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ABSTRACT

Context. The ethynyl radical (¢H) is one of the first radicals to be detected in the interst@liedium. Its higher rotational transitions
have recently become available with tHerschel Space Observatory.

Aims. We aim to constrain the physical parameters of thid €mitting gas toward the Orion Bar.

Methods. We analyse the £H line intensities measured toward the Orion Bar'G@ak andHerschel/HIFI maps of GH, CH, and
HCO", and a NANTEN map of [@. We interpret the observed,8 emission using the combination lHerschel/HIFI and NANTEN
data with radiative transfer and PDR models.

Results. Five rotational transitions of £ (from N=6-5 up toN=10-9) have been detected in the HIFI frequency range toward the
CO* peak of the Orion Bar. Based on the five detectgld €ansitions, a single component rotational diagram aiglyives a rotation
temperature of-64 K and a beam-averagegH column density of 4 10" cm 2. The rotational diagram is also consistent with a
two-component fit resulting in rotation temperatures of@2 K and 12321 K, and beam-averaged column densities 83 x 103
cm? and~ 2.3 x 10'® cm2 for the three loweiN and for the three highex-transitions, respectively. The measured five rotational
transitions cannot be explained by any single parameteremédcording to a non-LTE model, most of thek column density
produces the lowerN C,H transitions and traces a warffi, ~ 100- 150 K) and densen(Hz)~10°-10° cm3) gas. A small fraction

of the GH column density is required to reproduce the intensity eftilghestN transitions N=9-8 andN=10-9) originating from

a high density f(H2)~5x10° cm) hot (T, ~ 400 K) gas. The total beam-averagegHZolumn density in the model is ¥ocm.

A comparison of the spatial distribution o£8 to those of CH, HCO, and [G] shows the best correlation with CH.

Conclusions. Both the non-LTE radiative transfer model and a simple PDRlehoepresenting the Orion Bar with a plane-parallel
slab of gas and dust suggest, thaHCzannot be described by a single pressure component, uhlkkeeactive ion CH, which
was previously analysed toward the Orion Bar'Q&&ak. The physical parameters traced by the higher rotdttoamsitions N=6-
5,...,10-9) of GH may be consistent with the edges of dense clumps exposeW tadiation near the ionization front of the Orion
Bar.

Key words. stars: formation — ISM: molecules — ISM: individual objed@sion Bar

1. Introduction and the recently calculated inelastic collision rat8piélfiedel

et al. 2012 give an opportunity to probe the chemistry and exci-
The ethynyl radical (gH) was one of the first radicals to befation of GH. Using the higher rotational transitions accessible
detected in the interstellar mediurfiucker et al. 1974 It has by Herschel and the available collision rates we probe the excita-

= been observed toward several types of regions, includifig dion of C;H and the physical parameters that it traces toward the

fuse cloudsl(ucas & Liszt 2000, massive star-forming regionsPrototypical, high UV-illumination PDR, the Orion Bar. Asip-
(Beuther et al. 2008 photon-dominated regions (PDRSs, e_gt_odlssomatlpn of Iarger carbon-chain molecules an_d PAHsE
Teyssier et al. 2004and dark clouds (e.gPratap et al. 1997 of the possible formation routes o$,8, PDRs provide a good
C,H is an important molecule in the carbon-chemistry, and-is réource to study gH.

lated to many C-bearing species. One example is gt Qon, The Orion Bar is an ideal source to probe the excitation and
which has recently been detected toward the Horsehead P&femistry of molecules in PDRs, due to its close distancd df 4
(Pety et al. 201p C,H can also be an ingredient for the formapc (Menten et al. 200)7and its well-known structure and ge-
tion of carbon chain molecules, such ag @a a reaction with ometry. The Orion Bar is located between the Orion Molecular
Cs. CoH can also be converted to CO either by a neutral-neut@loud and an H region illuminated by the Trapezium cluster.
reaction with O, or by a reaction with carbon chain ions, sudrhe FUV radiation field of the Trapezium cluster at the loca-
as HCO. Due to its role in the carbon chemistry, understandirigpn of the Orion Bar is equivalent to (4 4) x 10% in Draine

the abundance of £81 is important to understand the chemica|1978 units. Its orientation changes from face-on to nearly edge
network related to carbon. The recent access to the higker r@en where the molecular emissions peak. The observations pre
tional transitions provided by theerschel Space Observatory sented in this paper also correspond to the nearly edgeton or
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entation part of the Orion Bar. The geometrical enhancewifenting spectroscopic parameters from the Cologne Database for
the column densities toward the nearly edge-on part of th@Or Molecular Spectroscopy (CDM3Jller et al. 200%. The hy-
Bar was derived by multiple studies and is in the range batwegerfine structure is not resolved by HIFI, therefore the ctetd
4 and 20. The tilt angle compared to a completely edge-onoridines are blends of multiple hyperfine components. TdHlsts
tation was suggested to be id the model ofHogerheijde et al. the spectroscopic parameters for the strongest hyperfmpao
(1995 andJansen et al1995. A tilt angle of 3 is equivalent nents. The spectral resolutions at the frequencies of therebd
to an enhancement factor of 20 for the measured column déansitions (fromN=6-5 to N=10-9) are 0.29, 0.25, 0.21, 0.19,
sities. Based on 01.317um emissionWalmsley et al(2000 and 0.17 kms'.
find a model that requires a geometrical enhancement fa€tor o To compare the line intensities of the transitions detected
5 to convert the observed column densities into face-onegluwith different beam sizes in the HIFI line survey, we convert
Neufeld et al(2006 found the geometrical enhancement factaill the observed line intensities to a comme40.5’ resolution.
to be 4 based on measuret €blumn densities. Using a clumpyWe derive conversion factors between the original beanssize
3D PDR model Andree-Labsch et al2014 successfully re- and ~40.5’ based on the integrated intensity map of thgdC
produced the Orion Bar stratification using a clumpy edge-da 3 transition from the James Clerk Maxwell Telescope (JCMT)
cavity wall, and claim that a model of a convex filament failSpectral Legacy Surveywéan der Wiel et al. 2000 The derived
to describe the structure of the Orion Bar. The average ikinetorrection factors between the beam sizes of thté €ansitions
temperature was estimated to be 85Ho(erheijde et al. 1995 and the 40.5 beam are 0.94, 0.88, 0.84, and 0.79 from beam
Closer to the ionization front, higher temperatures are misa- sizes of 34.7, 30.4’, 27.0’, and 24.3 , respectively. Tablé in-
sured, for example OH transitions observed witischel/PACS  cludes the parameters that are measured with the origiaah be
are consistent with 160-220 K gaSdicoechea et al. 20},Jand sizes. For the non-LTE models in SeGtwe use the values that
CH" observations with temperatures around SOIN&agy et al. have been corrected for the changing beam size.
2013. Part of the molecular line emission measured toward the |n addition to the HIFI spectral scans, a 118 65’ area
Orion Bar corresponds to an 'interclump medium’ with deesit centered onvjageo = 05'35M20.815, 530000 = —05°2517.1”
between a few 1Dand 2¢<10° cm3 (Simon et al. 199%. Other with a position angle of 145vas mapped in th&l=6-5 transi-
molecular lines have been suggested to originate in cluniths Wjon of C,H with HIFI, in on-the-fly (OTF) mapping mode with
densities in the range between 218° and 6<10° cm™ (Lis &  position-switch reference. The center of the maps is ctersis
Schilke 2003. with the CO" peak (it is 4 off from the CO peak) where the
Previous GH observations toward the Orion Bar cover thepectral scans are pointed. The Qgak is close to the PDR sur-
lower-N rotational transitions«Cuadrado et a(2015 analyse the face and to the region where vibrationally exciteglg¢aks (e.g.
N=1-0,...,4-3transitions. Thid=4-3 transition was observed bywalmsley et al(2000 and Fig. 1. ofNagy et al.(2013). The
Hogerheijde et ak1999, Jansen et a[1999, andVan der Wiel  fully sampled map was pipelined with HIPE 11.1 and exported
etal.(2009), and theN=1-0 transition byruente et a1996. In  to CLASS for further analysis, including baseline subii@tts-
this paper we analyse emission from five higher rotatiomail-tr ing linear baselines. As a comparison to thgd@mission, we
sitions to constrain the physical parameters of thel €mitting use maps of the HCOJ=6-5 transition (535061.6 MHz) and of
gas toward the Orion Bar. the CH?[13); transitions around 536 GHNE1-0, J=3/2-1/2,
F=2" - 1* at 536.76115 MHzN=1-0, J=3/2-1/2, F=1" - 1*
. . at 536782.0 MHzN=1-0,J=3/2-1/2,F=1" — 0* at 536.79568).
2. Observations and Data reduction These maps have the same parameters and were reduced with the
The observations presented in this paper are part of the FgEx@ame HIPE version and methods as théi@M=6-5 map. The
guaranteed-time key prograrBédrgin et al. 201pfor the HIFI spectral relsolutlon of the observed HC@nd CH transitions is
instrument De Graauw et al. 20)0of the Herschel Space 0-28kms™.
Observatory Rilbratt et al. 201 The CO peak 2000 = In addition to the HIFI maps, we use ailC’Pi—°Py
05"35M20.6%, 612000 = —05°25'14") of the Orion Bar has been (492.1607 GHz) map observed with the NANTEN2-4m antenna,

observed over the full HIFI range (480_1910 GHz) as a Spé@thh is located at 4865 m altitude in Pampa la Bola in norther
tral scan. An overview of the full spectral line survey wik b Chile. The observations were taken in October and November
presented in a forthcoming paper (Nagy et al., 2015). Tha d#011 with a dual-channel 4810 GHz SMART receiver. The
were reduced using HIPEDEt 2010 pipeline version 9.0 and receiver temperature wa250 Kat_the band center. The velocity
10.0 and are calibrated T scale. The sideband deconvolutiofiesolution (or channel spacing) is 0.68 kniat 460 GHz. The
was done using théoDeconvolution task in HIPE. The double observed spectra were calibrated using the atmospherielmod
sideband (DSB) scans were first deconvolved with the strstng&tmospheric Transmision at Microwave4rdo et al. 2001 The
lines (T; > 10 K) removed. This deconvolution results in a sinbalf power beam width (HPBW) is37”. The data were cali-
gle sideband (SSB) spectrum with very little contributiooni  Prated to main beam temperature using main beam and forward
deconvolution ghosts, but without data at the frequendi¢isep €fficiencies of 0.50 and 0.86, respectively.
strongest lines. Therefore, we performed another decatival
of the data including the strongest lines. The data aroued th
frequencies of the strong lines was then used together twith 8. The spatial distribution and velocity structure of
first deconvolution result, providing a single sidebandcspen CoH
in the total observed frequency range. Finally, the strangsl ) ) )
were incorporated into the weak line SSB spectrum. Figure 1 shows the integrated intensity of thelkCN = 6 - 5

The continuum at the observed frequencies is negligible, 4§ 13/2-11/2 andJ = 11/2-9/2 doublet. GH emission has
it is similar to the measured rms noise level. TheHQransi- Peen detected toward the Bar and also perpendicular to the Ba
tions detected in the HIFI survey are listed in Tatlénclud- corresponding to the Orion Ridge. ThelCN=6-5 emission is
not as extended as other species including CH and F&y. 4).
! Herschel observations of EXtra-Ordinary Sources The GH integrated intensity does not peak at the*Gi@ak (the
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center of the maps), but toward the north-eastern part dd#re sion around the expected source velocity (10 ki) 8as con-
covered by the ¢H map, around fisets (458, 25”). The difer- tributions both from the Orion Bar and the Orion Ridge, while
ence in the position where thel@ and CO line intensities peak emission corresponding to the red-shifted velocities aoipes

is likely to be a result of dferent physical parameters toward th&om the Bar. However, the peak velocities at which the Orion
two positions. As mentioned in Appendix C;H formation for Bar and Ridge are detected are slightly shifted feH@om-

the Orion Bar is expected to be dominated by a reaction,of Gared to those for OH OH" at velocities of 9-10 km3shows
with H,. CO*' is produced in a reaction betweert @nd OH, emission mainly toward the Orion Ridge. In the same velocity
where OH is produced from O and,HT herefore, the COand interval GH emission peaks toward the Orion Bar, and shows
C,H peaks likely have dierent H volume densities. The regionlittle emission toward the Orion Ridge. This could be expéal
where GH peaks overlaps with one of the Okhtensity peaks by low-density gas in the Orion Ridgeak 9 km s* providing

(at a velocity of~12 km s, Van der Tak et al. 200)3which lies a lower GH excitation compared to OHfor that component.
about 10 south-east of the CO 10-9 intensity peak at a velocity
of ~12 km s, which is observed toward the'BCN clumps 2
and 3 identified by.is & Schilke (2003.

1.2
Intensity [K km/s] 0.8
" 0.4
100
0.0
50 | 0.8
g Of 0.4
]
-50 8 8
-100 | . 04
50 0 -50 50 0 -50
ARA (") 0.2
Fig. 1. Integrated intensities of the, 8 N = 6 - 5J = 13/2 - 11/2
(left) andJ = 11/2 — 9/2 (right) doublet. The contour levels go from 0.0
0.2 to 2.8 K km s'spaced by 0.4 K km3.

0.4
Apart from theN=6-5 doublet, four more doublets (from

N=7-6 to N=10-9) have been detected toward the*'Gieak of
the Orion Bar, which théN=6-5 map is centered on. Figuge
shows the line profiles of the,8 doublets observed there. The 0.0
observed two lines, which are blends of hyperfine transstion )
are shifted with~62 MHz in every case, which is equivalent to 0.4
different velocity intervals due to the change in the frequency ’
of the transitions. Tablé lists the line intensities of these,B
transitions as obtained by Gaussian fitting. The observed do
blet intensity ratios are 1.23, 1.16, 1.07, 1.26, and 0.66Ife6-
5,...,10-9, respectively. In LTE, the doublet ratio is givey the
ratio of the A codicients so that we expect that the blue-shifted
component to be about 2% brighter than the red one. The op- -0.2
posite ratio inN=10-9 is probably due to the lowey$ lead- —-40 -30 -20 =10 0 1
ing to an overestimate of the width and integrated intenisity Vise

the red-shifted component. The peak velocities are in thgea rig 2 Line profiles of the GH doublets observed toward the CPeak
between 10.6-11.1 knTs The variation in the peak velocitiesof the Orion Bar, fromN=6-5 (top) toN=10-9 (bottom). The Gaussian
falls slightly above the uncertainty from the frequencywecy fits shown in Tablel are overlaid on the profiles. The black lines show
of the HIFI products and the fit accuracy so that it may indicathe expected LSR velocity of 10 km'$or both components.

a small velocity variation within the £ emitting gas, but it is

very small compared to the line width, so that we can ignore it Figure4 shows the spatial distribution of,8 N=6-5 and
here, still being sure to analyse the same gas in all transitiAs lines of other species that are expected to trace regicaitdedly
shown in Fig.3 on the velocity channel maps otB, the Orion close to the PDR surface (equivalent to low visual extimijo
Ridge is most prominent at velocities lower than 9 krh $1ost  CH 2[5/, N=1-0J=3/2-/2, HCO" J=6-5, and [G] 3P;-3P,. Out
C,H emission toward the Orion Bar is seen at velocities in tha# the four line emissions shown in Fid, the lines of CH and
range between 9 and 11 kmtsThe velocity structure of §His  [Ci] show the largest spatial extent over the area analysedsin th
similar to that seen in OH(Van der Tak et al. 2003the blue- paper. All these lines peak at a similar position toward thiei®
shifted part of the emission peaks toward the Orion RidgésemBar. HCO™ J=6-5 emission toward the Orion Bar is less ex-

0.2

0.2

Twe [K]

0.0
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Table 1. Spectroscopic and Gaussian fit parameters of tt¢liDes observed toward the C@eak of the Orion Bar.

Transition Aj Ey v [TuedV Visr AV Tpeak 'Ms  ©Og
sh (K) (MHz) (Kkms™) (kms') (kms? K K ™
N=6-5J=132-11/2 454x10% 88.0 523971.6 3.640.03 10.520.08 2.650.03 1.29 0.02 40.5
N=6-5J=11/2-9/2 446x10* 88.0 524033.9 2.980.03 10.580.01 2.6%0.03 1.06 0.02 40.5
N=7-6,J=15/2-13/2 730x10% 1174 611267.2 2.38.16 10.720.07 2.440.19 091 0.13 347
N=7-6,J=13/2-11/2 721x10% 117.4 611329.7 2.00.14 10.7@0.03 2.5@0.20 0.78 0.11 34.7
N=8-7,J=19/2-17/2 110x10°% 1509 698544.8 1.30.09 10.6%0.07 2.120.17 0.59 0.09 30.4
N=8-7,J=17/2-15/2 109x10° 150.9 698607.5 1.23.10 10.6%0.08 2.230.21 0.52 0.10 304
N=9-8J=19/2-17/2 158x10° 188.6 785802.1 1.240.09 10.3%0.09 2.5%0.23 0.45 0.08 27.0
N=9-8,J=17/2-15/2 157x10°% 188.6 785865.0 0.98.10 10.560.12 2.440.28 0.37 0.09 27.0
N=10-9,J=21/2-19/2 218x10°% 230.5 873036.4 0.80.10 11.120.15 2.230.30 0.35 0.11 24.3
N=10-9,J=19/2-17/2 216x10°% 230.5 873099.5 1.28.11 10.1%0.18 3.060.50 0.30 0.09 24.3

tended compared to the lines of the other molecules, eslyecimeasured integrated main-beam temperatures of If\és”gdv
Crand CH. HCO J=6-5is also the only line in Figl that peaks K km s1) are converted to the column densities of the molecules
toward the Orion Ridge and not toward the Bar. The comparispithe upper levelX) using:
of the spatial distribution of g1 to those of HCO, CH, and [G]
based on the line emissions shown in Fgs straightforward, N, Niot E, 1.67- 10
due to the similar beam size of the observed transitionshén tg— = QTrod) e (_T_) =T 2S fTMBdV»
following paragraphs while comparing the spatial distiboof =" rot ot H
CzH to those of CH, HCO, and [G], we refer to the transitions yith g, the statistical weight of level )i the total column
shown in Fig4. The spatial distribution of the species may vanyensity in cm?, Q(T,o) the partition function fofT,,, Ey the
depending on the transitions used. The comparison of th&@bpa,pper level energy in K; the frequency in GHz; the permanent
distributions can be converted to correlation plots (Blg.C;H  dipole moment in Debye arfdl the line strength value. A linear
shows the strongest correlation with CH, comparedto H&QH it 1o In(N,/g,) - E, gives T, as the inverse of the slope, aNg;,
[Ci]. The corresponding correlation déeients for CH, HCO,  the column density as the intercept. The rotational tentpeza
and [G] are 0.93, 0.81, and 0.68, respectively. would be expected to be equal to the kinetic temperaturd if al
As seen on the velocity channel maps, the velocity range cqdyels were thermalized.
ered by the observed lines corresponds to at least two rgion Fig. 7 shows the resulting rotation diagram when adding the
the Orion Bar and the Orion Ridge. They represent twieti hyperfine components of each rotational transition, whinines
ent PDRs with dferent conditions so that we expect &elient sponds to a rotation temperature-@4+11 K and a GH column
behaviour. Therefore, the spatial correlation may Wkecéntfor  gensity of (4+ 0.7) x 103 cm2. The ratios of the intensities of
the spatially diferent regions. Fig6 shows spatial correlationsthe hyperfine components are consistent with the optichity t
between GH, CH, HCO', and [G] calculated in three velocity assumption.
intervals: 7-8.5km's, 8.5-10km s', and 10-11.5km's. The  The curved rotational diagram in Fig.may be an evidence
blue-shifted velocity interval is dominated by emissioonirthe - for mytiple density and temperature components to be ptese
Orion Ridge. The central velocity interval has contribo8®oth i the region covered by the HIFI beam. Therefore, we fitted
from the Orion Bar and the Orion Ridge. The red-shifted velogyeN=6-5,....8-7 and theN=8-7,...,10-9 transitions separately
ity interval is dominated by emission from the Orion Bar. Thgs well. The rotation diagram of the lowdirransitions gives
best correlation is found for the blue-shifted (correlattwéfi- 5 rotation temperature of 48.2 K and a column density of

cients of 0.69-0.92), and the worst for the intermediateai®t (g + 0.03) x 10'3 cn2. The rotation diagram fit for the higher-
intervals (correlation cdicients of 0.38-0.68). The decrease q(Q transitions gives a rotation temperature~f23:21 K and

the correlation coicient for the central velocity interval may beg ¢olumn density of (& 0.4) x 10*3 cm2. In case of the two-
related to optical depthfkects. Based on these results, CH anghmponent rotational diagram, the total beam-averageiol-
HCO" may be good tracers of,& for the Orion Ridge. Taking ymn density is 18 cn2. This is similar to the maximum value
into account th_e r_ed-sh|fted velocity interval only, thepeme_s that Jansen et a(1995 found along their observed cut toward
may probe a similar gas to,8. Among the molecules studiedihe Orion Bar, and factors of 2-5 below the values Wt der
here, the gas traced byi[Gs the least related to the gas tracegyie| et al.(2009 derived, both corresponding to beam sizes of

1)

by C;H both for the Bar and the Ridge. 15"
4. C2H column densities - single excitation 5. CoH column densities - non-LTE calculation
temperature

As inelastic collision rates for £ recently became available,
One method to estimate theld column density is interpreting a non-LTE analysis is also possible. Non-LTE excitationxs e
the intensities of the observed five doublets by a rotatidiral pected to be important as the transitions studied here héve c
agram. The observed integrated intensities can be directly ical densities above the averag&0® cm™3 Orion Bar H vol-
verted to upper state column densities by assuming thatahe t ume density logerheijde et al. 1995For example, assuming
sitions are optically thin, the level populations can berahter- a gas temperature of 100 K, forE-H, collisions theN=6-5,
ized by a single excitation temperature, and that the linesion  J=13/2-11/2 transition have a critical density of &&0’ cm3,
has a uniform beam filling. In the rotational diagram methual t and theN=8-7, J=17/2-152 a critical density of 1.810° cm3.
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Fig. 3. Velocity channel maps of the;8 N = 6 - 5J = 13/2 — 11/2 transition toward the Orion Bar.
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Fig. 4. Integrated intensity maps of,&8 N=6-5, CH?I15,,, HCO" J=6-5, and [G] *P,—°P, toward the Orion Bar. The £ integrated intensities
are over-plotted on each map (black contours). The mapsheemrrotated by -35

While the LTE approach provides information on thgHCcol-  at least for the higiN transitions with very large critical densi-
umn density and excitation temperature, the non-LTE aislyfies. GH-He collision rates were calculated Bypielfiedel et al.
also gives an estimate on the kinetic temperature anddh (2012, which we scaled to represeniid-H, collisions follow-
ume density of the g4 emitting gas. This is, of course, onlying Schoier et al(2005, by a factor of 1.36, based on the ratio
possible if the excitation deviates from LTE, but this isesfed of the reduced mass of thel@-He and GH-H, systems. These
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CH (0.93) HCO* (0.B1) (0.68)
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Fig. 5. Integrated line intensity correlations between thel®l = 6 -5
J = 13/2 - 11/2 line and HCO, CH, and [G]. The corresponding
correlation cofficients are shown in parentheses.

5 T T T T T T E
7-8.5 km/s (0.92) (0.68) 10-11.5 km/s (0.88) 3
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Fig. 6. Line intensity spatial correlations between thgHON = 6 — 5
J = 13/2 - 11/2 line and HCO, CH, and [G]. The corresponding
correlation cofficients are shown in parentheses.

collision rates are available for energies up to 104.9%cmov-
ering three rotational transitions analysed in this papeG-5,

275 T T T T T T T

27 F 1

265 1

26 | 1

255 1

In(N,/g,) (cm™)

251 -

245 1

24 1 1 1 1 1 1 1
80 100 120 140 160 180 200 220 240
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Fig. 7. The rotational diagram of £, corresponding to a rotational
temperature of 6411 K and a column density of (40.02)x 10 cm2.

peratures are clearly required and should be computed gyppe
in order to avoid extrapolations. We also use collisiongatéh
electrons, calculated in the Born approximation with Inér®r-
der Sudden (IOS) recoupling, calculated for temperaturdisd
range between 10 and 1000 K (see ApperdixWe ran several
RADEX (Van der Tak et al. 200/models with physical parame-
ters that are expected for the Orion Bar, i.e. kinetic terajpees
between 50 and 400 K and,Molume densities betweernxt0*
cm3 and 10 cm™3. We also use a background radiation field
based orArab et al.(2012, which is a modified blackbody dis-
tribution with a dust temperature d4=50 K and a dust emis-
sivity index of 3=1.6. The used electron density has very little
effect on the line intensities, which is a consequence of thdi sma
C,H dipole moment (AppendiR).

The observed line intensities are not consistent withi C
originating in a single gas component toward the Orion Bar CO
peak. A two-component model is required to fit the observed
C,H intensities. In this model the, €l column density is domi-
nated by a gas component with a temperature of 100-150 K, an
H, volume density of 510°-10° cm3, and a GH column den-
sity of 8x 10" cm2. To reproduce the integrated intensity of the
highestN (N=9-8 and 10-9) doublets, a higher density(30°
cm3) hot (T ~ 400 K) gas component is required. This second
component has a column density of 20'3 cm~2. The sum of the
line intensities predicted by this two-component modelcaer-
plotted on the observed line intensities in Ry.This model is
consistent with thé&l=6-5, 7-6, and 10-9 doublets within the ob-
servational errors, and over-predict the 8-7 and 9-8 dasilbiy
40% and 30%, respectively. This model is also consisterit wit
the assumption that the analysegHCtransitions are optically
thin: the opacity of every transition is less than 0.03 inheac
model. The doublet ratios are well reproduced (13% or better
by both two-component models for tie=6-5,...,9-8 transitions.
The doublet ratio for thé&l=10-9 transition is reproduced within
a factor of two. The doublet ratios estimated with RADEX for
the two-component model with ngp=10° cm 3, Ty;,=100 K
and n(B)=5x10° cm=2 andT=400K are 1.32, 1.27,1.23, 1.22,
and 1.22 foN=6-5,...,10-9, respectively. The doublet ratios for
the two component model with ngh=5x10° cm3, Tyi,=150 K

7-6, and 8-7). The rates are calculated for a temperature ranged n(H)=5x10° cm™ andT=400K are 1.28, 1.23,1.20, 1.21,
between 5 and 100 K. We extrapolated these collision rates &md 1.22.

temperatures up to 400 K and energies up-#5 cnt (see

The evidence of at least twoftBrent gas components ob-

AppendixB). Collisional rates for these higher levels and tenserved toward the COpeak is consistent with the clumpy pic-
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ture of PDRs. Diferent density and temperature components drg x/1000 on the back side. We have implemented the collision
expected to be covered by the HIFI beam. The existence of swates used in Sedh.in order to compute integrated intensities for
high-density gas toward the Orion Bar C@eak is consistent the observed transitions.
with what was found for OHGoicoechea et a(2011). Figure9 shows the calculated,€& integrated intensities cor-
The non-LTE models suggest a totaglfCcolumn density of responding to the model, over-plotted on the observediated
~10* cm~2, dominated by the lowest-transitions. The models intensities. The model over-predicts the intensity oflkhe6-5,
also suggest the evidence of a very high density gas componi=7-6, andN=9-8 doublets by about a factors of two, 1.5, and
that contributes only about 20% of thekZ column density, but 20%. The model under-predicts the intensities of el 0-9
is required to fit the highedt-transitions. The hot and dense gaand N=11-10 doublets by factors of 2.4 and 5.5. Even though
that GH traces toward the Orion Bar based on the transitiottse model predictions are close to most of the observed ine i
analysed in this paper may be consistent with the UV-illuateéd  tensities, it is clear that assuming a single pressure caeo
edges of dense clumps close to the ionization front of the PDR simplification, as the structure of PDRs is clumpy. TH& o
set between the observed and modelled values may be exgplaine
by different gas components or clumps covered by the HIFI
- 1 beam. The model predicts a face-on column density of 107
8 Tin=100 K, n(Hz)=10° cm™ ] cm~2. Assuming a geometrical enhancement factor of four (e.g.
i BT, 400 K, n(H,)=5x10° cm™ 1 Neufeld et al. 200§ this is equivalent to an edge-on column den-

sity of 6.8x10' cm2. This value is about a factor of 7 above the
values predicted by the two-component rotational diagrath a
1 RADEX models. Despite the higher column density compared
+ 1 to the rotational diagram and RADEX models this model under-
predicts the intensity of the highehitiransitions. This confirms
- = 1 the result that the higheé¥-transitions contribute only a minor
oL = u | ; N part of the total GH column density. The dierence between the
| observed and modelled,8 intensities suggests that mostHC
[ 1 originates in a dferent gas component than CHwvhich was
0 by - - - - used to constrain the PDR model.
r 1 Figure 10 shows the abundances ofi, CH, C", HCO*,
8 Tw=150 K, n(f)=10°em™ 1 1c1] and CH corresponding to the model, as a function of vi-
W T, =400 K, n(H,)=5x10° cm™ sual extinction up to a visual extinction of 10. MostHCis lo-
6 [ ] cated near the surface of the PDR, in a relatively narroworegi
. at visual extinctions oAy ~ 1 — 2. The gas temperature in this
region predicted by the PDR model is in the range betwesf0
4 B i ] K and 140 K, while the H volume densities are in the range of
: . 10° cm™2 and 6x 10° cm3, as shown in Figll. In the range
[ - 1 of Ay = 0.8...1.5 responsible for the main,& emission, the
2 = R E - PDR model predicts temperatures that cover both components
r " 1 suggested by the RADEX models, 100-150 K and 400 K. The
i ] H, volume densities suggested by the RADEX model for the
Ol : : : : lower-N transitions (18-10° cm™3) is close to those correspond-
500 600 700 800 900 ing to the PDR model. There are, however, two discrepancies:
Freq (MHz) the RADEX H, volume density of %10° cm 2 for the hot com-
ponent is above the density range predicted by the model for

observed line intensities (black symbols). Top panel: Ttoelets cor- the GH emlttlng gas. I_\/Ioreoyer, the temperaturefdensny _Struc-
responds to parameters iaHy)=10P cm-2, Tyin=100 K, N(CoH)=8 x ture calculated in the isobaric model Woul_d_ predict the bigh
10" cm2 (green symbols), and to(Hz)=5x10° cm3, Tn=400 K, temperature gas to trace the Iowes_gt dﬂansmes_, .and thg low-
N(C,H)=2x 103 cm2 (blue symbols). The sum of the two component§St temperature gas to trace the highestdensities. This be-

is given by the red symbols. Bottom panel: The models coomdp to haviour results in the over-prediction of the intensitiewest-
parameters ofi(H,)=10° cm 3, T,;,=150 K, N(C,H)=8 x 10'3 cm? N transitions and the under-prediction of the intensitieshef
(green symbols), and ta(H,)=5x10° cm3, T,i,=400 K, N(C;H)=2x  highestN transitions. This suggests that a single isobaric model
10" cm? (blue symbols). The sum of the two components is given iy describe the §H emitting gas is an over-simplification. In
the red symbols. contrast, the PDR is known to be out of equilibrium showing
signs of photo-evaporatiors{orzer & Hollenbach 1999 Fig.
10also shows that the CHabundance peaks at lower visual ex-
tinctions compared to £, and is consistent with gas at higher
temperatures and lower;Hlensities compared to,8, which

In earlier works based on the Orion Bar HIFI line survey, weas also confirmed by non-LTE radiative transfer modissgy
presented an isobaric PDR model, which explained the obderet al. 2013. This supports the assumption that mosH®rigi-
CH' (Nagy et al. 201Band OH (Van der Tak et al. 200)3mis- nates in a dferent gas compared to what Cltaces. The dom-
sion toward the CO peak of the Orion Bar. This model wasinant GH formation and destruction processes that the model
computed using the 1.4.4 version of the Meudon PDR cbéde (suggests are shown in Sett.

Petit et al. 200Band corresponds to a pressuréPof 108 cm3 The PDR model quoted above is a simplification, but it con-
K and represents a plane-parallel slab of gas and dust illat@d firms that GH toward the Orion Bar originates in more than
from two sides by a radiation field gf = 10* on the front, and one pressure component. Based on the physical paramegers su

Intensity (K km/s)

Intensity (K km/s)

Fig. 8. Non-LTE GH line intensity predictions with RADEX vs the

6. Comparison to PDR models
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gested by the PDR model, thel€ emitting gas is also most 7. Formation and destruction processes

likely to trace the edges of dense clumps exposed to UV irra@ven though we cannot constrain the formation and destnucti

ation close to the ionization front of the PDR. MoreovesHC ﬂquZH with the observations presented in this paper, the PDR

is predicted to be closely confined to the dense surface of del lained ab . - dicati bout th i
clump nearAy ~ 1. This is consistent with our excitation analy-mo €IS explained above give an indication about thé most im-
rtant processes involved in the chemistry @HCFor Orion

sis which argues that this gas is directly heated by the UV p@Zr conditions represented by the isobaric model wita 10

K cm™3 andy = 10% the most important processes that con-
tribute in the formation of gH are

1471 T T T
[ - H,+C,=CoH+H (2)
12 N
—_ 10:— _ CoHo+hy=CoH +H 3)
c 8r ] CH; +& =CH+H (4)
St . ;
5 CsH* +& = CH + C. (5)
oA + 7] These processes contributeb7.1%, ~27.2%, ~4.8%, and
I ] ] ~0.9% of the total @H abundance, respectively. These values
2r # ] refer to a depth equivalent ¥, ~ 1, which is part of the region,
ok, . . = w where GH abundances peak. An alternative formation route of
500 600 700 800 900 C2H can be expected in PDRs. Small hydrocarbons, suchids C
Freq (MHz) can form via the photodissociation of small PAHSc(< 24)

(Useli Bacchitta & Joblin 2007 This formation route is not in-
Fig. 9. C;H line intensity predictions from a a PDR model with a prescluded in the Meudon PDR code, however, based on a compari-
sure ofP = 10° cm™3 K and a radiation field of = 10* (blue symbols) son of the spatial distribution of £ to that of a Spitzer map at
overplotted on the observations (black symbols). 8 um Cuadrado et al2015 conclude that this formation route
cannot dominate the formation of,8 for the Orion Bar. The

most important destruction processes at the séyne 1 are
2e-07

tgeorf T X(CoH) —— CoH+hv=H + C, (6)
. X(CH)2 ——
1.6e-07p X(C") 1 700 -=eeen
—14e-07} L X(H(CC;"/) x 10
? % X(Cl)/ 1000 ——
51.2e-07 N\ x(eHY CoH+Hy =H+ CoHy (7)
& 1e07} / Y
| CoH+C* = H +Ci. ®)
6e-08f
4e-08f
2e-08} . | CH+O—-CH+CO 9)
0 ; - Lo . .
01 0.5 1 2 3 456789 These processes are responsible for the destructie®f1%,

~28.9%,~1.5%, and 0.66% of §H, respectively. @H abun-
Fig. 10. The abundances of,&, CH, C", HCO', and [G] correspond- dances therefore peak in a region, where the moleculaidract
ing to a PDR model with a pressure Bf= 108 c2 K, illuminated by ~ (f=2N(H2)/(N(H)+2N(H2))) / H2 density is high enough to pro-

a radiation field ofy = 10* on the front, and a radiation field gf= 10 duce GH via reactions betweenHand G, and the radiation
on the back side of the cloud. field is low enough, that the 81 production compensates its
destruction by FUV photons. With the used model parameters,
the molecular fraction is 30%, the;Wolume density about £0
cm3, and the gas temperature is around 570 Kat~ 1. At a
depth equivalent té\, ~ 1.5, where still significant gH is lo-
cated, the temperature decreases to about 270 K, the malecul
w0 £ fraction increases t950%, and the Kvolume density is % 10°

800 cm3. The reaction rates are summarized in Table

600

le+07 T T T T T T 2000

1800
1600
1400
& 1e+06
1200

Ny / ny [em
Tgas (K)

100000

400

200 8. Discussion

10001 05 1 2 3 456769 " We presented £ observations toward the Orion Bar corre-

A sponding to five rotational transitions, in order to prokeeghys-
Fig. 11. The temperature (blue) and density (red) structure cooresp ical parameters of the€1 emitting gas. The observed line inten-
ing to the isobaric PDR model with a pressurePof= 10 cmr2 K,  sities are not consistent with a single gas component, lpgesi
illuminated by a radiation field of = 10* on the front, and a radiation that GH originates in at least two fierent components. The to-
field of y = 10 on the back side of the cloud. tal C;H column density of about £ cm2 is dominated by gas
corresponding to a kinetic temperature of 100-150 K, whgh i
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Table 2. The rate cofficients for the formation and destruction reactions gfi@ward the Orion Bar. For two-body reactions the rates areng

by the Arrhenius-type formula of(%))p exp(%) (cn® s71), and for photo-reactions by the= o expyAy) (s1) formula.

Reaction « B v T (K) Reference

2 1.78x101% 0 1469 295-493 Pitts et al(1982

3 3.3x10° 0 2.27 10-41000 Van Dishoeck et al2006

4 1.35x107 -05 0 - Florescu-Mitchell & Mitchell(2006

5) 1.5x107 -05 0 10-300  Prasad & Huntresgl 980

(6) 1.60x10° 0 2.3 - Van Hemert & Van Dishoeck008, Van Dishoeck et al(2006
(7 2.90x101? 1.75 539  178-4650 Kruse & Roth(1997)

(8) 1.00x10° -05 0 10-41000 Prasad & Huntres&980

9 1.0x10° 00 0 10-2500  KIDA critical evaluation (based on experinaédata)

consistent with the average value of&8® K derived byHoger- derived byCuadrado et al(2015 close to the CO peak posi-
heijde et al(1995 and an H volume density of 1810° cm 3.  tion, based on the 0 1-0, 2-1, and 3-2 transitions. This gives
The intensities of the highe¥-transitions suggest the existenca GH abundance of 610° with respect to H. Van der Wiel

of a higher density (810° cm™3) hot (T ~ 400 K) gas com- et al. (2009 derived a GH abundance of 2107° for a beam
ponent. This high-pressure gas contributes only a smatt fraize of 15'. Fuente et al(1996 derived a GH abundance of
tion of the GH column density, but is required to explain thel.2x108 with respect to H toward the Orion Bar within a 26
higherN C,H transitions. The rotational diagram is also consi®eam size. When comparing to the total hydrogen column den-
tent with at least two dierent gas components. A high-densitgity Ny = N(H) + 2N(H,) Cuadrado et a[2015 measured ¢H
gas component toward the Orion Bar, interpreted as phateevabundances of (0.7-25¢)0°8 with respect to H nuclei. Adding
orating dense clumps, was previously found to be traced by @#&N(H) = 3x 10! cm2 from Van der Werf et al(2013 to our
(Goicoechea et al. 20).IThe rotationalA-doublets detected us-H; column, gives a gH abundance of 2:210°° with respect to
ing Herschel/PACS are consistent with warm (160-220 K) gasl nuclei. The higher gH abundance measured Byadrado et
at densities ohy=10°-10" cm3. The highN rotational transi- al. (2015 is due to tracing a cooler component as well using
tions of GH analysed in this paper may trace similar areas tfwer-N transitions.

the dense filament surfaces. C,H has been detected toward other PDRs with various phys-
Lower-N C,H doublets N=1-0,...,4-3) toward the Orion Bar ical conditions, including Mon R2Rizzo et al. 2005Ginard et
were analysed byCuadrado et al(2015. Based on a rota- al. 2012 Pilleri et al. 2013, the Horsehead PDRT¢yssier et
tional diagram analysis and assuming a uniform beam fillaeg f al. 2004 Pety et al. 200 and NGC 7023Kuente et al. 1993
tor, they derive GH column densities of (4:£0.2)x10* cm?  Similar to what we found for the Orion Bar, multipleB tran-
and (3.2:0.6)x10* cm toward the dissociation front and thesitions measured toward Mon R2 also suggest a two-component
molecular peak of the Orion Bar, about a factor of four abbee tfit to describe GH toward this regionRilleri et al. 2013. How-
total GH column density derived from the high-transitions ever, only one of the two components found toward the Mon
presented in this paper. The rotational temperature theyfdéin R2 region corresponds to a dense highly UV-illuminated PDR,
the N=1-0,...,4-3 transitions 26l K, which is significantly be- and the other to a low UV-illuminated lower density envelope
low our cold-component temperature of 482 K, determined The PDR component toward the Mon R2 originates in an H
from theN=6-5,...,8-7 doublets. The combination of the highalume density of 210° cm™3, which is similar to what we
column density and lower excitation temperature providgsa found toward the Orion Bar for both components. Unlike the
ilar flux around N=5-4 consistent with our measurements, burion Bar and Mon R2 PDRs, A&l toward the NGC 7023 re-
leading to a continuation of our rotational diagram (Figwith  gion is likely to be related to a low-density envelope of NGC
a steeper slope towards smaller energies. TheNowobserva- 7023, based on the comparison of the observations and calemic
tions of Cuadrado et al(2015 therefore also trace somewhamodels Fuente et al. 1993C,H has also been detected toward
more extended colder gas than our measurements. Based-on tienlow UV-illumination (60 inDraine (1978 units) Horsehead
LTE radiative transfer modefSuadrado et a[2015 estimate an PDR, and was found to be spatially correlated with H@G@1in
H, volume density o210° cm2 and a kinetic temperature ofet al. 2009.
2150 K. These parameters are close to those that our RADEX |, oqgition to PDRs, 6H has also been detected in other

model_s suggest for the bulk of thel€ column density, corre- types of regions as wellWatt et al.(1988 studied the GH
qugdmg mostly to thél=6-5,...,8-7 doubletsn(H)=10"10° Nyg4—3 trangsition in several moIeCL(JIar ?Iouds. Based on the
cm>, Tiin ~ 100150 K. comparison of the observations and chemical models they con
The GH column density of 18" cm2 can be converted to clude that GH emission arises from dense (4D0° cm3) gas,
a GH abundance using’@O transitions observed as part of oubut not from very dense gas with,Hlensities of>10° cm3.
HIFI line survey (Nagy et al. 2015, in prep.). The beam-ageth Padovani et al(2009 studied the @H N=1-0 andN=2-1 tran-
C'’0 column density based on the four observed transitiosisions toward two prestellar cores, and found evidenceesf d
(from 5-4 to 8-7) based on a rotational diagram isdL@°cm™2.  viations from LTE level populations. Deviations from LTEear
This Ct’O column density is equivalent to a CO column densitgiso important in the case of the transitions studied haréhto
of 2.3x10'® cm2, adopting abundance ratios $i0/*¥0=560 Orion Bar, as the excitation temperatures derived from die-r
and®0/1’0=3.2 (Wilson & Rood 1994. Assuming a CO abun- tional diagrams are well below the kinetic temperatures/der
dance of 1.£107*for the Orion Bar PDRJohnstone et al. 2003 using the non-LTE analysi&euther et al(2008 studied GH in
this CO column density is equivalent to ap Eblumn density of regions that representftirent evolutionary stages of high-mass
2.1x10%? cm 2. This value is close to the N@#=3x10°2 cm™  star formation, including infrared dark clouds, high-mpssto-

Article number, page 9 af2



A&A proofs:manuscript no. c2h_orionbar_astroph

stellar objects, and ultracompacti Hegions. Based on chemi-cm) gas. A simple PDR model representing the Orion Bar with
cal models they suggest thatktraces the initial conditions of a plane-parallel slab of gas and dust confirms th#t G likely
massive star formation. In the outer cloud regions disalgse to be related to more than a single pressure componenteunlik
their models the gH abundance is high due to the interstella€H" toward the Orion Bar.

UV radiation field, which dissociates CO, enlarging the abun Based on the physical parameters derived for the NgtyH

dance of carbon. These outer cloud regions discuss&eabther

transitions analysed in this paper, tNe-6-5,...,10-9 GH dou-

et al.(2008 also represent a similar case to PDRs, including thxets may trace the edges of dense clumps exposed to UV radia-
Orion Bar. Toward the DR21(OH) high-mass star forming rdion near the ionization front of the Orion Bar.

gionMookerjea et al(2012 found that the observed,@ and c-

CsH, abundances are consistent with a chemical model with an

H, volume density of %10° cm3, similar to what our RADEX
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C,H line intensities are consistent with& to originate at least Simon. R., Stutzki, J., Sternberg, A., & Winnewisser, G. 19%A, 327, 9

Schoier, F. L., van der Tak, F. F. S., van Dishoeck, E. F., &B|al. H. 2005,

in two different gas components. One of these gas componentge A’ 435 369
dominates the g total column density and the intensity of thespielfiedel, A., Feautrier, N., Najar, F., et al. 2012, MNRAS1, 1891

lower—N transitions, and can be related to waffig{ ~ 100-150

Storzer & Hollenbach 1999, ApJ 515, 669

K) and denser((H2)~1O5—106 cm‘3) gas. The second Componenfeyssier D., Fossé D., Gerin M., Pety J., Abergel A., RbHeg 2004, A&A, 417,

adds only a small fraction to the,8 column density, but is re-

Tucker K. D., Kutner M. L., Thaddeus P., 1974, ApJ, 193, L115

quired to fit the intensity of the highé¥-transitions. This com- yseli Bacchitta, F., & Joblin, C. 2007, in Molecules in Sparel Laboratory,

ponent is related to hoT(, ~ 400 K) and densen(H,)~5x10°
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Van der Tak, F. F. S., Black, J. H., Schéier, F. L., Jansen, [& Van Dishoeck, employed to derive the fine-structure rate ffiogents in terms

E. F. 2007, A&A, 468, 627 of the rotational rates for excitation out of the lowest tiataal
Van der Tak, F. F. S., Nagy, Z., Ossenkopf, V. et al. 2013, A&B0, 95 level N = 0, following the general procedure Baure & Lique
Van der Wiel et al 2009, A&A 498, 161-165 2 afiarri (2 h
van der Werf, P. P., Goss, W. M., & O'Dell, C. R. 2013, ApJ, 761 (2012 (see Egs. 1-3 dfiarrison et al(2013). The I0S approx-
Van Dishoeck et al. 2006, Farad Discuss, 133, 231 imation was also applied to derive the hyperfine ratefogents
Van Hemert & Van Dishoeck 2008, Chem Phys, 343, 292 (Eqs_ 6-8 inHarrison et al(2013)_
Walmsley, C. M., Natta, A., Oliva, E., & Testi, L. 2000, A&AKZ, 301 : :
Watt, G. D., White, G. J., Millar, T. J.. & van Ardenne, A. 1988&A, 195, 257 The above three step procedure was applied to the first 26
Wilson, T. L., & Rood, R. 1994, ARAA, 32, 191 rotational levels of @H, that is up to the levelN, |, F) =
Woon, D. E. 1995, Chemical Physics Letters 244, 45 (25,245, 24) which lies 945 cmt above the ground state (0, 0.5,

Wootten, A.; Bozyan, E. P.; Garrett, D. B.; Loren, R. B.; $niel L. 1980, ApJ  0), resulting in 246 collisional transitions. The largestrcodi-
239, 844 cients are of the order o88L0"cmis 2, i.e. typically four orders
Zhang, Y., Kwok, S., & Dinh-V-Trung, 2008, ApJ, 678, 328 f ' b
magnitude larger than the,B-He rate coéicients, and they are
Acknowledgements. We thank the referee and the editor Malcolm Walmsley fofXPected to be accurate to within a factor of 2. The complete
useful comments which helped to improve our manuscript. Velak Robert Si- set of de-excitation rate cficients is available on-line from the

mon for providing us with a €1-0 NANTEN map. We also thank Franck Le Petit. AMDA ( Schoier et al. 2005and BASECOL Dubernet et al.
for discussions related to including the excitation of n@edes in the Meudon 2013 database

code. HIFI has been designed and built by a consortium dfutes$ and univer-
sity departments from across Europe, Canada and the US thel&adership
of SRON Netherlands Institute for Space Research, Gronijnfee Netherlands
with major contributions from Germany, France and the USh€oatium mem-
bers are: Canada: CSA, U.Waterloo; France: CESR, LAB, LERNRAM; Ger-

many: KOSMA,MPIfR,MPS; Ireland, NUIMaynooth; Italy: ASIFSI-INAF, I : i _
Arcetri-INAF; Netherlands: SRON, TUD; Poland: CAMK, CBK;p&in: Ob- Spielfiedel et al(2012) only provided collision rates for temper

servatorio Astronomico Nacional (IGN), Centro de Astrobiga (CSIC-INTA); atures up to 100 K and for rotational levels with upNo= 8
Sweden: Chalmers University of Technology - MC2, RSS & GARInsala corresponding to an upper level energy of about 150 K, asgive
gtpackti1 <|3bsglr)vat0ryi Swgdisth l\:atignngﬁpgpe EOSLdN ﬁttnéﬂive;si% § in BASECOL. This is clearly insfticient to model our observa-
m Vi ry; Switzerlana: Il ) H
Nl?igC.OHIPE izea jiiﬁtydevelo;mint by the I-l|JerCsc’heI Sciénce.@icegeémenvt .tlons as we observed up ® = 10~ 9, the gas temperatures
Consortium, consisting of ESA, the NASA Herschel Sciencet@e and the in the Orion Bar are anU_nd 150 K and densities OT more than
HIFI, PACS and SPIRE consortia. 10° cm2 allow for a collisional excitation of much higher lev-
els that will eventually decay radiatively, feeding theatainal
ladder from levels abovl = 9. A solution of the rate equations
for the Orion Bar conditions thus asks for the inclusion oEls
with energies of a few times the kinetic temperature.
The electronic ground state symmetry of the radica @ 2<*. Thus we have to extrapolate the rate fficgents from
Each rotational leveN is therefore split by the spin-rotation cou-Spielfiedel et al(2012) both in terms of additional levels and
pling betweerN and the electronic spiB = 1/2 so that each higher temperatures. A very general, but numerically dedimen
rotational levelN has two sub-levels given by = N + 1/2. approach to extrapolate collision rates was proposedeafeld
In addition, owing to the non-zero nuclear spin of the hydr§2010. It is applicable to any type of molecules but needs some
gen atom (=1/2), each fine-structure level is further split into 2training” through collision rates from similar speciesrf,H
hyperfine levelss = j + 1/2. The rotational constant of,8 we have, however, the advantage that it is basically a lireear,
is 1.46 cnt. The fine- and hyperfine-splittings are typicallyonly superimposed by the hyperfine interaction. As our m@asu
0.01 and 0.001 cri, respectively. The dipole moment o§i@is ments show no variation in the hyperfine ratio and the colisi
0.77 D Woon 1995. rates fromSpielfiedel et al(2012 at temperatures above 20 K
There is, to our knowledge, no previous estimate for tt&ge dominated by the pure rotational transitions of thealiro@n-
electron-impact hyperfine excitation rate floeents of the GH  figuration withAN = AJ = AF (see FigB.1), it seems justified
radical. Recent R-matrix calculations have consideredtele to concentrate on the rates for these transitions, tre@ihbas
scattering from @H (Harrison & Tennyson 20)but they con- a simple linear rotor.
centrated on bound states of the anion and electronic ércita ~ For such molecules, the 10S approximation is a handy ap-
of the neutral. Here, electron-impact hyperfine ratefficients proach to compute the collision rates for any seried df(see
for Co;H were computed using a three step procedure, similppendixA) as long as the energyftirence of the states is
to that employed recently for the radicals OfVan der Tak et small compared to the kinetic energy of the collision parne
al. 2013 and CN Harrison et al. 2018 i) rotational excitation For higher levels, a correction is possible as summarized by
rate codicients for the dipolarAN = 1) transitions were first Schdier et al(20095. We use here their Eq. (13) derived orig-
computed using the Born approximatioi);fine-structure exci- inally by de Jong et al(1975; Bieging et al.(1998 to extrap-
tation rate cofficients were then obtained, from the Born rotaslate the collision co@cients to higher levels based on the en-
tional rates, using the (scaled) Infinite Order Sudden (I&%) ergy level diference and the behaviour of the collision rates for
proximation andii) hyperfine excitation rate cffecients were lower J levels in the series. Due to the additional hyperfine split
finally obtained using again the IOS approximation. In thgecain C,H we have to perform the fit individually for the féiérent
of polar molecules, the long-range electron dipole intéoac F —Jcombinations in a pure rotational series. This assumes that
is well-known to control the rotational excitation, es@lgi at we have no further interaction of the states, as justifiedhiey t
low collision energieslfikawa & Mason 200%. Although the behaviour of the collision rates ate temperatures betw8emad
C,H dipole is only moderate, the Born approximation is ext00 K. The result is shown in Fid3.1. The figure shows the
pected to be reasonably accurate for dipolar transitiongrdc- collision rate behaviour within the dominant series forlghels
tice Born cross sections were computed for collision emsrgicomputed bySpielfiedel et al(2012) and the extrapolation of the
ranging from 1 meV to 1 eV and rate d@ieients were deducedrates up taN = 18. All other collision rates are much lower so
for temperatures from 10 to 1000 K. The IOS approximation w#sat they are not important for the population of the uppezle

Appendix B: Extrapolation of collision rates

Appendix A: C >H—e™ rate coefficients
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Fig. B.1. Rates for the deexcitation of,8 through collision with H  Fig. B.2. Temperature dependence for the main collision rates,bf C
at 100 K. Black crosses mark all collision rates fr@pielfiedel et al. with H,. The curves are sorted kyJ but cover all transitions of the
(2012 above 10'? cms™t. The curves indicate the fiierent transition corresponding series. Every connected dot in Bid. produces one
series for pure rotational transitions of the molecule,AR = AJ = temperature-dependence graph in this plot. To improvedadability,
AF. Each series consists of four curves according to the finehgnd we have omitted thaN = AJ = AF = 3 series here. Up to 100 K, the
perfine structure split of the folM states with approximately the samedines show the rates computed Bpielfiedel et al(2012), from 100 to
energy:J = N = /1/2 andF = J + 1/2. The continuations of those 400 K we extrapolated as a power law with the same slope asumsehs
curves into the coloured symbols show the extrapolatiorhefrates between 90 and 100 K.

to the higher level transitions using the formalism fr@ohoier et al.

(2005 based on the I0S approximation. . . .
We finally note that rate cdéicients for the fine-structure ex-

citation of GH by para-H(j = 0) have been published recently
Besides the extrapolation to higher level energies, we aldy Najar et al.(2014. The largest rate cdiécients, which cor-
need to extrapolate the rates fraBpielfiedel et al (2012 to respond to transitions withj = AN = 2, were found to dfer
higher temperatures. To obtain the rate at higher tempesgtufrom those of GH-He by a factor of~ 1.4, as assumed here.
we have to compute the integral over collision cross sestion Larger diferences were however observed for other transitions,
energies of about ten times the kinetic temperature of tlse gspecially those witlhj = AN = 1 (see Fig. 6 ifNajar et al.
(Flower 200). This makes the high-temperature computatio@914). Hyperfine-resolved rate cfiients for GH-H, for high
in principle demanding. However, as we only want to expan@vels and high temperatures, are therefore urgently redin
the temperature range by a small extend, from 100 K to 400 @der to avoid both collider-mass scaling and extrapatetio
we can use the temperature behaviour measured up to 100 K to
estimate the rates above this temperature. The simplesiagp
would be an extrapolation with the square root of tempeeatur
reflecting the velocity of the collision partners. When iesing
the rate cofficients at temperatures up to 100 K we see, how-
ever, that the majority of the rates shows a temperaturerdepe
dence very dterent from an exponent of 0.5 (see F&j2). But
the double-logarithmic plot shows straight lines for baBicall
rate codficients at high temperatures indicating that a power-
law extrapolation with a free exponent is a good descriptibn
the temperature dependence. The curvature in the curvesyis v
small.
We extrapolated from 100 K to 400 K using the power law
determined either between 80 and 100 K or between 90 and
100 K. When comparing the two extrapolations, we found only
11 transitions with a deviation of about 10 %. All other trians
tions showed a better agreement of the rates proving that the
power-law description is quite accurate. One should taledn-
count, however, that this approach should not be continued o
large dynamic ranges as we clearly expect changing coupling
when dealing with factors of ten or more.
To check the sensitivity of our overall results to the extrap
olations, we also ran the RADEX fits performed in Sé&olvith
an alternative collision rate file created just by a constantin-
uation of the rates from 100 K towards higher temperaturds an
higher levels. For the same input parameters the average exc
tation temperature then drops from 26.9 K to 24.6 K evenjuall
indicating an overall relatively minor sensitivity of owgsults to
the details of the extrapolations.
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