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ABSTRACT

Context. The Nk, g, =404—315 transitions of ortho-CH, between 68 and 71 GHz were first detected toward the Orion-KL and W51 Main
star-forming regions. Given their high upper level energies (225 K) above the ground state, they were naturally thought to arise in dense,
hot molecular cores near newly formed stars. However, this has not been confirmed by further observations of these lines and their
origin has remained unclear. Generally, there is a scarcity of observational data for CH, and, while it is an important compound in the
astrochemical context, its actual occurrence in astronomical sources is poorly constrained.

Aims. In this work, we aim to investigate the nature of the elusive CH, emission, address its association with hot cores, and examine
alternative possibilities for its origin. Owing to its importance in carbon chemistry, we also extend the search for CH, lines by observing
an assortment of regions, guided by the hypothesis that the observed CH, emission is likely to arise from the hot gas environment of
photodissociation regions (PDRs).

Methods. We carried out our observations first using the Kitt Peak 12 m telescope to verify the original detection of CH, toward
different positions in the central region of the Orion Molecular Cloud 1. These were followed-up by deep integrations using the
higher angular resolution of the Onsala 20 m telescope. We also searched for the Nk,x, = 21,—303 transitions of para-CH, between
440-445 GHz toward the Orion giant molecular cloud complex using the APEX 12 m telescope. We also obtained auxiliary data for
carbon recombination lines with the Effelsberg 100 m telescope and employing archival far infrared data.

Results. The present study, along with other recent observations of the Orion region reported here, rule out the possibility of an
association with gas that is both hot and dense. We find that the distribution of the CH, emission closely follows that of the [CII]
158 um emission, while CH; is undetected toward the hot core itself. The observations suggest, rather, that its extended emission arises
from hot but dilute layers of PDRs and not from the denser parts of such regions as in the case of the Orion Bar. This hypothesis was
corroborated by comparisons of the observed CH, line profiles with those of carbon radio recombination lines (CRRLs), which are
well-known PDR tracers. In addition, we report the detection of the 70 GHz fine- and hyperfine structure components of ortho-CH,
toward the W51 E, W51 M, W51 N, W49 N, W43, W75 N, DR21, and S140 star-forming regions, and three of the Nk, g, = 404—33fine-
and hyperfine structure transitions between 68—71 GHz toward W3 IRS5. While we have no information on the spatial distribution of
CHj; in these regions, aside from that in W51, we again see a correspondence between the profiles of CH, lines and those of CRRLs.
We see a stronger CH, emission toward the extended HII region W51 M rather than toward the much more massive and denser W51
E and N regions, which strongly supports the origin of CH, in extended dilute gas. We also report the non-detection of the 21,—33
transitions of para-CH, toward Orion. Furthermore, using a non-LTE radiative transfer analysis, we can constrain the gas temperatures
and H, density to (163 + 26) K and (3.4 + 0.3) x 10° cm™, respectively, for the 68—71 GHz ortho-CH, transitions toward W3 IRS5,
for which we have a data set of the highest quality. This analysis confirms our hypothesis that CH, originates in warm and dilute
PDR layers. Our analysis suggests that for the excitation conditions under the physical conditions that prevail in such an environment,
these lines are masering, with weak level inversion. The resulting amplification of the lines’ spontaneous emission greatly aids in their
detection.

Key words. ISM: abundances — radiative transfer — ISM: molecules — ISM: clouds — ISM: lines and bands — methods: observational

1. Introduction

The methylene radical, CH,, is of considerable astrophysical
interest given that it is both produced and destroyed at an early
stage in the sequence of ion-molecule reactions that govern

* Reduced spectra are only available at the CDS via anonymous ftp
to cdsarc.u-strasbg.fr (130.79.128.5) or viahttp://cdsarc.
u-strasbg.fr/viz-bin/cat/J/A+A/647/A42

** Member of the International Max Planck Research School (IMPRS)
for Astronomy and Astrophysics at the Universities of Bonn and
Cologne.

interstellar chemistry (see Godard et al. 2014, and references
therein). Theoretical models of the diffuse interstellar clouds in
the line of sight (LOS) toward ¢ Per by Black et al. (1978) and
van Dishoeck & Black (1986) as well as equilibrium models of
dense clouds in Orion by Prasad & Huntress (1980) have pre-
dicted CH; to possess abundances similar to, if not greater than,
that of CH. Both species are primarily formed by the dissocia-
tive recombination of the methyl ion CH3 with an electron and
both are destroyed in dense clouds via reactions with atomic oxy-
gen to form HCO and HCO*, which are chemical species that
act as building blocks for more complex interstellar molecules.
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Vejby-Christensen et al. (1997) computed the complete branch-
ing ratios of the different possible reaction products of the
dissociative recombination reaction of CH;r and found that CH,
was the major reaction product with a branching ratio of 40%.
Additionally, CH, has been speculated to play an important
role in the photo-dissociation sequence of methane (CHy) in
cometary ice mantles (van Dishoeck et al. 1996). Despite its
importance and large predicted abundances, CH, is yet to be
detected in comets and only a handful of detections have been
made in the interstellar medium (ISM), unlike the ubiquitous
CH.

Even laboratory measurements of this simple radical have
proven to be difficult owing to its reactive nature and to its light-
ness and peculiar b-type selection-rules (Michael et al. 2003;
Briinken et al. 2004). The latter two characteristics result in
widely spaced energy levels particularly between the energeti-
cally lowest rotational states of CH,. With only four rotational
transitions below 1000 GHz (as shown in Fig. 1), the rota-
tional transitions of CH; are difficult to target in the laboratory,
and even more so with astronomical observations, as they are
either inaccessible from the ground or lie close to the edges of
atmospheric windows.

CH, was first unambiguously detected in the ISM by Hollis
et al. (1995) who identified the intrinsically strongest fine- and
hyperfine-structure (HFS) transitions of the Ng g, = 404—313
multiplet of ortho-CH,. The frequencies of the detected lines
lie in the 68—71 GHz spectral range (~4.3 mm), not far from
the high frequency edge of the absorption band from atmo-
spheric O,, which effectively demarcates the radio- from the
millimetre wavelength range. Their detections became possible
after accurate frequencies had been measured in the laboratory
by Lovas et al. (1983). These transitions arise from levels with
energies of ~225 K above the ground state and were observed
in emission toward the dense molecular ‘hot cores’ associated
with the Kleinmann-Low Nebula in Orion Molecular Cloud 1
(Orion-KL) and W51 Main.

Following this work, several other astronomical searches for
CH; have been published, but Lyu et al. (2001) reported the ten-
tative detectionoof several of the electronic bands of CH, near
1410 and 1416 A toward HD 154368 and £ Oph in absorption.
However, recently Welty et al. (2020) were only able to publish
an upper limit for CH, absorption near 1397 A from the rela-
tively dense molecular core of the translucent interstellar cloud
in the LOS to HD 62542. Their upper limits on the CH, col-
umn density are six and three times lower, respectively, than the
nominal values given by Lyu et al. (2001) for HD 154368 and
¢ Oph.

A breakthrough came with the detection of far-infrared (FIR)
absorption lines from low-lying energy levels of both of CH,’s
spin isomeric forms, the ortho- and para-CH,, which were dis-
covered toward the intense dust continuum emission of the
Sgr B2 (M) and W49 N high-mass star-forming regions (SFRs)
by Polehampton et al. (2005) from the data taken with the Long
Wavelength Spectrometer (LWS, Clegg et al. 1996) aboard the
Infrared Space Observatory (ISO); see also Polehampton et al.
(2007). Absorption was not only found at the systemic LSR
velocities of the SFRs, but also at the velocities of diffuse
and translucent interstellar clouds intervening along the lines
of sight. These detections were enabled by accurate frequency
measurements provided by the Cologne molecular spectroscopy
laboratory and astrophysics group (Briinken et al. 2004). These
supra-terahertz absorption lines not only represent the first detec-
tion of CH; in low excitation states, but they also yield reliable
total CH, column densities, N(CH,), of (7.5 = 1.1) x 10" cm™2,
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Fig. 1. Ground state rotational energy level diagram of ortho-, and para-
CH, up to an energy of 350 K, adapted from Briinken et al. (2004).
Transitions measured in the laboratory are labelled with their respec-
tive transitions indicated by arrows. Highlighted in red and blue are the
transitions that are discussed in this paper. The corresponding fine- and
hyperfine structure transitions are not depicted here as they would not
be visible on this scale.

which are consistent with chemical model predictions for diffuse
clouds.

In this paper, we report the detection of the Nk, =
404—313 transitions of CH, toward nine SFRs — seven of which
CHj; is detected for the first time and attempt to address questions
regarding the origin of its emission. In addition, we also report
the non-detection of the para-CHj,, Nk,x, = 303—212 transitions
between 440-445 GHz toward the Orion molecular cloud, which
were observed with the Atacama Pathfinder Experiment (APEX)
12 m sub-millimetre telescope.

2. CH, spectroscopy

For CH, (®B)), which has a spin angular momentum, S, of unity,
a state with rigid body angular momentum quantum number, N,
splits into three levels with the total angular momentum quan-
tum numbers, J, which have values of N + 1, N, or N — 1.
Each of these rotational levels (Ng, g, displayed in Fig. 1) splits
into three fine-structure levels due to spin-spin and spin-rotation
interactions. Furthermore, CH, contains two identical protons,
each with a nuclear spin, Iy = 1/2, and, consequently, has two
nuclear-spin isomers: ortho (/i = 1) and para (I;or = 0). With a
total hydrogenic nuclear spin /i, of unity, each of the three fine-
structure levels of ortho-CH, further splits into three hyperfine
structure (HFS) levels with total angular quantum number, F, of
J—1,J,and J + 1 for J # 0, while para-CH, states with [, = 0
do not have any HFS splitting.

3. Ortho-CH, emission at 4.3 mm — A summary of
prior results

The 4¢4—313 rotational transitions of ortho-CH, lie in a rarely
observed spectral window, close to the 53-66 GHz atmospheric
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Table 1. Spectroscopic parameters of the rotational transitions of CH,
studied in this work.

Transition Frequency Ag Sij E,
J=J" F -F" [MHz] 1x 1075 [s71] [K]
Ng,k. = 212—303 (para-CH,)
3-4 - 444825.666 59.8 0.928 155.97
2-3 - 439960.991 64.3 1.353 156.27
1-2 - 444913.930 70.1 0.631 155.85
NKaKc = 404—313 (OrthO-CHz)
5-4 6-5 68371.278 0.216 2.329
5-4 68375.875 ) 0.208 1.892 224.22
4-3 68380.873 0.206 1.533
4-3 3-2 70678.633 0.214 1.077
4-3 70679.543 0.210 1.413  224.76
5-4 70680.720 0.223 1.842
3-2 2-1 69007.179 0.171 0.691
3-2 69014.202 *» 0.181 1.023  224.15
4-3 69019.187 0.204 1.480

Notes. The spectroscopic data — frequencies, Einstein A-coefficients
(Ap) and line strengths (S;) were taken from Ozeki & Saito (1995)
and the Cologne Database for Molecular Spectroscopy (Miiller et al.
2005). *“Indicates the central HFS transition, which was used to set the
velocity scale in the analysis.

O, band and comprise three main fine-structure components
J=5—->4,4—-3, and 3 — 2 at 68.37, 70.68, and 69.01 GHz,
respectively (which show additional HFS splitting). The corre-
sponding frequencies and spectroscopic parameters of all the
studied HFS transitions are summarised in Table 1. In addition
to the HFS lines listed, with regard to the ortho-CH, rotational
transitions, for every J — J — 1 fine structure transition, there is
an additional pair of HFS lines with AF = 0. The Einstein A-
coefficients for these lines are smaller than those of the lines
listed in Table 1 with AF = AJ = 1 by factors between =~ 5
and 30'. While these lines were covered in our band pass, none
were detected; for root mean square (rms) noise levels, see
Appendix A. Detected thus far in emission toward hot cores, the
fine-structure lines of 0-CH; and their corresponding HES lines
tabulated in Table 1 are naively expected to be weakly popu-
lated given the physical conditions that prevail in these regions.
Intrigued by the fact that these transitions are observed in emis-
sion, Dagdigian & Lique (2018) carried out simple non-LTE
radiative transfer calculations using the one-dimensional escape
probability code, RADEX (van der Tak et al. 2007). The negative
excitation temperatures that they obtained suggest that the 44
energy level is selectively enhanced by population inversion and
that all three fine-structure transitions show weak maser emis-
sion. However, questions regarding the source of their emission
or the association of these lines with the hot cores could not be
definitively answered.

The Orion Kleinmann-Low (KL) nebula, one of the two
regions in which Hollis et al. (1995) first detected ortho-CH,
(hereafter 0-CHy), is the densest part of Orion Molecular Cloud
1 (OMC-1). In itself, it is a highly complex region, which encom-
passes: (1) the eponymous ‘hot core’, that is, a compact and very

I The CDMS contains a full listing of the CH, transitions under:
https://cdms.astro.uni-koeln.de/cgi-bin/cdmssearch?
file=c014501.cat

dense, hot (>120 K) region that is surrounded by more extended
dense molecular gas; (2) Orion South (here, Orion S), another
hot core that, in contrast to the more famous one in KL (Zapata
et al. 2011), harbours an embedded young stellar object (YSO)
that was first identified as the NH3 emission peak S6 (Batria
et al. 1983) and by SiO emission, indicating outflow activity
(Ziurys & Friberg 1987), which conclusively proves the pres-
ence of an embedded YSO, probably of intermediate mass. In
a complex arrangement, Orion S lies in front of an extension of
the HII region and the photodissociation region (PDR) associ-
ated with the Orion Nebula (M42) (Mangum et al. 1993); (3)
A high density part of this PDR presents the prominent Orion
Bar (Walmsley et al. 2000). To make things complicated, the
0-CH, spectra toward Orion-KL obtained by Hollis et al. (1995)
using the NRAO? Kitt Peak (KP) 12 m radio telescope in Ari-
zona, with a full width at half maximum (FWHM) beam width
of 86", covers several of these components, leaving the origin
of the observed CH; emission unclear. Given the high energies
above the ground state of these lines’ (upper-level energies of
~224 K), it was a natural conclusion to attribute the hot core to
the source of their emission in Orion, whose molecular material
was known to be characterised by temperatures >120 K or even
higher values (see Hermsen et al. 1985, and references therein).

In a series of attempts to elucidate the location and size of
the CH; emission in Orion, we compared the KP 12 m telescope
results with data taken with two larger telescopes, namely, the
Institut de Radioastronomie Millimétrique (IRAM) 30 m and
the Green Bank telescope (GBT) operated by the NRAO. We
scale the emission expected to be observed with the different
telescopes by the inverse of the beam filling factor, that is,
(65 + 63)/63. For the Orion-KL hot core, we estimate a FWHM
source size, 6y, of 12”7, from the Very Large Array (VLA) imag-
ing of the NH3 J, K = (3, 3) line (Pauls et al. 1983), whose energy
levels are 127 K above the ground. For the FWHM beam diam-
eters, 6, of the KP 12 m, and the IRAM 30 m telescopes and
the 100 m GBT, we assume 86", 35" and 12", respectively at
~70 GHz. Compared to the KP 12 m telescope, this should result
in 5.5 and 26 times higher main-beam brightness temperatures,
T'1mp, for the IRAM 30 m telescope and the GBT, respectively.

In 2004, we carried out observations of the 70.68 GHz fine-
structure component of CH, using the IRAM 30 m telescope
toward the Orion-KL region. Remarkably, we did not detect the
0-CH, J =4 — 3 line toward Orion-KL down to an rms noise
level of 25 mK in the Ty, scale, smoothed to a common velocity
resolution of 0.66 km s~!. If the 0-CH, emission was indeed
shown to arise from the famous hot core, then we would expect
the line to have been detected with a Ty, ~ 140 mK with the
IRAM 30 m telescope.

Moreover, the CH, transitions also remained undetected in
the 67-93.6 GHz spectral line survey presented by Frayer et al.
(2015) toward Orion-KL using the GBT, at an rms noise level of
~61 mK at 68 GHz and 36 mK at 70 GHz. The 4 mm receiver
on the GBT (FWHM ~ 12") was pointed directly at the posi-
tion of the Orion-KL hot core. Scaling here also the KP 12 m
telescope data by the beam filling factor for a compact source
with a FWHM of 12" in both the KP 12 m telescope and GBT,
we expect the Ty, measured by the GBT to be ~0.65 K for
the J=5 — 4 transition of 0-CH, at 68 GHz, that is, 26 times
higher than that measured using the KP 12 m telescope. The
non-detections of these CH, transitions using the IRAM 30 m

2 The National Radio Astronomy Observatory is operated by Asso-
ciated Universities, Inc., under contract by the National Science
Foundation.
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telescope and the GBT suggest that 0-CHj is simply not present
within the dense Orion-KL hot core itself and that, instead, its
emission arises from a more diffuse (and presumably also warm)
surrounding medium. This is not surprising as chemical mod-
els (Black et al. 1978; Prasad & Huntress 1980; Lee et al. 1996)
have previously predicted high abundances of 0-CH, in both dif-
fuse regions as well as in intermediate density gas layers at the
edges of dense clouds. This motivated our search for hot 0o-CH,
in Orion among regions outside of the hot core.

The remainder of this paper is structured as follows. In
Sect. 4, we describe all our observations of CH,, as well as those
of carbon radio recombination lines (CRRLSs). We present the
data in Sect. 5. Here, we start out by quite extensively describ-
ing our attempts to clarify the origin of the 68—71 GHz Nk k. =
404—313 0-CH, emission lines in several diverse environments
spread over ~0.2 pc in OMC-1 and the PDR associated with the
Orion Nebula.

Next, we briefly summarise our negative results for the
Nk,x., = 212—303 sub-millimetre wavelength transitions of
para-CH, (hereafter p-CH,) that have frequencies between 440
and 445 GHz. After this, we present the results of our obser-
vations of the 68-71 GHz o-CH, line toward other sources,
which also contain PDRs, and compare them with the CRRL
data. This is followed-up by our analysis of the CH, data in
Sect. 6, where we describe our chemistry modelling and radiative
transfer analysis. Finally, in Sect. 7 we discuss the main conclu-
sions drawn from our results and provide a brief summary of the
observational state of the art and future prospects of studies of
interstellar CH, in Sect. 8.

4. Observations

Motivated by the above considerations, we searched for o-CH,
in hot media with intermediate densities near the envelopes of
hot cores, that is, PDRs, which form at the interface between HII
regions and dense molecular clouds and are characterised by the
density of the cloud and the strength of the far-ultraviolet (FUV)
(6 eV < hy < 13.6 eV) radiation field. In order to investigate the
possible scenario in which the observed 0-CH, emission arises
from PDRs, we first re-examined the fine-structure transitions of
0-CH, at 68 and 70 GHz and their associated HFS transitions
using the KP 12 m telescope toward a number of positions in
the OMC-1. Then we followed-up with observations carried out
with the new receiver covering the 4 mm band of the Onsala
20 m telescope (Belitsky et al. 2015).

The majority of the additional sources toward which we
carried out our search (and not located in Orion) represent well-
known HII regions and giant molecular cloud (GMC) cores
showing active star formation. We targeted positions correspond-
ing to peaks identified by a previous mapping of other continuum
emission and molecular lines. The observed positions coincide
with bona fide HII regions and the substantial distances (>2 kpc)
imply that their associated PDRs have little or no angular off-
set from the fully ionised gas and are also covered in our 52”
FWHM single-dish beam. Our study is further supplemented
with observations of p-CH, at 444 GHz made using the APEX
12 m telescope and of CRRLs made using the Effelsberg 100 m
telescope. In the following sections, we describe the technical
aspects of these observations.

4.1. KP 12 m telescope

The observations of Orion-KL were carried out between October
and November 2005 (project id: 5029) and between January
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and April 2006 using the 3 mm receiver of the KP 12 m tele-
scope. The dual channel single sideband system was operated
in dual polarisation mode, using the Millimetre Auto Correla-
tor (MAC) as backend, which provided a spectral resolution of
391 kHz over 8192 channels, spanning an effective bandwidth
of 300 MHz. Thus, two frequency setups were required, centred
on 68.370 and 70.679 GHz to cover each of the individual 5-4
and 4-3 HFS triplets, respectively. The observed positions lie
in the vicinity of the hot core region and include the hot core
itself (Orion-KL in the following), as well as the Orion S* a
position between Orion-KL and S (here referred to as KL/S),
the so-called radical-ion peak (RIP) located 4’ north of Orion-
KL (Ungerechts et al. 1997), and the Orion Bar, a neighbouring
PDR. This Orion Bar position was neither covered by the beam
of the KP 12 m, nor that of the IRAM 30 m telescopes in previ-
ous observations. Moreover, the 68-71 GHz CH, transitions were
also not covered by the line survey carried out by Cuadrado et al.
(2016) between 80-360 GHz using the IRAM 30 m telescope
toward the same position. In our observations, the ~86” beam
of the KP 12 m telescope was centred on the source coordinates
tabulated in Tables 2 and 3. The spectra were calibrated using a
main beam efficiency of 0.64. The resultant spectra were then
subsequently processed using the GILDAS-CLASS software*
(Pety 2005) and up to a second order polynomial baseline was
removed.

4.2. Onsala 20 m telescope

In April and May 2019, we observed the Nk, = 404—313
transitions of o-CH, using the 4 mm receiver on the Onsala
20 m telescope (Walker et al. 2016; project id: 02018b-07) and
followed-up with further observations in January and February
2020. The new 4 mm receiver, equipped with a cooled dual-
polarisation high electron mobility transistor (HEMT) amplifier,
was tuned to a frequency of 69.52 GHz, such that all three fine-
structure components (with a maximum separation of 2.3 GHz)
and their respective HFS components could be observed simul-
taneously, while leaving enough baseline on either side of the
4 GHz IF bandpass. The FWHM beam width at this frequency
(69 GHz) was measured to be 52”. The observations were car-
ried out in dual beam switch mode with a beam throw of 10.’5.
Using the 4 GHz bandwidth provided by the OSA (Onsala Spec-
trometer A), fast Fourier Fourier Transform spectrometer (FFTS)
backend, with a spectral resolution of 76.294 kHz, we achieved
a velocity resolution of 0.3 km s~!. Timely pointing and focus
accuracy checks were performed by observing nearby stellar Si0O
(v=1,J =2 — 1) masers.

The intensity calibration was done every 12 min using
the standard chopper-wheel method, whereby the second order
chopper-wheel correction term was calculated and applied fol-
lowing Ulich & Haas (1976). We express the intensity scale
of our spectra in units of 7y, by assuming a main beam effi-
ciency of 0.55 (on average), while the velocity scale is given
with respect to the local standard of rest. Similarly to the KP
12 m data, the calibrated spectra obtained using the Onsala
20 m telescope were further analysed using the CLASS software.

3 We pointed at a position that is at an offset of (=5, +12)” relative to
that used by Tahani et al. (2016) for their line survey, which is negligible
given the KP 12 m’s 86” FWHM beam.

4 Software package developed by IRAM, see https://www.iram.
fr/IRAMFR/GILDAS/ for more information regarding GILDAS
packages.
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Table 2. Summary of 0-CH, observations using the KP 12 m, and Onsala 20 m telescopes toward the Orion pointing positions and their

corresponding line parameters.

Source 12000 612000 Line Usys ULSR Av Two @ tms® S/N©@ (S/N)o @
[MHz] [kms™'] [kms™'] [kms™] [mK] [mK]
KP 12 m telescope

Orion-KL 05:35:14.10 -05:22:26.54 70678.633 3.0-6.0 13.4(0.6) 5.2(0.6) 12.7(3.2) 6.5 20 4.3
70679.543 9.5(0.6) 5.2(0.6) 16.6(4.2) 6.5 2.5
70680.720 4.5(0.6) 5.2(0.6) 21.7(5.4) 6.5 3.3

Orion S 05:35:13.10 —05:23:56.00 70678.633 6.5-8 12.4(0.4) 5.2(0.5) 20.1(3.2) 70 2.8 6.1
70679.543 8.5(0.4) 5.2(0.5) 26.4(4.2) 70 3.8
70680.720 3.5(0.4) 5.2(0.5) 34.4(5.4) 70 4.9
68371.278 -13.8(0.4) 4.9(1.0) 35.2(9.6) 71 5.0
68375.875 7.6(0.4) 5.2(09) 38.3(8.6) 70 54
68380.873 28.8(0.4) 4.8(0.8) 28.7(7.0) 70 4.1

Orion-KL/S 05:35:07.60 —05:23:11.00 70678.633 6-12 16.4(0.7) 3.5(0.5) 20.1(4.6) 72 2.7 33
70679.543 12.5(0.7) 3.5(0.5) 26.4(6.0) 72 3.6
70680.720 750.7) 3505 344(68) 72 47

Orion RIP 05:35:15.80 —05:19:00.50 70678.633 8-10 12.8(0.9) 3.1(0.7) 19.9(3.6) 62 32 4.0
70679.543 9.0(0.9) 3.1(0.7) 26.14.7) 6.2 42
70680.720 4.000.9) 3.1(0.7) 34.0(6.1) 6.2 55

Orion Bar 05:35:22.80 -05:25:01.00 70678.633 9-10 15.4(0.3) 2.6(0.6) 21.1(6.0) 11.5 1.8 2.8
70679.543 11.5(0.3) 2.6(0.6) 27.7(8.0) 115 24
70680.720 6.5(0.3) 2.6(0.6) 36.1(10.3) 11.5 3.1
68371.278 —11.4(0.3) 2.1(0.5) 33.1(11.6) 7.8 4.2
68375.875 ® 10.8(0.3) 2.2(0.5) 39.4(12.1) 7.8 5.0
68380.873 30.8(0.3) 2.8(0.5) 39.5(10.7) 7.8 5.0
OSSO0 20 m telescope

Orion-KL/S (1) 05:35:16.96 -05:22:02.7 70679.633 6-12 19.4(1.8) 4.5(1.2) 23.8(7.5) 142 1.7 2.2
70679.543 15.5(1.8) 4.5(1.2) 31.3(9.7) 142 2.2
70680.720 10.5(1.8) 4.5(1.2) 40.8(12.8) 142 2.8

Orion-KL/S (6) 05:35:24.96 -05:22:32.7 70679.633 6-12 16.3(1.3) 4.7(0.9) 23.9(5.1) 13.8 1.7 3.1
70679.543 12.5(1.3) 4.7(0.9) 31.4(6.6) 13.8 2.3
70680.720 7.5(1.3) 4.7(0.9) 40.8(8.8) 13.8 3.0

Orion Bar (2) 05:35:22.80 —-05:25:01.0 70679.633 9-10 15.4(1.0) 4.7(1.1) 28.8(14.6) 253 1.1 2.3
70679.543 11.5(1.0) 4.7(1.1) 37.9(19.1) 253 1.5
70680.720 6.5(1.0) 4.7(1.1) 49.3(24.7) 253 19

Orion Bar (5) 05:35:20.81 -05:25:17.1 70679.633 9-10 15.4(0.8) 5.0(1.0) 28.8(8.4) 15.0 19 3.8
70679.543 11.5(0.8) 5.0(1.0) 37.9(11.4) 150 2.5
70680.720 6.5(0.8) 5.0(1.0) 49.3(14.5) 15.0 3.3

Notes. “Peak main-beam brightness temperature derived from the integrated intensity of the detected line features. ¥’ The rms noise level on
the Ty scale, quoted for a spectral resolution of 0.85 and 0.97 km s~! for observations made using the KP 12 m, and Onsala 20 m telescopes,
respectively. ©The signal-to-noise ratio (S/N) with respect to the peak line temperature. "The S/N of the integrated intensity calculated from the
listed rms noise levels and line widths for the 70 GHz CH, line. ®Represents the HFS component used to determine the LSR velocity axes of the
spectra shown in Fig. 2. For each HFS line, the velocities of the other HFS components are listed as they appear in the spectra shown in this figure.
References. For the radial velocities, see Gong et al. (2015) and references therein.

However, we see signatures of a regular standing-wave pat-
tern with a frequency of ~16 MHz, which are likely associated
with the enclosing radome structure whose reflective properties
worsen at the lower end of the 4 mm band. This is particu-
larly so for the observations toward Orion, whose transit at the
Onsala 20 m telescope is much lower in comparison to that at
the KP 12 m telescope. We corrected for contributions from
the standing-wave features by using a standard standing-wave
removal method based on a Fast Fourier Transform analysis.
The resulting spectra are then box-smoothed to velocity bins of
~1 km s~! and polynomial baselines up to the third order were
subtracted.

4.3. APEX 12 m telescope

The fine-structure components of the Nk, x, = 21,—303 transition
of p-CH, were observed in 2013 August’, using the high fre-
quency channel of the sideband separating (2SB), dual frequency
band First Light APEX Submillimetre Heterodyne Receiver,
FLASH (hereafter FLASH-460, Heyminck et al. 2006) on the
APEX 12 m sub-millimetre telescope6 (Giisten et al. 2006). The

5 Project id: M-091.F-0040-2013.

6 APEX is a collaboration between the Max-Planck-Institut fiir
Radioastronomie, the European Southern Observatory, and the Onsala
Space Observatory.
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Table 3. Summary of 0-CH, observations using the Onsala 20 m telescope and derived line parameters toward the other sources presented in this
study.

Source Q12000 812000 Line Vsys ULSR Av Twr @  tms® S/N© (§/N) @
[MHz] [kms™'] [kms™'] [kms!] [mK] [mK]

W3 1IRS5 02:25:40.5 62:05:52 70678.633 -39.0[1] -35.1(0.5) 7.3(0.9) 22.9(6.4) 98 2.3 5.0
70679.543 -39.0(0.5) 7.3(0.9) 30.0(8.4) 9.8 3.1
70680.720 —44.0(0.5) 7.3(0.9) 39.109.3) 9.8 4.0
68371.278 ~60.4(0.3) 54(0.8) 21.6(4.0) 44 49
68375.875 ) ~40.1003) 62(0.6) 25033) 45 56
68380.973 —19.0(0.3) 5.5(0.5) 27.5(3.4) 45 6.2
69007.179 © ~593(0.4) 87(09) 8227) 30 28
69014.202 ® -39.0(0.4) 6.9(1.3) 13.3(2.8) 3.0 44
69019.187 27504) 97(22)  99(29) 3.0 33

W51 E 19:23:44.0 14:30:30  70679.633 +57.8[2] +60.4(0.7) 9.0(0.5) 19.9(0.6) 11.0 1.8 4.4
70679.543 +56.5(0.7) 9.00.5) 261(0.7) 110 2.4
70680.720 +51.5(0.7) 9.0(0.5) 34.0(0.9) 11.0 3.1

W51 M 19:23:42.0 14:30:36  70679.633 +60.8[2] +63.4(0.5) 9.2(1.1) 24.0(6.1) 93 2.6 4.5
70679.543 +5950.5 92(11) 313(72) 93 3.4
70680.720 +54500.5) 9.2(11) 408(9.5) 93 44

W51 N 19:23:40.0 14:31:10 70679.633 +60.8[2] +64.1(0.7) 9.2(0.7) 12.4(6.2) 92 1.3 3.4
70679.543 +602(0.7) 92(0.7) 163(70) 92 18
70680.720 +55.2(0.7) 9.2(0.7) 21.2(9.0) 92 23

W49 N 19:10:13.6  09:06:15  70679.633 +10.0[3] +11.8(0.8) 9.2(1.0) 23.6(0.8) 11.5 2.0 4.0
70679.543 +8.0(0.8) 92(1.0) 310(10.1) 115 2.7
70680.720 +3.0(08) 92(1.0) 404(131) 115 35

W43 18:47:36.9 —-01:55:30 70679.633 +89.4[4] +92.8(1.1) 9.2(0.8) 11.2(4.3) 10.2 1.1 33
70679.543 +885(11) 9.2(0.8) 147(54) 102 14
70680.720 +83.5(1.1) 9.2(0.8) 19.1(7.3) 102 2.0

DR21 20:39:02.0 42:19:42  70679.633 -3.0[5] +1.9(0.7) 9.2(0.7) 7.5(2.3) 54 14 4.1
70679.543 ~20(0.7) 920.7) 9.83.0) 54 18
70680.720 =7.00.7) 9.2(0.7) 12.8(3.8) 54 24

W75 N 20:38:36.5 42:37:35  70679.633 +9.0[5] +13.4(0.8) 2.4(0.1) 10.4(2.0) 53 20 3.5
70679.543 +950.8) 24(0.1) 13.726) 53 26
70680.720 +45(08) 24(01) 17934) 53 34

S140 22:19:11.5 63:17:47 70679.633 -8.5[6] -71(0.8) 4.7(0.6) 26.1(10.4) 16.7 1.6 3.0
70679.543 ~11.000.8) 4.7(0.6) 343(137) 167 2.1
70680.720 —16.0(0.8) 4.7(0.6) 44.6(17.8) 16.7 2.7

Notes. “Peak temperature derived from the integrated intensity of the detected line features. ’The rms noise level on Ty, scale, quoted for a
spectral resolution of 0.97 km s~! for observations made using the Onsala 20 m telescope. “The signal-to-noise ratio (S/N) with respect to the peak
line temperature. “The S/N of the integrated intensity calculated from the listed rms noise levels and line widths for the 70 GHz CHj line. ’The
reported intensity for this component accounts for contributions from the blended NS J, F = 3/2,3/2 — 1/2,1/2 line at 69 017.995 MHz. This line
was modelled using the NS J, F = 3/2,5/2 — 3/2,1/2 HFS line at 69 002.890 MHz, which is also covered in the same bandpass. ®Represents
the HFS component used to determine the LSR velocity axes of the spectra shown in Fig. 8. For each HFS line, the velocities of the other HFS
components are listed as they appear in the spectra shown in this figure.

References. For the radial velocities: [1] Imai et al. (2000); [2] Parsons et al. (2012); [3] Jackson & Kraemer (1994); [4] Bally et al. (2010);
[5] Dickel et al. (1978); [6] Bally et al. (2002).

FWHM beam size at 443 GHz is 14”. The bandpass was selected
such that we covered the 444 GHz transitions in the upper side-
band alongside the 13CO J=4 — 3 transition at 439.088 GHz,
which made for an excellent reference for monitoring the calibra-
tion during the observations. We observed the same Orion-KL,
Orion S, and Orion RIP positions as discussed above, along
with two positions in the Orion Bar, corresponding to the CO
and HCN abundance peaks (see Nagy et al. 2015a, and ref-
erences therein). The FFTS, providing a 4 GHz bandwidth in
each sideband, was used as backend for these observations to
achieve a spectral resolution of 76.3 kHz. The data was subse-
quently reduced and processed using the CLASS software with
a forward efficiency of 0.95 and a main beam efficiency of 0.60.
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Polynomial baselines up to a second order were removed and the
subsequently obtained spectrum was box-smoothed to channel
widths of 1 km s~!. Each pointing position was integrated on,
for a total time of ~23 mins, except for the Orion S position,
toward which we carried out deeper integration’, for a total time
of 12.7 h.

4.4. Effelsberg-100 m telescope

We performed CRRL measurements (project id: 08-19)
toward those targets with successful detections of CH,, in

7 Project id: M-091.F-0045-2013.
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position-switching mode with the S20 mm receiver of the 100-
m telescope at Effelsberg, Germany®, on 2019 5-6 July and
22-23 August. The S20mm receiver is a double-beam and dual-
polarisation receiver operating in the frequency range between
12—18 GHz. This range contains An = 1, ‘a’, radio recombina-
tion lines from H, He and C with principal quantum numbers, n,
between 72 and 80. Frequencies of RRLs from all three species
can be calculated following the prescriptions of Lilley & Palmer
(1968), or simply retrieved from the Splatalogue database’.

For our analysis, we only use data from the central beam
of the S20 receiver. The FFTS (e.g. Klein et al. 2012) data
serve as backend, each of which consists of 65536 channels.
For the observations toward the different Orion positions and
W3 IRSS, we used a total bandwidth of 300 MHz with a chan-
nel width of 4.6 kHz, corresponding to a velocity spacing of
0.09 km s~ at 15 GHz. Our observations of the other targets
utilised a total bandwidth of 5 GHz and a channel width of
38.1 kHz, corresponding to a velocity spacing of 0.76 km s~!
at 15 GHz. The focus was adjusted using observations of strong
continuum sources at the beginning of each observing session.
Pointing observations were carried out roughly every two hours
toward strong continuum sources nearby. The pointing accu-
racy was found be less than 5. NGC 7027 was used as the
flux calibrator, and the flux calibration accuracy is estimated
to be within ~10%. The observations took about 20 hours in
total. The FWHM beam width is 48" at 15 GHz. This angu-
lar resolution allows for a meaningful comparison with the CH,
transitions observed using the Onsala telescope at ~69 GHz
(with a FWHM of 52”). The main beam efficiency is about
0.65 and the typical system temperature is about 15 K. The
data reduction was once again performed using the CLASS
software.

5. Results
5.1. Line profiles

The lines of the HFS triplet of the J =4 — 3 fine structure
transition of CH, overlap with one another because of their close
frequency spacing, Av, of 0.88 and 1.18 MHz, corresponding to
3.7 and 5.0 km s~!, respectively. This blending of the individual
components with one another broadens the observed profile.
While this greatly aids in the detection of this component, it
does not reveal accurate line properties, such as the intrinsic line
width. On the other hand, with a frequency separation of 9.6
and 12 MHz, respectively, the individual HFS components of
the /=5 — 4 and J = 3 — 2 transitions of CH, near 68 GHz
and 69 GHz, respectively, are well resolved. However, the
F =4 — 3 HFS component of the latter at 69.019187 GHz is
contaminated by emission from the low-lying (E, = 3.3 K) NS
JF=3/2,3/2—1/2,1/2 line at 69.017995 GHz. Therefore,
the HFS-resolved 0-CH; line profiles are modelled by simul-
taneously fitting individual Gaussian profiles to the observed
HEFS lines using the CLASS software. The relative contribution
of the emission from the NS transition present in the strongest
HFS component of the J =3 — 2 line, is modelled by scaling
its intensity with that of the F = 5/2 — 3/2 transition of NS at
69.002890 GHz covered in the same bandpass, by their relative
line strengths under the assumption of local thermal equilibrium
(LTE).

8 The 100-m telescope at Effelsberg is operated by the Max-Planck-
Institut fiir Radioastronomie (MPIFR) on behalf of the Max-Planck
Gesellschaft (MPG).

9 https://splatalogue.online//

For the blended J = 4 — 3 component of o-CH,, we mod-
elled the observations by using the line widths derived from
the J = 5 — 4 transitions near 68 GHz, which are unaffected by
blending and contamination, and thereby we were able to reveal
the true shape of the CH, emission profile. While the thus deter-
mined line width can be used to model the line profiles of the
other fine structure lines, this line is unfortunately not detected
toward a majority of our sources above a 30~ noise level. The rms
noise levels we obtained for the different sources are listed in
Appendix A. For those sources toward which the / =5 — 4 fine
structure line is not detected, the HFS of the J = 4 — 3 transition
is decomposed'’ by minimising the mean square error between
the modelled fit and the observations over several iterations cov-
ering a range of line widths typically between 2 and 10 km s~! in
steps of 0.23 km s~!. This ‘empirical’ model simultaneously fits
the three HFS lines using Gaussian profiles with: (1) positions
determined by the velocity separation of the HFS lines relative to
the 70.679543 GHz component; (2) one common line width; and
(3) individual line intensities estimated by scaling the peak tem-
perature by the line strength of each HFS line. Since the typical
positions are well-known for a given source and the line inten-
sities can be constrained from the observations, the line width
is the only free parameter. Varying the line width in each itera-
tion and comparing the mean square error between the observed
line profile and that of the combined HFS fit, the scheme con-
verges for the line width returning the least error. The errors in
the line parameters are determined from the covariance matrix
and depend on the rms noise of the system. There are additional
systematic uncertainties in the line width, which are caused by
the low signal-to-noise ratio (S/N) in these spectra. A summary
of the derived line parameters is given in Tables 2 and 3.

5.2. 0-CH> in Orion

The spectra observed toward the different Orion positions with
the KP 12 m telescope are displayed in Fig. 2. We detect the
J =4 — 3 fine-structure component of the 4¢4—33 transition of
CH; near 70 GHz toward all the Orion pointing positions at
systemic velocities between 8 and 10 km s~!. A second observa-
tional setup was used toward the Orion S and Bar positions, with
the band centred on the J = 5 — 4 fine-structure components at
68 GHz. We were able to detect the well-separated HFS compo-
nents of the 68 GHz lines toward both positions at a >50 level. In
the spectrum of the 68 GHz component toward Orion S, we also
detect part of the K = 0—3 ladder of the J = 4 — 3 transition of
methyl acetylene, that is, CH;CCH near 68.3649 GHz.

While the measured line intensity toward Orion-KL is con-
sistent with that of the original detection by Hollis et al. (1995),
we find the line intensities derived toward the other Orion posi-
tions to be of very comparable, if not greater, strengths than
the strongest emission being seen toward the Orion S position.
The successful detection and higher CH, intensities observed
toward regions outside of the hot core once again brings into
question the association of the CH, emission with the hot core.
Moreover, we detect CH, emission toward an intermediate posi-
tion between Orion-KL and S, which we name Orion KL/S and
toward which we would not expect any CH, emission if it were
confined to the hot core. The detection of this high-lying CH,
transition toward all the Orion positions with comparable line
strengths, indicates an extended emission component of CH,
arising from a rather dilute, but hot ISM component and also
suggests that this molecule is simply not found within the hot

10 This analysis was carried out using Python packages numpy and scipy
(Harris et al. 2020).
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steps of 100 K km s~! toward OMC-1, adapted from Pabst et al. (2019). The positions observed using the KP 12 m telescope are marked by blue
crosses, while the blue circles represent the KP beam. The corresponding calibrated and baseline subtracted o-CH, spectra are displayed alongside
the map. The individual fits to the HFS components are displayed by dotted blue curves while solid red curves displays the combined fit. The
positions and relative intensities of the HFS components are marked below the spectra. The dashed blue line indicates the systemic velocities of the
sources which lie between +7 and +11 km s~!. In light blue we also mark the CH;CCH lines covered in the 68 375 MHz spectrum toward Orion S.

The velocity scale is set by the F’ — F” =

core. The compatibility of the intrinsic velocity of the observed
CH,; emission toward Orion KL with that of the extended ridge
component, v sg = 8-10 km s7! (see Gong et al. 2015, and
references therein), which represents the typical velocities of
the ambient gas present in this region and further hints at the
extended nature of the CH, emission. Since these observa-
tions were once again carried out using the KP 12 m telescope
with a large beam size, the resulting signal may certainly con-
tain contributions from neighbouring regions located within the
beam.

In an attempt to address the question of where the CH,
emission arises from, we studied the emission characteristics
of this molecule at several positions within the Orion com-
plex, using the Onsala 20 m telescope, which has a beam size
of 54” at 69 GHz. These results are discussed in Sect. 5.3.
For convenience, the pointing positions chosen for our study
are grouped into two, namely, the Orion KL/S and Orion Bar
regions, respectively. The different positions are classified based
on their proximity to either the hot core, Orion-KL, or to the
PDR, the Orion Bar.

5.3. A closer look at the source of CH»> emission
5.3.1. The Orion KL/S region

In addition to the nominal Orion-KL and Orion S positions
used in our KP observations (hereafter referred to as Orion
KL/S positions (2) and (5)), we also observe four positions
corresponding to the massive O7V star #' Ori C, position (4),
which is responsible for the ionisation of the Orion Nebula,
[CI1] peak positions (1) and (6) selected from Pabst et al. (2019)
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J—J — 1 HFS line (see Table 1).

and a position between the Orion-KL and S regions, position
(3). In Fig. 3, we display the calibrated and baseline-subtracted
spectra observed toward the different Orion KL/S positions.
We detect CH, emission toward the two [CII] peak positions
marked (1) and (6), at a ~30 level with an average rms noise
of 14 mK for the two spectra. However, we see no clear sig-
nal toward the other Orion KL/S positions, above an rms noise
level of 22 mK on average. For the positions toward which
we do not clearly detect CH,, we stack and then average the
spectra (taken three at a time) in order to reduce the spectral
noise and investigate our suspicion that the CH, emission is
extended. The resulting spectra are displayed in the bottom panel
of Fig. 3. Upon scaling the fit results obtained toward positions
(1) and (6), we see that all four independent combinations of
the stacked and averaged profiles hint at the presence of a sig-
nal at velocities close to the systemic velocity of the source.
The strongest CH, signals are observed in the profiles that
result from the combination of positions (2, 3, 5) and (3, 4, 5).
This suggests that the CH, emission is weakest at positions (2)
and (4) which correspond to the Orion-KL hot core and the
6' Ori C positions, respectively. Cross-correlating the intensi-
ties integrated over a velocity range from —10 to +20 km s~!
(which is roughly the velocity interval over which we expect
to observe CH, signatures) obtained toward the individual, and
combined sets of pointing positions amongst each other, we
find that positions (2) and (4) show negative correlations toward
almost all other sources. The negative and/or weak correlations
(tending to zero) shown by these components (see Fig. 4) sug-
gest that there is no association between them and reveal that
CHj; is likely not present within the hot core. The correlations
we present were computed using the Pearson product moment
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Fig. 4. Pearson product-moment correlation coefficients between the
integrated 0-CH, intensities, observed toward the individual and com-
bined pointing positions in the Orion KL/S region.

correlation coefficient. This coefficient describes the strength of
the linear relationship between each pair of spectra by using the
standard deviation of each data set and the covariance between
them. The underlying assumption made in this calculation is
that the data follow a Gaussian distribution. For comparison, we
also computed the correlation strengths based on non-parametric

statistics by using the Spearman correlation coefficient. While
the relative strengths produced by both methods are different,
they both reproduce the same monotonic trends in their corre-
lations. Since the aim of this analysis is to simply distinguish
the nature of the correlation, namely positive or negative, in all
subsequent analyses that make use of correlation coefficients, we
use the standard Pearson coefficient.

The detection of CH, toward the hot core initially discussed
in Hollis et al. (1995) and also in this work, can now be explained
through its successful detection in the Orion KL/S (1) position.
Offset from the nominal Orion KL position by (40.2”, 24.8”), a
part of Orion KL/S (1) is covered by the KP 12 m beam. This
resolves the observational discrepancies between the KP 12 m
telescope, the GBT, and the IRAM 30 m telescope (detailed in
Sect. 3) and indicates that the CH, emission is associated with
gas layers similar to those traced by [CII]. Sensitivity is of course
another important factor. As discussed earlier, given its extended
emission, we would expect to observe CH, with a similar line
strength using the different telescopes. The non-detections using
the IRAM 30 m telescope and GBT therefore exclude the possi-
bility that the CH, emission originates in compact regions like
hot cores.

5.3.2. The Orion Bar region

In addition to the Orion Bar position previously observed using
the KP 12 m telescope, which corresponds to the peak of the
CO emission (hereafter known as Orion Bar position (2)), we
carried out observations toward four additional positions. They
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Fig. 5. Top: same as Fig. 3 but for 0-CH, observations made using the Onsala 20 m telescope toward the Orion Bar region. The blue circles
represent the beam size of the Onsala 20 m telescope centred at the different pointing positions and the dotted white circle marks the KP beam at
the Orion Bar position marked in Fig. 2. Bottom: stacked and averaged o-CH, spectra obtained by combining the Orion KL/S pointing positions
(1), (3), and (4), two at a time and all together. The line fits are scaled using the line parameters obtained toward Orion Bar positions (2) and (5).

correspond to positions at or near the emission peaks of HCN,
CF*, C,H, and CO* and are labelled (1), (3), (4), and (5), respec-
tively, as displayed in Fig. 5. The positions were selected on the
basis of previous studies by Neufeld et al. (2006), Stoerzer et al.
(1995), Cuadrado et al. (2015), and Nagy et al. (2015a) and ref-
erences therein. CH, emission is detected at a 2.3 and 40 level
toward the Orion Bar nominal position (2) and the C,H emis-
sion peak at position (5) at an rms noise level of 25 and 15 mK,
respectively. We do not detect any appreciable signal from the
other Orion Bar positions, even toward positions (1) and (3) at
rms noise levels down to 17 mK.

Similar to the pointing positions toward the Orion KL/S
region for which we do not detect CH, emission, we stack
and average the positions with non-detections in the Orion Bar
region. The combined profiles of the independent pairs between
positions (1), (3), and (4), as well as that obtained when consider-
ing all three together, are displayed in the bottom panel of Fig. 5.
Scaling the fit parameters obtained from position (2), we find
that there is a weak indication of CH, emission present in all the
combinations. Carrying out a correlation analysis amongst the
different Orion Bar positions we do not see any anti-correlations.
However, from the correlation matrix presented in Fig. 6 we
infer that position (3) has the weakest correlation coefficients
particularly with that of positions (1), (4), and (5).

The observed CH, emission in the Orion Bar suggests that
the molecule’s abundance decreases as we move away from the
ionisation front (near the HII region) and toward the molecular
clouds deeper within the PDR. Observations of HF emission by
Kavak et al. (2019) across the Orion Bar centred near the CO*
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Fig. 6. Pearson product-moment correlation coefficients between the
integrated 0o-CH, intensities, observed toward the individual and com-
bined pointing positions in the Orion Bar region.

peak reveals a similar morphology. These authors were able to
show that the bulk of the HF emission peaked in a region sepa-
rating the H, and [CII] emission from the molecular emission in
the denser clumps or close to the ionisation front. A direct com-
parison between the CH, and HF emissions is difficult because
both sets of observations were carried out toward different posi-
tions in the Bar. However, since emission from both species has
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Fig. 7. Left: spectra of the 0-CH, J=4 — 3 fine-structure level toward (fop to bottom) W51 N, W51 M, and W51 E observed using the Onsala
20 m telescope. The individual fits to the HFS components are displayed by dotted blue curves while solid red curves display the combined fit. The
positions and relative intensities of the corresponding, blended HFS components are displayed below. The dashed blue line indicates the systemic
velocities of the sources which lie ~ + 60 km s~!. Centre: Ku-band image (14.5 GHz, tracing ionised gas) of the W51 region obtained using a
combination of JVLA B and D arrays taken from Ginsburg et al. (2016), is used to indicate the different Onsala pointing positions. The distance
between the different positions is greater than half the beam size of 27" at 69 GHz. Right: position- and HFS-stacked spectrum of the 68 GHz CH,
lines. The strong emission at v >77 km s~! represents contamination from a CH;CCH line (see Sect. 5.2).

been observed near the Orion Bar CO* emission peak, we can
compare the CH, line profile with that observed for HF at this
position (this corresponds to position (2) in Kavak et al. (2019)
and position (5) in this work). Both species show peak emission
at velocities and line widths that are consistent within the error
bars, between 10-10.5 km s~ and 4.4-5 km s~!, respectively.
From their line emission survey over the entire range of fre-
quencies offered by the Herschel Heterodyne Instrument for the
Far Infrared (HIFI) under the HEXOS HIFI key guaranteed time
project, Nagy et al. (2015b) inferred typical line widths between
2 and 3 km s~! toward the Orion Bar CO* peak, with the excep-
tion of a handful of species including HF. The broader line width
of HF was reconciled as being due to its association with diffuse
gas present in the inter-clump regions of Orion Bar. Therefore,
it is conceivable that 0-CH; is also likely to arise from a sim-
ilar cloud population tracing dilute but hot (Ty;, = 120 K) gas,
unlike most of the other species studied by Nagy et al. (2015b)
and others, including Cuadrado et al. (2015, 2017), which trace
gas densities between 10° and 10° cm™3. However, it is difficult to
extend such a comparison toward the other sources in our study
because HF is typically observed in absorption toward the enve-
lope of these molecular clouds even showing several absorption
components along the LOS.

5.4. p-CH> in Orion

The Ng,kx, = 212—303 transitions of p-CH, between 440 and
445 GHz that have upper level energies of 156 K. Lying within a
sub-millimetre window, they are accessible from high-mountain
sites but have gone undetected thus far. Observations of these
p-CH; lines could potentially aid our understanding of CH,’s
excitation. We do not detect any sign of the 444 GHz p-CH,
transitions toward the different Orion positions given in Sect. 4.3
above an rms noise level of 77 mK on average, for a spectral res-
olution of 1 km s~!. Moreover, even after a deeper integration

toward the Orion S position, which resulted in an rms level of
8 mK, we did not detect any signatures of p-CH,. The Einstein
A-coefficients and hence, the critical densities of the 444 GHz
p-CH; lines are two orders of magnitude larger than that of
the 70 GHz o-CH, lines. With critical densities on the order of
2 x 107 cm™ the non-detection of these lines is no surprise and
consistent with our finding that CH, exclusively resides in hot,
but low-density regions.

5.5. CH> in other sources

The results of our observations discussed thus far point to the
origin of the 0-CH; emission in regions of intermediate gas den-
sities in the envelopes of hot cores, probing PDR layers, rather
than the hot cores themselves. In order to confirm the associa-
tion of the observed 0-CH, emission with PDRs, we have also
searched for o-CH, emission in: (1) other well-known SFRs
that harbour PDRs, (2) (proto-) planetary nebulae (PNe) that are
surrounded by molecule-rich envelopes that resemble the com-
position of PDRs and (3) supernovae remnants (SNRs). Their
coordinates are listed in Tables 2, 3 and A.l, alongside their
assumed centroid LSR velocities and, for each line group, the
rms noise levels.

We successfully detected the blended J =4 — 3 transitions of
0-CH, in emission toward W51 M, N, and E, W49 N, W3 IRS5,
W43, W75 N, DR21, and S140 at the systemic velocities of these
sources. The resulting spectra are displayed in Figs. 7-9. In the
following sections, we discuss the observed characteristics of
this line blend for select sources in more detail.

5.5.1. W51

Given that W51 Main (M) was one of the original targets toward
which Hollis et al. (1995) first detected CH,, we re-observed this
position in order to first verify their detection and then carried
out observations toward two luminous condensations harboring
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Fig. 8. Spectra showing the HFS transitions corresponding to the
J=4 -3 (top), J=5—4 (middle) and J=3 —2 (bottom), fine-
structure levels observed using the Onsala 20 m telescope toward
W3 IRSS. The individual fits to the HFS components are displayed by
red curves. The NS contamination near 69 019.180 MHz that blends with
the J,F = 3,4 — 2,3 0-CH, HFS line at 69 017.995 MHz is marked in
light blue. The relative contribution of the NS feature is modelled using
the nearby NS F' = 5/2 — 3/2 transition at 69 002.890 MHz and is dis-
played in light blue. The velocity scale is set by the F* — F” = J-J — 1
HEFS line (see Table 1).

high-mass YSOs present in this region, W51 North (N), also
known as W51 IRS 2, and W51(E).

The W51 cloud complex, lying in the Sagittarius spiral arm at
a distance of 5.4 kpc from the Sun (Sato et al. 2010), is one of the
best-studied SFRs in our Galaxy. W51 E and N are the two active
and presumably youngest centres of activity, hosting the ultra-
compact (UC) HII regions el-e8 and d, respectively (Ginsburg
2017, and references therein), infrared and sub-millimetre con-
tinuum emission (Thronson & Harper 1979; Jaffe et al. 1984),
H,0 and OH masers (Genzel et al. 1981), and knots of hot NH3
(4, K) = (3,3) line-emitting gas (Ho et al. 1983; Goddi et al. 2015;
Ginsburg 2017), all of which are signposts of active star forma-
tion within cores with masses of >10* M each. W51 N and E are
separated by a projected distance of 1’9 pc, with W51 M about
halfway in between. M shows more extended FIR and radio con-
tinuum emission than E and N (Moon & Koo 1994; Thronson &
Harper 1979).

We are able to unambiguously detect the J = 4 — 3 fine-
structure component of the 4¢4—3;3 transition of o-CH, near
70 GHz toward all three positions at the source intrinsic veloc-
ities between 57 and 62 km s~! (see Fig. 7). While the emission
profiles toward each of the three positions are comparable, the
strongest emission arises from the W51 M region, toward which
Hollis et al. (1995) pointed the KP 12 m telescope. This is not
surprising, given that the radio emission (and that from its PDR,
too) has a larger angular size than that from E and N, resulting
in a larger beam filling factor. Therefore, the fact that we see
stronger CH, emission toward the extended HII region W51 M
than toward the much more massive and denser W51 E and N
regions, strongly supports an origin of CH, in extended dilute
gas.
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The observed line profile of the 70 GHz component toward
W51 M is comparable to that reported by Hollis et al. (1995)
however, we do not detect distinct emission from the HFS lines
corresponding to the /=5 — 4 and J =3 — 2 fine-structure
transitions near 68 and 69 GHz, toward any of the three posi-
tions above an average rms noise level of 20 mK. Therefore, in
an attempt to recover an average measurement, we stacked the
observed spectra toward the different W51 pointing positions by
aligning their frequency scales. Due to the contamination from
strong NS emission, it is difficult to disentangle the HFS features
corresponding to the 69 GHz transition. However, the HFS lines
of the 68 GHz component are weakly visible. In order to gauge
the true nature of this emission, we further stacked each of the
individual HFS lines by aligning their velocity scales. This stack-
ing exercise revealed a 3.5 o detection of this line with a width of
9.1 km s~! and a peak line temperature of 23 mK. The line width
determined from this 68 GHz component is consistent with the
value of the intrinsic line width derived from the iterative HFS
decomposition of the 70 GHz lines. The spectrum resulting from
our stacking analysis is displayed alongside the 70 GHz lines
in Fig. 7. This highlights the fact that the non-detection of the
68 GHz and 69 GHz transitions of CH, in our observations is
primarily due to a sensitivity issue.

5.5.2. W3 IRS5

The W3 IRSS cluster system has a well known double IR source
at the centre of an embedded cluster of a few hundred low mass
stars (Megeath et al. 1996). Located in the W3-Main region at a
distance of 2.1 kpc (Megeath et al. 2008; Navarete et al. 2019)
and a total luminosity of 2 x 10> L, (Campbell et al. 1995),
it is considered to be at the early stages of star formation. We
detect the blended HFS transitions of 0-CH; near 70 GHz toward
this region in emission, centred around —40 km s~! (with an
S/N > 5), a typical velocity found for molecular lines in this
region (Dickel et al. 1980) (see Fig. 8). Akin to the observations
toward the different W51 positions, we did not achieve noise lev-
els that are low enough to clearly detect the 68 and 69 GHz
fine-structure lines. However, by stacking our data with a deep
integration spectrum of a bandpass covering 67.3-69.8 GHz,
obtained by one team member during the course of a different
study using the OSO 20 m telescope toward this source, we were
able to detect both the 68 and 69 GHz transitions of 0-CH, and
their respective HFES lines as well.

We find the HFS transitions of the 68 GHz fine-structure
line to be well-resolved with peak temperatures between 21 and
27 mK and line widths of 5.3-6 km s~!, which are compa-
rable with one another, as well as the HFS-stacked 68 GHz
component, toward the combined W51 positions. As discussed
in Sect. 5.1, the strongest HFS component of the 69 GHz line
blends with the F = 3/2 — 1/2 transition of NS. Assuming
that the intensity of the blended NS line at 69.017995 GHz
scales with that of the FF = 5/2 — 3/2 transition of NS at
69.002890 GHz by 0.36, based on their Einstein A-coefficients
and upper level degeneracies, we can decompose the relative
contribution of the NS line from that of 0-CH, under the assump-
tion that they are optically thin for conditions of LTE. The o-CH,
spectra for both the 68 and 69 GHz transitions are displayed in
Fig. 8 along with the modelled fit to the contamination from NS.

5.5.3. Other sources

In addition to the results presented in the above sections, we
successfully detected 0o-CH, emission from the HFS blended
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Fig. 9. Spectra of the 0-CH, J = 4 — 3 fine-structure level toward (clockwise from the top-left) W49 N, W43, W75 N, DR21, and S140 observed
using the Onsala 20 m telescope. The individual fits to the HFS components are displayed by dotted blue curves while solid red curves display the
combined fit. The positions and relative intensities of the corresponding, blended HFS components are displayed below. The dashed blue line in

each panel indicates the systemic velocities of the sources.

J = 4 — 3 transition near 70 GHz, toward W49 N, W43,
W75 N, DR21, and S140 at a > 30 level. The observed spectra
are displayed in Fig. 9 and the results are tabulated in Tables 2
and 3.

At first glance, it appears surprising that the observed line
intensities in the nearby Orion region, which is at a distance of
~400 pc (Menten et al. 2007; Kounkel et al. 2017), are compara-
ble to the values we find for the other more distant regions, which
are between 1.4 kpc (DR21) to 11 kpc (W49 N) away from the
Earth. If all sources (including Orion) were unresolved and had
an identical intrinsic size and line luminosity, then ultimately all
of their emission would be detected in our beam and their mea-
sured intensities would scale with the beam-filling factor. In that
case, emission from Orion would be by far the strongest. In con-
trast, our results indicate that the CH, emission from Orion is
very extended and has a very low surface brightness. This means
that in contrast to the other more distant sources, in the case of
Orion, our beam only samples a small portion of the CH, emis-
sion, resulting in a low intensity in some PDR positions, or even
a non-detection in others, although CH, may be present over
much of the volume of the PDR.

5.6. Comparison with carbon radio recombination lines

The detection of o-CH, toward SFRs strongly suggests that
CH, resides in all cases, as in Orion, in warm intermediate-
density regions, namely PDRs, which surround the denser, fully

molecular material harbouring embedded YSOs. Indeed, the
HFS-decomposed line profiles of the observed CH, spectra show
LSR velocities and line widths that are similar to those of pre-
viously observed prime PDR tracers, namely low frequency
CRRLs and neutral atomic carbon lines; see, for example, Heiles
et al. (1996); Wyrowski et al. (1997); Roshi et al. (2006) and
Jakob et al. (2007).

Having spatial distributions, line widths, and radial veloc-
ities consistent with an origin in the neutral gas close to the
C*/C/CO transition layer, CRRLs are particularly useful tools
for probing the physical conditions and kinematics of these
regions (Hoang-Binh & Walmsley 1974; Natta et al. 1994; Salas
et al. 2019). Since the properties derived from the observed
CRRL line profiles reflect the physical conditions of the PDR,
coupling our observations of 0-CH, with ancillary CRRL data
will help us to constrain the origins of the observed o-CH,
emission.

In the following analysis, we compare the profiles of HFS-
stacked 70 GHz lines with those observed for CRRLs. Because
of the small velocity (frequency) separation between the HFS
lines corresponding to the 70 GHz fine-structure transitions, they
appear to be blended, which makes it difficult to simply stack
them. For this reason, we use the modelled results from the
individual HFS fits for stacking. The expected rms noise of the
stacked and averaged spectrum is then added back to the mod-
elled HFS-stacked profile. The different steps involved in this
exercise are detailed and illustrated in Appendix B.
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Fig. 11. Left: observed Ha, Hea, and Ca transitions for n = 75 toward W3 IRS5. The LSR velocity scale is given with respect to the Ca line
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In the following, as a basis for a CH,/CRRL comparison,
we use a PDR model to explore the abundance versus visual
extinction (A,) profiles of CH,, ionised and neutral carbon (C*
and C, respectively), and other species. We then compare the
model results with observational constraints derived from the
line profiles.

Our models were created using a simple Python-based PDR
code, PyPDR (Bruderer 2019). The code computes chemical
abundances by evolving chemical rate equations iteratively, by
utilising a pure gas-phase, time-dependent chemical network
(except for Hy), containing 30 species, including CH;. The input
conditions used for the model are UV radiation field, Gy, in
Habing units, the total gas density, ny, and the cosmic-ray ioni-
sation rate, {iy. We studied two sets of models with gas densities
ng of 10% and 10° cm™3, each of which was exposed to a UV
radiation field of 1 and 10*. All four models were exposed to the
same cosmic-ray ionisation rates, fixed at (g = 2.2 x 10716 571,
which corresponds to the typical value expected in diffuse and
translucent clouds (Indriolo et al. 2015; Neufeld & Wolfire 2016;
Jacob et al. 2020). The resulting (normalised) abundances of rel-
evant carbon-chain species are displayed in Fig. 10 as a function
of A,. In both models with Gy = 1, the CH, abundance peaks
in the transition layer from C* to C with its distribution peaking
at Ay < 1. The models with a higher UV radiation field show
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the CH, abundance distribution to follow more closely that of
neutral atomic carbon. From both sets of modelled results, it is
clear that CH, traces gas layers between the dissociation front
(which marks the transition from H — H,) and the molecular
cloud, tracing gas layers where C* — C and CO is not the main
reservoir of carbon. Overall, the modelled results are consistent
with our premise that both CH, and CRRLs are probing similar
cloud layers.

In Appendix C, we present a complete summary of the
observed CRRLs; however, as an example, we display the
observed recombination line spectrum toward W3 IRSS in
Fig. 11. Comparing the narrow line profile of the CRRL with
that of the corresponding broader (Av > 30 km s~!) H, and He
RRLs, it is clear (as has been known for a long time) that the
observed CRRLs do not arise from the hot ionised gas of the HIT
region but, rather, from the periphery of these regions, next to
the neutral gas, namely, in PDRs. We separate the narrow line
profiles of the CRRL transitions from those of the broader He
RRLs, with which they are blended, by subtracting a Gaussian fit
to He RRL from the observed spectra. The residual line profile
represents the relative contribution of the CRRL which is then
used in our analysis. As mentioned in Sect. 4, toward some
of the sources, the observational setup we used covers several
RRLs with principal quantum numbers, 7, ranging from 72 to 80
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for An = 1. Since we expect the line properties of consecutive
HRRLs to be similar, we can estimate calibration uncertainties
by comparing the peak temperatures of the different HRRLs cov-
ered in our setups for each individual source. On average, we find
the line strengths to vary by 23% at most. Figure 11 shows that
the centroid velocities and line widths of the CRRLs match the
values of the HFS stacked CH, line emission. This is in agree-
ment with the gas-phase chemistry revealed by our simple PDR
models and strongly suggests that the two species trace the same
gas.

It has been shown by Salgado et al. (2017), that the line
widths of high frequency CRRLs (with n < 100) are dominated
by thermal (Doppler) broadening, while Lorentzian profiles best
describe low frequency CRRLs (with n > 100) because of col-
lisional and/or radiation broadening. Therefore, considering the
effect of line broadening as being only due to the random ther-
mal motion of particles in the gas and non-thermal effects or
turbulence, the observed line widths can be expressed as follows,

kT
e i s B s

where, Ty, is the gas temperature, kg is the Boltzmann constant,
mc is the mass of the carbon atom, and (Avyg )y 1S the root
mean-square measure of the turbulent velocities. Furthermore,
based on the premise that the CRRLs and o-CH, lines trace
the same gas layers, we assume that both species are impacted
by the same turbulent flows and will hence have the same
turbulent widths, (Avnm)crrr = (AUnim)cn,. Additionally, since
the observed line width of the CH, emission is comparable to
that of the CRRL (see Fig. 11), when re-arranging Eq. (1) to
equate the non-thermal components, it is clear that the 0-CH;
gas temperature is simply proportional to that of the CRRL,
scaled by the ratio of their masses.

From CRRL data alone, it would be difficult to accurately
determine the physical conditions of the C* region, for example,
because of uncertainties involved in their excitation or, practi-
cally speaking, simply because of the low intensities of these
lines and their blending with the stronger He RRLs. These issues
can be overcome by comparing the line intensities of CRRLs
with those of the FIR fine-structure line of ionised carbon at
158 um. This approach has been employed by several studies
to constrain the electron density, and temperature of C* layers.
Typically, the temperatures cover a range of values from 1000 K
near the HII region to ~100 K at the outer boundaries of this C*
layer. Modelling this layer toward the W3 region, Sorochenko
& Tsivilev (2000) computed a value for the kinetic temperature,
Tin, of at most 200 K and an electron density of n, = 54 cm3,
The PDR structure used in their analysis was adapted from
Howe et al. (1991) and does not assume a homogeneous dis-
tribution of material but rather that it consists of dense clumps
(ng ~ 10° cm™?) embedded in a dilute medium (ry <300 cm™3)
at Ty, > 100 K in order to be consistent with observations. There-
fore, for the specific case of W3 IRS5 we can constrain the gas
temperature to a value of at most 233 K using Eq. (1).

6. Discussion
6.1. Non-LTE radiative transfer analysis for CH»

We perform non-LTE radiative transfer calculations using the
statistical equilibrium radiative transfer code RADEX (van der
Tak et al. 2007), for a uniform expanding sphere geometry
under the large velocity gradient (LVG) approximation. The code

computes level populations, line intensities, excitation tempera-
tures, and optical depths as a function of the physical conditions
specified as input, based on the escape probability formalism.
Assuming that Hj is the primary collisional partner of CH,
in the ISM, we carry out our non-LTE analysis by using rate
coefficients recently computed by Dagdigian & Lique (2018)
for collisions between CH, and Helium from which we obtain
0-CH,—H; collisional rate coefficients by scaling the rates by
factor of 1.4, for all the fine-structure transitions among the
lowest 22 energy levels of o-CH,. By adopting a background
temperature of 2.73 K, with a fixed line width as estimated
from the intrinsic widths of the observed Onsala spectra, we
run a grid of models with varying physical conditions, with
the aim to constrain the gas densities, ny,, and kinetic tempera-
tures, Tin, to values that are consistent with the observed o-CH,
emission or its upper limits. The models were computed over
a temperature-density grid of size 500 x 500, for Ty, values
between 20 and 300 K (constrained by the collisional data) and
ny, values in the range of 10-10° cm™. Given that we were only
able to clearly detect all three sets of 0-CH, HFS lines toward
W3 IRSS, the non-LTE analysis is carried out specifically for
this source. Using absorption spectroscopy, Polehampton et al.
(2005) were able to (from their column density measurements)
determine a [CH]/[CH,] ratio through observations of both CH
and CH, transitions near 150 ym and 107.7/127.6 um, respec-
tively, using the ISO-LWS. These authors obtained a [CH]/[CH;]
ratio of 2.7 + 0.5 for an ortho-to-para CH, ratio of 1.6, and a
value closer to 3.7 for an ortho-to-para CH, ratio of 3 for the
(systemic) +64 kms~! velocity component toward Sgr B2(M),
values that are consistent with results obtained by Viti et al.
(2000) — whose models additionally take into account grain-
surface chemistry. This corresponds to 0-CH, abundances with
respect to Hy between 9.4 x 107 and 1.6 x 1078 when scaled
using the [CH]/[H,] ratio of 3.5 x 1078 as determined by Sheffer
et al. (2008). By using CH column densities determined toward
W3 IRSS5 by Wiesemeyer et al. (2018) from this radical’s 150 ym
ground-state transition observed using the GREAT instrument
on board the Stratospheric Observatory For Infrared Astron-
omy (SOFIA) (Young et al. 2012) and the above [CH]/[CH;]
ratio, we can constrain the column densities of 0-CH, to about
(4.5+1.7) x 10" cm™?2 for ortho-to-para CH, ratios of between
1.6 and 3. We therefore ran models in the temperature-density
plane for fixed values of N(o-CH,) at 3 x 10'*, 5 x 10'* and
7 x 10'* cm™2, the results of which are displayed in Fig. 12.
The radiative transfer analysis is further simplified by assum-
ing a beam filling factor of unity for an extended o-CH, cloud.
From the results of each column density model, we see that the
different o-CH, lines trace similar temperature and density con-
ditions as indicated by their contours. We constrain these results
by comparing them with the distribution of the line intensity
ratio between the 70 and 68 GHz lines which are both free from
contamination, in the temperature-density plane. The physical
conditions that prevail in these regions are constrained based on
the behaviour of x2; across this parameter space. The x2,, value
is computed across the entire grid as follows,

Xz = Z (Tr,obs - Tr,mod)z/o'%'mbs7 2)

2 2
Xred =X [(n=1), 3
where T} ops and T moq represent the observed and modelled line
brightness temperatures on the Ty, scale, o-% ., represents uncer-

tainties in the observed o-CH, spectra and n is the number of
degrees of freedom. The sze 4 values were fit at a 99.9% probabil-
ity for two degrees of freedom. For each column density model,
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N(CH,) =3 x 10**cm~2

N(CH,) = 5 x 10%4cm~2

log( nu,/cm=3)

—-—- Ratio

—— Tmp 70 GHz

—— Tmp 68 GHz
Tmb 69 GHz

Fig. 12. RADEX non-LTE modelling of 0-CH, toward W3 IRSS5. The solid and dashed- red, blue and orange curves represent the observed peak
main-beam brightness temperatures of the 70, 68 and 69 GHz, respectively, and their uncertainties. We note that for the 69 GHz 0-CH, lines being
contaminated by NS, we only represent the uncontaminated modelled intensity and an upper limit. The black dashed and dotted lines mark the
limits of the brightness temperature ratio between the 70 and 68 GHz lines. The grey shaded region characterises y?, values of <11 corresponding

to a probability of 99.9% over the temperature-density plane for models with fixed column density values of 3 x 10" cm™ (left), 5 x 10'* cm™

(centre), and 7 x 10" cm™ (right).

Table 4. Summary of RADEX results.

Model N(0-CH,) logjo(ny,/cm™) Ty
[cm~2] (K]
I 3x10 3.631010 20213
m 5x10M 3.57+011 16331
I 7% 1014 3.42%0-1° 155138

we find that the sze 4 values show more variations with Ty, than
with ny,. In Table 4, we summarise the estimated range of gas
temperatures and densities for the different models. Across the
different models we derive T, between (150 and 200) K and
ny, ~ 3 x 103 cm™ consistent with not only previous chemical
models (Lee et al. 1996) but also our hypothesis that o-CH, must
arise in a hot but dilute media. The derived values of temperature
are also consistent with that determined from the comparison
with CRRLs, as discussed in Sect. 5.6. Furthermore, with criti-
cal densities of the order of 10° cm™3, the derived densities reveal
that the observed 68—71 GHz 0-CH, emission lines arise from
sub-thermally excited gas.

We expect the non-LTE analysis toward the W51 point-
ing positions to reproduce physical conditions similar to those
derived toward W3 IRSS5 since the line intensities of both the
70 and 68 GHz components of CHj,, and their corresponding
line ratios are comparable toward both sources. The results of
this analysis confirm our suspicions and clearly addresses why
CHj; is not widely detected in the Orion Bar PDR. From the non-
LTE analysis presented here, we would expect the abundance of
CH, to peak in regions with H, gas densities of ~3 x 103 cm™
and the Orion Bar PDR, as discussed earlier, simply traces gas
of higher densities (>10° cm™3). The dense Orion Bar is a spa-
tially limited region in the much larger, on average, more diffuse
PDR associated with the Orion Nebula, for which a density of
10° cm™3 is a representative value (Cuadrado et al. 2015; Nagy
etal. 2015b). Because of the Orion Nebula’s proximity (=400 pc)
this larger scale PDR is well resolved, even in our arc minute size
beams. However, the other regions toward which we detect CH,
emission are much further away and our observations sample the
total extent of their large, low-density PDRs. This has already
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been discussed at the end of Sect. 5.5 and here finds support by
our non-LTE calculations. Furthermore, the nominal hydrogen
nucleus density we derive is a factor of ~5-10 higher than the
value of 500-1000 cm™3 estimated by Welty et al. (2020), who
were only able to obtain an upper limit for the CH, transition
near 1397 A in the translucent cloud along the LOS toward HD
62542.

As for the excitation of these lines, similar to the results
obtained by Dagdigian & Lique (2018), we find that over the very
wide range of gas densities we modelled (ny, = 10-108 cm™),
our calculations produce negative opacities (approximately
—1072) or line inversion at an excitation temperature of —0.36 K.
We thus find all three of the fine-structure lines of the 4¢4—33
transition of 0-CH; seen in emission to be weak masers. From
our RADEX models, we compute a ~1% inversion in the pop-
ulation of the 404—33 fine structure transitions, where the per-
centage of population inversion for a two-level system is given
by (ny —ny) / (ny + ny) and ny,, and n; are the upper and lower
energy level populations. Since the models produce masing con-
ditions even in the absence of strong, external radiation fields and
without line overlap considerations, it is clear that the observed
masing effect in these high-lying lines is a robust phenomenon
which preferentially populates the Nk k. = 404 level over that of
the Nk, k. = 313 level. The observed emission spectra may have
contributions from the extended continuum background radi-
ation in these regions as well as collisional pumping effects.
While the weak level-inversion observed in these lines explains
why they are detectable in the first place, the degree of popula-
tion inversion itself is greatly dependent on the collisional rate
coefficients.

We exclusively detect CH, within PDR cloud layers associ-
ated with HII regions and not in those associated with (P)PNe
and SNRs, a few of which were also observed by us. The lack
of detectable amounts of CH, in these types of objects can be
attributed to the fact that CH, arises from dilute PDR layers, as
implied by our non-LTE radiative transfer analysis. The PDRs
surrounding (P)PNe are dense regions (~10°~10% cm~?) as they
form in the compressed inner layers of the remnant circumstel-
lar envelopes of AGB stars (see for example Cox et al. 2002).
This argument explaining the non-detection of CH, in (P)PNe
owing to the elevated densities of their PDRs also holds true for
the case of the SNRs for which upper limits are presented in
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Fig. 13. Main-beam brightness temperature (7,,;,) and excitation tem-
perature (T) for the 2,—33 fine-structure lines of p-CH,. The inset
panels expand on the (7T1,,) and (T) values for gas densities between
10 and 10° cm™3.

this study. Our Onsala 20 m beam was pointed toward a dense
molecular clump in IC 443 residing in the interaction zone of
the SNR with a molecular cloud that has gas densities as high as
10° cm™ (Dickman et al. 1992), while for the dense molecular
knots detected in high-J CO lines toward Cas A, gas densities of
10°~7 cm™3 have been determined (Wallstrom et al. 2013).

Using the physical conditions derived from these models and
the rate coefficients calculated between p-CH,—H,, which are
also based on calculations by Dagdigian & Lique (2018), we pre-
dict the brightness temperatures and excitation temperature for
the 444 GHz p-CH, transitions. The model was run for a range
of gas densities n(H,) = 10-10° cm™ with a fixed CH, column
density and gas temperature of N(p-CH)=5 x 10'* cm2 (in the
limit where N(p-CH;) = N(0-CHy)) and Ty;, = 163 K, respec-
tively. The modelled results are displayed in Fig. 13. Up until the
critical density of 2 x 107 cm™ is reached, the brightness tem-
peratures reproduced by the models are low and even slightly
negative, particularly for the range of densities derived from the
70 GHz 0-CH; lines. The excitation temperature at these fre-
quencies is also small and close to the background radiation
temperature, which, for these models, is governed by the cosmic
microwave background at 2.73 K. With excitation temperatures
below 10 K up to densities of 108 cm™3, the models suggest that
it is highly unlikely to observe detectable amounts of p-CH, at
444 GHz and in absorption, if any at all.

6.2. Comparison with atomic carbon

We further compare the observed CH, and CRRLs with
that of the neutral atomic carbon, CI, 3P, — 3P, transition at

10°

[CI]/[CH3]

Fig. 14. Variation in the [CI1]/[CH,] abundance ratio as a function of
A,. The different curves represent models at different values of G,,
as labelled. The dashed blue curve marks the observed [CI1]/[CH,]
intensity ratio of 125.

492.160 GHz for those sources toward which this transition is
available, using ancillary data from the Herschel/HIFI archive''.
These observations, published in Gerin et al. (2015), were pro-
cured using the HIFI band 1a which provides a FWHM beam
width of 43.1” at these frequencies, which is comparable to the
beam size of our CH, and CRRL observations. We find that the
line ratio between the CI, and CH, 70 GHz emission to be almost
a constant, with a value of 125:1 toward W3 IRS5, W51 M, and
W49 N (see Fig. 11 and top panel of Fig. C.4). Furthermore, we
see that toward W51 M and W49 N the CI emission shows two
components along the LOS and, perhaps, the second component
may also be present in CH, but has gone undetected because our
observations do not attain the sensitivity necessary to detect this
weaker component.

The similarity in the line intensity ratio between the emis-
sion of the CI and the 70 GHz CH, component toward these
three sources strongly suggests that CH, is likely to be formed
under similar physical conditions in these regions, in spite of
their different levels of star-formation. Using the constraints on
the physical conditions derived in Sect. 6.1, we revise the chemi-
cal models presented in Sect. 5.6. We once again ran the PyPDR
code, this time for the gas density and temperature values derived
from our non-LTE analysis. In order to reproduce the observed
[CI)/[CH>] line intensity ratio of 125, we carried out the analy-
sis for different models with varied values of G, at a fixed dust
temperature of 50 K. None of the models were capable of repro-
ducing the observed [CI]/[CH;] line intensity ratio (see Fig. 14).
The model that most closely matched the observations gives us a
[CII/[CH,] ratio of 268, and was that with a G, = 10% in Habing
units for values of A, between 0 and 1. However, overall the mod-
elled line ratios are almost always overestimated; or rather, the
CH, abundance is underestimated. This could either be because
the underlying chemical network for CH, used in these models
is incomplete or because the PDR model itself is too simplistic
or a combination of both. Perhaps a more robust PDR model is
required, namely, one which includes dust illumination by both
an internal as well as an external heating source within the PDR
structure.

7. Summary and conclusions

In this work, we present observations of the 4g4—3;3 transi-
tions of 0-CH, made with both the KP 12 m and Onsala 20 m

I See http://archives.esac.esa.int/hsa/whsa/
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telescopes. The former observations were prompted by the non-
detection of the 68—71 GHz CH; lines toward the Orion-KL hot
core using the IRAM 30 m telescope and the GBT. Our KP
observations were therefore used, firstly, to verify the original
detection of CH, toward the Orion-KL, and secondly, to address
if the CH, emission is extended by investigating nearby positions
in OMC-1 and its related HII region/PDR. These observations
confirm the detection of CH, toward Orion-KL and reveal higher
intensities of CH, toward PDR positions. The interpretation of
these results clearly indicates that the CH, emission is extended
but does not constrain their source of origin. We clarify the
nature of the CH, emission using the smaller angular beam size
of the Onsala 20 m telescope. These observations show that
the distribution of CH, toward the Orion KL-S and Orion Bar
regions coincides with peaks of the [CIl] emission. This is con-
sistent with the results of simple PDR models which show that
the CH, abundance peaks in gas layers where ionised carbon
recombines to form neutral atomic carbon. As for the observa-
tions, we find that the line profiles of the CH, transitions are
akin to those of CRRLs, which are well-known tracers of PDRs.
Based on CH;’s association with PDRs, we expanded our target
sample to well known HII regions, which naturally have associ-
ated PDRs, and successfully detected the 70 GHz fine-structure
line and its HFS components for the first time toward W51 E,
W51 N, W49 N, W43, W75 N, DR21, and S140 as well as
all three of the 68—71 GHz fine- and HFS components toward
W3 IRSS. Stacking each of the HFS components of the 68 GHz
transition in a previously averaged spectrum of the different W51
positions revealed a 3.50 detection of the 68 GHz CH, line.
Carrying out a non-LTE analysis, we constrained the physical
conditions of the CH; clouds to gas densities and temperatures of
~3 % 10* cm™3 and 150-200 K, respectively. The physical condi-
tions probed are consistent with those that prevail in translucent
clouds and are in agreement with the results of previous the-
oretical models by Lee et al. (1996), who show the fractional
abundances of CH, to peak at intermediate densities. While our
non-LTE analysis was focused on W3 IRSS5, the HFS-stacked
and averaged pointing positions toward W51 show similar line
intensities and therefore probe similar gas conditions. It is only
with further, highly sensitive observations of the 68 GHz com-
ponent of CH, can we verify if the physical properties of the gas
probed by CH, are ubiquitous across sources. Our analysis of the
excitation conditions reveal that these lines are weakly masing
with low negative excitation temperatures. The weak level inver-
sion amplifies the emission of these lines which may otherwise
have remained undetectable. We also report the non-detection of
the 21,33 transitions of p-CH, toward Orion S at a 30~ upper
limit of 24 mK and at 0.23 K toward the other positions in Orion.
Our results establish the 494—33 transition of CH, as tracing
the hot but low density component of the ISM present in PDR
layers, with its abundance peaking at the edges of dense clouds.
As an essential intermediary in interstellar carbon chemistry, it is
important to carry out further observations of this molecule and
particularly of its energetically lower transitions. We hope that
the results of our study will help guide future searches for this
radical in other sources at FIR and sub-millimetre wavelengths.

8. Open questions and outlook

The present work provides strong observational evidence for
CH, in PDRs of relatively low density (several times 10° cm™3).
This is supported by our radiative transfer modelling, which sug-
gests temperatures >150 K for the CH,-bearing material. While
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such densities are also found in translucent interstellar clouds,
the temperatures in these clouds are thought to be much lower,
10-50(?) K (Snow & McCall 2006). Evidence for CH, in translu-
cent, and maybe even diffuse interstellar clouds can also be
found in the spectra of the FIR o- and p-CH, ground-state tran-
sitions toward Sgr B2. In these, Polehampton et al. (2005) find,
absorption not only at Sgr B2’s systemic velocity but also from
clouds along the LOS to the Galactic centre region. Although
these ISO/LWS data have a low spectral resolution, the fitted
velocity components closely correspond to those of numerous
mm-wavelength absorption lines that arise from such intervening
clouds, whose physical conditions are still poorly constrained,
but which are thought to consist of translucent or diffuse inter-
stellar material (Thiel et al. 2019); however, for statistical reasons
they are unlikely to be PDRs. This raises the question whether
CH; can attain substantial abundance not only in PDRs, but in
translucent (or even diffuse) clouds as well. The available evi-
dence from electronic transitions discussed in Sect. 1 is so far
inconclusive, but the procurement and analysis of further UV
absorption data would be most interesting.

As for extra-galactic observations, Muller et al. (2011) do
not detect 0-CH, in the line survey they carried out with the
Australian Telescope Compact Array of the 7 mm window, cor-
responding to rest frequencies of 57-94 GHz along two sight
lines through the red-shift z = 0.88582 foreground galaxy that
absorbs the continuum of the more distant gravitational lens-
magnified blazar, PKS 1830-211. The typical densities and
temperatures of the emitting gas in the foreground galaxy are
a few times 103 cm™ and 80 K, respectively, conditions that are
neither dilute enough nor hot enough to excite the CH, lines in
question. Alternatively, their survey is still too shallow to detect
the CHj; lines.

It is difficult to meaningfully constrain the CH, abundance
just with HFS lines assigned to a single rotational level (J = 5) —
while emission from higher frequency rotationally excited sub-
millimetre CH, transitions will remain undetectable because of
their high critical densities. To compound this difficulty, the only
accessible lines that are likely to be excited; the 69-71 GHz o-
CHj, lines, extensively discussed here, are ubiquitously weak and
boosted into detectability by inversion, which makes their inter-
pretation not quite so straightforward. Moreover, the validity of
the conclusions drawn from these lines is heavily dependent on
the quality of the collisional rate coefficients used in the radia-
tive transfer modelling, which are currently only available for
the CH,—He system (and were scaled by us to apply to collisions
with H,). Recently, van der Tak et al. (2020) have discussed the
current status and future plans for the Leiden Atomic and Molec-
ular Database (LAMDA). In this paper, they review, among
others, the use of collisional rate coefficients for collisions of
molecules with He and the usual practice of scaling to estimate
H, rate coefficients. For the case of CH, they assign a low accu-
racy (factor of ~3-4) for this scaling and conclude that CHp,
amongst other molecules, has ‘to be the object of new scatter-
ing studies considering H, as a projectile’. Calculating CH,—H,
rate coefficients would certainly be a significant computational
project. Given that in a practical sense, the complete interpre-
tation of CH, emission in the ISM critically depends on these
collisional rate coefficients, it is one that should be considered.

Apart from the 68-71 GHz lines, we are only left with the
UV and the FIR resonance lines. These also present a bleak pic-
ture as the former still await a convincing identification in the
ISM. With regard to the FIR lines, unfortunately, neither the o-
and nor the p-CH, ground state lines at 127.6 and 107.7 um,
respectively, were covered by the HIFI instrument on Herschel.
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Moreover, none of the modules of the GREAT instrument on
SOFIA covers their wavelengths at present. Even if GREAT was
able to do this (and it may do so in the future), detecting these
lines might be difficult given their low opacities observed by ISO
(with the low LWS resolution) of just 0.02-0.05 toward one of
strongest FIR sources in the sky, Sgr B2 (whereas for the 149 um
CH ground state, lines opacities of ~0.4 are determined with the
same instrument). Given all these conditions, a full observational
picture of CH, in an astrochemical context remains elusive.
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Appendix A: CH, non-detections Table A.1. continued.

In this appendix we list the rms noise levels for the sources

toward which we do not detect any 0-CH,. Source 12000 012000 VLSR Line  rms
[kms™'] [GHz] [mK]
Table A.1. Onsala 20 m telescope non-detections. S235 05:40:53.30 35:41:49.00 -57.0 70 19
68 37
Source a ) v Line rms® 69 30
12000 P ] [GHz] [mK] —CRL6IS  04:42:53.62 36:06:5330  ~26.0 Zg 16000
Orion 05:35:16.96 —05:22:02.7 +9.7 68 40 69 30
KL/S (1) 69 33 CRL2688 21:02:18.27 36:41:37.00  -32.0 70 12
Orion 05:35:14.28 —-05:22:27.5 +9.0 70 24 68 20
KL/S (2) 68 53 69 18
69 48 NGC 7023 21:01:36.90 68:09:48.00 25 70 12
Orion 05:35:14.28 —-05:23:16.5 +9.0 70 23 68 24
KL/S (3) 68 55 69 22
69 43 NGC 7027 21:07:01.75 42:14:10.00 89 70 6
Orion 05:35:16.46 —05:23:22.7 +9.0 70 27 68 11
KL/S (4) 68 61 69 9
69 37 NGC 7538 23:13:37.20 61:30:00.00 —64.9 70 19
Orion 05:35:13.10 —-05:23:56.0 +9.0 70 17 68 38
KL/S (5) 68 40 69 28
69 30 Cas A 23:23:24.90 58:50:03.30 -2600.0 70 8
Orion 05:35:24.96 -05:22:32.7 +9.0 68 30 68 15
KL/S (6) 69 25 69 12
Orion 05:35:25.30 —05:24:34.0 +11.0 70 17 IC 443 06:18:02.70 22:39:03.00 —44 70 10
Bar (1) 68 34 68 16
69 25 69 14
Orion 05:35:22.80 —05:25:01.0 +11.0 68 55
Bar (2) 69 38 Notes. Columns are: (left to right) source name, J2000 coordinates of
Orion 05:35:25.40 —-05:25:25.0 +11.0 70 18 observed position, assumed LSR velocity, line ID, and 1o~ rms noise
Bar (3) 68 41 level. ¥On the Ty, scale the rms noise is quoted for a spectral reso-
69 30 lution of 0.97 km s~!. All the sources are SFRs, except for NGC 7027
Orion 05:35:23.10 —05:24:35.0 +11.0 70 23 which is a planetary nebula, CRL618 and CRL2688, which are proto-
Bar (4) 68 47 planetary nebulae and Cas A and IC 443, which are supernova remnants.
69 41 NGC7023 is a reflection nebula with a PDR.
Orion 05:35:20.81 —-05:25:17.1 +11.0 68 38
Bar (5) 69 28
WS1E  19:23:44.00 14:30:30.00 +553 68 21.
69 18
WS5I M 19:23:42.00 14:30:36.00 +58.4 68 24
69 21
WSIN  19:23:40.00 14:31:10.00 +60.0 68 15
69 12
W49 N  19:10:13.55 09:06:14.70 +8.8 68 26
69 21
W43 18:47:36.89 -01:55:30.20 +91.1 68 26
69 19
DR21 20:39:02.00 42:19:42.00 -25 68 11
69 7
W75 N  20:38:36.45 42:37:35.10 +75 68 9
69 8
S140 22:19:11.53  63:17:46.90 -123 68 34
69 25
W3(OH) 02:27:04.10 61:52:22.00 -46.0 70 7
68 13
69 8
S233 05:35:51.19  35:44:12.90 -17.5 70 10
68 17
69 15
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Appendix B: CH, 70 GHz HFS stacking

As mentioned in Sects. 5.5 and 5.6, we stack the HFS-
decomposed model fits of each of the individual HFS compo-
nents of the 70 GHz transition of CH,, prior to comparing its
line profile with the observed line profiles of the CRRLs. Fur-
thermore, in order to carry out a more objective comparison we
incorporated the expected noise of the (stacked and averaged)
70 GHz spectra by including an additive Gaussian noise term. As
an example, the different steps that are a part of this exercise are
illustrated for the 70 GHz spectrum observed toward W3 IRS5
in Fig. B.1.

0.10 T T T T
Observed spectrum W3IRS5
v Combined fit
= hfs fits
0.05F
Q
€
|_
0.00
| 1 1 L
0.10 T T T T
Noise
Z hfs stack
= Shifted hfs fits
0.05F E
Q
€
}_
0.00
| 1 1 L
0.10F T ' ' '
Stacked spectrum
T + noise
o 0.05F 1
€
l_
0.00
| 1 1 L
—-80 -60 -40 =20 0
Uisr  [kms™!]

Fig. B.1. Top: observed 0o-CH, 70 GHz spectrum towards W3 IRS5
(black) alongside the HFS decomposed fits (dotted blue) and the com-
bined fit (red). Middle: HFS stacked profile (red) with the fit to each
HFS component shifted to the systemic velocity of the source (dotted
blue) and the Gaussian noise profile (black). Bottom: resultant stacked
spectrum with the addition of noise (black).

Appendix C: Observed recombination lines
Table C.1. Best-fit Gaussian parameters for the CRRLs.

Source v Av Tib

[kms™'] [kms™'] [mK]
Orion KL/S (2) 8.8(0.1) 3.7(0.2)  140.0(5.4)
Orion KL/S (3) 9.3(0.1) 4.8(0.3) 74.4(3.3)
Orion KL/S (5) 8.1(0.1)  4.6(0.3) 64.7(3.3)
Orion Bar (1) 10.1(0.1)  3.7(0.2)  239.4(8.5)
Orion Bar (3) 10.3(0.2) 4.6(0.5)  118.8(9.1)
Orion Bar (4) 10.6(0.1)  2.6(0.1) 304.6(11.1)
W3 IRS5 -38.4(0.1) 6.8(0.4)  131.4(6.6)
W51 M 59.8(1.0)  6.1(1.8) 69.0(3.7)
W49N 5.6(0.6) 6.7(1.5) 79.0(3.7)
DR21 -8.2(2.6) 7.7(L5) 60.5(6.1)
W43 92.4(0.6)  2.4(1.0) 18.6(3.6)

In this appendix we present the observed spectra of the different
RRLs. As mentioned in Sect. 4, there are two observing setups
used for these observations. The first setting observed only the
H-, He-, and CRRLs for a principal quantum number of 75, near
15 GHz. This setup was used to carry out observations toward the
different Orion positions and W3 IRS5 (displayed in Fig. 11).
The second setup was used for the remainder of the sources
toward which o-CH, was observed, utilising a 5 GHz band-
width from 12.5-17.5 GHz, which covered RRLs with principal
quantum numbers between 80 and 72. Subsequently, for these
sources, the RRL profiles for the different quantum numbers are
stacked and averaged; based on these profiles, the contributions
of the He RRL (modelled using a Gaussian fit) is subtracted to
yield the CRRL profile used in the analysis.
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Fig. C.1. Top: H-, He-, and CRRLs toward different Orion KL/S OSO pointing positions, with the Gaussian fit to the He-RRL displayed by the
dashed magenta curve. Bortom: resulting CRRL with the Gaussian fit to the profile displayed in magenta. The velocity scale is given with respect

to the CRRL.
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Fig. C.2. Same as Fig. C.1, but toward the Orion Bar OSO pointing positions.
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Fig. C.3. Left: H-, He-, and CRRLs observed with the Effelsberg 100 m telescope for « lines with principal quantum number, n, from 72 (top) to 80
(bottom) (except for W43) in steps of An = 1. The positions of the different lines are marked by dashed dark blue lines. The spectra are uniformly
offset by 0.5 K on the Ty,. Centre: zoomed in view of the He-, and CRRL. The offsets are not uniform but varied for the ease of viewing with a
typical offset of 0.2 K on the T}, scale. Right: average He-, and CRRL profile (top) with the Gaussian fit to the He RRL presented by the dashed
dark blue curve. The resulting spectrum of the CRRL is displayed below with its fit given by the dashed magenta Gaussian. For all spectra, the
velocity scale is appropriate for the CRRL. The different rows (from top to bottom) present these results for W51 M, W49 N, DR21, and W43,
respectively.
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Fig. C.4. Decomposed CRRL profile in blue alongside the 70 GHz HFS stacked CH, line profile displayed by the dashed-dotted violet curve
toward (clock-wise from top) W51 M, W49 N, DR21, and W43, respectively. The stacked profile of the 70 GHz CH, transition was obtained from
the HFS decomposition model. The hatched grey regions in the W51 M and W49 N spectra display the line profiles of the *P,—3Py transition of
Cr at 492.160 GHz scaled down by a factor of 125 on the Ty, scale.
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