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ABSTRACT

Observations of hyperfine resolved transitions of the hydroxyl radical (OH) are unique probes
of the physical conditions in molecular clouds. In particular, hyperfine intensities can be used as
an effective thermometer over a wide range of molecular densities. Accurate modelling of the
OH emission spectra requires the calculation of collisional rate coefficients for the excitation of
OH by Hj, the most abundant collisional partner in the molecular clouds. Here, we determine
hyperfine resolved rate coefficients for the excitation of OH by H, using a recently developed
highly accurate potential energy surface. State-to-state rate coefficients between the lower
hyperfine levels were calculated using recoupling techniques for temperature ranging from
10 to 150 K. Significant differences were found with the earlier values currently used in
astrophysical models, the new rate coefficients being larger than the previous ones. Finally, we
compute the excitation of the OH radical in cold molecular clouds and star-forming regions.
The new rate coefficients were found to increase the hyperfine intensities by a factor of ~1-2.
Consequently, we recommend using this new set of data in any astrophysical model of OH

excitation.

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

1 INTRODUCTION

The rotational transitions of the hydroxyl radical (OH) are unique
probes of diffuse and dense interstellar clouds, late-type stars,
and external galaxies (e.g. Harju, Winnberg & Wouterloot 2000;
Goicoechea et al. 2011; Cotten et al. 2012; Wampfler et al. 2013;
Ebisawa et al. 2015). Indeed, observations of OH provide critical
constraints on both the density and temperature of the media.
Moreover, the OH radical is a key species in the oxygen and water
chemistry network, because its presence is tightly related to the
formation and destruction of water, and modelling the abundance
of OH in different media is of fundamental interest.

In addition, in many interstellar sources, the hyperfine structure
of OH transitions is resolved (e.g. Harju et al. 2000; Wampfler
et al. 2011; Ebisawa et al. 2015; Ebisawa et al. 2019). Indeed, due
to the nuclear spin of the proton, the OH rotational levels split
into hyperfine sublevels. Resolving the hyperfine structure of a
rotational transition is extremely useful because, in principle, the
optical depth of the transition can be obtained directly by comparing
the relative intensities of the hyperfine lines. By assuming that all
components have the same linewidth and excitation temperature,
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a simultaneous fit of all hyperfine components can be performed.
This fit provides both the optical depth of each component and the
excitation temperature.

However, the radio-frequency lines of OH in astronomical
sources almost never show the expected intensity ratios. This
results from the fact that the OH rotational transitions have very
large radiative transition probabilities, which implies that the levels
become thermalized at much higher densities than they normally
occur in the interstellar medium (ISM). This is particularly true for
the transition between A-doublet levels in the ground rotational state
at 18 cm~'. Indeed, in the ISM, the relative population of the four
hyperfine structure levels often deviates from the values expected
from the single excitation temperature assumption. In extreme
cases, some of these hyperfine component lines even display maser
emission. It has been shown that the above anomaly of hyperfine
intensities can be used as an effective thermometer of molecular
clouds over a wide range of H, densities (Ebisawa et al. 2015).

Hence, full exploitation of the OH observations relies on radiative
transfer calculations that require the computation of collisional
data. Collisional excitation rate coefficients for the OH radical are
mandatory to derive precisely OH abundances in the ISM from
the molecular spectra (Roueff & Lique 2013). As a consequence,
several calculations of rate coefficients for the OH molecule
colliding with He and H,, the two dominant collisional partners
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in the ISM have been provided over the last decades. We refer
to Klos et al. (2017, hereafter, Paper I) for a brief review of the
available calculations. We mention specifically Offer, van Hemert &
van Dishoeck (1994, hereafter OHD94), who computed hyperfine
resolved rate coefficients for OH-H, collisions.

Recently, we employed the coupled-cluster potential energy
surfaces (PESs) of Ma et al. (2014) to generate a new set of rate
coefficients for the rotational excitation of OH through collisions
with H,. In these calculations, we did not include the hyperfine
structure. Then, in this paper, we extend the calculations of Paper
I to the hyperfine structure in order to provide the astrophysical
community with all the necessary data for extracting maximum
information from the OH spectra.

This paper is organized as follows: Section 2 briefly describes
the scattering calculations. In Section 3, we report state-to-state
hyperfine resolved cross-sections and rate coefficients for the
collisional excitation of OH by H,, and compare our calculated rate
coefficients with previous OH-H, rates currently used for astro-
physical modelling. In Section 4, we present the first astrophysical
application of our newly calculated rate coefficients. Conclusions
are given in Section 5.

2 THEORETICAL APPROACH

' We have carried out exact time-independent quantum scattering
calculations for the collision of an open-shell molecule in a 2IT
electronic state with a closed-shell diatomic molecule, following the
formalism presented previously (Offer & Flower 1990; Offer et al.
1994; Groenenboom, Fishchuk & van der Avoird 2009; Ma et al.
2014; Schewe et al. 2015a). Our calculations were performed with
the HIBRIDON (Hibridon 2012) suite of scattering programs using
the 2IT-X* molecule—molecule basis. The OH and H, molecules
were taken to be rigid, with their internuclear separations fixed to
the average values in their ground vibrational levels.

The OH(*IT) state is split into two fine-structure manifolds,
labelled F; and F; for the lower and upper set of levels, respectively
(see Huber & Herzberg 1979). For low values of the OH total angular
momentum j, these correspond to molecule-fixed projections €2 =
3/2 and 1/2, respectively. The rotational levels come in closely
spaced pairs, namely the A-doublets, of opposite parity + and —.
The parity defines the action of the space-fixed inversion operator
on the molecular wavefunction: iFy = pyr. In this work, we denote
the OH rotational levels by the total angular momentum j, the fine-
structure label F; (i = 1, 2), and the parity p.

The channel energies were computed using OH and H, spectro-
scopic constants given in Paper I. The scattering calculations were
performed using the OH-H, RCCSD(T)-F12 PESs of Ma et al.
(2014). The grid of collision energies, OH and H, channel basis,
range of total angular momenta J, and integration parameters are
the same as were employed in Paper 1. Our calculations were found
to be converged, as described in Paper I.

The hyperfine resolved cross-sections were determined from the
nuclear-spin-free 7-matrix elements (Offer et al. 1994). We denote
the total angular momentum of the collision complex by Jr = J
+ 1, where J is the total angular momentum of the complex in the
absence of the nuclear spin and / is the nuclear spin of the proton.
The total angular momentum of the OH radical, including nuclear
spin, is denoted by F' = j + I, and the rotational angular momentum
J» of the H; collision partner equals 0 and 1 for para- and ortho-H,,
respectively. The T-matrix elements describing the collision of two
molecules with angular momenta j and j,, including nuclear spin,
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can be computed from the nuclear-spin-free 7-matrix elements:
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where [x] = 2x + 1. The quantum numbers /, ji,, and jz denote
the orbital angular momentum of the collision complex, the vector
sum of j + j», and the vector sum of j, + [, respectively. The initial
and final levels are indicated by unprimed and primed quantum
numbers, respectively.

Integral cross-sections for hyperfine resolved transitions can be
calculated from the 7-matrix elements in equation (1) as follows:
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The corresponding rate coefficients are obtained by taking the

thermal average of the cross-section (equation 2) over the collision
energy (E.):

8 /2 poo E.
ki (T) = (W) /0 0i f(E.)Ec exp <_k137T) dE..

(€)

3 RESULTS

3.1 Rate coefficients

Hyperfine resolved state-to-state integral cross-sections were com-
puted for 24 initial OH rotational/hyperfine levels up to the X>IT,,
j=5/2, p=+/—levels (with energy equal to 289 cm~") in collisions
with para-H, and ortho-H,, in their j, = 0 and j, = 1 levels,
respectively. The corresponding rate coefficients were computed
for the temperature range from 10 to 150 K.

Fig. 1 presents rate coefficients for transitions between the A-
doublets associated with the OH ground j = 3/2 F) rotational level
induced by collisions with para-H, (j, = 0) and ortho-H, (j, =
1). Plotted in panel (a) are transitions with AF = Aj, while panel
(b) displays rate coefficients with AF # Aj. Comparing the rate
coefficients in the two panels, we see that these display the expected
propensity for AF = Aj transitions (Alexander & Dagdigian 1985).

The rate coefficients for the transitions between the j =
3/2 F) A-doublet levels are seen to be much larger for collisions
with ortho-H, (j, = 1) than with para-H, (j, = 0). This propensity
was previously observed in cross-sections and rate coefficients
for transitions between OH rotational/fine-structure levels (Schewe
etal. 2015a; Paper I). The strong anisotropic interaction between the
OH dipole moment and the H, quadrupole moment is responsible
for the large cross-sections, involving collisions with ortho-H, (j, =
1). By contrast, the H, (j, = 0) level is spherical and, hence, has no
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Figure 1. Rate coefficients as a function of temperature for de-excitation
transitions between the A-doublets of the OH ground j =3/2F;
rotational/fine-structure level. (a) Transitions with AF = Aj, and (b)
transitions with AF # Aj. Rate coefficients plotted with solid and dashed
lines are for collisions with ortho-H; (j, = 1) and para-Hp (j, = 0),
respectively. The levels are labelled by the total angular momentum F and the
parity p for transitions involving collisions with ortho-Hj (jo = 1); a similar
colour coding applies to transitions involving collisions with para-Hj (j» =
0).

quadrupole moment. Hence, the cross-sections and rate coefficients
for this collision partner are much smaller.

We display in Fig. 2 rate coefficients for fine-structure conserving
and fine-structure changing rotational transitions, namely j = 5/2
Fy — 3/2 Fy andj = 1/2 F, — 3/2 F transitions, respectively. The
rate coefficients for the former can be seen to be slightly larger than
for the latter. In general, rate coefficients for collisions with ortho-
H, (j» = 1) are larger than for collisions with para-H, (j, = 0), as
explained above. However, unlike the case of the rate coefficients
for the A-doublet transitions plotted in Fig. 1, this is not universal.
Rate coefficients for AF # Aj are not plotted since these are much
smaller than for AF = Aj transitions.

As noted previously concerning the fine-structure resolved cross-
sections and rates (Schewe et al. 2015a; Paper I) and seen in the
data plotted in Figs 1 and 2, the hyperfine resolved rate coefficients
display a dependence on the parities of both the initial and final
levels.

3.2 Comparison with previous results

A widely employed data set of OH-H, rate coefficients in radiative
transfer calculations is that of Offer et al. (1994). Fig. 3 compares the
rate coefficients computed by Offer et al. (1994) and in this work
for all de-excitation transitions between the 24 lowest OH(X?IT)
hyperfine levels in collisions with both para-H, (j, = 0) and ortho-
Hy (o = 1).

There are noticeable differences in the magnitudes of the rate
coefficients from the two sets of calculations, as was also previ-
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Figure 2. Rate coefficients as a function of temperature for fine-structure
conserving and fine-structure changing de-excitation transitions to the
ground j = 3/2 F manifold in collisions with ortho-Hj (j» = 1) (solid lines)
and para-H; (j» = 0) (dashed lines). (a) Fine-structure conserving transitions
from the j = 5/2F level of + parity, (b) fine-structure conserving transitions
from the j = 5/2 F) level of — parity, (c) fine-structure changing transitions
from the j =1/2 F> level of + parity, and (d) fine-structure changing
transitions from the j = 1/2 F» level of — parity. For clarity, only the
AF = Aj transitions are plotted. The levels are labelled by the total angular
momentum F and the parity p for transitions involving collisions with ortho-
H; (j» = 1); asimilar colour coding applies to transitions involving collisions
with para-Hj (jo = 0).

ously found in the comparison of the fine-structure resolved rate
coefficients (Paper I). At a low temperature [see Fig. 3(a)], the new
rate coefficients are slightly larger by a factor of 1.5-2, on average.
However, the differences in the magnitudes of the rate coefficients
depend strongly on the particular transition. For some transitions,
the rate coefficient from Offer et al. (1994) is larger than the value
computed in this work. At higher temperatures [see Fig. 3(b)], the
differences between the two sets of rate coefficients are appreciably
smaller. However, the rate coefficients from our new set are still
slightly larger, on average.

The differences in the two sets of rate coefficients can be
explained by differences in the PESs, which were employed in the
scattering calculations. The overall dependence of the two PESs on
the intermolecular separation and orientations is similar. However,
the well depth of the PES employed in the present calculations,
~220cm™~! (Maetal. 2014), is greater than for the PES (Offer & van
Hemert 1993) employed by Offer et al. (1994). This leads to slightly
different shapes of the PESs and, hence, different magnitudes of the
cross-sections and rate coefficients for inelastic transitions.

The high accuracy of the PES used in this work and, hence,
the accuracy of the inelastic rate coefficients was validated by
a comparison of cross-sections measured in the crossed beam
experiments of Schewe etal. (2015b). Hence, we recommend the use
of the present set of rate coefficients in astrophysical applications.

4 ASTROPHYSICAL APPLICATIONS

As an application of our new rate coefficients, we have performed
radiative transfer calculations to simulate the hyperfine excitation
of OH in the ISM. Indeed, the hyperfine structure of OH transitions
is resolved in many interstellar and circumstellar sources, and
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Figure 3. Comparison between rate coefficients computed by Offer et al.
(1994) and in this work for all de-excitation transitions between the 24 lowest
OH(X2I1) hyperfine levels at a temperature of (a) 50 K and (b) 150 K. The
vertical axis represents OH-H, rate coefficients computed in this work,
while the horizontal axis represents the corresponding rate coefficients from
Offer et al. (1994). Rate coefficients for collisions with both para-H, (j» =
0) (red circles) and ortho—H; (j» = 1) (black circles) are displayed. The two
dashed lines delineate the region in which the rate coefficients differ by a
factor of less than 2.

hyperfine intensities can be used as a tracer of physical conditions,
as discussed in the Introduction. Recent examples include the work
of Ebisawa et al. (2015, 2019), where detailed non-local ther-
modynamic equilibrium (non-LTE) calculations were performed
using the collisional data of OHD94 to reproduce Effelsberg 100-m
observations towards molecular clouds. Here, we do not intend to
model specific observations but to assess the impact of the new
hyperfine resolved rate coefficients on generic non-LTE results. We
do not include, in particular, dust continuum radiation and we do
not treat line overlaps.

Non-LTE radiative transfer calculations were performed with the
RADEX code (van der Tak et al. 2007). The escape probability
formalism approximation for an expanding sphere was used. We
consider a uniform spherical geometry of the interstellar cloud.
Both collisional and radiative processes are taken into account in
the calculations, and we assume a cosmic microwave background
(CMB) radiation of 2.73 K. In all the calculations, we consider a
thermal distribution of the two nuclear spin isomers of Hj.

First, we focus on the four hyperfine components of the j = 3/2
Fy,+— j = 3/2F,, —radiative transition at 1.66 GHz. Indeed, for
these transitions between A-doublet levels in the ground rotational
state at 18 cm™!, the relative populations of the four hyperfine
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Figure 4. Excitation temperature (in K) of the four hyperfine components
of the line 3/2 Fy, + — 3/2 F, — at 1.66 GHz obtained with the new rate
coefficients and OHD94 rate coefficients. See the text for details.

structure levels are known to be strongly deviating from a single
excitation temperature assumption. Maser emission is even seen in
some of the hyperfine components.

Hence, we consider a kinetic temperature of 10 and 100 K, an
OH column density of 10'* and 10'® cm™2, a linewidth of 1.0 and
5.0 km s~!, and a density of 3 x 10* and 10° cm~>. These physical
parameters correspond to the typical physical conditions in cold
molecular clouds (Harju et al. 2000) and in low- and intermediate-
mass protostars and in star formation regions (Wampfler et al. 2011,
2013), respectively. We computed the excitation temperatures for
the four hyperfine lines using the new rate coefficients and those of
OHDY4. Fig. 4 presents the results.

For the typical physical conditions of a cold molecular cloud, the
excitation temperature of all these four lines approaches the kinetic
temperature because of the very small corresponding Einstein
coefficients (< 107! s~!). No major differences are, thus, seen using
one or the other set of collisional data because, in such physical
conditions, LTE is a very good approximation, as already seen in
paper L.

In contrast to what is found for cold molecular clouds, the
excitation temperatures of the four lines are well below the kinetic
temperature when considering the typical physical conditions of
protostars and star formation regions. It is interesting to note that
the excitation temperature is even below the CMB temperature for
thelinesat 1.612, 1.665, and 1.667 GHz. Both sets of collisional data
predict a similar behaviour. For the line at 1.721 GHz, both sets of
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collisional rate coefficients predict a negative excitation temperature
so that maser emission is predicted for this component. We note
that the excitation temperatures of the four lines are significantly
different, showing evidence of non-uniform excitation conditions.
The impact of the new rate coefficients versus the use of the previous
ones is, however, moderate.

Next, we computed the brightness temperature for the three
hyperfine components of the line j = 3/2F,,+ — j=1/2F,, —
at 1837.8 GHz using the new rate coefficients and those of
OHDY%4. These hyperfine resolved transitions have been detected
with Herschel/HIFI towards a star-forming region (Wampfler et al.
2011). Fig. 5 shows the results of our radiative transfer calculations.

We note that the line intensities obtained using the new rate
coefficients are larger than those obtained using the OHD94 data, the
line intensity ratios being ~~1.5. Such a difference is attributed to the
difference between the two sets of collisional data. Indeed, the new
rate coefficients are larger than those of OHD94 by a factor of 1.5-2.
As a result, the present calculations show that for a given physical
structure, the OH column density derived from radiative transfer
analysis performed using OHD94 rate coefficients is overestimated
by up to 50 percent. It is then crucial to use the new collisional
data to revise the OH abundance in star-forming and protostellar
regions.

Finally, we note that in their detailed study of the OH 18 cm™'
transition towards molecular clouds, Ebisawa et al. (2019) have
checked the robustness of their non-LTE calculations (based on
OHDY%4 data) by using the fine-structure rate coefficients of Paper [
to which the (approximate) M; random method was applied. They
concluded that the uncertainties in the OHD94 collisional rate
coefficients ‘have only a limited effect, a factor of 2 at most’, in
agreement with the present results.

5 CONCLUSION

We have computed a new set of hyperfine structure resolved rate
coefficients for the OH-H, collisional system based on an accurate
set of PESs combined with quantum close-coupling scattering
calculations. The state-to-state rate coefficients were derived for the
lowest 24 hyperfine levels of OH, with both para-H, (j, = 0) and
ortho-H; (j, = 1), in the temperature range 10—150 K. The full set of
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data will be made available in the LAMDA (Schoier et al. 2005) and
BASECOL (Dubernet et al. 2013) databases. We have found that the
new OH-H, rate coefficients are significantly larger than those of
Offer et al. (1994) currently used for astrophysical modelling. The
new rate coefficients were found to increase the hyperfine intensities
by a factor of ~1-2. Consequently, we recommend to use this new
set of data in any astrophysical model of OH excitation.
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