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ABSTRACT

Rate coefficients for rotational transitions in HD induced by H, impact for rotational levels of
HD j < 8 and temperatures 10 < 7" < 5000 K are reported. The quantum mechanical close-
coupling (CC) method and the coupled-states (CS) decoupling approximation are used to obtain
the cross sections employing the most recent highly accurate H,-H, potential energy surface
(PES) . Our results are in good agreement with previous calculations for low-lying rotational
transitions The cooling efficiency of HD compared with H, and astrophysical applications are

briefly discussed.
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1 INTRODUCTION

Collisions involving Hy and HD molecules are of crucial impor-
tance in early universe chemistry (Puy et al. 1993; Stancil et al.
1998; Galli & Palla 1998, 2002; Glover & Abel 2008), star forma-
tion (Ripamonti 2007; McGreer & Bryan 2008; Hirano et al. 2015)
and the interstellar medium (ISM) environment (Lacour et al. 2005;
Liszt 2015). While H, emission is difficult to detect, the far-infrared
line emission of HD has been observed by a variety of facilities.
The fundamental HD j = 1 — 0 rotational line has been previously
detected by the Infrared Space Observatory (ISO) Long Wavelength
Spectrometer toward the Orion Bar (Wright et al. 1999) and the gi-
ant molecular cloud Sagittarius B2 (Polehampton et al. 2002); by
Herschel Space Observatory in the TW Hya protoplanetary disk
(PPD) (Bergin et al. 2013) and the Orion Bar (Joblin et al. 2018).
Other transitions have also been detected toward the Orion molecu-
lar outflow by ISO (Wright et al. 1999); in supernova remnants and
star-forming regions by the Spitzer Space Telescope (Neufeld et al.
2006). Finally, the HD j = 4 — 3 line was predicted by Kamaya &
Silk (2003) to be detectable by the Atacama Large Millimetre Array
(ALMA) in proposed observations of primordial molecular clouds.

Although the abundance ratio of HD/H, is ~ 1073 in the
early universe (Stancil et al. 1998; Flower 2000, 2007), HD may
contribute significantly relative to Hy in cooling primordial gas.
Unlike H», for which only quadrupole transitions are possible, HD
has a small but finite dipole moment. Thus, Aj = +1 transitions are
allowed and spontaneous transition probabilities are much larger
than the quadrupole transition probabilities in H,. Besides, the small
energy spacing of HD allows for enhanced excited state populations.
The HD cooling rate can equal or surpass that of Hy especially at
low temperatures and cools the environment further down below
100 K.
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Apart from being a coolant of astrophysical media, recent stud-
ies (Bergin et al. 2013; Favre et al. 2013; McClure et al. 2016; Trap-
man et al. 2017) have revealed that HD could serve as the tracer
of PPD mass. Previously, a variety of diagnostics have been used
to estimate the disk gas mass including dust thermal emission and
CO rotational lines for PPDs. To infer the total mass from dust,
knowledge of the local gas-to-dust ratio is needed, while CO rota-
tional emission probes the surface of the outer disk inward to the
position of Mars. CO and water rovibrational lines originate in the
inner disk. While the dominant constituent of the disk is Hp, its
emission is limited to the warm inner disk (Kamp et al. 2018). As
a consequence, disparate results are obtained from utilizing these
emission features to estimate the disk gas mass. However, HD rota-
tional emission probes a much larger fraction of the disk reaching
from the surface down to the midplane. The utility of HD as a mass
diagnostic was first pointed out by Bergin et al. (2013) who ob-
served the HD j = 1 — O rotational line in the disk of TW Hya
with the Herschel PACS detector. Using PACS to observe six PPDs,
McClure et al. (2016) detected the HD 112 gm line in DM Tau and
GM Aur. They find that the disk masses deduced from prior CO
observations are significantly smaller or at the lower end of their
HD-derived masses.

In astrophysical environments having low molecular densities
or experiencing a significant amount of external energy input, like
shocks and UV radiation, molecular level populations will be driven
out of equilibrium. It is necessary to solve a master equation to
determine the level populations, which requires accurate molecular
data for both radiative and collisional processes (Roueff & Lique
2013). In the early universe, the most abundant collisional partners
are H and He. We show below that the rates of HD in collision with
Hj are larger than those with H and He. The current available HD-
H, collisional rate coefficients are limited to low temperatures and
low-lying HD rotational levels. The lack of homonuclear symmetry
renders the cross section calculations for HD more computationally
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expensive than for Hy, where the ortho- and para-Hj states can be
treated separately.

Initial studies of HD + H, collisions started with the work of
Chu (1975). Later, Schaefer (1990) calculated rate coefficients for
the excitation of HD by Hj, but only for the low-lying rotational
levels (j < 2) and over a limited temperature range 10 < 7T <
300 K. Schaefer used the empirical isotropic potential fit of Far-
rar & Lee (1972), which includes only the Aggp and Ao term
of the HD-H; potential (see eq. 1). Deficiencies of the interaction
potential and especially of the anisotropic terms are usually the
main source of errors of rotationally inelastic cross sections and
rate coefficients. Subsequently, Flower (1999) and Flower & Roueff
(1999), who used the ab initio potential energy surface (PES) de-
veloped by Schwenke (1988), presented rate coefficients for kinetic
temperatures 7 < 1000 K and rotational levels of the HD molecule
J < 8. Their results are comparable with those of Schaefer (1990)
but significant differences were seen at relatively low temperatures.
Sultanov & Guster (2007) and Sultanov et al. (2009) have reported
extensive calculations of rotational transitions in HD + Hj colli-
sions using a rigid rotor model and the six-dimensional PES of
Boothroyd et al. (1991), referred to as the BMKP PES hereafter.
Their studies yielded results in reasonable agreement with those of
Schaefer (1990) for the dominant Aj; = +1 transitions in HD with
j1 £ 2and jp = 0,1,2 (The rotational levels of HD and its colli-
sional partner are denoted by j; and j, hereafter), but substantial
differences were observed for Aj; = £2 transitions in HD and tran-
sitions that involve exchange of two rotational quanta, such as (1,2)
HD(jl = 1) + Hz(jz = 2) e HD(j1 = 2) + H2(j2 = 0) The more
recent work of Sultanov et al. (2012) using the four-dimensional
PES of Diep & Johnson (2000), referred to as the DJ PES here-
after, and Sultanov et al. (2015) which adopted the six-dimensional
PES of Hinde (2008), appeared to be very different from previous
studies. Balakrishnan et al. (2018) pointed out the inconsistency
might question the validity of Schaefer’s results which are generally
considered to be accurate for rotational transitions in HD + H; col-
lisions. They reproduced Schaefer’s results quantitatively for most
low-lying rotational transitions with two sets of calculations: i) full-
dimensional quantum close-coupling calculations using the Hinde
PES and ii) calculations within the rigid rotor model and using the
four-dimensional PES developed by Patkowski et al. (2008), referred
to as Patkowski PES hereafter. The excellent agreement in the two
sets of calculations demonstrated that the four-dimensional rigid-
rotor model is adequate to compute rotational transitions within the
vibrational ground state of HD. The work of Balakrishnan et al.
(2018) yielded almost identical result as that of Schaefer (1990),
however, quite different from the work of Sultanov et al. Because
both Sultanov et al. (2015) and Balakrishnan et al. (2018) employed
the same Hinde PES and MOLSCAT (Hutson & Green 1994) scat-
tering code, it is likely that the source of the discrepancy is some
numerical error in the calculations of Sultanov et al., presumably
arising from the coordinate transformation.

In this paper, we extend the work of Balakrishnan et al. (2018),
to perform calculations of HD + H, collisions using the rigid rotor
model and the Patkowski PES. New rate coefficients for rotational
levels j; < 8 of the HD molecule over a wider temperature range,
10 < T < 5000 K are presented and compared with the work of
Flower (1999). It is found that the results of Flower (1999) over-
estimated the rate coefficients at moderate temperatures, although
they showed the right increasing trend in each transition. We also
report critical densities of HD based on the HD + Hj rate coeffi-
cients computed here. The paper is organized as follows. In Section
2 a brief description of the coordinate rotation to obtain the HD-

Table 1. Cross sections (10716 cm?) of HD(j; = 7) + ortho-Hy(j, = 1)
collision calculated with close-coupling method and coupled states approx-
imation at a collision energy of 2,000 cm™!

j1 = cce csb %o diffc

756 2.0465 1.9845 3.0
755 3.1159x 1071 2.9848 x 107! 42
754 5.9364 x 1072 5.5020 x 1072 7.3
73 1.2419x 1072 1.1299 x 1072 9.0
72 2.5027x 1073 2.2676 x 1073 9.4
71 4.8284x107%  4.4082x 1074 8.7
70 6.9476 x 107> 6.4852x 1073 6.7

“ basis set [0 —9;1 — 5]
b basis set [0 — 12;1 — 5]
€ Y diff= |o€S — 0| JoCC

H; PES from the H-H, PES as well as scattering calculations are
given. The computed results are presented and compared with pre-
vious calculations in Section 3. Astrophysical applications of the
rate coefficients are briefly discussed in 4, including the cooling
efficiency and critical density. Finally, a summary of our results is
given in Section 5. The transition HD(j;) + X(j»)— HD(j { )+ X(j2)
is denoted by j; — j{ hereafter.

2 CALCULATION DETAILS

The PESs developed for the Hy-Hj; system can also be applied to the
HD + Hj collisions. Under the Born-Oppenheimer approximation,
the H,-HD interaction potential is identical to that of Hy-Hy. The
main difference between Hy-H, and HD-H; is that the center-of-
mass of one of the Hy molecules is displayed from the middle of
the interatomic distance to the center-of-mass of the HD molecule.
A coordinate rotation that shifts the center-of-mass of Hy to HD
similar to that adopted by Sultanov et al. (2012) is utilized to obtain
the Hp-HD PES from the H,-H; Patkowski PES. We followed the
corrected coordinate rotation approach as described in the Appendix
of Balakrishnan et al. (2018).

Computations were carried out using the quantum close-
coupling method with a mixed-mode OpenMP/MPI version of the
nonreactive scattering code MOLSCAT (Hutson & Green 1994)
modified by Valiron & McBane (2008) and Walker (2013), referred
to as VRRMM hereafter. Both the HD and Hy molecules are treated
as rigid rotors. The full quantum CC formulation is well docu-
mented in Green (1975). In the scattering calculations, the angular
dependence of the interaction PES is expanded as

V(R,601,60,0)= > Ay 1, a(RYa, 00,461, 02, ), M
A1,A2,4

where Ay, a4, a(R) are radial expansion coefficients and
Y3, 1,,1(01, 02, ¢) are the bispherical harmonics. (14, 14, 8) quadra-
ture points are used for integration along each of the angular coor-
dinates (01, 6, ¢). As discussed in Balakrishnan et al. (2018), the
leading anisotropic terms on the HD-Hj potential, Ajg; and Agpo,
are nearly identical for both the Hinde PES and Patkowski PES. We
excluded any terms beyond A44g, because higher-order terms do not
make significant contributions and are not included in the PES of
Patkowski et al. (2008).

The modified log-derivative Airy propagator of Alexander &
Manolopoulos (1987) is applied to integrate the coupled chan-
nel equations and the log-derivative matrix propagated to suf-
ficiently large intermolecular separations to yield converged re-
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sults. The interval from R = 1 ap to the asymptotic matching
radius R = 60 ap with a step size 0.05 aq is found to be ade-
quate for the propagation. We also performed several convergence
tests to verify the reliability of the computed collision data. Ba-
sis sets with [0 ~ ji +5; jo» ~ jo + 4] were found to be sufficiently
large for collision energies smaller than 20,000 em™!. Basis sets
[0 ~ ji1 +2;jp ~ jp + 4] are sufficiently large for collision energies
smaller than 1,000 cm™!.

Since the full CC calculation is prohibitively expensive at high
collision energies, the CS decoupling approximation (Heil et al.
1978) is used for calculations for collision energies larger than
2,000 cm™!. The total wave function is expanded in the basis ¢;IM

in the CC formulation, while in the CS formulation, ¢Jlé/[ is chosen
to be the basis sets, where j is the compact notation for quantum
number set (ji, j2, j12), [ is the orbital angular momentum, J is
the total angular momentum, M is its projection on a space-fixed
axis, and Q refers to the body-fixed projection of jj;. Due to the
decoupling of /, the potential matrix elements in the CS approx-
imation are independent of J with the CC matrices splitting into
smaller sub-matrix blocks, so the CS decoupling approximation is
much less time-consuming. Table 1 presents a comparison of cross
sections for ortho-H; collisions using the full CC method and the
CS approximation at high collision energies. The discrepancies be-
tween the two methods are small at high collision energies. Since a
large number of partial waves are needed to obtain converged cross
sections for higher collision energies, utilizing the CS approxima-
tion is necessary to make the calculations feasible. Similar results
were obtained for para-Hj collisions.

De-excitation rate coefficients were obtained by thermally av-
eraging the cross sections over a Boltzmann distribution of collision
energies,

[ee)
—Ei kT
kjijo—iy 5 (T) = A% /0 )y jojy g (BB DB dEy, - (2)

where A = —1 (Ski Y

2
(AT ) , E} is the kinetic energy, kp is the
Boltzmann constant, g is the reduced mass of the collision system,
and o, , ji jé(Ek) is the state-to-state cross section.

3 RESULTS AND DISCUSSION

First, a comparison of cross sections calculated using the Patkowski
and Hinde PESs is presented in Figure 1. It is seen that both calcu-
lations yield essentially identical results when the relative velocity
is larger than 200 m/s and the results are in agreement with previous
work of Schaefer (1990). In both cases, the rigid rotor approxima-
tion and the same quantum scattering code MOLSCAT/VRRMM
is adopted, so that the discrepancies mainly come from the minor
differences in the PESs. Whereas the discrepancies in the resonant
region and at lower velocities are attributed to the increased sen-
sitivity of cross sections to fine details of the PES, they are not
significant at astrophysically relevant temperatures.

Rate coefficients for the j; = 2 — jl’ = 1,0 transitions are
presented in Figure 2. The differences between the cross sections
at low collision energies manifest in the rate coefficients at temper-
atures below 10 K. It is seen that the present results on the Hinde
and Patkowski PESs agree with that of Schaefer (1990). The results
of Flower (1999) are somewhat larger for the j; = 2 — j{ =1
transition, but in good agreement for the j; =2 — jl' = (O case. The
rate coefficient for HD in collision with He and H are also plotted in
Figure 2 for comparison. As one can see, both the HD-H and HD-He
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Figure 1. Cross sections for j; = 2 — 1, 0 transitions in HD induced by
collisions with ground state ortho-Hj. The red solid curves as well as the
green dash curves are calculations from this work. The black circles denote
the work of Schaefer (1990).
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Figure 2. Rate coefficients for the jj = 2 — j| = 1,0 transitions in HD
induced by different colliders. The red solid curves as well as the green
dash curves are calculations from this work. The black circles denote the
results of Schaefer (1990). Blue squares denote the work of Flower (1999).
The HD-He, HD-H and Hj-H; calculations are from Nolte et al. (2011),
Desrousseaux et al. (2018), and Wan et al. (2018), respectively.

rate coefficients are smaller than the rates of HD + Hy collisions.
For the j; = 2 — 0 transition in collision with ortho-Hj, the rate
coeflicients of HD is larger by a factor of ~ 5 than that of Hj.
Figure 3 shows cross sections for Aj; = —1 transitions in HD
+ para-Hjp collisions. Transition j; = 1 — 0 has two prominent
resonances at about 107> eV and 4 x 10~% eV. The latter reso-
nance feature also appears in other quenching transitions at the
same position with similar width from higher initial states, while
the complexity of the 1075 eV resonance feature increases as j| in-
creases. Whereas previous analysis have revealed that the positions
of low-energy resonances depend sensitively on the PES, this has
little effect on the reliability of quenching rates at temperatures of
astrophysical interest (10 < T < 5,000 K). Figure 4 presents cross
sections for Aj; = —1 transitions in HD + ortho-Hj collisions. Sim-
ilar to Figure 3, there is a prominent resonance appearing at about
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Figure 3. Cross sections for the Aj; = —1 transitions of HD induced by

ground state para-Hy as functions of the collision energy.
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Figure 4. Cross sections for the Aj; = —1 transitions of HD induced by

ground state ortho-H; as functions of the collision energy.

4x10™* eV and additional resonances appearing at lower collision
energies. The very low energy behavior of ji = 1 — 0 indicates
a zero-energy resonance corresponding to s-wave scattering in the
incident channel. In both figures, the cross sections for quenching
transitions from rotational levels j; = 2,3 of HD are comparable
with the quenching transition from j; = 1. At high collision en-
ergies (above 0.1 eV), Aj; = —1 transitions from rotational levels
Jj1 = 2 — 8 of HD have higher cross sections than the j; =1 — 0
transition.

Figure 5 displays the corresponding rate coeflicients for the
Aji = —1 transitions in HD + para-H, collisions. It is seen that the
Jj1 =1 —0and j; =2 — 1 transitions are nearly identical with the
available results of Schaefer (1990). While rate coefficients of the
Jj1 = 6 — 5 transition display good agreement with that of Flower
(1999), for other Aj; = —1 transitions with initial rotational levels
Jj1 = 1-5, Flower’s results are generally larger values below 200 K.
This is most likely due to the different treatment of the PES, espe-
cially the uncertainties in the higher-order angular anisotropic terms
employed in the earlier calculations. Figure 6 shows rate coefficients
of the Aj; = —1 transitions in HD + ortho-Hj collisions. Similarly,
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Figure 5. Temperature dependence of rotational state-resolved rate coeffi-
cients for transitions of HD induced by ground state para-H,. Solid curves
represent calculations from this work. Squares denote the work of Flower
(1999), while circles denote the results from Schaefer (1990).
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Figure 6. Temperature dependence of rotational state-resolved rate coeffi-
cients for transitions of HD induced by ground state ortho-H;. Solid curves
represent calculations from this work. Squares denote the work of Flower
(1999), while circles denote the results from Schaefer (1990).

good agreement is found with the work of Schaefer (1990). No-
ticeable differences between the present calculations and the work
of Flower (1999) are observed for the low-lying transitions, while
consistency in global trends improves with increasing temperature.
Flower’s results and this work show very good agreement, for the
6 — 5,7 — 6 and 8 — 7 transitions.

4 ASTROPHYSICAL APPLICATIONS

Whereas the HD/H, abundance ratio is significantly smaller than 1,
the contribution of HD in the thermal balance may become compa-
rable to H, and even more important in certain circumstances, such
as the cooling of primordial gas at high densities or low tempera-
tures. During primordial star formation in low mass halos, the HD
cooling rate can equal or surpass that of Hy, lowering the environ-
ment temperature below 100 K (Galli & Palla 2002; Lipovka et al.
2005).
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We computed the cooling efficiency for HD and H; in colli-
sions with the ground state para-H;. The low-density limit cooling
rate is given by

AuD = nHp WHD» 3)

where nyp is the HD number density and Wyp is the HD cooling
function in unit of erg s~'. The cooling function is calculated by

Wap(T) = n(j2)kj: jy—ji jo W1 s “)

where n(j,) is the number density of the collision partner in colli-
sions with HD, hv;/; is the emitted photon energy, and the excita-

Ji
tion rate coeflicient k =i (T) can be obtained from quenching
rates using detailed balance,
k )= g T hvis i kT 5
Jti—ii ) = Wi =it 2 (1) exp(=hvj j, [KT), ®)
1

where w;, and w jj are statistical weights for the upper and lower
levels, respectively.

The cooling efficiencies, Wyp /n(j2), and Wy, /n(j2) are shown
in Figure 7. It is clear that the cooling efficiency of HD is much
higher than that of H,, which allows HD to cool gas to lower tem-
peratures more efficiently than that could be reached with H; alone.
This effect results primarily from the smaller rotational constant of
HD and the fact that the j; = 0 — 1 transition is allowed.

For environments experiencing a significant departure from
local thermodynamic equilibrium (LTE), the accurate calculations
of the state-to-state rate coeflicients are essential for a proper deter-
mination of the level populations. A non-LTE analysis is required,
when the density of the molecule is smaller than the critical density
for a given state jj. The critical density for each rotational level j
can be written as (Osterbrock & Ferland 2006)
Zji<jr Aji-i;

ne(ji) = ©)

Ljizi kji—i;

where 4, _, J, is the spontaneous transition probability.
In Figure 8, we give the critical densities for HD. They are

comparable for transitions induced by para- and ortho-H,. Figure 9

presents a comparison of critical densities in HD + para-H, and Hp
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molecule. The rotational level (j;) of Hj is labeled corresponding to each
blue dash curve.

+ para-H collisions. Generally, HD requires larger gas densities to
establish LTE than H,, except for j| > 6 and temperatures less than
~100 K.

5 SUMMARY

We performed extensive quantum mechanical coupled channel
calculations for HD-H; collisions based on an accurate four-
dimensional H>-Hp PES by Patkowski et al. (2008). Quenching
rate coefficients with initial rotational levels j; = 1 — 8 of HD and
j2 = 0,1 of Hy for temperatures ranging from 10 to 5,000 K are
presented. These data, derived using the most accurate PES for the
H,-H, system and a large basis set for the scattering calculation,
should lead to more accurate rate coefficients for rotational transi-
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tions in HD + Hj collisions for astrophysical modeling. The full
dataset is available online !.
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