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ABSTRACT

The H+ HD(v, j) reaction has been investigated in detail by means of a statistical quantum method. State-to-state cross sections and rate
constants for transitions between reactants and rovibrational states HD(v/, j') of the product arrangement with energies below 0.9 eV col-
lision energy [that is, HD(v = 0, j = 0-11) and HD(v = 1, j = 0-6)] have been calculated. For the other product channel, D*+ Hy(+/, j),
rovibrational states up to (v = 0, /' = 9) have been considered for the calculation of the corresponding thermal rate. Present predictions are
compared with previously reported theoretical and experimental rates. Finally, cooling functions for HD due to proton and atomic hydrogen
collisions are computed in the low-density regime. We find that the much larger HD-H" cooling function, as compared with that of HD-H,
does not compensate for the low H"/H abundance ratio in astrophysical media so that HD cooling is dominated by HD-H (or HD-H,)

collisions.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0128598

. INTRODUCTION

The first structures appearing in the Universe mark both the
end of the cosmic dark ages and the beginning of states of increasing
complexity, such as galaxies, planets, and life. The so-called Popu-
lation III (Pop III) stars are likely the first objects to form out of
metal-free (no atoms heavier than helium) baryonic matter, at cos-
mological redshifts z ~ 10-30. One of the major question is the mass
distribution of the Pop III, the so-called primordial initial mass func-
tion (IMF)."” Although the James Webb Space Telescope will probe
the Universe up to z ~ 15, observational constraints on Pop III stars
will remain indirect, through their imprint on the generation of stars
immediately after or more directly as a transient highly energetic
supernova at high redshifts.”” Among the various parameters that
determine the IMF, one is the temperature of the primordial gas that
eventually collapses within the potential well of dark-matter halos.
Indeed, the typical mass of the gravitationally unstable unit is oc T2,
However, if dark matter dynamics is governed solely by gravity,
that of the primordial gas involves an array of microscopic pro-
cesses, such as inelastic or reactive collisions. Actually, H, molecules

forming at particle density above ~1 cm™ are the main coolants
at temperatures below ~1000K." Furthermore, below ~200 K and
density above ~10% cm™, the HD molecule becomes an important
coolant,”” despite its lower abundance. This is essentially because its
rotational levels are more compact than those of Hj, with a j=1
level lying 128 K above ground state, while the quadrupolar H,
j = 2-0 transition has an energy of 510 K. Computing the cooling by
HD is therefore of central importance for precise cosmological sim-
ulations of the formation of Pop III stars. In this context, it is crucial
to provide state-to-state rate coefficients for collisions between HD
and the dominant colliders, namely, hydrogen, helium, electrons,
and protons. In particular, this paper focuses on HD-H* collisions.

The reactive collision between H* and HD can lead to two
different product channels,

H' + HD(v,j) -» D" + Hy(v,j"), (1)

H" + HD(v,j) -— H" + HD(v,j"). (2)
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Early measurements’ of the rate coefficient of reaction (1)
at 205 and 295 K led values of (1.1+0.2) and (1.7+0.2)
x 107 cm® 571, respectively. Millar et al.® suggested an Arrhenius
fit for those measured values. In their study of H/D exchange reac-
tions in deuteration processes for interstellar molecules, Smith et al.’
estimated the rate constant for reaction (1) to be ~107" cm?® s7!
at 20 K, and therefore concluded that this process that converts
HD to H is totally unimportant in cold interstellar clouds. This
might explain the relatively scarce literature on this reaction in
comparison with some other isotopic variants of the correspond-
ing atom-diatom collisions for the HJ species. In most of the cases,
the information on the title reaction is provided completing studies
devoted to the reverse reaction D*+ H, — HD + H".'""'" Gerlich
and Schlemmer'' reported values of the rate coefficient between 100
and 500 K obtained by means of a dynamically biased statistical the-
ory. A possible fit to an Arrhenius expression for the temperature
range 30-130 K was also suggested. Jambrina et al.!’ performed the-
oretical calculations of the rate constant between 100 and 500 K
by means of quasiclassical trajectory (QCT), a statistical QCT'*"’
and time independent quantum mechanical (TIQM) methods
that lead to a reasonable agreement with the two experimental
values of Ref. 7.

More recently, Lepers et al.'* performed TIQM calculations on
the collision yielding D"+ Ha, reaction (1), to produce rate coeffi-
cients as a function of the temperature below 4000 K. The investiga-
tion was limited to the ground vibrational state, v = 0, considering
up to j = 9 rotational states of the reactant HD. Desrousseaux et al.'”
tested a statistical adiabatic channel model (SACM)'® for both prod-
uct channels [Egs. (1) and (2)] and compared rate constants with
results obtained by means of the ABC code of Ref. 17. The calcula-
tions were restricted to processes in which both HD and H, species
remain in their vibrational ground state.

The presence of a deep potential well (about 4.3 eV depth)
in the intermediate region, H,D", between reactants and products
favors complex-forming mechanisms to govern the overall dynamics
of the process at collision energies below 3 eV.'" ' The statisti-
cal quantum mechanical (SQM) method of Refs. 22-24 has been
applied several times before to the title reaction and isotopic alter-
natives interchanging hydrogen and deuterium atoms.”** Thus, for
example, simulations of differential cross sections and kinetic energy
spectra were found to reproduce fairly well both exact quantum
mechanical (EQM) results and experimental results for the H* + D,
reaction.’’ The method also provides an average description of the
reaction probabilities, usually characterized for this type of insertion
processes by numerous resonances, and of the rotational distribu-
tions, which show a preference to populate high rotational states of
the resulting diatom formed at the product arrangement.

The information about the reaction so obtained can then be
employed in astrochemical models to estimate the age of molecular
clouds and prestellar cores of the interstellar medium.”** In a recent
investigation on the H* + H; reaction’ with the SQM method, inte-
gral cross sections (ICSs) for the transitions between a series of
rovibrational states of H, and then the corresponding state-to-state
rate constants between T = 5 K and 3000 K. Cooling rate coefficient
of molecular hydrogen excited by protons was calculated and com-
pared with previous estimates. Those results were ultimately applied
on the investigation on the cooling of primordial and interstellar
media by H,.”
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FIG. 1. Total energy levels for the rovibrational states of HD(v, j) and Ha (v/, j")
considered in this study measured in eV.

In the same spirit, here, we have extended those calculations to
reactions (1) and (2). First, ICSs up to a collision energy of 2.3 eV
have been calculated by means of the SQM method for both product
arrangements of the title reaction and, second, we obtain the cor-
responding rate coefficients for a temperature range between 5 and
3000 K. For reaction (1), transitions between HD(v = 0, j = 0-8) and
Hz(v' =0, j' =9) have been considered, whereas, for reaction (2),
we have investigated transitions involving states with total energy
below 0.9 eV, that is, HD(v = 0, j = 0-11) and HD(v = 1, j = 6). All
these involved rovibrational states for HD and H, are shown in the
levels scheme as a function of the total energy of Fig. 1.

The structure of this paper is as follows: In Sec. II, we briefly
describe the theoretical details of the calculation; in Sec. 111, we show
the results for both reactions (A) and (B); in Sec. IV, we present the
cooling rate coefficient; and in Sec. V, conclusions are drawn.

Il. THEORY

Given that the title reaction, and other isotopic variants where
at least one H atom is substituted by a D atom, seems to be gov-
erned at not too large energies by complex-forming mechanisms,
the application of the above-mentioned SQM approach” ** usually
provides useful information. The technical details about this method
have been amply discussed and explained in previous occasions, and
so, in order to avoid repetitions, here we restrict ourselves to the
essential aspects.

The ICSs are calculated following the standard expression:

T

()'Vj)vrjr(E) = -
kﬁj(zj +1)

Z]:(zj + l)PJj’V,j,(E), (3)

where kﬁj = 2u(E - Eyj)/I*, with E,; the energy of the initial rovibra-
tional state of the reactant diatom and y the reduced mass of the
system. However, in Eq. (3), the state-to-state probability between
the initial rovibrational HD(v, j) and the product species (either HD
or Hy) in its rovibrational state (v, j’) at the energy E and the total
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é.‘v,j, (E) is approximated by the product of

the individual probability of the intermediate complex to be formed
from the initial HD(v, j) state, pl}.(E), and pj,j,(E)/Zv"jupj,,j,,(E),
the fraction of fragmentating complexes into the final rovibrational
state (v', j'), where the sum of the denominator runs over all acces-
sible (v, ") channels at the energy E. This assumption implies
that no information regarding the phase of the scattering matrix
can be obtained, and therefore, resonances cannot be reproduced.
As explained before,’ those individual probabilities, pjj(E) and

angular momentum J, P

pj, i (E), are obtained by separate calculations on each arrangement
solving the corresponding coupled-channel equations by means of
a time independent approach with a log-derivative propagation
between a capture radius of about 1.5 A and an asymptotic distance
of about 36 A. This calculation is performed by means of completely
quantum mechanical (QM) techniques and using the ab initio full
PES. In turn, the neglect of the intermediate region in the log-
derivative propagation implies the assumption that the formation
of the intermediate complex leads to reaction up to products. That
means that no recrossing effects back to the reactants arrangement is
taken into account. The calculation of the capture probabilities based
on purely QM considerations distinguishes the SQM approach from
other statistical techniques where a classical or semiclassical frame-
work is considered or where, as in the case of the SACM, the square
of the scattering matrix elements is approximated by counting the
energetically open adiabatic channels at specific values of the total
angular momentum and energy.

ICSs are calculated for collision energies between 107 and
1.8-2.3 eV. With the ICSs from Eq. (3), we then calculate the
state-to-state rate constants as a function of the temperature as

follows:
8[33 oo _gE
ki (T) = o 7f it (E)Ee PP dE, 4
1,1() ﬂ#OU},]()e 4)

where 8 = (ksT)™" and kg is the Boltzmann constant.

All SQM calculations have been performed using the ab initio
potential energy surface (PES) by Velilla et al’” for the ground
electronic state 1'A’. This surface was developed by means of
refinements of the ARTSPthe global potential of Refs. 38 and 39.
About 5230 ab initio additional full configuration interaction
calculations were calculated in the Cs symmetry group, with
the aug-cc-pV6Z basis set. A total of 381 functions with the
(11s6p5d4f3g2h)/(7s6p5d4f3g2h) extended basis were employed to
reproduce the short, medium, and long range potentials. One of
these improvements concerns the description of the long range
interactions, including a functional form, both for the three-body
terms and for the atom-diatom terms, which in the case of the
reactive non-transfer channel under consideration in this work, is
expressed as a two-term Legendre series with R™> and R™* terms
for the anisotropic charge-quadrupole dispersion energy and the
charge-induced dipole dispersion energy, respectively.

Ill. RESULTS
A. The H*+ HD - D*+ H, reaction

ICSs for reaction (1) have been calculated for transitions start-
ing from HD(v = 0, j = 0-8) leading to the formation of Hy(v' = 0,
j' =0-9). In Fig. 2, we compare present SQM results with those

ARTICLE scitation.org/journalljcp
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FIG. 2. Integral cross sections for the H* + HD(v = 0, j) — D*+ Hy(v' =0, ")
reaction measured in A2 as a function of the collisional energy (in eV). Present
SQM results (dashed lines) are compared with those obtained in the EQM calcu-
lation of Ref. 14 (solid lines). In black (red), EQM (SQM) ICSs for transitions from
the HD(j = 3) rotational state; in blue (green) for the EQM (SQM) transitions from
HD(j = 2).

obtained by Lepers et al. with an exact quantum mechanical (EQM)
calculation employing a time independent method.'* In particular,
we show some rotational transitions between the vibrational ground
states of HD(v = 0, j) and Hy(v' = O,j'): 2-50,2—-2,3-0,and
3 — 1. The agreement found between the exact cross sections and
the present statistical estimations is fairly good. As already men-
tioned,”* the SQM method provides an average description of the
oscillations displayed by the profile of the EQM cross sections due
to the existing resonances.

H*+HD(v=0,j=1)—> D"+ H,(v'=0,/")

total

10-10 -

Rate Constant [cm®s™]

1 0—11 L L
0 500 1000 1500 2000

Temperature [K]

FIG. 3. State-to-state rate constants for the H*+ HD(v=0,j=1) - D*+ H,
(v/ =0, )" =0-4) reaction as a function of the temperature obtained with the
present SQM calculation (dotted lines) in comparison with the EQM calcula-
tion (solid lines) by Lepers et al. from Ref. 14. Total rate constants summing
all contributions of transitions to Hp(v/ =0, j/ = 0-9) are also added in the
comparison.
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Those ICSs are used to obtain the corresponding rate con-
stants following Eq. (4). In Fig. 3, we show the k(T values for the
H*+HD(v=0,j=1) - D"+ Hy(v' = 0) reaction obtained with the
present SQM approach in comparison with those reported in Ref. 14
for temperatures up to 2000 K. The total rate constant, k,—q, j_1,/—0
has been obtained summing up those corresponding to the reactions
leading to H,(v' = 0, /' = 0-9). Also included in the figure are some
of those state-to-state rate constants (those up to j' = 4). The accord
between the both sets of results, EQM and SQM, is certainly remark-
able (the ratio 7 = kgqm/ksqm between the EQM and SQM rates is
2.7 and 1.004 at T = 250 and 2000 K, respectively), thus supporting
the importance of the complex-forming mechanism on the overall
dynamics of the title reaction.

A similar test is carried out for the reaction initiated from the
HD(v =0, j = 2). The SQM results are compared in Fig. 4 with those
reported by Lepers et al. between T = 5 and 3000 K. State-to-state
values of k(T for rotational transitions between the ground vibra-
tional states of both HD(v =0, j=2) and H,(v' = 0, j' = 0-6) and
the total rate constant for the process H"+ HD(v=10,j=2) —» D"
+ Hy(v' = 0) obtained summing contributions from transitions to
the first ten rotational states H,(v' = 0, j* = 0-9) are shown in Fig. 4.
Again, the agreement between the EQM rate constants and the
statistical predictions is certainly good, with values of the above-
mentioned ratio 7 of 0.98 and 1.15, at 250 and 2000 K, respectively.
In the supplementary material, we have also included examples of
the performance of the SQM approach for the case of H*+ HD
(v=0,j=0) > D'+ Hy(v' = 1, = 0-2). The comparison of both
ICSs and rate constants for such transitions with the results of
the EQM calculation by Lepers et al.*’ reveals that the statistical
predictions also describe well the formation of vibrationally
excited H,.

A direct comparison with the above-mentioned measurements
of the rate coefficients reported by Henchman et al.” requires the
calculation of the thermal rate constant following the procedure
described in Ref. 40, which involves the Boltzmann average of
the first HD(v = 0, j < 8) rotational states and the corresponding

H* + HD(v=0,j=2) - D* + Hy(v'= 0, )

10° |

10004 ]

Rate Constant [cm® s7']

10™ | i
0 500 1000 1500 2000 2500 3000
Temperature [K]

FIG. 4. Same as Fig. 3 for the H*+ HD(v =0, j=2) - D*+ Hyo(v/ =0,/
= 0-4) reaction.
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FIG. 5. Thermal rate constants for the H"+ HD — D* + H, reaction. See text for
details of calculation of the two theoretical results shown in the figure: present SQM
result (red line) and the EQM calculation from Ref. 40 (black line). Experimental
values are from Ref. 7.

nuclear-spin multiplicity factors for the first Hy(v' =0, " = 0-9)
rotational states,

1 28: (2j+ 1)e—on/k3T(k§Jyen(T) +k(;}dd(T)), (5)

KT) =
rot j=(

where Z o = Z;lo(Zj +1)e Bo/ksT and

even 1 8
ko ' (T) = 1 > kojoir(T), (6)
1202,
odd 3L
koy (T) = 1 Z kojojr (T). (7)
Jr=13,-

In Fig. 5, we show the comparison of our present results
with those obtained with the EQM calculation by Lepers et al.*
and the early measurements reported in Ref. 7. The accord of the
SQM rates with the EQM values is fairly good: ksqm = 1.21 x 1071
and 221 x 107 cm® s7! at T =205 and 295 K, respectively, in
comparison with the EQM values kgqm = 1.16 x 1071 and 2.20
x107'% cm® s7', respectively. On the other hand, both sets of
theoretical results match nicely the measurement at T =205 K
(11x 107 cm® s7') and slightly overestimate the experiment at
295 K (1.7 x 1071% cm® s7!). The so obtained thermal rate constant
can be fitted by means of the Arrhenius expression k(T) = ae™”'"
with values & = 8.57 x 107'% cm® s and y = 405 K. It is worth notic-
ing that this value of y (~0.035 eV) is close to the difference between
the rovibrational ground state energies of H, and HD.

The full set of state-to-state rate coefficients for reaction 1 is
available in the supplementary material.

B. The H*+ HD - H*+ HD process

The present investigation also comprises the case of process (2)
that also lead to the formation of HD. Transitions between the reac-
tants HD(v, j) and products HD(V/, j') rovibrational states with
total energy below 0.9 eV shown in Fig. 1 have been considered,
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H*+HD(v=0,j=0)— H*+HD(v=0,/')

1010 b

10-11 -

1072 ¢

Rate Constant [cm® 5]

10" L

10-14 -

50 100 150 200 250 300
Temperature [K]

10715
0

FIG. 6. State-to-state rate constants for the H*+ HD(v=0,j=0) > H*+
HD(v' =0, j* = 1-3) transitions calculated with the present SQM method (red)
and the ABC (black) and SACM (blue) approaches of Ref. 15.

thatis, (v = 0, j = 0-11) for the ground vibrational state and (v' = 1,
i’ = 0-6) for the first vibrational state.

Once the ICSs are calculated, we obtain the rate constants
between T =5 and 3000 K. In Figs. 6 and 7, we compare in a
more reduced temperature range (T up to 300 K) present SQM
results with rate coefficients recently obtained by Desrousseaux
et al.”® for the transitions from HD(v=0,j=0) and HD(v =0,
j=1), respectively, to different rotational states of the vibra-
tional ground state HD(v' = 0, j'). Rate constants from Ref. 15
were calculated by means of the SACM and the TIQM ABC
methods. The comparison for the transitions from the ground
rovibrational state HD(v =0,j=0) (in Fig. 6) reveals that the
SQM provides a good description of the ABC rates: At T =300
K, the ratios 7 = kapc/ksqm for the production of HD(v' =0, j)
are 0.78 (for j' = 1), 0.90 (for j' = 2), and 0.93 (for j' = 3), which,
in fact, are somewhat better than the corresponding ratio found

H*+HD(v=0,j=1) - H* + HD(v = 0, ")
10 T T T T T

10710

10™M

10—12

10—13

Rate Constant [cm® s7']

10 I

101
0 50 100 150 200 250 300

Temperature [K]

FIG. 7. Same as Fig. 6 for the H*+ HD(v=0,j=1) - H*+ HD(v' =0,
j=0,34).
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between the ABC and SACM rate coefficients, 0.7, 0.81, and
0.88. Some deviations are seen, on the contrary, for the case of
H*+ HD(v=0,j=1) - H"+ HD(v' =0, = 4) (see Fig. 7). One
the one hand, both statistical approaches overestimate the ABC
result for the HD(j=1) - HD(j' = 0) transition at the very low
temperature (T < 20 K), also shown in Fig. 7. On the other hand, at
T = 300 K, the SQM predictions for j = 0 and j' = 3 (4.67 x 107"
and 9.30 x 1071) are closer to the ABC rates (3.57 x 107 and
9.68 x 10™"") than the SACM values (5.08 x 107" and 1.05 x 107'7),
but exhibit some noticeable deviations with respect to the other
theoretical results for j' = 4.

Due to computational limitations, calculations with the ABC
approach in Ref. 15 are restricted to transitions involving some few
rotational states of HD(v = 0, j) in its vibrational ground state. In
this work, however, we have obtained rate coefficients for transi-
tions among rovibrational states at higher energies. Examples of
the present SQM rates as a function of the final rotational state j’
at T =705 K can be seen in Fig. 8 for different excited reactant
rovibrational states. Values of the rate constant increase as the rota-
tional excitation j of the reactant HD(v = 0, j) decreases. Thus, the
comparison for transitions forming HD(v' = 0, j' = 5) reveals that
the rate constant decreases from 3.95 x 107'° ¢cm® s7! for (v=0,
j=6),t02.76 x 107* cm® s7* for (v=0,j = 8), and down to 1.41
x1071% cm® s7! for (v =0,j=11). Figure 8 also shows that rate
constants for transitions from a specific initial rovibrational state
HD(v, j) increase with the final rotational state j'. Thus, the transi-
tion (v=0,j=11) - (v = 0, j*) has a rate constant with values that
ranges from 1.34 x 10™** cm® s forj’ = 0upt0 2.17 x 107 cm® s*
for j' =10. The comparison shown in the figure between rates
for transitions from vibrationless HD(v = 0) or from excited HD
(v=1) at T =705 K reveals that the former case is a faster pro-
cess: the value of the rate for (v=10,j=6) - (v' =0, =5) is 3.95

x 107" cm® 7!, whereas for (v=1,j=6) - (+' =0,j = 5), the

HD(v, j) > HD(V', j)

10

T=705K

‘Tw
©
£
§ : e
=100 h T e ]
& T
4‘7’ g
c
o
% b —A—(v=0,j=11) > (V'=0,/)
2 g A= (v=0,j=11) > (v'=1,j)
4 —&—(v=0,j=8) - (v'=0,j)
o (v=0,j=6) >(v=0,7)
10" / o (v=1,j=6) > (V'=0,/) 1
/ —x—(v=1,j=6) > ('=1,j)
L L L L L L
0 2 4 6 8 10

Final rotational state HD(j ')

FIG. 8. State-to-state rate constants for different de-excitation transitions
H*+ HD(v, j) — H*+ HD(v/,") as a function of the final rotational state j”
at T =705 K calculated by means of the present SQM approach. In particu-
lar, the figure shows rate constants for (v =0, j=11) — (v =0/1, ) are in
black full/lempty triangles; (v = 0,j =8) — (v/ =0, ") in blue squares; (v =0,
j=6)— (v =0,;") in red diamonds; and (v=1,j=6) — (v =0/1,j") in
pink empty/full stars.
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value is 7.51 x 107! ¢m® s7!. Rate constants for transitions from

HD(v=0,j=11) to rotational states of both the ground HD
(v =0,j) and first excited vibrational state HD(v' = 1,j') are
almost identical up to j' =5, a feature also observed for the
H*+ H, > H"+ H, reaction.” This is, however, not the case for
the H"+ HD(v=1,j=6) - H*+ HD(v' = 0,1, ), also shown in
Fig. 8. The trend followed by the rate constants as a function of the
final product rotational state j/ shown in Fig. 8 resembles the ten-
dency seen in rotational distributions obtained by statistical means
to populate the largest rotational states** (see Fig. 3 of the supple-
mentary material). Most of the similarities and differences observed
among rate constants mentioned earlier could also be explained in
terms of the existing energy difference between the corresponding
reactant HD(v, j) and product HD(+/, j'). Thus, it seems reason-
able to see that rate constants for the process HD(v=1,j=6)
— HD(+' = 1,') are closer to those for HD(v =0,j=11) - HD
(v =0,j') than to rates for HD(v=1,j=6) - HD(v' = 0,j). As
for the case of Sec. 111 A, the full set of state-to-state rate coefficients
for reaction 2 are included in the supplementary material and will be
made available in the EMAA database at https://emaa.osug.fr/.

The good performance of the SQM method observed in the
present investigation for the H*+ HD — H*+ HD and H*+ HD
— D'+ H, reactions reaction is as good as the results seen for the
H*+ H, - H"+ H,.** The comparison of the statistical predictions
with the EQM results, when available, shows the complex-forming
character of the overall dynamics of both processes. The SQM thus
constitutes a useful approach to provide reliable rate constants for
the title reaction and isotopic variants. On the other hand, values of
the rate constant k(T obtained with the SQM approach at T = 1005
K for the three processes reveal that the reactive collision of HD
with a proton is a more effective process than the collision with
Hy:ForH '+ Hy(v=0,j=1) > H + Hy(v' = 0, = 0), k(T) is 9.02
x 107" em?® s7Y); for H'+ HD(v=0,j=1)) - D'+ Hy(+' = 0,
j'=0), k(T) is 1.50 x 107'° ¢m® s7' and for H*+ HD(v=0,
j=1)) > H"+HD(v =0, =0), k(T) is 2.48 x 107® cm® s7*.

IV. ASTROPHYSICAL APPLICATION:
THE COOLING RATE COEFFICIENT

As already mentioned in the Introduction, HD plays a cru-
cial role in the cooling of primordial condensations below ~200 K
because its HD( j = 1) rotational level lies only 128 K above ground
state, compared to 510 K for the HD(j = 2) level. In primordial
gas condensations, the dominant colliders are atomic and molecular
hydrogen, helium, protons, and electrons. The first accurate calcula-
tions for the cooling of HD were performed by Flower et al.,” who
considered collisional excitation by H, He, and para- and ortho-Ho,
but not protons and electrons. We provide below the first quantita-
tive estimate of the HD-H* cooling function, which is compared
to a new cooling function for HD-H based on recent scattering
calculations.*!

Assuming no radiation field and optically thin transitions, the
total HD cooling rate is the sum of the power radiated by each
rovibrational transition,

A=3">"n,Au(E - Ey), (8)

u I<u
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where n, is the population of the upper level u = (v, j) relative to
the total HD number density; [ = ', j') is the level with the lower
energy; A, is the Einstein coefficient for spontaneous emission, and
(Eu - E)) is the energy of the transition between the upper and lower
energies. In what follows, protons and atomic hydrogen are consid-
ered separately, with a fixed density at n(H") = n(H) = 107 cm™.
This range corresponds to the “low-density regime” where HD is
predominantly in the ground and first rotational states j = 0 and
j =1, respectively. The kinetic temperature, T, was varied in the
range 5-3000 K for protons and 5-5000 K for atomic hydrogen. The
normalized HD level populations, n;, were computed at steady-state
with the public code RADEX* using our SQM collisional rate con-
stants for HD-H?", the recent TIQM rate constants of Desrousseaux
et al.*! for HD-H, and spectroscopic data (including both dipole and
quadrupole transitions) from the HITRAN database.”’ The statis-
tical equilibrium equations were solved for HD levels up to (v, j)
= (0,11) for collisions with H* (see Fig. 1) and up to (v, j) = (2,11)
for collisions with H. The resulting cooling rate coefficient L (in erg

cm’ s

Ln. = A, 9)

where n. = n(H") or n, = n(H), is plotted in Fig. 9.

For atomic hydrogen, we find very good agreement with the
fit of Lipovka et al,** with only a slight departure (up to ~20%)
above 2000 K, which is most likely due to their use of old H,-H
rovibrational rate coefficients.”> The cooling rate coefficient due to
H* collisions is found to be significantly larger than that by colli-
sions with H, by up to two orders of magnitude, as expected from
the larger H,-H" collisional rate coefficients. This means that pro-
ton collisions will compete with atomic hydrogen for abundance
ratio [H"]/[H] larger than ~0.01. Such high fractional ionization
is however unusual in astrophysical environments where molecules

102!

1022
1 0-23

102

1 0-25

1 0-26

1 0-27

1 0-28

Cooling rate coefficient (erg.cm3.3'1)

H*: present
H: present
H: Lipovka et al. (2005) ——
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10% Ll | L]
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Kinetic temperature (K)

FIG. 9. Total cooling rate coefficient L for HD in a thermal bath of H* or H. The
green solid and dashed lines denote our results based on the present SQM rate
constants for H* and the TIQM rate constants of Desrousseaux et al.*! for H,
respectively. The solid blue line shows the fit of Lipovka et al.**
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are present. For example, in the primordial Universe, [H*]/[H]>0.01
is only found at redshifts z > 1000 where molecular cooling/heating
plays a negligible role.*® The much larger HD-H" cooling function
therefore does not compensate for the low relative abundance of H*
so that the HD cooling in astrophysical media will be dominated
by collisions with atomic (or molecular) hydrogen. This result was
anticipated by Flower et al.” based on the much larger HD-H rate
coefficients compared with those for H,—H. Indeed, in the case of
H,, H* collisions are crucial in allowing proton exchanges and ortho
< para (i.e., odd Aj) transitions.*

Finally, it should be noted that when the density increases,
H is progressively converted into H, so that HD-H, collisions
also become important. Flower et al.” have shown that HD cool-
ing is only weakly sensitive to the H/H, abundance ratio so that
the HD-H cooling function plotted in Fig. 9 is actually also a good
approximation for the HD-H, cooling function.

For a general use in hydrodynamic models, it can be useful to fit
the HD cooling rate to a simple function of density and temperature,
as in the recent work of Flower ef al.*® on H,. This will be performed
in a future work where all colliders (H, He, ortho- and para-H, HT,
and electrons) will be considered. We note in this context the recent
scattering calculations by Wan et al.*” on HD-H,.

V. CONCLUSIONS

Rate constants for the H"+ HD reaction have been calculated
by means of a statistical quantum mechanical (SQM) method for
the temperature range between 5 and 3000 K. Both possible product
arrangements (HD + H* and D*+ H,) have been considered, and
comparisons with previous exact quantum mechanical and statisti-
cal adiabatic channel model methods reveal the good performance
of the SQM approach. Present findings are then consistent with
a previous investigation on the isotopic variant H"+ H, reaction.
These rate constants are then employed to calculate the cooling rate
coefficient, which is compared with that corresponding to the col-
lision between HD and atomic hydrogen. Our results reveal that
although the HD cooling rate coefficients are considerably larger for
H* than for H, the overwhelming abundance of hydrogen atoms (or
molecules) makes that cooling with H (or H,) will prevail in most of
the astronomical environments.

SUPPLEMENTARY MATERIAL

See the supplementary material for examples of cross sections
and rate constants to form vibrationally excited H»; the final state
rotational distribution for H*+ HD(v =0, j = 10) - HD(+/, j")+H"
and numerical values of the state-to-state rate constants evalu-
ated in this work with the SQM approach for both processes in
Egs. (1) and (2).
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