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ABSTRACT

Context. Observations of molecular emission at millimeter and infrared wavelengths, supplemented by careful and detailed modeling,
are powerful tools for investigating the physical and chemical conditions of astrophysical objects. Modeling of molecular emission
requires the calculation of rates for excitation by collisions with the most abundant species.

Aims. The present paper focuses on the calculation of rate coefficients for rotational excitation of the PN molecule in its ground
vibrational state in collision with He, based on a new two-dimensional potential energy surface from highly correlated ab initio
calculations.

Methods. Calculations of pure rotational (de)excitation of PN by He were performed for the first rotational levels using the essentially
exact close-coupling method for the lower levels and the coupled-states approximation for higher levels.

Results. Cross sections for transitions among the 31 first rotational levels of PN were calculated for kinetic energies up to 2500 cm™'.
These cross sections were used to determine collisional rate constants for temperatures ranging from 5 K to 300 K. A propensity for

even Aj transitions is observed, which reflects the nearly symmetric character of the PN-He potential energy surface.
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1. Introduction

The first interstellar detection of the PN molecule was re-
ported more than 20 years ago by Turner & Bally (1987) and
Ziurys (1987). This was the first example of a phosphorus-
containing species to be seen in interstellar molecular clouds.
The PN molecule has been identified in Ori(KL), W51M,
and SgrB2, by observations of the j =2 — 1, j =3 — 2 and
j = 5 — 4 rotational transitions. Because it has a dipole
moment, PN is a good candidate for radioastronomy. The
PN molecule has been frequently observed (Turner et al. 1990;
Turner 1991; Schilke et al. 1997; Tercero & Cernicharo 2007), so
far only in star-forming regions. The chemistry of PN has been
the object of several studies (Millar 1991; Charnley & Millar
1994). The modeling of PN molecular emissions requires exci-
tation calculations based on radiative rates as well as rate coeffi-
cients for collisions with the most abundant interstellar species,
namely He and H;.

Recent studies (Lique et al. 2006; Daniel et al. 2007) have
shown that modeling studies based on inaccurate collisional ex-
citation rates can lead to important errors in the determination of
molecular abundances in molecular clouds. As far as we know,
no collisional rates exist for the PN molecule. The focus of this
paper is the theoretical determination of accurate PN collisional
rate coefficients with the interstellar species He and H,, specif-
ically for temperatures from 5 to 300 K. To this end we de-
scribe close-coupling and coupled-states quantum scattering cal-
culations based, on a potential energy surface determined using
highly-correlated coupled-cluster methods.
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The Herschel satellite of the European Space Agency (ESA)
is expected to provide, in the next few years, high spectral res-
olution observations of molecular emission in the submillime-
ter and far-IR domains. Given the potential sensitivity of the
Herschel instrument, we anticipate, specifically, that PN lines
involving high-;j levels will be observed with high signal to
noise ratios. Consequently, we will consider here transitions be-
tween the lowest 31 rotational levels of PN. We expect that the
present results will be relevant for interpreting the data that both
Herschel as well as ALMA will provide over the next few years.

The paper is organized as follows: Sect. 2 describes the
ab initio calculation of the potential energy surface. Section 3
then contains a rapid description of the scattering calculations.
In Sect. 4 we present and discuss our results.

2. Potential energy surface

The ground electronic state of the very weakly bound
PN-He system is a singlet with A’ refection symmetry. The
PN-He “rigid rotor” potential energy surface (PES) is described
by the two Jacobi coordinates R, the distance from the center of
mass of PN to the He atom, and 0, the angle between R and the
PN bond axis r, with 6§ = 0 corresponding to colinear HeNP.
The PN bond distance r was frozen at its experimental equilib-
rium value . = 2.81733 bohr (Huber & Herzberg 1979). As
demonstrated by Lique et al. (2007) for the CS-He system, for
non-hydride diatomic molecules two-dimensional PESs calcu-
lated for a frozen bond distance or obtained from full 3D PESs
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Fig. 1. Contour plot of the PN-He PES as a function of R and 6 with the
PN bond distance fixed at r. = 2.81733 bohr. The energies are in cm™!
with the zero of energy taken to be PN(r = r.)+He at infinite separation.
The contour lines of the lowest bound state bend-stretch wave function
are superimposed on the contour plot of the PES. The ground state wave
function is localized on the 6 = 0 side but extends considerably into the
region of T-shaped geometry.

by averaging over the intermolecular ground state vibrational
wavefunction are very similar. Consequently, in the present case
we anticipate that restricting r to its equilibrium value will intro-
duce little error into the calculated inelastic rate coefficients.

The potential energy surface (PES) was calculated in the
supermolecular approach by means of a single- and double-
excitation coupled-cluster method (Hampel et al. 1993) (CCSD).
In addition, we included perturbative contributions from con-
nected triple excitations computed as defined by Watts et al.
(1993) [CCSD(T)]. The calculations were done with the
MOLPRO 2006.1 package (2002). For all three atoms we used
the standard correlation-consistent polarized valence-triple-zeta
basis sets of Dunning (1989) (cc-pVTZ) augmented with the dif-
fuse functions of s, p, d, and f symmetries suggested by Kendall
(1992) (aug-cc-pVTZ). This basis set was further augmented
by the [3s3p2d2flg] bond functions optimized by Cybulski &
Toczytowski (1999) which were placed midway between the
He atom and the PN center of mass. Recently, Lique et al. (2005)
have shown that, for weakly bound systems, potential energy
surfaces determined with aug-cc-pVTZ basis sets augmented
with bond functions are comparable in accuracy to those cal-
culated with larger aug-cc-pVQZ basis sets.

At all geometries the Boys & Bernardi (1970) counterpoise
procedure is used to correct for basis set superposition error
(BSSE). In this procedure the interaction energy is defined by

V(R,0) = Epxn-He(R, 0) — Epn(R, 0) — Ene(R, 0) 1

where the energies of the PN and He subsystems are determined
with the full (three atom plus bond function) basis set.
Interaction energies at a total of 455 geometries were com-
puted. The values of the radial scattering coordinate R ranged
from 4 bohr to 16 bohr in steps of 0.25 bohr. The angular grid
was uniform with a 15 degree spacing from 0 to 180°. At some
angles, it was necessary to include smaller values of R to en-
sure that the calculations extended into the short-range repulsive
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Fig. 2. Plot of first six radial Legendre expansion coefficients (1 =
0..4).

region of the potential. A contour plot of the potential is shown
in Fig. 1. For this weakly-bound system the global minimum
in the interaction energy was found to be —67.26 cm™' (R =
5.32 bohr, § = 180°) corresponding to collinear He—PN. In He—
NP collinear geometry (§ = 0) there exists a local mimimum
with well depth —53.80 cm™" at a distance of R = 7.38 bohr.

The calculated interaction energies were fitted by means
of the procedure described by Werner et al. (1988) for the
CN-He system. The largest deviations between the fit and
the ab initio points occur primarily in the repulsive region of
the PES. Over the entire grid, the mean relative difference be-
tween the analytic fit and the ab initio calculations is 0.5%. The
dependence of the potential energy surface on the He—PN angle
was fitted by the usual Legendre expansion

V(r =re,R,0) = Z VA(R)P(cos B). 2)
A

From an ab initio grid containing 13 values of 6, we were able to
include terms up to Ay« = 12. The dependence on R of the dom-
inant coefficients is shown in Fig. 2. We observe that the largest
(in magnitude) of the anisotropic terms (4 > 0) corresponds to
A = 2. This implies that, to a first approximation, the PES is
symmetric with respectto 6 — w — 6.

We used this fitted potential to determine the bound states of
the PN-He system for total angular momentum J = 0, making
use of the collocation method employed previously for the Ar—
HCN system by Cybulski et al. (1999). The calculated dissocia-
tion energy, Dy, is 4.98 cm~!. There exists a second bound state,
almost dissociative (bound only by 0.346 cm™"). This state cor-
responds to the first excited mode of the van der Waals stretch.

3. Collision dynamics

The main focus of this paper is the use of the fitted PNHe PES to
determine rotational excitation and de-excitation cross sections
of PN molecules by He atoms. Because the hyperfine structure
of the PN molecule is not resolved by current astrophysical spec-
troscopic observations, we consider only the rotational struc-
ture of PN. The rotational energy levels of the >'P'*N molecule
were computed using the experimental spectroscopic constants
of Wyse et al. (1973). To determine the inelastic cross sections
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we used the exact close coupling (CC) approach of Arthurs &
Dalgarno (1960).

Because the full CC approach is very computationally in-
tensive for molecules with small rotational constants, we also
used the coupled-states approximation (CS) (McGuire & Kouri
1974) for the determination of cross sections involving higher
rotational levels. In both the CC and CS approach, the integral
cross sections are obtained by summing the partial cross sections
over a sufficiently large number of values of the total angular
momentum J until convergence is reached.

The standard time-independent coupled scattering equa-
tions were solved using, for the CC calculations, the
HIBRIDON 4 code (Alexander et al. 2004) and, for the
CS calculations, the MOLSCAT (Hutson & Green 1995) code.
Calculations were carried out at values of the total energy rang-
ing from 1.8 to 2500 cm™!. The integration parameters were
chosen to ensure convergence of the cross sections over this
range. In most of the calculations the integration range extended
from 3.2 to 40 bohr. At the highest collision energy considered
(2500 cm™), the computational expense of the full CC calcula-
tions precluded the determination of rotationally inelastic cross
sections out of (or into) rotational levels with j > 15. For tran-
sitions involving higher rotational levels (16 < j < 30) only
CS calculations were performed.

The CS approach is expected to give accurate results at
high energies and for transitions between high rotational levels
for a heavy system like PN. However, errors can arise when-
ever weak collisions at large impact parameter make a signif-
icant contribution, as will occur at low energies or for transi-
tions between closely-spaced levels. These errors will affect,
predominately, the calculated rate coefficients only at low kinetic
temperatures (7" < 50 K). However, for astrophysical modeling
at low temperature, transitions involving high rotational levels
are unimportant, since these levels are insignificantly populated.
Consequently, the CS cross sections involving these high rota-
tional levels will be of importance only over the range of colli-
sion energies where the approximation itself is accurate.

For both the CC and CS calculations we extended the ro-
tational basis sufficiently to ensure convergence of the inelastic
cross sections for j, j/ < 15 (CC) and j, j/ < 30 (CS). At the
largest total energy considered (2500 cm™!) the rotational basis
extending to j = 24 and 38, respectively, for the CC and CS cal-
culations. The maximum value of the total angular momentum J
used in the calculations was set large enough that the inelastic
cross sections were converged to within 0.005 A2

From the rotationally inelastic cross sections o,y (E.), one
can obtain the corresponding thermal rate coefficients at tem-
perature T by an average over the collision energy (E.) (Smith
1980):

o=

8
ks () = (m)

% [0 (B B exp (-EIAT)AE. 3)
0

where k is Boltzmann’s constant. The numerical integration in
Eq. (3) was performed using a repeated Simpson’s rule. To ob-
tain precise values for the rate constants, the energy grid was
chosen to be sufficiently fine to include the numerous scattering
resonances which will be described below.
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Fig.3. Typical rotational de-excitation cross sections for the

PN molecule in collision with He as a function of the collision energy.
black lines: odd Aj transitions; grey lines: even Aj transitions.

4. Results
4.1. Cross sections

Figure 3 illustrates the energy dependence of the collisional de-
excitation cross sections obtained from the present CC calcu-
lations for a few selected rotational levels. At collision ener-
gies below ~100 cm™! numerous sharp spikes appear. These are
a consequence of the two attractive potential wells (see above)
in both linear geometries. Quasibound states may arise from tun-
neling through the centrifugal energy barrier (shape resonances)
or from excitation of the He—PN complex to a bend-stretch level
which is energetically accessible because of the attractive wells
but is asymptotically closed (Feschbach resonances). Because
of the small energy spacing between the PN rotational levels,
there are many of these Feschbach resonances. It is the tempo-
rary trapping which leads to narrow spikes or dips in the integral
cross sections (Smith et al. 1979; Christoffel & Bowman 1983).

Because of the averaging over collision energy (Eq. (3))
these narrow resonances will have little, if any, effect on the re-
laxation rate coefficients. However, the strong propensity seen
in Fig. 3 in favor of transitions with even Aj, will persist in the
rate coefficients. This propensity is due to the near-homonuclear
symmetry of the potential energy surface (see Figs. 1 and 2).
This effect has been seen both experimentally (for NO-Ar col-
lisions, Andresen et al. 1982) and theoretically (for CO-He col-
lisions, Chapman & Green 1977); it was first explained by
McCurdy & Miller (1977).

4.2. Rate coefficients

We obtained, by energy averaging, de-excitation rate coefficients
for the first 16 (j = 0-15) and next 15 (j = 16-30) rotational lev-
els of PN, from the CC and CS cross sections, respectively. The
representative variation with temperature is illustrated in Fig. 4.

As discussed earlier, we expect that at moderate to high col-
lision energy the CC and CS cross sections will be quite sim-
ilar, especially for transitions among higher rotational levels.
This will be similarly true for the corresponding rate coeffi-
cients. Figure 5 illustrates the degree of agreement at 7 = 100°.
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Fig. 4. Typical variation with temperature of collisional de-excitation
rate coefficients of PN by He corresponding to Aj = —1 (upper panel)
and Aj = =2 (lower panel) transitions.

At lower temperatures (not shown), the degree of agreement
deteriorates.

Despite significant differences for transitions involving low
rotational levels, the CC and CS rate coefficients for transitions
involving high rotational levels agree to within 10%. We are con-
fident, then, that the CS rate coeflicients for transitions between
high rotational levels at 7 > 100 K will be quite accurate. The
complete set of rotational de-excitation rate coefficients obtained
from the CC cross sections for transitions with j, j/ < 15 and
from the CS cross sections for transitions with 16 < j < 30 is
expected to be accurate since, as seen previously, for astrophys-
ical modeling transitions implying high rotational levels are not
needed at low temperature.

This complete set of (de)excitation rate coefficients is avail-
able on-line from the BASECOL website!. Excitation rate coef-
ficients can be easily obtained by detailed balance:

4

27+ 1
2

ki (T) = ky{(T) }+ [ exp [— (8,» - sj) /kT] 4)

where g; and g; are, respectively, the energies of the rotational
levels j and j'.

! http://www.obspm. fr/basecol/
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Fig. 6. De-excitation rate coefficients at 100 K from the j = 10 and
j =11 levels.

As anticipated earlier, the rate coefficients display the same
propensity toward transitions with even Aj. This is illustrated
by Fig. 6 which shows the de-excitation rate coefficients at 7 =
100 K out of the j = 10 and j = 11 levels. The de-excitation rate
coeflicients in Fig. 6 also display the expected overall decrease
with increasing A j, which is the usual trend.

5. Summary and discussion

We have used quantum scattering calculations to investigate ro-
tational energy transfer in collisions of PN with He atoms. The
calculations are based on a new, highly accurate 2D potential en-
ergy surface. Rate coefficients for transitions involving the low-
est 31 levels of this molecule were determined for temperatures
ranging from 5 to 300 K. Strong propensity rules for even Aj
were found. In particular, the rate coefficients for |Aj| = 2 tran-
sitions were ~3 times larger than those for |Aj| = 1 transi-
tions. This strong propensity can have important astrophysi-
cal consequences. As was shown by Wernli et al. (2006) for
HGC;N collisions, a Aj even propensity can amplify population
inversion if local thermodynamic equilibrium (LTE) conditions
are not met. In any case, the full set of rate coeflicients presented



R. Tobota et al.: Rotational excitation of PN by He

here will enhance our ability to understand and interpret future
PN observations.

Finally, the great abundance of H; in the interstellar medium
makes this molecule the primary collision partner for any other
species. It is generally assumed (Schoéier et al. 2005) that rate co-
efficients with He can provide a good estimate of rate coefficients
for collision with para-H, (j = 0). This approximation postu-
lates that collisional cross sections with He and para-H,(j = 0)
are equal, so that the rate coefficients differ only by a reduced
mass factor of ~1.4 arising from the thermal averaging (Eq. (3)).
However, some caution must be exercised concerning the use
of the present PN—He rate coefficients to simulate those for col-
lision of PN with para-H, (j = 0). Recent results on rotational
excitation of CO (Wernli et al. 2006), HC3;N and SO (Lique et al.
2007) have pointed out that rate coefficients for collisions with
para-H, (j = 0) can be up to a factor of 3 larger or smaller
than those for collisions with He, depending on the selected tran-
sition. Thus, although the present results may provide a good
first estimate of collisional rate coefficients for collision of PN
with H,, it is crucial to extend the calculations, both of the PES
and of the inelastic cross sections, to the PN-H; system.
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