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ABSTRACT

We report the detection of the ground state] = 1,3/2 — 1,1/2 doublet of the methylidyne radical CH at532 GHz and-~ 536 GHz with
the Herschel HIFI instrument along the sight-line to the massive stamiiog regions G10.6-0.4 (W31C), W49N and W51. While the makac
cores associated with these massive star forming regiave &hission lines, clouds in the diuse interstellar medium are detectedbsorption
against the strong submillimeter background. The comiainaif hyperfine structure with emission and absorptionIteso complex profiles,
with overlap of the dferent hyperfine components. The opacities of most of the Gdration features are linearly correlated with those of CCH
CN and HCO in the same velocity intervals. In specific narrow velocitiervals, the opacities of CN, HC@leviate from the mean trends, giving
rise to more opaque absorption features. We propose thatc@@He used as another tracer of the molecular gas in thecgbsEbetter tracers,
with [CCH]/[H,] ~ 3.2+ 1.1 x 10°8. The observed [CM]JCH], [CCH]/[CH] abundance ratios suggest that the bulk of tfude matter along the
lines of sight has gas densities = n(H) + 2n(H,) ranging between 100 and 1000 Tin

Key words. ISM: abundances - ISM: molecules - ISM : clouds : G10.6-0.49W, W51

1. Introduction until the 149um CH doublet was identified in margO-LWS

h hwiid dical g dinth lad spectra (Goicoechea et al. 2004; Polehampton et al 2005).
The methylidyne radical was detected in the interstellatiome In the framework of gas-phase ion-molecule chemistry
as early as 1937 (Swings and Rosenfeld 1937). Since thes it fhe formation of CH is initiated by the slow radiative asso-
remained one of the most studied interstellar moleculeait  .istion petween ionised carbon*CGand molecular hydrogen
its electronic transitions at 430 nm. CH is now established gy, ' |eading to CH, because the direct reaction to form CH
a powerful tracer of molecular hydrogen, with a tight corrépceg an energy barrier 6f 4640 K (Black and Dalgarno 1973;
lation over nearly two decades of column density [#H}] Godard etal. 2009). In low density gas illuminated by uliav
= 35x 10" (Shefer etal 2008). While optical spectroscopyet radiation, the reaction of Owith vibrationally excited H is
can reach excellent spectral resolution, it is limited tatreely ¢ gicient enough to bypass the radiative association reaction
br|g.ht objects and cannot sam_ple the full variety of mte’.lfat (Agundez et al. 2010). Once formed, Capidly reacts with i
environments. Radio observations are thus an interestnng c v, form CH, a key precursor of many interstellar hydrocarbons.
plement to optical spectroscopy. Qin et al. (2010) discbss iy regy|ts from the dissociative recombination of both;Gird

CH spectroscopy and the energy level diagram of CH is shoxg_ﬂ It is expected theoretically, and verified by the observa-

in Naylor et al. (2010). The lambda doubling transitions at nss, that the CH column density will scale with the &blumn

GHz are relatively easily detected at cm wavelengths but thgesity in regions where the chemistry is dominated by the ul
quantitative interpretation is ficult because they show anomas,aviolet radiation (Federman 1982; Siez et al 2008).
lous excitation (Liszt & Lucas 2002 and references therdihg The chemistry of the diuse inte’rstellar medium cannot be

CH rotational lines lie at submillimeter and far infrareduwsa entirely captured by the simple framework described abase,

lengths, with a characteristic doublet pattern. While tret fib- reactions on surfaces and transient processes mav plavtanbo
servations were obtained with tk&iper Airborne Observatory P 13y playtanp
es, too. For example, the energy release mediated byetiagn

(KAO) by Stacey et al. (1987) towards the massive region Sgr Ields in the dissipation regions of strong interstellabtience

in the Galactic center, these transitions attracted littention . “ . .
may drive a “warm chemistry” where reactions that would othe
wise be inhibited at low temperature become important (Gbda
* Herschel is an ESA space observatory with science instrtspeo- €t al. 2009). The methylidyne ion, CHis predicted to arise
vided by European-led Principal Investigator consortidaith impor-  in such turbulent dissipation regions. There is alreadyeplzs
tant participation from NASA tional evidence that some fraction of the CH forms from*CH
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Table 1. CH spectroscopic parameters for the=Nl « 1 transitions I ' 1
— 3 G10.6—-0.4 (W31C)-
Frequency  transition « ¢ Aue Eu/k 1frdV/Na Vosr I |
MHz JF «J,F” 10%st K 108 kmsten? kms?
532721.68 B2, 17 «—1/2,1° 2.07 25.7 0.055 1.3
532723.93 32,2" «~1/2,1° 6.21 25.7 0.275 0.0
532793.31 32,1" « 1/2,0° 4.14 25.7 0.110 -390 2
536761.15 32,27 « 1/2,1* 6.38 25.8 0.276 0.0
536781.95 32,1 « 1/2,1* 213 25.8 0.055 -116
536795.68 32,1 « 1/2,0* 4.25 25.8 0.111 -193
@ Opacity integrated over the line profile per total CH colunemsity, 1 |
under the assumption thaig, << E,/k. |
Table 2. Source parameters
Name RA DEC Vior N2 N(H) or ,‘ g
J2000 J2000 knt$  10%2cm? 1072 cmi? R — —u :
W31 18:110:28.7 -195550.0 -2 27 12 i Voo
W49N  19:10:13.2  09:06:12 11 1 14 W
W51° 19:23:43.9  14:30:30.5 57 2 08 L v
@ Total hydrogen:Ny = 2N(H,) + N(H), see text® Also known as 0.5
(G10.6-0.64© W51-E4 r
(Pan et al. 2005), in addition to the quiescent, photon-dabeid o
source discussed above. In this paper, we present a comparis —50 0 . 50

of CH with other carbon species present in théudie interstellar

Visg (kms )

medium, HCO, CN and CCH towards the targets, W31C, W5Fig. 1. Top : Normalized spectra of the CH transitions at 532 GHz and

and W49N (Table 2).

2. Observations

536 GHz towards G16 — 0.4. The 536 GHz spectrum has been shifted
by 1 for clarity. Bottom : Decomposition of the 532 GHz lingdrthree
hyperfine components, the red line shows the main compotheripjue
and green lines the satellites, and the grey curve the suimeahtee

components. The data are shown with a black dashed line.

The observations were performed with therschel HIFI in-
strument (de Graauw et al. 2010) in 2010 March and April. The
data were taken in Double Beam Switching (DBS) mode with a
throw of 3 arc-minutes. To remove the ambiguity on the liree fr
quency in observations performed with double side band rejxe
each line was observed with three settings of the Local @il
(LO). We used the two HIFI spectrometers : the wide band spec-
trometer (WBS) that provides a total bandwith of 4 GHz, with
1.1 MHz spectral resolution (0.56 kmisit 532 GHz), and the
high resolution spectrometer (HRS) with 0.12 MHz speceai r
olution. The on source integration times have been set thraa
S/N ratio on the continuum of at least 50 for a velocity resalnti

of 1 kms™. This translates into observing times of 23, 7.5 and
11 minutes for G1® — 0.4, W49N and W51, respectively, for
each CH line.

The spectra were calibrated with a hot and cold blackbody
(Roelfsema et al 2010). As we are interested in the absarptio
we have not corrected the data for the main bediiciency.
The data were first processed using HIPE (Ottetal. 2010),
and subsequently exported to CLASS (Hily-Blant et al. 2005;
Pety 2005 ). For each source, the data obtained with the tidee
settings were in excellent agreement (better than 10%) eud c
be co-added. The spectra obtained from the H and V polariza-
tion mixers were also in good agreement. The continuumdevel
agree well for both polarizations but do not generally cmlac
At 532 GHz, we obtained Double Side Band continutigof
0.94+0.03 K, 15+0.5 Kand 18+0.1 K for G106-0.4, W49N
and W51. We produced normalized spectrd a2(T — %)/Tc,

3

— 1
W49N

]

532 GHz

0.5

0

-50

Visr (kms_l)

whereT stands for the antenna temperature, and we assume thgt2. Same as Fig 1 for W49N

the relative gains of the lower and upper side bands are equal
The H and V normalized spectra were finally co-added to pro-
duce the spectra shown in Figures 1, 2 and 3.
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532 GHz data to 3.5 as the observations are not sensitive to opmcitie
larger than~ 3. For all lines of sight the plots present the same
structure: a general linear trend and strong deviationsinomw
velocity intervals where the CN and HCQand to a lesser
extent CCH, opacities, get larger than the average for angive
CH opacity. Since CH is expected to be linearly correlated
with Hy, an increase in the total column density cannot explain

these sharp features. As discussed byfighet al. (2008), it is

25 L L T ] Falgarone et al. 2010). To be more quantitative, we show in
C 536 GHz ws1 4 Figure 4 comparisons of the opacities of the main spin-imtat
L - hyperfine component of CH( = 1 « 1), CCHN = 1 « 0,
e PN ww,[N’\ / /;7 87316.898 MHz), CN{ = 1 « 0113191.2787 MHz ), and of
C \ [ the J=1-0 line of HCO in selected velocity intervals. Each
- J - point corresponds to one velocity channel in the spectra. We
1.5 = @—‘ ' |/ — have arbitrarily set the maximum value of opacity of the HCO

5
l

G w‘w-vw"vw\\ \/VV u\ / | /”

¥
il

0l — more likely that the sharp features are associated withonsgi
—50 0 _,. 90 of higher-than-average density along the lines of sighis It
Visg (kms ) known that the CN abundance is sensitive to the gas density in

Fig.3. Normalized spectra of the CH transitions at 532 GHz an iffuse clouds (Cardelli etal. 1991; Federman etal. 1994). The

536 GHz towards W51. The 536 GHz spectrum has been shifted foffSchel data nicely confirm the results of optical spectroscopy.

clarity. The grey lines show the model, the positions of thétéplets The linear trends in optical depth show that the ratios of
for the four velocity components are indicated below eashgition. ~ molecular column densities stay in a narrow range for theethr

sources we have sampled. At the densities typicalfbfisié gas,
, _ _ n(H,) < 10° cm3, the rotational excitation of CH is controlled
For both CH triplets, the line profiles are complex becausgainly by radiative processes so that the excitation teatpegs
the emission or absorption of each of the three hyperfine cogfthe 532 and 536 GHz transitions are expected tdde 3.1
ponents overlaps partly with the signal from the other compg i the average Galactic background radiation. For these un
nents. High spectral resolution data are therefore a puesié®| saturated submillimeter transitioig, << hv/k and almost all
to properly derive the CH column densities in complex sosircecH molecules are in the lowest rotational state; therefowes,
To properly separate the foreground absorption and extiact expect a simple relationship between the integrated atisorp

velocity structure of the absorbing gas, we havg taken adv:?\janV and the total column density of CHi(CH) (see Table 1).
tage of the known frequencyffsets of the hyperfine compo-{ \y.|ying excited states are populated in the heavier mdéec

nents to “deconvolve” the spectra from the hyperfine stméctu o CcH, and HCO, but the rotational excitation temperatures
We have written the normalized spectralas- e-:", hence are expected to remain in the range 2.73 to 3.1 K, low enough
—In(l) = =% aitm, wherer; = ajm Stands for the opacity of that column densities are simply related to integrated mbso
the hyperfine component #anda; is the intensity of this com- tion when the lines are unsaturated. These linear relatiens
ponent relative to the main one. This formula uses the assuriReen opacity and column density have been tested by means of
tion that the ratios of the opacities of the CH hyperfine compgon-LTE excitation calculations that include collisions eu-
nents follow the relative intensitiese., there is no anomaloustrals and electrons as well as radiative excitation in treaye
excitation of the hyperfine levels. In regions of the spedtruGalactic background continuum (cf. van der Tak et al. 2007).
where the main hyperfine component is blended with satell{e find ratios of column densities N(CGMYCH) = 0.6 — 1.2

lines from another velocity component, its opacity can be d@ith values up to 1.8, and N(CHWJ(CH) = 0.5 — 1 with val-
duced from the opacity of the satellite lines in “clean” slpﬂc ues up to 3. The HCO spectra are more saturated, but fol-
regions. The deconvolution method was performed on eithg{y the same trends. We find N(HC§N(CH) = 0.04 — 0.08

the 532 GHz or the 536 GHz triplets depending on the souregith values up to at least 0.2. The [GKGH] ratio lies at

We checked that the resulting velocity structure is in agre® the upper end of the values derived from optical spectroscop
with the observations of the other triplet. The bottom pane{Shefer et al 2008; Weselak et al. 2008).

in Figures 1 and 2 show the absorption profiles for each hy- As further described in the appendix, we have
perfine component overlayed on the data. For W51 (Figure 3sed  the  Meudon-PDR  code  (Le Petit et al. 2006;
the overlap of the hyperfine components is not as severe asd@@icoechea & Le Bourlot 2007; Gonzalez Garcia et al. 2008)
the other sources, and we fitted the 532 GHz absorption protéestudy how these abundance ratios depend on the gas density
with four Gaussian velocity components. We used the pasitiqhe [CNJ[CH] and [CCH}[CH] abundance ratios are sensitive
and width as derived from the fit of the HF and HCQ)eCtra to the gas density as Suggested by Cardelli et al. (1991):h50r

(Sonnenirucker et al. 2010; Godard et al. 2010). bulk of the difuse matter producing the absorption features, the
observations are consistent with gas densities betweemdd0
3
3. Results 1000 cnt°.

The CH column densities for selected velocity intervals
We used the profile of the main hyperfine component of CH &re reported in Table A.1, together with the Eolumn den-
derive the properties of the absorbing material. At firshsig sities, assuming the mean CH abundance [{HH] = 3.5 x
the CH profile is similar to those of ground state transitions0-8(Shefer et al 2008). The deduced totaj Eolumn densities
of simple molecules like HF and 4@ (Neufeld et al. 2010a; are N(H) = 1.6 x 10?2 cm2, 1.1 x 10°? cm™2 and 016 x 10?2
Sonnentrucker et al. 2010; Lis et al. 2010), HGACN, CCH cm™2 for G10.6-0.4, W49N and W51 respectively. The to-
and c-GH, (Godardetal.2010; Gerinetal.2010b), antal hydrogen column can be estimated independently from the
OH* and CH (Neufeld etal. 2010b; Gerin et al. 2010aK-band extinction (Marshall et al 2006), and the atomic hy-
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Table A.1. CH column densities 23 Infrared Processing and Analysis Center, California totgi of

Technology, MS 100-22, Pasadena, CA 91125, USA

Name Vinin Vinax N(CH) N(H)? 24 SRON Netherlands Institute for Space Research, Netherland

kms! kms?! 108cm? 10" cm?
G10.6-0.64 10 20 141 3.9
(W31C) 20 25 B=+1 2.7
25 35 26+ 1 7.3
25 42 17+ 1 4.8
42 47 33+1 0.9
W49N 30 50 131 3.7
50 78 24+ 1 6.6
67 71 15+ 0.2 0.4
W51 3 10 37+0.2 1.0
10 15 05+ 0.15 0.14
42 47 18+ 0.15 0.5

@ Based on [CH[H,] = 3.5 x 10°8 (Shdfer et al 2008).

Appendix A: CH column densities

Appendix B: PDR models

Figure B.1 presents models produced using the Meudon PDR
code, a steady-state, depth-dependent model of a plaa#ebar
cloud (Le Petit etal. 2006; Goicoechea & Le Bourlot 2007;
Gonzalez Garcia et al. 2008). Our chemical network is based
on a modified version of the Ohio State University (OSU)
gas-phase network updated for photochemical studies. W ha
computed the thermal and chemical structure dfude clouds
with Ay <5, ny=100-5000cm?, cosmic ray ionization rates
&y of 10Yst, | 1018 st and 10%'°s™!, and illuminated
only at one side by a UV fieldy, between 1 and 10 times
the mean interstellar radiation field (in Draine units). The
[CNJ/[CH],[HCO*]/[CH] and [GH]/[CH] ratios are sensitive

to the gas density as suggested by Cardelli et al. (1991hieor t
bulk of the difuse matter producing absorption features, the
observations are consistent with gas densities betweeadd0
1000 cnT3. Fig. A.1 also shows the predicted scaling between
CH and H column densities in the parameter space appropriate
for diffuse clouds. An approximately similar trend is predicted
for C,H when A,>0.01
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M. Gerin et al.: Interstellar CH absorption
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Fig.B.1. Left: Predicted variation of the CH (black line) and CCH (idakhed line) column density as a function of theddlumn density for
three models, computed withy = 1076 s : y=1 andny = 100 cnt3 (top), y=1 andny = 1000 cn® (middle) andy=10 andny = 1000 cnT®
(bottom). Right : Variation of the CICH (black lines) and CCKCH (red dashed lines) column density ratios for the same mo@lbe gas density
ny is defined asm(H) + 2n(Hy). The observed ranges are indicated. .



