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ABSTRACT

We report the first interstellar identification of protonated acetylene, C;HZ, a fundamental hydrocarbon, in the z = 0.89 molecular
absorber toward the gravitationally lensed quasar PKS 1830-211. The molecular species is identified from clear absorption features
corresponding to the 2;,—1¢; (rest frequency 494.034 GHz) and 1,;—0¢ (431.316 GHz) ground-state transitions of ortho and para forms
of C,HJ, respectively, in ALMA spectra toward the southwestern image of PKS 1830-211, where numerous molecules, including
other hydrocarbons, have already been detected. From the simple assumption of local thermodynamic equilibrium (LTE) with cosmic
microwave background photons and an ortho-to-para ratio of three, we estimate a total C,H; column density of 2 x 10'? cm™ and an
abundance of 107'° compared to H,. However, formation pumping could affect the population of metastable states, yielding a C;HZ
column density higher than the LTE value by a factor of a few. We explore possible routes to the formation of C;HJ, mainly connected
to acetylene and methane, and find that the methane route is more likely in PDR environment. As one of the initial hydrocarbon
building blocks, C,HJ is thought to play an important role in astrochemistry, in particular in the formation of more complex organic

molecules.

Key words. ISM: molecules — galaxies: abundances — galaxies: ISM — quasars: absorption lines — radio lines: galaxies —
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1. Introduction

There are now more than 300 molecules detected in space
(see, e.g., the webpages of the Astrochymist! and the Cologne
Database for Molecular Spectroscopy (CDMS?), also McGuire
2022). A few iconic objects have proven to be very pro-
lific sources for detecting new interstellar molecules: SgrB2, a
giant molecular cloud close to the Galactic Center (see, e.g.,
Nummelin et al. 2000; Belloche et al. 2013; Neill et al. 2014),
TMC 1, a cold dark cloud in the Taurus complex (see, e.g., Kaifu
et al. 2004; Cernicharo et al. 2021, 2022a,b, 2023; Fuentetaja
et al. 2022 for recent detections of some hydrocarbon species),
L483, a dense core around a class 0 protostar (Agundez et al.
2019, 2023), and, particularly, the circumstellar envelope around
the evolved star CW Leo (also known as IRC+10216, see e.g.,
Cernicharo et al. 2000; Tenenbaum et al. 2010; Pardo et al. 2022).

Concerning extragalactic molecules, two objects stand out
in molecule count: the nearby starburst galaxy NGC 253 (e.g.,
Martin et al. 2006, 2021), and the z = 0.89 molecular absorber
toward the lensed quasar PKS 1830-211, for which more than
60 species have been reported to date (Muller et al. 2006, 2011,

I http://astrochymist.org/
2 https://cdms.astro.uni-koeln.de/classic/molecules

2014a; Tercero et al. 2020). The latter presents a pure-absorption
spectrum, where low-energy transitions are highly favored. As
a result, the spectral line density is significantly lower than in
rich molecular-emitting sources in closer proximity, which dras-
tically limits line confusion and simplifies line identification.
The z = 0.89 molecular absorber toward PKS 1830-211 pro-
vides us with a unique opportunity to investigate the interstellar
medium and its chemistry in the disk of a distant galaxy (e.g.,
Muller et al. 2017). The absorber is a nearly face-on (i = 26°,
Combes et al. 2021) spiral galaxy which acts as a gravita-
tional lens, splitting the background quasar into two bright and
compact images, separated by 1” (Subrahmanyan et al. 1990;
Jauncey et al. 1991; Winn et al. 2002). Molecular absorption
is seen against both lensed images (Wiklind & Combes 1998;
Muller et al. 2006, 2014a). The line of sight to the southwest-
ern (SW) image, notably, is the place of the numerous molecular
detections. It intercepts the absorber’s disk at a projected galac-
tocentric radius of 2.4 kpc, and has a large column density of Hy,
~2 x 10?> cm™2, about one order of magnitude larger than the
northeastern (NE) line of sight (Muller et al. 2014a).

Here, we report the identification of a new interstellar molec-
ular ion, protonated acetylene (C2H§), in the absorber toward
PKS 1830-211 SW. C;HJ is the protonated form of acetylene
(C,H,), the simplest alkyne, i.e., an hydrocarbon with one
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carbon-carbon triple bond. Due to its symmetry, acetylene does
not have permitted dipole rotational transitions and it has to
be observed through its infrared vibration-rotation spectrum.
Within the Solar system, acetylene is found in planetary atmo-
spheres (e.g., Ridgway 1974; Gillett 1975) and in comets (e.g.,
Brooke et al. 1996). Beyond, acetylene was first detected in
IRC+10216 (Ridgway et al. 1976) and in infrared sources embed-
ded in molecular clouds (Lacy et al. 1989). Its observations tend
to be limited to warm environments associated with young stellar
objects (e.g., Boonman et al. 2003; Sonnentrucker et al. 2007;
Rangwala et al. 2018). The protonated form of acetylene has
also been suspected to be present in the interstellar medium as
well (e.g., Herbst et al. 1977; Glassgold et al. 1992), although
it has eluded detection so far, probably due to its unfavorable
millimeter-wave rotational spectrum for ground-based observa-
tions in local (z ~ 0) sources. Both acetylene and its protonated
form are key building blocks of larger hydrocarbons and other
complex molecules (e.g., Schiff & Bohme 1979; Oka et al. 2003;
Chapman et al. 2009).

2. Observations
2.1. Ortho-CzH;,

We obtained ALMA band 6 observations of PKS 1830-211 on
2022 October 11th. The array was composed of 44 antennas in
the approximative configuration C-3, with projected baselines
ranging from 15 to 500 m resulting in a synthesized beam of
~0.7”. The antenna primary beam (field of view ~20") was
much larger than the separation between the lensed images of
PKS 1830-211. The amount of precipitable water vapor was
between 0.4 and 0.5 mm during the observations. The total
observing time on PKS 1830-211 was 36 min. Four spectral
windows of 1.875 GHz-wide were used to cover various spec-
tral lines. The spectral window of interest for this discovery was
centered at 261.6 GHz and yields a velocity resolution of about
1.1 kms~!. Tt also contained the strong [CT1] (GP,-3Py) line,
redshifted to 260.98 GHz.

The bright quasar J1924-2914 (~6.7 Jy at 260 GHz, at
time of the observations) was used as bandpass and flux cal-
ibrator. The quasar J 1832—-2039 (~0.3 Jy) was used for gain
calibration. After the standard calibration by the ALMA pipeline
(CASA version 6.4.1.12, The CASA Team 2022), the visibilities
of PKS 1830-211 were self-calibrated, phase only, at the shortest
integration time interval of 6 s.

The final spectra along the NE and SW images of
PKS 1830-211 were extracted by visibility fitting using the
Python-based tool UVMultiFit (Marti-Vidal et al. 2014) and a
model of two point sources, for which the positions were fixed
at the continuum locations and the amplitude per spectral chan-
nel left as free parameters. The spectra were then normalized
to their corresponding continuum level (i.e., 1.3 and 1.0 Jy at
250 GHz for the NE and SW images, respectively). The rms sen-
sitivity was 0.1 and 0.08% of the SW and NE continuum levels,
respectively.

2.2. Para-CH;

The data described above are complemented by ALMA archival
data observed on 2014 March 8th. For these, the array was
composed of 25 antennas, with projected baselines ranging
between 15 and 420 m, resulting in a synthesized beam ~0.7".
The amount of precipitable water vapor was ~2 mm. The
total observing time on PKS 1830-211 was 1.5 h. The spectral
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Fig. 1. ALMA spectra toward the SW and NE lines of sight to
PKS 1830-211: (a) The 2;,—1¢; transition of ortho-C,Hj (rest fre-
quency 494.034 GHz) observed in 2022. (b) The 1;;—0g transition
of para-C,HJ (431.315 GHz, rest), observed in 2014. (c) For compar-
ison, spectra of [C1] (’°P,—*P,) taken from the same spectral window as
observations of a). The best fits by a Gaussian line profile are indicated
in red on top of the C,HJ lines. All spectra have been normalized to the
continuum level of each lensed image. For clarity, the spectra along the
NE line of sight have been shifted by —0.01 (except for [C 1] which has
optical depths multiplied by 20 and shifted by —0.5) and are shown in
blue.

window of interest here was 1.875 GHz wide, centered at
228.5 GHz, and was smoothed to a final velocity resolution of
about 1.9 kms~!. The calibration was done using J 1733-1304
for the bandpass response of the antennas, Titan for the flux
scale, and J 1923-210 for the antenna gains (CASA version 4.2).
After self-calibration, the final spectra were extracted the same
way as previously explained. The rms noise level was 0.3% and
0.2% for the SW and NE normalized spectra, respectively — at
that epoch, the flux density of the NE and SW images at 230 GHz
was ~0.5 Jy and 0.3 Jy, respectively.

3. Results and discussion
3.1. Identification of CzH§

We started with the serendipitous detection of the absorption fea-
ture in Fig. 1a, which at first we could not identify with any other
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known species toward PKS 1830-211. The feature is clear and
seen only on the SW line of sight, where many other molecules
have already been detected. There is no counterpart in the NE
spectra at the same velocities, removing the possibility of spu-
rious instrumental artifacts or of atmospheric lines. Because the
two lensed images of PKS 1830—-211 are only separated by 17,
the non-detection of signal on the NE spectra also indicates
that the SW absorption feature does not arise from interstellar
medium in the Milky Way. We thus have strong evidence that
the lines arise in the z = 0.89 molecular absorber.

Given the shape and signal-to-noise ratio (S/N) of the line in
Fig. 1a, we adopt a simple Gaussian profile to obtain a first esti-
mate of its rest frequency, 494032 + 1 MHz, assuming that the
line profile is centered at z = 0.88582 in the heliocentric velocity
frame. The total integrated opacity is (109 + 8) x 1073 kms~! and
the full-width at half maximum (FWHM) is 20 + 2 kms~!. The
linewidth is comparable to previous observations (e.g., Muller
et al. 2011, 2014a) and to the FWHM of the [CI] absorp-
tion in Fig. lc. Armed with this rest frequency estimate, we
have searched for its line identification in the CDMS (Miiller
et al. 2005; Endres et al. 2016) and JPL (Pickett et al. 1998)
molecular databases. As far as we can find exploring a range
of +10 MHz around 494.032 GHz (i.e., a range slightly larger
than the FWHM), there is only one transition with low energy:
the 2;5—1¢; ground-state transition of CoHJ at rest frequency
494034.0653 + 0.0633 MHz as reported in CDMS. Within the
considered frequency range, the next transitions in increasing
energy level already have Ej,, > 80 K, correspond to more
complex molecules, and are unlikely to be detectable at all.
For completeness, we also searched around 261.961 GHz (i.e.,
case where the absorption would occur at z = 0), and could not
find any convincing candidate. The 2i,—1¢; transition of C2H;r
thus appears as our unique alternative. By repeating the Gaus-
sian fit with this new frequency, we find a velocity centroid
vo = 1.26 + 0.68 kms~! at the adopted redshift.

At this stage, we already consider C;HJ as the most likely
molecule responsible for the absorption feature observed in
the SW line of sight of PKS 1830-211. First, CzHg is a rel-
atively simple closed-shell molecule with an electric dipole
moment of 1.14 D (Lee & Schaefer 1986), that has been sug-
gested to be present in the interstellar medium (e.g., Herbst
et al. 1977; Glassgold et al. 1992). Considering the molecular
zoo toward PKS 1830-211, with more than 60 species already
detected along the SW line of sight (e.g., Muller et al. 2011,
2014a; Tercero et al. 2020), the presence of CoHY indeed appears
highly plausible. In particular, many other hydrocarbons have
already been found in the absorber: CH, CH*, C,H, 1-C3H, 1-
C3;H*, c-C3H,, 1-C3H,, C4H, together with some other complex
molecules such as HC3N, CH3;CN, CH;CCH, and CH,CHCN.
Next, the rest frequency of the transition matches well our
best fit estimates within uncertainties. Moreover, the absorption
technique favors observations of low-energy level transitions.
Especially in the low-density medium (diffuse to translucent
clouds), the molecular excitation is easily coupled with photons
from the cosmic microwave background, with Teyg = 5.14 K
at z = 0.89 (see Muller et al. 2013). Indeed, the millimeter-wave
absorption spectrum toward PKS 1830-211 is completely dom-
inated by ground-state or low-energy transitions. The fact that
the transition at 494.034 GHz of C,HJ is directly connected to
the ground-state energy level of the more abundant ortho form is
therefore a strong asset for its identification. Finally, molecular
databases such as the CDMS or JPL are fairly complete which
leaves very little chance that they miss any detectable molecule
in our distant absorber.

Taking the spectroscopy information from the CDMS (see
Sect.3.2), we list the transitions absorbed from the first levels
of CoHY in Table 1 where ortho and para forms are consid-
ered separately. We have searched in the ALMA archives and
found observations of PKS 1830-211 from March 2014 cover-
ing the 1y1—0gy line of para-C,HI, as shown in Fig. 1b. The
best fit values with a Gaussian profile are the following: vy =
7.2+0.8kms™!, FWHM = 10.5 + 2.9 kms™', and an integrated
opacity of (6.0 + 1.1) x 1072 kms~!. The spectra of the ortho and
para lines are not exactly aligned in velocity centroids but clearly
overlap in velocity. However, the system is known to have signif-
icant time variations of the absorption profiles which are due to
structural changes in the background quasar (Muller et al. 2006,
2020, 2021, 2023). Since the spectra have been taken eight years
apart, it is therefore possible that the quasar illumination changed
between the two epochs.

Assuming local thermodynamic equilibrium (LTE) condi-
tions, excitation at Tcyp, and the line parameters as obtained
from our Gaussian fittings above, we estimate column densities
of 1.4 x 10" ecm™2 and 0.7 x 10'? cm™2 for the ortho and para
forms of CoHY, respectively. Since the lines were observed with
a large time interval, we cannot directly sum the column densities
of the two forms to get the total column density of C,H?, neither
measure the ortho-to-para ratio (OPR). However, the values are
comparable. From our measurement of ortho-C,H?, we derive a

total column density of ~2 x 10'> cm~2 with an assumed ortho-
to-para ratio (OPR) of three. This corresponds to an abundance
of 107'% relative to Hp. C;H} is then ~600 and 60 times less
abundant than C,H and C4H, respectively (Muller et al. 2011).
We note, however, that those column densities could be affected
by our simple assumption of LTE. More advanced considerations
including formation pumping are discussed in Sect. 3.3.

Why did CZH;’ elude detection at z = 0 so far? First,
the frequencies of the ground-state transitions are difficult or
impossible to observe from the ground. The 1;p—1¢; transi-
tion at 368 GHz falls in a deep atmospheric line. The 1;;—0gg
(431 GHz) and 2,—1¢; (494 GHz) transitions are better placed
and are accessible in ALMA band 8. We recall that the HIFI
receiver of the Herschel Space Observatory was operating above
480 GHz. However, the greatest challenge for the detection of
C,HJ is most likely the required sensitivity since the deepest
absorption lines toward PKS 1830—211 only reach an opacity of
~0.005 at LTE. In fact, our detection with ALMA could only
be achieved because the quasar was in a phase of high flux den-
sity, almost a factor two above average measurements done over
the last decade (see Fig.2 by Muller et al. 2023). Given those
challenges, it will be interesting to check whether Co;H7 can be
detected in other targets, including Galactic sources.

3.2. Spectroscopy of CoH;,

Protonated acetylene offers an interesting study case for quantum
chemists and spectroscopists alike. The structure of the molecule
has long been controversial, but it is now well established that
the non-classical planar-bridged (cyclic) structure is more sta-
ble than the “Y’-shaped classical structure (Crofton et al. 1989).
Both structures are illustrated in Fig. A.1.

In the bridged form, the molecule can be approximated to
first order by a rigid asymmetric rotor (described by the quan-
tum numbers J, K,, K.) with two equivalent protons. Transitions
are allowed between levels with AJ = 0,+1, AK, = +1, and
AK,. = =1, and can be labeled ortho (between even-odd odd-even
levels for K,,K.) or para (even-even and odd-odd levels), with
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Table 1. Line properties for the low-energy level transitions of C,HJ.

Transition Rest frequency Redshifted freq. Sy Eiow  Tire are © Tormg @
(MHz) @ (GHz) K)  (103)  (102cm2km's) (107

1i10—1p1 (ortho) 368 572.160 (0.02) 195.444 450 3.1@ 4.5 14.8 5.0
215—1g9; (ortho) 494 034.065 (0.06) 261.973 450 3.1©@ 4.6 14.5 5.1 o
212—303 (ortho) 16 6076.743 (0.10) 88.066 3.0 18.9 0.12 572 0.60
312=303 (ortho)  375749.247 (0.02) 199.250 104 18.9 0.48 137 2.1
4,4—303 (ortho) 615171.173 (0.17) 326.209 7.5 18.9 0.36 183 1.6
414—5¢05 (ortho) 25218.734 (0.04) 13.373 6.3 47.2 44
514—505 (ortho) 388929.620 (0.03) 206.239 161 472 11.0
616—505 (ortho) 730775.644 (0.34) 387.511 10.7 472 7.6
716—797 (ortho) 408 557.779 (0.03) 216.647 21.3  88.1 1.5
818—797 (ortho)  841268.511 (0.56) 446.102 141 88.1 1.0
11-0p (para)  431315.570 (0.03) 228.715 10 00 18 11.9 19 O
111—2¢2 (para) 234505.803 (0.04) 124.352 0.5 9.4 0.13 164 0.29
211—2¢2 (para)  371430.433 (0.03) 196.960 2.5 9.4 0.72 30.5 1.5
313—2p2  (para) 555312.451 (0.11) 294.467 2.0 94 0.60 37.0 1.2
413—404 (para)  381565.745 (0.03) 202.334 4.4 31.5 14
606—S515  (para) 47 086.012 (0.03) 24.968 2.6 63.8 -1.0
615—606 (para) 397902.529 (0.03) 210.997 6.3 66.1 2.4
T17—60s  (para)  786626.662 (0.44) 417.127 4.1 66.1 1.6

Notes. Spectroscopic parameters are taken from the CDMS database (Miiller et al. 2005; Endres et al. 2016). (a) Redshifted frequency in the
heliocentric rest frame, where the redshift z = 0.88582 is set. (b) We assume a total column density N.o(O) + Neoi(P) = 2 X 10'? cm™2, an ortho-to-
para ratio OPR = 3, and a Gaussian profile with a FWHM linewidth of 20 kms™! to calculate the line peak opacity 7 under LTE. (c) The coefficient
ap1g is defined as N., (O, P) = arrg X f 7dv. (d) Example of non-LTE excitation with guessed collision rates at 7, = 100 K, n(H,) = 1000 cm™3,
Trom = 300 K, destruction rate 9.5 x 1077 57!, total column density 7.5 x 10> cm™, FWHM = 20 kms™". () The ground-state level of ortho-C,H}
is 3.1 K higher than that of the para form (see Fig. A.2). (f) Detected in this work.

statistical weight 3:1, respectively. The energy level diagram of
C,HJ is shown in Fig. A.2.

The internal dynamics of the molecule is however com-
plicated by the possible tunneling migration of the protons,
interconverting the structure from non-classical to classical with
a barrier of about 1600 cm™!, as discussed by Hougen (1987).
When considering this tunneling migration, the three protons
become equivalent and the even-odd and odd-even levels turn
into doublets with a statistical weight of 2:1 with respect to the
even-even and odd-odd levels.

Laboratory measurements of the millimeter and submillime-
ter spectrum of C;HJ were carried out by Bogey et al. (1992)
between 195 and 470 GHz. They did not observe line tunneling
splitting larger than ~1 MHz. New measurements were done by
Cordonnier & Coudert (1996) with improved experimental reso-
lution, where they obtain splittings of the order of a few 100s of
kHz, confirming the tunneling. In particular, the 1,9—1¢; transi-
tion has a splitting of almost 500 kHz. Toward PKS 1830-211,
the splitting is compressed by the factor (1 + z) = 1.89, and it is
much smaller than the absorption linewidth. We thus consider it
is negligible in the interpretation of our data and we can safely
use the CDMS predictions (see Table 1) where these additional
splittings are neglected.

3.3. Excitation of CgHg

It is interesting to note that, as shown on Fig. A.2, several low
lying levels are metastable. They lack dipole-allowed transitions
to any lower states. This implies that they could potentially sus-
tain anomalously large populations and associated lines might be
brighter than expected from simple LTE estimates.
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Even if the chemical source of CzHgr remains uncertain,
its rate of destruction by dissociative recombination can be
estimated, D = n(e)kpr, where

kpr = 1.26 x 107%(7/100)7%%* cm? s 6))

In steady state, n(CoH3)D can be equated with a total forma-

tion rate F (cm>s™'). If we further assume that the formation
process populates nascent states of C;HJ with a Boltzmann dis-
tribution at some formation temperature Ttorm, then Tiom 1S a
parameter that governs the OPR, provided that the destruction
rate can be assumed to be the same for all states. In this way,
source and sink terms can be incorporated into the system of rate
equations that controls the populations of all rotational levels
(van der Tak et al. 2007). Crude estimates of inelastic colli-
sion rates have been made with a characteristic downward rate
coefficient of 2 x 10719 cm? s™! for H, collisions. Inelastic col-
lisions with electrons should also play a role but are neglected
for simplicity. In any case, the details are not very important
because the populations of the most important states are con-
trolled by the formation process and by the radiative transitions
in the 5.14 K black-body radiation field at z = 0.89. For exam-
ple, at T = 100 K, n(Hy) = 1000 cm~3, and n(e”) = 0.75 cm™>
with a formation temperature of T, = 300 K, we find that the
metastable 33, 404, and 5¢s states have anomalously high pop-
ulations. Indeed, the 5¢s state is the most highly populated state
of all in these conditions, and is depopulated most rapidly by
absorption of CMB radiation in the 514—505 and 6;6—5¢s tran-
sitions at 388.9 and 730.8 GHz, respectively. These transitions
are calculated to have higher optical depths than the 2i,—1¢;
transition at 494 GHz observed by us. Because the metastable
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states add significantly to the total density, the total column den-
sity in this calculation needs to be 7.5 x 10'> cm™2 (rather than
2% 10'> cm™ in LTE at 5.14 K) in order to produce the observed
integrated optical depth at 494 GHz. Moreover, the 414—5¢s line
at 25.2 GHz appears to be refrigerated well below the CMB tem-
perature in this calculation. Given the adopted destruction rate
and formation temperature, the OPR is calculated to be 3.125 —
it is not assumed.

In short, although we do not know in detail the state-specific
chemical processes or state-to-state collisional rates for CzHg,
it is likely that its formation and destruction processes play an
important role in its excitation, with the possibility that excited
metastable states will yield detectable absorption lines.

3.4. Chemistry of CoH},

We here discuss the possible gas-phase formation channels of
C2H;, which is observed with an abundance ~10710 relative to
H, toward PKS 1830-211 SW. First, CzH_,’j does not react with
H; and is rapidly destroyed by dissociative recombination with
electrons via the two dominant channels 1,2 in Table 2 (with
branching ratios of 59 and 29%, respectively, Kalhori et al.
2002). The total destruction rate coefficient is k., ~ (9—1) x
107 cm?s™! at 10-100 K, respectively. Assuming steady-state
kinetics and that the main formation route to C;HJ involves par-
ent species A* and B (A* + B — C;HJ + products), with a
typical formation rate ks ~ 10™ cm? s™!, we then can write:

ks [AT][B
[CH] = k—f[ [e]_[] I )

Since [A™] < [e7], we get [C;HJ] < [B]/100. In PKS 1830-211
SW, we would thus require [B] > 107® relative to H..

Hereafter, we discuss the cases where B=C,H, and CHy4,
from the reaction list in Table 2.

3.4.1. The route of acetylene

Both acetylene and its protonated ion are key species involved in
the rich hydrocarbon chemistry of the interstellar medium (e.g.,
Schiff & Bohme 1979; Herbst & Leung 1989; Oka et al. 2003).
Protonated forms MH" of symmetric molecules M without
dipole moment are interesting observational proxies of these
unobservable species at radio wavelengths (e.g., Herbst et al.
1977), provided M and MH" are clearly chemically connected
(i.e., proton exchange reaction: M + XH* — MH* + X).
Proton donors to acetylene can be, e.g., the H;’, HCO*, and
N,H?* ions (Reactions 4, 5, 6 from Table 2), with typical rates

~107 cm?s7!. Adopting Eq.(2) for example with B=HCO*
(reaction 5 in Table 2), we would get:
[C2H2] 3 7

=7x10°-7x10 3
[CoHZ] ©)
with [HCO*J/[Hy] = 9 x 10° (as measured toward

PKS 1830-211 SW, Muller et al. 2011, 2014a) and [e”]/[Hy] =
10-8—107%, respectively, depending on the environment.

Testing such simple chemical considerations with more elab-
orated gas-phase models of dark-cloud chemistry, Agiindez et al.
(2015) found a good empirical correlation between the abun-
dance ratio of a molecule M and its protonated form MH*
and the proton affinity of M. Considering the proton affinity
of acetylene (~150 kcal mol™"), their correlation would yield a
ratio [Csz]/[CzH;r 1~ 10% Agundez et al. (2022) updated their

diagram of [MH*]/[M] abundance ratio versus proton affinity
with observations of new protonated-neutral pairs and confirmed
the trend. Basically, they argue that if the proton affinity of
molecule M is lower than that of CO, then the main proton donor
forming MH" would be HJ. If the proton affinity is higher, then
the main donor would be HCO™". Since the later is relatively
abundant in cold dense clouds, the formation of MH" could then
be enhanced by orders of magnitude, moving the [M]/[MH"]
ratio from a typical range 10*~10% down to values of 10—10°.

It is worth noticing that the [MH*]/[M] ratio is in principle
sensitive to the degree of ionization, and thus, in particular to the
cosmic-ray ionization rate, {. From OH* and H,O" absorption,
Muller et al. (2016) did estimate a value £ ~ 2 x 10714 57! in the
SW line of sight through the absorber. This value is comparable
to values derived in our Galactic Center, but significantly higher
(by about 1-2 orders of magnitude) than in the Galactic disk.
The abundance of CzHgr in the z = 0.89 absorber (SW line of
sight) could then be enhanced by the elevated (.

Perhaps 1-CsH™, recently identified toward PKS 1830-211
by Tercero et al. (2020), is a better indirect tracer of acetylene
than C,HZ, if its main source is C* + C;H, — C3;H* + H.
Although 1-C3H* reacts with Hj, the rate coefficient is low,
52 x 1072 cm®s7!, so that it is likely to be destroyed mainly
by dissociative recombination. In that case, and if PDR con-
ditions prevail, [C*] =~ [e”], then [C,H,]/[I-C3H*] ~ 200 at
T = 100 K. Given the column density found by Tercero et al.
(2020), N(C3H*) = 1.2 x 10'? cm~2, the implied abundance of
acetylene is ~ 1078 relative to H,. If this is correct, then the abun-
dance of C,H; in PKS 1830-211 SW is likely too small for it to
be the main parent of the observed C;HJ.

3.4.2. The route of methane

Other channels to the formation of C2H§ involve reactions
of CH4 with C* or CH* as parent molecules (reactions 7, 8
in Table 2). These reactions may indeed be particularly effi-
cient in diffuse and translucent clouds where the abundance
of C* and CH" is high. Direct observations of interstellar
methane were first made by Lacy et al. (1991), who found
CH4/CO ~ 1073 in the gaseous phase toward several IR-bright
protostars. Subsequently Boogert et al. (1998) found CH4/H; =~
4 x 1077 in warm, dense gas toward protostars. Most recently,
Nickerson et al. (2023) analyzed high-resolution SOFIA/EXES
mid-infrared spectra of several species including CHy and C,H,
toward Orion IRc2. Based on the measurements at 7.6 wm wave-
length, CH4/H, = 1.5 X 107% and CH4/C,H, = 1.5 there. These
hot-core or protostellar sources may have such a large CHy
abundance owing to evaporation of ices from dust surfaces.

In PDR conditions where n(C*) ~ n(e), the C* + CHy
source of C;HJ can maintain an abundance [CoH]J/[Ha] = 1 x
107'9([CH4]/1.3 x 1077). In other words, the estimated abun-
dance of C;HJ toward PKS 1830-211 SW can be explained by
PDR conditions if methane is present at 1/10 of the abundance
that it exhibits in hot core regions of the Milky Way like the
material toward Orion IRc2. On the other hand, C,H, is not a
viable source of CoHY even when its abundance is as high as
observed toward Orion IRc2, because the reactant ions (H; and
HCO") have much lower abundances than C* in PDR conditions.

3.4.3. Other reactions

For completeness, we briefly list some other reactions involv-
ing C;HJ. First, the slightly endothermic hydrogenation reac-
tion of C2H;r (reaction 10 of Table 2, see, e.g., discussion by
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Table 2. Main chemical reactions involving CzHg in the interstellar medium (taken from KIDA, Wakelam et al. 2012).

Type Reactions k(T) Label
(cm’s™)

Dissociative recombination CZH;r +e” — CH+H+H k1 (100K) = 7.4 x 1077 1
— CH, +H k>(100K) = 3.6 x 1077 2
Destruction by H atom CH +H — CH] +H, ky = 6.8 x 10711 3
Protonation of acetylene C,H, + H; — C2H§ +H, ky=35%x107° 4
C,H, + HCO* —» CHf +CO ks =1.4%x107° 5
CGH + NHY — CH +N, ke = 1.4x 1077 6
Production from methane CH; + C* — CzH;r +H k;=1.0x107° 7
CH; +CH* — CHj +H, ks =1.1x 107 8
CH, + CH; — CzH; + H, ko(100K) = 2.3 X 107° 9
Hydrogenation of C,H} CGH+H, — CH +H kip$3x1072atT <300K 10
Top-down chemistry e.g.: I-CGHj +0 — C,HJ +CO ki =45x 1071 11
PAH photo-degradation PAH + vy —  CoHJ + products - 12

Oka et al. 2003 and Smith et al. 1993) may take place in regions
where excess energy is present (e.g., being radiative, or due to
shock or turbulence dissipation). CoHY may also interact either
with other neutrals (HCN, NH3, H,O) to form back acetylene
or with simple hydrocarbons to produce more complex hydro-
carbon ions (Schiff & Bohme 1979; Chapman et al. 2009), e.g.:

CzH; + CH4 e C3Hg + Hz, (4)
CzH; +CH, — C4H; + Hy, (5)
CzH%r + HCn_HN —_— Hzcm_:;NJr + H2. (6)

On the other hand, CzH;f could be the product of top-down
chemistry, e.g.,

Cs3H} + O — C,HJ + CO, @)
or even PAH photo-degradation (Allain et al. 1996) that pro-
duces acetylene, which can further be protonated as previously
described.

Let us here finally recall that long carbon chains remain
important candidates for the unknown carriers of the diffuse
interstellar bands (Douglas 1977; Cox & Cami 2014), including
perhaps protonated forms such as HC,, HJ .

3.5. Nature of the CoH}, absorbing gas toward PKS 1830-211

There is evidence for a multi-phase medium in the absorbing
column toward the SW image of PKS 1830-211. A component
with low molecular hydrogen fraction (less than or about a few
percent) is traced by hydrides such as ArH* (Miiller et al. 2015),
OH* and H,O% (Muller et al. 2016), CH* (Muller et al. 2017),
and H,Cl* (Muller et al. 2014b), which all have broad absorp-
tion profiles. In contrast, absorptions from CH and H%SO (Muller
et al. 2023) show a narrower profile, with a higher H,-fraction
(10-100%). More complex molecules like CH3;OH, HC;3N,
CH3NH; have their line barycenter offset compared to the bulk
of other species (Muller et al. 2011), suggesting further chemical
segregation. Finally, the time variability of the absorption pro-
files, caused by structural changes in the quasar’s morphology
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(Muller & Guélin 2008), has highlighted at least one veloc-
ity component that shows similarities with Galactic dark
clouds, both in physical conditions and chemical composition
(Muller et al. 2021, 2023).

With the limited signal-to-noise ratio of the C;H spectrum
in Figs.la,b and the time variability of the system, it is difficult to
conclude on the nature of the C;HJ absorbing gas by comparing
its line profile to previous observations. However, observations
of future variations may reveal a correlation between C;HJ and
other species, giving us clues on its origin.

Finally, we note that the simultaneous detection of both the
ortho and para forms would allow us to measure the actual OPR
of CoHJ. This ratio could deviate from the statistical value of
three and thus possibly help us to discriminate among the for-
mation processes discussed above (see, e.g., Faure et al. 2013 for
a discussion on “anomalous” OPR).

4. Summary and conclusions

We report the detection of protonated acetylene (C,HJ) in
ALMA absorption spectra toward the southwestern image of the
lensed quasar PKS 1830—211. This constitutes the first detection
of C;HJ in space, quite remarkably in a source at z = 0.89.
Assuming LTE equilibrium with CMB and an OPR of three, we
estimate a total C;H$ column density of 2 x 102 cm™2, corre-
sponding to an abundance of 1070 relative to H,. This makes
the species quite challenging to detect, with small line opaci-
ties <0.005 toward PKS 1830—-211 SW. However, we argue that
formation pumping could increase the population of metastable
states, resulting in more easily detectable absorption lines.

We explore possible gas-phase routes to the formation of
interstellar CHJ. The ion mainly connects either to acetylene or
methane, ironically both symmetric and lacking dipole moment
hence unobservable at radio wavelengths. The methane route is
shown to be likely more efficient in PDR conditions.

The discovery of Czng (and recently of H,NC, Cabezas
et al. 2021) toward PKS 1830—211 highlights the potentials of
absorption spectroscopy against this quasar to search for, and
potentially find other “missing” interstellar molecules, taking
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advantage of (i) the greatly reduced line confusion in the absorp-
tion spectrum, (ii) the red-shifting of the lines into potentially
more favorable frequencies for ground-based observations, and
(iii) periods when the quasar is bursting in millimeter waves for
augmented line-detection sensitivity.
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Appendix A: Complementary material

The possible structures of C;HJ are illustrated in Fig. A.1. A dia-
gram of energy levels of C;HJ for levels below 100 K is shown
in Fig. A.2.

/\

H—C—C—H

Fig. A.1. Illustration showing the possible structures of C,H3. Up: clas-
sical Y’-shaped. Down: non-classical planar-bridged cyclic. The lab
data support the bridged structure over the classical one (Crofton et al.
1989; Cordonnier & Coudert 1996).
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Fig. A.2. Diagram of the energy levels of C;HJ for levels below 100 K. The labels correspond to the Jk,x, quantum numbers. The blue lines
indicate the allowed rotational transitions, with frequencies given (in GHz), if below 1 THz. The lines observed in this work are shown in magenta.
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