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ABSTRACT

Aims. lonized carbon is the main gas-phase reservoir of carbon in the hdififuse interstellar medium and its 1561 fine structure
transition [Cu] is the most important cooling line of thefflise interstellar medium (ISM). We combineifzabsorption and emission
spectroscopy to gain an improved understanding of physical conditidhe diferent phases of the ISM.

Methods. We present high resolution [ spectra obtained with thiderschel/HIFI instrument towards bright dust continuum sources
regions in the Galactic plane, probing simultaneously tiesk gas along the line of sight and the background high-mass star §prmin
regions. These data are complemented by single pointings in the 492@&@H&(ine structure lines of atomic carbon and by medium
spectral resolution spectral maps of the fine structure lines of atomgeoxat 63 and 14pm with Herschel/PACS.

Results. We show that the presence of foreground absorption may completetglcéhe emission from the background source in
medium spectral resolution PACS data and that high spectral resolugstra@re needed to interpret theGand [O1] emission
and the [Gi]/FIR ratio. This phenomenon may explain part of theiJ&IR deficit seen in external luminous infrared galaxies where
the bright emission from the nuclear regions may be partially canceletddnyrgtion from difuse gas in the foreground. The &nd

C excitation in the dfuse gas is consistent with a median pressure 5900 K cnt® for a mean kinetic temperature of100 K. A

few higher pressure regions are detected along the lines of sight, as@nfisatures in both fine structure lines of atomic carbon.
The knowledge of the gas density allows us to determine the filling factor @ftiferbing gas along the selected lines of sifhe
derived median value of the filling factor is 2.4 %, in good agreement Vth the properties of the Galactic Cold Neutral Medium.

The mean excitation temperature is used to derive the average cooling Guén the Galactic plane :.8 x 1072 ergs'H™L. Along

the observed lines of sight, the gas phase carbon abundance deabibdta strong gradient as a function of Galacto-centric radius
and has a weighted average ¢HG= 1.5+ 0.4 x 107%.

Key words. ISM : general; ISM : structure; ISM : individual objects : W28A, W3ME33A, G34.3+0.15, W49N, W51, DR21(OH),
W3-IRS5; ISM : lines and bands; Galaxy : disk; Infrared : ISM

1. Introduction being in pressure equilibrium (see Draine 2011). Highesguiee

, , ) hases are associated either with HIl regions created bgiveas
The dituse _mterstellar medium presents a complex structure (ﬁ{grs, and with molecular clouds where the interplay of iyav
to the coexistence of two stable phases of neutral gas, thie Cong magnetic fields contributes to the creation of densac-str
Neutral Medium (CNM) with moderate densities and tempergyres, in which thermal pressure does not balance otheegorc
tures (0 = n(H1) + n(Hz) ~ 30 cm™ andT ~ 100 K) and nresent, The classical tracer of botffdse ISM phases is the hy-
the Warm Neutral Medlun; (WNM) with low densities and higtherfine transition of neutral hydrogen at 21 cm (HI). Bothgesa
temperaturesn(~ 0.4 cm= andT ~ 8000 K), the two phases contribute to the widespread emission, while the CNM caa als
be detected in absorption against either continuum sowtces
* Herscheis an ESA space observatory with science instruments pisackground HI emission. However it is still fairly ficult to

vided by European-led Principal Investigator consortia and with impasstimate the relative contributions of these phases todtas t
tant participation from NASA.
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amount of atomic hydrogen, and how this varies with the physi
cal conditions in the Galaxy (Kalberla & Kerp 2009).

The 2Pz, -2 Py, fine structure line of ionized carbon at 7
158 um, [Cu], is the main cooling line of the CNM and as such 15
is a complementary probe of thisfilise phase. Thelerschel I
satellite has performed the first [Lsurvey of the Galactic plane & [
(Langer et al. 2010; Pineda et al. 2013; Langer et al. 2018. T 10
measured [@] emission has been compared with HI and co i
data to identify the contributions from theffdirent ISM phases,
leading to the conclusion that the CNM gas represent®) %
of the atomic gas in the Galactic Plane. In addition to theamol 1
ular gas traced by CO emission, an additional 30 % is traced o[ 3
by the [Cu] emission. This “CO dark” molecular gas is also de- [ 1
tected as an excess in thermal dust emission in the subvraitir
regime as discussed by Planck Collaboration et al. (20%iiyus
the Planck Surveyor data.

Detection of [Gi] emission is limited by the sensitivity of
the HIFI instrument. Absorption spectroscopy toward sjrtar
infrared continuum sources can improve the ability to stiesly < I
column density regions. This method has been pioneeretidor E L QFF positipn
fine structure lines of ionized carbon and neutral oxygendms-V
tel et al. (2000, 2002) and by Lis et al. (2001) using lthfeared
Foace Observatory (1ISO) long wavelength spectrograph (LWS)
at moderate spectral resolution. The HIFI instrument orrdboa i
the Herschel satellite has allowed for the first time high spectral I
resolution observations of both neutral and ionized carfiban S I B
structure lines, with high sensitivity. It has also enaltieel de- 0 Velocity (km/s) 50
tection of ground state hydride lines from théfdse interstellar Y
medium (Gerin et al. 2012). These observations have rededfdy. 1. Top : HerschgHIFI spectra towards W49N. The red line shows
that neutral species like HF, CH and possibly water vaperer the [Ci]*P, -2 P, line at 492 GHz, the blue line shows ther]€P, —*P;
liable tracers of molecular hydrogen (Gerin et al. 2010; fidlels line at 809 GHz and the black line the {{*Ps/2 ~*Py; line at 1.9 THz.
etal. 2010; Flagey et al. 2013). Given the very large ciiitiem- The horizontal axis is the LSR ve!ocny in kmisand the vertical axis
sities of the ground state hydride lines compared to the natele is the SSB antenna temperature in Kelvin. Bottom : zoom on thg [C
densities in the diuse ISM, the absorption data do not provid nes (red, blue as above) and the averaga][€pectrum of the OFF

. - . o . ositions (black). The continuum levels have been shifted for clarity in
information on the physical conditions of the absorbing gas ¢ 'blotton(] pane)l. nuum eV . ! Wi

In this paper we present complementary data on the fine
structure lines of ionized and neutral carbon aimed at bette
understanding the properties of thdfdse gas in the Galactic
Plane. The high spectral resolution HIFI data are compléeaen
by PACS spectral maps for the {fand [O1] fine structure lines,

20F  W49N :

Analysis of absorption spectra requires accurate knovdedg
of the continqum_ level, Which is best measured_in DBS (Dou-
at medium spectral resolution. We study the density andpres algvseevaerp i\ill\!]léghltr;]g(e) Tﬁ%dgr\:\vig;igﬁtei?%?; fxizalgé?j“:(nel tthg
structure, as well as the the volume filling factor of the eoland o :
denser phases (CNM andfitise molecular gas) from the Com_GaIaxy, this mode_ produ_ces spectra that are cont_amlr_lated by

he presence of signals in the OFF beam. To avoid this prob-

arison of the emission and absorption data. Section 2 mi®es ) ;
Fhe observations. Section 3 discuspses the analysis metimads em, HIFI coqld bg operated using the mterngl (?Old load (em-
’ loyed for calibration), as a reference for monitoring thstem

gives the main results, while the conclusions are preseintqu

. . ; : : gain. This observing mode called “Load Chop” (LC) minimizes
S.ect|on 4 and §ummar!zed in Section 5. Appendlces A andthge contamination at the expense of a lower accuracy measure
give additional information on the observations and pretes fth : d | 2010 If |
data in the complete set of sources observed. ment of the continuum (de Graauw et al. 2010; Roelfsema et al.

2012). We therefore performed the fCand [Ci] observations

in two steps : we obtained a single pointing at the source po-
sition in DBS mode, followed by either a small map covering
2. Observations ~ 50”x 50" (for [C u]) or a single pointing (for both [@ lines) in

LC mode. This combination provides the continuum at the cen-
tral position and an accurate spectrum free of contaminaite

The source sample is based on the PRISMAS sources, as plgding both the background source emission and the fooegro
sented in e.g. Godard et al. (2010); Flagey et al. (2013). Wﬂ;ﬁuse medium along the line of sight. As the continuum emis-
IRS5 was targeted as an additional sight-line to probe therouSion of the background source is semi-extended, we als_o used
Galaxy as this source is located in the Perseus arm. Theesol€ PACS spectrometer (Poglitsch et al. 2010) to deterntiae t
positions, LSR velocities and distances are listed in Tabdes 158«m continuum over the area mapped with HIFI.

well as the velocity intervals corresponding to thffudie matter The spectroscopic parameters of the targeted fine structure
absorption and the associated atomic, molecular and tpdabh lines are given in Table 2. At these frequencies, the angatar

gen column densities. Table A.1 in Appendix A summarizes tlodution of theHerschel telescope is limited by diraction, and
observing modes and provides the ObsID analyzed in thisrpapee FWHM beam size is 44", 26" and 11", at 492, 809, and

2.1. Presentation of the HIFI observations
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Table 1. Summary of source properties

Name RA Dec Visr D Ref? | Velocity Niot(H) N(HI) N(H>)
interval (161 (10t (10t
(J2000) (J2000) (knT8)  (kpc) (kms™?) cm?) cm?) cm?)
W28A(G5.89-0.4) 18:00:30.4  -24:04:00 10 1.3 1] [15,25] 65+1.2 3.7 1.7 +0.4¢
W31C(G10.6-0.4) 18:10:28.7  -19:55:50 -2 5.0 2| [10,23] 156+11 5.0 5.3+ 0.5°
[23,34] 216+20 5.2 8.1+0.7°
[34,61] 193+50 6.9 6.2+ 0.6°
W33A(G12.9-0.3) 18:14:39.4  -17:52:00 37 2.4 3| [14,25] 24+05 20° 0.2+004
G34.3+0.15 18:53:18.7 +01:14:58 58 3.3 4 | [8,220] 4605 2.2 1.2+0.1°
[20,35] 76+40 5.0 1.3+0.1°
W49N(G43.2-0.1) 19:10:13.2 +09:06:12 11 11.4 5| [25,50] 143+0.7 7.0° 3.7+04°
[50,80] 226+11 9.3 6.7+0.7°
W51(G49.5-0.4) 19:23:43.9 +14:30:30.5 57 5.4 6| [1,100 33x02 1.9 0.9+0.1°
[10,16] 12+01 1.0 0.12+008
[16,35] 25+02 24 007+0.0%
DR210OH(G81.%0.6) | 20:39:00.7 +42:22:46.7 -2 1.5 7 | [1,20] 128+40 5.0 39+ 04°
W3-IRS5 02:25:40.6 +62:05:51 -37 2.0 8 | [25,-15] 16+03 0.79 041+0.1°
[-15,10] 17+03 0.9¢ 041:0.1°

a References: (1) Motogi et al. (2011),(2) Sanna et al. (20B3)mmer et al. (2013), (4) Kuchar & Bania (1994), (5) Gwistral.
(1992), (6) Sato et al. (2010), (7) Rygl et al. (2012), (8) Xale (2006)

b from (Winkel et al. 2014)¢ From Godard et al. (2012)%using data from Normandeau (1999 this paper using [CHJH,] =
3.6 x 10°8(Shdfer et al. 2008) and [HAH ] = 1.3 x 10°8 (Sonnentrucker et al. 2010§ from Fish et al. (2003).

Table 2. Observed fine structure lines ‘ ‘ ‘ ‘ W49N ‘ ‘
— — P D I [ g
o (GHz) @m) (K) ol A I I L Ll [l [ v
C* (®P3, -2 Py1) 1900.537 157.7 912 4 .2x10 PR PR
C CPy -2 Py) 492,160 609.1 236 3 .93x10°8 J“L”‘J\‘“”ﬂ\“‘ﬂ\“"‘ﬁ\“““k I
C(CP,-3P) 809.341 3704 625 5 .@8x107 J“L,JL%J«W%JMJLWJLJL,
O (P -3Py) 4744777 632 2277 3 BAx10°% | |] 1 1L
O (3Po -3 Py) 2060.069 1455 3266 1 .G4x10°5 | Jt JN’JM"A\W%J\WL i
From CDMS (Miller et al. 2001, 2005) JLJtJ\JtJMJWWJMJL_Jme
’ A A A
1300 GHz, reshpectively. As r\]/ve are focusing odn the foriggungo IMCMC NI A A I ]
absorption in this paper, we have not attempted to corre
difference in angular resolution among th&etient lines. LJLJLJLJ‘L“—/LJLJLTL
20 0 —20

2.2. HIFI Data processing Fig. 2. Montage of [Gi] HIFI spectra towards W49N. A baseline

. . has been subtracted from each spectrum. In each box, the horizontal
The observations have been analyzed with the Herschet Intgrq is the LSR velocity in kmr$, which runs from -48 km2 to 98

active Processing Environment (HIPE versiot)9 The HIFI  kmstand the vertical axis is the antenna temperature in Kelvin, which
data have been corrected for fringes usingHlhel Fitfringerou-  runs from -8 to 24 K. The x—axis shows the right ascensifiset in
tine. The single pointing and maps have been exported to tre-sec and the y—axis the declinatidfiset in arc-sec, relative to the
CLASS packagefor further processing. The HIFI mixers aresource position given in Table 1.

double side band (DBS) and therefore sensitive to the eomssi

in two frequency bands. Therefore the detected continuuetde . )
are the combination of the continuum emission in these tae sithe other sources are presented in Appendix B. For eachesourc

bands while the line emission and absorption is detectedién g€ display the spectrum observed in load chop mode toward the
side band only. Correction for the relative gain of each mige C€ntral position with the correct SSB continuum level, adl we
the two side bands is included in the calibration pipelinee T @S the mean spectrum toward the OFF positions, obtaineeas th
HIFI calibration accuracy is better than 10%. As the foreq difference between the load chop and DBS spectra. This shows
emission is extended relative to the HIFI beam at 1.9 THz, W€ level of contamination by emission signal in the OFF heam
present all data in this paper in units of antenna temperatey A linear baseline has been removed from the spectra.

noted Ta. As an example of the resulting spectra and maps, the We derived the continuum intensities from the DBS spectra.

data toward W49N are shown in Fig. 1 and Fig. 2. The data f§fé used the HIFI ficiencies given in Roelfsema et al. (2012)
to convert the continuum values from Kelvin to Jy, namely 464

469, and 506 JX at 0.49, 0.81, and 1.9 THz, respectively. The
continuum values are listed in Table 3. For then]Glata at

! available at httg/herschel.esac.esa/idtPE_download.shtml
2 available at httgtwww.iram.fyIRAMFR/GILDAS/
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W49N (corr) [CII]  F,—F, (Jy)= [-150/300] W49N (corr) [CII] F,/F,= [0.85-3.0]
W4ON 158,4m relative continum flux (PACS) | ) S L v L ) L L Y )
20 4 LA L 20 4 L
2 0.8 LA LA A | A [ ] . [
AT ] =" [ L
_10 - - 10 o = il
© 4 ~ ) 4 t
@ 1 H L] LM [ ¢ ] L r
— 06 ki J‘L_ o e ="
g4 g, 1 &= LA
50 ; ] [ ] [
f E 1 H LA v " (EJ L i
a2 04 < 1 [ < ] JL [
5 ] L
-10 A HH JL " L —10 o -

1LA
i | = i
I |

LA
0.2 ] JLL_ “
T T T T T T a " T T T T T T T T T
0
20 o 20 20 0 ~20 20 0 —20
ARA (aresec) ARA. (arcsec) ARA. (arcsec)

Fig. 3. PACS data towards W49N. For all maps, thifEsets are given relative to the central position listed in Table 1. The datdbkavecorrected
from the weak emission in the OFF position. Left : Continuum emission ajfh8ontour levels are drawn at 0.2, 0.3, 0.4 ... 0.9 relative to the
maximum. Middle : [Ci] emission in the 25 PACS spaxels. The continuum emission has beencsetitEhe vertical scale runs from -150 to 300
Jy. Right : Map of the line to continuum ratio in the 25 PACS spaxels. The aédaale runs from 0.85 to 3.0. Note the very low contrast in the
central spaxels.

1.9 THz, we provide a comparison with the continuum intersolute flux calibration uncertainty is estimated to H80 9.

sities measured in the central pixel of the PACS footprint. Toward the peak positions, the continuum fluxes have been ex-
tracted using the PACS point source correction applied ¢o th
central spaxel fluxes. Owing to the relatively large distatw

2.3. PACS data processing these sources, this is a good first approximation (speciatly
their bright and compact far-IR continuum peak). Indeed réx

The PACS spectra presented in this work were obtained batwgdlting fluxes are in very good agreement with those obtained
2010 and 2012 using the Range Spectroscopy SED mode. Tr@gn HIFI at the map center. Maps of the relative continuum
mode is designed to cover the full PACS wavelength range &fnission with respect to the peak position were construfcted
Nyquist samp”ng to get the Comp|ete far-IR Spectra| Ener ch observed source and are shown in Fl.gure 3 and FIgS B.3to
Distribution (SED). The observation ObsIDs are tabulate@a- B.21. The PACS maps were re-centered with respect to the HIFI
ble A.1. The PACS spectrometer uses photoconductor desectdap (0, 0”) coordinates. In most sources, the (0”) position
and provides 25 spectra over a”4A7” field-of-view (FoV) agrees with the continuum peak.
arranged as b spatial pixels (“spaxels”), each with an angu- In order to correct for the [@ 158um and [Q] 63um
lar size 0f~9.4" on the sky (Poglitsch et al. 2010). The medine contamination in thg reference nod positions we used th
sured width of the PACS spectrometer point spread functi&hopNodSplitOnOff pipeline. For W49N, W51 and W31C, the
(PSF) increases with wavelength fag100um. In particular, [Cu] 158um line emission in the A and B nod positions is al-
only ~50% (~70%) of a point source emission would fall in thenost the same~(10-30% of the intrinsic ON source emission).
central spaxel at158um (63um). The resolving power in the The [O] 63um line emission in the nod positions is typically
R1 and B3A grating orders aR-1200 250 km s') at 158um ~0-10% of the ON source emission. For these sources we could
andR~3300 (90 km s?) at 63um. The total observing time wascorrect for the extended emission by taking into account the
~1.4 h per source in the R1 order anfl.3 h in the B3A order. line emission in each reference spaxel. The final spectragl ma
_ _ _ . ) _thus contains the continuum emission plus the correctad [C
Observations were carried out in the “chop-nod” mode witf5g,,m and [Q]63xm line emissioyabsorption. A polynomial
the largest chopper throw a6 arc-min. This mode fers a paseline of order 3 was subtracted from each spectrum tinobta
reasonable measurement of the continuum level toward hrighe continuum—subtracted data, and each spectrum wagdivid
compact star forming cores. In the observed regions, haweyg; the continuum to obtain the liy@ontinuum spectra. Figure 3,
the reference nod positions are often contaminated by €&tenang Figures B.3 to B.21 show the resultingi[Gnaps for each
[Cu]158um and [Q]63um line emission. Accurate calibrationsqgyrce. We also display maps of the relative continuum éamiss
of the line intensities toward each source is thus not frafal 4t 158,m (with respect to the peak position). Figure 4 shows the
requires subtraction of the reference position emissioR.con- jine to continuum maps for the [P63 um and 145um lines
tinuum rms noise of the spectra toward each continuum pegkard W49N.
position was typically~5-10 Jyspaxel. Except for W33A (the
faintest of the sample) the continuum peak in each source is a
few thousand Jgpaxel, close but still below the saturation lev3. Results
els of PACS detectors. 3.1. Spatial structure

~15ghfligcasngf‘éa3 Wne]rg Oﬂﬁﬁf&?g\ggﬁi ;clh((())t;[tség/t?j)' -(I;We have made use of the information in both the PACS and HIFI
' K POata to investigate the spatial variations of the foregdoah-

sition were extracted using the stand&topNodRangeScan . i o

pipeline for chopped Range Spectroscopy observation sleTa%orptlon' The continuum emission was accurately measured a
3 shows a summary of the 1p& continuum levels measured3 See PACS Spectroscopy performance and calibration,” AGCS
with PACS toward the continuum peak of each source. The alwcument ID PICC-KL-TN-041, by B. Vandenbussche et al.
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Table 3. Summary of continuum measurements

Source Ta00 Sago(HIFI)! Tao9 Seog(HIFI)? T1900 S1000(HIFI)®>  S100o(PACSY
(K) (10?2 Jy/beam) (K) (16 Jy/beam) (K) (16 Jy/beam) (16 Jybeam)
W28A 0.25+ 0.02 116+ 0.1 118+ 01 550+ 0.5 6.6+ 05 33+25 30+ 45
w3i1C 039+0.03 181+014 196+0.05 920+ 0.2 6.7+ 05 34+ 25 338+5.1
W33A 017+0.01 Q079+0.05 17+ 0.2 86+10 71+11
G34.3+0.15 061+0.02 283+0.1 227+0.1 106+ 05 6.8+ 05 34+ 25 362+54
WA49N 07 +0.02 325+0.1 245+ 0.1 115+ 05 86+ 0.6 44+ 3.0 394+59
w51 08+ 0.02 371+0.1 29+01 136+ 05 76+ 0.6 38+ 25 392+59
DR21(OH) 036+0.02 167+ 0.1 38+05 19+ 25 157+24
W3-IRS5 02+0.03 093+0.1 40+ 1.0 200+5 237+ 36
Lusing 464 JyK, 2 using 469 JyK, 2 using 506 JyK, * using the point source calibration.
W49N (Corr) [0I]63 F,/F.=[0.3-2.8] T i i i i i i i T
| " n . | . . | . 1L W49N = /// -
20 7 [ .
| i .
5 197 . ﬁi g . o
: IS5yl : e
=, ] T L 2 t -
é ] e s [ | _;5 0.5 - . :.../_/.- M _
~10 A B - ‘E «" |_..;i./. )
1 ! —— L r g // -
] L 4 . __.-"//‘ .
-20 A L e s L ._..---'::/"'_ .
T T T T T T — R L]
<0 0 -20 ?l_f at
ARA. (arcsec) 0r LT 7
WTLQN | [01]‘145 L F‘,\/FC‘: | [0;9—1‘.5] &
0 0.5 1
20 N jJ [ Normalized 158um continuum flux
1 . . . . . 80
r Fig. 5. Comparison of the velocity integrated absorpti (Ta -
L = e ﬂﬁ Tc)dv) measured in the HIFI map relative to the velocity w%égrated ab-
10 — . . . .
i T sorption at the map center, with the continuum flux measured in the
@ 1 JﬂL P ] i I BN PACS map relative to the map center. The dashed red line shows the
S 1 linear regression line and the dotted black line a 1:1 relationship.
. 0 T [
2 ] || =0 |~
E 1 ﬁ Lo
10 | L lute calibration, we only make use of the spatial variatibthe
10
ﬂ L = |~ o~ fluxes relative to the map center. Figure 3 (left panel) prese
] ﬂ N i the resulting continuum map for W49N. Figure 5 presents the
—20 - = | r comparison of the velocity integrated absorption relato/éhe
: : - 1 velocity integrated absorption at the map center for eaxdl pif
20 0 20 the HIFI map. The relative integrated absorption and comuiin
ARA. (arcsec) emission (each normalized by value at the center of the map)

Fig. 4. Line to continuum ratio spectral maps obtained with PACS f
the oxygen fine structure lines towards W49N. Top: ¥Re—2 P, line

0§how an excellent linear correlation, with a correlatiorffio
cient of 0.88 for W49N and a slope close to unity. This behavior

at 63um, Bottom: the®P, -3 P; line at 145um. The vertical scale is 1S €xpected for an extended and uniform foreground absorber
indicated in each map.

the map center with HIFI. However, since the continuum i
mation obtained in the HIFI map is not fully reliable, the HI
map provides only the velocity integrated emission or a;h)sort
tion (in Kkms™) at each position. We have therefore made u
of the PACS spectral map data to determine the spatial i@riat

While small amplitude variations are not excluded given itme |

ited signal to noise ratio, thefllise gas along the line of sight

behaves to first order as a uniform screen across the angular e
fofent of the W49N background source. Therefore the molecular
gcolumn densities derived from the ground state hydride risso
ion lines reported elsewhere withfidirent angular resolutions
ake directly comparable to the present data. The same lmehavi
is found for the other sources in the sample.

of the far infrared continuum emission in each source. As the

continuum emission is expected to vary smoothly atdbwe 3 > 1cyj line to continuum ratio

have interpolated the measured continuum fluxes in each PACS

spaxel to obtain a far infrared continuum map of each sourddl sources exhibit complex line profiles in the velocity gas
Because this method is not expected to provide an accurate alassociated with the star forming regions, with multipleoegtly
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1

components, the possibility of self-absorption and in soases

broad line wings likely tracing UV-irradiated outflows, efgr wof2 4 PACS (unresolved) ]
W49N or for W28A (Fig. B.1,Gusdorf et al. (2014)). Neverthe- ' 6 HIFT (=25 +10 km s
less the velocity integrated [ signal from the massive star — ® HIFI (10,465 km s~ ) |
forming regions is always positive. W33A is the most extreme® ; w31C, [CIT]158um

case since the [@] emission almost vanishes at the HIFI map
center as illustrated in Fig. B.8. The presence €fude material i
in the foreground leads to absorption of the background -emisz E;Dg%
sion. At the PACS spectral resolution, the resultingi[Gignal LY
in the central spaxel can appear either in absorption (tsvar N ax A T
WA49N) or in emission (towards W51) depending on the relative T e .

strengths of the emission and absorbing signals. This stmvs
need for a sflicient spectral resolution to separate thedent 0 o1 oee o3 o4 005, 005 007

. . . . . Fe(158um) x distance® (MJy kpc?)
contributions to the [@] signals in sources with a complex ve- 1 ‘ ‘ ‘

04

Poa

o
S
T

[fr/

locity structure. A PACS (unresolved)

The [Cn] line is used as a tracer of the star formation rate_ os: ),
in external galaxies, including distant systems at higlshéts ! . ((12:05’:2%5&?551))
(Stacey et al. 2010). We have used the present data to estimag of 7= - 1
the [Cu] emission relative to the far infrared continuum in the™ | & W49N, [CIT]158um
three massive star forming regions W31C, W49N and W51. Ass o+F & ]
explained above, the PACS [ and [O1] data could be cor- = a0l
rected from the low level emission from the OFF position for= oz- 4 &% oo i ]
these three sources only. The data are shown in Figure 6 thwhi— Aoy, 00 o
each PACS spaxel is displayed as an independent point. Borea  ° wga R =
source the PACS data where the contributions from the source b I T T .
and the foreground absorption are merged are shown as black®z i Y o i s
squares, and the same quantity measured by HIFI as gresn star F(158um) x distance” (MJy kpc®)

The HIFI data allow separation of the intrinsic source dbnotr ‘ ‘ ‘ ‘
tion (empty red squares) and the absorption from the foregto i A PACS (unresolved) i
gas (filled blue squares with negative values). In all ploésitor- 7~ o o HIFT (+40,490 km Y
izontal scale is the product of the spaxel flux by the distance — - , o0 = HIFI (0,+40 km s ) ]
the source, with the low values on the left side correspantbn = Tl W51, [CI1]158m
the map edges and the high values on the right side to theneonti > © A he ]
uum peak associated with the massive star forming regioa. Th= f 3 “‘Z o
vertical scale is the relative [@ emissionl,q(C), defined as E ook P e E
ES A U o

J~1580 FW 4 = oat 94 7

1575 Fc() 0
|rd(Cll)=T—l. (1) n S m Emg g L)

1575 dﬁ 70‘20 0‘01 0‘02 O‘OS 0‘04 0‘05 0‘06 0.07
To compute¢(C) from the PACS observations we used a Fe(168m) x distance® (Miy kpe’)

wavelength window ob1 = 0.5 um starting at 157.5um and Fig. 6. Relative [Cu] emission as a function of the 158 continuum
ending at 158.um . This wavelength interval is broader thatuminosity for W31C, W49N and W51. For each source, the black tri-
the intrinsic line widths and comparable to the full freqeyen angles show the spectrally unresolved PACS data, the blue squares the
bandpass of the HIFI band 7 receiver. contribution of the foreground absorption measured by HIFI, the red

As both the line and continuum values are detected with tB@uares the intrinsic source emission measured by HIFI, and the green
same instrument,4(C 1) is independent of calibration errors orStars the total emission and absorption measured by HIFI. The velocity
uncertainties in the PSF. The ratio of therfdine luminosity 'merr‘]’alls ;Or Fge integration dare gr']"e“ in eagh plot.hl_r|1 a”hp'OtS therf’o'r.‘tsh
L([Cu)), to the far infrared luminosityr g can be simply de- on the Jeft side correspond to the map edges while those on the Tight
- side correspond to the massive star forming regions associated with the
rived from I;¢(Cm) and depends weakly on the shape of thg,st continuum peak.
far infrared spectral distribution of the source. Usingranéd
emission spectra computed with the Draine & Li dust model
(Draine & Li 2007) and choosing the parameters appropriate; jower continuum flux is likely to reflect the competition-be
our sources, we determine tween the weak emission filling in the absorption at lower-con
L([C u]) 5 tinuum fluxes, as expected from the physical conditionsglon
——— ~31+0.35%10°la(Cm). (2) these sight-lines (see below).

Itis also interesting to notice that the intrinsic emisdiam

The data for W31C, W49N and W51 show an excellent agretbe massive star forming regions presents a strong spatial-v
ment between the unresolved data from PACS and the velodityn of their relative [Gi] emission, froml,g(Cu) ~ 0.5 at the
resolved HIFI data. The dip in [@] detected in the PACS mapsmap edges down thg(Cu) ~ 0.06 at the peak of the far in-
towards W49N and W31C is fully explained by the foregrounflared emission, or fronL([Cn])/Lrigr ~ 1.5 x 102 down to
absorption. These plots also confirm the constancy of therpbs L([Cn])/Lrir ~ 2 x 1074, This behavior is reminiscent of the
tion across the extent of the PACS map as the blue points fdificit in [Cu] emission observed in compact and luminous in-
nearly on a horizontal line. The slight decrease of the aiteor frared galaxies such as Arp 220 or NGC 4418 (Gracia-Carpio

Lrir
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et al. 2011) with deeply embedded star forming regions asd pfined as in Eq.1% In a similar manner as for [@, the relative
sible Active Galactic Nuclei. As for massive star forming re[O1] line emission can be related to the ratio of the the line lu-
gions, the heating sources are deeply embedded in largeaustminosity to the far infrared luminosity ratios, but withfidirent
umn densities. Therefore the emerging signal in the finetstra scalings. We obtain
lines is heavily dependent on the geometry of the heatinigrad
tion relative to the location of the dense molecular gas,thed L([Oe3]) ~10°3

. ; 10°1ra(O163) 3)
emergent intensity can be severely attenuated. The presdnc Lrir
absorption by a foreground layer, as in the PRISMAS sources, |
will also contribute to dimming the emergentiCsignal, espe-

i ion. L([O
cially at low spectral resolution ([O1145]) ~31%10°%1,4(O1129). @)
Lrir
3.2.1. Diffuse ISM absorption toward NGC 4418 Figure 7 presents the relative emission of the][lihes for the

W31C, W49N and W51 sources. In this figure the black trian-
To illustrate the fect of foreground absorption, we have usedles show the data for the ground state line gt6Band the gray
the recent H absorption observations towards the NGC 4418/mbols those for the excited line at 148. As expected from
galaxy nucleus (Costagliola et al. 2013) to evaluate thg [@e the [Cu] behavior, and the larger opacity of the {Jl&3um line,
opacity associated with the foreground absorption. Thepdts the oxygen maps show an even strong&ga of the absorption
trum presents two components with total column densities loy the foreground gas than do theiffdnaps. To evaluate the ef-
5.8x 107! cm? and 15x 107 cm2. Assuming that the gas pro-fect of the foreground gas and restore the intrinsic emisfsam
ducing the HI absorption is fluse, it is expected to produce anhe background source, we have estimated the absorptised¢au
absorption signal in [@] as well. We can estimate the magnitud®y the foreground gas using the mean value of the][@bsorp-
of this absorption from the HI column densities using a carbaion, scaled by 1.6, the ratio of the line opacities for thepdd
to hydrogen abundance ratio xf = 1.4x10°4. These numbers carbon and oxygen abundances. It is shown as a blue line in Fig
lead to expected integrated line opacities~o6.8kms™® and 7. The corrected points are shown as empty red squares. While
~ 15km s for the [Cn] line associated with each velocity com+he original PACS [Q] data at 63um present either a pure ab-
ponent. To further estimate the impact of this absorptianuee sorption (negative,4(O1g3)), or a weak [Q] emission compa-
the measured line widths of 130 and 160 krh® derive the rable to that of the [G] 145 um line, the corrected points are
relative emissiorg(Cn) as defined in Eq.1, and obtain -0.04lways positive, witH,(O163) Stronger thar,g(O1145). For the
and -0.11. Note that the figures are negative because thes camassive sources,q(O1g3) ranges from~ 0.4 at the edge of the
spond to absorption. We therefore obtain comparable figores observed regions with moderate far infrared emission dawn t
the absorption caused by thefdse gas along the line of sight~ 0.1 at the peak of the far infrared emissiO163)/Lr|r thus
to massive star forming regions, and for théulie gas in the decreases from 4 x 10~2 down to~ 107%.
foreground of NGC 4418 nucleus. This simple example shows This shows that in a situation where a bright source is ob-
that the interpretation of low [@] emission, or even of the nonserved through a foreground offilise gas, the use of the [D
detection of [Gi], in luminous infrared galaxies isfliicult. The 63um line alone for quantitative models is not recommended ei-
presence of absorption lines, either from HI in the centémetther. Line ratios comparing the two fine structure lines ofgen
domain, or molecular lines in the far infrared domain shdwdd at 63 and 14mm, or [O1] with [C 1] will need to be corrected for
used as a warning for the possibility of afffabsorption, which absorption before being of quantitative use. Luminousairfd
would &tect the emission from the dense star forming regiongalaxies showing a [@] deficit are also expected to be deficient
In that case the use of classical PDR modeling to interpeet tim the 63um [O1] line if the deficit is caused by a foreground
detected signal should be done with caution. A detailed knovayer of difuse gas.
edge of the source geometry and its environment is needed to
obtain meaningful results. 34 C* Column densities
. . . The spectroscopic parameters of the detected lines are aumm
3.3. Atomic Oxygen fine structure lines rized in Table 2. The €column density of the diuse gas can
be obtained from the velocity integrated absorption thiotige

While the discussion is focused onj{; it should be noted that relationship

the presence of foreground absorption is expectedfextathe
[O1] line at 63um even more severely than [{; as this line o 81AQ(Tex) 1
is expected to have a larger opacity for the same total hyrodN(C") = Ay C3 o
column density. Indeed, using a carbon to hydrogen ratig 6f Gl 1-exp(- keTe
1.4x107%, an oxygen to hydrogen ratio & = 3.1x10™* (Sofia
et al. 2004), the spectroscopic parameters listed in Talda@

assuming low excitation as appropriate faffiase gas, we obtain gjony jisted in Table 2, andis the line frequency. As discussed

7([O163]) = 1.6 7([Cn]). ' ' by Goldsmith et al. (2012), the excitation temperature ofi][C
Spectrally resolved line profiles of the [263 um line are is significantly lower than the kinetic temperature in thidie
clearly needed to accurately evaluate the impact of foregto

absorption, or self-absorption in the sources themselves. * To compute4 from PACS observations we used a wavelength win-
. A ow of 64 = 0.5 um for [Cu], 0.45 um for [O1y45] and 0.2um for
Using the PACS data shown in Fig 4, we have computed t}@, 1 ‘with the following lower and upper limits: 157.50 — 158061

relative emission of the [@ fine structure lines at 68m and for [C 1], 63.28 — 63.08m for [O1es], and 145.30 — 145.75m for
145um, as a function of the continuum luminosity at the sanfe,,s. These wavelength intervals are broader than the intrinsic line
wavelength. The relative emission for both oxygen lineses dwidths.

7([Cu])dv, (5)

i

whereQ(Te) is the partition function at the excitation temper-
atureTe, (Q(Tey) = g + gue™/*eTe), A is the Einstein coi-
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F W31C 4 [01]63um (PACS) 1
o [0I]63um emission (corrected) N(H) (Cm—Z) ~ 1021f7.([c II])dV (km S—l) ) (7)

A [01]145um (PACS) ]

1.4x 104, we obtain :

This formula shows the excellent sensitivity of the absorpt
measurements that allow the detection of low column density
gions,~ 10°°cm2 corresponding to 0.05 magnitudes of visible
extinction.

[Sr/Eanan /fan) - 1

3.5. Atomic carbon column densities

-0.1

absorption (T43=1.67,55)

For neutral carbon, most spectra show pure emission, tkee sol

% 00s o . om 208 exception being the 40 kmvelocity feature in théP, —3 P,
06 Fel63 or 145pm) x distance” (y kpe') spectrum towards W49N. In LTE the atomic carbon column den-
[ W49N A [0I]63um (PACS) ] sities can be derived from the expression appropriate fas-em

- o [0I]63um emission (corrected) sion,

P A [Or145pm (PACS) N(C)(cni) = 1.4 x 10 f Tiodv (Kkms), 8)

T o3[ ]

kf oz ] whereTl,O.is the main beam temperature of the ground state fir_1e
2 . structure line at 492 GHz. This formula assumes that the-emis
ot L o o ] sion is optically thin and the level populations can be descr
@: o e Arh A E by a single excitation temperatuiBs. It is accurate within 10%

. A N aA for 16 K < Tex < 120 K. The column density is underestimated
o1 absorption (Te5=1.67150) ] for higher or lower values ofrs, especially at the lower end
s ‘ ‘ ‘ ‘ wh_ere the populations of .the excite_d levels be.com_e verylsmal

0 P oy cistance® iy oe®) o5 This may be the case for instance in low densitfjudie neutral
06 - : : gas. Therefore we performed statistical equilibrium calttons
sl W51 o 4 [0I]63um (PACS) ] to derive the atomic carbon column densities, using theneolu
L s G [0I]63um emission (corrected) density derived from the LTE formula as a lower limit.
| oal . 4 [01]145m (PACS) . The velocity feature at 40 kms* towards W49N deserves
N o 1 a specific analysis because it shows up in absorption in the
! ; wo g 3p, -2 P, line at 809 GHz, but is not detected neither in emis-

S o0 A% AT o ] sion nor in absorption in théP; —° Py line at 492 GHz. This

2.t ‘.;‘ PO ?DD 1 behavior corresponds to the very special case where thtaexci

& RS L tion temperature of the ground state line is equal to the r@opa

 of o A Ay e continuum value of the background source. At 809 GHz, thee ris

o of the thermal dust continuum emission results in a higher co
L absorption (7g=1.67;5) 1 tinuum temperature than the line excitation temperatueect

-0z P o~ — = the appearance of an absorption line.
Fo(63 or 145um) x distance® (MJy kpc®) The radiative transfer equation for a plane parallel isethe
mal cloud located in front of a background continuum source

Fig. 7. As for Figure 6, but for the two [@ fine structure transitions. duci . b .
The blue line shows the estimated level of absorption (negative relatR?9UciNg a continuum antenna temperatlyean be written

emission) caused by theftlise gas along the line of sight. It is obtained = T.e™™ + J(Te)(1—€7), 9)
from the mean of the [@] absorption scaled by a factor 1.6, the ratio

_ hy 1 : . .
of the [O1] 63 um and [Cu] line opacities for the adopted carbon an(YVhereJ(TEX) T kg @RBTex_1" In this formula th? f_'rSt term repre
oxygen abundances. sents the absorption of the background radiation and trensec

one the emission of the plane parallel foreground clouds&he
two terms can partially cancel each other, with the emisgibn

gas because the densities are too low to produce a colligigna ing in the absorption. In the situation thTe) = Tc, equation

citation rate comparable to the spontaneous decay ratélror9 yieldsT = Tc and the foreground cloud becomes invisible.
lower than~ 25 K, the above expression can be written For W49N, the continuum value at 492 GHz, expressed in main

beam temperature units, i9G: 0.03 K. This translates to an ex-
citation temperature of, = 7 + 0.2K. Such a low excitation
N(C*) (cm™2) = 1.4 x 10" x fT([C n])dv (kms™?). (6) temperature is consistent with the presence of cold maecul
gas, in agreement with the detection of deep absorption in CN
NH; and H3CO* (Godard et al. 2010; Persson et al. 2012). In-
The above limit in the excitation temperature corresponda t deed, as discussed by Tatematsu et al. (1999), the 492 Gifiz [C
fraction of C" ions in the ground state larger than 95%. At highaihe is almost thermalized at the edges of dense molecutasco
excitation temperatures, equation 6 underestimates theoE The carbon column density for this particular feature isveéer
umn density. from the3P,—2P; line usingTex = 7 K, N(C) = (2.5+0.2)x 107
In the difuse interstellar gas, ‘Cis the gas phase carboncm™. This large value is consistent with the stronf&O* ab-
reservoir. The total gas column density can therefore bigetkr sorption (Lucas & Liszt 2000) and confirms that this featre i
assuming that the gas phase carbon abundance relativerts hyalssociated to translucent material,(A 3 — 5 mag) rather than
gen is constant. Using the value derived by Sofia et al. (200diffuse gas (& ~ 1 mag).
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2012) at a level comparable to the features discussed hieee. T
WNM is not expected to produce emission features given the

b Tex = 19K, T, = 0.14 — 059 K ---- 7 = 0.154

and the average HI column density per kpc MWNM) =
8.7 x 10?° cm2. With a C fractional abundance of4x 1074,
the corresponding Tcolumn density isN(C{,\,,) ~ 1.2 x
107 cm?kpct, corresponding to an integrated line opacity of
o bfr([C n)dv ~ 0.9 kmstkpc?. The line width is constrained
0 50 100 150 =00 250 by the typical velocity gradient along a sight-line throutjie
Kinetic Temperature (K) Galactic Plane, about 10kmisper kpc for the considered
Fig. 8. Contours of constant excitation temperature of tha&][€an- Galactic longitudes, and by the turbulent and thermal beoad
sition in the dffuse neutral medium with values typical of those deing, to be> 10 km s1 hence the maximum opacity of each fea-
duced here (indicated at the top of the figure). The dashed lines shoite ist,, < 0.09.
the results for an optically thin liner(= 0.15), while the solid lines A similar calculation holds for the WIM, with an expected

are for a mildly optically thick line{ = 1.4). For curves with normal .; ; : : ;
weight lines, n(HB:n(Hy), while the resuits for a pure atomic meoliunlh|gher C abundance given the partial destruction of dust grains

are given in bold lines; we see that the form of hydrogen makes lit f%hm gas. This simple palculatlop thgrefore shows thaw;lm;n

difference in terms of [@] excitation. phases make only a minor con_trlbutlon to the a_bsorptlorem»(c
for long path-lengths in velocity—crowded regions. Theyyma
contribute to the weak and broad absorption features @stect

3.6. Physical conditions from the [Cu] data between the deep and narrow features. This minor contoibuti

L — . ith = < 0.1 will not affect the determination of the excitation
The combination of the emission and absorption allows ugto %mperature except for the most optically thin features
rive the excitation conditions of ionized carbon since t\pdes Figure 8 presents loci of constant excitation temperatéire o
ts)rc::irt]hﬂ: allllnezg?L;CI\t/zeanvg%aeﬁi\t/Z??r?erzaélj(::?fa!c:iguot\lg 'r?]gegﬁlﬂie [Cu] transition in the difuse ISM taking into account colli-

: ( ) . Mpeeal; s with H, H and electrons. In these calculations, the elec-
for the velocity components detected both in absorptioniand

the OFF emission spectra. The well-known equations in the Ctron fraction . is set to 3x 107 (Draine 2011), about twice
that the fore roundpas is.uniform in terms ofqexcitation em o adopted gas-phase elemental carbon abundance and-two hy

g 9 ) f pothesis have been made for the relative fractions of atanmic
ature and optical depth are:

molecular hydrogen : pure atomic hydrogen or equal amounts

~ i T o -] low densities and electron fraction, but could contributefte
g L Tex - 22K, T, - 027 _ 11K )= | proad absorption features, and therefore lead to an oiraast
S 2001 of the line opacity. In this case, the excitation tempeesgwould
z L be slightly underestimated.
Z - The expected opacity from a WNM feature can be estimated
< - from the average physical conditions of this phase as derive
g r by Heiles & Troland (2003). The mean density 0.3 cnT?3,
Q0 100 —
£
>
T

TA(ON) = Tee™ + J(Te)(L - €7) (10) of Hand H. For a typical kinetic temperature of 100 K, the
mean excitation temperature derived above (20.4 K) cooredp

TaA(OFF) = J(Te)(1-€7) (11) to gas densities between 40 and 80-8depending on the [@]

ATa = TA(ON) — TA(OFF) = T.e™ (12) line opacity and the fraction of hydrogen in molecular form.

These conditions clearly correspond to those of tifiisie ISM
whereT. andJ(Tey) are defined above. ON - OFF spectrum praand confirm that the bulk of the detectediflmission and ab-
vides the line opacity. This can then be used to analyze the Oforption is consistent with fiise gas.
emission spectrum, which yieldgy since the opacity is known.  We have used the HI Galactic Plane survey (McClure-
Given the large separation of the @ne structure levels, 92 K, Griffiths et al. 2009; Kalberla et al. 2005, 2010) and new JVLA
the modest density and column density of thifusie medium data (Winkel et al. 2014) to obtain the gas kinetic tempeeatu
produces only weak emission, typically at the 0.5 K levele Trand have derived the volume densitias<(n(H 1) + n(H,)) from
OFF position spectra displayed in the bottom panel of Figidl athe C" excitation temperature using the relationship
Fig B.1 to B.19 indeed show emission at this level in the same
velocity range as the prominent absorption detected in tNe Q _ BAu elo/Tin
source spectra. yu €7o/Tex — lo/Tin

The derived optical depths and excitation temperatures are
given in Table 4. Despite the range iniifopacities, the excita- I this formula,To = ¥, B is the escape probability, which can be
tion temperatures cluster around the median vallig,of 20 K estimated from the line opacity(8 = (1-e7)/7), andy, is the
and a mean value f = 204 = 1.2 K. The weak feature to- collisional de-excitation rate céiicient so thaCy = ny,. We
wards W3-IRS5 has been omitted from this average as e Sieglect the ffect of any background radiation field on the exci-
ratio is poor and the accuracy of the opacity determinationtation as the CMB and other contributions in th&ase ISM are
lowered by the presence of base line undulations. likely unimportant at the frequency of the {line. The [Cu]

The derivation of the excitation temperature relies on i@veexcitation is computed using the collisional cross sestifor
hypotheses. In particular it assumes that the same compsneatomic and molecular hydrogen, helium, and for electrons. W
responsible for the emission and absorption. It therefgmeres have assumed that all carbon is ionized with a gas-phasercarb
possible contribution of the warm ISM phases, the Warm Neutabundance ofc = 1.4x 107 (Sofia et al. 2004). This leads to an
Medium (WNM) and the Warm lonized Medium (WIM) to theelectron abundance = 3 x 10~* taking into account all sources
[C ] signals. Although weaker than the CNM features, emissiarf electrons (Draine 2011) . We used the collisional cross se
from the WIM has been detected bjersche(Velusamy et al. tions summarized by Draine (2011). The results are displaye

(13)
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Table 4.[C u] Excitation temperatures deduced from the emission in the OFF spectra

Source Vi sr T peak Width Area T Tex
(kms?) (K) (kms?) (Kkms?) (K)

W28A [15;25] 053+0.2 2+ 0.6 11+04 07+010 208+14

W31C [15;30] 056+ 0.1 11+ 4 6.7+3 13+0.06 195+17

[30;50] 063+0.1 14+ 4 96+3 14+006 198+10
G34.3+0.15 [10;20] M3+01 12+05 054+02 065+0.06 200+0.9
[20;40] 056+01 66=+12 39+0.7 083+006 204+05

WA49N [10;50] 053+02 30+09 16+0.5 04+01 226=+05
[50;70] 063+ 0.1 17+38 113+17 13+006 198+16
W51 [1:10] 033+0.15 122+24 43+08 058+006 193+0.2

[16:35] 035+015 19+06 071+03 034+006 214+20
DR21(OH) [5;25] 070+03 203+24 146+15 15+009 199+10
W3-IRS5 [-25;-15] 071+036 47+19 36+17 056+009 231+16

[-15;15] 11+04 182+ 3 212+3 011+009 41+3.0

a The optical depths are determined from the ON and OHEmince spectra with assumption of uniform foreground gsestest.

in Table 5. They apply to the absorption signals, for whioh ttsponding to the parameters of théfdse gas. We also sampled
atomic and molecular column densities have been derived (Goe dfect of the composition of the gas by computing models
dard et al. 2012). Atomic and molecular hydrogen have orfgr three values of the fraction of hydrogen in moleculamfor
slightly different [Cu] collision rate coéficients (Wiesenfeld & f(H,) = 2n(H,)/(2n(H2 + n(H1)) = 0.1,0.4,0.9, and of the to-
Goldsmith 2014), so the molecular, Hraction is not very im- tal column density of carbon using eight values of the C colum
portant for determining the excitation of the TCfine structure density: 05,0.75,1.0,3.0,6.0,9.0,20.,50. x 10*® cm2. As for
line. the [Cu] excitation calculations, we assumed thati€the main
The median density derived from the jCdata isn ~ reservoir of carbon in these clouds, hence the electronitgtens
60 cnT? and the mean value, ignoring the W3-IR5 sight-line iis derived from the total density using the same carbon abun-
n = 56+ 15 cnt3. The thermal pressure ranges fraoykg = dance relative to hydrogen as abovie) = 1.4 x 107%n(H1) +
38x 10° Kem=3to 22 x 10* Kcm™2 with a median value of 2.8 x 107*n(H,)). The helium density is set to 10% of the hy-
5.9 x 10° Kcm=3. In addition to the gas density, Table 5 alseirogen density and the*Hdensity is set to its minimum value
lists the ionized carbon column density,}C*) and the kinetic 2 x 1073 cm®. We have checked that increasing the electron
temperature derived from theitdata. density ton(e) = 3 x 107*(n(H 1) + 2n(H,)) cm3 and the proton
density ton(H*) = n(e)—n(C*) cm~3 does not change the model
. N predictions for neutral carbon fine structure lines. Foheas:
3.7. Physical conditions from the [C1] data locity component, the observed quantities were comparéueto
appropriate model results. The fits are reported in Tabled an
Bj_strated in Fig. 9.They make use of the kinetic tempeetu
erived from the HI data. Since collisional excitation satgth

To analyze the Cobservations, we used théflme version of .
RADEX, a radiative transfer code based on the escape pré
ability approximation (van der Tak et al. 2007). For each v

locity component, we compared the observed line interssitie
predictions obtained from a grid of RADEX models covering
pre-defined set of input parameters. The observed quanititie
clude, for each velocity component, the integrated intgrc

atomic hydrogen are larger than those with molecular hyetpg

e derived physical parameters show a clear dependenteon t
raction of gas in molecular form. We have used the available
information on the fraction of hydrogen in molecular form to
the Ci 3Py —2 Py) line, as well as that of théP, —° Py) tran- select the best fit models. For about half of the velocity comp

sition. whenever observed. In the most favorable caseshuge tnents, the fits are not well constrained and a broad intefgd®

could use both theélP; — Py) integrated intensity value and theP €SSUres is consistent with the data, while the range dffibes
(3P1—3Pg) to CP,—3P,) integrated intensity ratio. In cases wherd?2S Pressures is relatively narrow for a second half of thé-mo
et . n wa ot oo, we e sy . 55 e pressute dsinbuon s brvodl wih sbout ol
grated intensity and a lower limit to the integrated intgnsitio Y P 3 P .- ging exh
(BP1—3Py) to CP,—3Py). In cases where théR,—3P;)) line was 10° and 15 x 10* Kcm™3, and the remaining components with

not observed, we used only tHP{ —° Py) integrated intensity. significantly larger pressures. As the excitation analgithe

We also determined the line widthy, and the peak ternpera_carbon lines does not return a single pressure value bugrrath

ture for each velocity component, from Gaussian fits over tRE interval Of. acceptable _values, we have dgrlyed the rahge 0
observed spectral range. pressures using the median values of the minimum and maxi-

The radiative t f lculat ‘ d usih mum pressure values for each velocity component. We derive a
__'heradiative transier caicuiations weie periormed usoig Cpressure range of 22007800 K cnt3, which is consistent with
lisional rates with ortho and para,HH, H*, He and electrons

(Schroder et al. 1991; Launay & ROBeL977; ROUE & Le ;;;etamedlan pressure value derived from the analysis of thé [C

Bourlot 1990; Staemmler & Flower 1991; Johnson et al. 198
For the model grid, the equivalent temperature of the back-
ground radiation field was set to the microwave background
field, Tcus = 2.73 K. The grid covers a range of gas densi-
tiesn from 10 to 1000 cm?, a range of kinetic temperatur@g,
from 40 to 200 K with eight values far and six forT,,, corre-
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Table 5. Physical conditions derived from the [Tspectra

Source Visr Width [rov Nt(CH2 Tiin®  f(Ho)C nd Lengtif L Filling
(10'8 s factorf
(kms?h) (kms') (kms?) cm?) (K) (cm™3) (pc)  (kpc) (%)
W28A [15;25] 49+ 0.7 37+05 058+ 0.1 100 0.51 6410 24 1.1 2
W31C [10,23] 100+24 135+30 19+0.3 105 0.68 3% 5 85 1.5 6
[23,34] 79+ 18 129+ 5 18+04 100 0.74 3&5 116 0.9 13
[34,61] 118+ 25 177+37 25+ 05 90 0.45 455 107 1.3 8
G34.3+0.15 [8,20] 72+15 50+0.8 070+ 0.1 95 0.52 63t 10 18 0.85 2
[20,35] 75+ 10 6.6+ 0.7 092+01 85 0.34 68+ 10 30 1.0 3
W49N [25,50] 128+08 200+09 28+ 05 90 0.51 80t 10 43 1.8 2
[50,80] 190+10 270+15 38+ 0.3 100 0.59 385 134 2.6 5
W51 [1,10] 45+ 1 28+03 039+0.05 90 0.55 58 5 13 0.7 2
[10,16] 50+ 10 14+0.2 0.2+ 0.05 150 0.19 56 10 6 0.5 1
[16,35] 106 +1 38+05 053+007 130 0.06 &5 11 1.5 1
DR210H [0,20] 61+10 129+15 18+0.3 95 0.61 36:5 81 0.9 9

W3-IRS5 [-25;-15] 13+1  078+05 011+0.06 40 0.52 56& 50 0.7 0.9 0.07
a Niot(C*) is the C column density in the diuse gas along the line of sight to the background sourcesyui@u for the given
LSR velocity interval® HI data from the Galactic Plane survey httwww.astro.uni-bonn.dkisurveyprofilg/index.php , and from

Winkel et al. (2014)¢ f(H,) = % is the fraction of hydrogen in molecular forthn = n(H1) + n(H,) is the gas density.

s= NI%‘H)(l — f(H,)/2) is the total size of the CNM absorption features in the ittered velocity interval! ff = s/L is the filling
factor of the CNM absorption features in the consideredciglanterval.

] addition, the regions with larger fractions of moleculas ¢nd
mn\ % ] to have slightly higher pressures than do the more atomic com

/ ] ponents. The pressures derived from the neutral carborsiemis

I lines can be biased towards relatively dense regions bed¢has

ionization equilibrium is driven to higher/C* ratio at higher
densities. Because of the mor@@ent collisional excitation of
atoms and ions, higher pressure regions are also more tixely
produce line emission than low pressure regions. The true me
dian pressure may therefore be slightly lower than the nmedia

2| ] value, and closer to the lower bound of our pressure detarmin
i / / ] tion, ~ 4.0 x 10° Kcm™3,
0 3 . 5 The median density derived from the jCdata is 60 cm?.
log(p/lkcs) (em k) These figures are very comparable to the physical conditions

Fig. 9. Histograms of the pressure values derived from the analysis@fthe difuse ISM in the solar neighborhood, determined from
the [Cu] and [C1] data. The gray histogram represents the minimutdV absorption measurements (Jenkins & Tripp 2011; Goldsmit
values of the gas pressure derived from the] [@ata, the black lines 2013). The average pressure is also consistent with thegheo

show the maximum values also derived from@nd the dashed red jcal predictions for a Galacto-centric radius of 5 kpc (Welfi
histogram shows the pressure values derived fromj.[C et al. 2003).

Interestingly these density and pressure conditions @ al
those of the low density gas responsible for the strondg @bt
sorption features (Falgarone et al. 2010a; Godard et aRk)201
Models of the chemistry triggered by turbulent dissipatiepro-
Figure 9 presents histograms of the pressure derived frem ¢hice the observed Cttolumn densities in the fluse medium
[Cu] and [C1] data. We show histograms of the minimum and the dissipation bursts occur in the CNM (Godard et al. 2009
maximum pressure compatible with thei@ata given the wide 2014). The association with the CNM is further supported by
range of acceptable solutions. the close similarity of the velocity profiles of the Clnd [Ci]

Itis encouraging to see that the independent analysis @ th@bsorption lines in the diuse ISM (Falgarone et al. 2010b).
and C excitation lead to similar physical conditions for the dif-
fuse interstellar gas in the Galactic plane. The medianspres We conclude that the main phase responsible for the fore-
derived from the velocity components detected in emisssonground absorption is the so-called cold neutral medium.dife
5.9x10° Kcm3 for [C ] and 22— 7.8x 10° Kcm~3 for the [C1]  fuse medium in this phase has a broad range of content of molec
velocity components. There is a slight tendencyrfto decrease ular gas, from nearly pure atomic gas up significant amounts
with increasingr, as more opaque lines reach higher excitatiasf molecular gas (Godard et al. 2012; Winkel et al. 2014). The
temperatures for a given density. This shows that the eomssCCNM is also responsible for the filise [CII] emission of the
data may be slightly biased towards the high pressure region Galactic plane.

4. Discussion

4.1. Gas pressure
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Table 6. Physical conditions from the [ data

Source Vsr®  Width®  [Tdv (1-0f2  [Tdv (2-1f? N(C) n p/ks
(kms?t) (kms?')  (Kkms?) (Kkms?)  (10%cm?)  (ecm™®)  (10° Kem™3)
W28A 20 4.0 4.481.20 <3309 15+5 20 - 200 0.7-11
24 1.5 0.6@.0.30 <0.78% 1.8:1.3 40 - 1000 1.0-100
Ww31C 16.5 5.0 0.8¥0.09 < 0.429 2+1 40 - 400 2.2-34
17.5 3.5 0.840.08 0.16:0.02 3+ 05 40-70 2.2-34
23 3.5 1.330.13 0.410.04 2+ 0.5 200 - 400 11-20
24.5 1.5 0.520.05 0.24:0.02 Q75+ 0.5 400 - 1000 22-29
27.5 2.5 2.7@0.27 0.62:0.06 6+ 2 70 - 200 4.4-72
30 25 2.380.23 0.59-0.06 45+ 1 70-130 55-9.4
34 5.0 2.080.20 0.43:0.04 10+ 2 40-70 2.2-35
375 4.0 1.520.16 <0.48% 10+2 20 - 40 09-15
41 25 0.83.0.08 <0.1249 3+1 40-70 1.7-2.2
45 15 0.240.02 <0.13% 0.75:0.25 40 -200 1.7-84
W33A 24 2.5 1.350.28 - 3+1 40 - 200 27-78
G34.3 27 1.5 0.560.06 0.51:0.05 0.75:0.25 1000 90 - 100
47.5 1.5 0.440.04 <1679 0.75:0.25  130- 200 9-13
WA49N 51 1.5 0.0Z0.02 < 0.07% 0.5:0.2 40-70 1.2-2.0
54.5 35 0.350.04 0.06:0.01 1+ 05 70 - 200 29-4.4
59 25 0.5%0.05 0.8@-0.03 21 40 - 200 15-7.5
63 2.5 1.4060.14 0.52:0.05 21 200 - 1000 12 - 26
4009 30«5 100 - 600 3.0-45
DR21(OH) 9 25 3.400.34 - 15+ 5 20-130 0.65-4.5
13.5 35 0.520.06 - 2.61 40 - 400 1.3-11
W3-IRS5 -21 1.0 0.140.01 - 05+0.3 40-70 1.3-2.0

@ extracted from the (1-0) spectruff. The error bars are dominated by the calibration uncertauigh is set to 1092 upper
limit due to blending anfr line confusion® upper limit due to non detectiof?) velocity component detected in absorption in
the3P, —2 P, line (see section 3.5).

4.2. Filling factor For the studied lines of sight, the mean distance gradient pr

ced by the rotation curve is about 100 pc per kSince the

. . d
The knowledge of the median density and total gas column gl;;_ -: ;
lows us to derive the average (1-dimensional) filling faaibr ﬁElOCIty features we studied are broader than 1 kinthey are

this diffuse component along the sampled sight-lines. The len ely not to be associated with a single and coherent ebtity

sand filling factorf f of the CNM absorption features are liste C,\?,tﬂlllégzdﬁfs,lt -];-rr?g] dtehr(iav:g %‘gﬁ;‘;’; Igﬂdofe?ﬁgz:gldrgsugl)rr
in Table 5. These figures have been derived using the total .

column Ne(H), the mean fraction of gas in molecular for gﬁand to the average properties of these “CNM cloudletst. Fo

. il velocity intervals, the combined length along the lifisight
f(H2) = 2n(Hz)/[n(H1) + 2n(H)], and the distance along theyt ihe «cNM cloudlets”,s, is significantly smaller than the path-
line of sight in a given velocity interval as

length along the sight—lines to the background soutceBhe
filling factors for the selected velocity intervals rangenfr 0.07

3 Niot(H) _ Net(H) 1— f(Ho)/2 14 to 13 % with higher filling factors in the largest opacity digh
“nH)+2n(Hy)  n ( (H2)/2). (14) lines, and a median value of 2.4%. These filling factors haanb
evaluated along paths ef1 - 2 kpc length along the sight—lines

and to the background sources. The highest values may resmitdro

ff = s (15) selection bias as we chose sight-lines known for the presehc

foreground absorption and adapted the velocity intenakhé

line profiles. Note that the approach we followed to derive th
ﬁlling factor leads to an upper limit as we assign all the abso

ing gas to the CNM. Overall, these figures are consistent with
the expected low volume filling factor of the CNM (Heiles &
Troland 2003; Kalberla & Kerp 2009). These data therefore co
firm that although most of the mass resides in the cold phases,
these phases occupy a small fraction of the volume of the@ala

L

In these formulass represents the total length along the lin
of sight of each velocity feature arldis computed from the
Galactic rotation curv®(R) assuming a flat rotation curve with
Oy = O(Ry) = 220km st and a distance to the Galactic Cente
Ry of 8.5 kpc. In the first Galactic quadrant and foe 0°, the
distance along the line of sight can be written as

L = Rocos(l) (-/+) VR = (Rosin(l)?) , (16)

where the—/+ signs refer to the near and far distance branches The line profiles provide additional information on the spa-
andRis the distance to the Galactic cenfRis determined from U@l distribution of the CNM : for all sources, the [ line pro-

Visr assuming circular motions, files sh(_)W well Qefin_ed velocity components, which corres_bon
to localized regions in the Galactic plane. Therefore tlkusie
Visr = Rosin(l)(O(R)/R— ©g/Ry) . (17) medium is not uniformly distributed in space but spatialbne
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centrated, most likely in the spiral arms as found in emisbie CH abundance relative tojtannot be excluded. The same
surveys (e.g. Pineda et al. (2013) fori[}. can be true for HF as well.

) Overall, the excellent agreement between the gas phase car-
4.3. Gas phase carbon abundance and C* in the ISM phases 1o apundance deduced from FUV and FIR data confirms the va-

The C and C column densities listed in Tables 5 and 6 show th4lity of the derivation of atomic and molecular gas colunemel

C* dominates over atomic carbon in theéfdse gas, although aSities and supports the association of theif@bsorption with

direct comparison between the velocity components prasenCNM gas, with minor contributions from the WIM.

emission and absorption is not straightforward. Neveeeeit

is possible to compare the totaf @nd C column densities along, 4 c+ Cooling

each sight-line. We find N(@)(C*) ranging from 1 to 28 %,

with a median value of 6 %. For an optically thin line, the cooling rate is proportiotalthe
Because the gas-phase carbon abundance has been showpper state population, and the cooling rate peiidd is given

spatially vary as a consequence of dust grain processing (F A(C") = hvAy fy, wherefy is the fraction of the carbon ions

vathi et al. 2012) we have investigated the gas-phase carlyvthe upper level of the fine structure transition. The detea-

abundance by comparing the derivet @lumn densities with tion of the excitation temperature, of the [Cn] line allows to

independent estimates of the hydrogen column densitiégeder compute the C cooling of the difuse medium. The low values

from Hl for the cold atomic gas and CH and HF for th&fase from Table 4 indicate that only a few percent of the popufatio

molecular gas. Figure 10 shows the ratio of theaBd total hy- is in the upper level. With the excitation temperature knowe

drogen column densities as a function of Galacto-centdiuga can write the energy loss per H nucleon as

In this figure, the size of the symbol scales with the fractibn o

gas in molecular fornf(H,). We do not find any strongfiect + _ hvAyg,e & N(CY)

with f(Hy). The carbon abundance may be lower towards Wé—(c )= QTe)  N(H)

IRS5 sampling the outer galaxy but the achievéd &tio is too . o )

low to draw a definitive conclusion. The median value #iC _ Taking the mean [@] excitation temperature (Section 3.6),

= 1.25x 104 and the weighted averaggtC= 1.5 x 104 The Tex = 204K, and assuming that all carbon is in ionized form so

right panel of Figure 10 illustrates how titéerschelalues are thatthe ratio of the Cto H column densities is equal i@ gives

fully consistent with the measurements derived from FUV ab- s XC i

sorption lines towards massive stars by Parvathi et al. Z201A(C*) = 9x 100 Tax 104 ¥9s H. (19)

especially comparing the same range of average hydrogen den ’

sities,< n(H) >= Ni(H)/L, along the lines of sight, namely  Using a carbon abundance a6k 10~* as derived from the

(18)

logio(< n(H) >) =[-0.3,0.9]. present data, we obtain a cooling rate per H atom about three
There are several sources of uncertainties in this conguaristimes larger than the mean value derived by Gry et al. (19@2) f
which contribute to the observed scatter : local lines of sight and five times larger than the cooling rat

— At large molecular hydrogen column densities, C and clgr low velocity clouds derived by Lehner et al. (2004) from

will make a significant contribution to the carbon budget. W@ 43 object sample. Thefiérence between the FUV arder-
do not expect this féect to be very strong because we d chelmeasurements can be understood as arising from the dif-

not see any significantiect with f (H,) and the total atomic T€rence in the environments. The FUV data mostly target tas a

carbon column density does not rise above 15% of the toﬂ?h Galactic latitudes in.the solar neighborhqod while fére
C* column density except towards W28A. Infrared Herscheldata mainly probe the Galactic plane, where

— The warm interstellar phases may be contributing to thd [Cthe star formation activity and the heating rate are expetctée
absorption. lonized carbon is expected to be present in {Eger. TheHerschelderived cooling rate is in very good agree-
Warm Neutral Medium (WNM) and Warm lonized Mediumment with the models fon ~ 60 cnt3and Galacto-centric radii
(WIM). Given the low densities, the excitation of the fin@®f 5 and 8.5 kpc presented by Wolfire et al. (2003), which in-
structure line will be moderate, leading to an absorptiga siclude an increase of the heating rate in the inner Galaxy.
nal towards a strong continuum source. Additional informa-
tion from other fine structure lines, [NI1] at 2QB6n and [Oi] C lusi
at 63um, is required to identify the relative contributions 015' onclusion
these two warm phaseblerscheHIF| data of the [NII] at |n this paper we have analyzed high-resolution spectraeditie
205 um line have been analyzed by Persson et al. (2014)sucture lines of ionized and neutral carbon, complentehte
and indeed show absorption towards W31C and W49N cdbwer spectral resolution line maps of @nd O, towards massive
firming the presence of the warm ionized medium along tRear forming regions in the Galactic plane.

same sight-lines. The WIM produces an excess [CII] absorp- ) ) o )
tion at the 7 - 10% level along both sight-lines. — The high spectral resolution data exhibit complex line pro-

— The estimations of the molecular hydrogen column densi- files from the background sources combined with absorption
ties are based on CH and HF measurements assuming a conproduced by the dliuse interstellar medium along the line of
stant abundance relative to, HOptical and FUV measure-  sight. We show that at low spectral resolution this combina-
ments towards bright stars have shown that the relationship tion leads to very low [Gi] and [O1] signals, which can be
between CH and His linear and exhibits a significant scatter wrongly interpreted. We suggest that part of therJ@eficit
of 0.2dex (Shfer et al. 2008), larger than the measurement in local luminous infrared galaxies is due to the presence of
uncertainties, and which probably reflects small variaion low density material in the foreground of the compact region
in the physical conditions along the probed sight-lines. As producing the far-infrared emission. Thigfdse gas compo-
shown by Levrier et al. (2012), averaging over long path- nent is expected to absorb part of ther|&ignal from the
lengths tends to reduce the scatter, but local variatiotiseof ~ compact star forming region close to the nucleus. Tifece
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Fig. 10. Left : Ratio of the total € column density to that of the total gas column measured by adding HI @bem data) and H(derived
from CH and HF) as a function of Galacto-centric radius. The symbelisiproportional to the fraction of gas in molecular form ranging from
~ 0.1 to~ 0.8 for the velocity intervals considered here, with each sight-line plotted witffereint symbol. The weighted averages(t 107%) is
indicated with a dashed line and the median valu5% 10~*) with a dotted line. Right panel : comparison of tHerscheHata (black symbols
with source name) with the FUV absorption data from Parvathi et al. (2@t2y dots with error bars). The gas-phase carbon abundaniodtesip
as a function of the logarithm of average gas derisilys(< n(H) >) = 10g10(Not(H)/L).

is expected to be even larger for the/68 fine structure line (Toulouse) responsible for the telescope, with in excess lofindred subcon-

of oxygen, which has a higher opacity for the same gas ctshetors. HIFI has been designed and built by a consortiuimstitutes and uni-
umn density versity departments from across Europe, Canada and thedJBitges under

. . the leadership of SRON Netherlands Institute for Space &ekgGroningen,
— The Herscheldata have been combined with ground bas e Netherlands and with major contributions from Germangn€e and the

HI data to derive the physical conditions in théfdse gas. us. Consortium members are: Canada: CSA, U.Waterloo; Fr@ESR, LAB,
The median pressure kg = 5900 K cnt® and the median LERMA, IRAM; Germany: KOSMA, MPIfR, MPS; Ireland, NUI Mayndb;

densitvn ~ 60 CrTT3, for a kinetic temperature of 100 K. Italy: ASI, IFSI-INAF, Osservatorio Astrpfisico di Arce_trNAF; Netherlgnds:
y P SRON, TUD; Poland: CAMK, CBK; Spain: Observatorio Astronmidacional

These properties confirm that the absorbing gas can be a$tX “centro de Astrobiologa (CSIC-INTA): Sweden: Chalsiemiversity of
C'ate_d with the so-ca_lled cold neutral med“_lm (CNM)_- Theechnology - MC2, RSS & GARD; Onsala Space Observatory; Shela-
fraction of hydrogen in molecular form in this gas is highlyional Space Board, Stockholm University - Stockholm Obatary; Switzer-
variable. land: ETH Zurich, FHNW; USA: Caltech, JPL, NHSC. HIPE is anjoilevelop-

_ S - . A ment by the Herschel Science Ground Segment Consortium, tingsi$ ESA,
The excitation conditions derived from the ll]CemISSIOH the NASA Herschel Science Center, and the HIFI, PACS and BRi&hsor-

data are consistent with those deduced fromi][CThe tia. MG, MR, AG and EF acknowledge support from the Centreidvat de
atomic carbon column densities remain significantly small@echerche Spatiale (CNES). This work was partly funded aynigANR-09-
than the ionized carbon column densitieS, conﬁrming that BLAN-0231-01 from the French Agence Nationale de la Redhes part of

; ; ; ; ; ; SCHISM project. J.R.G thanks Spanish MINECO for fundsngport un-
is the main carbon reservoir along the lines of sight in Mgt ;052009 00038, AYA2009-07304 and AYA2012-Z208R. is Sup-

Cases' . . . . ported by the 3DICE project, funded by an ERC Starting graretr(d agreement
— The line profiles show that the CNM is not uniformly diSnumber 336474). NRAO is operated by Associated Universities under con-
tributed but follows the Galactic Spiral arms. The compatract with the National Science Foundation. This work wasied out in part at

i it it Jet Propulsion Laboratory, which is operated by thef@ala Institute of
ison of the gas densities and column densities has alloV\zlge%ichnology for NASA. We thank the referee, E. Jenkins, ferdumprehensive

us t? det,ermme the f|!||ng factor of the CNM along the “”er"‘e ort which helped us to significantly improve this paper.
of sight in the Galactic Plane. The derived median value oP
the filling factor is 2.4%. This value may be slightly biased
upward by the source selection criteria.
— On average, the gas-phase abundance of carbon derived fRefierences
the comparison of the [@ absorption with the. sum Of_ the Benz, A. O., Bruderer, S., van Dishoeck, E. F., etal. 2010, A&21, L35
atomic and molecular hydrogen column densities, using Cddstagiiola, F., Aalto, S., Sakamoto, K., et al. 2013, A&A, 5866
and HF as tracers of His in good agreement with previousde Graauw, T., Helmich, F. P., Phillips, T. G., et al. 2010, A&AB, L6
measurements using FUV data, leading tBl G 1.5 x 104, Draine, B. T. 2011, Physics of the interstellar and inteagé medium (Prince-
Some sight-lines may present a small excesg fibsorption Sltr?: SBenTeSg)L Li, A 2007, Apd, 657, 810
which indicates that two other ISM phases, the warm nem%lﬁgarone, E., Godard, B., Cernicharo, J., et al. 2010a, A4, L15
medium and the warm ionized medium, may contribute {garone, £.. Ossenkopf, V., Gerin, M., et al. 2010b, A&ASH1118
the [Cu] absorption. Fish, V. L., Reid, M. J., Wilner, D. J., & Churchwell, E. 2008pJ, 587, 701
— The [Cu] cooling per hydrogen nucleon in the Galactic planBagey, N., Goldsmith, P. F,, Lis, D. C., et al. 2013, ApJ, 760,

is A(C*) ~ 9.5x 102 ergsH™1, in good agreement with Gerin, M., de Luca, M., Goicoechea, J. R., et al. 2010, A&A, 82116
predictions from Wolfire et al. (2003)_ Ge;nlmﬁll\/l., Levrier, F., Falgarone, E., et al. 2012, Phil.ngaR. Soc. A, 370,
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launched under a contract to ESA managed by the Heydelszick Projectteam 520, A20 _
by an industrial consortium under the overall responsjbidf the prime con- Godard, B., Falgarone, E., Gerin, M., etal. 2012, A&A, 5407A8
tractor Thales Alenia Space (Cannes), and including Asti{Eriedrichshafen) Godard, B., Falgarone, E., & Pineau Des Foréts, G. 2009, A&A, 847
responsible for the payload module and for system testinpatexraft level, Godard, B., Falgarone, E., & Pineau Des Foréts, G. 2014, \At%08.3716
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Article number, page 14 of 25



M. Gerin et al.: [Gi] absorption and emission in thefllise interstellar medium across the Galactic Plane

Goldsmith, P. F., Langer, W. D., Pineda, J. L., & Velusamy, TL2ZMpJS, 203,
13

Gracia-Carpio, J., Sturm, E., Hailey-Dunsheath, S., etGil12ApJ, 728, L7

Gry, C., Lequeux, J., & Boulanger, F. 1992, A&A, 266, 457

Gusdorf, A., Gerin, M., Goicoechea, J. R., et al. 2014, A&Awsitted

Gwinn, C. R., Moran, J. M., & Reid, M. J. 1992, ApJ, 393, 149

Heiles, C. & Troland, T. H. 2003, ApJ, 586, 1067

Immer, K., Reid, M. J., Menten, K. M., Brunthaler, A., & Dame, T. R013,
A&A, 553, A117 r

Jenkins, E. B. & Tripp, T. M. 2011, ApJ, 734, 65 5

Johnson, C. T., Burke, P. G., & Kingston, A. E. 1987, JourrfaPbysics B:
Atomic and Molecular Physics, 20, 2553

Kalberla, P. M. W., Burton, W. B., Hartmann, D., et al. 2005, Ag440, 775

Kalberla, P. M. W. & Kerp, J. 2009, ARA&A, 47, 27

Kalberla, P. M. W., McClure-Gfiiths, N. M., Pisano, D. J., et al. 2010, A&A,
521, A17

Kuchar, T. A. & Bania, T. M. 1994, ApJ, 436, 117

Langer, W. D., Velusamy, T., Pineda, J. L., et al. 2010, A&A, 52117

Langer, W. D., Velusamy, T., Pineda, J. L., Willacy, K., & Gsifdith, P. F. 2014,
A&A, 561, A122 L

Launay, J.-M. & Rouf, E. 1977, Journal of Physics B Atomic Molecular 2
Physics, 10, 879

Lehner, N., Wakker, B. P., & Savage, B. D. 2004, ApJ, 615, 767

Levrier, F., Le Petit, F., Hennebelle, P., et al. 2012, A&A45A22

Lis, D. C., Keene, J., Phillips, T. G., et al. 2001, ApJ, 56438 r

Lucas, R. & Liszt, H. S. 2000, A&A, 355, 327 1

McClure-Gritiths, N. M., Pisano, D. J., Calabretta, M. R., et al. 2009, ApJS r
181, 398

Motogi, K., Sorai, K., Habe, A., et al. 2011, PASJ, 63, 31

Miller, H. S. P., Schldder, F., Stutzki, J., & Winnewisser,2B05, Journal of
Molecular Structure, 742, 215

Muller, H. S. P., Thorwirth, S., Roth, D. A., & Winnewisser, 2001, A&A, 370, | ‘ ‘
L49

Neufeld, D. A., Sonnentrucker, P., Phillips, T. G., et all@PA&A, 518, L108 %elocit (km/s) 50

Normandeau, M. 1999, AJ, 117, 2440 4

Ott, S. 2010, in Astronomical Society of the Pacific ConfeeeSeries, Vol. 434, Fig. B.1. Top : HerschegHIFI spectra towards W28A. The red line
Astronomical Data Analysis Software and Systems XIX, ed. Yzioto, shows the [G]3P1 _3p, line at 492 GHz, the blue line shows the

K.-l. Morita, & M. Ohishi, 139 - .
Parvathi. V. S. Sofia, U. J., Murthy, J., & Babu, B. R. S. 2088), 760,36 LC11°P2 =* P line at 809 GHz and the black line the {*Ps 2 =2 Py

WZ28A

TA(K)

TA(K)

OFF position

Persson, C. M., De Luca, M., Mookerjea, B., et al. 2012, A&A354145 line at 1.9 THz. The horizontal axis is the LSR velocity in krh,sand

Persson, C. M., Gerin, M., Mookerjea, B., et al. 2014, A&A, 5887 the vertical axis the antenna temperature in Kelvins. The continuum

Pineda, J. L., Langer, W. D., Velusamy, T., & Goldsmith, P. R20&A, 554, level for [Cu] corresponds to the SSB continuum level. Bottom : zoom
A103 on the [C] lines (red, blue as above), and averageaifGpectrum of

Planck Collaboration, X., Abergel, A., Ade, P. A. R., etd)12, A&A, 536, A24  the OFF positions (black). The continuum levels have been shifted for
Poglitsch, A., Waelkens, C., Geis, N., et al. 2010, A&A, 518, L clarity in the bottom panel.

Roelfsema, P. R., Helmich, F. P., Teyssier, D., et al. 2012, AB3V,, A17
Roudt, E. & Le Bourlot, J. 1990, A&A, 236, 515
Rygl, K. L. J., Brunthaler, A., Sanna, A., et al. 2012, A&A, 53979 ‘ | ‘ ‘ ‘W28A
Sanna, A, Reid, M. J., Menten, K. M., et al. 2014, ApJ, 788 10 1
Sato, M., Reid, M. J., Brunthaler, A., & Menten, K. M. 2010, A 20, 1055 L.
Schroder, K., Staemmler, V., Smith, M. D., Flower, D. R., & Jag&e 1991, 20
Journal of Physics B: Atomic, Molecular and Optical Physi, 2487
Shefer, Y., Rogers, M., Federman, S. R., et al. 2008, ApJ, 687, 1075
Sofia, U. J., Lauroesch, J. T., Meyer, D. M., & Cartledge, 8. 004, ApJ, 605, J\»a
272
Sonnentrucker, P., Neufeld, D. A., Phillips, T. G., et all@DA&A, 521, L12
Stacey, G. J., Hailey-Dunsheath, S., FerkifihG., et al. 2010, ApJ, 724, 957 0 7.}\_ )
Staemmler, V. & Flower, D. R. 1991, Journal of Physics B: Atonviglecular
and Optical Physics, 24, 2343 1 A
Tatematsu, K., Jée, D. T, Plume, R., Evans, II, N. J., & Keene, J. 1999, ApJ, ]
526, 295 | A
van der Tak, F. F. S., Black, J. H., Schéier, F. L., Jansen,,[3. Jan Dishoeck,
E. F. 2007, A&A, 468, 627
Vastel, C., Caux, E., Ceccarelli, C., et al. 2000, A&A, 357499 SRS o
Vastel, C., Polehampton, E. T., Baluteau, J.-P., et al. 28p2, 581, 315 1 L
Velusamy, T., Langer, W. D., Pineda, J. L., & Goldsmith, P. A20&A, 541, ‘ \ ‘ ‘ ”Jb\\" 'JKM’ ——
L10 20 0 -20
Wiesenfeld, L. & Goldsmith, P. F. 2014, ApJ, 780, 183 . .

Winkel, B., Menten, K., & et al. 2014, A&A to be submitted Fig. B.2. Montage of [Cu] spectra towards W28A. A baseline has been
Wolfire, M. G., McKee, C. F., Hollenbach, D., & Tielens, A. G. . 2003, ApJ, subtracted from all spectra. The horizontal axis is the LSR velocity in
587, 278 km s1, which runs from -42 km¥ to 72 kms?, and the vertical axis
Xu, Y., Reid, M. J,, Zheng, X. W., & Menten, K. M. 2006, Scien8a 1, 54 is the antenna temperature in Kelvins, which runs from -1 K to 14 K.

The x—axis shows the right ascensidffiset in arc-sec and the y—axis

. . the declination fiset in arc-sec, relative to the source position given in
Appendix A: Presentation of the Herschel Table 1

Observations

o 50—
elocity (kmm,/s)

o™ e

s

ddddddds

b st

VLN O W,
SN O NV O N
LA L)
L) Lo ]

.
.
LMo

e

Vi,

!
et M
P, P
I, (VO DS
b
-

ININS

farew

m,

—-20 -

L]
LAy
I,
o
.

e
-
"JKKT"‘

The individualHerschebbservations analyzed in this paper are
listed in Table A.1.
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Table A.1. Summary of observations

Source Line Obs mode ObsID
W28A [Cu] DBS 1342243682; 1342243683
[Cu] LC-OTF 1342243684
[C13%P;-3P, DBS 1342216303; 1342216304; 1342216305
[C3P 3Py LC 1342218938
[Ci]3%P,-2P; DBS 1342242856; 1342242857
[C]3P,-2P; LC 1342242858
[Cu] SED-R1 1342217940
[O1] 63 SED-B3A 1342217941
W31C [Cu] DBS 1342244100 ;1342244101
[Cu] LC-OTF 1342244102
[C13P;-3P, DBS 1342206657; 1342206658; 1342206659
[C3P1-3Py LC 1342251659
[Ci] %P, 3P, DBS 1342244106; 1342244107; 1342244108
[C]3P,-2P; LC 1342244109
[Cu] SED-R1 1342217945
[O1] 63 SED-B3A 1342228531
W33A [Cu] DBS 1342229846; 1342229847
[Cu] LC-OTF 1342229848
[C]3P,-3P, DBS 1342208038; 1342208039; 1342208040
[C3P1 3Py LC 1342218943
[Cu] SED-R1 1342239714
[O1] 63 SED-B3A 1342239713
G34.3+t0.15 [Cu] DBS 1342244578; 1342244579
[Cu] LC-OTF 1342244580
[Ci%P; 2P, DBS 1342219189; 1342219190; 1342219191
[C3P 3Py LC 1342231776
[Ci] %P, 2P, DBS 1342244110; 1342244111; 1342244112
[C]3P,-2P; LC 1342244113
[C] SED-R1 1342209734
[O1] 63 SED-B3A 1342209733
W49N [Cu] DBS 1342231449; 1342231450
[Cu] LC-OTF 1342231451
[C13P;-3P, DBS 1342206661; 1342206662; 1342206663
[C3P1 3Py LC 1342244802
[Ci]3%P,-2P; DBS 1342230253; 1342230254; 1342230255
[C]3P,-2P; LC 1342230256
[Cu] SED-R1 1342207774
[O1] 63 SED-B3A 1342207775
W51 [Cu] DBS 1342231446;1342231447
[Cu] LC-OTF 1342231448
[C]3P,-3P, DBS 1342219179; 1342219180; 1342219181
[C3P1 2Py LC 1342232813
[Ci]3%P,-2P, DBS 1342230243; 1342230244; 1342230245
[C]3P,-2P; LC 1342230246
[C] SED-R1 1342193698
[O1]1 63 SED-B3A 134219697
DR21(OH) [Cu] DBS 1342220468; 1342220469
[C] LC-OTF 1342220470
[Ci3P,-2P, DBS 1342198320; 1342198321; 1342198322
[C3P1-2Py LC 1342219171
[C] SED-R1 1342209401
[O1] 63 SED-B3A 1342209400
W3-IRS5 [Cu] DBS 1342248401
[Cu] LC-OTF 1342248400
[C3P1 3Py LC 1342247845
[Cu] SED-R1 1342229092
[C] SED-B3A 1342229093

DBS stands for Double Beam Switch, LC for Load chop and LC-@rFOn The Fly map in Load Chop mode. SED-R1 refers to
the SED mode for the red channel of the PACS spectrometer;EB&brefers to the blue channel of the PACS spectrometer.
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Appendix B: Pointed data and spectral maps
towards the individual sources

Appendix B.1: W28A

W28A (G5.89-0.4) is a massive star formation region at a dis-
tance of 1.3 kpc (Motogi et al. 2011). The HIFI spectra are
shown in Figure B.1 and B.2. W28A hosts a powerful outflow
with prominent velocity wings extending from -40 to 60 km s
Gusdorf et al. (2014). The foreground gas is associatedtivith
absorption feature at 20 km sin the [Cu] spectrum, and with

the emission line at the same velocity in tha]€P; -2 Py spec-
trum. This gas is probably local. The PACS spectral maps data
are presented in Figure B.3.

Appendix B.2: W31C

W31C(G10.6-0.4) is a massive star forming region locatelen t
Norma arm, at a distance of 5 kpc (Sanna et al. 2014). The fore-
ground material samples the Sagittarius and Scutum-Cerstau
arms, in addition to local material. The source velocitytieat -

2 km slwhile the foreground material is detected betweelD
and~ 50 kms?. The HIFI spectra are shown in Figures B.4
and B.5. The PACS spectral maps near af&re presented in
Figure B.6.

Appendix B.3: W33A

W33A(G12.9-0.3) is a highly embedded massive star at a dis-
tance of 2.4 kpc (Immer et al. 2013), with a massive cold en-
velope. A weak absorption from local foreground gas has been
detected in CH by Godard et al. (2012) but the sensitivity of the
present data does not allow to detect the associatetifg@ture.

The HIFI spectra are shown in Figure B.7 and B.8. Thei][C
emission from W33A is weak. It is barely detected at the centin
uum peak but increases as one moves away from the continuum
peak. Broad line wings are detected in{ICprobably associated
with a molecular outflow. The [@ 2P, —2 Py data show multiple
weak emission lines from line of sightftlise gas, including fea-
tures located further away from W33A. The PACS spectral maps
near 158m are presented in Figure B.9.

Appendix B.4: G34.3+0.15

G34.3+0.15 is an ultra compact HIl region located at about
3.3 kpc (Kuchar & Bania 1994). The line of sight crosses the
Sagittarius arm at velocities between20 and~ 35 kms?,

and also samples the local interstellar medium for LSR weloc
ties lower than 20 kms. The HIFI spectra are shown in Fig.
B.10 and B.11. The [@] line is strongly self-absorbed towards
G34.3+0.15 and presents an asymmetric spatial distribution. The
[C1] 3P;1 —2 Py emission is weak in the foreground gas. The tiny
absorption at- 15 kms? is due to a low level contamination

in the reference position used in the Load Chop observations
The emission features in the [P, —2 P; spectra are excited
molecular lines associated with the G340315 hot cores. The
PACS spectral maps near 158 are presented in fig B.12.

Appendix B.5: W49N

W49N is one of the most luminous star forming region in the
Galaxy. It is located in the Perseus arm at a distance of 1c4 k
(Gwinn et al. 1992). The line of sight crosses the Sagittaaium
twice along this very long line of sight.
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ol o '/ . Fig. B.4. Top : HerschgHIFI spectra towards W31C. The red line
I # J/ ] shows the [G]®P; -2 Py line at 492 GHz, the blue line shows the
7 . | [C1]®P, -2 P, line at 809 GHz, and the black line the {§f€Ps/, —2 Py,
‘ i' -.L " L line at 1.9 THz. The horizontal axis is the LSR velocity in krhand
0 05 1 the vertical axis the antenna temperature in Kelvins. The continuum
Normalized 158um continuum flux level for [Cu] corresponds to the SSB continuum levels. Bottom : zoom
W2BA [CH]“’?*"“ 1 FVFC? [0'85*%5] on the [C]] lines (red and blue as above), and average][§pectrum of
I e the OFF positions (black). The continuum levels have been shifted for
20 L clarity in the bottom panel.
] " I
L e
T ] [ Appendix B.6: W51
@ 1l g S =" W51 is a very massive star formation complex in the Sagitsariu
5 1 — i arm at a distance of 5.4 kpc (Sato et al. 2010). The line of sight
s 97 N crosses the local interstellar medium, and also probetsvelia
a 1A | == L diffuse material in the foreground of W51 at velocitied5 and
= i e [ ~ 65 kms?®. The HIFI spectra are shown in Fig. B.13 and B.14.
-10 o ~ I The [Cu] spectra show extended wings associated with the CO
1 A LA I molecular outflow. The spectra are self reversed over afsigni
1 == I cant fraction of the map. Despite the high sensitivity reatim
-20 'JL | A | = = these data, we could not detectij@ither in absorption nor in
L B B emission associated with the prominent features @gtand~ 20
20 10 0 10 -20 kms?. The weak emission features in thei[CP; — Py and
ARA. (arcsec) 3p, —3 P; spectra are unrelated molecular lines associated with

Fig. B.3. PACS data towards W28A at 15@n. For all maps, theftsets the W51 E1E2'hot'cores. The PACS spectral maps neayib8
are given relative to the central position listed in Table 1. Top: Contidfe presented in Figure B.15.

uum emission at 158m. Contour levels are 0.2, 0.3, 0.4 ... 0.9 rela-

tive to the maximum. Middle: Comparison of the integrated absorption .

measured in the HIFI map relative to the absorption at the map cétPendix B.7: DR21(OH)

ter, with the continuum flux measured in the PACS map relative to t . . .
map center. The dashed red line shows the linear regression line g%zl(OH) is one of the most massive cores in the Cygnus

the dotted black line a 1:1 relationship. Bottom: Map of the line to con- ecular C.|OUd Co_mpleX. Atadistance-ofL.5 kp_c (Rygl etal.
tinuum emissiofabsorption in the 25 PACS spaxels. The vertical scafP12), the line of sight mostly probes the material in the iy
runs from 0.85 to 2.5. The data have not been corrected for thibfiss'€gdion. While the material directly associated with DR21{OH
contamination in the OFF position. appears at slightly negative LSR velocities, the foregdogas
is seen near 10 knt%and could be associated with W75N a few
arc-minutes North East. The HIFI spectra are shown in Fig6B.
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Fig. B.5. Montage of [Gi] spectra towards W31C. A baseline has beekig. B.8. Montage of [Gi] spectra towards W33A. A baseline has been
subtracted from all spectra. The horizontal axis is the LSR velocity subtracted from all spectra. The horizontal axis is the LSR velocity in
km s, which runs from -38 km3 to 78 kms?, and the vertical axis km s, which runs from -23 km3 to 95 kms?, and the vertical axis

is the antenna temperature in Kelvins, which runs from -7 K to 29 khe antenna temperature in Kelvins, which runs from -1 ;to 6 K. The
The x—axis shows the right ascensidffiset in arc-sec and the y—axisx—axis shows the right ascensioffset in arc-sec and the y—axis the
the declination @iset in arc-sec, relative to the source position given ideclination dfset in arc-sec, relative to the source position given in Ta-
Table 1. ble 1.

6

W33A

2 2
CIl "P3/p — "Py/a|

c1’p, —

OFF position
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"Wk

0 50
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Fig. B.7. Top : HerschgHIFI spectra towards W33A. The red line
shows the [G]®P; -2 Py line at 492 GHz and the black line the
[Cu]?Psj, —2 Py, line at 1.9 THz. The horizontal axis is the LSR veloc-
ity in kms™, and the vertical axis the antenna temperature in Kelvins.
The continuum level for [@] corresponds to the SSB continuum lev-
els. Bottom : zoom on the [€lines (red, as above), and averagei]C
spectrum of the OFF positions (black). The continuum levels have been
shifted for clarity in the bottom panel.

and B.17. The PACS spectral maps nearib&re presented in
Figure B.18.

As DR21(OH) is a very weak continuum source at 1.4 GHz,
the HI data also make use of the absorption towards the strong
continuum source DR 21, 3 arc-minutes South.

Appendix B.8: W3-IRS5

< I 1 W3-IRS5 is a massive protostar in the W3 star forming com-
&r 7 plex at a distance of 2 kpc (Xu et al. 2006). Located in the
h ! ] second Galactic quadrant, the line of sight towards W3-IRS5 i
Py | probing the outer Galaxy. The HIFI spectra are shown in Figs
B.19 and B.20. They include the ground state transition oBHF
] 1.2 THz. A deep and narrow velocity component is detected at
o ~ —20 kms*?, and a broader one near 0 kmsThe H column
densities have been derived from the HF data using/HE] =
1.3 x 1078 (Sonnentrucker et al. 2010).

The PACS spectral maps near 158 are presented in fig
] B.21. The line of sight towards W3 has been studied in HI Nor-
' mandeau (1999). Herschel-HIFI spectra exhibiting absmmpt
1 from both the W3 complex and foreground material have been
presented by Benz et al. (2010).
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Fig. B.9. PACS data towards W33A. Thefeets are given relative to the clarity in the bottom panel.

central position listed in Table 1. Top: Continuum emission a8
Contour levels are 0.2, 0.3, 0.4 ... 0.9 relative to the maximum. Bottom:
Map of the line to continuum emissiabsorption in the 25 PACS spax-
els. The vertical scale runs from 0.85 to 2.5. Note the very low contrast
in the central spaxels. The data have not been corrected for the contain |

50
Velocity (km/s)

G34.3+0.15

Fig. B.10. Top : HerschegHIFI spectra towards G34+3.15. The red

line shows the [G]3P; —2 Py line at 492 GHz, the blue line shows the
[C1®P, -2 Py line at 809 GHz and the black line the {Ps/» -2 Py,

line at 1.9 THz. The horizontal axis is the LSR velocity in krhand

the vertical axis is the antenna temperature in Kelvins. The continuum
level for [Cu] corresponds to the SSB continuum level. Bottom : zoom
on the [C] lines (red,blue as above), and averageifGpectrum of

the OFF positions (black). The continuum levels have been shifted for

16
10

ination in the OFF beam.

—20 -

Fig. B.11. Montage of [Cu] spectra towards G34+®.15. A baseline

has been subtracted from all spectra. The horizontal axis is the LSR
velocity in kms?, which runs from -15 kms to 90 kms?, and the
vertical axis is the antenna temperature in Kelvins, which runs from -
5 K to 18 K. The x—axis shows the right ascensidfset in arc-sec
and the y—axis the declinatiorffeet in arc-sec, relative to the source

positi
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Cte [C1®P, -2 Py line at 809 GHz and the black line the {Ps/> -2 Py,
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Fig. B.12. PACS data towards G34+B.15. For all maps, thefisets ”J\‘”‘J\‘“J\MJ““’M"’MJL‘JM‘J\'
are given relative to the central position listed in Tab 1. Top: Continuum, | A A A 7 A A M Wl
emission at 158m. Contour levels are at 0.2, 0.3, 0.4 ... 0.9 relative to
the maximum. Middle: Comparison of the integrated absorption mea- _Jp_hf\____ﬂw_JL._J"L*JLJLJk‘_JL
sured in the HIFI map relative to the absorption at the map center, with 20 o o0

the continuum flux measured in the PACS map relative to the map cen-

ter. The dashed red line shows the linear regression line and the doRied B.14. Montage of [Gi] spectra towards W51. A baseline has been
black line a 1:1 relationship. Bottom: [ Map of the line to contin- subtracted from all spectra. The horizontal axis is the LSR velocity in
uum emissiofabsorption in the 25 PACS spaxels. The vertical scalen s, which runs from -28 kms to 108 kms?, and the vertical axis

runs from 0.85 to 2.5. The data have not been corrected for possisl¢he antenna temperature in Kelvins, which runs from -6 K to 47 K.

contamination in the OFF position.

The x—axis shows the right ascensidffiset in arc-sec and the y—axis

the declination @set in arc-sec, relative to the source position given in
Table 1.

Article number, page 21 of 25



A&A proofs:manuscript no. cii_7oct

T T T T T T T T T T T T T DR21 158um relative continum flux (PACS) .
+  DR21(OH)
20
0.8
&
E E 0.6
)
E 0.4
<
0.2
—20
0
20 0 —-20
ARA (arcsec)
|
1r DR21(0H) = L
= OFF position [ ///
4 -E L] . . .////
B /
2 0.5 F / 4
ﬁ - //
g5 . a
'T‘E ': L] ///
-20 0 20 g 7 e m
Velocity (km/s) kel | ) L ’// |
Fig. B.16. Top : HerscheHIFI spectra towards DR21(OH). The red o - S - g
line shows the [G]P; —2 Py line at 492 GHz, the blue line shows the I e
[C1®P, =2 Py line at 809 GHz and the black line the [{{#Ps/» -2 Py, I . .
line at 1.9 THz. The horizontal axis is the LSR velocity in knhesd the S A
vertical axis the antenna temperature in Kelvins. The continuum level o 05 1
for [C u] corresponds to the SSB continuum level. Bottom : zoom on the Normalized 158um continuum flux

DR21 [CII]158um F\/F.= [0.85-2.5]
) L L

L 1 L L L L

[C1] lines (red,blue as above), and averagei[Gpectrum of the OFF

positions (black). The continuum levels have been shifted for clarity in
the bottom panel. 1 r
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‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ Fig. B.18. PACS data towards DR21(OH). For all maps, tifisets are
20 0 -20 given relative to the central position listed in Table 1. Top: Continuum

Fig. B.17. Montage of [Gi] spectra towards DR21(OH). A baseline ha&mission at 158m. Contour levels are 0.2, 0.3, 0.4 ... 0.9 relative to the

been subtracted from all spectra. The horizontal axis is the LSR velodfigximum. Middle: Comparison of the integrated absorption measured
in kms, which runs from -28 km# to 38 kms?, and the vertical M the HIFI map relative to the absorption at the map center, with the

axis is the antenna temperature in Kelvins, which runs from -4 K ntinuum flux measured in the PACS map relative to the map center.

14 K. The x—axis shows the right ascensidfset in arc-sec and the 1he dashed red line shows the linear regression line and the dotted black

y—axis the declination féset in arc-sec, relative to the source positiofi"€ @ 1:1 relationship. Bottom: Map of the line to continuum emis-
given in Table 1. sioryabsorption in the 25 PACS spaxels. The vertical scale runs from

0.85 to 2.5. The data have not been corrected for contamination in the
OFF position.
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Fig. B.19. Top : HerschgHIFI spectra towards W3-IRS5. The black / .
line shows the [G]2P3, -2 Py, line at 1.9 THz, the red line shows the . o
[C1]3P, =2 Py line at 492 GHz, and the blue line the ground state transi- ol et i
tion of HF at 1.2 THz. The horizontal axis is the LSR velocity in krh s e - ‘ ‘

and the vertical axis the antenna temperature in Kelvins. The continuum o s )

level for [Cu] corresponds to the SSB continuum level. Bottom : zoom Normalized 158um continuum flux

on the [C1] and HF lines (red and blue as above), and averagg [C W3IRS5 [CII]158um F)\/F.= [0.85-2.5]
spectrum of the OFF positions (black). The continuum levels have been 7
shifted for clarity in the bottom panel. | t |
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Fig. B.21. PACS data towards W3-IRS5. For all maps, tifisets are
given relative to the central position listed in Table 1. Top: Continuum
Fig. B.20. Montage of [Cu] spectra towards W3-IRS5. A baseline hagmission at 158m. Contour levels are 0.2, 0.3, 0.4 ... 0.9 relative to the
been subtracted from all spectra. The horizontal axis is the LSR velogitgximum. Middle: Comparison of the integrated absorption measured
in kmst, which runs from -112 km2 to 32 kms?, and the vertical in the HIFI map relative to the absorption at the map center, with the
axis is the antenna temperature in Kelvins, which runs from -5 K ntinuum flux measured in the PACS map relative to the map center.
47 K. The x—axis shows the right ascensidfset in arc-sec and the The dashed red line shows the linear regression line and the dotted black
y—axis the declinationfiset in arc-sec, relative to the source positioline a 1:1 relationship. Bottom: Map of the line to continuum emis-
given in Table 1. sioryabsorption in the 25 PACS spaxels. The vertical scale runs from
0.85 to 2.5. The data have not been corrected for the contamination in
the OFF position.
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Fig. B.6. PACS data towards W31C. For all maps, thEsets are given relative to the central position listed in Table 1. Top left: Gamntin
emission at 158m. Contour levels are drawn at 0.2, 0.3, 0.4 ... 0.9 relative to thermem. Top right: Comparison of the integrated absorption
measured in the HIFI map relative to the absorption at the map center, wittotitinuum flux measured in the PACS map relative to the map
center. The dashed red line shows the linear regression line and the blait&dine a 1:1 relationship. Bottom left: i} emission in the 25
PACS spaxels. The continuum emission has been subtracted. Thelsadilgaruns from -150 to 170 Jy. Bottom middle: Map of ther[@Gne to
continuum emissigiabsorption in the 25 PACS spaxels. The vertical scale runs from 0.88.tbl8te the very low contrast in the central spaxels.
Bottom right: Map of the [Q] 63 um line to continuum emissigabsorption in the 25 PACS spaxels. The vertical scale runs from 0.8.to 2.
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Fig. B.15. PACS data towards W51. For all maps, ttfEsets are given relative to the central position listed in Tab 1. Top left: Camtiramission

at 15&m. Contour levels are drawn at 0.2, 0.3, 0.4 ... 0.9 relative to thermem®. Top right: Comparison of the integrated absorption measured
in the HIFI map relative to the absorption at the map center, with the contifluxrmeasured in the PACS map relative to the map center. The
dashed red line shows the linear regression line and the dotted black lineedatidnship. Bottom left: [@] emission in the 25 PACS spaxels.
The continuum emission has been subtracted. The vertical scale ams 00 to 500 Jy. Bottom middle: Map of the fiTline to continuum
emissioriabsorption in the 25 PACS spaxels. The vertical scale runs from 0.85Bot®m right: Map of the [@Q] 63 um line to continuum

emissioiabsorption in the 25 PACS spaxels. The vertical scale runs from 0.7 to 4.
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