/n
ratio is lower for Magellanic YSOs.

From a study of low metallicity dwarf galaxie§prmier et al.
(2019 interpreted lowelGy/n ratios as an indication of a change
in ISM structure and PDR distribution. Very schematicalbyy-
metallicity Hu regions fill a larger gas volume meaning that PDR
surfaces are at larger average distances from the FUV saefrce
fectively reducingG,. The mean free path of UV photons is longer
(UV field dilution, see alsdladden et al. 2006israel & Maloney
2011 leading to reduced grain charging. There is also evidemate t
the ISM is more porous in lower metallicity galaxiddgdden et al.
2006 Cormier et al. 201p allowing ionising radiation to more eas-
ily leak into pristine ISM. This would imply that the regiofiioflu-
ence for massive YSOs in the Magellanic Clouds is generaityelr
with important consequences for feedback proceséésd et al.
2017. Our analysis lends support to distinct ISM properties at
lower metallicity also on scales of a few parsecs.

6.2 Other lines in the PACS range

In this section we discuss other lines detected in the PA@Stsn
While atomic line emission seems to originate predomiryandim
PDRs, HO and OH emission originates from shocks impacting on
dense protostellar envelopes in complex YSO environmentg, (
van Dishoeck et al. 201 Wampfler et al. 2013 with some contri-
bution from outer, more quiescent envelopes to grouna- stz
emission Yan der Tak et al. 2093 The origin of CO emission in
either PDRs or shocks is discussed in the next section.

6.2.1 HOlines

For our sample of 21 sources with PACS spectra all sources wer
observed in the range that includes thgoHine at 179.%:m, and

all but one SMC source (IRAS 0046%322) were observed in the
range that includes the @ line at 10§um (Tablesl and 2); the

8 A factor 2 correction to modelledfrr is applied, since the observed
optically thin dust emission arises from the front and batkhe cloud,
while the model accounts for the emission from the FUV exgdaee only
(Kaufman et al. 1999

Herschel spectroscopy of Magellanic YSOslL1

H,O 180.5um line falls too close to the edge of the spectrum to be
usable. In the LMC six sources exhibit® emission; in the SMC
there is only one source with a tentative@Hemission detection.
H,O absorption is not detected in the spectra of any LMC or SMC
source.

In the LMC sample the following sources exhibit 172rB
H,O emission: N113YSO-1, N113YSO-3, N113YSO-4,
IRAS0501+6815 (all HO maser emitters, e.g.maietal.
2013, and IRAS 045146931 (YSO with strong 15m CO; ice
absorption in itsSpitzefIRS spectrum, from which strong,B® ice
absorption can be inferred®liveira et al. 2009 The remaining
LMC H,O maser source in the sample, SAGE 045406%®1.151.6
(#7A&B in Tablel), exhibits no detectable 3 emission lines,
but another source in that protocluster, SAGE 04540891.139.7
(#7C) does. N113YSO-3 is the only source with definitgOH
emission both at 179.5 and 1081. Towards the KO maser source
in the SMC (IRAS 0043067326, Breen et al. 2013emission at
108um is tentatively detected. Spectra are shown in Fig. C2.

Karska et al. (2014 analysed PACS range spectroscopy
(55-190um) for ten Galactic massive YSOs, covering a range
of luminosities ~ (1-5)x10* L, (see their Table 1). All but two
sources in that sample show a combination gOHemission and
absorption lines; two sources show®absorption lines only. Only
W3 IRS5 exhibits 179.5m emission, accounting for less than 2%
of the total HBO line emission. This source is one of the most
evolved in theKarska et al.(2014 sample, and it is also one of
the sources with the largest contribution of®Hluminosity to the
total molecular cooling in the PACS range 5%, correspond-
ing to ~30% of the total, atomic and molecular, line cooling).
W3 IRS5 also exhibits HO maser emission and ice absorption fea-
tures Gibb et al. 2004and references therein).

More recently,Karska et al.(2018 analysed a large sample
of low-luminosity Galactic YSOs. All sources exhibit,B emis-
sion; 55% of the sources show emission at either 179.5 oud08
(see alsKarska et al. 20L.3Mottram et al. 201Y. The 179.5um
line accounts for~ 8% of the total HO luminosity’ with a large
scatter Karska et al. 201,32018. Typically the ratio of 179.am
to 108um emission is~ 0.9 (range 0.6 1.3, Karska et al. 2013
therefore both lines together account fol8% of the total HO
line luminosity. These fractions will be used in S&R2to estimate
the total HO line luminosity for the Magellanic sample.

6.2.2 OHlines

The full sample of 21 sources with PACS spectra was observed i
spectral ranges that cover at least one of the OH doubléésd lis
in Table2: for twelve LMC and two SMC sources we have spec-
tra for both OH doublets at 84 and ji@; for a further four
LMC and three SMC sources we have observations for only one
doublet (see Tabl®. For the 84:m doublet, we have detected
emission for the bluest component (84mM) for two sources:
N113YSO-3 and IRAS 04514931; no absorption features are
detected. For the 78m doublet, two sources exhibit weak absorp-
tion (SAGE 052350.0675719.6 and SAGE 052212.675832.4),
three sources show emission (N113YSO-1, N113YSO-4 and
SAGE 045400.9691151.6), and N113YSO-1 shows emission
for the bluest component (79.Lin) only. Most sources that

9 By total H,O and OH luminosities we mean integrated luminosities over
all lines in the PACS range spectroscopy mode:-5010um (see e.g.,
Karska et al. 2018or full details).
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show OH emission exhibit 0 emission (the exception is
SAGE 045400.9691151.6). No OH emission or absorption is de-
tected for SMC targets. Spectra are shown in Fig. C3.

Referring to theKarska et al.(2014 study of Galactic mas-

the CO line emission for our sample; typical values-ad® kms*
and~70kms? for sources with typical SNR larger and smaller
than 10, respectively (the median velocity is always caestsvith
the typical systemic velocity of the LMC and SME 250 km s*

sive YSOs, while most sources show some OH emission, the OH and ~ 160 km s respectively). Even for spectra with the highest

doublets at 84m and 79um are seen mostly in absorption for most
sources. This is in contrast with low- and intermediate snéS0Os,
for which these OH doublets are seen mostly in emission, e.g.
63% sources show the @4n doublet in emissionKarska et al.
2018. Based on the samples described Wampfler et al.
(2013, the typical flux ratios are F(79.VE(79.18)~ 1.0 (range
0.6-1.8) and F(84.42F(84.60)~ 1.34 (range 0.8 2.9) for the
doublet components, F(79.1B}84.42)~0.7 (range 0.3 0.86),
and F(79)F(84)~0.77 (range 0.4 1.23). In terms of fraction of
total OH luminosity, the 79 and 84m doublets account for 24%
and~ 31%, respectively.

The observed ratios for the Magellanic sources are consiste
with the values above, with large uncertainties. Where amlg
doublet component is detected, the upper limits are alssistamt
with these ratios. We take the estimated luminosity fraxtiabove
to predict total OH luminosities from our measured line flexXé/e
will discuss the emission line budget for the LMC and SMC sesr
in SectiorB.2

6.2.3 CO(1413) line emission

We only detected CO (34L3) emission for eight sources (out of
19 sources observed); since we detected CO emission lirtes in
SPIRE range for all sources (see next section), this is pighast

due to the low SNR ratio of the PACS spectra. Given the vdigdi

ent beam sizes for PACS and SPIRE and the fact that the emissio
beam filling factor is unconstrained, our analysis of the @@+
tional diagram is based solely on those lines in the SPIREtsgie
range.

7 RESULTS: SPIRE FTS SPECTRA

Tablel provides an overview of the SPIRE FTS observations. One
source in the sample was not observed with this instrumextemo
A further four sources (three in the LMC and one in the SMC) re-
sulted in FTS spectra with low continuum and line SNR5(for all

CO ladder transitions); for those sources we only compgedtal

CO luminosity Lco but we are not able to reliably identify other
emission lines nor analyse the CO rotational diagrams. [Ehaes
fifteen sources that are discussed in more detail in thigosect

7.1 Line identifications

While most CO ladder transitions for these fifteen sourcesiau-
ally well identified and measured, the process is somewhaée mo
complicated for weaker emission lines that are detectecaerg
ally lower SNR, as is the case for the JGand [Nn] lines (Ta-
ble3). As described itHopwood et al(2015), the SNR ratio below
600 GHz is significantly diminished and this strongly imgaoh
the measured centroid line position (derived freinc profile fit-
ting, see SectioB.2) for individual transitions (see their Fig. 16).
Note that the line emission SNR for the point-source steltdi-
brators discussed in tiiéopwood et al(2015 analysis is typically
much higher than the SNR fail line detections discussed here (at
most we achieve SNR40).

We measured the variation of the centroid velocity positarn

SNR overall (N113YSO-1, SNR22-41), the velocity position
for the CO (4-3) line at 461.041 GHz deviates by3-o- from the
median centroid velocity for the other nine CO lines.

The [C1] line at 492.161 GHz is especiallyffacted by these
uncertainties in the centroid line position. After carahdpection,
we consider this line to be appropriately detected if SNlRand
the velocity position is consistent with that of the neaf@8tlines;

this is the case for five LMC sources and one SMC source. The |

other [Ci] line at 809.342 GHz is detected for all sources except
for one SMC source (#4, N81). The [Jline at 1461.13 GHz is
located in a more favourable part of the spectrum (bettetirmamm
SNR); this line is detected (SNR5) for nine LMC and two SMC
sources. These emission lines are further discussed in7S&ct

7.2 Total CO luminosity measured over the SPIRE range

In Fig.5 we plot the total CO luminosity.co measured over the
SPIRE range- CO (4-3) to CO(13-12) — againsti_tr; there is
a strong correlation between the two luminosities: the Bpaa’s
rank correlation i = 0.74 and the probability that the two quanti-
ties are uncorrelated i3 < 0.0016. Since the energy that heats the
gas derives in some form from the YSO, such correlation isinet
expected. There is no correlation betwéeg and the dust temper-
ature. These findings are consistent with results for lawihosity
Galactic sampledanoj et al. 20132016 Yang et al. 2018 Typ-
ically Lco/Ltir is ~0.06% and~0.02% for the LMC and SMC
sources respectively, with a large scatter. There is a teydfor
SMC sources to be weaker CO emitters. The LM&/Ltr ratio

is consistent with that found Hyee et al(2016) across their SPIRE
CO maps for the SFR N 159\Wo/L1ir ~ 0.08%.

For the massive Galactic comparison sample observed with
the ISOLWS, CO (14-13) fluxes were measured for seven YSOs
(Sect5and Table E1). For the eight Magellanic sources with PACS
CO (14-13) measurements (Se6t2.3, we estimate a typical frac-
tion L(CO(14-13))YLco ~0.12+0.06. This is consistent with a ra-
tio L(CO(14-13))Lco ~ 0.09+ 0.04 measured for a larger sample
of Galactic sourcesQreen et al. 201,6Yang et al. 2018°. Ac-
cordingly, we adopt.(CO (14-13))/Lco=0.09 to estimaté o for
the seven Galactic YSOs. Theo/Ltr ratio for Galactic sources
is ~0.02%, consistent with measurements for two Galactic ssurc
(Stock et al. 201p The CO luminosities for the Magellanic and
Galactic samples are broadly consistent. However, thecBala-
tio is closer to that of the SMC sample, and the LMC sourced ten
to exhibit higher ratios. Nevertheless, this suggeststtieatorre-
lation betweerlco andLtr (Or Lye) extends from low-luminosity
YSOs (Manoj et al. 2016Yang et al. 201Bto massive YSOs, sup-
porting a common origin for the observed CO emission.

Using data available in the literature (e.§tock et al. 2015
Green et al. 20L6vang et al. 201Bwe estimate thadtco measured
over the SPIRE range @J<13) is about 52% of the total CO
luminosity measured over thderschelrange ( > 4), with a large
scatter.

10 The fluxes available iGreen et al(2016 have been revised according
to the procedure described ¥ang et al.(2018. The revised fluxes used
here were obtained directly from the authors.
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Figure 5. Lco measured over the SPIRE range<(d < 13) versud.tr for

all sources. Filled squares represent the fifteen MagelM8Os with fitted
CO rotational diagrams (Sea@t3), otherwise open squares are uskgo

for massive Galactic YSOs are estimated from CO113) ISOfluxes, with

the exception of two literature measurements (triangisck et al. 201p
RatiosLco/Ltir 0f 0.1% (dotted line) and 0.01% (dashed line) are shown;
the latter is the limit proposed for shock-dominated hepiMeijerink et al.
2013, see Secf’.4.

7.3 CO rotational diagram analysis

When multiple rotational transitions are available, thalgsis usu-
ally relies on the so-called molecular rotational diagraf@s.,
Goldsmith & Langer 1999 where the logarithm of the total num-
ber of molecules in the upper state of a transitiddpnormalised
by the degeneracy of the levg] is plotted against the upper level
excitation energyE;. In this section we analyse the CO rotational
diagrams for the fifteen sources with adequate SNR (elevémein
LMC and four in the SMC); we consider optically thin gas compo
nents in local thermodynamic equilibrium (LTE), and sulbthally
excited (non-LTE) gas.

7.3.1 Optically thin LTE gas models

If the CO emission is optically thin, the total number of nalkes
in the upper state of a transitidyy is related to the observed line
flux F; as follows:

F;

N; = 4nd?
) d hVJAJ,

@)

wherev; and A, are respectively the frequency and Einstein co-
efficient for the transition, and is the distance to the source (we
adoptdyc = 50kpc anddsyc = 60 kpc throughout this work).
These population levels follow a Boltzmann distribution:

_ @e*EJ/Trot’

Ny
g Q

where Nco is the total number of molecule® = kT/hcBis
the partition function for linear molecule8 (= 19225 nt* for

@)

Herschel spectroscopy of Magellanic YSOs1L3

CO), E; and g; are the upper level energy (in K) and degener-
acy respectively, andl, is the rotational temperatufe Assuming
the density is high enough to thermalise all relevant enéggls

(n = 1P cm3 for J=4-13, Yang et al. 201)) T, is the kinetic
temperaturel of the gas for all transitions, and values fbrand
Nco can be simply determined from the slope and intercept of the
rotational diagram. If the levels are not thermalised thgp< T
(e.g.,Goldsmith & Langer 199Band the true value &fF is underes-
timated; furthermore the calculated partition funct@i(a function

of T) is too small and consequentNeo is overestimated. If some
transitions are optically thick, non-lineaffects are introduced in
the rotational diagram (e.ggoldsmith & Langer 1999 Non-LTE
and optical depthféects are discussed subsequently.

Fig.6 shows the rotational diagrams for the sources in
our sample. If Eq2 holds for a single isothermal CO gas
component, the data points should lie on a straight line
with the slope related to the gas temperatdrg. Exclud-
ing two sources (IRAS 05328827 and LMC053705694741)
for which limited data are available, only two other sources
(SAGE 04500.9691151.6 and SAGE 05135%672721.9) show
rotational diagrams that seem reasonably consistent wsihgle
isothermal gas component. For the remainder of the sounea®t
tational diagrams exhibit a positive curvature as ofterhésdase.
This implies that the rotational temperature increaseh &jtand
thus it cannot arise from a single isotherrdehsegas component.
The characteristic “break” in the rotational diagram isallsuin-
terpreted as indicating multiple optically-thin LTE CO gasnpo-
nents of diferent temperatures.

For each source with at least four measurements with
SNR>5, we fitted a model with two CO gas components, with
distinct temperature3; and total number of CO moleculgs;.

We added in quadrature a systematic error of 10% to each tran-

sition measurement erradppwood et al. 201p The fits that min-
imise y? are shown in each diagram (F&). The position of the
“break” is not the same for all sources; typically it occus f
6<J<9 (see alst¥ang et al. 201). We note that its position is un-
related to the stitching of the SLW and and SSW bands destribe
in SectiorB3.2 For IRAS 053286827 and LMC053705694741 a
single-temperature model is fitted fdk 9 (top row Fig6). Fit pa-
rameters ang® are listed in Tabl&.

The fitted components have the following properties:
T,~35K (range 206-53K), N; ~5x10°* CO molecules (range
0.8-20x10°P* molecules)T, ~ 132 K (73- 180 K),N, ~ 4.8x10°®
CO molecules (0.8 50x10°® molecules). Typically the colder

component contributes an order of magnitude more CO than

the (slightly) warmer component. Thg, values for individual
sources are broadly consistent with their SED-derived tzatpres
(Sect4). The fitted rotational temperatures vary little across the
sample, even though the luminosities of the objagig vary by
almost two orders of magnitude (Talllg T, and T, values are
very similar for LMC and SMC sources. The total number of CO
molecules is typically- 7 x10°*, ranging from 1- 21 x10°* for in-
dividual sources. For two sources (SAGE 045691151.6 and
SAGE 051351.5672721.9, Fig6 second row) the temperature of
the warmer component is also below 100K and the two compo-
nents are characterised by a number of molecules of the seme o
der of magnitude. In fact a single component would fit the ob-
served data reasonably well as noted previously. For oneasou

11 Basic atomic and molecular data are from LAMDA (Leiden Atorand
Molecular Databaseschoier et al. 2006
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Figure 6. CO rotational diagrams for the Magellanic YSO sample (openimls indicate data points with SNE5). The transitions measured over the SPIRE
range are CO (43) to CO (13-12). The characteristic break in the rotational diagranggests the presence of two isothermal LTE components wiitérdnt
temperatured; and total number of CO moleculé$ (red lines; the dashed lines show the contributions of tbidual components); for two sources only
a cold component is fitted fal <9 (green lines). Approximate best fit values appear in eanklpfitted parameters with uncertainties are listed in @abl
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Herschel spectroscopy of Magellanic YSOsL5

Table 5.LTE fit parameters to the observed CO rotational diagrams(é=3) to CO (13-12)), using two isothermal gas components with
different temperatureg and total number of CO molecul®$. For IRAS05328 6827 and LMC 053705694741 a single isothermal com-
ponent is fitted J < 9); for SAGE 052202.7674702.1 the properties of the warmer component are poorigtcained. Also listed ang® and

number of degrees of freedoN for each fit.

Source ID Ty log N1 T log N ¥ N
(K) (mol) (K) (mol)

LMC YSOs
IRAS 04514-6931 24225 54.690.10 111.26.2 53.680.06 6.9 6
IRAS 05328-6827 47.%5.0 54.230.20 54.180.35 1.2 2
LMC 053705-694741 31.21.7 54.7@&0.10 54.280.11 17.8 2
N113 YSO3 37.33.1 55.150.05 141.217.7 54.080.10 11.0 6
SAGE 045400.9691151.6 29.48.8 54.9%0.13 73.96.2 54.660.13 2.2 5
SAGE 051351.5672721.9 32.47.2 54.180.10 87.65.9 53.860.10 6.4 6
SAGE 052202.7674702.1 53.#6.6 54.150.06 294.6240.8 52.890.23 8.7 6
SAGE 052212.6675832.4 34.83.2 55.080.06 115.%18.7 53.940.16 7.4 5
SAGE 053054.2683428.3 42.87.0 54.340.06 124.935.4 53.560.28 6.7 5
STO1 32.22.4 54.720.06 160.%(25.0 53.4@0.11 6.5 6
N113 YSO-1 35.33.5 55.260.06 134.8612.2 54.430.08 2.9 6

SMC YSOs
IRAS 00464-7322 45451 54.040.06 180.259.6 52.9#40.21 6.0 5
IRAS 004306-7326 35.35.2 53.95%0.09 120.814.0 53.180.12 5.0 6
N81 20.3:2.8 54.5%0.15 120.312.8 53.260.08 9.5 5
SMC 012407730904 23.%3.3 54.650.13 109.66.6 53.8%x0.06 7.4 6

(SAGE 052202.7674702.1) the temperature of the warmer com-
ponent is poorly constrained.

Goicoechea et al(2012 analysed the CO ladder of a low-

7.3.2 Non-LTE gas models

Neufeld (2012 showed that CO rotational diagrams can ex-
hibit curvature, i.e. the rotational diagram changes mamet
cally with the upper level energ¥; (mathematicallyT,x =

mass Class 0 Galactic YSO and found that an LTE component of — (kdIn(N;/g;)/dE;)™), for a single isothermal gas component

T ~ 100K fits the observed data fdx 14. Close inspection of their
rotational diagram suggests that significant curvatureén sven
over this narrow energy range. For another Class 0 Gala8i© Y
Yang et al.(2017) find CO temperatures 43 and~ 197 K over the
SPIRE rangeYildiz et al. (2013 and Yang et al.(2018 analysed
larger samples of low-luminosity Galactic YSOs; they found-
dian temperatures of 45K and~ 95K, and~ 43K and~ 138K
respectively.White et al. (2010 performed similar analysis on a
Galactic molecular cloud core and found that two CO comptnen
of temperatures- 78 K and~ 185K are required. Similarly fits to
CO ladders for two HAeBe stars led to estimated temperatfres
about~ 30K and~ 100 K (Jiménez-Donaire et al. 20 Focusing
on theYang et al.(2018), Yildiz et al.(2013 and Magellanic sam-
ples, the so-called cold and cool components have consisten
peraturesT g ~ 40 K and Teoo ~ 120K respectively. Despite the

if the gas is not thermalised. If the gas is sub-thermal, atipes
curvature arises in the lower density regime, while for himh
non-thermal densities a negative curvature results. larotlords,
a “break” in the rotational diagram does not necessarilylymuul-
tiple gas components.

Neufeld(2012 solved the equations of statistical equilibrium
for CO gas, assuming a uniform density and temperature.aRadi
tive transfer was treated using the escape probability odeémd
a large velocity gradient in a single direction was assunfed (
more details refer tbleufeld 2012and references therein). A pre-
computed grid of solutions to the equations of statisticplilé-
rium for CO (David Neufeld, private communication) was fitte
the observed rotational diagrams, assuming a single umifo©
component? The grid parameters are gas temperaflirén the
approximate range 105000 K, 0.05 logarithmic steps), molecu-

very different spatial scales sampled and evolutionary stages of the|ar hydrogen volume density (160— 102 cm=, 0.2 logarithmic

sources, the derived CO temperatures for Galactic and Néane!
YSOs over the SPIRE range are remarkably similar. Furthezgmo
these temperatures do not seem to correlate with sourceniexp
like L1ir or Ly (€€ also e.gManoj et al. 2013Yildiz et al. 2013
Green et al. 201,3vang et al. 2018

The analysis described in this section shows that the obderv
rotational diagrams are only properly described by comsige
multiple components assuming that the gas is optically &md
fully thermalised for the transitions in the SPIRE rangee (8-
pendixF for an alternative approach using an admixture of gas
components). In the next section we test the validity of th& L
and optically thin assumptions using modelsNsufeld(2012).

steps) and CO column density paraméige (10'° — 108 cm2 per
kms, 0.5 logarithmic steps; sedeufeld 2012for a full descrip-
tion).

The rotational diagrams shown in Figare normalised to
N4/04. For each object the best-fit model is shown in blue, and the
dashed area indicates the range of models that correspentido
confidence interval for three free parametars< 2, < 3.53). Fit
parameters are given in Taliethe maximum and minimum lim-
its provide the 1e- confidence interval (note that often the best-fit

12 Neufeld(2012 discussed CO transitions in the PACS range (4), but
the grid of models includes transitions in the SPIRE rangeels(J < 14).
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10g(N,/g,)=109(N,/9,) 10g(N,/9,)=109(N./94) log(N,/9,)=10g(N,/g,) log(N,/9,)=109(N./g.)

10g(N,/9,)=109(N,/g4)

Figure 7. CO rotational diagrams for the Magellanic YSO targets (sgislas in Fig6), normalised toN4/g4. The thick blue line represents the best-fit
model fromy? minimisation; the shaded area represents models that dulfii- confidence interval. The best fit values for gas temperalummolecular
hydrogen volume densityand CO column density parameferare listed in each panel; fit parameters are given in TabAevalue forrmay is also provided

Oliveira et al.
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if transitions become optically thick for the best fit modsb¢ text for further details).
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Herschel spectroscopy of Magellanic YSOsL7

Table 6.Fit parameters to the observed CO rotational diagrams (€Q)(# CO (13-12)), using the non-LTE model grid byeufeld(2012).
The model parameters are gas temperaiu(a the approximate range 065000 K, 0.05 logarithmic steps), molecular hydrogen volume
densityn (160— 102 cm3, 0.2 logarithmic steps) and CO column density paranmésgr(10'° — 108 cm? per km s?, 0.5 logarithmic steps).
The best value is given for each parameter and the two limitggie the le- confidence interval (i.e. range for whicp?(- 2, ) < 3.53). For
IRAS05328-6827 the confidence interval includes the full parametecaspdalues for maximum optical depthax and number of optically
thick transitionsN(r > 1), as well ag? values are also provided.

Source ID T Tmin~ Tmax n Mmin -~ Nmax N Iq‘min Iqlmax Tmax N(7>1) X2
(K) (m3) cm2 per kms?
LMC YSOs
IRAS 04514-6931 2818 1778 3162 160 160 630 S8I4 1.0x10°° 1.0x10' 8.6
IRAS 05328-6827 224 5000 1010
LMC 053705-694741 355 178 501 160 160 4000 SI° 1.0x10° 3.2¢ 101 1.8
N113 YSO3 2239 1122 3162 250 160 2500 1@6 1.0x10°° 32«10 1.1 1 4.0
SAGE 045400.9691151.6 501 355 891 630 160 16000 17 1.0x10*° 3.2<10Y7 56 5 2.0
SAGE051351.5672721.9 794 501 1259 160 160 10000 3187 1.0x10° 3.2<107 17.0 6 3.3
SAGE052202.7674702.1 1995 1000 5012 250 160 4000 32 1.0x10° 1.0x10Y7 25 3 3.4
SAGE 052212.6675832.4 1000 562 1413 160 160 4000 3186 1.0x10° 1.0x107 3.5 2 5.4
SAGE 053054.2683428.3 1000 447 1995 6300 160 16000 324 1.0x10° 3.2x10Y 4.0
STO1 1778 1259 2818 160 160 1000 1D 1.0x100 1.0x10% 1.2 1 8.6
N113 YSO-1 3981 1778 5012 160 160 2500 31®® 1.0x100 3.2¢106 26 3 1.9
SMC YSOs
IRAS 00464-7322 1413 794 5012 4000 160 6300 B 1.0x100 3.2x10Y7 3.8
IRAS 00430-7326 1413 891 5012 4000 160 6300 B 1.0x100 3.2¢<10Y7 2.5
N 81 1778 1413 2512 160 160 400 &.00*® 1.0x100 3.2x10' 125
SMC 012407730904 4467 2239 5012 400 160 1000 10© 1.0x10'° 1.0x10' 5.1

value is at a limit of the grid). Values for?> and 7.« (defined as 7.4 Properties of CO emitting gas: physical conditions and
the maximum value for the optical depth) are also providedHe origin

best fit model (the latter only if transitions become optictiick).
As already pointed out,co correlates strongly with a measure of

YSO luminosity Ly OF L7ir), for any YSO sample. There seems to

Even though the parameters are not well constrained, a few b€ no correlation between parameters derived from the LByan
facts are clear from the fits in Fig.(we discuss only the thirteen  Sis of the CO rotational diagrams and YSO properties, evdnda
objects with more than four transitions detected with godiRS into account uncertainties. The derived rotational terajpees are
With the exception of two objects (SAGE 04500691151.6 and remarkably constant (variations are at most a factor twh)lethe
SAGE 051351.5672721.9) the best fit temperatures are high YSO luminosity Cyol OF Lrir) changes by as much as five orders
(~ 1000- 4500 K) and the molecular hydrogen densities are rather of magnitude across all samples. Therefore this suggesttsitiile
low (~ 160— 6300 cnt3). As an independent check, we also com- the amount of excited CO gas is related to the source luntinosi
pared our rotational diagrams to the grid of Radex models the conditions of the excited gas are not.

(van der Tak et al. 20Qsed byLee et al(2016); similarly the pa- However, the analysis of the CO rotational diagrams observe
rameters are poorly constrained but jfditting also favours high for Magellanic YSOs does not unambiguously pinpoint the gas
temperature, low density solutions. In fact, no model wigmsity conditions. A single high-temperature isothermiak(1000 K) gas

nz 1.6x10*cm 2 is able to fit the data; at such low densities none component can fit the observations, but the gas densitiekiveeu

of the energy levels are thermalised even at high temperafion- rather low (1< 10 cm2), i.e. the hot gas would be very clearly sub-
sequently, non-LTE models clearly favour sub-thermal taticin thermal. On the other hand, col@ £ 200K) LTE gas provides a
conditions. good match for the observed CO intensities and ratios, bittpieu

components are requireManoj et al.(2013 arrive at very simi-
lar conclusions, for their sample of low-luminositly,{ < 200 L)
The column density parameter is not constrained at all, but Galactic YSOs. They fitted CO rotational diagrams in the PACS

for seven out of thirteen sources the best solution seesramer@ range (> 14), meaning that the temperatures derived are higher.

lower-J transitions become optically thick; even in such casesther Nevertheless, the ambiguity between the two regimes meadio
are optically thin models with slightly higher densitiesi(tstill above is also seeManoj et al.(2013 argue that it is more €icult
ns<1.6x10*cm ) that provide acceptable fits. We note that no to conceive the existence of multiple LTE components with-te
13CO transitions were detected, and the upper limits do naiepla  peratures essentially insensitive to YSO luminosity. Ca dther
meaningful limits on the gas optical depth. hand, in the low-density regime, a large range in gas teryres
results in a narrow range in rotational temperatures: fagh -
minosity YSO the CO gas may be hotter but the resulting CO-emis
Purely in terms o§?, the non-LTE fits are better than the LTE  sion is not significantly enhanced. This can also be seengi7Fi
optically thin two-component fits (with fewer free paranmsje where temperatures between 1000 and 5000 K result in mduasls t
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18 Oliveira et al.

are indistinguishable. Even thoudhanoj et al.(2013 favour the
high temperature sub-thermal solutions, the fitted rotatialia-
grams alone cannot discriminate between the two sets ofiegit
gas conditions.

The origin of the CO excitation can either be UV heating in
PDRs or shock heating in molecular outflows. The constantlyeof
fitted rotational temperatures (over five orders of magmitundiu-
minosity, as shown in this work and Galactic samplé4anoj et al.
2013 Green et al. 2016vang et al. 2018 argues against UV pho-
tons as the main heating mechanism. To further exploreghige
we have compared CO emission line ratios to those predicted b
the PDR modelsKaufman et al. 19992006 used in Sec6.1.2
to analyse the [@ and [Cu] emission. Figur® shows that the
PDR conditions responsible for the atomic line emissiom@lg
n< 10* cm 3, Fig.4) are not consistent with the observed CO emis-
sion ratios for our sample: for the same photoelectric hgeili-
ciency the required densities are highe&(L0* cm3). Therefore
the same PDR gas is unlikely to be responsible for the atormc a
CO emission (see alsBtock et al. 2015for two Galactic exam-
ples for which a similar conclusion was reached). Note tbat f
70% of the sources represented in BIgCO emission is opti-
cally thin for the transitions plotted (see S&t8.2. The diagram
also suggests that the model density range that best reqgedue
observed ratios progressively increases when higher-Jr@@it
tions are considerechz 10* cm 2 is required when considering
the ratio CO (6-5)/CO (5-4), whilen 10° cm3 is appropriate for
CO(13-12)CO (5-4). This indicates that a single PDR gas com-
ponent cannot give rise to the observed CO emission acr@ss th
energy range.

In Fig.9 we further explore the behaviour of pairs of
CO ratios. For CO gas excited in PDR conditions the pre-
dicted ratios occupy an extremely narrow range of valuesafo
given CO (6-5)/CO (5-4) ratio the PDR models predict a much
steeper decrease (by five orders of magnitude) in CO123
fluxes than what is actually observed (right panel). Thistils s
the case even when only the CO cold component contribution
(CO(8-7)/CO (5-4) ratio, left panel) is considered. We conclude
that the CO emission observed towards Magellanic YSOs ig ver
unlikely to be excited in PDRs, even when multiple gas conepds
are considered. This is consistent with the analysid by et al.
(2016 who found that PDR heating cannot be responsible for the
excitation of CO gas in the Magellanic SFR N 159W (see also
Lee et al. 2019for a similar analysis in the 30 Doradus region).

Figure9 also shows the grid of shock models used by
Lee et al.(2016 computed using the PariBurham shock code,
Flower & Pineau des Foréts 201%or a range of representative
conditiond®: pre-shock density F0-10° cm3, unity magnetic
field strength parameter (this parameter reflects the dtreofy
magnetic field transverse to the shock propagation dinextend
shock velocity 4- 20 km s?. This range of velocities is consistent
with CO outflow velocities observed in the LMEkui et al. 2015
Shimonishi et al. 2016 These shock models are for solar metallic-
ity and do not include grairgrain interactions; none of these ef-
fects significantly impact CO line ratios over the J-rangedssed
here (see Appendix iAnderl et al. 2013ndLee et al. 2015 Fig-
ure9 (left) suggests that shock models are reasonably consisten
with the observed CO emission ratios for Magellanic YSOswvHo
ever these models are still not able to fully reproduce trseoled

13 For these input parameters the shock grid contains onlyp€-shocks
(Lee et al. 201%

ratios over the whole J-range, i.e when higher-J transitame in-
cluded (Fig9 right). This suggests that if the CO emission origi-
nates from shocks, multiple gas components are required.

Meijerink et al. (2013 proposed that shock-heated gas both
in SFRs and active galactic nuclei (AGN) can yield much large
Lco/Ltir ratios than PDRs and XDRs (X-ray dominated regions).
This is due to the fact that while PDRs and XDRs heat both the
gas and the dust, shocks in typical conditions heat the @sst |
effectively, leading to larger ratios. Their models predicttth ra-
tio Lco/Ltir 2 0.01% is the threshold diagnostic for shock heating.
Most Galactic and all Magellanic objects in Figexhibit ratios
above this limit, suggesting that in massive YSO envirortsien
CO is heated by shocks. Despite the verffatent spatial scales
probed, both on SFR-wide scales and on the scales of individu
massive YSOs shock-heated gas seems to be the origin of @ost C
emission.

High spectral resolutioklerschelHIFI observations of high-J
CO and HO transitions in low-mass Galactic YSOs support the
presence of at least three kinematically distinct gas comapts
of different physical conditions within outflow&iistensen et al.
2017, see their Fig. 10, and references therein): the cool coemon
(< 100K, observed with SPIRE) originates from the entrained (i
swept-up) envelope gas, the warm componer2q0 K, observed
with PACS) comes from cavity shocks (gas directly interagtiith
the shocks in the walls of the outflow cavity) or from the disnay
while the hot componentz(600 K, observed with HIFI) emerges
from distinct “spot shocks” near the base of the outflow arfée
temperature of the ubiquitous waraB00 K component is the re-
sult from the change in the dominant cooling molecules froydH
CO, and the hot component arises in gas prior to the onset of H
formation. Both hotter components contribute to the exicitaof
H,O emission (e.gMottram et al. 2014 As described in Sect.2
the fact that the correlation between YSO luminosity andltGO
luminosity extends from low-luminosity YSOs to massive YSO
supports a common origin for the observed CO emission atiness
mass range.

In summary, our analysis of the CO emission for massive
YSOs in the Magellanic Clouds supports an origin in shoclasl g
Multiple shock components are required to explain the olagiemns
(akin to what is observed for low-luminosity Galactic YSQOs)g-
gesting the observed SPIRE emission is more likely to ariz f
LTE low-temperature gas (typicallfoiq ~ 35 K andTeqo ~ 132K
for the Magellanic YSOs), rather than a single subthermabhas
component.

7.5 Other lines in the SPIRE range

In this section we discuss atomic transitions detectedarStAIRE
range. As already mentioned [lJlemission traces the ionised gas
that also contributes to the [ emission, while [G] emission
traces regions where the gas is shielded enough so thatncarbo
found in a mixture of atomic C and CO.

7.5.1 [Nu] emission

Out of the nineteen sources observed with SPIRE, nine LMC
and two SMC sources show [i§ emission at 20a@m. We use
the [Nu] emission to assess how much of then]Cemission
originates from the ionised gas. Following the method psego
by Oberst et al.(2011), theoretical line intensity [@]/[N u] ra-
tios expected from ionised gas are used to estimate theetbnis
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gas contribution to the total [@ emission. We calculate the fine
structure level abundances ofMind C as a function of elec-
tron density using theoretical collisional rates; a cdicec fac-
tor due to the ionic abundance fraction {(C)/(N*/N)]=1.26

is applied (determined using the MAPPINGS Ill photoioni-
sation grid, Sutherland et al. 2033 Finally, we adopt a @M
ratio of 5.9 appropriate for K regions in the Galaxy and
the Magellanic CloudsGarlos Reyes et al. 201%nd references
therein). For the typical low electron density ~ 100 cnt® that
produces [Gi] emission Cormier etal. 2015 Chevance et al.
2016, the theoretical ratios are ([@/[N u] 122um)r~2.4 and
([Cu)/[N 1] 205um); ~ 7.7*4. For the Magellanic sample, the ob-
served ratios are ([@]/[N u] 205um)o > 20, calculated using the
fluxes in TablesD1 and D2. The i PDR emission fraction
is 1 - ([Cu]/[N u])r/([Cul/[N n])o; between 61% and 96% (me-
dian ~ 82%) of the [Gi] emission originates from the PDR, rather
than from low density ionised gas (individual fractions &sted

in Table D1). For resolved star forming regions in the LMC and
SMC, Cormier et al.(2015 estimated this contribution to be at
least 75% (see aldeebouteiller et al. 2012Chevance et al. 2016
while Jameson et a(2018 estimated a contribution of 95% for
five SMC SFRs. Given the uncertainties, these estimatesasemn-
ably consistent. Theoretical and observed N n] 122um ratios
are used to calculate the PDR gas fraction for the Galactipka
(AppendixE); a median of~ 60% of the [Gi] emission originates
from the PDR gas component, broadly consistent with othr es
mates QOberst et al. 201;1Bernard-Salas et al. 20L.2Despite the
large scatter for both Galactic and Magellanic samplesetffieac-
tions are also consistent with an increased contributiomfthe
ionised gas component for higher metallicity environmefets.,
Cormier et al. 2019and references therein).

7.5.2 [Ci] emission

For five LMC objects and one SMC object we have detected [C
emission at 370 and 6Q8n; a further eight sources exhibit emis-
sion at 37Qum only. The ratio [G]37¢/[C 1]s09 IS SENSItive to density
and it can be used to infer the excitation temperafugefor op-
tically thin LTE gas. Under such conditions the populatienels
follow a Boltzmann distribution (see al8pignolio et al. 201p

N: g2 -

Tex = AE [In N, gl] ,
whereAE is the energy dierence between the two levels (in K).
Other quantities have their usual meanings; seelkad 2 for
their definition and the relation to observed line fluike&or the
Magellanic sample the [€ line ratio varies in the range 1:21.8,
suggesting the emission is optically thin (ekramer et al. 200%
The inferred LTE excitation temperaturég, are in the nar-
row range 18- 24 K. If the C-emitting gas were not thermalised
(n$10*cm3, e.g., Tielens & Hollenbach 1985 the observed ra-
tios would favour higher temperature gdg4{z 30K, see Fig. 9 in
Pereira-Santaella et al. 2013

The two sources with the lowest LTE temperaturel8 K)
are SAGE 04500:9691151.6 and SAGE 05135%672721.9; re-
ferring back to Secf.3, these are the two sources for which the
CO emission was closest to that predicted by a single isotaler

(©)

14 Such ratios depend only very slightly on the ionised gas &atpre in
the range 50008 15000 K.

gas component, and for which the two-component LTE fit ptedic
the lowest temperatures for the CO cool componeriQ0 K).

We compared the ratios [(37¢/[Cilgos and [Ci]37/CO
(CO measured over the SPIRE range) with the ratios pre-
dicted by shock modeld=(ower & Pineau des Foréts 2015 C-
type shock: pre-shock density=10°-10°cm3, shock veloc-
ity v=10-40kms?, magnetic field strength parametbr=1;
J-type: n=10°-10Pcm3, v=10-35kms?, b=0.1. For the
[C1]37¢/[C1leno ratio the predictions are2 and 23 respectively
for C- and J-type shocks. The [{3;¢/CO ratios are predicted to
be <£0.02 and<0.036, respectively. As already mentioned, for the
Magellanic sample [@37¢/[C 1]e0o=1.2-1.8 (for six sources), and
[C1]37¢/CO=0.035-0.12 (for fourteen sources). The observed ra-
tios are therefore not consistent with theff@mission originating
in the same shocked gas that also is likely to produce thenadxse
CO emission (see aldeee et al. 2015

We also investigated whether the observed][€mission
could originate from the PDR gas responsible for the] @hd [Cn]
emission, by looking at the [€37¢/[C 109 ratio in conjunction with
both the [Q]/[Cu] and the ([O]+[Cu])/Frr ratios. We find that
the [Ci] emission is consistent with a 10B,/n PDR regime, even
if suggesting slightly lowen andG, conditions than those derived
from Fig.4. As described irRdllig et al. (2007 the predicted in-
tensities for [G] are very model dependentfecting the [G] line
ratio and the comparison with other atomic lines. Furtheeni&1]
emission may have a smaller filling factor and may trackecént
layers of the PDR compared to the [Cemission. Nevertheless,
our analysis suggests that theif@mission in these sources origi-
nates from PDR gas.

8 DISCUSSION

8.1 Line flux correlations

As already discussed in Se6tl.2there is a strong correlation be-
tween the [@] and [Cu] emission, supporting their common origin
in PDR gas. There is no correlation between total CO emissiain
these two atomic lines, consistent with dféient origin for CO
(likely shocked gas). We now discuss the relationships éetvthe
fluxes for other species in this study.

There is no correlation between® emission at 17Am and
[O1] or [Cu] emission, supporting an origin in distinct gas compo-
nents (see alsKarska et al. 2018 Since HO emission is thought
to originate from the warm and hot component800 K) of the
outflow system in young stars (see discussion in Seft.and
[O1] or [Cu] emission originates from the PDR, this is to be ex-

pected. The CO emission measured over the SPIRE range orig-

inates from the distinct cool and cold component in the owtflo
system Teool ~ 120 K andT ¢ ~ 40 K respectively); accordingly no
correlation is found between® and total CO emission.

OH emission is also thought to originate within the outflow
(e.g., Wampfler et al. 2013 even though it has beenfiiicult to
consistently reconcile observed molecular emission witbck
models (see discussion Karska et al. 2018 We do not find any
correlation between OH and,B® emission; there is however a
larger spread in the observed®ifluxes, compared to OH fluxes.

Most of the known HO maser sources exhibit,® emission

in the PACS range; OH emission is detected towards one of two

OH maser sources in the LMC.
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Table 7.Line luminosities as fractions of the total IR line luminkysi

Lyr for [O1], [Cu], CO, and HO and OH when detected. The

last column gives the ratio of total IR line luminosity todbiR

luminosity Ly r/L1ir-

Source ID Liog Lem Leo Luo Low Lur
(Lur) (Lur) (Lur) (Lur) (Lur) (LTiR)
LMC
IRAS04514-6931 0.43 0.22 0.26 0.06 0.03 0.003
N 113 YSO3 0.47 0.26 0.24 0.02 0.01 0.005
SAGE045400.9691151.6 0.38 0.39 0.19 0.04 0.007 0.006
SAGEO051351.5672721.9 0.42 0.39 0.15 0.003
SAGE052202.7674702.1 0.37 0.36 0.17 0.009
SAGE052212.6675832.4 0.41 0.33 0.24 0.002
SAGE053054.2683428.3 0.25 0.33 0.31 0.003
STO1 0.30 0.32 0.25 0.007
N113 YSO1 0.36 0.25 0.36 0.03 0.004 0.005
SMC
IRAS00464-7322 0.26 0.32 0.28 0.009
IRAS004306-7326 0.51 0.30 0.09 0.05 0.003
N81 0.75 0.10 0.05 0.009
SMC012407-730904 0.73 0.17 0.07 0.005

8.2 Far-IR line cooling

In this section we discuss how thefdirent atomic and molecular

species contribute to the total line emission, an essectiatribu-

tion to the cooling budget of the YSO environment.

8.2.1 Total emission line luminosities

For [O1], H,O and OH we only have observations for a single line
or doublet, and for CO we only observe over the SPIRE range,

therefore we use correction factors to convert line fluxetotal
luminosities; these are estimated from a variety of soufoas
the literature and described in previous sections. Thesctions
(i.e. multiplication factors) applied to the observed lapsities to
obtain total luminosities are as follows: 1.09 for fjCat 63um

(adopted fromKarska et al. 2018 1.92 for CO observed in the

SPIRE range (computed using the large dataset framg et al.

2018, 12.5 for HO observed at 178m, 4.17 for OH observed

at 79um and finally 5.26 for OH observed at 84w only (es-
timated using data frorKarska et al. 2013Wampfler et al. 2013
Karska et al. 2018 no correction is needed to obtain fClumi-

nosities. We restrict our discussion of the gas cooling bttiythe

thirteen sources (nine LMC and four SMC) with good CO measure

ments across the SPIRE range. All these sources also hévarhtl

OH measurements or @-upper limits. The total line luminosity

L.r correlates moderately with the total IR luminodityr (Spear-
man’s parameters~ 0.7, p~ 0.01); their ratio id | g /Ltir ~ 0.4%

(range 0.2- 0.9%). Table/ lists line luminosities for each species

as fractions of_| g, as well ad | g /Ltir.

8.2.2 Contributions from [@)], [C ] and CO to gas cooling

FigurelO shows the relative contributions of [ [Cu] and CO
that given their ubiquitous nature are expected to be the ow@i-
tributors to far-IR line cooling in YSOs (e.gKarska et al. 2013

2014 2018 and references therein). For the majority of the sources
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IRAS04514-6931 N113 YSO3 SAGE045400.9-691151.6

SAGE051351.5-672721.9 SAGE052202.7-674702.1 SAGE052212.6-675832.4

SAGE053054.2-683428.3 STO1 N113 YSO1

IRAS00464-7322 IRAS00430-7326 N81

[o1]
[CIl]

SMC012407-730904

Figure 10. Fractions of gas cooling for LMC and SMC YSOs, for the main
gas species discussed in this worka]@ed), [Cu] (green) and CO (blue).
Note that the fractions displayed here are those from Tald@ormalised
to Lon +[cin +co) for sources with a contribution from® and OH.

is [O1]; for four sources [G1] is the main contributor, while for
the last source CO and [Dcontribute in equal measure (with a
smaller [Cu] contribution). Note that for many sources theiJO
and [Cu] contributions are very comparable. Median fractions nor-
malised to their summed contributions are 42%, 34% and 2d%, r
spectively for [Q], [C u] and CO (source-to-source variations are
significant). Luminosity fractions for [@ and [Cu] are computed
using line fluxes uncorrected for the extended emissionritont
tion discussed in Sed.1.1 This is to ensure that they can be
compared to Galactic sources observed W80 for which such
corrections are unavailable. For completeness, if thesea®mns
were applied to the Magellanic sources the fractions woattbime
46%, 23% and 31%, respectively for {O[C u] and CO.

We compared the luminosity fractions for massive Magedlani
YSOs and Galactic massive YSOs observed W8@LWS. As de-
scribed in Secb, we do not directly compare our Magellanic sam-

(8/13), the strongest line emission, and thus the main gasmpola ple to the massive YSO sample describearska et al (2014
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7 Goloctic YSOs 9 LMC YSOs 4 SMC YSOs

[O1]
[ci]
CO

Figure 11. Median gas cooling contributions for the main gas species fo
the Galactic, LMC and SMC massive YSO samples (the numbebjetts

in each sample is listed). Tlmenormalisectooling fractions [Q]:[C u]:CO
are: 47:11:42 (Galaxy), 40:36:24 (LMC) and 65:26:9 (SMC).

LMC YSOs 1.0 [Cll]

SMC YSOs

Figure 12. Ternary diagram showing the cooling fractions for the maia g
species: [@], [Cu] and CO. An object’s fractions should be read by fol-
lowing the colour-coded dashed lines @nagenta, [Gi] green and CO
orange) back to the relevant axes. Note that fractions ajisgl here are
those from Tabl& renormalised td.(joi +[cI1] +cO)-

due to the dierent spatial scales sampled. Furthermore] g&nis-
sion is often saturated for those sources; when reliablgatied,
it accounts for between *25% of the total far-IR line luminos-
ity. Individual gas cooling fractions for the Galactic coanjgon
sources can be found in Fig. E1 and Table E2. The median bantri
tions for the Galactic sample are 41%, 10% and 37%, respdgtiv
for [O1], [Cu] and CO. It is noticeable from Fig. E1 that for three
out of seven sources CO is the main contributor to line ewnissi
while for the remaining four sources [{is the main contributor.
The renormalised median contributions for the LMC, SMC
and Galactic massive YSO samples are shown inJHigThe fig-
ure suggests that the contribution fromiJ&mission is reduced in
the Galactic sample compared to the Magellanic samplehé&wurt
more, while in the Galaxy the median contributions off@d CO
are comparable, in the Magellanic sampler][@mission is more
dominant, particularly in the SMC. It is also noticeablettiie CO
relative contribution decreases from the Galaxy to the SML,
from higher to lower metallicity environments. Given thatisce-
to-source variations are significant, the fractions forititividual

sources from the dierent samples are shown collectively in the
ternary diagram in Fidl2. For the Magellanic sample, the {¢
fractions are consistently betweer20% and~40%. The [Q] frac-
tion is larger than- 30%, while the CO fraction is always less than
40%, in other words [@ emission is dominant. For the Galactic
sample, the [@] fraction is at most 25%, consistently lower than
for the Magellanic sample. The range of theiff@nd CO contribu-
tions are comparable, but the diagram strongly suggestshbie

is more variation in terms of [@/CO ratio in the Galactic sample
compared to the Magellanic sample.

We investigated in more detail the samples properties,dolch
for any trends and potential evolutionarffeets. We constructed
equivalent diagrams to that in FitR, but separating sources
with/without: silicate absorption, PAH and fine structure enoissi

and finally maser and radio emission (diagrams not shown). Fo

more evolved sources in the UGHNd later stages, radio emission
is typically strong due to fredree emission in the ionised gas (e.qg.,

Hoare 200%. PAH emission and fine structure emission can also

identify a more evolved source (with the caveat that the wWitiO
environment can contaminate t8pitzerIRS spectrum), while sili-
cate absorption suggests a more embedded sourceSealg, et al.
2009 Woods et al. 201)1 We found no statistically significant dif-
ferences, either between the Galactic and Magellanic sssmyir
between samples with and without any of these indicatorsh Bo

the Galactic and Magellanic samples are made up of a verg-ecle

tic mix of sources, but there is no indication of any evolo#oy
effects.
Karska et al.(2014) found that for their sample of Galactic

high-mass YSOs observed with PACS, line emission (and thus

cooling) is dominated by CO and [ with a tendency for more
evolved sources to have more significantif@ontributions (as
seen also for lower luminosity Galactic YS@&rska et al. 2018

In our analysis we find similarly large source-to-sourcdatans
but we find no evidence for any evolutionary trend. Nevedbg|
while evolutionary €ects cannot be completely ruled out, there
seems to be a shift in cooling dominance from CO ta][f@om the
Galaxy to the Magellanic Clouds (Fidkl and 12). Furthermore,
the predominance of [@ cooling seems to increase further for the
SMC YSOs. Potentially, this could be a result of the lower G3-g
phase abundances at low metallicity, particularly in theCS(d.g.,
Leroy et al. 200Y.

We also analysed the behaviour of thel[{IC u] and [O1]/CO
ratios. Median [Q]/CO ratios are 1.2, 1.7 and 8 and {JfJC 1] ra-
tios are 2.1, 1.1 and 2.7 respectively for Galactic, LMC aMiCS
samples. KolmogorevySmirnov (K-S) tests reveal that the three

sets of [O]/[C u] measurements are statistically indistinguishable;

for the [O1]/CO ratios the KS tests between Magellanic and
Galactic sources, and LMC and SMC YSOs reveal that thesefets
measurements are distinct, with null hypothesis prokadslio.08
and 0.04 respectively. We investigated the behaviour afethatios
as a function of several measurable quantitigg; (or Ly for the
Galactic sources), CQce column densityN(CO,), another poten-
tial indicator of a cooler environment; column densities aom-
piled from Gibb et al. 2004 Shimonishi et al. 202;,00liveira et al.
2009 2011 Sealeetal. 2001 [Om]/Ltr or [Om]/Lyo frac-
tion, and finally mid-IR flux ratio F60/F100 from IRAS pho-
tometry for Galactic sources arfe70/F100 from SpitzerMIPS

andHerschelPACS photometry for Magellanic sources, Tables E1

and Al respectively). There are no significant correlatibes
tween the [Q]/[Cu] or [O1]/CO ratios withLyr or Ly, N(CO,),

and [Om]/Ltr or [Om]/Lpe. However Figl3 reveals that not
only there seems to be a correlation between]fCO ratio plot-
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IRAS04514-6931 N113 YSO3 SAGE045400.9-691151.6

LMC YSOs
10.0F SMC YSOs —
o
(&)
>.
S 1.0F = E
N113 YSO1
[O1]
[CIl]
0.1 1 1 1 1 1 1 1 CO
0.2 0.4 0.6 0.8 1.0 1.2 1.4
10.0F e
= Figure 14. Cooling fractions for LMC YSOs, for those objects with®
o (orange) and OH (cyan) detections. Note that for N 113-Y3@10H frac-
< tion is less than 1%. None of the SMC YSOs in our sample exiibit
— 1.0f E emission.
o, E ]
There is a clear trend of decreasing contribution e®OHand
OH cooling from low luminosity source@rska et al. 2018to
0.1 A A A \ A A A massive YSOs in the Galaxitérska et al. 2014 Our analysis sug-
0.2 0.4 0.6 0.8 1.0 1.2 1.4 gests this trend extends to massive YSOs in the Magellaoigds!
F70/F100 or F60/F100 H,O and OH molecules can be destroyed by numerous processes
(see review byan Dishoeck, Herbst & Neufeld 20,1and refer-
Figure 13.Cooling line ratios against mid-IR flux rati¢:60/F100 derived ences therein), including photodissociation that wouldnbare
from IRASfluxes for Galactic sources att70/F100 derived fronSpitzer dominant in massive YSO environments. There could also be an
MIPS andHerschelPACS fluxes for Magellanic sources. The uncertainties evo|uti0nary &ect since HO emission is predominanﬂy seen for
are dominated by the uncertainties resulting from the m®¢e infer total evolved massive YSOw4n der Tak et al. 20)3However no such

line luminosities (SecB.2.]). Filled symbols represent sources with CO
measurements; sources shown with open symbols (lower )pamigl have
reliable [O1] and [Cu] measurements.

trend with evolutionary class is found iarska et al(2018).

9 SUMMARY AND CONCLUSIONS
ted against mid-IR flux ratio (albeit weak, Spearmas 0.53,
p=0.034), the Galactic and Magellanic samples afeedint, as
predicted by the KS tests above. While being mindful of the small
sample sizes, the mid-IR flux ratios are lower for Galactierees;
this suggests that the SED peaks at longer wavelengthsyimgpl
lower typical dust temperatures. The SMC sources tend te hav
higher ratios than the LMC sources, consistent with highest d
temperatures in the low-metallicity SMC environment (seet$,
and e.g.yan Loon et al. 201Qh). Even though YSOs are generally
associated with CO peaks (e.§ewito et al. 2013 the observed
CO emission is reduced for sources with higher dust tempesat
This is consistent with the expectation that in general CGnab
dance is reduced and atomic species are more dominant iesbe |
UV-shielded environments predominant at lower metajli¢é.g.,
Israel & Maloney 201}

We have presentdderschelPACS and SPIRE FTS spectroscopy of
a sample of massive YSOs in the Magellanic Clouds. Our aisalys
focused on a variety of emission lines: {JJO mi], [C u], CO, H,O
and OH observed with PACS, and CO,jJ@nd [Nu] observed with
SPIRE. We have compared the properties of the Magellanipleam
with those of a Galactic YSO sample observed withI®® LWS;
this is to ensure that the spatial scales probed by the twpleam
are in principle comparable. We summarise here our mainfgsdi

e Bright atomic emission line morphologi® 1] and [Cu] emis-
sion is detected for all sources. By making use of the 25 PACS
spaxels, we show that the emission exhibits a point sourogico
bution superposed on more extendefiidie emission; we are able
to successfully separate the YSO contribution. The mogaobf
the [Om] emission is very varied: the YSO is detected for nine
targets, while for four targets the emission at the YSO pmsiis
consistent with ambient contamination; for a further sigéds no
[O m] emission is detected.

For four out of thirteen sources both,® and OH measurements e Atomic emission line diagnostics and PDR emissiée: find

are available (in the LMC). For these source$Hand OH account that [O1] and [Cu] emission (after removing the flluse contribu-
for at most 6% and 3% of the total line cooling respectively, o tion (see above) and the ionised gas contribution to]]& tightly

at most 9% collectively (Figl4). If 3-o- upper limits are consid- correlated, and it is also correlated with the total IR luosiity. The
ered, HO and OH could conservatively contribute up to 12% and measured ratio [@/[C 1] is relatively low suggesting that shocks
6% respectively. This indeed confirms thatifJC n] and CO are are not important contributors to [Pemission. We conclude that
definitively the main cooling agent& 90% of the total line cool- both [O1] and [Cu] emission originate from the PDR associated
ing). with the massive YSOs. The line emission is also more dontinan

8.2.3 Contributions from kD and OH to gas cooling

610Z 1800100 /| U0 UBMODO|\ 11093 ‘jeay] 10 AusiaAiun Ag 9GEH8GG/0182Z1S/S_IUW/EE0 L 0 | /I0P/10BISqE-8]0ILIB-00UBAPER/SEIUW/WO02 dNo"dIwapee//:sdiy Wol) papEojuMO(]



24  Oliveira et al.

(with respect to the dust emission) in Magellanic YSOs whan-c support fromHerschelPACS and SPIRE experts, namely: Rosalind
pared to the Galactic massive sample. Hopwood, Ivan Valtchanov, Edward Polehampton, KatrinaeExt
The dficiency of photoelectric gas heating (inferred from the ra- and Elena Puga. This work makes use of data collected byehe
tio ([O1]+[Cu])/Frir) shows a large source-to-source scatter, how- schelSpace Observatory. HIPE is a joint development byHkee-
ever it is clearly higher for Magellanic compared to Galad50s schelScience Ground Segment Consortium, consisting of ESA, the
(medians respectively 0.25% and 0.1%). This can be unaetste NASA HerschelScience Center, and the HIFI, PACS and SPIRE
a consequence of the reduced grain charge in low metalkeity consortia. This work is based in part on observations madie wi
vironments. When compared to PDR models, our results are con the SpitzerSpace Telescope, which is operated by the Jet Propul-
sistent with a lowe,/n ratio for the Magellanic sources, that can  sion Laboratory, California Institute of Technology undarontract
be interpreted as evidence of the changed properties inothe | with NASA. We acknowledge financial support from the NASA
metallicity ISM (porous and clumpy), even on the smallertisppa Herschel Science Center, JPL contracts #1381522, #138&650
scales of individual YSOs. #1350371. The material is based upon work supported by NASA
[N u] emission at 20am is detected for nine LMC and two  under award number 80GSFC17M0002. We thank the anonymous
SMC YSOs. For these sources we are able to constrain thetbnis referee for a constructive report.
gas contribution to the [G] emission. We conclude that most of
the [Cu] emission originates from the PDR 82% median). [Q]
emission is detected at 370 and 608 for six sources. This emis-
sion originates from PDR gas, with a temperature of 28 K for
LTE gas or> 30K for non-LTE gas.
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APPENDIX A: TARGET SPITZERAND HERSCHEL
PHOTOMETRY

Table Al lists the photometry for the Magellanic targetseApre
photometry is performed for th@pitzedRAC 3.6-8 um and MIPS

24 and 7Qum bands (labelled B4 and M1-2): target centring,
aperture radius and sky annulus radii are optimised for &aget;

a minimum 10% flux error is adopted. PSF band-merged catalogu
photometry Seale et al. 2014ee alsdvleixner et al. 201Bis used
where available for thélerschelPACS (100 and 160m, P2-3)
and SPIRE (250, 350 and 5pf, S1-3) bands; for a single target
(#4, N81)* indicates that aperture photometry was used instead.
We did perform aperture photometry for those sources forckhi
only HerschelS1-S3 flux limits are available; however we do not
consider those measurements reliable given the brightamnmien-

tal emission and large beam size.

APPENDIX B: SELECTED SED FIT EXAMPLES

Figure B1 shows examples of the two component modified black-
body fits to the SEDs of Magellanic YSOs, as described in 8ect.
The fit parameters for individual objects are tabulated ibld4

The integrated luminosity(> 10um) is adopted as the object’s to-
tal IR luminosity Ltjr. Example spectra for the same two sources
are shown in Fig. C1.

APPENDIX C: SELECTED EXAMPLE SPECTRA

APPENDIX E: GALACTIC MASSIVE YSO SAMPLE
OBSERVED WITH ISO

Table E1 lists relevant source properties for the Galaciomari-
son sample observed with tH@OLWS; all these observations were
performed with the medium-resolution wavelength range TAO
LO1) mode (seeGry et al. 2003 for details); spectra were recov-
ered from the IDA. The relatively low SNR of the spectra, espe-
cially at shorter wavelengths, meant we were only able tosunea
fluxes for the strongest emission lines:iflcat 158um, [O1] at 63
and 145m, [Om] at 88um, [Nu] at 122um and CO at 18am.
We measured all line fluxes from archival spectra rather tisamg
published measurements, since those spectra have bestueed
with the same calibration version.

All sources exhibit emission for [@] and most exhibit [G]
emission. For the three sources with JGat 63um undetected
or in absorption, [Q] at 145um is undetected. For the remain-
ing 19 sources in the ISO sample {lCat 63 and 14&xm are
both in emission. Three sources (DR 21(OH), NGC 63341 and
AFGL 2591) show P-Cygni or inverse P-Cygni profiles forifO
63um (and emission at 148n) in the PACS spectra presented by
Karska et al.(2014); for W51N-el [Or] 63um absorption is de-
tected Karska et al. 201¢ We believe this discrepancy in line pro-
files is due to the fact that thkSO observations sample a much
larger fraction of the more extended YSO environment, t.és i
a result of the vastly diierent beam sizes (see also discussion in
Stock et al. 201p

For this sample [@ emission is always stronger at i than
at 145um, typically by a factor 7, with a large scatter; the @&n
contributes~ 0.87+ 0.1 to the total [Q] emission, consistent with
what is observed for the sources with simple emission peofile
the Karska et al(2014) sample (see alsKarska et al. 2018 For
optically thin emission, the ratio of §3n to 145um emission is

Figure C1 shows examples of the PACS and SPIRE spectra for anz 10 (Tielens & Hollenbach 1985 for all but one of these$SO

LMC and an SMC YSO respectively. They are typical of our sam-
ple for [O1], [O m] and [Cu]; for CO they exemplify the highest and
the lowest SNR achieved. The SPIRE spectra are representéti
those sources with SNRS5 for which the analysis of the rotational
diagram was performed. This SNR limit was chosen somewhat em
pirically; as discussed in Se@tl, for lower SNR the centroid line
positions vary widely and line identifications become uiatgk. It

is consistent with limits set in other workkde et al. 2015 Note
that for the SMC source SMC 01249730904, emission for [@

at 609um and [Nu] at 205um are not detected.

In Figs.C2 and C3 we show @ and OH spectra for those
sources for which the transitions are detected. N 113-Y$QBed
only source for which both the 179.5 and 108 transitions were
detected; the detection of,® at 108:m for IRAS 004306-7326
is very tentative. For the OH doublet at 84 the bluest compo-
nent is detected in emission for two sources. For OH at 9.1
emission is detected for three sources, for N113-YSO1 dmdy t
blue component is detected and for SAGE 052218%832.4 and
SAGE 052350.86675719.6 weak absorption is detected. No OH
transitions are detected towards any SMC source. Line flaxes
tabulated in the next section.

APPENDIX D: LINE FLUXES FOR MAGELLANIC YSOS

In this section we present measured line fluxes and@per limits
for individual Magellanic YSOs. These are shown in Tablesabd
D2 respectively for lines observed with PACS and SPIRE FTS.

sources the observed ratio<sl0, implying that one or both lines
may be optically thick. We use these ratios to estimate {Qa]
luminosities for the Magellanic sample in S&g, but are mindful
that [O1] luminosities could in fact be higher.

We detect [Ni] emission at 12gm for seven sources
(5-0-detections). The theoretical /[N u] 122um ratio is
used to calculated the fraction of [ emission that origi-
nates from the ionised gas rather than the PDR, using the
method described in Se@5.1 The predicted theoretical ra-
tio is ([Cu]/[Nu]122um)r ~2.4, while observed ratios are
([Cu)/[N ] 122um)o > 2.7. We estimate that between 11 and 76%
of the [Cu] emission originates from the PDR, with a median value
~60%. Estimates available in the literature are typicallghle,
with 2 70% of the emission originating from the ionised gas (e.g.,
Oberst et al. 201;1Bernard-Salas et al. 201L.2This fraction is de-
pendent on the @ ratio. Oberst et al.(2011) adopt GN=1.8,
appropriate for the diuse ISM; for Galactic hk regions @GN is
significantly larger (e.g.Carlos Reyes et al. 201%nd references
therein), consistent with our adopted valudNG 5.9. This in turn
leads to lower derived PDR gas fractions.

Out of the 19 sources, twelve and seven sources exhibit emis-
sion for [Omi] at 88um and CO (1413) at 186um respectively. No
H,O emission is detected at 179.5, 180.5 or 408 The spectral
resolution of thelSO detectors SW4 and SW5 is too low for any
reliable OH detections at 79 and geh.

We used the seven Galactic massive sources with measured
[O1], [Cu] and CO line luminosities as a comparison sample to
the Magellanic YSOs for the line cooling analysis (S8@.2.

610Z 1800100 /| U0 UBMODO|\ 11093 ‘Bjeay] 10 AusiaAiun Ag 9GE48GG/0182Z1S/S_IUW/EE0 L 0 | /I0P/10BISqE-8]0ILIB-00UBAPER/SEIUW/WO02 dNo"dIWapeoe//:sdiy Wol) papEojuMO(]



The last column in Table E1 lists relevant source propeffibes
this subsample. The luminosity of CO (A#43) at 186um accounts

for ~3% of the total CO luminosity measured across the SPIRE
and PACS ranges]J(> 4, estimated using data fro@reen et al.
2016 Yang et al. 2018 Cooling fractions for these seven Galactic
sources are shown in Fig. E1 and listed in Table E2.

APPENDIX F: CO ROTATIONAL DIAGRAMS FITTED
WITH ADMIXTURE OF LTE GAS COMPONENTS

Another empirical description of CO rotational diagramgokes

an admixture of gas components with temperatures deschped
dN/d T=aT™®, over a temperature intervaly, < T < Tmax Such
power-law distribution of temperatures has been used te suc
cessfully model rotational diagrams for both HNeufeld & Yuan
2008 and CO Neufeld 2012 Manoj et al. 2013 In the limit of
optically thin LTE gasand following Neufeld & Yuan(2008 and
Neufeld(2012):

Ny Nco [ b-1 Hr(b, 7) - I'(b, 22)]

9 k/hcB|TEb_Tib E,

whereb is the power law indexz; = E;j/KTin, Z2 = E;/KTmax and
I'(b, z) is the upper incomplete gamma functidnThe function in
Eq.F1 can be fitted to the observed rotational diagrams, with free
parameterd, Nco, Tmin @and Thax. Given that for the SPIRE CO
transitions 55.3 E;(K) <503.1, our fit solutions are insensitive to
the value ofTnax, Which is thus kept fixed afmax=5000 K; they
are however sensitive to the valueTefi, (lower limit Ty, = 4 K).

Figure F1 shows the temperature power-law fits to the rota-
tional diagrams for the YSO sample; fit parameters are ligted
Table F1. The power-lax index is typicaly~ 3.2 (range 2.6 4.4),
consistent with literature valuebléufeld 2012Manoj et al. 2013
For the other two parameters we obtaizp ~ 9.5x10°* molecules
(1-23x10°* molecules) andTy, ~23K (10-42K). The total
amount of CO is similar to that derived from the two-temparat
model (Sect7.3.1). For one object the minimum temperature is not
well constrained (N 81, Fig. F1 bottom row). For 10 out of 13 ob
jects, a two-temperature model provides a better fit in terinsin-
imisedy?, likely a reflection of the larger number of free parame-
ters.

While gas with temperatures over a continuum range may
seem a reasonable premise, the competing processes ofajas co
ing and heating are likely to favour and give rise to gas withren
restricted conditions. This is in fact what leads to the prethance
of the diferent ISM phases. Therefore, the CO emission is perhaps
more likely to be dominated by a few components with a tempera
ture spread over a relatively small range.

(F1)

This paper has been typeset fromgX/IATEX file prepared by the author.

15 (b, z) = fz < t-letdt,
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