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2Dipartimento di Fisica e Astronomia, Università degli Studi di Firenze, I-50125 Florence, Italy
3Centre for Astrochemical Studies, Max-Planck-Institute for Extraterrestrial Physics, Giessenbachstrasse 1, 85748 Garching, Germany

Accepted 2018 August 23. Received 2018 August 23; in original form 2018 July 18

ABSTRACT
Interstellar CO2 is an important reservoir of carbon and oxygen, and one of the major con-
stituents of the icy mantles of dust grains, but it is not observable directly in cold gas because
it has no permanent dipole moment. Its protonated form, HOCO+, is believed to be a good
proxy for gaseous CO2. However, it has been detected in only a few star-forming regions to
date, so its interstellar chemistry is not well understood. We present new detections of HOCO+

lines in 11 high-mass star-forming clumps. Our observations more than treble the number
of detections in star-forming regions to date. We derived beam-averaged abundances relative
to H2 of between 0.3 and 3.8 × 10−11. We compared these values with the abundances of
H13CO+, a possible gas-phase precursor of HOCO+, and of CH3OH, a product of surface
chemistry. We found a positive correlation with H13CO+, but no correlation with CH3OH. We
suggest that the gas-phase formation route starting from HCO+ plays an important role in the
formation of HOCO+, perhaps more important than protonation of CO2 (upon evaporation of
CO2 from icy dust mantles).
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1 IN T RO D U C T I O N

Carbon dioxide (CO2) is an important molecular species in a variety
of interstellar environments. In comets, planetary atmospheres and
interstellar ices, its abundance is a significant fraction (∼0.1−0.5)
of that of water (e.g. Bergin et al. 2005; Whittet et al. 2009; McKay
et al. 2016; Hoang et al. 2017). CO2 ice is one of the main con-
stituents of the icy mantles of dust grains (Öberg et al. 2011). In
the gas phase, CO2 can be observed directly through ro-vibrational
transitions (e.g. van Dishoeck et al. 1996), but the lack of a per-
manent dipole moment, and hence of a pure rotational spectrum,
makes it impossible to detect in cold environments. However, its
protonated form, HOCO+, has been detected towards the Galactic
Centre (Thaddeus, Guelin & Linke 1981; Minh et al. 1991; Neill
et al. 2014), in diffuse and translucent clouds (Turner, Terzieva &
Herbst 1999) but only in a handful of star-forming regions: in the
low-mass pre-stellar core L1544 (Vastel et al. 2016), in the proto-
stars L1527 and IRAS 16293–2422 (Sakai et al. 2008; Majumdar
et al. 2018) and in the protostellar shock L1157–B1 (Podio et al.
2014).

For a cold and dense gas, two main chemical formation pathways
have been proposed: (1) a gas-phase route from the reaction HCO+

+ OH↔HOCO+ + H, and (2) the protonation of CO2 (mainly upon
reaction with H+

3 ) desorbed from grain mantles (see e.g. Bizzoc-
chi et al. 2016; Vastel et al. 2016). In scenario (1), CO2 would be
a product of HOCO+ (after dissociative recombination), while the
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opposite is expected in scenario (2). Owing to the lack of stringent
observational constraints, it is currently unclear which of these two
mechanisms is dominant, and under which physical conditions they
occur. Constraining the abundance of HOCO+ has important impli-
cations also for the abundance of CO2 in ice. In fact, if HOCO+

is formed in a cold gas and then, upon dissociative recombination,
gives rise to CO2, the resulting CO2could freeze-out on grain man-
tles and contribute to the amount of CO2 ice observed in dark clouds
(Bergin et al. 2005), although this cannot explain the large amount
of solid CO2 measured along the line of sight of background stars
(Boogert, Gerakines & Whittet 2015) or in deeply embedded mas-
sive young stars (van Dishoeck et al. 1996). In fact, the formation
of CO2 ice from surface reactions is still debated. Laboratory ex-
periments have suggested that CO2 ice forms from CO + O → CO2

(D’Hendecourt et al. 1986), but this reaction requires strong UV
irradiation, and hence it is expected to be inefficient in dark clouds.
Other surface reactions have been proposed, such as cosmic-ray
bombardment on carbonaceous grains covered by water ice (Men-
nella, Palumbo & Baratta 2004), or the radical–radical reaction OH
+ CO → CO2 + H (Garrod & Pauly 2011; Ioppolo et al. 2011; Noble
et al. 2011). This latter process involves the diffusion of heavy radi-
cals, however, which is difficult at dust temperatures below ∼30 K.
Although high-precision measurements are not currently available,
new promising techniques have been proposed (e.g. Cooke, Fay-
olle & Öberg 2016) that will shed light on this important surface
chemistry process.

In this paper, we present new detections of HOCO+ in 11 high-
mass star-forming regions, which belong to an evolutionary sample
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of 27 clumps divided into the three main evolutionary categories of
the massive-star formation process (Fontani et al. 2011): high-mass
starless cores (HMSCs), high-mass protostellar objects (HMPOs)
and ultra-compact H II regions (UCHIIs). The sample has been
extensively observed in several dense gas tracers, with the aim
of studying the chemical evolution of these molecules during the
massive-star formation process (Fontani et al. 2011, 2014, 2015a,b,
2016; Colzi et al. 2018a,b; Mininni et al. 2018). This work represents
the first study of protonated carbon dioxide in a statistically relevant
number of star-forming regions.

2 O BSERVATIONS

The spectra analysed in this work are part of the data set presented
in Colzi et al. (2018a). These data were obtained with the IRAM
30-m telescope in the 3-mm band with the EMIR receiver, covering
the frequency ranges 85.31–87.13 and 88.59–90.41 GHz, towards
26 dense cores in massive-star-forming regions divided into the
three evolutionary categories HMSCs, HMPOs and UCHIIs (see
Section 1). For details on the source selection, see Fontani et al.
(2011). The atmospheric conditions were very stable, with amounts
of precipitable water vapour in the range 3–8 mm. We observed in
wobbler-switching mode (wobbler throw of 240 arcsec). Pointing
was checked almost every hour on nearby quasars, planets, or bright
H II regions. The data were calibrated with the chopper wheel tech-
nique (see Kutner & Ulich 1981), and the calibration uncertainty
was estimated to be about 10 per cent. More details are given in
Colzi et al. (2018a). The spectra were reduced and analysed with
the software CLASS of the GILDAS package. The detected lines were
fitted with a Gaussian shape.

3 R ESULTS

Table 1 lists the 27 observed sources: 11 HMSCs, 9 HMPOs and 7
UCHIIs. We detected clearly (signal-to-noise ratio ≥5) the HOCO+

40, 4 − 30, 3 transition (HOCO+ 4–3 hereafter, Eup ∼ 10.3 K) at
85531.497 MHz (Bizzocchi et al. 2016) in five HMSCs, two HM-
POs and four UCHIIs. The spectra of the detected sources are
shown in Fig. 1. The relatively high detection (∼50 per cent) in
the HMSCs indicates that HOCO+ is a species that is abundant in
cold and dense gas. The detection rate decreases during the HMPO
phase (∼22 per cent), and then it increases again in the UCHII stage
(∼57 per cent). Because we detected only one transition of HOCO+,
in order to confirm that the detected line is indeed HOCO+ and rule
out contamination by transitions of other molecules we simulated
the spectrum of one of the two sources in which the line has the
highest intensity peak, namely 05358–mm1 (Fig. 1), and used the
software MADCUBA1 to search for the emission of nearby lines po-
tentially blended with HOCO+ 4–3. Belloche et al. (2013) showed
that in Sgr B2(N) the only species with lines that could contaminate
HOCO+ 4–3 is C2H3CN. They found C2H3CN column densities
above 1018 cm−2 and line widths larger than those that we found
for HOCO+. In order to simulate the spectrum, we assumed for
the excitation temperature the kinetic temperature obtained from
ammonia (39 K, Fontani et al. 2011) and the same line width as
obtained from fitting HOCO+ 4–3 (4.9 km s−1). As shown in Fig. 2
(top panel), even assuming a very high column density of 1018

1Madrid Data Cube Analysis on image is a software to visualize and analyse
astronomical single spectra and datacubes (Martı́n et al., in prep.; Rivilla
et al. 2016).

cm−2 as in Sgr B2(N), the expected C2H3CN line intensities are
well below the spectral rms, and well separated from the HOCO+

4–3 line. Another transition of HOCO+, namely the 41, 3 − 31, 2 line
centred at 85852.8576 MHz (Eu ∼ 48 K), falls in our band but is
undetected. Because its line strength and Einstein coefficient are
quite similar to those of the 40, 4 − 30, 3 transition (see Bizzocchi
et al. 2016), we investigated whether its non-detection is caused by
a lack of sensitivity. Fig. 2 (bottom panel) shows that the synthetic
spectrum of 05358–mm1 around this line (simulated assuming the
parameters described above for HOCO+) is indeed consistent with a
non-detection. Because this source shows the highest intensity peak
of HOCO+ 4–3, we can reasonably conclude that the non-detection
of the second transition is caused by a sensitivity limit in all sources.

All detected lines are well fitted by a single Gaussian (Fig. 1).
The results of the fit performed as explained in Section 2, namely
the line-integrated intensity (

∫
TMBdv), the peak velocity in the LSR

(vp), and the line width at half-maximum (�v), are shown in Table 1.
The uncertainties on

∫
TMBdv are calculated from the expression

σ�vres
√

n, obtained from the propagation of errors, where σ is
the 1σ rms noise in the spectrum, �vres is the spectral resolution,
and n is the number of channels with signal. The uncertainties on
vp and �v are computed by the fit procedure. The �v measured
towards the detected UCHII regions are always larger than ∼3.2 km
s−1, while they are narrower than 3 km s−1 in all HMSCs (but
in 05358–mm3), in agreement with the fact that the envelopes of
UCHII regions are more turbulent than those of HMSCs. The case
of 05358–mm3 is peculiar because this core is probably externally
heated (Fontani et al. 2011), and hence its chemical composition
and the emission that we observe is probably a mix between the cold
and dense core nucleus and the warmer envelope. The line shapes
are symmetric and do not show non-Gaussian wings. This suggests
that in all sources the HOCO+ emission is associated with the bulk
gas. This suggestion is supported by the fact that the peak velocities
are consistent with the systemic velocities (given in Fontani et al.
2011) within the uncertainties (see Fig. 1).

3.1 HOCO+ column densities and fractional abundances

From the line-integrated intensity, we calculated the total column
density of HOCO+ assuming local thermodynamic equilibrium
(LTE) and optically thin conditions from the equation

N = 8πν3
ij

c3Aij

∫
TMBdv

gi[Jν(Tex) − Jν(TBG)]

Q(Tex)exp(Ej/kTex)

1 − exp(−hνij/kTex)
, (1)

where ν ij is the frequency of the transition, Aijis the Einstein coeffi-
cient of spontaneous emission, giis the statistical weight of the upper
level, Ejis the energy of the lower level, c is the speed of light, h and
k are the Planck and Boltzmann constants, respectively, Tex is the
excitation temperature, Q(Tex) is the partition function computed
at temperature Tex, TBG is the background temperature (assumed to
be that of the cosmic microwave background, 2.7 K), and Jν(T) is
the equivalent Rayleigh–Jeans temperature (see also equation A4
in Caselli et al. 2002). The line strength, energy of the upper level,
and Einstein coefficient of spontaneous emission are taken from the
Cologne Database for Molecular Spectroscopy (CDMS,2 see also
Bogey, Demuynck & Destombes 1986; Bizzocchi et al. 2016), and
are Sμ2 ∼ 29.2 D2, Eu ∼ 10.3 K and Aij ∼ 2.36 × 10−5 s−1, respec-
tively. The assumption of optically thin emission is consistent with
the low abundance of the molecule and with line shapes without

2https://www.astro.uni-koeln.de/cdms
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Table 1. Results derived from Gaussian fits to the lines. In columns 2–6 we give: the integrated intensity (
∫

TMBdv), the velocity in the local standard of rest
(LSR) at line peak (vp), the full width at half-maximum (�v), the assumed gas excitation temperature (Tex), and the HOCO+ beam-averaged total column
density, N(HOCO+), calculated as explained in Section 3.1. The uncertainities on N are obtained by propagating the error on

∫
TMBdv, to which we sum a

10% of calibration error on the TMB scale (see Section 2) not included in the error on
∫

TMBdv. Tex is assumed without uncertainty. Columns 7 and 8 give
the submillimetre flux densities, Fsubmm, and the H2 column densities, N(H2), derived from it, respectively (see Section 3.1 for details). The error on N(H2) is
obtained by propagating the error on Fsubmm, to which we add a calibration error of 20% on the SCUBA absolute flux scale at 850 μm (Di Francesco et al.
2008). The HOCO+ fractional abundances, X[HOCO+], are shown in column 9. Finally, in columns 10, 11 and 12, we list the fractional abundances of CH3OH,
H13CO+ and N2H+ averaged over 28 arcsec.

Source
∫

TMBdv vp �v Tex N(HOCO+) Fsubmm N(H2) X[HOCO+] X[CH3OH] X[H13CO+] X[N2H+]

[K km s−1] [km s−1] [km s−1] [K] [× 1011 cm−2] [Jy] [× 1022 cm−2] [× 10−11] [× 10−10] [× 10−11] [× 10−9]

HMSCs

00117–MM2 ≤0.069 – – 14 ≤3 –(u) – – – – –

AFGL5142–EC(w) 0.17 ± 0.03 −1.6 ± 0.3 2.9 ± 0.6 25 9 ± 2 5.1 ± 0.5 (s) 11.3 ± 3.4 0.8 ± 0.4 28 ± 8 7.4 ± 3.1 2.5 ± 1.4

05358–mm3(w) 0.41 ± 0.05 −16.8 ± 0.3 4.8 ± 0.6 30 23 ± 5 6.1 ± 0.2 (s) 10.6 ± 2.4 2.2 ± 1.0 12 ± 3 – 0.6 ± 0.2

G034–G2 0.08 ± 0.02 41.8 ± 0.2 1.7 ± 0.5 20 4 ± 1 0.88 ± 0.04 (a) 4.1 ± 1.0 0.9 ± 0.5 2.2 ± 0.5 2.0 ± 0.8 1.5 ± 0.4

G034–F2 ≤0.081 – – 20 ≤4 0.36 ± 0.02 (s) 1.6 ± 0.4 ≤2.5 3.1 ± 0.8 1.1 ± 0.4 1.0 ± 0.3

G034–F1 0.04 ± 0.01 58.1 ± 0.2 1.2 ± 0.4 20 1.9 ± 0.4 0.27 ± 0.02 (s) 1.2 ± 0.3 1.6 ± 1.0 9.8 ± 2.5 6.7 ± 2.7 3.4 ± 1.1

G028–C1 0.14 ± 0.02 79.3 ± 0.2 2.6 ± 0.4 17 6 ± 1 0.93 ± 0.03 (s) 3.6 ± 0.8 1.7 ± 0.8 3.8 ± 0.9 6 ± 2 2.3 ± 0.6

G028–C3 ≤0.084 – – 17 ≤4 0.56 ± 0.03 (a) 2.4 ± 0.6 ≤3.5 – – –

I20293–WC ≤0.074 – – 17 ≤3 1.9 ± 0.1 (s) 7.4 ± 1.9 ≤0.4 2.4 ± 0.6 4.9 ± 1.9 1.5 ± 0.5

22134–G(w) ≤0.076 – – 25 ≤4 1.6 ± 0.1 (s) 3.6 ± 0.9 ≤1.1 4 ± 1 8.7 ± 3.3 0.4 ± 0.1

22134–B ≤0.071 – – 17 ≤3 0.52 ± 0.05 (s) 2.0 ± 0.6 ≤1.6 0.9 ± 0.3 4.8 ± 2.0 0.9 ± 0.4

HMPOs

00117–MM1 ≤0.11 – – 20 ≤5 –(u) – – – – –

AFGL5142–MM 0.15 ± 0.03 −2.5 ± 0.2 2.4 ± 0.4 34 9 ± 3 6.8 ± 0.3 (s) 10.1 ± 2.4 0.9 ± 0.5 53 ± 13 10 ± 4 2.4 ± 0.7

05358–mm1 0.37 ± 0.04 −17.0 ± 0.2 4.9 ± 0.5 39 25 ± 5 6.1 ± 0.3 (s) 8.4 ± 2.1 3.0 ± 1.4 30 ± 8 1.0 ± 0.4 1.4 ± 0.04

18089–1732 ≤0.13 – – 38 ≤8 7.5 ± 0.4 (s) 9.6 ± 2.4 ≤0.8 67 ± 17 14 ± 5 2.2 ± 0.8

18517+0437 ≤0.12 – – 40 ≤8 6.7 ± 0.4 (a) 7.9 ± 1.3 ≤1.0 54 ± 9 21 ± 6 1.1 ± 0.2

G75–core ≤0.10 – – 96 ≤14 10.0 ± 0.4 (s) 4.4 ± 1.1 ≤3.2 69 ± 17 38 ± 14 1.0 ± 0.3

I20293–MM1 ≤0.10 – – 37 ≤7 3.7 ± 0.2 (s) 4.9 ± 1.2 ≤1.3 11 ± 3 13 ± 5 9 ± 2

I21307 ≤0.087 – – 21 ≤4 1.03 ± 0.04 (s) 2.9 ± 0.7 ≤1.4 4.5 ± 1.1 3.2 ± 1.1 0.8 ± 0.3

I23385 ≤0.096 – – 37 ≤6 1.81 ± 0.05 (s) 2.4 ± 0.6 ≤2.6 15 ± 4 9.3 ± 3.3 0.6 ± 0.2

UCHIIs

G5.89–0.39 0.26 ± 0.03 9.5 ± 0.2 4.3 ± 0.6 31 15 ± 3 18 ± 1 (s) 55 ± 14 0.3 ± 0.1 8.5 ± 2 4.2 ± 1.7 0.5 ± 0.1

I19035–VLA1 0.20 ± 0.03 33.3 ± 0.4 6.4 ± 0.9 39 14 ± 3 2.9 ± 0.1 (s) 3.6 ± 0.9 3.8 ± 1.9 17 ± 4 15 ± 5 5.0 ± 1.5

19410+2336 ≤0.15 – – 21 ≤7 4.8 ± 0.1 (a) 13.6 ± 3.0 ≤0.5 5.4 ± 1.2 3.6 ± 1.2 3.2 ± 1.0

ON1 0.20 ± 0.02 11.2 ± 0.2 3.8 ± 0.5 26 10 ± 2 –(u) – – – – –

I22134–VLA1 ≤0.11 – – 47 ≤9 2.1 ± 0.1 (s) 2.1 ± 0.5 ≤4.2 2.9 ± 0.7 2.0 ± 0.7 0.9 ± 0.3

23033+5951 0.12 ± 0.02 −52.4 ± 0.3 3.2 ± 0.5 25 7 ± 2 3.5 ± 0.1 (s) 7.8 ± 1.8 0.8 ± 0.4 5.7 ± 1.3 9.2 ± 3.1 2.6 ± 1.4

NGC 7538–IRS9 ≤0.16 – – 31 ≤10 3.9 ± 0.1 (s) 11.9 ± 2.7 ≤0.8 5.4 ± 1.2 4.1 ± 1.4 0.5 ± 0.1

Notes: (w) ’warm’ core having a kinetic temperature higher than 20 K, and probably externally heated (Fontani et al. 2011);
(s) measured from the maps of the SCUBA survey (Di Francesco et al. 2008);
(a) measured from the maps of the APEX ATLASGAL survey (http://www3.mpifr-bonn.mpg.de/div/atlasgal/index.html);
(u) continuum map not available either in the survey of Di Francesco et al. (2008) or in the ATLASGAL survey.

hints of high optical depths (such as, for example, asymmetric or
flat-topped profiles). The beam-averaged column densities are in
the range ∼3.5 × 1011−4.6 × 1012 cm−2. For undetected lines, we
computed the upper limits on

∫
TMBdv assuming a Gaussian line

with intensity peak equal to the 3σ rms in the spectrum, and �v

equal to the average value of each evolutionary group, and from this
we derived the upper limits on N(HOCO+) from equation (1).

We computed the HOCO+ fractional abundances, X[HOCO+],
by dividing the HOCO+ total column densities by those of H2,
N(H2), derived from the submillimetre continuum emission. This
latter was computed from the (sub-)millimetre dust thermal con-
tinuum emission extracted from the images of the 850-μm sur-
vey of Di Francesco et al. (2008) obtained with SCUBA at the
James Clerk Maxwell Telescope (JCMT). We used equation (A1)
in Mininni et al. (2018) to compute N(H2), which assumes opti-
cally thin emission, and a gas-to-dust ratio of 100. The submil-
limetre continuum fluxes, Fsubmm, used to compute N(H2) were
extracted from a circular area equivalent to the IRAM 30-m half-
power beam width (HPBW) at the frequency of the HOCO+ line,

namely ∼28 arcsec. The uncertainty on Fsubmm was calculated
from the propagation of errors. The submillimetre fluxes, and
the derived N(H2) and X[HOCO+] obtained as explained above,
are given in Table 1. For the sources not present in the sur-
vey of Di Francesco et al. (2008), we estimated N(H2) following
the same analysis from the APEX ATLASGAL continuum im-
ages (http://www3.mpifr-bonn.mpg.de/div/atlasgal/index.html) at
∼870 GHz. We derive X[HOCO+] in the range 0.3–3.8 × 10−11.
These values are intermediate between those obtained towards the
pre-stellar core L1544 (∼5 × 10−11, Vastel et al. 2016) and towards
the hot corino IRAS 16293–2422 (∼1 × 10−13, Majumdar et al.
2018).

4 D I SCUSSI ON AND C ONCLUSI ONS

As discussed in Section 1, two main pathways have been proposed
for the formation of HOCO+ in dense gas: either the gas-phase re-
action HCO+ + OH↔HOCO+ + H or the protonation of desorbed
CO2, mainly upon reaction with H+

3 (Vastel et al. 2016; Bizzoc-
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Figure 1. Spectra of the HOCO+ (40, 4 − 30, 3) line in the 11 detected
sources. The y-axis is in TMB units. The x-axis corresponds to |VLSR − Vsys|,
namely the difference between the local standard of rest velocity, VLSR, and
the nominal systemic velocity, Vsys, given in Fontani et al. (2011). The red
curves superimposed on the spectra represent the best Gaussian fits.

Figure 2. (Left) Spectrum of the HOCO+ 40, 4 − 30, 3 line towards 05358–
mm1 superimposed on the synthetic spectrum (in red) calculated with MAD-
CUBA. The synthetic spectrum is calculated for a HOCO+ column density of
4.3 × 1012 cm−2 and a C2H3CN column density of 1018 cm−2, which is the
value measured towards Sgr B2(N) (see Section 3). The rest frequencies of
the nearby C2H3CN transitions are indicated by vertical lines. (Right) Spec-
trum of 05358–mm1 centred on the rest frequency of HOCO+ 41, 3 − 31, 2,
superimposed on the synthetic spectrum created with the same parameters
as used in the left-hand panel: the expected peak of the line is well under
the 3σ rms noise (shown by the red dashed horizontal line).

chi et al. 2016). To investigate if and how our observational re-
sults can put constraints on these alternative pathways, in Fig. 3
we show the fractional abundance of HOCO+ (calculated as ex-
plained in Section 3.1) against that of H13CO+, the main precusor
of HOCO+ in the gas phase, and that of CH3OH, a tracer of sur-
face chemistry. For completeness, we also plot X[HOCO+] against
X[N2H+], because protonation of CO2 may occur also via reac-
tion with N2H+. The CH3OH and N2H+ column densities used to
compute X[CH3OH] and X[N2H+] were taken from Fontani et al.

Figure 3. Abundance of HOCO+ against that of, from top to bottom,
CH3OH, H13CO+ and N2H+. The colours indicate the different evolutionary
groups as labelled in the top-left corner. The large filled symbols correspond
to the detected sources, while the small triangles indicate the upper limits on
the abundance of HOCO+. In the panel with X[H13CO+], we do not show
05358–mm3, observed and detected in CH3OH, N2H+ and HOCO+ but not
in H13CO+.

(2015a) and Fontani et al. (2015b), respectively, and rescaled to the
beam of the HOCO+ observations. The H13CO+ column densities
used to derive X[H13CO+] were estimated from the integrated inten-
sities of the H13CO+ 1–0 lines at 86754.288 MHz, serendipitously
detected in the same data set as described in Section 2 and in Colzi
et al. (2018a). We have followed the same approach as used for
HOCO+; that is, we assumed optically thin lines and LTE condi-
tions (see Section 3.1). We used the excitation temperatures listed
in Table 1. The beam size is almost the same as that of HOCO+, and
hence all the fractional abundances in Table 1 are averaged over the
same angular region.

Fig. 3 indicates a clear non-correlation between the abundances
of CH3OH and HOCO+, while H13CO+ and HOCO+ seem pos-
itively correlated. By applying simple statistical tests to the de-
tected sources only, the correlation coefficient (Pearson’s ρ) be-
tween X[HOCO+] and X[H13CO+] is 0.7. Considering also the up-
per limits, the correlation remains positive (Pearson’s ρ=0.6). The
correlation between X[HOCO+] and X[N2H+] is positive (Pearson’s
ρ=0.4 without the upper limits) but much less convincing. If we
assume that both CO2 and CH3OH form on grain mantles, and what
we find in the gas is evaporated at about the same time, the lack of
correlation between X[HOCO+] and both X[CH3OH] and X[N2H+]
would indicate that HOCO+ probably does not originate in CO2 that
has evaporated from ice mantles. This interpretation has two signif-
icant caveats. First, the formation processes of CO2 and CH3OH on
the surfaces of dust grains can be different. In fact, CO2 is thought to
form in water-ice mantles of cold carbonaceous grains via cosmic-
ray bombardment (Mennella et al. 2004), or via the surface reaction

MNRASL 481, L79–L83 (2018)
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Figure 4. Line widths at half-maximum, �v, of H13CO+ (left panel) and
CH3OH (right panel) against those of HOCO+. The colours indicate the
different evolutionary groups as in Fig. 3. The solid line in the left panel
corresponds to a linear fit to the data.

CO + OH at dust temperatures of ∼30 K (Garrod & Pauly 2011),
while CH3OH is formed from the hydrogenation of CO at dust
temperatures of ∼10 K (Vasyunin et al. 2017). Second, the main
molecular ion responsible for the protonation of CO2 is H+

3 and not
N2H+. Nevertheless, the positive correlation between X[H13CO+]
and X[HOCO+] suggests a non-negligible, or even dominant, con-
tribution from HCO+ to the formation of the detected HOCO+.
This interpretation of our results is in agreement with the study of
Majumdar et al. (2018), who proposed that the dominant (up to
85 per cent) formation route of HOCO+ in the extended and cold
(T ≤ 30 K) envelope of the hot corino IRAS 16293–2422 is indeed
from the gas-phase reaction OH + HCO+. The fact that HOCO+ and
H13CO+ probably arise from gas with similar physical properties
can be understood also from a comparison of their line widths at
half-maximum. Fig. 4 indicates that the HOCO+ line widths are cor-
related with those of H13CO+, but not with those of CH3OH (which
are always narrower). Hence, CH3OH is probably not associated
with the same gas.

Overall, our findings suggest a significant (perhaps dominant)
role of HCO+ as a gas-phase progenitor of HOCO+. However, cau-
tion needs to be exercised in the interpretation of our results for
two reasons. The first reason is that the HOCO+ column densities,
and hence the fractional abundances, were derived assuming an
excitation temperature that could not be that of the molecule. To
solve this problem, detection of more lines tracing different exci-
tation conditions are required. The second reason arises from the
fact that our column densities are values averaged over large (28
arcsec) angular surfaces. Our targets are known to have a com-
plex structure, and temperature (and density) gradients. Therefore,
higher-angular-resolution observations are needed to determine the
HOCO+-emitting region precisely, and, from this, to gain the under-
standing of its temperatures and densities that is required to model
the chemistry correctly.
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