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ABSTRACT
Among interstellar chlorine bearing molecules, HCl is certainly the most useful probe for
studying chlorine chemistry since it is formed at the end of the reaction network. Accurate
knowledge of the HCl abundance in the interstellar medium requires the calculation of exci-
tation rate coefficients of HCl due to collisions with the most abundant collisional partners.
Following the recent calculations of HCl–He, HCl–H2 and HCl–electron rotational rate coef-
ficients, we report here theoretical calculations of the HCl–H collisional data. Fully quantum
time-independent rate coefficients for the collisional excitation of HCl by H are provided for
temperature ranging from 10 to 500 K. The strongest collision-induced rotational HCl transi-
tions are those with �j = 1 and the magnitude of the HCl–H rate coefficients is larger than
that of the HCl–H2 ones. In addition, we also provide rate coefficients for the collisional dis-
sociation of HCl by H, another astrophysically relevant process. Below 300 K, it is found that
the destruction of HCl induced by collisions with H is much faster than previously considered
in astrochemical models. As a first application, we simulate the excitation of HCl by H2 and H
in typical protostellar shock conditions. We show that hydrogen atoms significantly increase
the simulated line intensities, suggesting HCl abundance lower than currently estimated.

Key words: molecular data – molecular processes – ISM: abundances.

1 IN T RO D U C T I O N

In the interstellar medium (ISM), three chlorine bearing molecules,1

HCl (Blake, Keene & Phillips 1985), H2Cl+ (Luca et al. 2012) and
HCl+ (Lis et al. 2010; Neufeld et al. 2012), have been detected.
These hydrides are expected to contain a significant fraction of
chlorine in space. In high-density regions of the ISM where hy-
drogen is predominantly molecular, HCl is even expected to be the
main gas phase chlorine reservoir (Neufeld & Wolfire 2009). In
more diffuse regions, chlorine is mostly atomic (in the form of Cl+)
and the abundance of the three chlorine hydrides are expected to be
quite similar (Neufeld & Wolfire 2009), containing a few per cent of
the elemental chlorine cosmic abundance (n(Cl)/n(H) ∼ 3 × 10−7).

Among these chlorine bearing molecules, HCl is certainly the
most useful tool for studying chlorine chemistry since it is formed
at the end of the reaction path for the synthesis of chlorine bearing
species. In addition, Schilke, Phillips & Wang (1995) have shown
that HCl can be used as a tracer of very dense regions (>107 cm−3),
thanks to its relatively large dipole moment and high critical density.

� E-mail: francois.lique@univ-lehavre.fr
1 Some metal halides with chlorine, NaCl, AlCl and KCl, have also been de-
tected in the circumstellar gas towards the late-type carbon star IRC+10216
(Cernicharo & Guelin 1987).

Hence, HCl can be considered as a key molecule for studying the
physical and chemical conditions of the ISM.

In the dense ISM, HCl was first identified by Blake et al. (1985).
Recently, thanks to the heterodyne instrument for the far-infrared
(HIFI) on board the Herschel Space Observatory, HCl emission
spectra have been detected from a significant number of star form-
ing regions (Codella et al. 2012; Kaźmierczak-Barthel et al. 2014;
Kama et al. 2015). In particular, HCl emission was observed to-
wards the protostellar shock L1157-B1 (Codella et al. 2012) and
these observations provided new insight into the chlorine chem-
istry in dense and warm (T > 150 K) regions. The HCl abundance
was thus found to be �3–6 × 10−9 relative to H2, suggesting that
HCl is actually a negligible reservoir of chlorine in star-forming
regions and that chlorine is locked up in other species. Such a low
HCl abundance is also in good agreement with that derived from
observations towards low- and high-mass protostars by Peng et al.
(2010).

In the diffuse ISM, HCl was recently detected towards W31C
(Monje et al. 2013). The j = 1 → 0 lines of the two stable HCl
isotopologues, H35Cl and H37Cl, were observed in absorption. The
analysis of Monje et al. (2013) suggests that HCl accounts for
�0.6 per cent of the total gas-phase chlorine, which exceeds the
predictions by a large factor based on astrochemical models, thus
confirming previous results by Lis et al. (2010).

While the analysis of absorption lines from diffuse clouds is
straightforward (the excitation temperatures are close to the cosmic
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microwave background radiation ∼2.73 K), accurate estimation of
HCl abundance from emission lines requires the use of collisional
rate coefficients with the most abundant interstellar species, namely
e−, He, H and H2. Rate coefficients for the rotational/hyperfine
excitation of HCl by He atoms (employed as a substitute for H2)
have been calculated by Neufeld & Green (1994) several years ago
and revisited recently by Lanza & Lique (2012).2 In the absence of
collisional data with H and H2, the dominant collisional partners
in the ISM, HCl–H and HCl–H2 rate coefficients were generally
extrapolated from HCl–He data. However, it is well known that
such approach can be quite inaccurate, in particular for molecular
hydrides (Roueff & Lique 2013), and it seems crucial to determine
the actual HCl–H and HCl–H2 rate coefficients.

Then, we have computed accurate rate coefficients for rota-
tional/hyperfine excitation of HCl by collisions with H2 molecules
for temperatures ranging from 5 to 300 K (Lanza & Lique 2014;
Lanza et al. 2014a,b). The rate coefficients were derived from ex-
tensive quantum calculations using a new accurate potential energy
surface (PES) obtained from highly correlated ab initio approaches.
As expected, significant differences were found between HCl–H2

and HCl–He rate coefficients. In particular, Lanza et al. (2014b)
showed that the use of the H2 rate coefficients significantly increase
the simulated HCl line intensities. As a consequence, the HCl abun-
dance derived from the observations is significantly reduced by the
use of the actual H2 rate coefficients. These new rate coefficients
were used in the analysis of surveys of HCl confirming the low
HCl abundance in protostellar cores ∼10−10 (Kama et al. 2015).
Assuming that chlorine depletes by at least two orders of magni-
tude into (yet unknown) refractory reservoirs of chlorine on grains,
astrochemical models can reproduce such a low gas-phase HCl
abundance (Kama et al. 2015).

To gain more insight into the HCl abundance in protostellar re-
gions where both H and H2 are abundant, it is also crucial to de-
termine HCl–H collisional data. Such calculations are challenging
since two processes are in competition during collisions between
HCl and H: the inelastic and reactive (both hydrogen exchange and
destruction of HCl) processes. This is explained by the reactive
nature of the H2Cl system. The obtention of accurate collisional
data requires to consider simultaneously both processes during the
calculations.

Recently, we overcame this difficult problem and presented quan-
tum mechanical calculations of cross-sections for the rotational
excitation of HCl by H, including the Cl + H2 reactive channels
(Lique 2015, hereafter Paper I) using the state-of-the-art PES of
Bian & Werner (2000). Thus, in addition to inelastic cross-sections,
accurate data for the destruction of HCl induced by collisions with
H were also provided. Such data are also useful to model the abun-
dance of chlorine in chemical kinetic models. In this paper, we use
the collisional cross-sections for the collisional excitation and dis-
sociation of HCl by H from Paper I to compute the temperature
variation of the rate coefficients for rotational excitation and disso-
ciation of HCl by H. Then, we briefly discuss the impact of these
new data on both the chlorine chemistry and the HCl abundance
determination in the ISM.

This paper is organized as follows: Section 2 briefly describes the
calculations. The results are presented and discussed in Section 3.
In Section 4, we discuss the astrophysical consequences of the new

2 Yang & Stancil (2014) also computed HCl–He rate coefficients for a large
range of temperatures but neglected the hyperfine structure.

collisional and reactive rate coefficients. Conclusions are drawn in
Section 5.

2 T H E O R E T I C A L A P P ROAC H

In this paper, j designates the rotational level of HCl. During a
collision between HCl and H, three processes compete:

1) The inelastic process:

HCl(j ) + H′ → HCl(j ′) + H′ (1)

2) The exchange process:

HCl(j ) + H′ → H′Cl(j ′) + H (2)

3) The reactive process:

HCl(j ) + H′ → Cl + HH′ (3)

In the last process, we explicitly consider the H2 rotational struc-
ture but the results were summed over the final rotational states
of H2. In our study, HCl molecules were restricted to their ground
vibrational state v = 0. Inelastic and reactive cross-sections for the
above three processes have been published in Paper I. We refer
the reader to Paper I for full details on the scattering calculation.
In summary, calculations were performed with the ABC program
(Skouteris et al. 2001) using the fully quantum time-independent
close coupling approach. The ClH2 PES of Bian & Werner (2000)
calculated at the internally contracted multireference configuration
interaction level using large atomic basis set was used. Calculations
were carried out for collision energies up to at least 2500 cm−1.
Collisions between H and HCl in its first 11 (j = 0 − 10) rota-
tional states were considered. In the calculations, all rotational and
vibrational levels of the diatomic (either H2 or HCl) moiety were
included subject to the exclusion of (a) levels with internal energy
greater than ∼14 000 cm−1 and (b) levels in which the angular mo-
mentum quantum number j of the diatomic moiety is greater than
21. The energy levels were determined theoretically from the ClH2

PES of Bian & Werner (2000). The hyperfine structure of the HCl
molecules due to coupling between the rotational quantum number
j and the nuclear spin of the Cl atom was not considered explicitly
in the scattering calculations in order to save computing time. Hy-
perfine resolved rate coefficients were obtained from rotationally
resolved data using infinite order sudden (IOS) approaches (see be-
low). In addition, the calculations were performed using the atomic
mass of 35Cl. However, the results can be safely used for analysis
of H37Cl spectra since we do expect a very minor impact of the
isotopic substitution on the magnitude of the rate coefficients.

From the astrophysical point of view, rotational excitation
through inelastic or exchange process cannot be distinguished so
that, in the following, the inelastic and exchange cross-sections were
summed. Hence, we refer hereafter to only two processes, namely,
the collisional excitation of HCl (inelastic + exchange processes)
and the collisional dissociation of HCl (reactive process).

From the calculated cross-sections, one can obtain the corre-
sponding thermal rate coefficients at temperature T by an average
over the collision energy (Ec):

kα→β (T ) =
(

8

πμk3
BT 3

) 1
2

×
∫ ∞

0
σα→β Ec e− Ec

kB T dEc (4)

where σα → β is the cross-section from initial state α (HCl(j) + H)
to final state β (HCl(j′) + H or Cl + H2), μ is the reduced mass of
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the system and kB is the Boltzmann’s constant. Calculations up to
2500 cm−1 allow determining rate coefficients from 10 to 500 K.

3 R ESULTS

3.1 Collisional excitation of HCl by H

First, we focus on the collisional excitation process. Fig. 1 displays
the temperature variation of the rate coefficients for the rotational
de-excitation of HCl(j = 1 − 4) by H to HCl(j = 0) (upper panel)
and of HCl(j = 2 − 5) by H to HCl(j = 1) (lower panel). The
complete set of (de)excitation rate coefficients is available online
from the LAMDA (Schöier et al. 2005) and BASECOL (Dubernet
et al. 2013) websites.

As expected, the rate coefficients decrease with increasing �j.
The strongest collision-induced rotational HCl transitions are the
transitions with �j = 1. More generally, we observe a propensity
rules in favour of transitions with odd �j because of the strong
anisotropy of the HCl–H PES with respect to the H approach. We
also note the relatively large magnitude of the rate coefficients
(k(T) > 10−10). Such a magnitude can certainly be explained by
the large well depth seen in the HCl–H PES (∼155 cm−1) which
efficiently allowed for collisional excitation of HCl induced by
H. Hence, one can anticipate that HCl will be efficiently excited
through collisions with H in the ISM.

Figure 1. Typical variation with temperature of the rotational de-excitation
rate coefficients of HCl by H.

Then, it is interesting to compare the present rate coefficients
with those reported recently for the rotational excitation of HCl by
He (Lanza & Lique 2012) and H2 (Lanza et al. 2014b). The three
sets of rate coefficients were computed at a similar level of accuracy
so that, in this comparison, we expect to probe the impact of the
different collisional partners. In astrophysical applications, when
collisional data are not available, it is quite usual to estimate the rate
coefficients of a colliding system from the values calculated for the
same molecule in collision with another colliding partner (usually
the He collisional partner). The methodology which is generally
used (Lique et al. 2008) consist in assuming that the excitation
cross-sections are similar for both systems. The rate coefficients
are then derived by correcting only for the change in reduced mass
which appears in equation (4), which lead to the following scaling
relationship:

kH � 1.9 × kHe � 1.4 × kH2 (5)

It is now well established that rate coefficients for collisions
with para- and ortho-H2 are generally very different (Roueff &
Lique 2013) and the above scaling relationship is expected to apply
better to collisions with para-H2.

In Fig. 2, we compare the HCl–H, HCl–He and HCl–H2 (both
para- and ortho-H2) rate coefficients for a selected number of tran-
sitions.

He and H2 rate coefficients have been already compared in details
in Lanza et al. (2014b) and differences up to an order of magnitude
have been found, especially at low temperatures. We focus here
on the comparisons implying the new collisional data with the H
collisional partner. First of all, one can see that the rate coefficients
for collisions with H have the highest magnitude as expected from
the scaling relationships. However, especially at low temperature,
the new data are up to an order of magnitude larger than the He or
para-H2 data, exceeding by a large factor what is predicted from the
simple scaling relationship. We also note that the differences depend
on the transitions and on the temperature leading to the impossibility
of extrapolating H collisional data from He or H2 collisional data.
Hence, it confirms that, for hydrides, it is unrealistic to estimate
unknown collisional rate coefficients by simply applying a scaling
factor to the existing rate coefficients. This result was previously
observed for water (Daniel et al. 2015) and ammonia (Bouhafs
et al. 2017).

Finally, in HCl, the coupling between the nuclear spin (I = 3/2)
of the chlorine atom3 and the molecular rotation results in a weak
splitting (Alexander & Dagdigian 1985) of each rotational level
j into four hyperfine levels (except for the j = 0 level which
splits into only one level and for the j = 1 level which splits
into only three levels). Each hyperfine level is designated by a
quantum number F (F = I + j) varying between |I − j| and
I + j.

In most of the low-j astronomical spectra, the hyperfine struc-
ture of the HCl molecules is resolved (Kama et al. 2015). Hy-
perfine resolved HCl–H rate coefficients can be deduced from
the rotationally resolved rate coefficients as described in Faure &
Lique (2012):

kjF→j ′F ′ (T ) = kIOS
jF→j ′F ′ (T )

kIOS
j→j ′ (T )

kj→j ′ (T ), (6)

3 Both 35Cl and 37Cl display the same nuclear spin.
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Figure 2. Comparison between HCl–H, HCl–He and HCl–H2 (both para- and ortho-H2) rate coefficients.

kIOS
j→j ′ (T ) and kIOS

jF→j ′F ′ (T ) (IOS stands for infinite order sudden)
can be calculated as follows (e.g Corey & McCourt 1983):

kIOS
j→j ′ (T ) = (2j ′ + 1)

∑
L

(
j ′ j L

0 0 0

)2

(2L + 1)kL→0(T ) (7)

and

kIOS
jF→j ′F ′ (T ) = (2j + 1)(2j ′ + 1)(2F ′ + 1)

×
∑

L

(
j ′ j L

0 0 0

)2

×
{

j j ′ L

F ′ F I

}2

kL→0(T ), (8)

where ( ) and { } are, respectively, the ‘3-j’ and ‘6-j’ Wigner
symbols. In equations (7) and (8), the rotationally resolved rate
coefficients computed above are used for the kL → 0(T) rate coeffi-
cients.

The complete set of hyperfine resolved rate coefficients is also
available online from the LAMDA (Schöier et al. 2005) and
BASECOL (Dubernet et al. 2013) websites.

Figure 3. Temperature variation of the rate coefficients for the collisional
dissociation of HCl(j) by H.

3.2 Collisional dissociation of HCl by H

We also present the results for the collisional dissociation of HCl by
H. Fig. 3 presents the temperature variation of the rate coefficients
for the collisional dissociation of HCl(j) by H.

It can be easily seen that the reactive rate coefficients for the de-
struction of HCl by H increase rapidly with increasing temperature,

MNRAS 472, 738–743 (2017)
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as expected for an abstraction reaction with a significant energy
barrier (∼2500 K). At temperatures above �300 K, the rate coef-
ficients are larger than 10−13 cm3 s−1, consequently the reaction is
relatively efficient (especially considering the high abundance of H
in astrophysical media).

We do observe an increase of the rate coefficients with increasing
rotational state of the reactant at low temperatures. Indeed, the
internal energy of the reactive system increases with increasing
rotational levels and this leads to an enhancement of the reaction
rate coefficients through tunnelling effect. At higher temperatures,
the collisional dissociation of HCl(j) by H rate coefficients tends to
be similar whatever the initial rotational state of HCl is.

4 A STRO PHYSICAL APPLICATIONS

4.1 The excitation of HCl in protostellar shocks

As a first application and in order to test the impact of the new
collisional excitation rate coefficients, we have performed radiative
transfer calculations to simulate the excitation of HCl in protostel-
lar shock conditions. HCl was detected by Codella et al. (2012) via
the j = 1 → 0 transition at 626 GHz towards the L1157-B1 shock.
This source coincides with the near-infrared H2 ‘knot A’ where the
fraction of atomic hydrogen is high, n(H)/n(H2) ∼ 0.3, as shown by
Nisini et al. (2010). This suggests that the shock is partially disso-
ciative. L1157-B1 therefore provides an excellent template to study
the impact of our H collisional data. We do not intend, however,
to quantitatively model the Herschel observations of Codella et al.
(2012), which is clearly beyond the scope of our work.

Non-local thermodynamic equilibrium (non-LTE) radiative
transfer calculations were performed with the RADEX code (van der
Tak et al. 2007) using the escape probability formalism approxi-
mation for an expanding sphere. We focus here on the brightness
temperature of the j = 1 → 0 transition using either (i) only the H2

collisional partner or (ii) both the H and H2 collisional partners. The
only radiation field is the cosmic microwave background (CMB) at
2.73 K.

The physical conditions are taken from Codella et al. (2012): we
consider an HCl column density of 1013 cm−2, a kinetic temperature
of 200 K, a density of H2 fixed at 3 × 105 cm−3 and a density of H of
1 × 105 cm−3 corresponding to a fraction H/H2 ∼ 0.3. Finally, H2

was assumed to lie in the ground para- and ortho-rotational states
jH2 = 0 and jH2 = 1, respectively, with the following ortho-to-para
ratios (OPR): (i) OPR = 0 (H2 lies in jH2 = 0 only) and (ii) OPR
= 3 (statistical limit). We note that the OPR of H2 was actually
measured along the L1157-mm outflow where it was found to vary
between ∼ 0.6 and 2.8, i.e. it is always below the equilibrium value
of 3. Fig. 4 shows the results of our radiative transfer calculations.

As one can see the brightness temperature obtained when includ-
ing the H collisional partner is significantly higher than that obtained
with H2 only. The ratio between the corresponding line intensities is
�1.5–2. Such an increase is due to the large HCl–H rate coefficients
that significantly contribute to the excitation of HCl, as illustrated
in Fig. 2. The HCl–H rate coefficients are indeed up to an order of
magnitude larger than those of H2. This is why hydrogen atoms,
even if not the dominant colliding partner, significantly increase the
population of the excited level and this extra population translates
into a higher brightness temperature as we are in the optically thin
regime.

The present calculations thus show that the HCl abundance de-
rived from radiative transfer analysis performed using only the H2

collisional partner can be overestimated by up to a factor of ∼2,

Figure 4. HCl brightness temperature for the j = 1 → j′ = 0 line with and
without the H collisional partner.

depending on the H/H2 fraction. It is then crucial to revise the HCl
abundance in protostellar shocks using the new collisional data.

4.2 Thermal rate coefficient for the dissociation of HCl by H

In astrochemical kinetic models, the rotational structure of the re-
actants and of the products are usually neglected. Consequently,
what is needed is a ‘thermal’ rate coefficient k(T) summed over
the product states and averaged over the reactant states, assuming a
Maxwell–Boltzmann thermal distribution for the latter:

k(T ) =
∑

j (2j + 1)e−εj /kT kj (T )

Q

Q =
∑

j

(2j + 1)e−εj /kT , (9)

where εj is the energy of the jth rotational level. We have employed
our state-to-state rate coefficients to compute the thermal rate co-
efficient for the dissociation of HCl by H. In practice the sums in
equation (9) run over to the range j = 0–10 covered by our quantum
calculations, which guarantees that the thermal rate coefficient is
converged up to Tk = 500 K.

In Fig. 5, we present the temperature variation of the thermal rate
coefficient computed in this work for the collisional dissociation of
HCl by H. Fig. 5 also presents the rate coefficient currently used in
astrochemical models. It was adopted by Neufeld & Wolfire (2009)
following the recommendation of Kumaran, Lim & Michael (1994)
who performed a fit to various experimental measurements for the
reverse reaction Cl + H2 → HCl + H in the temperature range Tk =
199–2939 K (Kumaran et al. 1994).

As one can see significant difference exist between the ‘reference’
rate coefficient and our result. At low temperatures, the destruction
of HCl by H is much faster (by orders of magnitude) than expected
from the (extrapolated) fit of Kumaran et al. (1994). The flattening
of the rate coefficient below 100 K can be attributed to the tunnelling
effect that significantly enhances the reactivity at collision energies
below the barrier. Unfortunately, there is to our knowledge no exper-
imental data available in this temperature regime. The large increase
of the rate coefficient means that the HCl + H reaction could play
a role even at low temperature if the fraction of hydrogen atoms is
high enough. At temperatures higher than 200 K, the agreement be-
tween our results and the recommendation of Kumaran et al. (1994)
is quite satisfactory. The small discrepancies (a factor of ∼2) could
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Figure 5. Comparison between present (solid line) and the reference
(dashed line) thermal rate coefficient for the destruction of HCl through
the HCl+H reaction. See the text for details.

Table 1. Thermal rate coefficients for the collisional disso-
ciation of HCl by H.

Temperature (K) k (cm3 s−1)

10 2.62 × 10−18

20 2.71 × 10−18

30 2.74 × 10−18

50 3.65 × 10−18

70 6.69 × 10−18

100 2.78 × 10−17

150 5.24 × 10−16

200 5.03 × 10−15

reflect some uncertainties in the experimental equilibrium constant
for Cl+H2 � HCl + H (Kumaran et al. 1994).

The theoretical rate coefficient was fitted to the Arrhenius–Kooij
formula in the 200–500 K temperature range which we recommend
for use in astrochemical models:

k(T ) = 8.76 × 10−12

(
T

300

)0.89

exp

(
−1443

T

)
(10)

Below 200K, this fit is not accurate because of the strong tun-
nelling effect and we therefore provide the data in the range 10–
200 K in Table 1.

5 C O N C L U S I O N

We have presented quantum mechanical calculations of rate coef-
ficients for the collisional excitation and dissociation of HCl by H.
The results show that HCl can be easily excited through collisions
with H. We also found that, at low temperature, HCl is destroyed
through collisions with H much more rapidly than what is presently
considered in astrochemical models.

In order to evaluate the effect of the new excitation data on the
astrophysical modelling, we have performed radiative transfer cal-
culations for the typical physical conditions of protostellar shocks
where HCl has been detected. The simulated brightness tempera-
tures obtained considering both the H and H2 collisional partners
are significantly larger than the ones obtained considering only the
H2 collisional partner. This result suggests a further decrease of the

HCl column density in partially dissociative shocks so that the abun-
dance of HCl may be even lower than recently reported by Codella
et al. (2012). This reinforces the conclusion of these authors that
HCl is a minor chlorine carrier in star-forming regions.
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