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ABSTRACT

The charge-transfer process C + O+ → C+ + O (1D) has been found in previous modelling to be important in neutralising oxygen ions
in supernova (SN) ejecta, as well as in determining the strength of the [O I] doublet at 6300 and 6364 Å. This conclusion is, however,
based on a highly uncertain simple estimate of the rate coefficient. In this work, calculations of the cross-sections at low energy (0–
10 eV) are performed using quantum mechanical methods. The rate coefficients at temperatures up to 10 000 K are determined and
found to be significantly lower than the simple estimate. Using spectral modelling of SN ejecta, we show that the new rates change
model predictions for [O I] λλ6300, 6364 and [C I] λλ9824, 9850 by ∼10% in the early, warm nebular phases, and by yet larger factors
in the late, cold phases, with direct impact on inferences of carbon and oxygen masses.

Key words. atomic data – atomic processes – supernovae: general

1. Introduction

Carbon and oxygen are the most abundant elements in the Uni-
verse after hydrogen and helium, and both have been identified
in the spectra of supernovae (SNe), including the nearby super-
nova 1987A (SN 1987A; e.g. Jerkstrand et al. 2011). In SN ejecta,
C and O are expected, based on stellar evolution models, to be
found together in regions that are poor in H and He. For exam-
ple, the 19 M⊙ explosion model from Woosley & Heger (2007),
predicts regions dominated by O, Ne, Mg, and C.

The importance of charge-transfer, where one or more elec-
trons is transferred between atoms, in supernovae has long been
known (e.g. Meyerott 1978). SN 1987A has made it possible to
study the ejecta of this supernova in great detail, even at very late
times, and modelling has also shown the importance of charge-
transfer processes (see Jerkstrand et al. 2011, and Fig. 2 therein).
In particular, the process

C + O+ ⇌ C+ + O(1D) + 0.39 eV (1)

was identified as being the dominant reaction for neutralising
oxygen ions. Further, it should be noted that the process produces
neutral oxygen atoms in the excited 1D state, which produces
the observed [O I] doublet at 6300 and 6364 Å. However, these
models are dependent on uncertain rates for charge-transfer pro-
cesses. This process is included via a ‘simple rule for guessing
the rate coefficients’ from Péquignot & Aldrovandi (1986), based
on the classical Langevin orbiting model and some experimental
results.

Charge transfer involving a singly charged positive ion and
a neutral atom at low energy represents a particular challenge,
as in general there is no easily identifiable single dominant
mechanism, and thus there is presently no reliable way to make
simple theoretical estimates (Stancil 2001). Setting aside the
⋆ Corresponding author: deboki.reja@physics.uu.se

well-studied case of resonant charge-transfer in H+H+, there are
only a small number of specific cases involving heavier targets
where data are available from fully quantum-mechanical calcu-
lations; i.e. molecular structure and quantum scattering: O++H
(Stancil et al. 1999; Chambaud et al. 1980), Cl+H+ (Pradhan &
Dalgarno 1994), C+H+ (Stancil et al. 1998), and S+C+ (Chenel
et al. 2010). All but the last involve hydrogen, and thus there is a
particular scarcity of data for ion-atom charge-transfer between
heavier atoms. Yet, these are the crucial reactions for the nucle-
osynthesis layers in supernovae, which lack both H and He.
The main bottleneck here is the ab initio calculation of required
potential energy curves (PECs) and couplings for the relevant
states of the molecular ion system.

Potential energy curves of the molecular system CO+ were
reported by Krupenie & Weissman (1965) and Singh & Rai
(1966) using a version of the semi-empirical Rydberg–Klein–
Rees method, but it only provides PECs for bound molecular
states and those in the region of the potential well. Honjou &
Sasaki (1979) performed ab initio PEC calculations of 25 low-
lying states. Okada & Iwata (2000) later performed calculations
for PECs, dipole moment functions, and transition moments, and
Shi et al. (2011) performed a study of PECs and spectroscopic
and molecular properties for nine low-lying electronic states.
A study of 21 low-lying electronic states by Xing et al. (2018)
includes PECs, spectroscopic parameters, transition dipoles, and
transition probabilities.

None of these studies is sufficient for the calculation of the
charge-transfer process of Eq. (1), as in all cases they do not
provide the required couplings needed for collision-dynamics
calculations. In addition, some of the studies do not cover all
required molecular states, or they have a too limited internuclear-
distance range. In this paper, we describe calculation of
the cross-sections and rates for process (1). In Sect. 2, we
describe the theory used and present the calculations, specifi-
cally the molecular structure and collision dynamics. In Sect. 3,
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Table 1. Low-lying ground and excited electronic states of CO+ resulting from the combination of asymptotic atomic states.

Channels Asymptotic states Electronic states

C+ (2P0) + O (3P) 12Σ+, 1–22Σ−, 1–22Π, 12∆, 14Σ+, 1–24Σ−, 1–24Π, 14∆

Final C+ (2P0) + O (1D) 2–32Σ+, 32Σ−, 3–52Π, 2–32∆, 12Φ

Initial C (3P) + O+ (4S0) 42Σ+, 62Π, 24Σ+, 34Π, 16Σ+, 16Π

C (1D) + O+ (4S0) 34Σ−, 44Π, 24∆

C+ (2P0) + O (1S) 52Σ+, 72Π

Notes. The first column labels channels of interest for the charge-transfer process considered; Eq. (1). The second and third columns give the
asymptotic atomic states, and the resulting electronic states for the molecule.

the results are presented and discussed. In Sect. 4, we present a
first astrophysical application in modelling the spectrum of a SN
ejecta.

2. Theory and calculations

The astrophysical environments of interest have temperatures of
the order of a few thousand Kelvin, and thus we are particu-
larly interested in centre-of-mass energies of the order of 0.1
to 1 eV. To reliably calculate the cross-sections for process (1)
at low energy requires a fully quantum-mechanical theoretical
description (e.g. Bransden & McDowell 1992; Stancil 2001).
This means molecular electronic structure calculations based on
molecular orbital methods, providing PECs and relevant cou-
plings as input for collision dynamics based on the solution of
the coupled-channel equations describing quantum scattering.
We performed detailed quantum-chemistry calculations includ-
ing PECs of 32 low-lying electronic states for the molecular
ion CO+ covering all relevant channels for the charge-transfer
process, and all neighbouring channels, from small to large inter-
nuclear distance. The states covered are listed in Table 1, which
includes 19 doublet, 11 quartet, and 2 sextet spin states, dis-
sociating into five different sets of asymptotic atomic states.
From the calculated PECs, we identified the expected mech-
anisms and channels involved in the charge-transfer process,
and relevant radial and rotational couplings calculated. These
molecular-structure calculations are described in Sect. 2.1. The
collision dynamics calculations are described in Sect. 2.2.

2.1. Molecular structure

The ab initio MOLPRO quantum-chemistry suite of programs
(Werner et al. 2022) was used for the molecular-structure
computations. The calculations were performed within the
multi-reference configuration interaction (MRCI) level of theory
using Dunning’s correlation-consistent basis sets aug-cc-pVQZ
(Dunning Jr 1989) in C2v in doublet spin symmetry. Calculations
were carried out using a complete active-space self-consistent
field (CASSCF; Werner & Meyer 1981; Werner & Knowles
1985) as a reference space followed by MRCI. For the molec-
ular system CO+, 13 electrons were distributed as four core
electrons and nine valence electrons. We computed first-order
radial couplings ⟨ψ j|

∂
∂R |ψi⟩, where R is the internuclear distance

and |ψ⟩ are adiabatic wave functions, using the finite-difference
method with ∆R = 0.0002 a.u., which was sufficient to yield
numerical convergence. Phases were determined by employing
a biorthogonalisation procedure. Non-adiabatic rotational cou-
pling matrix elements, ⟨ψ j|L±|ψi⟩, were also computed. The
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Fig. 1. Adiabatic PECs of doublet (panel a; 1–5 2Σ+: red line, 1–7 2Π:
blue line, 1 2Φ: violet line, 1–3 2∆: black line, 1–3 2Σ−: green line),
quartet (panel b; 1–2 4Σ+: red line, 1–4 4Π: blue line, 1–2 4∆: black line,
1–3 4Σ−: green line), and sextet (1 6Σ+: brown line, 1 6Π: violet line)
spin states of CO+ molecular ion as a function of internuclear distance
R. All are given in atomic units (a.u.).

adiabatic potentials and couplings are available (see the data
availability statement).

The PECs of all doublet electronic states are shown in
Fig. 1a, and all quartet and sextet electronic states in Fig. 1b.
For non-adiabatic processes to be efficient and the cross-section
significant, it is necessary for potentials to approach each other at
a reasonably large internuclear distance. A detailed examination
of these potentials and consideration of the selection rules for
transitions between electronic states (e.g. Nikitin & Umanskii
1984, Sect. 3.4) reveal two avoided crossings between states
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Fig. 2. Adiabatic (solid lines) and diabatic (dash-dotted lines) PECs of
3 and 4 2Σ+ (panel a) and 5 and 6 2Π (panel b), of the CO+ molecu-
lar ion as a function of internuclear distance R. Panel c: non-adiabatic
radial coupling matrix elements (|⟨42Σ+| ∂

∂R |3
2Σ+⟩|, |⟨62Π| ∂

∂R |5
2Π⟩|)) as a

function of internuclear distance R. All are given in atomic units (a.u.).

corresponding to the initial and final channels of interest that
are expected to be important. The first is between 3 2Σ+ and 4
2Σ+ at around 3.8 a.u., and the second is between 5 and 6 2Π,
at around 3.5 a.u. Such avoided crossings between states of the
same symmetry imply a radial coupling mechanism.

We note that no avoided crossings are seen between the initial
channels and the low-lying manifold of electronic states corre-
sponding asymptotically to C+ (2P0) + O (3P), 2.36 eV below
the initial channels. Real crossings between the repulsive states

arising from the low-lying manifold occur, but such a tran-
sition must proceed via spin-orbit coupling, and we estimate
these mechanisms to be less important than the radial coupling
discussed above (see also Stancil 2001). Thus, we expect charge-
transfer into these channels to be negligible. Though there are
crossings with states dissociating to higher lying asymptotic
states, these are endoergic with 1.26 and 1.83 eV, and they will
not have significant rates at the temperatures and corresponding
collision energies of interest. Also, the first of these reactions
would lead to excitation of C, not charge-transfer.

Thus, we focused on the 4–3 2Σ+ and 6–5 2Π states, the
adiabatic PECs for which are shown in Figs. 2a and 2b (solid
lines), respectively. The radial couplings τ43 = ⟨42Σ+| ∂

∂R |3
2Σ+⟩

and τ65 = ⟨62Π| ∂
∂R |5

2Π⟩ are shown in Fig. 2c. For τ43, peaks are
seen at around 2.8 and 4.0 a.u., the latter corresponding to the
outer avoided crossing. For τ65, multiple peaks of high magni-
tude in the range of R = 2.0–4.0 a.u. are seen, the outermost again
corresponding to the outer avoided crossing. These radial cou-
plings are expected to provide the dominant mechanisms for the
charge-transfer process of interest. Rotational couplings between
the 2Σ+ and 2Π states could potentially mix these processes and
were also calculated.

2.2. Dynamics

To describe the collision dynamics and calculate cross-sections,
we used scattering theory in the diabatic representation follow-
ing that conveniently summarised in Chapter 4 of Bransden &
McDowell (1992). In practice, this is achieved using a signifi-
cantly developed version of the QUANTXS code (Allan 1999)
written in FORTRAN, employing the improved log-derivative
method (Johnson 1973; Manolopoulos 1986), for a solution to
the coupled channel equations. Appropriate asymptotic nuclear
wave functions for open channels are Ricatti–Bessel functions,
and they were calculated with codes from Barnett (1982, 1996).

Since adiabatic radial couplings vary rapidly with internu-
clear distance, as seen in Fig. 2c, it is often numerically prefer-
able to perform the collision dynamics calculations in a diabatic
representation so that couplings vary more smoothly. Specifi-
cally, we transformed them on a basis where the radial coupling
is zero at all internuclear distances (Smith et al. 1969; Heil et al.
1981); see also Bransden & McDowell (1992), Sect. 4.4. The
diabatic PECs were computed for the 4–3 2Σ+ and 6–5 2Π states.
The diabatic PECs, the diagonal matrix elements of the elec-
tronic Hamiltonian, corresponding to the 4–3 2Σ+ and 6–5 2Π
states are shown in Figs. 2a and 2b (dash-dotted lines), respec-
tively. The PECs in this representation show real crossings rather
than avoided ones, and the coupling between states is captured
through non-zero off-diagonal matrix elements of the electronic
Hamiltonian. We note that the rotational-coupling matrix ele-
ments must also be transformed from the adiabatic to the diabatic
representation.

To cover the temperature range of interest, we performed
cross-section calculations for centre-of-mass energies ranging
from 0 to 10 eV, with a step of 0.01. The coupled channel
equations are integrated from 0.1 to 10 a.u. using a radial step
depending on relevant de Broglie wavelengths, and thus on col-
lision energy, ensuring at least 20 radial points per wavelength
in all channels. The radial step is always of the order of 10−3 a.u.
across our considered energy range. Partial waves up to J = 5000
were calculated. In all cases, we verified that the results were
converged to better than 0.1%, well below the expected physical
accuracy of the results, with increased integration limits, finer
radial step sizes, or the inclusion of more partial waves.
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Fig. 3. Total cross-section for process (1) (σtot) and cross-sections for
the two most important partial processes, as a function of collision
energy in the centre-of-mass frame (Ecoll). Statistical weights of the ini-
tial channels are included in the cross-sections.

3. Result and discussion

The total cross-sections for process (1) and cross-sections for
relevant partial processes between molecular states, including
statistical weights of the initial channels, are shown in Fig. 3.
Though partial processes, 4→ 3 2Σ+ and 6→ 5 2Π are exoergic,
they both show a threshold-like behaviour due to the repulsive
potential barriers in the initial channels; see Fig. 2. In the 2Π
case, this barrier is roughly 1 eV, and the very small cross-section
between zero and ∼1 eV (∼10−5 to 10−4 Å2) is a result of rota-
tional coupling mixing the processes in each symmetry. Thus,
below ∼1 eV, the mechanism in the 2Σ+ symmetry is dominant,
while above ∼1 eV the mechanism in the 2Π symmetry domi-
nates. The oscillatory structures observed in the cross-sections
occur due to the quantum interference effects and sharp peaks
at low energy due to tunnelling effects; these are the so-called
orbiting resonances.

The cross-sections were then integrated over a Maxwellian
speed distribution to produce rate coefficients from zero to
10 000 K, which are shown in Fig. 4. Due to the behaviour of
the cross-sections described above, the total rate is dominated
by charge-transfer in the 2Σ+ symmetry at temperatures up to
around 4000 K, above which it is dominated by the 2Π symme-
try. This leads to different behaviours of the total rate coefficient
above and below 4000 K. A fit to the total rate coefficient (k) is
provided by a modified Arrhenius equation:

k = exp(a1 + a2/T + a3T ). (2)

For T = 400–4000 K, the fit parameters are a1 = −2.8097× 101,
a2 = −3.3368 × 103, and a3 = 5.8046 × 10−4. For T = 4001–
10 000 K, they are a1 = −2.4299× 101, a2 = −1.0391× 104, and
a3 = 5.3615 × 10−5. The coefficients all have estimated accura-
cies better than 0.3%. Figure 4 shows these fits reproduce the
data well. The total cross-section and rate coefficient data are
also made available (see the data availability statement).

We may compare our rates coefficients with various meth-
ods for obtaining estimates, such as those discussed by Stancil
(2001). The simple estimate of Péquignot & Aldrovandi (1986),
used by Jerkstrand et al. (2011), gives a constant rate coeffi-
cient of 10−9 cm3/s at all temperatures. The classical Langevin
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Fig. 4. Total rate coefficient as a function of temperature for process
(1), as well as for the most important partial processes. Fitted rate coef-
ficients (red dotted line) for T = 400–10 000 K.

rate coefficient is 5.8 × 10−10 cm3/s, which is also indepen-
dent of temperature. We see both these values are significantly
higher than the values obtained in this work, which are 10−13

to 10−11 cm3/s at the temperatures of interest (a few thousand
Kelvin). The inclusion of an approach probability, accounting
for the Wigner-Witmer rules for the molecular states (Herzberg
1950, Sect. VI.1) and the selection rules for coupling between
states (Nikitin & Umanskii 1984, Sect. 3.4), would introduce
a factor of 1/6 for radial coupling. Though this would improve
agreement, the estimates are still significantly too large. An esti-
mate based on the Olson–Demkov model (Demkov 1964; Olson
et al. 1971; Olson 1972; Swartz 1994), including the approach
probability, gives rate coefficients of 2.3×10−18, 1.8×10−14, and
2.4×10−13 cm3/s, for temperatures of 1000, 5000, and 10 000 K,
respectively. Though these estimates better reflect the tempera-
ture dependence of the rate coefficient, they are much too small.
Note that, from a physical point of view, our calculations do
not indicate a Demkov-type interaction (radial coupling between
parallel potentials), but rather Landau-Zener-type interactions
(radial coupling at well-localised avoided crossings).

4. Astrophysical application

As discussed in Sect. 1, the charge-transfer process C + O+ →

C+ + O (1D) is of particular interest in the astrophysical con-
text of nebular SN spectra. The strength of the [O I] λλ6300,
6364 emission line (which can be directly influenced by the
process; Jerkstrand et al. 2011) has been shown to be a diagnos-
tic for the mass of SN progenitors. (Elmhamdi 2011; Maguire
et al. 2012). Calibration of a given line luminosity to a progeni-
tor mass requires detailed spectral modelling, as was done using
the SUMO code by Jerkstrand et al. (2012, 2015). However, to cal-
culate the spectral models, the authors implemented a constant
temperature-independent rate of 10−9 cm3 s−1, which we find
here is multiple orders of magnitude too large. This mismatch
could mean that the calibrations made in Jerkstrand et al. (2012)
and Jerkstrand et al. (2015) require some modification.

In Fig. 5, we present a comparison between three SUMOmod-
els1 implementing different rates for the C + O+ → C+ + O

1 The chosen model was selected to match that of a ‘typical’ stripped
envelope supernova, observed at a common epoch for nebular spectra.
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Fig. 5. Left panel: comparison of the [O I] λλ6300, 6364 line strength
for three different rates for C + O+→ C+ + O (1D). The simulated model
is the he4p0 model from Barmentloo & Jerkstrand (2025), evaluated at
300 days after explosion. Line strengths decrease by about 10% com-
pared to the model with the rate used in Jerkstrand et al. (2011). Right
panel: same models as in the left panel, but now comparing the strengths
of [C I] λλ9824, 9850. Note that the high Doppler blending makes the
doublets appear as single, broad features.

(1D) process to study its effect on the [O I] λλ6300, 6364 line
strength. The figure shows that for stripped-envelope supernovae
(SESN), the [O I] λλ6300, 6364 luminosity would be overesti-
mated on the 10% level when using the constant rate compared
to the rate computed in this work. Physically, this overestimation
in flux is mostly caused by an increased neutral O fraction in the
[O I] λλ6300, 6364 emitting zones.

Although not tested here, a similar impact could be expected
for Type II SNe. The recent work by Fang et al. (2025) uses the
calibrated relations in Jerkstrand et al. (2012) to study the so-
called red supergiant (RSG) problem (Smartt et al. 2009) from
the perspective of [O I] line strength. The mass estimates they
obtain for 50 Type II SN progenitors would all shift to somewhat
higher masses if our new rate were to be implemented (assuming
it somewhat damps [O I], as in the SESN case).

The right panel of Fig. 5 shows another line for which lumi-
nosity is influenced by the updated reaction rate, namely [C I]
λλ9824, 9850. The [C I] λλ9824, 9850 line recently received
increased attention; Liu et al. (2025) presented the first ever
observations of this line in a Type Ia SN (SN 2022pul), while
Barmentloo & Jerkstrand (2025) modelled this line for SESNe
and investigated its diagnostic potential. In the latter work, the
authors found an overproduction of [C I] λλ9824, 9850 in their
model spectra when comparing to observed SNe. However, their
simulations did not include any charge-transfer processes. With
our updated, more robust rates we can now state that some of
this overproduction (but not all) may be caused by not including
charge-transfer in their simulations.

Finally, it should be noted that the importance of our updated
rates becomes even more significant at later epochs. To illustrate
this, Fig. 6 shows the same model as in Fig. 5, but evaluated
at 1000d post explosion. The much lower temperatures in the
ejecta at this epoch means that the discrepancy between the sim-
ple, constant estimate of Péquignot & Aldrovandi (1986) and
the rates calculated is even larger than at earlier epochs. At this
epoch, the new rates predict the feature around 6300 Å to be
dominated by Fe I, contrary to the old rate that predicts [O I]
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Fig. 6. Zoomed-in view around the [O I] λλ6300, 6364 region for the
models in Fig. 5, now evaluated at 1000d post explosion. In the model
with the new rate, it is Fe I lines rather than [O I] λλ6300, 6364 that
dominate the emission in this region.

domination. This also implies that the observed [O I] 6300, 6364
luminosity in SN 1987A at an age of 8y remains to be explained
– previous models have relied on an assumed large CT rate to
obtain sufficient luminosity for this line (Jerkstrand et al. 2011).
Another excitation mechanism must be operating than thermal
excitations (ejecta much too cold at only a few hundred degrees),
non-thermal excitation or (radiative or dielectronic) recombi-
nation (modelled in detail and insufficient), or charge-transfer
pumping via the C + O+ reaction.

Data availability

The potentials, couplings, total cross-sections, and rate coeffi-
cients are all made available at Github: https://github.com/
debokireja/Datasets_for_CO_cation.git.
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