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I – Introduction

OH+ in astrophysical media

ü  First detection of OH+ in absorption in 2010 

ü  OH+ has been observed in absorption and emission 
in a variety of interstellar environments including 
diffuse  ISM,  hot  and  dense  PDRs,  the  nuclei  of 
active galaxies, planetary nebulae, …

ü  The  OH+  ions  play  an  important  role  in  the 
interstellar chemistry as they act as precursors to 
the H2O molecule.
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ABSTRACT

The OH+ ions are widespread in the interstellar medium and play an important role in the
interstellar chemistry as they act as precursors to the H2O molecule. Accurate determination of
their abundance rely on their collisional rate coefficients with atomic hydrogen and electrons.
In this paper, we derive OH+–H fine and hyperfine resolved rate coefficients by extrapolating
recent quantum wave packet calculations for the OH+ + H collisions, including inelastic and
exchange processes. The extrapolation method used is based on the infinite order sudden
approach. State-to-state rate coefficients between the first 22 fine levels and 43 hyperfine levels
of OH+ were obtained for temperatures ranging from 10 to 1000 K. Fine structure resolved
rate coefficients present a strong propensity rule in favor of ∆ j = ∆N transitions. The∆ j = ∆F
propensity rule is observed for the hyperfine transitions. The new rate coefficients will help
significantly in the interpretation of OH+ spectra from photon dominated region (PDR), and
enable the OH+ molecule to become a powerful astrophysical tool for studying the oxygen
chemistry.
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1 INTRODUCTION

Molecular ions play a central role in the chemistry of the inter-
stellar medium (ISM). Their high reactivity with neutral species
often dominates the interstellar chemistry and is responsible for the
formation of many (complex) molecules. Among the interstellar
ions, the hydroxyl cation OH+, which is involved in a number of
astrochemical processes, is of particular interest.

Since its first detection in absorption (Wyrowski et al. 2010),
OH+ has been observed in absorption and emission in a variety of
interstellar environments including diffuse ISM (Gerin et al. 2010;
Neufeld et al. 2010; Porras et al. 2014), hot and dense photodisso-
ciation regions (PDR) (van der Tak et al. 2013), the nuclei of active
galaxies (van der Werf et al. 2010; González-Alfonso et al. 2013),
planetary nebulae (Etxaluze et al. 2014) and PDRs associated to
ultra compact HII regions (Pilleri et al. 2014).

In addition, the OH+ ions play an important role in the inter-
stellar chemistry as they act as precursors to the H2O molecule. The
chemistry of OH+ in molecular clouds is rather well understood.
The formation of OH+ successively follows two different pathways
(Hollenbach et al. 2012). In region where most of the hydrogen is
atomic, the production of OH+ proceeds through

H
CR
−−−→ H+

O
−→ O+

H2
−−→ OH+. (1)

Conversely, where most of the hydrogen is molecular, the production
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of OH+ proceeds through

H2
CR
−−−→ H+2

H2
−−→ H+3

O
−→ OH+. (2)

Hydrogen abstraction reactions then lead to the subsequent forma-
tion of H2O+ and H3O+. Dissociative recombination with electrons
destroys these species yielding neutral OH and H2O along with other
products. These competing processes determine the relative abun-
dances of OH+, H2O+ and H3O+, and thus allow the abundance
of these species to act as a probe of cosmic ray and X-ray ioniza-
tion rates and molecular hydrogen fractions in molecular clouds
(Gerin et al. 2010; Hollenbach et al. 2012; Indriolo et al. 2015).

Since OH+ is very reactive and rapidly destroyed after
its formation, its rotational populations is expected to be out
of Local thermodynamic equilibrium (LTE) and may be driven
by the chemical state-to-state pumping mechanism of Eq. (1).
Gómez-Carrasco et al. (2014) computed state-to-state rate constants
for the chemical pumping mechanism of Eq. (1) and introduced them
in radiative transfer models to simulate the rotational emission of
OH+ from PDR’s. In addition, the OH+ radiative Einstein coeffi-
cients for infrared and UV transitions were calculated together with
the inelastic collisional rates for OH+(3Σ−)–He collisions. These
last values were scaled to get a rough estimate of the rate coeffi-
cients for the collisions of OH+(3

Σ
−) with H and H2. Surprisingly,

it was found that the inelastic collisions dominate over the chemical
pumping for determining the emission from low rotational states of
OH+(3

Σ
−). Chemical pumping may dominate the emission from

higher rotational states of OH+(3Σ−), since inelastic collisions are
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H I regions: Molecular clouds:

2 Wyrowski et al.: Interstellar OH+

Fig. 1. OH+ spectrum towards Sgr B2(M) observed with the 7 pixels of the CHAMP+ high frequency array. The continuum level
for each spectrum is indicated by a straight, green line and the offsets (Ra./Dec.) from Sgr B2(M) of the individual pixels are given
in each box in second of arc.

(Güsten et al. 2006) using the MPIfR-built CHAMP+ receiver
array (Kasemann et al. 2006). The stronger of the two hyperfine
lines of the OH+ N = 1 − 0, J = 0 − 1 transition at
909.1588 GHz was tuned into the center of the upper sideband
of the high frequency array of the receiver. The array is
operated in single sideband mode with a typical rejection of
10db and consists out of seven pixels in a hexagonal pattern
with separations of about 18′′ and individual beam sizes of 7′′.
The telescope was pointed towards Sgr B2(M) at a position
of α(J2000)=17h47m20.15s and δ(J2000)=−28◦ 23′ 04.9′′. The
SSB system temperatures during the observations were in the
range from 10000 to 20000 K for the individual pixels with a
precipitable water vapor of about 0.6 mm. The relatively high
system temperatures are a result of the nearby atmospheric
water absorption at 916 GHz. As backends, MPIfR Fast Fourier
Transform spectrometers (Klein et al. 2006) were used to cover
a bandwidths of 2x1.5 GHz for each pixel with a velocity
resolution of 0.25 km/s that was later lowered to 2 km/s to
increase the signal-to-noise in the spectra. In the following,
only spectra from one FFTS per pixel are discussed to exclude
possible platforming effects. The wobbling secondary was
chopped with a frequency of 1.5 Hz and a throw of 120′′ about
the cross elevation axis in a symmetric mode which allows a
reliable detection of the source continuum as well. Pointing
and focus corrections were determined with cross scans on the
source itself. With the online calibration, spectra were calibrated
to a T ∗A scale. The conversion to TMB was done using a forward
efficiency of 0.95 and a beam efficiency measured on Mars at
809 GHz earlier in the month and then scaled to 0.33 for the
OH+ frequency.

3. Results

Figure 1 shows the spectra towards Sgr B2(M) observed with the
7 different pixels of the array. The baseline offset in the spectra
represents the continuum level of the source at the observed
positions and is by far strongest in the center pixel on the source.
But even towards offset pixels about 18′′ away from the center

Fig. 2. Observed OH+ spectrum towards Sgr B2(M) in black
with the velocity scale referred to the stronger hyperfine line
of OH+. Frequencies for the two HFS lines at a velocity of
64 km s−1 local to Sgr B2(M) are indicated. Also velocities of
the HI components from Garwood & Dickey (1989) are marked.
The result from the multi-velocity component fit is overlaid in
red.

of the source some continuum is detected. In the center pixel
the continuum level is at 40 K, although with a slightly different
choice of baseline, values as low as 36 K cannot be excluded (see
Fig. 2). The overall strength and morphology of the continuum
is comparable to that found in the observations presented in the
SH+ analysis of Menten et al. (2010). While the absorption from
OH+ is most clearly seen towards the center, it is also evident in
some of the offset pixels, with a smaller signal-to-noise though,
showing that the OH+ absorption is spatially resolved.

The spectrum towards the center pixel is also shown in
Figure 2. Here the frequencies of the two hyperfine lines, which
are given in Table 1, are indicated (referenced to a velocity of Sgr
B2(M) of 64 km s−1) and a velocity scale is given with respect
to the frequency of the stronger OH+ component. Velocities

ü  OH+ is a probe of cosmic ray and X-ray ionization rates and molecular hydrogen 
fractions in molecular clouds

ü  The chemistry of OH+ is rather well understood 
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State-to-state rate coefficients for the O++ 
H2(v=0,j=0,1) → OH+(v'=0,1,N) + H reaction

ü  Since  OH+  is  very  reactive  and  rapidly 
destroyed  after  its  formation,  its  rotational 
populations is expected to be out of LTE and 
driven  by  the  chemical  state-to-state  pumping 
mechanism of the O+ + H2 → OH+ + H reaction.

ü  Gomez-Carrasco et  al.  (2014)  computed state-
to-state  rate  coefficients  for  the  chemical 
pumping mechanism,  OH+ radiative  Einstein 
coefficients  for infrared and UV together with 
the  inelastic  collisional  rates  for  OH+-He 
collisions  and  introduced  them  in  radiative 
transfer  models  to  simulate  the  rotational 
emission of OH+ from PDRs. 

ü  The state-to-state rate coefficients for the O+(4S) 
+  H2(v,  j)  →  OH+(X3Σ-)  +  H  reaction  were 
calculated  from  a  time-dependent  quantum 
method (so-called WP). 
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Temperature variation of the ine resolved OH+-
He rate coefficients. The numbers correspond to 

the N, j → N’, j’ quantum numbers. 

 0

 10000

 20000

 30000

 40000

 50000

 60000

 70000

 0  1  2  3  4  5  6  7  8

En
er

gy
 / 

cm
−1

O(3P) + H+

O+(4S) + H(2S)

O(1D) + H+ 

X 3Σ−

1 5Σ−

2 3Σ−

1 3Π 
1 1Π 
1 1∆ 
1 1Σ+

−2

 0

 2

 4

 6

 8

 10

 12

 0  1  2  3  4  5  6  7  8

El
ec

tri
c 

di
po

le
 / 

a.
u.

O−H distance / Angstrom

dz
X3Σ−

dz
A3Π

dy
X3Σ−/A3Π(x 50)

Top: Electronic states of the OH+ cation. Bottom: 
Dipole moments and transition dipole moments

ü  Radiative pumping of the vibrational and electronic 
levels of OH+ by infrared and UV photons. 
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He results are used as a model for H and H2 
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Inelastic collisions dominate over the chemical pumping for determining 
the emission from low rotational states of OH+ (in particular H collisions)

Modeling OH+ emission of hot and dense 
PDRs (using the Meudon PDR)

Intensities of the first rotational lines of OH+ in 
the direction perpendicular to the slab for the 
models (a), (b), and (c). Each NJ − N’J’ line is 

labeled on the x-axis. 

ü  Visual extinction : AV,max = 10
     n(H2) = 104 cm-3

     Cosmic ray ionization rate ζ=3 10-16 s-1

ü  3 differents approaches : 
(a)  Only the excitation by nonreactive collisions
(b)  Including  chemical  pumping  assuming  that 

the  probability  to  form  OH+  in  an  excited 
level  follows  a  Boltzmann  distribution  at  a 
formation temperature of 2000 K (as done by 
van der Tak et al. 2013)

(c)  Adopting the branching ratios obtained with 
our quantum calculations 

González-Alfonso et al.: Excited OH+, H2O+, and H3O+ in NGC 4418 and Arp 220

Fig. 1. Energy level diagrams of OH+, H2O+, and H3O+, showing with arrows the transitions that lie within the PACS range; colored
numbers indicate round-off wavelengths in µm. The fine-structure splitting of the OH+ and H2O+ levels is out of scale. Solid-red
arrows mark the lines detected in NGC 4418 and/or Arp 220; dashed-red arrows indicate marginal detection in any of the sources;
green arrows indicate blended lines, and black arrows show undetected lines.

which coincides with the position of the intrinsically weak OH+
21←12 transition. As shown below (Sect. 2.3), however, this
wing feature is most probably due to the very excited 12−12 ←
12+12 line of H3O

+.
Most 3J ← 2J′ lines at ∼ 100 µm lie within the gap between

the green (λ < 100 µm) and red (λ > 100 µm) bands of PACS
and are not observable, except for the 32←22 transition at 103.9
µm shown in Fig. 2d. The line in NGC 4418 is close to the edge
of the red band where the spectral noise is high, but in Arp 220 a
clear spectral feature is detected at the expected wavelength. The
line, however, is blended with the H2O "615606 transition (Paper
I), which may account for some of the observed absorption.

The three strongest 4J ← 3J′ lines at 76−76.5 µm are clearly
detected in both sources (Fig. 2e), indicating a high-excitation
component in the transient OH+. It is worth noting that while the
2J ← 1J′ lines are stronger in Arp 220, the more excited 4J ←
3J′ lines are slightly deeper in NGC 4418, resembling the behav-
ior found for other species like H2O, OH, HCN, and NH3 (Paper

I). The 4J ← 3J′ lines still have slightly higher equivalent widths
in Arp 220 (Table 1) owing to the broader line profiles in this
source. The line opacities of the fine-structure components are
τ ∝ λ3guAul if the lower levels are populated according to their
degeneracies, and then τ45−34 : τ44−33 : τ43−32 = 1 : 0.77 : 0.58.
These are expected to be the ratios of the line equivalent widths
(Weq) if the three components are optically thin. In Arp 220, the
observedWeq ratios are 1 : (0.69±0.11) : (0.53±0.10) (Table 1),
consistent with optically thin absorption. In NGC 4418 they are
1 : (1.2 ± 0.6) : (1.0 ± 0.5), compatible within the uncertainties
with both optically thin and saturated absorption.

In NGC 4418, some marginal features around 61 µm roughly
coincide with the positions of the OH+ 5J ← 4J′ lines (Fig. 2f).
However, the feature associated with the intrinsically strongest
56←45 component is relatively weak and shifted in wavelength
by 0.015 µm, shedding doubt on this tantalizing identification. In
Arp 220, this part of the spectrum was affected by instrumental
problems and is not shown.

3



Collisional excitation of OH+ by H : 
Competition between inelastic and reactive processes
                OHa

+(v’, N’)+Hb

OHa
+(v, N) +Hb →  OHb

+(v’, N’)+Ha

               O++H2(v’, N’)

Inelastic
Exchange
Reactive

Accurate calculations for rotational excitation 
have to include the reactive channels

Reactive channels are endothermic by 0.5 eV
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ü  2 PES correlate to the OH+ + H reactants:
4A’’ (insertion well ≈ 4 000 cm-1)
2A’’ (insertion well ≈ 50 000 cm-1)

ü  Close coupling approach cannot be used since 
H2O+ well depth is larger than OH+ well depth

Schematic diagram of the doublet PES (red) and 
quadruplet PES (blue). The reactants and products 

are indicated in black (Stoecklin et al. 2015).

II – The excitation of OH+ by H

Study of the collisions from quantum time-dependent wave packet (WP) 
calculations including both the inelastic and exchange processes



State-to-state cross sections

State-to-state integral cross section for the H+OH+(v=0,N=0) → 
OH+(v’=0,N’) + H in the quartet (upper) and doublet (lower) state 

II – The excitation of OH+ by H

ü  The exchange cross section is 10-20 
times lower than the inelastic one 
for  all  the  final  j’.  This  inelastic/
exchange  ratio  decreases  with  the 
decreasing of collision energy.

ü  Rigid-rotor  (RR)  time  independent 
approach (i.e. fixing the internuclear 
distance  of  the  OH+  reactant)  were 
also performed 

ü  RR and WP results agree relatively 
well for the excitation on the quartet 
PES / larger differences are seen on 
the doublet PES



II – The excitation of OH+ by H

State-to-state cross sections, summed over inelastic and exchange channels, for H + 
OH+(v=0, j=0) → OH+(v=0,j’) + H for the doublet (red) and quartet (blue) states.

State-to-state cross sections

ü  For ΔN=1, the cross sections for the quartet  is  larger.  For higher ΔN=2 and 3,  the cross 
sections obtained for the two electronic states are very similar, whereas for ΔN > 4 the ICS for 
the doublet is larger by a factor of ≈ 2−3. 

ü  Using the electronic partition function is 2/6 for the doublet and 4/6 for the quartet, we found 
that state-to-state cross sections could be well approximated by that of the quartet. 
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II – The excitation of OH+ by H

ü  The  agreement  between  the  two 
sets of cross sections is quite good 
for small ΔN transitions. 

ü  For  transition  with  larger  ΔN, 
significant differences appear. 

ü  The differences can be explained by 
the relatively weak well depth of the 
OH+-He  that  does  not  favor 
transitions with large ΔN. 

ü  From this  comparison,  we  can  see 
that  OH+-He  collisional  data  can 
hardly  be  a  template  for  OH+-H 
ones. This fully justify the necessity 
of computing real OH+−H data. 



Through the computation of fine and hyperfine resolved data 

II – The excitation of OH+ by H

ü  Due to the presence of deep potential wells, the exact calculations were restricted to low 
rotational states, N = 0, since the cost grows as 2N + 1 

ü  It is not possible to include the fine and hyperfine structure of OH+ in the quantum 
dynamical calculations, whereas they are resolved in the astronomical observations

Generate a full set of data that can be used for astrophysical modelling

Using the IOS approximation, rotational rate coefficients are (Faure & Lique 2012) :
 

Hyperfine excitation of OH+ by H 4479

average over the collision energy (Ek) (Smith 1980):

k0→N ′ (T ) =
(

8
πµk3

BT 3

)1/2

×
∫ ∞

0
σ0→j ′ (Ek) Ek exp(−Ek/kBT ) dEk, (6)

where kB is Boltzmann’s constant and µ the reduced mass.

2.2 IOS calculations

In this section, we describe how the state-to-state rotational, fine
and hyperfine rate coefficients for the OH+–H collisional system
were computed using IOS methods (Goldflam, Kouri & Green 1977;
Faure & Lique 2012) and the above k0→N ′ (T ) WP rate coefficients
as ‘fundamental’ rate coefficients (those out of the lowest level).

For complex forming collisions as the OH+–H collisions, one
may expect a statistical behaviour for the collisional excitation pro-
cess so that the final fine and hyperfine levels population will be
statistical. However, as shown by Bulut et al. (2015), the present
process is not statistical and we expect the IOS approach to describe
correctly the respective final population of the fine and hyperfine
levels.

For OH+ in its ground electronic 3#− state, the molecular en-
ergy levels can be described in the Hund’s case (b) limit.2 The
fine structure levels are labelled by Nj, where N is the rotational
angular momentum and j the total molecular angular momentum
quantum number with j = N + S, where S is the electronic spin.
For molecules in a 3#− state, S = 1. Hence, three kinds of levels
(j = N − 1, j = N and j = N + 1) exist, except for the N = 0
rotational level which is split into only one level.

The hydrogen atom also possesses a non-zero nuclear spin (I =
1/2). The coupling between I and j results in a splitting of each
level into two hyperfine levels (except for the N = 1, j = 0 level
which is split into only one level). Each hyperfine level is designated
by a quantum number F (F = I + j ) varying between |I − j| and
I + j.

Using the IOS approximation and neglecting the OH+ fine and
hyperfine structure, it can be shown that the pure rotational rate
coefficients kIOS

N→N ′ (T ) can be calculated as follows (e.g. Corey &
McCourt 1983)

kIOS
N→N ′ (T ) = (2N ′ + 1)

∑

L

(
N ′ N L

0 0 0

)2

k0→L(T ). (7)

In the usual IOS approach, k0 → L(T) is calculated for each collisional
angle. Here, however, we use this expression to extrapolate the rate
coefficients for different initial N, using as k0 → L(T) the one of
equation (6) obtained with a more accurate quantum WP method.

Similarly, for a 3#− electronic state molecule, IOS rate coeffi-
cients among fine structure levels can be obtained from the k0 → L(T)
rate coefficients using the following formula (e.g. Corey & McCourt
1983):

kIOS
Nj→N ′j ′ (T ) = (2N + 1)(2N ′ + 1)(2j ′ + 1)

∑

L

×
(

N ′ N L

0 0 0

)2 {
N N ′ L

j ′ j S

}2

× k0→L(T ),

(8)

2 For 3#− electronic ground-state molecules, the energy levels are usually
described in the intermediate coupling scheme (Gordy & Cook 1984; Lique
et al. 2005). However, the use of IOS scattering approach implies to use the
Hund’s case (b) limit.

where ( ) and { } are respectively the ‘3-j’ and ‘6-j’ symbols.
Again, we use the IOS expression to perform a recoupling, (i.e.
consider that the electronic spin acts as an spectator during the
collision and do not affect the collision cross-sections). Using the
‘accurate’ k0 → L(T) in equation (8) allows us to extract the fine-
resolved rate coefficients through a recoupling technique based on
the IOS formalism.

The hyperfine-resolved rate coefficients in case of a 3#− elec-
tronic state molecule can also be obtained from the fundamental
rate coefficients as follows (Daniel et al. 2005)

kIOS
Nj→N ′j ′ (T ) = (2N + 1)(2N ′ + 1)(2j + 1)(2j ′ + 1)

× (2F ′ + 1)
∑

L

(
N ′ N L

0 0 0

)2

×
{

N N ′ L

j ′ j S

}2 {
j j ′ L

F ′ F I

}2

× k0→L(T ).

(9)

In addition, we note that the fundamental excitation rates k0 → L(T)
were, in practice, replaced by the de-excitation fundamental rates
using the detailed balance relation:

k0→L(T ) = (2L + 1)kL→0(T ), (10)

where

kL→0(T ) = k0→L(T )
1

2L + 1
e

εL
kBT , (11)

εL is the energies of the rotational levels L.
This procedure was indeed found to significantly improve the

results at low temperatures due to important threshold effects.
Faure & Lique (2012) have investigated the accuracy of the

present theoretical approach in the case of HCN and CN molecules.
It has been shown to be accurate, even at low temperature, and has
also been shown to induce almost no consequence on the radiative
transfer modelling compared to a more exact calculation. However,
the OH+ molecule is much lighter than HCN or CN and may be less
adapted to IOS-type treatment. Hence, as seen below, inaccuracies
of a factor up to two can occur, especially at low temperatures. In
addition, we note that with the present approach, some fine and
hyperfine rate coefficients are strictly zero. This selection rule is ex-
plained by the ‘3-j’ and ‘6-j’ Wigner symbols that vanish for some
transitions. Using a more accurate approach, these rate coefficients
will not be strictly zero but will generally be smaller than the other
rate coefficients.

3 R ESULTS

Using the computational methodology described above, we have
generated rotational-, fine- and hyperfine-resolved rate coefficients
for the OH+–H collisional system using the WP rate coefficients
in order to provide the astrophysical community with the first set
of data for the OH+–H collisional system. In all the calculations,
we have considered all the OH+ energy levels with N, N′ ≤ 7
and we have included in the calculations all the fundamental rate
coefficients with L ≤ 12. 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.

3.1 Rotational excitation

First, we checked the accuracy of the IOS-based approach for the
rotational excitation by comparing the results to exact quantum
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average over the collision energy (Ek) (Smith 1980):

k0→N ′ (T ) =
(

8
πµk3

BT 3

)1/2

×
∫ ∞

0
σ0→j ′ (Ek) Ek exp(−Ek/kBT ) dEk, (6)

where kB is Boltzmann’s constant and µ the reduced mass.

2.2 IOS calculations

In this section, we describe how the state-to-state rotational, fine
and hyperfine rate coefficients for the OH+–H collisional system
were computed using IOS methods (Goldflam, Kouri & Green 1977;
Faure & Lique 2012) and the above k0→N ′ (T ) WP rate coefficients
as ‘fundamental’ rate coefficients (those out of the lowest level).

For complex forming collisions as the OH+–H collisions, one
may expect a statistical behaviour for the collisional excitation pro-
cess so that the final fine and hyperfine levels population will be
statistical. However, as shown by Bulut et al. (2015), the present
process is not statistical and we expect the IOS approach to describe
correctly the respective final population of the fine and hyperfine
levels.

For OH+ in its ground electronic 3#− state, the molecular en-
ergy levels can be described in the Hund’s case (b) limit.2 The
fine structure levels are labelled by Nj, where N is the rotational
angular momentum and j the total molecular angular momentum
quantum number with j = N + S, where S is the electronic spin.
For molecules in a 3#− state, S = 1. Hence, three kinds of levels
(j = N − 1, j = N and j = N + 1) exist, except for the N = 0
rotational level which is split into only one level.

The hydrogen atom also possesses a non-zero nuclear spin (I =
1/2). The coupling between I and j results in a splitting of each
level into two hyperfine levels (except for the N = 1, j = 0 level
which is split into only one level). Each hyperfine level is designated
by a quantum number F (F = I + j ) varying between |I − j| and
I + j.

Using the IOS approximation and neglecting the OH+ fine and
hyperfine structure, it can be shown that the pure rotational rate
coefficients kIOS

N→N ′ (T ) can be calculated as follows (e.g. Corey &
McCourt 1983)
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N→N ′ (T ) = (2N ′ + 1)

∑
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In the usual IOS approach, k0 → L(T) is calculated for each collisional
angle. Here, however, we use this expression to extrapolate the rate
coefficients for different initial N, using as k0 → L(T) the one of
equation (6) obtained with a more accurate quantum WP method.

Similarly, for a 3#− electronic state molecule, IOS rate coeffi-
cients among fine structure levels can be obtained from the k0 → L(T)
rate coefficients using the following formula (e.g. Corey & McCourt
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2 For 3#− electronic ground-state molecules, the energy levels are usually
described in the intermediate coupling scheme (Gordy & Cook 1984; Lique
et al. 2005). However, the use of IOS scattering approach implies to use the
Hund’s case (b) limit.

where ( ) and { } are respectively the ‘3-j’ and ‘6-j’ symbols.
Again, we use the IOS expression to perform a recoupling, (i.e.
consider that the electronic spin acts as an spectator during the
collision and do not affect the collision cross-sections). Using the
‘accurate’ k0 → L(T) in equation (8) allows us to extract the fine-
resolved rate coefficients through a recoupling technique based on
the IOS formalism.

The hyperfine-resolved rate coefficients in case of a 3#− elec-
tronic state molecule can also be obtained from the fundamental
rate coefficients as follows (Daniel et al. 2005)
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In addition, we note that the fundamental excitation rates k0 → L(T)
were, in practice, replaced by the de-excitation fundamental rates
using the detailed balance relation:

k0→L(T ) = (2L + 1)kL→0(T ), (10)

where

kL→0(T ) = k0→L(T )
1

2L + 1
e

εL
kBT , (11)

εL is the energies of the rotational levels L.
This procedure was indeed found to significantly improve the

results at low temperatures due to important threshold effects.
Faure & Lique (2012) have investigated the accuracy of the

present theoretical approach in the case of HCN and CN molecules.
It has been shown to be accurate, even at low temperature, and has
also been shown to induce almost no consequence on the radiative
transfer modelling compared to a more exact calculation. However,
the OH+ molecule is much lighter than HCN or CN and may be less
adapted to IOS-type treatment. Hence, as seen below, inaccuracies
of a factor up to two can occur, especially at low temperatures. In
addition, we note that with the present approach, some fine and
hyperfine rate coefficients are strictly zero. This selection rule is ex-
plained by the ‘3-j’ and ‘6-j’ Wigner symbols that vanish for some
transitions. Using a more accurate approach, these rate coefficients
will not be strictly zero but will generally be smaller than the other
rate coefficients.

3 R ESULTS

Using the computational methodology described above, we have
generated rotational-, fine- and hyperfine-resolved rate coefficients
for the OH+–H collisional system using the WP rate coefficients
in order to provide the astrophysical community with the first set
of data for the OH+–H collisional system. In all the calculations,
we have considered all the OH+ energy levels with N, N′ ≤ 7
and we have included in the calculations all the fundamental rate
coefficients with L ≤ 12. 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.

3.1 Rotational excitation

First, we checked the accuracy of the IOS-based approach for the
rotational excitation by comparing the results to exact quantum
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average over the collision energy (Ek) (Smith 1980):

k0→N ′ (T ) =
(

8
πµk3

BT 3

)1/2

×
∫ ∞

0
σ0→j ′ (Ek) Ek exp(−Ek/kBT ) dEk, (6)

where kB is Boltzmann’s constant and µ the reduced mass.

2.2 IOS calculations

In this section, we describe how the state-to-state rotational, fine
and hyperfine rate coefficients for the OH+–H collisional system
were computed using IOS methods (Goldflam, Kouri & Green 1977;
Faure & Lique 2012) and the above k0→N ′ (T ) WP rate coefficients
as ‘fundamental’ rate coefficients (those out of the lowest level).

For complex forming collisions as the OH+–H collisions, one
may expect a statistical behaviour for the collisional excitation pro-
cess so that the final fine and hyperfine levels population will be
statistical. However, as shown by Bulut et al. (2015), the present
process is not statistical and we expect the IOS approach to describe
correctly the respective final population of the fine and hyperfine
levels.

For OH+ in its ground electronic 3#− state, the molecular en-
ergy levels can be described in the Hund’s case (b) limit.2 The
fine structure levels are labelled by Nj, where N is the rotational
angular momentum and j the total molecular angular momentum
quantum number with j = N + S, where S is the electronic spin.
For molecules in a 3#− state, S = 1. Hence, three kinds of levels
(j = N − 1, j = N and j = N + 1) exist, except for the N = 0
rotational level which is split into only one level.

The hydrogen atom also possesses a non-zero nuclear spin (I =
1/2). The coupling between I and j results in a splitting of each
level into two hyperfine levels (except for the N = 1, j = 0 level
which is split into only one level). Each hyperfine level is designated
by a quantum number F (F = I + j ) varying between |I − j| and
I + j.

Using the IOS approximation and neglecting the OH+ fine and
hyperfine structure, it can be shown that the pure rotational rate
coefficients kIOS

N→N ′ (T ) can be calculated as follows (e.g. Corey &
McCourt 1983)

kIOS
N→N ′ (T ) = (2N ′ + 1)

∑

L

(
N ′ N L

0 0 0

)2

k0→L(T ). (7)

In the usual IOS approach, k0 → L(T) is calculated for each collisional
angle. Here, however, we use this expression to extrapolate the rate
coefficients for different initial N, using as k0 → L(T) the one of
equation (6) obtained with a more accurate quantum WP method.

Similarly, for a 3#− electronic state molecule, IOS rate coeffi-
cients among fine structure levels can be obtained from the k0 → L(T)
rate coefficients using the following formula (e.g. Corey & McCourt
1983):

kIOS
Nj→N ′j ′ (T ) = (2N + 1)(2N ′ + 1)(2j ′ + 1)

∑
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×
(
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0 0 0

)2 {
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}2

× k0→L(T ),

(8)

2 For 3#− electronic ground-state molecules, the energy levels are usually
described in the intermediate coupling scheme (Gordy & Cook 1984; Lique
et al. 2005). However, the use of IOS scattering approach implies to use the
Hund’s case (b) limit.

where ( ) and { } are respectively the ‘3-j’ and ‘6-j’ symbols.
Again, we use the IOS expression to perform a recoupling, (i.e.
consider that the electronic spin acts as an spectator during the
collision and do not affect the collision cross-sections). Using the
‘accurate’ k0 → L(T) in equation (8) allows us to extract the fine-
resolved rate coefficients through a recoupling technique based on
the IOS formalism.

The hyperfine-resolved rate coefficients in case of a 3#− elec-
tronic state molecule can also be obtained from the fundamental
rate coefficients as follows (Daniel et al. 2005)

kIOS
Nj→N ′j ′ (T ) = (2N + 1)(2N ′ + 1)(2j + 1)(2j ′ + 1)
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∑
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×
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In addition, we note that the fundamental excitation rates k0 → L(T)
were, in practice, replaced by the de-excitation fundamental rates
using the detailed balance relation:

k0→L(T ) = (2L + 1)kL→0(T ), (10)

where

kL→0(T ) = k0→L(T )
1

2L + 1
e

εL
kBT , (11)

εL is the energies of the rotational levels L.
This procedure was indeed found to significantly improve the

results at low temperatures due to important threshold effects.
Faure & Lique (2012) have investigated the accuracy of the

present theoretical approach in the case of HCN and CN molecules.
It has been shown to be accurate, even at low temperature, and has
also been shown to induce almost no consequence on the radiative
transfer modelling compared to a more exact calculation. However,
the OH+ molecule is much lighter than HCN or CN and may be less
adapted to IOS-type treatment. Hence, as seen below, inaccuracies
of a factor up to two can occur, especially at low temperatures. In
addition, we note that with the present approach, some fine and
hyperfine rate coefficients are strictly zero. This selection rule is ex-
plained by the ‘3-j’ and ‘6-j’ Wigner symbols that vanish for some
transitions. Using a more accurate approach, these rate coefficients
will not be strictly zero but will generally be smaller than the other
rate coefficients.

3 R ESULTS

Using the computational methodology described above, we have
generated rotational-, fine- and hyperfine-resolved rate coefficients
for the OH+–H collisional system using the WP rate coefficients
in order to provide the astrophysical community with the first set
of data for the OH+–H collisional system. In all the calculations,
we have considered all the OH+ energy levels with N, N′ ≤ 7
and we have included in the calculations all the fundamental rate
coefficients with L ≤ 12. 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.

3.1 Rotational excitation

First, we checked the accuracy of the IOS-based approach for the
rotational excitation by comparing the results to exact quantum
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Fine structure rate coefficients: Hyperfine structure rate coefficients:
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Comparison between IOS (solid lines) and WP (dashed 
lines) rate coefficients for the N → N’ = 1 transitions of 

OH+ due to H collisions on the quartet PES. 

ü  The agreement between the two sets of 
data  is  very  encouraging.  Both  the 
magnitude and the temperature variation of 
the rate coefficients is very similar for all 
transitions. 

ü  Mean deviations between the two sets  of 
data  occur  at  low temperature  where  the 
accuracy of the IOS approach is expected 
to be moderate. 

ü  IOS sets  of  rate  coefficients  are  accurate 
enough for astrophysical purpose and can 
be used with confidence  to analyse OH+ 
emission spectra from warm environment 
where atomic hydrogen is abundant. 

Validation of the IOS approach

II – The excitation of OH+ by H
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  Fine structure excitation Hyperfine structure excitation

Propensity rules: ∆j=∆N Propensity rules: ∆F=∆j 

Large magnitude of the rate coefficients (k(T) > 10-10 cm3 s-1)

II – The excitation of OH+ by H



III – Conclusion

The rotational, fine and hyperfine excitation of OH+ by H have been investigated.

ü   We have obtained fine- and hyperfine-resolved rate coefficients for transitions involving 
the lowest levels of OH+ for temperatures ranging from 10 to 1000 K

ü  The He and H data display the same propensity rules in favour of ︎∆j = ︎∆N and ∆︎j = ∆︎F 
transitions.  However,  the H rate coefficients are much larger than the He ones (even 
corrected by the ratio of the reduced mass)

ü  Set up a methodology for studying the collisional excitation of reactive species 
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