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ABSTRACT

Context. Molecular hydrogen and its cation H+2 are among the first species formed in the early Universe, and play a key role in the
thermal and chemical evolution of the primordial gas. In molecular clouds, H+2 ions formed through ionization of H2 by particles react
rapidly with H2 to form H+3 , triggering the formation of almost all detected interstellar molecules.
Aims. We present a new set of cross sections and rate coefficients for state-to-state ro-vibrational transitions (RVT) of the H+2 and HD+
ions, induced by low-energy electron collisions. The study includes the major electron-impact processes relevant for low-metallicity
astrochemistry: inelastic and superelastic scattering, and dissociative recombination (DR).
Methods. The electron-induced processes involving H+2 and HD+ were treated using the multichannel quantum defect theory (MQDT).
Results. The newly calculated thermal rate coefficients show significant differences compared to those used in previous studies.
When introduced into astrochemical models, particularly for shock-induced chemistry in metal-free gas, the updated DR rates produce
substantial changes in the predicted molecular abundances.
Conclusions. These data provide updated and improved input for the modeling of hydrogen-rich plasmas in environments where a
high abundance of free electrons is expected, such as planetary nebulae, HII regions, and the ionospheres of giant planets.

Key words. molecular data – scattering – ISM: abundances – HII regions – planetary nebulae: general – early Universe

1. Introduction

Molecular hydrogen and its cation are among the first species
formed in the early Universe (for a review, see, e.g., Galli &
Palla 2013). Due to the lack of a dipole moment, in the absence
of catalyzing dust grains, the homonuclear molecule H2 can-
not be formed by radiative association of two hydrogen atoms,
and its production in a gas of primordial composition proceeds
via the intermediary species H− and H+2 (see, e.g., Lepp et al.
2002; Coppola et al. 2011; Gay et al. 2012). The latter channel
is the dominant one at high temperature, and is limited by the
destruction of H+2 by photodissociation, charge exchange with

⋆ Corresponding author: riyad.hassaine@univ-lehavre.fr

H atoms, and dissociative recombination (DR) with electrons. In
dense molecular clouds where ultraviolet radiation is efficiently
absorbed by dust grains, H+2 is formed in excited vibrational
states by cosmic-ray ionization of H2 (Glassgold & Langer 1973)
and rapidly transformed into H+3 , which is the starting point of
gas phase ion-molecule reaction chemistry (see, e.g., Tielens
2013). In addition, due to the high electron densities, DR of H+2
plays an important role also in brown dwarfs atmospheres (Gibbs
& Fitzgerald 2022; Pineda et al. 2024), planetary nebulae (Black
1978), and HII regions (Aleman & Gruenwald 2004).

The molecular hydrogen cation is also the primary molecu-
lar ion formed by photoionization of H2 in the upper atmospheres
and ionospheres of outer gaseous planets in the Solar System and
extrasolar giant planets (see, e.g., Chadney et al. 2016). In this
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context, the recombination of H+2 with electrons has also been
studied as a source of excited states of atomic hydrogen, in par-
ticular H(2p), in models of the ultraviolet emission of Jupiter’s
upper atmosphere, where it competes with the energy transfer
between free protons and H(2s) (Shemansky 1985).

Dissociative recombination is also an important reaction in
laboratory astrophysics (Parigger et al. 2018) because it affects
the diagnostics of electric discharges in hydrogen and deuterium
mixtures based on the line profile of the hydrogen Balmer series,
where this recombination process becomes dominant. The effect
has been studied in particular in recombining plasmas where the
electron temperature is below 1 eV (Wünderlich et al. 2009;
Friedl et al. 2020) and therefore relevant for the interstellar
medium. The effect of DR on diagnostics was also studied
using the Monte Carlo DEGAS2 model (Stotler & Karney 1994),
applied to the simulation of MAP-II (materials and plasma)
columnar plasma sources (Tanaka et al. 2000), used to study edge
recombination. In this type of source, the plasma has two mixed
but not balanced components: one has a temperature of the order
of 1 eV, and a second has a higher temperature. Krashenin-
nikov et al. (1997) used a collisional-radiative model to show
that, due to this reaction too, the formation of molecular ions
has a significant effect on the recombination rate of a hydrogen
plasma.

In all these environments, in which the ionization fraction
is significant, the electron-impact induced ro-vibrational transi-
tions (RVT), strong competitors of the DR, provide the dominant
path to excitation and de-excitation process of H+2 (Black & Van
Dishoeck 1987; Le Petit et al. 2002; Agundez et al. 2010). The
aim of the present paper is to provide accurate cross sections and
rate coefficients for electron-impact induced RVT,

H+2 (N+i , v
+
i ) + e(ε) −→ H+2 (N+f , v

+
f ) + e(ε′), (1)

and DR reactions,

H+2 (N+i , v
+
i ) + e(ε) −→ H(1s) + H(n ≥ 2), (2)

of H+2 and its isotopolog HD+, including all relevant ro-
vibrational levels. In reactions (1) and (2), N+i /N

+
f and v+i /v

+
f are

the initial and final rotational and vibrational quantum numbers
of the target ion, respectively, ε/ε′ is the energy of the inci-
dent and scattered electron, and n the principal quantum number
of the excited atom resulting from dissociation. RVT can be
further characterized as resonant elastic collisions, inelastic col-
lisions and super-elastic collisions when the energy ε′ of the
scattered electron is equal to, smaller, or larger than the energy
ε of the incident electron. The spectroscopic information, given
by the output of reactions (1)–(2), is sensitive to the initial (N+i ,
v+i ) and final (N+f , v+f ) quantum numbers of the target ions and
consequently provides the structure of the ionized media.

This study was initiated in previous publications by our
group (Motapon et al. 2014; Epée Epée et al. 2016; Djuissi et al.
2020; Epée Epée et al. 2022). We notice that, whereas for H+2
the rotational transitions involve rotational quantum numbers of
strictly the same parity (“gerade” or “ungerade”), this rule is not
valid for the deuterated variant. However, we assumed it for HD+
too, since no data are currently available for the gerade/ungerade
mixing, and since the transitions between rotational quantum
numbers of different parity are much less intense than the others
(Shafir et al. 2009).

This paper is organized as follows: in Sect. 2 we describe our
theoretical method. In Sect. 3, we present our results in terms
of cross sections and rate coefficients. In Sect. 4, we discuss the

applications in the media of astro-chemical interest. And, finally,
in Sect. 5 we summarize our conclusions.

2. Theoretical method

The electron-induced reactions (1) and (2) for H+2 and HD+
are studied by a step-wise version of the multichannel quan-
tum defect theory (MQDT), which we successfully applied to
calculate DR, ro-vibrational and dissociative excitation cross
sections for molecular cations such as H+2 and its isotopolog
(Waffeu Tamo et al. 2011; Chakrabarti et al. 2013; Motapon
et al. 2014; Epée Epée et al. 2016, 2022), CH+ (Mezei et al.
2019), SH+ (Kashinski et al. 2017), BeH+ and its isotopologs
(Niyonzima et al. 2017, 2018; Pop et al. 2021).

A detailed description of the method has been given in pre-
vious articles (Motapon et al. 2014; Mezei et al. 2019), and we
list below only the main steps of our current MQDT treatment:
1. Building the interaction matrix based on the couplings

between ionization channels – associated with the ro-
vibrational levels N+, v+ of the cation and with the orbital
quantum number l of the incident (Rydberg) electron – and
the dissociation channels.

2. Computation of the reaction matrix K as a second-order
perturbative solution of the Lippmann-Schwinger integral
equation (Ngassam et al. 2003).

3. Diagonalization of the reaction matrix by building the short-
range representation of the eigenchannel.

4. Frame transformation from the Born-Oppenheimer (short-
range) representation—characterized by quantum numbers
N, v, Λ, and l—to the close-coupling (long-range) represen-
tation, defined by N+, v+, and l. Here, N and N+ denote
the total rotational quantum numbers of the neutral system
and the ion, respectively, v and v+ are the corresponding
vibrational quantum numbers, and l is the orbital angular
momentum of the incoming, outgoing, or scattered electron.

5. Building of the generalized scattering matrix based on the
frame-transformation coefficients organized in blocks asso-
ciated with energetically open (o) and/or closed (c) channels:

X =
(

Xoo Xoc
Xco Xcc

)
. (3)

6. Building of the physical scattering matrix:

S = Xoo − Xoc
1

Xcc − exp(−2iπν)
Xco, (4)

obtained by the so-called “elimination of closed channel”
(Seaton 1983). The diagonal matrix ν in the denominator
contains the effective quantum numbers corresponding to
the vibrational thresholds of the closed ionization channels
at the current total energy of the system.

7. Computation of the cross sections for the target initially in a
state characterized by the quantum numbers N+i , v

+
i , and for

the energy of the incident electron ε, the RVT and the DR
global cross sections read, respectively,

σN+f v
+
f←N+i v

+
i
=

∑
Λ,sym

σ
(sym,Λ)
N+f v

+
f←N+i v

+
i
, (5)

σ
(sym,Λ)
N+f v

+
f←N+i v

+
i
=
π

4ε
ρ(sym,Λ)

∑
N

2N + 1
2N+i + 1

×
∑
l,l′
| S (sym,Λ,N)

N+f v
+
f l′,N+i v

+
i l − δN+i N+f δv

+
i v
+
f
δl′l |

2, (6)
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Table 1. First 30 ro-vibrational levels of H+2 and HD+.

H+2 HD+ H+2 HD+

Num. (N+i , v
+
i ) energy (eV) (N+i , v

+
i ) energy (eV) Num. (N+i , v

+
i ) energy (eV) (N+i , v

+
i ) energy (eV)

1 (0, 0) 0.000 (0, 0) 0.000 16 (10, 0) 0.371 (4, 1) 0.289
2 (1, 0) 0.007 (1, 0) 0.005 17 (5, 1) 0.372 (5, 1) 0.314
3 (2, 0) 0.021 (2, 0) 0.016 18 (6, 1) 0.412 (11, 0) 0.337
4 (3, 0) 0.043 (3, 0) 0.033 19 (11, 0) 0.44 (6, 1) 0.344
5 (4, 0) 0.071 (4, 0) 0.054 20 (7, 1) 0.457 (7, 1) 0.379
6 (5, 0) 0.106 (5, 0) 0.080 21 (8, 1) 0.507 (12, 0) 0.394
7 (6, 0) 0.148 (6, 0) 0.112 22 (12, 0) 0.512 (8, 1) 0.418
8 (7, 0) 0.195 (7, 0) 0.148 23 (0, 2) 0.528 (13, 0) 0.455
9 (8, 0) 0.249 (8, 0) 0.189 24 (1, 2) 0.534 (9, 1) 0.461
10 (0, 1) 0.272 (9, 0) 0.234 25 (2, 2) 0.547 (0, 2) 0.462
11 (1, 1) 0.279 (0, 1) 0.237 26 (9, 1) 0.563 (1, 2) 0.467
12 (2, 1) 0.292 (1, 1) 0.242 27 (3, 2) 0.566 (2, 2) 0.477
13 (9, 0) 0.307 (2, 1) 0.253 28 (13, 0) 0.589 (3, 2) 0.492
14 (3, 1) 0.312 (3, 1) 0.268 29 (4, 2) 0.592 (10, 1) 0.508
15 (4, 1) 0.339 (10, 0) 0.284 30 (5, 2) 0.623 (4, 2) 0.511

Notes. Energies are given for the first 30 ro-vibrational levels of the X2Σ+g electronic states of H+2 and HD+, relative to the ground level (N+i , v
+
i ) =

(0, 0).

σdiss←N+i v
+
i
=

∑
Λ,sym

σ
(sym,Λ)
diss←N+i v

+
i
, (7)

σ
(sym,Λ)
diss←N+i v

+
i
=
π

4ε
ρ(sym,Λ)

∑
N

2N + 1
2N+i + 1

×
∑
l, j

| S (sym,Λ,N)
d j,N+i v

+
i l |

2, (8)

where sym refers to the inversion symmetry – ger-
ade/ungerade – and to the spin quantum number of the
neutral system, Λ is the projection of the electronic orbital
angular momentum on the molecular axis, and ρ(sym,Λ) is the
ratio between the spin multiplicities of the neutral system
and that of the ion.

This work extends our previous studies performed on HD+
(Waffeu Tamo et al. 2011; Motapon et al. 2014) and H+2 (Epée
Epée et al. 2016) for low collision energies relevant for kinet-
ics modeling in astrochemistry, by considering simultaneous
rotational and vibrational transitions (excitations and/or de-
excitations) and by increasing the range of the incident energy
of the electron. We used the same molecular structure data sets
as those from our previous studies (Waffeu Tamo et al. 2011;
Motapon et al. 2014; Epée Epée et al. 2016; Djuissi et al. 2020;
Epée Epée et al. 2022). The energies of the first 30 ro-vibrational
levels of the X2Σ+g electronic state of H+2 and HD+ relative to the
ground level (N+i , v

+
i ) = (0, 0) are listed in Table 1. The molec-

ular states of the neutral (H2, HD) systems taken into account
were of 1Σ+g , 1Πg, 1∆g, 3Σ+g , 3Πg, 3∆g, 3Σ+u , and 3Πu symmetries.
Consequently, the partial waves considered for the incident elec-
tron were s and d for the 1Σ+g states, d for 1Πg, 1∆g, 3Σ+g , 3Πg and
3∆g, and p for 3Σ+u , and 3Πu.

3. Results and discussions

We computed the RVT cross sections for the lowest 30 ro-
vibrational levels of H+2 and HD+ in their ground 2Σ+g electronic
state, and for collision energies ranging between 10−5–1.09 eV

– this latter value corresponding to the opening of the following
dissociation channel – with an energy step of 0.01 meV. We con-
sidered both “direct” and “indirect” mechanisms – i.e., including
“open” and “closed” channels, respectively. The reaction matrix
was evaluated to second order in perturbation theory.

Thermally averaged rate coefficients were obtained by con-
volution of the cross sections with the isotropic Maxwell distri-
bution function of the kinetic energy of the incident electrons:

k(T ) =
2

kBT

√
2

πmkBT

∫ +∞

0
σ(ε)ε exp(−ε/kBT ) dε, (9)

where σ(ε) are the cross sections calculated according to
Eqs. (5)–(8) and kB is the Boltzmann constant.

Figures 1–4 display representative samples of RVT cross
sections and thermal rate coefficients. More specifically, Fig-
ure 1 displays the cross sections of simultaneous electron-impact
rotational excitation (∆N+ = N+f − N+i = 2) and vibrational
de-excitation (∆v+ = v+f − v

+
i = −1) from the ground 2Σ+g elec-

tronic state and initial ro-vibrational levels (N+i , v
+
i ) = (0, 1)

and (N+i , v
+
i ) = (2, 1). Figure 2 displays the corresponding rate

coefficients for ten ro-vibrational levels of the target, ranging
from (0, 1) to (9, 1). Figure 3 presents rate coefficients for pure
rotational excitation (∆N+ = 2, ∆v+ = 0) from levels (0, 0) to
(9, 0), while Figure 4 shows rate coefficients for pure vibrational
excitation (∆N+ = 0, ∆v+ = 1) over the same set of initial levels.

In parallel, we computed DR cross sections under the same
conditions as those used for the RVT calculations. Figure 5
presents the results for the two lowest initial levels, (N+i , v

+
i ) =

(0, 0) and (1, 0). In the most recent calculations performed by
Hvizdoš et al. (2025) and Hörnquist et al. (2024), only the 1Σ+g
symmetry of the neutral was considered, which leads to smaller
cross sections than ours. Moreover, Hvizdoš et al. (2025) is
using a simplified rotationless model. Our corresponding DR
rate coefficients, derived from the full set of 30 levels, are
shown in Figure 6 up to an electron temperature of 4000 K,
along with the thermally averaged values. The latter incorpo-
rates the temperature-dependent population distributions and the
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Fig. 1. Left panel: electron-impact rotational excitation (∆N+ = N+f − N+i = 2) and vibrational de-excitation (∆v+ = v+f − v
+
i = −1) cross sections

of H+2 from its ground 2Σ+g electronic state and initial ro-vibrational levels (N+i , v
+
i ) = (0, 1), black line, and (N+i , v

+
i ) = (2, 1), red line. Right panel:

same for HD+.
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Fig. 2. Left panel: electron-impact rotational excitation (∆N+ = N+f − N+i = 2) and vibrational de-excitation (∆v+ = v+f − v
+
i = −1) rate coefficients

of H+2 from its ground 2Σ+g electronic state for ten initial ro-vibrational levels (N+i , v
+
i ), where v+i = 1. Right panel: same for HD+.
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Fig. 3. Left panel: electron-impact rotational excitation (∆N+ = N+f − N+i = 2), (∆v+ = v+f − v
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i = 0) rate coefficients of H+2 from its ground 2Σ+g

electronic state and for the first ten initial ro-vibrational levels (N+i , v
+
i ), where v+i = 0. Right panel: same for HD+.

ortho–para statistical weights (relevant only for H+2 ). The results
were fit using the following expression:

k(T ) = a0

( T
300 K

)a1

e−a2/T + a3

( T
300 K

)a4

e−a5/T , (10)

where the coefficients {a0,a5} have the values listed in
Table 2. The last column lists the root-mean-square rela-
tive deviation between the calculated and fit rates, RMS =√

n−1 ∑
i[(ki − kfit)/ki]2. The reported values (0.09–0.27) cor-

respond to typical average deviations of about 9–27% over

the full temperature range, indicating that the fits reproduce
the numerical data with sufficient accuracy for astrophysical
applications.

In the ISM, as in laboratory experiments, electron impact
ionization of H2 produces vibrationally excited H+2 ions with
a non-Boltzmann distribution of energy levels that can be esti-
mated by applying the Franck-Condon principle. In its most ele-
mentary form, this principle assumes that the transition matrix
element varies slowly enough with internuclear separation that
it can be factored in the calculation of the relative transition
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Fig. 6. Left panel: thermal rate coefficient for the DR of H+2 summed over all five relevant molecular symmetries of the neutral up to an electron
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strength to various vibrational levels. In ion trap experiments, the
vibrational level populations of H+2 formed by electron impact
ionization of thermal H2 are in good agreement with the pre-
diction of the Franck-Condon principle (see, e.g., Von Busch
& Dunn 1972; Weijun et al. 1993; Abdellahi El Ghazaly et al.
2004). For these reasons, it is expected that H+2 ions produced in
the ISM by cosmic rays (protons, nuclei and electrons) impacting
ambient H2 are formed with a population of excited vibrational

states close to the distribution of Franck-Condon factors (Shuter
et al. 1986). These vibrationally excited levels have long life-
times, since dipole transitions within the ground electronic state
of H+2 are forbidden. Thus, even though non-reactive collisions
of H+2 with ambient electrons and other species will eventually
establish a thermal Boltzmann distribution of level populations,
averaging over a Franck-Condon distribution can be appropri-
ate for the low density conditions of the ISM. Fitting parameters
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Table 2. Fitting parameters for DR rate coefficients of H+2 and HD+.

Molecule v+i a0 a1 a2 a3 a4 a5 RMS
(10−8 cm3 s−1) (K) (10−8 cm3 s−1) (K)

H+2 0 3.946 −0.8907 5.693 −3.291 −1.368 55.78 0.08937
1 4.869 −0.5423 −0.1428 −9.517 × 10−2 −2.411 59.67 0.2635
2 2.833 −0.5427 0.3027 5.942 × 10−10 −10.12 139.2 0.1433

0–2 (Thermal avg.) 3.946 −0.8907 5.693 −3.291 −1.368 55.78 0.08937
0–2 (Franck–Condon avg.) 2.887 −0.5722 0.1274 7.231 × 10−3 −2.608 17.29 0.1087

HD+ 0 0.8527 −0.3476 −1.089 5.004 × 10−2 −1.636 6.182 0.09658
1 2.582 −0.8402 0.6157 9.247 × 10−3 −3.217 34.94 0.2774
2 2.589 −0.7394 0.4758 4.255 × 10−3 −4.704 151.3 0.08529

0–2 (Thermal avg.) 1.670 −0.5848 0.9308 −0.6311 −1.192 38.97 0.08983

Notes. Parameters correspond to Eq. (10), for the thermally averaged and Franck–Condon averaged rate coefficients of H+2 and HD+, for every
rotational level N+i with v+i = 0–2, at electron temperatures between 10 and 4000 K. For H+2 , the thermal total average closely follows v+i = 0;
therefore the v+i = 0 fit parameters are used for this row (RMS = 0.08937) rather than a direct fit of the average (RMS = 0.4577).
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level N+i , with v+i = 0−2 using the fitting parameters given in Table 2.
Electron temperature is between 10 and 4000 K.

corresponding to the Franck–Condon averaged rate coefficients,
for initial vibrational levels v+i = 0–2, were obtained using the
population weighting factors listed in Weijun et al. (1993).

Figure 7 presents the fit curves for the thermally averaged
and Franck–Condon averaged DR rate coefficients of H+2 (red
curves), along with the fits of the thermally averaged DR rate
coefficients of HD+ (black curves), for initial vibrational levels
v+i = 0, 1, and 2, up to an electron temperature of 4000 K.

4. Astrophysical applications

Figure 8 shows a comparison of the thermal rate coefficients of
H+2 and HD+ adopted in models of the chemistry of primor-
dial gas, compared to our results. The calculations presented
in this paper (black curves) resolve considerable discrepancies
in previous evaluations of the DR rate of H+2 and HD+, and
extend the results to temperatures below ∼100 K, where all
available estimates of the DR rate significantly underestimate its
importance.

In the early Universe, DR of H+2 and HD+ competes with
photodissociation (at z ≳ 300) and charge exchange with H (at
z ≲ 300) in the destruction of these species. At low redshifts
(z ≲ 100) the significant increase in DR at low temperatures

evidenced in the current work implies a larger effect of DR
with respect to previous results obtained with the DR rate by
Schneider et al. (1994): at z ≈ 10–20, the contribution of DR
of H+2 and HD+ increases from ∼2% to ∼12% and from ∼1% to
∼5% of the total destruction rate, respectively. However, because
of the low electron fraction, the destruction of both cations at low
redshift remains dominated by charge-exchange reactions with
the more abundant H atoms.

As was mentioned in the Introduction, H+2 ions produced by
cosmic-ray ionization in dense molecular clouds shielded from
UV radiation are rapidly converted into H+3 ions by charge trans-
fer reactions with ambient H2. Given the importance of H+3 as
a cornerstone of interstellar chemistry, one may wonder to what
extent the DR of H+2 can affect the abundance of H+3 . In pre-
dominantly neutral clouds, DR is generally less important than
charge transfer reactions of H+2 with atomic or molecular hydro-
gen, which are quite fast. Therefore, it is not expected that the
equilibrium abundance of H+3 in molecular clouds depends on
DR of H+2 . However, in low-density, highly ionized nebular gas,
such as planetary nebulae, planetary ionospheres, and supernova
remnants, where H+3 has been detected or predicted to be present
(see, e.g., Tennyson & Miller 2019), the abundance of H+2 (and,
as a consequence, that of H+3 ) is entirely controlled by DR.

Another process competing with DR in the destruction of H+2
ions is photodissociation. In the early Universe, at high redshift,
the intense cosmic radiation background is by far the dominant
destruction process for all molecular ions, and DR of H+2 plays
no role. This is not the case when the radiation field is produced
by a point source, as in the case of planetary nebulae (Black
1978) and HII regions (Aleman & Gruenwald 2004), due to the
geometric dilution of radiation with distance from the source. In
addition, DR in nebulae is also favored by the high abundance of
free electrons. In this situation, the abundance of H+2 is basically
controlled by the balance of formation by radiative association
of H and H+ (with rate kra) and destruction by DR (with rate kdr),
and it is given by H+2 /H = kra/krd (see, e.g., Cecchi Pestellini &
Dalgarno 1993).

Shock waves could also lead to high H+2 and electron abun-
dances. For this reason, accurate and state-to-state resolved DR
reaction rates are needed (Shapiro & Kang 1987; Takagi 2002;
Shchekinov & Vasiliev 2006; Coppola et al. 2016). The updated
DR reaction rates in the chemical evolution of shock waves
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Fig. 9. Fractional abundances of H+2 (left panel) and HD+ (right panel) for a shock wave propagating through a gas of primordial composition at
redshift z = 10, 20, and 30 and at a speed 3s = 20 km s−1. The dotted curves show the fractional abundances obtained adopting the DR reaction
rates of Coppola et al. (2011) and Galli & Palla (1998), respectively.

through gas at high redshift, lead to changes in the fractional
abundances of H+2 and HD+.

Figure 9 shows the results of simulations of shocks prop-
agating with velocity 3s = 20 km s−1, compatible with typical
supernova explosions, in a gas of primordial composition at red-
shift z = 10, 20, and 30 (see Coppola et al. 2016, for a description
of the shock model). For T > 4000 K, beyond the range of valid-
ity of Eq. (10), we adopted a constant value equal to the rate at
T = 4000 K. Since the DR rate decreases with T above a few
×103 K, this choice may overestimate the true rate and thus pro-
vides a conservative lower bound on the abundances. In this
context, the results demonstrate that, as is discussed in Sec-
tion 4, when the ionization fraction is significant (as in shocks,
∼10−2–10−1 in these models), DR becomes an important chan-
nel for the destruction of H+2 and HD+, competing with the fast
charge exchange reactions that usually dominate in a nearly neu-
tral medium. For example, in the high temperature range relevant
for a high-speed shock, the DR rate of H+2 computed in this paper
is a factor of ∼8-10 lower than the DR rate coefficient adopted by
Coppola et al. (2016) on the basis of the cross sections calculated
by Takagi (2002). Consequently, the abundance of H+2 is a factor
of ∼2–3 higher than that obtained by Coppola et al. (2016). On
the other hand, at temperatures of a few ∼103 K the newly calcu-
lated DR rate of HD+ is a factor of ∼2–3 higher than the value

previously adopted, and consequently the abundance of HD+ is
slightly reduced.

5. Conclusions

We computed cross sections and thermally averaged rate coef-
ficients summed for all five relevant molecular symmetries of
the neutral from T = 1 K up to T = 4000 K electron tem-
peratures considering temperature-dependent level population
distributions. These new cross sections and rate coefficients can
be adopted to model the kinetics of hydrogen-rich media in
which the ionization fraction is significant. A primary field of
application is planetary atmospheres and astrophysical plasmas
in general, either in conditions typical of the early Universe
(absence of metals and dust grains) or in the present-day par-
tially ionized interstellar medium (as, for example, in planetary
nebulae and HII regions). In all these environments, electron-
impact induced RVT are the dominant excitation process of H+2
and HD+, and DR is one of their main destruction channels. Our
main findings are summarized as follows:
1. With the new cross sections, significant differences with pre-

viously adopted thermal rate coefficients of DR are found
(see Sect. 4 and Fig. 9);
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2. The new rates produce substantial differences with respect
to earlier results when introduced in astrochemical models,
for example in models for the shock-induced chemistry of
hydrogen and deuterium in a zero-metal gas (see Fig. 8).

Data availability

The data supporting the findings of this study are available on
Zenodo at https://doi.org/10.5281/zenodo.17344099.
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