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Abstract

Aims. The HIFI instrument onboarHerschel has allowed high spectral resolution and sensitive obiensof ground-state transi-
tions of three molecular ions: the methylidyne cation*CHs isotopologue*CH*, and sulfanylium SH. Because of their unique
chemical properties, a comparative analysis of theserpoovides essential clues to the link between the chegnastt dynamics
of the diffuse interstellar medium.

Methods. The CHr, 3CH*, and SH lines are observed in absorption towards the distant highsnstar-forming regions (SFRs)
DR21(OH), G34.30.1, W31C, W33A, W49N, and W51, and towards two sources dosthe Galactic centre, SgrB2(N) and
SgrA*+50. All sight lines sample the filuse interstellar matter along pathlengths of several &ilggcs across the Galactic Plane.
In order to compare the velocity structure of each spedmespbserved line profiles were deconvolved from the hypesdineture

of the SH transition and the CH '3CH*, and SH spectra were independently decomposed into Gaussiarityatomponents. To
analyse the chemical composition of the foreground gaspaittra were divided, in a second step, into velocity irtisrever which
the CHr, 13CH*, and SH column densities and abundances were derived.

Results. SHt is detected along all observed lines of sight, with a vejositucture close to that of CHand*3CH*. The linewidth
distributions of the CH, SH*, and*3CH* Gaussian components are found to be similar. These distitsuhave the same mean
((Avy ~ 4.2 km s1) and standard deviatiomr(Av) ~ 1.5 km s1). This mean value is also close to that of the linewidth digtion

of the CH' visible transitions detected in the solar neighbourhood.show that the lack of absorption components narrower than
2 km s is not an artefact caused by noise: the*GHCH*, and SH line profiles are therefore statistically broader than ¢hok
most species detected in absorption iffiidie interstellar gas (e. g. HECOCH, or CN). The SH/CH* column density ratio observed
in the components located away from the Galactic centresspan orders of magnitude and correlates with the*GlHundance.
Conversely, the ratio observed in the components closeet@G#iactic centre varies over less than one order of magnitith no
apparent correlation with the CHabundance. The observed dynamical and chemical propeftgts" and CH are proposed to trace
the ubiquitous process of turbulent dissipation, in shawkshears, in the ffuse ISM and the specific environment of the Galactic
centre regions.
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1. Introduction ter understanding of its dynamical, thermal, and chemigaiLe
) ) ) tion. A wide variety of diatomic and triatomic molecular spes

Studying the dtuse phases of the interstellar medium (ISM) if5s already been observed in théuie medium. Moreover, its
essential, not only because they contain a large part obtiaé t chemical composition has now been probed in the solar neigh-
gas mass of the cold ISM and are the precursors of dense ¢loyds;rhood through UV (e.g. Shull & Beckwith 1982; Crawford
but also because they harbour the first steps of interstllem- g \wjlliams 1997; Snow et al. 2000; Rachford et al. 2002; Gry
istry. Since the detection of the first diatomic molecules CN, gt a1, 2002: Lacour et al. 2005), visible (e.g. Crane et 28519
and CH (see references in the review of Snow & McCall 2006 redel 1997: Thorburn et al. 2003: Weselak et al. 2008; Maier
through their narrow visible absorption lines, the imprmest et 51, 2001), and radio (e.g. Haud & Kalberla 2007; Liszt et al
of the observational techniques and instruments has dvad 2006 and references therein) spectroscopy, and the infaxya
more comprehensive view of thefilise ISM and led to a bet- pmaterial through submillimetre and radio (millimetre, tere-
tre) spectroscopy (e.g. Koo 1997; Fish et al. 2003; Nyman &

* Based on observations obtained with the HIFI instrumenbardd Millar 1989; Greaves & Williams 1994; Neufeld et al. 2002;
the Herschel space telescope in the framework of the key programm&ume et al. 2004).
PRISMAS and HEXOS. o o _

** Herschel is an ESA space observatory with science instruments The Herschel space mission has broadened this investiga-
provided by European-led Principal Investigator consaatid with im-  tion, giving access to the full submillimetre domain, whludis
portant participation from NASA. allowed the detection of many molecular species that cootd n
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be detected from the ground before because of the high gpaéit Observations and data reduction

of the atmosphere. In the framework of the HIFI key programm . .

PRISMAS (PRobing InterStellar Molecules with Absorptiorf-1- OPserving conditions

line Studies) many hydrides such as HF (Neufeld et al. 2010b;

Sonnentrucker et al. 2010), OHH,O"(Neufeld et al. 2010a;

Gerin et al. 2010&)' CH (Gerin et al. 2010b)’ NH’ NI—NH3 5.26 WRS?%.FEE%“?%%(2’%'22)1055.254 10° 5.26 1R3§(5.Fzre5%uewno%y5.<2hggz)1055 254 10°
(Persson et al. 2010), and CKFalgarone et al. 2010) were de- "5 —————— m
tected in absorption against the strong continuum emissfon s /

distant star-forming regions, providing for the first timgaod Ta'

census of these light hydrides in the inner Galaxy. 05
Of all molecules targeted by PRISMAS, the methylidyn ‘ ‘ ‘ ‘
cation CH is particularly interesting because its presence ¢ Joo 200 300 400 o oo 200 300 400
. . . . . . elocity (km/s) Velocity (km/s)
the difuse ISM remains one of the most intriguing puzzle i
astrophysics. The CHabundances predicted by steady-stat 526 168 s 556 T0% 56 10°8 254 10° 526 1655 258 5% 8601075254 10°

UV-dominated, PDR-type (PhotoDissociation Regions) dhen = * i
cal models are several orders of magnitude lower than the «

served values, because all the Cidrmation pathways that are ¢ G, Ay
alternative to the highly endothermic' G Hy — CH* + H re- A, [ siiminhi
action, are infficient in balancing its fast destruction by hydro

genation. Indriolo et al. (2010) recently showed that thpap  °* =0 ios 2w w0 w0 C o 0 w0 00 o
limit on the CH;/CH* abundance ratio observed towards Cy,, Veloctty (km/) veloctty (km/)

OB2 can onIy_ be repmduced infilise molecular clouds with Figurel. Original SH" spectra (double-sideband antenna temperature
extreme conditions (i.efy, < 0.2, orT > 1000 K). So far, the T, hefore removing the standing waves) observed towards SgFd*
solution to this puzzle has been to invoke regions of tfieise \w31C, W33A, and W49N in the horizontal polarization and foe t
gas where a warm chemistry is activated by the release osuphree diferent LO settings (in black, red, and blue). For more clariey
thermal energy in the cold ISM induced by low-velocity magred and blue curves have been shifted from the black curvebgritl
netohydrodynamic (MHD) shocks (Draine & Katz 1986; Pinea@4 K (for the SgrA*-50 data), and by 0.1 and 0.2 K (for the W31C,
des Foréts et al. 1986), Alfvén waves (Federman et al. 1896 W33A, and WA9N data).

bulent mixing (Xie et al. 1995; Leslze et al. 2007), or turbulent

dissipation (Falgarone et al. 1995; Joulain et al. 1998;4&®d

et al. 2009). Indriolo et al. (2010) claimed that observagiof The observations were carried out from March to October
the excited levels of CHare able to provide the clues necessang1g and in April 2011 towards the eight submillimetre back-
to favour one theory over the other. ground continuum sources listed in Table 1 (with their Gadac

A potentially related problem is the existence of sulfamyli coordinates, their distance from the Sun, and their medsure
(SH") in the difuse gas. Because the hydrogenation reactionsifigle-sideband continuum temperatdigin K at ~ 830 and
S* has an endothermicity twice as high as that ¢f @ mea- ~ 530 GHz). Using the dual-beam switch (DBS) mode (with
surement of the SHCH* abundance ratio should provide valua throw at 3' from the source) and the wide-band spectrometer
able insights about the regions where Gblformed. Sought for (WBS) of HerschgHIFI (see Roelfsema et al. 2012 for a de-
without success in the localfilise ISM in absorption againsttailed description of the properties and performances &I
nearby stars in the UV domain since 1988 (Millar & Hobbsve observed
1988; Magnani & Salzer 1989, 1991), this molecular ion was o B
recently detected by Menten et al. (2011) through its greund® theJ = 1 « 0 absorption lines of CHand “CH", in the

o

state rotational transition in the submillimetre rangeestsed in upper and lower sidebands of band 3a,
absorption towards the Galactic centre line of sight SghB2( © and theF = 3/2 « 1/2, 5/2 « 3/2, and 32 « 3/2 hyper-
with the APEX telescope. fine components of thE, J = 1,2 « 0, 1 absorption line of

. ) SH*, in the lower sideband of band 1a.
In this paper, we report the detection of SHCH", and

13CH* towards the six distant star-forming regions DR21(OH), The data obtained towards SgrB2(N) were part of the full

G34.3+0.1, W31C, W33A, W49N, and W51, and the Galacti¢iIFI spectral scan performed by the HEXOS key programme;

centre sight lin€'sSgrA*+50 and SgrB2(N), and we perform athe corresponding double-sideband spectra were decaolv

cross analysis of the observed properties of those thresespe into single-sideband spectra, including the continuumn(o

The observations, obtained in the framework of the key pr& Schilke 2002). Towards the other sources, the observation

grammes PRISMAS and HEXOS, are presented in Sect. 2. TWere performed in the framework of the PRISMAS key pro-

methods used for the analysis and the results obtained aneishgramme; to separate spectral features from upper and laseer s

in Sects. 3 and 4, respectively. We conclude this work in.Sectbands of the WBS spectrometer, each transition was observed

with a discussion on the chemical and dynamical properties @sing three slightly dferent settings of the local oscillator (LO)

the gas seen in absorption. The comparison with the model pir@quency, adapted to induce a relative velocity shift &0 km

dictions will be the subject of a forthcoming paper (Godard & between the two sidebands. The spectroscopic parameters of

al., in prep.). the observed lines are listed in Table 2, along with the rniseno
levels relative to the single-sideband continuum intéesiob-
tained with an on-source integration time ranging from 1@o 2

1 The SgrA%50 sight line (GCM-0.02-0.07) corresponds to the 56NiNn. In these frequency ranges, the WBS resolution of 1.1 MHz
km s cloud located in the vicinity of SgrA*, which is known to be acorresponds to velocity resolutions-00.36 km s* for the CH*
bright submillimetre source (Dowell et al. 1999). and!®CH* transitions, and of 0.57 km s for the SH transi-
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Table 1. Properties of background sources.

Source RA(J2000) Dec (32000) | b D° R T(K)P T(K)P
Mms) OO ) () (kpc) (kpc) (830 GHz) (530 GHz)
SgrA*+50 174550.2 -285953  350.97 -0.07 84 01 0.4 0.2
SgrB2(N)  174719.9 -282218 0.68 -003 84 0.1 8.0 2.9
G34.3:0.1 185318.7 011458 3426 015 38 58 2.3 0.7
W31C 181028.7 -195550 1062 -0.38 4.8 3.9 1.9 0.5
W33A 181439.4 -175200 1291 -026 40 47 0.6 0.2
W49N 191013.2 +090612  43.17 +0.01 115 7.9 2.4 0.8
W51 102343.9 +143031 4949 -039 7.0 6.6 2.7 1.0
DR21(OH) 203901.0 422248 81.72 057 10 84 1.3 0.4

a8 For G34.3-0.1, W31C, W33A, and W49N, the source distanDeand the subsequent Galactocentric distafegsire taken from Fish et al.
(2003) and Pandian et al. (2008), who resolved the kinend&iance ambiguity. Distance uncertainties are of theratie.5 kpc.
b Uncertainties on the continnuum temperatuFgare of the order of 10% (Roelfsema et al. 2012).

Table 2. CH*X!z*, 13CH* X!z*, and SH X3X~ spectroscopic parameters for the observed pure rotati@rasitions. Numbers in parenthesis are
power of 10.

Transition Ou vod A Avp? 1S o /TS
(GHz) shH  (kmsd SgrA*+50 SgrB2(N) DR21(OH) G34 W31C WS33A W49N W51
CH 1-0 3 835.137504 5.83 (-3) T1(2) 98(3) 15(2) 19(26220(2) 172172
BCH* 1,172-0,12 2 830.215004 5.83(-3) 0.59 0.50
BCH* 1,32-0,42 4 830.216640 5.83(-3) 0.00 1.00 55(-2) 55(3) 1.5(-2)0 () 1.5(-2) 2.9 (-2) 1.4 (-2) 2.0 (-2)
SH* 1,2,32-0,1,42 4 526.038722 7.99(-4) +5.26 0.56
SH* 1,252-0,1,32 6 526.047947 9.59 (-4) 0.00 1.00 5.0(-2) 15(2) 2.9(-2)5(R)9.0(-3) 2.4 (-2) 1.1 (-2) 1.5 (-2)
SH" 1,2,32-0,1,32 4 526.124976 1.60 (-4) -43.93 0.11

a CH* B¥CH* and SH line frequencies are from Amano (2010) and Savage et al4j2@€spectively.

b Velocity shifts of the hyperfine components of the'SH, 2 « 0, 1) line, relative to thee = 5/2 « 3/2 transition, the reference hyperfine
transition in the text.

¢ Intensities of the hyperfine components computed fat— oo) asguAu/9duwAuo, relative to a chosen reference hyperfine transition (desig
nated by the index O in the previous formula).

4 o/T. is the rms noise level divided by the continuum intensitiethe spectra at the resolution of 1.1 MHz.

tions, and théderschel HPBW is 26" at 835 GHz and 41" at 526 of the SH absorption features (see Fig. 1), the resulting spectra
GHz. were sensitive to the FHF input parameters: several pleusib

The data were calibrated with hot and cold blackbodidgtions were found depending on the number of sub-bandsitake
(Roelfsema et al. 2012), reduced using the standard Hérsdh¢o account for the fit, the number of sine waves to remove, an
pipeline to Level 2, and subsequently analysed using tHte use of a frequency mask. We estimated a maximal error of
Herschel Interactive Processing Environnfe(itIPE v5.1, Ott 50 % on the deepest absorption features of G8a.Band W51,
etal. 2010). The final analysis was performed with the GILDASS0 % on those of W33A, and W31C and 10 % on the others.
CLASS90 softwaré(Pety 2005), and a set of Fortran95 numeril he latter value is comparable to that due to the uncerésitn
cal routines that we developed. While the signals measnrii the beam fliciency and the sideband gain ratio (Roelfsema et al.
two orthogonal polarizations that were obtained with the¢h 2012).
LO settings agreed excellently for both the Cahd*CH" line For each transition and both polarizations, we obtained an
observations, the SHspectra, displayed in Fig. 1, exhibit standaverage spectrum by combining the data from the three obser-
ing waves (SW) of identified origihand removed using the vations with diferent LO settings. Because we are interested in
HIPE sine wave fitting task FitHifiFringe (FHF). Since the inthe velocity structure and the properties of the absorbasgg the
ferred detected opacities of Skre low, and since the period andspectra in both polarizations were normalized to theireetpe
the amplitude of the waves are similar to the size and thendegontinuum temperature. As in Falgarone et al. (2010), wel use
the saturated shape of the Cldbsorption line profiles to mea-
sure the sideband gain ratiBsat 835.1375 GHz, defined as the
formation about HIPE. ratio of the continuum temperatures in the lower and upie-si

i . . bands. For all spectra with saturated absorption lines,ouad
3 See httpywww.iram.ffIRAMFR/GILDAS for more information R~ 09-1 andRp~ 0.7—0.8in the horizontal gnd vertical polar-
about GILDAS softwares. . - - p

4 Most of the observed SW have a period-080 — 100 MHz, iden- izations, respectively. We finally used these vfalues at 89%,G
tified by Roelfsema et al. (2012) as reflections occuring betwthe aNdR = 1 at 830 GHz and 526 GHz, to combine the data from
mixer focus and the cold and hot black bodies. For two spesitra 0Oth polarizations, and obtain the final average spectith (wis
served towards W49N we had to remove an additional standigw Nnoise levels given in Table 2) shown in Fig. 2 as functions of
with a period~ 150 MHz. the LSR (local standard of rest) velocity. This figure ilhases

2 See httg/herschel.esac.esa/iftPE_download.shtml for more in-
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the quality of the baselines over the large bandwidth fortma3. Analysis of the line profiles
of the spectra. The strong emission lines detected in thetrspe
shown in Figs. 1 and 2 were identified as the HQ® — 5) and
H.CO (6 — 5) transitions near 535.1 GHz and 525.6 GHz, thregs in Godard et al. (2010), the decomposition of the spectra
methanol lines near 829.9 GHz and 830.3 GHz, and the S@ velocity components was deduced through a multi-Ganssia
emission band near 835 GHz, emitted by the SFRs themselveigiing procedure that we developed, based on the Levenberg-
Marquardt algorithm, which takes advantage of the infoiomat
] ] carried by the hyperfine structure of a given transitionsEtgo-
2.2. Deconvolution of the SH" hyperfine structure rithm is applied to adjust, in the least-squares sensenithienal
) _ _ number of Gaussians required to describe the data withiolithe
Unfortunately (see Table 2), the velocity shifis, associated geryational errors without introducing any systematie@. The
with the SH hyperfine transitions are smaller than the observg@mber of Gaussians was increased, for instance, when we vi-
velocity ranges of the SHabsorption spectra, and prevent ug, 5|y spotted serpentine curves - characteristic of po®rri
from performing a direct CTOSS comparison of the velocity-pr ihe Jine wings - in the residuals. Thus, for each transittbe,
files of the SH, CH", and “CH" lines. To solve this problem, gpseryed normalized line profile (lif@ntinuum) is written
we developed a numerical procedure to extract the signatass
ated with each hyperfine transition, solving the followirg sf T (v) AL ) _%[
equations forr; (v), over the entire absorption velocity domain, = = €XP| - Z Z In(k) 7o(j) €

3.1. Multi-Gaussian decomposition

v-vg()-Avp() T2

) , 2)

=1 k=1

whererg, v, andog are the usual Gaussian fit parameters. All
N spectra were decomposed independently from one anothle+, wi
Z In(K) 7r (v — Aun(K)) = =In[T(v)/Td], (1) out imposing any constraints on the Gaussian parametees. Th
k=1 choice of the input parameters, namely the initial valua(f)
and o(j) for each velocity components was guided by the
comparison of the dlierent lines observed towards each source.
To correctly determine the opacity of weak absorption fezgtu
nent, the opacity of the reference hyperfine transition, thed bler}q%d with sa_tl_Jralted I:jnels, as ob_ser\éebd mhthéQHact;a},u;ve
normalized line profile (lineontinuum), respectively. The re-aPplied an empirical model constrained by the wings of the-sa

gted line profiles. The results of the multi-Gaussian dguusiz

sulting spectra are shown in Fig. 3, and, as an example, the . X
come of the hyperfine decomposition code, applied to the io_n procedure and the associated errors on the Gaussiampar

sorption lines observed towards SgrB2(N) and W49N, is showy edrs arz gllve? ”;] Table A.1 SfIAppen(?c_I;( A, anddt_helresﬂtl_t@ f_'
in Fig. 4. This figure illustrates the excellent agreememwben and models of the saturated line profiles are displayed is. Fig

L ; . A.1 - A.8. Because we aim to compare the kinematic signatures
E)hoes;t)ig?]w(]iil Sfet:n()m black) and the spectra rebuilt aftezorie- of the CH, 13CH*, and SH spectra, we discuss below the relia-

bility of the extracted Gaussian components in view of tlersr
The®*CH* J = 1 « 0Oline also exhibits a spin-rotation split-on their parameters.

ting (Amano 2010), although the associated= 3/2 « 1/2

andF = 1/2 « 1/2 transitions are separated by only 1.636 o ) ) _

MHz (~ 0.59 km s) and are therefore too close to be individu3-2- Validity and self-consistency of the multi-Gaussian

ally resolved given the significant velocity dispersioniud gas. decompositions

This hyperfine structure induces a systematic broadenitigeof gjnce the decomposition algorithm allows the detectioroofic
absorption velocity components that depends on tR&#HM  ,5nents with very weak central opacities, the numericat@ro
Avreal - fOT Avreq Varying between 2 and 10 km'sthe broaden- g re may converge upon Gaussian components whose reality is
ing range§between 4% and O.l%._Slnce this error is far Sma"%ruestionable. To keep only the most reliable velocity compo
than that imputable to the rms noise levels of tR&H" spec- nents for our subsequent analysis of the linewidths, weiegp!
tra (see Sect. 3), we chose to ignore the hyperfine strucfurg foliowing detection criterion: any Gaussian comporvess
CH" in the following analysis. considered real if its Gaussian parameters simultanemesly
The spectra shown in Fig. 3 are highly structured and haifg Av > 30(Av) andt > 2.50(7), whereo(Av) ando(r) are
the following remarkable properties: (1) thanks to the tigh- the errors omuv andr respectively. The resulting confirmed or
sitivity of the HIFI receiver, the SHion is seen in absorption uncertain Gaussian components (in the following C-comptme
along every line of sight; (2) all hydride lines are detedgtedb- and U-components) are indicated in Table A.1 (in columns 4, 8
sorption, and within the limits imposed by the signaise (3N) and 12), and in Figs. A.1 - A.8 (solid red and dashed blue @)rve
ratio, CH 13CH* and SH absorptions are detected over thef Appendix A.
whole velocity range of the foreground matter along eachdih In total we found that 25 C-components are simultaneously
sight; (3) although the opacity ratios vary from one lineighs observed in at least two molecular spectra towards DR21(OH)
to another and from one velocity range to another, the viglociG34.3+0.1, W31C, W33A, W49N, and W51. When compared,
structure of SH is similar to those of CHand'3CH*. It is the the positions of these components are found to agree with one
similarity and diferences of these absorption line profiles thanother within their respective error for 18 of them, witlGird
are the focus of the present study. km st for 6 of them, and within 1.3 km$ for 1 of them; sim-
ilarly, out of the 17 common C-components observed towards
SgrA*+50 and SgrB2(N), 10 are found to agree with one an-
5 This result on the line profile broadening is derived fromahaly- Other within 1 km s*, 6 within 2 km s*, and 1 within 3.5 km
sis of 1760 synthetic spectra taking into account the hypesitructure S . Except for the SH components at -126 kntsobserved to-
of 13CH" (line strength and velocity structure, Amano 2010) wards SgrA%50 these shifts in the central positions are at least

whereN, Iy, 7, andT (v)/ T, are the number of hyperfine tran-
sitions, the intensities relative to the strongest hyperfimmpo-
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four times smaller than the corresponding Gaussian lintsid components of a given line of sight. In addition, since thestmo
Moreover, many of the U-components have corresponding iDtense SH components are saturated in GHind because the
components in other species, indicating that the fittinggss is moderate 8\ ratio of the!3CH* and SH data prevents us from
robust and that the selection method is severe. observing the low-opacity structures detected in the Gplec-
These concordances combined with the strict selectioneon tha, the respective distributions do not correspond to Hrees
Gaussian parameters suggest that all C-components amgerealelocity components. Itis therefore remarkable that tisérithu-
tections and not artefacts caused by noise or the standimgswations of the CH, 13CH*, and SH widths of the Gaussian veloc-
removing procedure. ity components are so similar, even identical within théstiaal
uncertainty. They exhibit a common pattern: a peak (hezeaft
called P1), observed towards all the sources, defined byta firs
(mean) and a second- (standard deviation) order mofhents

In Fig. 5, we display the distributions of linewidths assgetl 42+ 0.2km s and 15+ 0.1 km s, respectively, and an ex-
with the C-components extracted from the GH3CH*, and tended tail (hereafter called P2), observed only on the cala
SH* spectra. To emphasize thefférences observed along thesentre sight lines (left panels), witku-values up to 20 km’s.
Galactic centre sight lines ¢ 0), these distributions are com-  Because the lines of sight sample kiloparsecs of intesstell
puted for all sight lines (left panels), and for the 0 sight lines material in the Galaxy, the patterns P1 and P2 result from the
only (right panels). As a comparison, the linewidth disttibns Small-scale dynamics of the production processes of @rtl
of the HCO" ground state radio transition observed by GodarH", the turbulent dynamics of theftlise ISM, and the Galactic
et al. (2010) towards W31C, W49N, W51, and G34.6 are digynamics. The comparison between the left and right (d) ehd (
played in panels (a), and those of CH and‘Ghisible transitions Panels of Fig. 5 shows that the first- and second-order mament
observed at high spectral resolution 9.3 km s1) in the local of the Au distributions are the same for the compqn_ents of the
diffuse medium by Crane et al. (1995) are shown in panels {gflactic ISM along the + 0 sight lines and the visible CH
of Fig. 5. Lastly, panels (d) and (e) of Fig. 5 display the firstines sampling the solar nelghbourhoold (defined by first- and
and second-order moments of the-distributions issued from selcond-ord_er moments of34+ 0.4 km s and 185+ 0.3 km
the combined CH, 13CH*, and SH data (red squares) and fromS res_pecnv_ely)_. B_ecause the latter is ffirated by the Galactic
the CH' data observed in the solar neighbourhood (blue circle%nam'cs’ this similarity suggests that the peak P1 refwits
In panels (a), the histogram of HC@newidths is narrower and the dynamics of the formation processes of‘Cihd SH con-
peaks at lower values than those of the submillimetre lirffes \(p_lved with th:’;lt O_f theturbulence of thefliise gas. Because the
CH*, 13CH*, and SH. Conversely, the histogram of the visibldail o_f the_Av distributions is obser_ved only on the _Galactlc cen-
CH* data, characterising the localfilise interstellar matter, is '€ sightlines, and because the high absorption dips<(8 km
very similar to that of the submillimetre data. We discuss tt¥ ) observed on thé # O sight lines can be decomposed into
validity and the significance of these comparisons below. ~ Many narrow components (as performed by Godard et al. 2010
To demonstrate that the absence of narrow velocity compijith the HCO'™ spectra), we conclude that P2 is caused by the
nents in the CH, 13CH*, and SH spectra is real and not due to g>alactic dynamics only. _
limitation of our extraction algorithm, we have derived thini- Lastly we note that while the first- and second-order mo-
mum width of a Gaussian component of optical deptthat can Ments of peak P1 both agree with those of tedistribution
be extracted from a given profile characterised by a nejsat OPtained by Crane et al. (1995) within the statistical utaier
the velocity resolutiosv. Becauser, scales inversely with the ti€s, they also substantiallyfir from those of the CHAv dis-
square root of the velocity resolution, a component deteate tribution derived in the solar neighbourhood by Pan et &I0@),

3.3. Comparison of the Gaussian linewidths

30, level necessarily verifies who find first- and second-order moments @& 2 0.04 km s
and 04 + 0.03 km s. As proposed by Pan et al. (2005), these
Av > 6v[30+/70)%. (3) differences may originate from their profile fitting method: (1)

the number of CH components and their position were con-
While the noise level of the SHspectra towards SgrA®50, strained by the observations of other species, possibiiated
DR21(0OH), G34.3.0.1, and W33A forbids us to extract compo<hemically (e.g. CN, CO, Ca), and (2) a maximal valuaofof
nents with linewidth smaller than 1 km’s that of all the other 5.8 km s* was set.
spectra is small enough to allow us to detect narrow velocity
structures down to two velocity channels (0.72 krh for CH* ) ) .
and3CH*, and 1.14 km st for SH*). Therefore the scarcity of 4. Analysis of the integrated opacities

Cog“gﬁ‘iﬂts in the first bin [0 ; 2 km]? of the CH', ®CH", " gince the multi-Gaussian decomposition of GHECH*, and

an Istograms Is not a nr?lse zilrte act. h distributi .. SH" absorption profiles provides sets of C-components that do
Now, car]) we compare these linewidth distributions witho; aiways strictly coincide in velocity and width, and sefs

one another? Because thiNSatios of HCO (see Table. 1 of \j components that sometimes clearly correspond to reatpbs

Godard et al. 2010) and CHsee Table. 2) profiles are high and;,, 1t with width and depth poorly constrained, our sulser
comparable, those two sets of spectra are decomposeq ‘jg'théﬁalysis and comparison of the column densities and abardan
same level of detection. The noise therefdfeets the statistics ¢ these species is based on integrals of opacities compuegd

of the component linewidths at the same level. The samees titt 554 velocity i i :
. 13 : y intervals corresponding to marked absongfea-
for the lines of SH and “CH", which have comparable, thoughyres common to all lines. These broad intervals (typicalty

poorer, $N ratios. Finally, because CHand™*CH* necessarily 50y s7) are given in the two first columns of Table 3. The col-
bear the same dynamical signatures, all distributionslaijsol
in Fig. 5 can be compared with one another. 6 The uncertainties on the moments of the distributions arestitis-

We recall that all absorption spectra have been decomposieal standard errors computed for the first- and secondrarbments
into Gaussians independently from one another, withoubsnp asc/ VN ando/ V2N, respectively, where- is the standard deviation
ing the same velocity centroids or width to théfdient velocity andN the size of the sample.
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umn densities given in columns 4, 5, and 6 of Table 3 are deérivand W51 are given in columns 9 and 10 of Table 3. Towards
assuming a single excitation temperature of 4.4 Kf@H* and SgrA*+50 and SgrB2(N), because most of the gas appears to
13CH*, and of 3.0 K for SH (see Appendix B). Following the be associated with the Galactic centre environment (Radzg
method set in Sect. 3.2 to keep only the most reliable absofernandez et al. 2006),'dC/*?C abundance ratio of 20 is as-
tion features, a@ detection level was adopted. Throughout, elsumed everywhere except for the velocity interval -20+80
ery measurement below this level is considered as a lowdr linkm s7%, a velocity domain where the absorption features are also
Conversely, we adopt a conservative lower limit of 2.3 on thessociated with gas in the Galactic plane, and where we use tw
optical depth for the saturated velocity intervals (Nedfet al. alternative values, 20 and 60, to bracket the result.
2010b). The uncertainties given in Eq. 4 correspond to the standard
deviation of the best least-squares fit performed by Milawi.et
(2005) on the CN, CO, andj4€0 data. They do not take into
account the uncertainty d®; due to the random motion of inter-
stellar clouds. To do so, we relied on the analysis of the Hsem
sion in the first Galactic quadrant by EImegreen & Elmegreen
(1987): they found that a large part of the mass of tifkude gas
is distributed into~ 200 pc superclouds, separated along spiral
o arms by 1.5 kpc. Their one-dimensional internal velocitg-di
—e— Milam et al (2005) persion of 5.3 km ' is the main source of uncertainty &g.

6.2 Rg +18.7 Taking into account thel,(v) location of the absorbing gas ob-
served towards each source (see the equatiBg of the caption
of Table 3), we obtain a maximal uncertainty of about 30 % on
80 E 1 Rs. When combined with the errors given in Eq. 4, we find a

4 total uncertainty of about 50% on théC/*3C ratio and the sub-

60 | 51 % 1 sequentN(*2CH") given in columns 9 and 10 of Table 3.

4.1. Variation of the 12C/*3C isotopic ratio across the Galactic
disk

140

120 |

100 f E

N(*?c) I N(c)
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&
| g}j %Dﬂf% 4.2. Comparison of the column densities of CH* and SH*
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Figure6. N(*3C)/N(*3C) column density ratio as a function of the le+14 |
galactocentric distancBs. The red squares are from this work, and
therefore evaluated with measurements ofNifECH*)/N(**CH*) col-
umn density ratio. The blue circles are from previous mesasents of
the N(*2CN)/N(**CN), N(**CO)/N(*3CO), andN(H1*CO)/N(H:*CO)
column density ratios (Milam et al. 2005 and referenceseihgmvhile
the green curve corresponds to a linear least-squares liedpp these
data.

le+13 | =g

N(SH") (cm™)

tevi2 | 7w

In Fig. 6, we display thé?C/13C column density ratio de- .
rived from the preserifCH* and'*CH* data as a function of the let 1e+13 le+1d
Galactocentric distand&g (given in columns 7 and 8 of Table N(CH") (cm™d)

3) which was computed assuming a flat Galactic rotation curve

we Co_mpared these results to thos_e deduce_d fr_om previous i%hre? SH* column density as a function of the Cldolumn density
ser_vatlons of CN, CO, €O and their r_espeptwe |sotopolqgue§er broad velocity interval (see Table 3). The open squamndsopen
_(Mllam etal. 20.05)' We found t_hat the five firm Valu_es ('zndezm circles are from the present analysis and from Menten et2al 1),

in Table 3) derived from the simultaneous detection$?aH"  rospectively. The blue and purple points are from the atsorfines
and'CH* absorption lines over the same velocity range are cogyserved along the Galactic centre sight lines (Sg@®, SgrB2(N),
sistent with those derived from the neutral species. The®@81 and SgrB2(M)) and along the other sight lines (DR21(OH), G8a.1,

limits inferred from saturatet’CH* lines (dashed symbols) arew31C, W33A, W49N, and W51), respectively. The black daskied,

also consistent with Milam et al. (2005). This result notysug- ted, and dashed-dotted curves indicl&H")/N(CH") ratios of 0.01,
gests that the isotopic ratios measured with ions and risara 0.1, and 1, respectively.

not substantially influenced by chemical fractionationgesses,

but it also validates the use of the empirical relation

120/13¢ = 6,2(+1.0)Rg + 18.7(+7.4) 4) Fig. 7 displays the SHand CH column densities inferred
for each broad velocity interval. The CHolumn densities were
found by Milam et al. (2005) to infer th#CH* column den- derived either from thé?CH* profile, where unsaturated, or
sities from those measured in th&CH* spectra. Thé?C/3C  from 3CH* and the above isotopic ratio in the other case. The
ratio andN(*?CH*) computed from Eq. 4 for the velocity in- data set includes the results of the present study and thmse o
tervals towards DR21(OH), G34t8.1, W31C, W33A, W49N, tained by Menten et al. (2011) towards SgrB2(M). While Mente
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et al. (2011) reported the detection of two absorption comp2003). Marshall et al. (2006) have measured the near imfrare
nents atN(CH*) ~ 3 x 10*? and N(SH") ~ 10 cm?, we colour excess in large areas of the inner Galaky< 100,
removed those points from Fig. 7 becauseff@H* spectrum |b| < 10°) to obtain the visible extinctions’; ~ 10Ak), pro-

in the corresponding velocity range clearly exhibits camitea- viding an estimate of the total hydrogen column density glon
tion of the absorption features by a strong and broad enmissithe lines of sight. However, because of the low resolutiothef
line. Last, we note that the few points{CH*) < 10'® cmi2 2MASS extinction analysis~( 15 arcmin), the uncertainty on
correspond to the fainte$1CH* absorption features. Since theyNy (computed as the standard deviation of the extinction mea-
are not detected in SHthese points weakly constrain our subsured along the four closest lines of sight surrounding amiv
sequent analysis of the SKCH*ratio. source) can be important, and is as high as 50% for DR21(OH),

Taking into account the upper and lower limits shown in Figh/31C, and W33A. The last columns of Table 4 show that these
7, we find thatN(CH*) andN(SH") span more than two orderstwo independent measurementd\yf differ by less than 25 %.
of magnitude and that the SIACH" column density ratio varies
from less than 0.01 to 1. Interestingly, ti(SH")/N(CH")
ratios observed towards SgrB2(M), SgrB2(N), and SgB0 5 Results and discussion
are very similar, with a mean value of28 + 0.02, ~ 9 times
higher than that towards DR21(OH), G34(31, W31C, W33A, 5.1. Chemical properties of the gas seen in absorption
WA49N, and W51{N(SH")/N(CH*)) ~ 0.03+0.007. The above
difference in the mean SIKACH" ratio is much larger than the 50
% uncertainty on the computééC/*3C ratio. Moreover, we ob-
tain the same dierence of values if we use only the few points
detected it?CH". Itis therefore unlikely that this fierence can
be ascribed to an uncertainty on tle€H* /13CH* ratio. Last,
Daflon & Cunha (2004) found that carbon and sulfur have sim-
ilar abundance gradients across the Galactic disk (witheslo
of -0.037 and -0.040 dex kpt, respectively). Consequently, the
difference observed in the SHCH* column density ratios mea-
sured on thd ~ 0 andl # 0 sight lines is most likely tracing
variations of both the physical and chemical conditionshaf t
diffuse gas sampled in each case.

Finally, with a correlation cd&cient of 0.1, no evident
chemical relationship seems to stand out from Fig. 7, a &i4rpr
ing finding in view of the fact that CHand SH are clearly —— GClos
linked by their dynamics (see Sect. 3.3). However, this laick 0.001 other los ,
correlation applies to the column densities. In the follogyiwe ' 1e-08 1e-07
discuss the properties of the abundances relative to hgdr@g N(CH")INy
discussion that requires the knowledge\pf.

1F

o
=

N(SH")/N(CH")

0.01

Figure8. N(SH")/N(CH") column density ratio as a function of the

4.3. Estimation of the hydrogen column densities in the CH" mean abundance. The CHSH", and H column densities are
broad velocity intervals computed from CH, 3CH*, SH*, HI, HF, and CH opacities integrated

over the velocity intervals given in Tables 3 and 4. The blné pur-
To (1) estimate the mean molecular abundances that are toplsepoints are from the absorption lines observed along thiactic
compared with the chemical model predictions (Godard et ggentre sight lines (SgrA#50 and SgrB2(N)) and along the other sight
in preparation), and (2) to establish a possible relatiaween lines (OR21(OH), G34.80.1, W31C, W33A, W49N, and W51), re-
the CH" and SH abundances, it is essential to estimate the hgpectlvely. The red line corresponds to a least-square$ fiiteolatter
drogen column densitiy in the broad velocity intervals over ata.
which N(CH*) andN(SH") are measured. Since the molecular
fraction of the gas where CHand SH are detected is low (0.4
on average, see Appendix C), both atomic and molecular Rydro In Fig. 8, we display théN(SH")/N(CH*) column density
gen Hl and H are needed to estimahé;. ratio as a function of the CHmean abundance (with respect to
The method consists in separately evaluating the colurtite total hydrogen column densilyy) integrated over the ve-
densities of HI and B using the VLA observations of thelocity intervals given in Table 4. Because Menten et al. 901
A21 cm absorption line of H (Koo 1997; Fish et al. 2003ysed a dferent method than we did to estimate thedélumn
Dwarakanath et al. 2004; Pandian et al. 2008; Lang et al. 20t2nsities’ the data obtained towards SgrB2(M) are not included
and a relevant tracer for the molecular hydrogen becayse iH this plot. We found that both the mean abundances and the
is not directly observable. TheMNy = N(HI) + 2N(H2). In  abundance ratios vary by two orders of magnitude in tifeisk
Appendix C we discuss the validity of using the HIFI observdSM sampled by those lines of sight. In addition, Fig. 8 résvea
tions of CH and HF to compute thexldolumn densities. If avail- major diferences between the results obtained orl thé and
able, HF is preferentially used in the following sectiontéer thel # 0 sight lines. While the CHmean abundances span the
N(H2) and the ensuing CH*CH*, and SH mean abundances.same range of values in both cases, the’ &HH* ratio mea-
If not, N(H>) is derived from CH, assuming a HEH mean sured towards SgrA#50 and SgrB2(N) shows no correlation
abundance ratio of 0.4 (a value defined with a large standard d
viation of 0.25), deduced from columns 5 and 6 of Table 4. Last? |n Menten et al. (2011) the Hcolumn densities are deduced from
we compare these valuesf to those inferred, as in Godard etthose of HCO, assumingN(HCO*)/N(H,) = 5x 10°° (Lucas & Liszt
al. (2010), from the analysis of the 2MASS survey (Cutri et al996).
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with N(CH*)/Ng. Conversely, the points corresponding to théheir rapid destruction, the CHand SH abundances predicted

observations performed on the 0 sight lines exhibita trend by UV-dominated chemistry are very low. Fig. 9 displays the
CH*" and SH relative abundances computed with two mod-

N(SH")/N(CH") ~ 0.09 [1o8>< N(CH*)/NH]flA, (5) els of PhotoDissociation Regions (PORNuminated on one
side as functions of the shielding from the ISRE. For the

with a correlation cofficient of 0.8. These are the results thaphysical conditions of the ffuse gas, we obtaiN(CH")/Ny ~

have to be compared with the predictions of chemical moddl8 x 101t andN(SH*)/Ny ~ 1.6 x 10°%3, two to four orders

applied to the dtuse ISM. of magnitude lower than the observed values, and with a €orre
sponding abundance ratio never higher than 0.01.

5.2. Carbon and sulfur chemistries in the diffuse ISM

) ) 5.2.2. Alternative models
5.2.1. UV-driven chemistry

In the difuse interstellar medium sampled by the: O sight
lines, the only production pathwayffieient enough to balance
the fast destruction of CHand SH are

tet0 ' ' C'+Hy > CH' +H AE/k =4640K and 8)
CH
le11 — i S'+H, > SH +H AE/k=9860K )

Since these reactions are highly endothermic, it has besn pr
le-12 1 posed that high CHand SH abundances are the signatures of
shock waves propagating through the ISM (Draine 1986; Milla
— et al. 1986). Comparing the predictions of HD and MHD shocks

relative abundance n(X)/ny

o3 1 with the CH column density observed toward<Oph, Draine
SH* (1986) and Pineau des Foréts et al. (1986) favoured the MHD
le-14 L ] case in which CH and SH form mainly through ion-neutral
ny= 50 cm> —— friction. Including the sulfur chemistry Millar et al. (188 and
ny=300 cm™> —— Pineau des Foréts et al. (1986) predicted d &HH* abundance
s s o002 To.0L 1es0o 1atio increasing from 0.01 to 0.4 for a shock speed incregsin

from 9 to 16 km s, a transverse magnetic field ofi& and

a preshock density of 20 crh These results agree excellently

with our observations.

Figure. Predictions of two PDR models for gas densitigs= 50 and Another scenario, alternative to the shock waves, is the TDR

o e e anurbulentdisspatin egions) modl.nthis model fbtien

fielg fgr a slab of gas illuminated on one side only. energy 1S d'S.S|p.at8d in many Sma_ll-scale magnet!ze_d ‘ei_ssrtlc
in which the ionized and neutral fluids decouple. Dissipat®©
caused by both ion-neutral friction and viscous dissipadibthe
edge of the vortices. Comparing the predictions of TDRs to ob

In a chemistry entirely driven by the UV-radiation field andervations of CH, CH, OH, and HCO in the local dituse gas,

the cosmic ray particles, the hydrogenation chains of cadmal Godard et al. (2009) also favoured models in which the dissi-

sulfur, and the subsequent productions of'Glid SH are ini- pation is dominated by the ion-neutral friction and where th

tiated by the radiative associations of &d S with molecular production of CH and SH via reactions 8 and 9 is triggered

Ay

hydrogen, by the ambipolar diusion. An analysis of the SHCH" ratio

. obtained in the framework of the TDR model will be presented
C" + H; - CH; + y and g inaforthcoming paper (Godard etal. in prep.).
S* + Hp > SHS + 7, (6) While the scenarios of shocks and vortices could equally ap-

ply to gas sampled by tHe~ 0 sight lines, an alternative chem-
ical process may be at work there. Large amounts of tiias

i gas detected along SgrA50, SgrB2(N), and SgrB2(M) belong
and 1x 10Pyr f31(50 cn3/ny), respectively (Herbst 1985; to the Central Molecular Zone (CMZ). Because the CMZ is per-
Herbst et al. 1989), wherk,, is the molecular fraction definedvaded by a strong X-ray radiation field, high €eind SH abun-

as fy, = 2n(Hz)/ny. In comparison, CHand SH are mainly dances could be due to regions where @nd S+ ions co-exist
destroyed by hydrogenation and dissociative recombinftio  with H, and form CH and SH by the reactions

two reactions with long timescalesx2yr f;1(50 cnt3/ny)

CH* + H, - CH} + Hand @) C** +H, » CH" +H", and (10)
o
SH +e »S  +H, S + Hy — SH* + H", (11)

. . _ 5
two processes with short timescales: Ifyf (50 cn®/ny) and g proposed by Langer (1978). Using the high rate of reaction

5yr (T/100K)*"4(1.38 x 10*/x¢-)(50 cnT3/ny), respectively. (11) obtained by Chen et al. (2003), Abel et al. (2008) fourad t
Because of the lack offécient production pathways to balance

® The Meudon PDR model employs a one-dimensional chemical
8 Because the hydrogenation of SHs highly endo-energetic: code in which a slab of gas with a given density profile is ilinated
AE/k = 6380 K. by the ambient interstellar radiation field (Le Petit et &08&).
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Figure2. Spectra observed at the frequencies of the ground-statsiticeas of CH (black), **CH* (red), and SH (blue) in the direction of
DR21(0OH), G34.30.1, W31C, W33A, W49N, W51, SgrA?50, and SgrB2(N). All spectra have been normalized to thémamm temperatures.
To make the absorption features discernible l8@H* and SH signals were mutiplied by a factor of 2 towards Sg#&0, and SgrB2(N), and by
factors of 2 and 3, respectively, towards the other soufé@smore clarity thé*CH* and SH spectra were shifted from the CHpectra by 0.5
and 1.0.
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Figure3. Absorption profiles observed in the direction of DR21(OH34G3+0.1, W31C, W33A, W49N, W51, SgrA#50, and SgrB2(N) in the
ground-state transitions of CHblack) and*3CH* (red), and in the main hyperfine component (see Tab. 2) of iixengl-state transition of SH
(blue). All spectra have been normalized to the continuumptratures. To make the absorption features discernit@é3€H* and SH signals
were mutiplied by a factor of 2 towards SgrA50, and SgrB2(N), and by factors of 2 and 3, respectivelyatda the other sources. For more
clarity the®*CH* and SH spectra were shifted from the Ckspectra by 0.5 and 1.0. The x- and y- scales were chosen taylig@ velocity
structure of the absorption features in detail.
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and W49N. The top panel displays the original data and thdtheg decomposition in three hyperfine components, atigioethe same velocity
scale. The hyperfine components are shifted by their vglatiift Av,, (see Table 2) in the bottom panels, to show how they can be icehb
(green line) to reproduce the original data (black liney. fore clarity, the hyperfine components were verticalljtstifrom the original data.

13



hal-00662960, version 1 - 25 Jan 2012

B. Godard et al.: Comparative study of Cnd SH absorption lines.

All sources, C-components All sources - SgrA*+50 & SgrB2(N), C-components
25 T T

T
"
0@ HCO i ]

R
sl I CH

i ]
ML = ﬁr—(—hﬁ_ﬁ o

(b) SH"

15

Distribution function
=
(5 o
I

: :
(©) CH:Craneetal. (1995) [ 1
10F CH*: Craneetal. (1995) —— 1 —
5 F |
 —  —
o = ‘ i
0 5 10 15 2 4 6 8 10 12
AV (kms™) AV (kms™)
6
5
2]
E 4}
<
§ °f
£ 2F
~
w3
€
g
= 2
3
< 1
%
0

0 5 10 15 2 4 6 8 10 12
AV (km s AV (km s

Figure5. Top: (a) and (b) histogram of the linewidths of the GHSCH*, SH* (this work), and HCO (Godard et al. 2010) velocity com-
ponents obtained with the multi-Gaussian decompositiatedure (see Table A.1); (c) linewidth distributions of Cahd CH observed by
Crane et al. (1995) in the local filise medium. Bottom: first- (mean) and second- (standarchtien) order moments of thav distribu-
tions issued from the combined CH*CH*, and SH data (red squares) and from the CHata observed in the solar neighbourhood (blue

circles); the moments are computed over increasiogintervals: mean= fom’max AuN(Av)d(Av)/ fom’max N(Av)d(Av); standard deviation=

[ fOAUmaX(Au - mean§N(Av)d(Av)/ foA"max N(Av)d(Av)]¥2, whereN(Av) is the linewidth distribution.
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Table 3. Comparison between the column densities off CHCH"*, and SHobtained with the integrations of the respective opaciigs several
velocity intervals. The two last columns contain the ratigs= N(SH*)/N(CH*) andryz = N(SH)/N(**CH*) x 13C/*2C. In column 10, CH
column densities are inferred from thosé@EH* and theC/*3C Galactic gradient derived by Milam et al. (200B)(CH*) = N(*3CH*)x*2C/*3C.
The blank spaces correspond to unus&t@H* or SH data owing to the contamination of an emission line from thRS or because the spectrum
measured over the associated velocity interval could ndelsenvolved from the StHhyperfine structure.

Umin Umax ¥ N(CH*)P N(SH") N(*3CH") Rg’min R max 2c/3C N(CH")P ryo° rys°
(kms?t) (kmst?) (102 cm?) (102 cm?) (102 cm™?) (kpc) (kpc) (163 cm?) x10 x10
SorA*+50
-215 -198 0.3:0.1 < 0.6 20 < 1.2
-198 -168 3.4:0.1 < 0.8 20 < 1.6
-168 -150 > 6.9 < 34 2.3+ 0.6 20 47+13 < 05 <0.7
-150 -123 >19.1 56.8+ 4.8 11.9:+ 0.9 20 23.% 1.7 < 3.0 2.4+ 0.3
-123 -95 >17.7 15.5: 4.3 5.8+ 0.8 20 11616 < 0.9 1.3+ 0.4
-95 -75 4.4+ 0.2 < 35 < 0.6 20 < 13 < 0.8
-75 -45 > 7.9 8.6+ 4.3 2.9+ 0.8 20 517 < 11 1.5+ 0.9
-45 -15 1 9.1+ 0.3 10.9+ 4.3 4.1+ 0.8 20 8.2:1.7 1.2+ 0.5 1.3+ 0.6
-15 0 > 9.6 8.6+ 3.1 3.7+ 0.6 20 7512 < 09 1.1+ 05
60 22.5+ 3.6 0.4+ 0.1
0 26 >14.4 28.0: 4.2 7.8+ 0.8 20 15616 < 2.0 1.8+ 0.3
60 46.8+ 4.8 0.6+ 0.1
26 49 E >129 > 89.2 > 81 20 >16.1
49 67 E > 28 > 41.0 > 3.2 20 > 6.5
67 75 E > 0.2 20
SgrB2(N)
-135 -100 >13.5 31.5:0.9 20 < 23
-82 -62 >15.0 49.3: 0.8 5.9+ 0.2 20 11.803 < 33 4.2+ 0.1
-62 -35 >20.0 33.6: 0.8 9.8+ 0.2 20 19604 < 1.7 1.7+ 0.1
-35 -15 >15.0 57.3: 0.8 9.1+ 0.2 20 1804 < 3.8 3.2+0.1
-15 23 >27.8 296.8- 1.6 20 <10.7
60
23 38 7.8:0.1 42.7+ 0.7 20 5.5:0.1
38 74 E >20.9 >235.0 > 5.6 20 >11.2
74 100 E > 4.9 > 68.4 > 0.8 20 > 1.6
DR21(OH)
-17 9 E > 02 89 9.2 75
-8 1 E > 54 > 5.4 > 3.1 85 88 72 >22.1
1 7 > 4.0 < 10 1.0+ 0.1 83 85 71 72415 < 03 <0.1
7 15 > 6.0 2.7+ 1.3 1.5+0.1 8.0 83 69 10821 < 05 0.3+ 0.1
18 26 E > 0.1 > 0.3 76 79 67 > 2.1
G34.3+0.1
-4 5 0.8+ 0.02 < 0.2 82 85 71 < 11
5 21 2.2+ 0.03 7.3 8.2 67
21 34 2 3.4 0.05 35:14 1.2+ 0.2 6.7 7.3 62 7621 0.9+ 0.4 0.5+ 0.2
36 44 3 21x004 < 11 0.5+ 0.2 6.3 6.6 59 3312 < 05 <04
44 58 E > 95 > 3.4 > 3.7 58 6.3 56 >20.7
58 66 E > 4.2 > 35 > 2.2 55 58 54 >11.7
W31C
-5 3 E > 18 > 1.0 8.0 85 70 > 6.9
3 13 > 6.8 1.8+ 0.1 6.5 8.0 64 11522
13 25 > 8.7 4.0+ 0.5 3.9+ 0.2 53 65 55 21431 < 05 0.2+ 0.04
25 31 > 4.8 3.6£04 2.8+0.1 48 53 50 14220 < 0.7 0.2+ 0.04
31 36 > 3.3 2.6+ 0.3 2.4+ 0.1 45 438 48 11216 < 0.8 0.2+ 0.04
36 44 > 6.2 45+ 04 7.3:0.2 41 45 45 33.338 < 0.7 0.1+ 0.03
44 51 > 3.6 < 04 1.7+0.1 38 41 43 711 < 01 <0.1
51 61 0.3001 < 04 < 0.1 34 38 41 < 0.6 < 13
W33A
-2 7 05+002 < 11 < 0.2 74 85 69 < 1.2 < 23
14 18 0.3+0.01 < 0.7 0.3+ 0.2 6.2 6.6 59 1811 < 30 <04
18 25 > 3.8 1.7+1.0 1.5+ 0.2 56 6.2 56 8121 < 04 0.2+ 0.1
25 31 > 4.2 2.2+ 09 2.8+ 0.2 52 56 52 14227 < 05 0.2+ 0.1
31 35 > 3.0 4.7+ 0.8 1.6+ 0.2 50 5.2 50 8817 < 16 0.6+ 0.2
35 39 E > 30 > 1.2 > 1.1 47 5.0 49 > 5.3

x E = absorption line profile observed in the star-forming regibii may be underestimated, hence the lower limitNgCH*), N(*3CH"), and
N(SH). 1,2,3,4,5= velocity intervals wheré?CH* and**CH* are observed simultaneously with & 8etection level.

@ Galactocentric distances derivedRs = Ry

0(Rg) sin(l)cosp)
Visr+6p sin(l)cosp)

Lynden-Bell 1986), and assuming a flat Galactic rotatiove {(Rs) = 6o).
b Towards SgrA%50 and SgrB2(N), when the comparison is possiblgGH*) derived from'2CH* and*3CH* and the ratios;, andr;; agree

within the combination of their respective errors and theautainty of 50 % on th&C/*3C ratio (see main text).

with Ry = 8.5 kpc andg, = 220 km s! as recommended by the IAU (Kerr &
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Table 3. continued.

Umin Umax % N(CH")? N(SH") N(CH) RS, Rimax ~C/™°C N(CH")? r° rs°
(kms?t) (kmst?) (102 cm?) (102 cm?) (102 cm™?) (kpc) (kpc) (163 cm?) x10 x10
39 47 E > 34 > 5.3 > 1.9 43 4.7 47 > 8.8
W49N
-8 2 E > 05 84 85 71
5 20 E >104 > 19.6 > 6.6 75 8.2 68 >44.8
20 30 4 510.1 2.6:05 0.7+ 0.1 71 75 64 4312 0.5+ 0.1 0.6+ 0.2
30 37 > 5.0 2.3+ 0.5 1.3+ 0.1 6.8 7.1 62 8115 < 04 0.3+ 0.1
37 44 > 4.7 2.6£0.4 1.1+ 0.1 6.6 6.8 60 6214 < 0.6 0.4+ 0.1
44 49 > 3.1 < 04 0.7+ 0.1 6.4 6.6 59 4210 < 01 <0.1
49 54 > 3.0 2.0+ 0.4 0.6+ 0.1 6.3 64 58 3#09 < 0.7 0.6+ 0.2
54 72 >11.9 6.2+ 0.7 3.6£0.2 57 6.3 56 20231 < 05 0.3+ 0.1
72 80 0.4:0.02 < 05 < 0.1 56 57 54 < 0.6 < 1.2
W51
-1 3 0.2+ 0.01 84 85 71
3 11 1.3+ 0.02 80 84 69
11 16 0.3+0.01 < 05 78 8.0 68 < 1.9
16 20 020001 < 05 76 7.8 66 < 3.2
20 32 0.6:00.02 < 0.8 < 0.2 71 7.6 64 < 11 < 1.3
36 43 0.3 0.01 1.1+ 0.6 0.4+ 0.1 6.8 7.0 61 261.2 3.9+ 2.3 0.4+ 0.3
43 50 2.5+ 0.05 3.0 0.7 0.4+ 0.1 6.5 6.8 60 2511 1.2+ 0.3 1.2+ 0.6
50 60 5 4.5:0.1 2.7+ 0.7 2.0+ 0.2 6.3 6.5 59 11.22.3 0.6+ 0.2 0.2+ 0.1
60 69 E > 54 > 21 > 2.5 6.0 6.3 57 >14.4
69 75 E > 08 > 0.6 59 6.0 56 > 3.5

hal-00662960, version 1 - 25 Jan 2012

x E = absorption line profile observed in the star-forming regibii may be underestimated, hence the lower limitNgCH*), N(*3CH"), and
N(SH"). 1,2,3,4,5= velocity intervals wheré’CH* and*3CH* are observed simultaneously with & 8etection level.

3 Galactocentric distances derived Rs = %% with Ry = 8.5 kpc andd, = 220 km s® as recommended by the I1AU (Kerr &
Lynden-Bell 1986), and assuming a flat Galactic rotatiove {(Rs) = 6o).

b Towards SgrA%50 and SgrB2(N), when the comparison is possibléGH*) derived from'2CH* and*3CH* and the ratios;, andrs; agree

within the combination of their respective errors and theautainty of 50 % on th&’C/*3C ratio (see main text).
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Table 4. HI, H,, and total hydrogen column densities per velocity interirathe last column, the total hydrogen column densitiesea
over the entire sight line.

hal-00662960, version 1 - 25 Jan 2012

Umin Umax  * N(H)® N(CH)° N(HF)® N(Hy)¢ N(H,)® N,‘_‘| Ng
(kms?t) (kms?) (cm?)  (cm?) (cm?) (cm2) (cm2) (cm2) (cm?)
x10%°  x1013 x10t2 x107° x107° x107° x10%0
SorA*+50
-168 -150 1.5
-150 -123 4.3 21.43.3 35.3+15 24.4+ 3.8 10.1+0.4 53.2+ 7.6 24.5+ 0.9
-123 -95 1.9 8.21.8 23.5+1.1 9.2+ 2.1 6.7 +0.3 20.3+ 4.2 15.3+ 0.6
-95 -75 1.9 4.90.3 6.9+ 0.7 57+ 0.4 2.0 +0.2 13.2+ 0.7 5.8+0.4
-75 -45 24.7 17420 > 62.3 19.8: 2.2 >17.8 64.4+ 4.5 > 60.3
-45 -15 14.3 18.31.8 > 63.9 21.6:62.1 >18.3 57.5: 4.2 > 50.8 480
-15 0 47.7 22.847 > 61.2 26.0t5.4 >17.5 99.+ 10.8 > 82.7
0 26 61.8 11.223 > 26.2 12.8:27 > 7.5 87.5+ 5.3 > 76.8
26 49 E >39.0 >101.3 >28.9 > 96.9
49 67 E >31.0 > 35.0 >10.0 > 51.0
67 75 E > 87 > 09 > 0.2 > 9.2
SgrB2(N)
-135 -100 1.7 26.8 0.8 7.4 +0.22 16.6: 0.4
-82 -62 5.4 46.% 1.3 13.4 +0.38 32.1+ 0.8
-62 -35 17.4 >111.8 >32.0 > 81.3
-35 -15 9.2 82.%+2.8 23.5 +0.80 56.1+ 1.6 450
-15 23 55.8 138.% 3.6 39.6 +1.01 135.% 2.0
23 38 1.0 19.2 0.6 5.4 +0.16 11.9+ 0.3
38 74 E >69.7 >143.0 >40.9 >151.4
74 100 E >14.2 > 74.6 >21.3 > 56.8
DR21(OH)
-17 -9 E >36.3 > 0.8 > 0.2 > 36.8
-8 1 E >408 >12.8 > 30.9 >14.6 > 8.8 > 70.1 > 58.5
1 7 >24.9 2.0+ 0.9 7.0£0.2 2.3+1.0 20+0.05 > 294 > 28.9 160
7 15 >38.5 11,2003 > 27.4 12903 > 7.8 > 64.2 > 54.1
18 26 >36.3 < 0.1 0.3+01 < 0.1 0.1 +0.03 > 36.5
G34.3+0.1
-4 5 5.4 0.4: 0.3 1.1+ 0.1 0.4+ 0.3 0.3 +0.04 6.2+ 0.7 6.0+ 0.1
5 21 20.1 4%05 > 19.8 47+06 > 57 29.4+ 1.2 > 31.4
21 34 44.2 4405 > 129 5306 > 3.7 549+ 1.1 > 51.6 230
36 44 155 < 0.2 27+01 < 0.2 0.8 +0.04 < 159 17.1+ 0.1
44 58 E >528 > 9.1 > 62.9 >10.4 >18.0 > 73.7 > 88.7
58 66 E >56.1 >154 > 37.8 >17.6 >10.8 > 914 > 77.7
W3i1C
3 13 18.1 0904 9.4+ 0.2 1.0+ 0.4 27 +0.1 20.1+ 0.9 23.4+ 0.1
13 25 35.3 21.80.7 > 59.2 249 0.7 >16.9 85.1+ 1.5 > 69.1
25 31 26.1 20,13 > 36.2 23.0:614 >104 72.1+ 2.9 > 46.8
31 36 18.5 9204 > 253 10.5: 04 > 7.2 39.4+ 0.8 > 33.0 220
36 44 36.9 17.604 > 41.0 20004 >11.7 77.1+ 0.9 > 60.3
44 51 1.8 1.203 > 8.7 1.9+04 > 25 5.7+ 0.7 > 6.8
51 61 25 0.02 < 0.2 0.4+0.3 < 0.05 3.3+ 0.5 < 26
W33A
14 18 1.7 0.40.1 0.3+ 0.2 0.4+ 0.2 0.1 +0.04 2.5+ 0.3 1.9+ 0.1
18 25 18.0 2.%0.7 5.8-0.4 2.4+ 0.8 1.7 £0.1 229+ 15 21.3+ 0.2
25 31 22.2 7204 > 211 8.0+0.4 > 6.0 38.3+ 0.9 > 34.3 100
31 35 17.9 8.%+1.0 > 20.9 9.2+12 > 6.0 36.3+ 2.3 > 29.8
35 39 E > 77 > 91 > 20.9 >10.4 > 6.0 > 28.5 > 19.6
39 47 E > 98 > 55 > 17.9 > 6.3 > 51 > 22.4 > 20.1
W49N
5 20 E >891 > 7.2 > 75.6 > 8.2 >21.6 >105.5 >132.3
20 30 19.3 1.6 0.4 6.1+ 0.1 1.8+ 0.5 1.7 £+ 0.04 23.0: 1.0 22.8+ 0.1

x E = absorption line profile observed in the star-forming regiby may be underestimated, hence the lower limitN{RF), andN(CH).

a From the observations with the VLA interferometer by Koo9T§ Fish et al. (2003), Pandian et al. (2008), Dwarakantti. €2004), and
Lang et al. (2010) assuming a spin temperature of 100 K.
b From (Gerin et al. 2010b; Gerin et al., priv. comm.).

¢ From (Neufeld et al. 2010b; Sonnentrucker et al. 2010; Ndwdeal. priv. comm.; Sonnentrucker et al., priv. comm.).

d Estimate from the observation of the CH absorption lineseamvalue of the HFCH column density ratio of 0.4 (inferred from columns 5 and
6) and an abundance ratiHF)/n(H,) = 3.6 x 1078, as predicted by UV-dominated chemical models (see AppeDyli

¢ Estimate from the observation of the HF absorption lines ameébundance ratio(HF)/n(H,) = 3.6 x 1078, as predicted by UV-dominated
chemical models (see Appendix C).

f Estimate ofNy integrated over the entire line of sight from models of thiinetion at 2um by Marshall et al. (2006).
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Table 4. continued.

B. Godard et al.: Comparative study of CHnd SH absorption lines.

Umin

N(H)?

Umax *

N(CH)P

N(HF)Y

N(Hy)*

N(H)®

g

NE

H
(kms?t) (kms?) (cm?)  (cm?) (cm?) (cm2) (cm2) (cm2) (cm?)
x10%°  x1013 x10%2 x10%° x10%° x10%° x10%°
30 37 19.6 5217 > 237 59419 > 6.8 31.4+ 3.8 > 33.1
37 44 30.9 5817 > 244 6.6:20 > 7.0 44.1+ 4.0 > 44.8 460
44 49 9.0 1.6:0.3 3.3+ 0.1 1.1+14 0.9 +0.03 11.2+ 2.8 10.8+ 0.1
49 54 11.5 3214 11.3: 0.2 3.7+1.7 3.2+01 18.8+ 3.3 18.0+ 0.1
54 72 52.6 19.8 3.0 > 56.0 22.6:3.4 >16.0 97.8: 6.9 > 84.6
72 80 21.7 0.&0.4 0.4+ 0.1 0.9+0.4 0.1 +£+0.03 23.5: 0.8 21.9+ 0.1
W51
3 11 14.8 3.k1.0 15.2+ 0.4 35+1.1 43 +0.1 23.5+ 0.2
11 16 4.3 0.40.7 2.1+ 0.1 0.8+ 0.8 0.6 +£0.03 550.1
16 20 2.3 0.4-0.1 0.1 +0.03 2.5+ 0.0
20 32 8.6 1.40.1 0.4 +0.04 9.4-0.1
36 43 2.9 0.:x0.1 0.04+ 0.04 3.0:0.1 250
43 50 18.7 2307 > 155 2608 > 44 > 27.6
50 60 50.9 > 41.5 >11.8 > 74.6
60 69 E >642 >125 > 53.1 >14.3 >15.2 > 92.8 > 945
69 75 E >104 > 0.8 > 12.0 > 0.9 > 34 > 12.2 > 17.2

x E = absorption line profile observed in the star-forming regiby may be underestimated, hence the lower limitN{RF), andN(CH).

a From the observations with the VLA interferometer by Koo9T§ Fish et al. (2003), Pandian et al. (2008), Dwarakantti. €2004), and
Lang et al. (2010) assuming a spin temperature of 100 K.

b From (Gerin et al. 2010b; Gerin et al., priv. comm.).

¢ From (Neufeld et al. 2010b; Sonnentrucker et al. 2010; Ndwdeal. priv. comm.; Sonnentrucker et al., priv. comm.).

d Estimate from the observation of the CH absorption lineseamvalue of the HFCH column density ratio of 0.4 (inferred from columns 5 and
6) and an abundance ratfHF)/n(H,) = 3.6 x 1078, as predicted by UV-dominated chemical models (see AppeDyli

¢ Estimate from the observation of the HF absorption lines ameébundance ratio(HF)/n(H,) = 3.6 x 108, as predicted by UV-dominated
chemical models (see Appendix C).

f Estimate ofNy integrated over the entire line of sight from models of thiretion at 2um by Marshall et al. (2006).
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Appendix A: Gaussian decomposition and Source: G34
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Unlike the other numerical fitting methodghat are devised

Figure_A.l. Observatip_nal data (bla(_:k lines) compared to the multio find the global minimum oj{Z, the Levenberg Marquardt al-
Gaussian decomposition (purple lines) of the *St.2,5/2 —  gorithm is a so-called single-shot method: used when thialini
0.1,3/2) (top),“CH" (1 < 0) (middle), and CH (1 « 0) (bottom) ab- o ditions are easily fixed, this algorithm takes advantddiee
sorption spectra observed towards DR21(OH). The solidireland o mation on the,? derivatives with respect to each parameter
the dashed blue lines correspond to the confirmed (C) andairece to converge on the nearest local minimum. However, since the
(.U) Gaussian components, respectively (see maintgxt)s@li@green minim mgnl r nds t tatistical ’ timat f,th it
lines are the empirical modelling of the Cshturated line profiles. um only corresponds to a statistical estimate of thef

rameters, the code can converge offiedlent solutions close to

each other depending on the initial condition, jfevalley to-

pography, and the criteria to stop the optimization. Toneste

The results of the Gaussian decomposition procedure applige associated error, we analysed the dispersion of thefibest
to the spectra are given in Tables A.1. In turn, Figs. A.1 -éis8  solutions when varying the initial conditions: for eachctpem,
play the comparison between the result of the fit and thermalgi We assumed an uncertainty of 2 km ®n the initial guess of
data, along with the associated residuals. The unceraigiven the positions and the linewidths of the Gaussians. Thetiegul
in the Table A.1 are the formal &-errors derived from the di- 4200 fits are found to bracket the optimum solutions given in
agonal elements of the covariance matrix and do not take ir@ble A.1 with a standard deviation of 10 % on the central-opti
account the systematic errors introduced by (1) the finiteove cal depths and the Gaussian linewidths. 3
ity resolution, (2) the uncertainty on the continuum lewsid When combined, the robustness of the decomposition proce-
(3) the error introduced by the decomposition proceduréghvh dure, the finite resolution, and the uncertainty on the comtin
depends on its convergence criteria. temperature correspond to maximal errors on the calculatio

According to Godard et al. (2010) (Appendix B), the fiAv andz of 20 % and 30 %, respectively.
nite velocity resolution of the spectra introduces an eorothe
linewidth determination smaller than 8 % for the Cahd'*CH*
components, and smaller than 14 % for the*Ridmponents, if
Av > 1.3 km st (the smallest observed linewidth). Furthermore,
a relative uncertainty on the continuum temperature leads to an
errorét ~ € — In(1 + e€”) on the opacity that ranges between 6%
and 30 % whenr varies between 0.03 and 2.7 (the lowest and
highest observed central opacities) and uging 10 % (value
corresponding to the error on the beafficiency and the side 1° such as the grid-Powell method, the Montecarlo-Powellcsear
band ratio, Roelfsema et al. 2012). the simulated annealing method
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Source: W31C Source: W49N
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FigureA.3. Same as Fig. A.1 for the observations towards W31C. FigureA.5. Same as Fig. A.1 for the observations towards W49N.
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FigureA.4. Same as Fig. A.1 for the observations towards W33A. FigureA.6. Same as Fig. A.1 for the observations towards W51.
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Source: SGRA
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FigureA.7. Same as Fig. A.1 for the observations towards Sgi3C.
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Table A.1. CH* (1 « 0),3CH* (1 « 0), and SH (1 « 0) absorption line analysis results.

CH* (1 < 0) 13CH* (1 < 0) SH (1,2,5/2 — 0,1,3/2)
vo Av+o(Av) T1oxo(r) V2 vo Av+o(Av) toxo(ro) VA vo Av+o(Av) t1oxo(rg) V2
(kms?) (kms?) (kms?) (kms? (kms?) (kms?)
DR21(OH)
108+ 03 69:05 91(2x4(3) U 24:01 37201 23(1x6(3) C 26:01 20:04 18(1:3(2) C
202+18 7.062.4 47(2+1(2) U  34+02 51+04 56(-2)+4(3) C 106:12 52+27 2.2(-2x2(2) U
10.1+ 0.4 6.6:0.7 8.2(-2)+4(3) C
G34
18:01 50:01 46(1x9(3) C 250:03 48:07 51(2)=6(3) C 275:03 3.8:06 62(2:2(2) C
92+01 4.6+02 7.3(-1)t1(2) C 31.3:0.3 35:07 42(2+7(3) C 49.4:08 7.3+24 3.3(-2+2(2) U
122+ 0.3 2.2+09 18(-1)t2(-1) U 388:04 17+08 24(2x1(-2) U 60.4+0.1 22+0.3 1.1(-1)x3(-2) C
145+ 05 3.7+1.6 36(1):9(2) U 421+02 1.9+0.4 5.2(-2)x9(-3) C
185+ 0.6 4.7+0.9 32(-1)x4(2) C  49.8:02 62+04 1.1(-1)x6(-3) C
24.8+0.2 42+05 95(1)x5(2) C 551+01 35:0.3 1.2(-1)x8(-3) C
27.7+02 27+04 7.1(-1)+2(1) C 59.8:0.1 2.8+02 1.7(-1)+9(3) C
30.2+0.2 4.0+02 1340)+8(-2) C  62.9:0.1 2.3+0.2 9.9(-2)+9(3) C
30.8+0.3 4.8:0.3 6.0(-1)t4(2) C
42.0:0.0 2.3+02 5.9(-1)x8(-2) C
61.3+0.0 1.9+0.1 7.1(-1)+3(2) C
63.9+0.1 35+0.1 65(-1)x1(-2) C
W31C
09201 50:02 LA(1r4(3) C -15:01 35:02 82(2)x5(3) C 18.1x04 42:1.0 2.7(2=7(3) C
18+0.8 37+06 58(-1)t3(-1) U  83+02 59+04 9.1(2+4(3) C 22.6:02 2.8+04 58(2=1(-2) C
0.0+0.2 2.8+05 7.2(-1)+4(1) U 181+0.2 6.8+05 1.4(-1)+5(3) C 27.7+05 4.6+13 45(-2+8(3) C
17+01 1.3+02 29(1)+8(2) U 231+04 42+08 34(2x7(3) C 32.9:04 4.4:+13 45(2)+8(3) C
55.2+1.6 4.9+1.6 7.6(2+3(2) C 28.0:02 57+04 15(-1)t5(-3) C 383:04 3.1+1.0 54(2)+1(2) C
57.840.2 31+0.4 18(1)x6(2) C 331+01 41+02 16(-1)t7(-3) C 41.0:03 2.2+05 51(2)+3(2) U
385+0.1 3.9+0.3 42(-1)x1(-2) C
42.1+0.2 32+0.6 1.8(-1)x2(2) C
46.0+0.2 3.7+0.3 1.7(-1)+9(3) C
W33A
25101 52:02 28(L:1(2) C 200:08 47:t13 42(2x1(2) C 215:02 2.4:05 49(2=1(2) C
10.1+1.2 8.6+4.9 35(-25(3) U 241+01 1.3+01 1.4(-1)x1(2) C 30.6:1.0 2.7+1.4 8.6(-2=x7(-2) U
16.4+ 05 2.1+0.6 24(-1):6(2) C 289+02 50+04 1.9(1x7(-3) C 32.9:0.9 2.4+1.1 87 (2x9(-2) U
17.8+0.3 1.5:04 14(1)t1(-1) U 332+02 27+05 14(1)=x1(-2) C 38.0:0.3 2.1+0.7 3.6(-2)x2(-2) U
36.5+0.2 2.3:0.6 7.0(2+1(2) C 41.6:0.2 3.4+03 89(-2x1(-2) C
409+ 0.1 4.6+03 1.6(-1)x6(-3) C
W49N
34201 41:02 19(1x6(3) C  99:01 62:03 13(D:7(3) C 100:10 63:20 18(2=2(2) U
1.6+01 2.8:0.2 20(1)+9(3) C 13.060.1 4.1+02 2.3(-1)x7(-3) C  12.8:0.1 4.0:+0.2 22 (-1)+1(2) C
22.9+0.8 48+0.7 99(1)+8(1) U 165:01 2.9+02 88(2x1(2) C 16.1+0.2 4.0+05 7.2(2)+2(2) C
278405 65+41 17¢0)+3(-1) U 233+12 99+23 25(2)+3(-3) U 23.3:0.6 58+13 2.6(-2)+7(3) U
343+03 52+16 40(0)+4(-1) U 345:02 51+04 7.5(2+7(-3) C 32.9:05 54+1.0 2.7(2)+7(3) C
40.0+ 0.4 4.6+10 27G0)+4(-1) C 395:02 41+04 47(2)+4(3) C 402+0.4 55:08 3.1(2x7(3) C
455:03 58+09 21(0)+9(-2) C 446:09 7.3:+1.8 52(2)+4(3) C 515:0.3 4.0+0.6 3.4(2)+8(3) C
51.1+0.2 4.1+02 1.140)+1(-1) C 51.3:0.4 58+09 2.6(2)+4(3) C 61.6:02 47+0.3 6.5(-2+8(3) C
747+01 41+02 11(1+6(3) C 57703 6.0+06 7.2(-2+9(-3) C 686:0.8 52+16 15(2)+7(3) U
63.4+0.3 57+05 9.5(-2)+5(-3) C
68.4+0.2 3.6+0.4 55(-2)+6(-3) C
W51
10:01 23t01 18(1x9(3) C 4L1x0.7 7.2:16 24(2=x5(3) U 47.9:02 45:06 51(2=:1(2) C
58+0.8 3.7+0.7 5.0(-1)t2(-1) C 49.3:01 1.0:02 59(-2+1(2) C 555:02 2.5:04 56 (-2)x2(2) C
8.3:0.4 32+04 67(1%2(1) C 545:01 46+03 13(-1)t6(-3) C 64.8:01 2.0:+0.3 6.4(2)+2(2) C
127401 37+04 24(-1):8(3) C 64.9:0.3 3.7+04 1.3(-1)=x2(-2) C
17.8+0.2 3.3:+05 11(-1)+8(3) C 69.0:0.6 52+1.0 8.9(-2)x9(-3) C
23.4+0.1 52+04 3.6(-1)+7(3) C
28.9+12 47+19 33(2=1(2) U
30.9+0.1 3.5:02 1.8(-1)+7(3) C
48.1+0.7 6.2+0.7 1.140)=2(-1) C
495+ 0.1 2.4+03 88(1)x2(-1) C
54.4+0.2 58+0.4 2.0(0)+1(-1) C
59.5+0.1 1.9+0.2 2.5(-1)+3(2) C
70.3+0.1 2.1+0.4 2.7(-1)x1(-1) U
722405 3.7+0.6 3.5(-1):5(-2) C
SorA*+50
204.4x05 89x11 L1(Lx1(2) C -157.9:04 64+00 10(Lx1(2) C -136.9:0.2 94x05 3.2(1x3(2) C

a Validity of the Gaussian detection: €confirmed ifAv > 30-(Av) andrg > 2.50(10); U = uncertain otherwise
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Table A.1. continued.

CH* (1< 0) BCH* (1« 0) SH" (1,2,5/2 < 0,1,3/2)
vo Avxo(Av) T1oxo(rg) VA vo Au+o(Av) T1oxo(ro) V2 vo Avto(Av) Toxo(ro) V2
(kms?) (kms?) (kms?) (kms?) (kms?) (kms?)
101.0:04 6.7x1.0 13(1x2(2) C -147.4:02 2105 13(1x3(2) C -126.0:0.3 3.8t0.6 1.6(1x5(2) C
-169.8+0.9 20.1+ 1.6 7.3(-1)x2(-2) C -138.3:0.9 7.5:+15 2.0(-1)+2(2) C -114.6:0.4 45+0.9 1.1(-1x4(-2) C
-155.5+ 0.3 11.4+ 0.8 1.240)+7(-2) C -130.3:0.8 7.3:+1.7 2.0(-1)+3(-2) C -106.5:0.4 3.6+ 0.8 1.1(-1):4(-2) C
147.9+0.1 3.0+02 12(0)+8(-2) C -1150:2.7 22.7+1056.7 (-2:8(-3) U -97.0:0.3 2.4+ 0.6 1.2(-1}£6(-2) U
-117.4+ 0.4 58+0.7 1.8(0)+1(-1) C -100.7:0.7 6.9+2.4 7.4(-2+x2(-2) U -67.0+0.6 4.8+1.4 8.4(-2+4(-2) U
1109+ 0.5 50+12 23§0)+3(-1) C -66.0:+1.1 4.4+25 33(2)+2(2) U -544+05 45:+11 9.1(-2x4(-2) U
-105.1+ 0.8 55+1.8 14§0)+4(-1) C -53.74+0.7 8.8+1.6 7.8(-2+1(2) C -352:0.3 3.0+0.7 1.1(-1x5(-2) U
-98.9+05 33+11 7.0(-1)x2(-1) C -32.0:0.6 9.0+14 89(2)+1(2) C -242:+0.3 2.6+0.8 9.5(-2+5(-2) U
-96.2+2.1 195:3.1 1.3¢0)+1(-1) C -19.4t05 4.7+1.0 83(2)+2(2) C  -7.9+1.0 9.0+22 6.3(-2x3(-2) U
787+04 52+13 1.8(-1)x5(2) C  -47+03 6.3+0.7 18(1)+2(2) C 164+21 11.7+42 83(-2x3(-2) U
68.7+0.4 140+ 13 4.6(-1):2(-2) C  9.4+25 104+4.9 9.1(2)+2(2) U  23.9+05 45+1.3 1.6(-1£9(-2) U
534+0.1 6.8+02 23¢0)+9(-2) C 142:04 21+11 81(2)+4(2) U 31.8:05 89+17 2.4(-1x4(-2) C
46.4+02 22+06 25(-1)x7(-2) C 201+1.6 9.0+45 11(-1)+2(2) U 429+0.2 65+05 53(-1)x5(-2) C
412+03 93+10 7.3(-1)x2(2) C 27.0:03 2.3+09 94(2)+3(2) U 528:02 6.7+0.8 3.2(-1x4(-2) C
28.9+0.2 75+06 11(0)+3(-2) C 349:06 106626 1.3(1+x1(2) C  60.2+0.4 3.9+0.9 15(-1)+5(-2) C
202+0.4 6.1+09 1640)+7(2) C 453:t04 55:14 15(-1)+2(2) C
157+ 0.3 3.6+03 1.3¢0)+3(-1) C 51.4t04 3.7+0.9 1.4(-1)+2(2) C
153+ 0.2 4.1+0.3 18(0)+3(-1) C 57.7+0.4 3.9+0.9 9.7(-2x2(-2) C
20.7+0.8 7.9+32 9.7 (1)x4(1) U
28.9+0.3 31x11 7.1(1x3(1) U
34.9+ 1.6 17.2+6.0 1.8(0)+4(-1) U
49.4+56 18.2+4.4 7.9(-1)x5(1) U
69.1+0.5 3.9+1.2 8.0(2x2(2) C
SgrB2(N)
-102.0+£ 0.3 3.6+x0.7 33(-2+5(-3) C -117.0+1.4 144+1.4 84(-2+x3(-2) C
-91.5+0.9 18.0+1.3 1.6(-1)+8(-3) C -106.0:0.3 6.3+1.2 6.4(-2)x4(-2) U
-76.0£ 0.8 14.1+ 3.4 1.1(-1)x1(-2) C -92.2+10.6 23.0+29.7 7.8 (-2 4 (-2) U
-67.2+ 0.8 7.0£26 3.2(-2x2(-2) U -84.9+13 7.6+x3.2 85(-2+2(-1) U
-548+11 124+23 74(-2x1(-2) C -77.0£04 84+16 19(-1)+2(1) U
-39.4+2.9 155+4.7 1.6(-1)x1(-1) U -68.1+ 0.7 8.6+1.3 16(-1)x6(-2) C
-26.9+ 0.8 84+4.6 49(-2)x8(-2) U -58.3+0.2 58+06 7.7(-2+1(-2) C
-13.9+ 10.5 26.5+56.9 1.4 (-1+ 3(-2) U -44.3+ 0.6 158+1.7 1.0(-1)x5(-3) C
0.2+6.7 11.9+16.8 1.3 (-1x4(-1) U  -29.1+ 0.7 10.8+1.5 1.8(-1)x3(-2) C
57+0.8 7.3+x27 12(-1)+2(-1) U -20.0+05 9.2+1.2 19(-1x5(-2) C
27.4+1.0 106+29 1.1(-1)+1(-1) U -7.2+0.2 10.8+0.6 43(-1+x1(-2) C
55.1+2.4 31.1+6.1 3.9(-2+2(-3) C 35+0.1 88+0.3 6.6(-1)x+3(-2) C
65.7+0.2 7.7+06 85(-2+8(-3) C 153+ 0.1 10.6+0.2 8.7(-1)+1(-2) C
78.3+0.4 8.1+16 3.2(-2+x7(3) C 27.8+0.2 82+05 23(-1x2(-2) C
38.3+04 11.1+19 1.1(-1+9(3) C
548+ 0.6 13.3+1.0 6.0(-1)x7(-2) C
65.8+0.5 11.8+ 1.1 50(-1)+1(1) C
79.0+ 0.4 13.8+0.6 3.7(-1)x2(-2) C
91.9+0.2 4.3+0.7 3.6(-2+9(3) C

a Validity of the Gaussian detection: €confirmed ifAv > 30-(Av) andry > 2.50(19); U = uncertain otherwise
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Appendix B: Determination of the excitation
temperatures and of the subsequent column
densities

The column densities given in Table 3 are derived assumi
a single excitation temperaturBsy for all levels of a given
molecule as

87”’8 11 —hvo/KTex ]2
N = QTed— o P [1-e ] f‘rdv
wherevg, gu, g and A, are the rest frequency, the upper an
lower level degeneracies and the Einstein'sfioents of the
observed transitiomQ(Tey) is the partition funtion, and is the
speed of light.

To derive the CH and SH J =

(B.1)

1 <« O line excita-

Appendix C: Tracers of molecular hydrogen in the
diffuse ISM

The methylidyne radical CH has often been used as a probe
nfymolecular hydrogen because of its linear relation with H
observed in the local ffuse medium (Federman 1982) and in
dark clouds (Mattila 1986). Compiling the UV and visible aat
obtained on 48 lines of sight (Savage et al. 1977; Rachford
et al. 2002; Crane et al. 1995; Crawford 1995; Allen 1994,
Gredel et al. 1993; Federman et al. 1994; Danks et al. 1984;
denniskens et al. 1992), Liszt & Lucas (2002) derived a mean
ratio N(CH)/N(H2) ~ 4.3 x 1078, while Shefer et al. (2008)
found N(CH)/N(H,) ~ 3.5 x 1078, using their observations of
the absorption profiles of Hand CH on a sample of 90ftlise
clouds. Although the latter could be used in this work toreate

tion temperature3,, we adopt the recent computation of theN(H,), based on the Herschel observations of the six hyperfine

CH* de-excitation rate cdicients by collision with He and~

components of the CH = 1/2 — 3/2 absorption line (Gerin

(Hammami et al. 2009; Lim et al. 1999), and assume a genegical. 2010b), it raises several problems that have to be iake

SH* de-excitation rate cdicient by collision with H and K of

account.

101% cm?® s71. Because the corresponding critical densities at
100 K, Ngrithe(CH) ~ 6 x 10" cm3, ngire- (CHY) ~ 4 x 100 o
cm3, andngriep,(SHY) ~ 7x 1P cm™3, are considerably higher
than those of the diuse ISM, collisions are irrelevant in the
excitation of CH and SH;, all the more so collisions of CH
with Hy are its destruction pathway. Therefore, the level pops
ulations of these two ions only result from radiative exiita
and possible additional excitation processes during ttregmi-

cal formation. Neglecting the latter, we derive the Cahd SH

J = 1 « 0 line excitation temperaturek.y, from statistical o
equilibrium, using the submillimetre interstellar radbat field
measured at = 45° andb = 0° with the Cosmic Background
Explorer (Reach et al. 1995). We obtain low excitation temper-
aturesT¢4(835GHz) = 4.4 K, andTex (526 GHz) = 3.0 K that
agree with the lack of CH(2 « 1) and SH (21 « 11),

(22 < 11), (21« 10), and (22— 12) detection in absorption at
the velocities of the diuse medium along the same lines of sight
(PRISMAS and HEXOS observations, to be published). Note
that an error of about 1 K corresponds to an error on thé CH
and SH column densities smaller than 1 %. While these values
of Tex are valid for the velocity components associated with the

As quoted by Liszt & Lucas (2002) and Ster et al. (2008),
there is a significant scatter (a dispersion of about a factor
of 3) on theN(CH) — N(H>) relation observed in the local
diffuse medium, up tdl(H,) = 10°t cm2.

Despite the similarity of the CH absorption profiles with
those of other tracers of molecular hydrogen (PRISMAS ob-
servations, to be published)N{CH)—N(H) correlation has
never been directly measured in the inner Galactic ISM.
Crane et al. (1995) and Lambert et al. (1990) found that
the linewidths of CH observed in absorption are highly vari-
able from one diuse cloud component to another. They re-
ported the detection of CH line profiles either similar to or
more Gaussian and less broad than those of. dHis result
was then confirmed by Pan et al. (2005), who divided their
observed CH absorption features into two categories: those
with CN-like and those with CHlike line profiles. This im-
plies that the production of CH in the interstellar medium ca
sometimes be linked to the production of Cihd depends
only slightly on the molecular hydrogen abundance (Godard

diffuse interstellar gas, they clearly correspond to lowertimi

for those associated with the SFRs molecular environménts.

etal., in prep.).

For these reasons, we derive the ¢blumn densities from

the latter case, since the PRISMAS lines of sight targetbrigopservations of the = 1 « 0 ground-state rotational transition
IR and submm emitting sources, a complete description of t§¢ hydrogen fluoride (HF) performed with theerschel/HIFI

IR radiative transfer accross the molecular gas surrougyitie
sources is needed (De Luca et al., in prep.; Vastel et alreip.p

For excitation temperatures &3CH* and SH of 4.4 K
and 3.0 K, respectively, Eq. B.1 finally becomes

N(CH') = 3.11x 10" f rdv cm?, (B.2)

N(**CH*) = 3.05x 102 f rdv cm?, (B.3)

and

N(SH") = 1.42x 103 f rdv cm?, (B.4)
usingthe CH J =1 « 0,%CH"* J = 1 « 0, and the SH
N,J F=1,25/2«0,1,3/2transitions, respectively.

The CH line opacity for N(CH*) = 10 cm™? and a

instrument. If HF is saturated or not available; 14 deduced
from CH, assuming a mean HEH abundance ratio of 0.4 (see
columns 5 and 6 of Table 4). The absorption line analysis per-
formed by Neufeld et al. (2010b) and Sonnentrucker et all @20
showed that (1) the HF profiles are similar to those ¢biHand

(2) HF accounts for more than 30 % of the total fluorine nu-
clei in the gas-phase along these sight-lines. Since bathitse
agree with the chemical models that predict that the praoinict
of HF does not depend on the dynamics of the gas and that HF
is the main F-bearing species, we deduceNtEIF) — N(H,)
relation from an analytical study of the fluorine chemiskgr

the range of parameters defining th&uke and transluscent gas
(Snow & McCall 2006), 10< ny < 5000 cm®, 0 < Ay < 5, and
n(CO)/[C] < 0.9, the abundance of HF is driven by only four
chemical reactions (Neufeld & Wolfire 2009) :

linewidth of 4 km s' is of the order of 15 and the expected lineF 4+ H, — HF + H (ka),

emission is about 4 mK (below the noise level, see Tableslapk + y — F + H (ZhE),

2). The intensities of th&*CH* and SH lines that are optically HF + C* — CF" + H (k2), and (C.1)
thin are even lower. CF+e - F +C (ka),

24



hal-00662960, version 1 - 25 Jan 2012

B. Godard et al.: Comparative study of CHnd SH absorption lines.

where

ki = 1.00x 10710 [exp(~450K/T) + 0.078 exp(-80K/T)
+0.0155 expt10K/T)] cm3s™?,

F = 1.17x 10719 exp(-2.2A)) s2, (C.2)

ko = 7.20x 1079 (T/300K) % cm?s™!, and

ks = 5.20x 1078 (T/300K)%& crst

are their respective reaction rate ffo@ents from the calcula-
tions and laboratory measurements (Zhu et al. 2002; Brown &
Balint-Kurti 2000; Neufeld et al. 2005; Novotny et al. 2005)
Therefore, assuming that there is no depletion of F on itakrs
lar dust, and that the carbon is fully ionized and the sole®u

of electrons, the HF and4hbundances are related by

n(HF) _ [F]
n(HZ) ([C] ko + §H|:/n|-|)/k1 + 1/2f|_|2(1 + kg/kg)’

(C.3)

where [F] and [C] are the fluorine and carbon elemental gas
phase abundances relative to H nuclei (assumed to equa thos
observed in the solar neighbourhoed].8 x 108 and~ 1.4 x

10* respectively, Savage & Sembach 1996; Sofia & Meyer
2001; Snow et al. 2007}, is the gas density, anth, is the
molecular fraction defined ak,, = 2n(Hz)/nu. Forny > 30
cm3 andAy > 0.2, because F reacts rapidly with Hhe left-
hand side of the denominator of Eq. C.3 can be neglected, more
than 90 % of the interstellar fluorine being in HF and less than
10 % in CF. We thus assumergHF)/n(H,) abundance ratio of
3.6x10°¢8,

Although HF is preferred to CH here as a tracer of molecular
hydrogen, relation C.3 has to be used cautiously becaupi: (1
has never been proven observationally, (2) this abundaaiice r
linearly depends on the fluorine elemental abundance, vdaich
vary with the Galactocentric distance (Daflon & Cunha 2004;
Rudolph et al. 2006; Abia et al. 2010), and (3) it also depemds
the depletion of fluorine onto grains, which can become impor
tantin the molecular gas. We note that therhblecular fraction
computed as9(H2)/Ny on the velocity intervals given in Table
4 ranges between 0.05 and 1 with an average value 6f4
(Neufeld et al., in prep.). While this value suggests thatdH-
fuse medium sampled by CH3CH*, and SH is on average
weakly molecular, it does not preclude the existence withis
gas of regions wherg;, = 1. A complete analysis of HF and CH
as tracers of molecular hydrogen will be performed by Godard
et al. (in prep).
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