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ABSTRACT
Collisions between H2 and H are crucial to the thermal balance of astrophysical media, especially that
of the early Universe. We report quasi-classical trajectory (QCT) calculations of rate coe�cients
for the collisional (de-)excitation of H2 by H—including the three-body collisional dissociation—
on a highly accurate H3 potential energy surface (PES). Translational temperatures ranging from
100 to 15 000 K, and ro-vibrational energy levels of H2 up to ⇡ 50 000 K are considered. Our
QCT rate coe�cients agree well with those obtained from previous quantum calculations on the
same PES. This good agreement supports our claim that, in order to study the 5000-to-15 000 K
temperature range, typical of the early Universe, inexpensive QCT calculations should be preferred
to extrapolation of costly quantum calculations run at lower temperatures. The new collisional rate
coe�cients should enhance our ability to model the cooling and heating budget of the primordial
gas.

Key words: Molecular data – Molecular processes – scattering – early Universe

1 INTRODUCTION

In astrophysical media, collisional excitation processes fol-
lowed by radiative decay lead to the conversion of thermal
energy into photons, which can escape from the medium.
Hence, they contribute significantly to the thermal balance
of astrophysical media. Since atomic hydrogen and helium,
the two most abundant species in space, have no fine struc-
ture in their ground electronic state, the cooling in the inter-
stellar gas takes place mostly through collision with heavier
atoms. Hence, cooling in the interstellar medium is domi-
nated by collisions with the next most abundant elements,
carbon and oxygen (Wolfire et al. 1995).

In the early Universe, the situation is di↵erent since
such atoms are absent. Such kind of cooling takes place
thanks to the first molecules that have been formed. Even
if H2 is on small abundance (Galli & Palla 2013), the cool-
ing by infrared emission of H2 following its collisional ex-
citation is the dominant cooling mechanism. Indeed, col-
lisions between H2 and H provide the cooling essential
to the formation of protogalaxies and of the first stars
(Flower & Pineau des Forêts 2001). Modeling of collisions
between H2 and H are then crucial in order to qualitatively
and quantitatively model the thermal balance of the early
Universe.

Because of their astrophysical interest, and especially

? E-mail: yohann.scribano@umontpellier.fr

because of their experimental and theoretical accessibility,
collisions between H2 and H have been the object of con-
stant and detailed investigations (See Aoiz et al. 2005, for a
review). Collisional rate coe�cients computed using either
quasiclassical trajectory (QCT) (see Mandy & Martin 1993,
and references therein) or time independent quantum me-
chanical (TIQM) (Wrathmall & Flower 2007, and references
therein) approaches have been provided to the astrophysical
community during the last three decades. Current models of
the early Universe (Wrathmall et al. 2007; Glover & Abel
2008) generally rely on the later TIQM collisional data. In-
deed, the data of Wrathmall & Flower (2007) were obtained
using the state-of-the-art potential energy surface (PES) of
Mielke et al. (2002) that has been shown to reproduce all
the main experimental features (Mielke et al. 2003).

However, these TIQM rate coe�cients were obtained
using pure inelastic approaches assuming that the reactive
cross sections are negligible and hence neglecting the possi-
ble ortho-to-para-H2

1 nuclear spin conversion process during
hydrogen exchange reactive collisions. Whereas such an ap-
proximation may be valid at low temperature, it is much

1 Owing to its identical hydrogen nuclei (with nuclear spin 1/2),
H2 exists in ortho (o-H2) and para (p-H2) forms, also called
nuclear-spin isomers. In the electronic ground state, the rotational
levels of o-H2 have odd values of the angular momentum j while
the levels of p-H2 have even j values
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more questionable at temperatures above 1000 K and/or
when dealing with ro-vibrational (de-)excitation.

Hence, in order to provide the astrophysical community
with highly accurate data including the possible ortho-to-
para-H2 conversion process, one of the authors contributed
new TIQM results (Lique et al. 2012, 2014; Lique 2015) for
the ro-vibrational excitation of H2 by H at low to moderate
temperatures (T < 5000 K), using the PES of Mielke et al.
(2002). Ro-vibrational energy levels of H2 with internal en-
ergies up to ' 22 000 K were considered. The computed data
are in very good agreement with the available experimental
data. Significant di↵erences were found with previous TIQM
calculations by Wrathmall & Flower (2007), mainly due to
the neglect of reactive channels in the latter. These new data
were used to derive an updated temperature and density-
dependent cooling function for H2 colliding with atomic hy-
drogen (Coppola et al. 2018). The inclusion of reactive chan-
nels in the calculation results in a larger ortho-to-para ratio,
which in turn gives rise to a stronger cooling e↵ect at low
temperature.

For high temperature applications (T > 5000 K), the
only available data (Mandy & Martin 1993) are based on
QCT calculations on the Liu-Siegbahn-Truhlar-Horowitz
(LSTH) PES of Truhlar & Horowitz (1978). Clearly, rate
coe�cients for the H + H2 collision on the recent PES of
Mielke et al. (2002) are desirable and would be very useful
to the astrophysical community. In this paper, we present
QCT calculations of rate coe�cients for the ro-vibrational
(de-)excitation of H2 by H—including the ortho–para con-
version and the three-body collisional dissociation—for tem-
peratures up to 15 000 K, and for ro-vibrational energy levels
of H2 up to ' 50 000 K. Our QCT data are benchmarked
against the recent TIQM calculations of Lique (2015) in or-
der to assess the accuracy of our QCT calculations, normally
expected to improve with increasing temperature. The pa-
per is organized as follows. Section 2 provides a brief descrip-
tion of the scattering calculations. In Section 3, we present
the results. Possible astrophysical consequences are drawn
in Section 4.

2 QUASI-CLASSICAL TRAJECTORY
METHOD

Standard methods for performing quasi-classical trajectory
calculations have been reviewed by Karplus et al. (1965) and
Truhlar & Muckerman (1979). Here we simply give a short
overview of the QCT method with, however, some details
relative to the trajectory analysis. The following processes
are considered:

HA +HBHC (v, j) !

8>>>>>><>>>>>>
:

HA +HBHC (v0, j0) inelastic,

HB +HAHC (v0, j0) reactive,

HC +HAHB (v0, j0) reactive,

HA +HB +HC dissociative,

where v and j are the vibrational and rotational quantum
numbers, respectively, of the H2 target molecule. We as-
sume that the Born-Oppenheimer approximation (Messiah
(1995)) is valid, so that only the ground state PES of H3
is considered in the present calculations. The twelve cou-
pled Hamilton equations of motion in Jacobi coordinates are

propagated by means of a standard Runge–Kutta integra-
tor with adaptive time stepsize (Press et al. (1992)). Space
derivatives are computed numerically by means of a finite
di↵erence formula of order three. The local truncation error
on the coordinates and momenta is monitored to achieve a
relative precision better than 10�6 in the conservation of the
total energy, and the total angular momentum.

Preliminary to the trajectory propagation, the quan-
tum bound vibrational states of the free H2 molecule are
computed by means of the Fourier-Grid-Hamiltonian (FGH)
method of Balint-Kurti (Marston & Balint-Kurti (1989)).
Note that this has to be done for each rotational state j
of H2, since the e↵ective potential interaction of H2, Ve↵,
includes a centrifugal term due to the rotational motion of
the molecule:

Ve↵(r) = V (r) + j ( j + 1)~2/2mr2, (1)

where r is the H–H internuclear distance, V (r) is the poten-
tial energy curve of H2, and m is its reduced mass.

In the trajectory calculation, the initial ro-vibrational
energy ✏v, j obtained from the FGH calculation, as well as the
initial collision energy, are fixed. All other collision param-
eters are selected at random according to their probability
distributions (Truhlar & Muckerman (1979)). In particular,
the impact parameter b is ascribed the usual b2 distribution
between zero and a maximum value, which is su�ciently
large that no reaction takes place beyond it. Moreover, the
maximum value of b was found to be strongly dependent on
the collision energy Ec , so that the maximum impact pa-
rameter function bmax (Ec ) had to be determined, prior to
the trajectory calculation, by running small batches of tra-
jectories at selected collision energies. Values of bmax for a
particular value of Ec are then obtained by linear interpo-
lation of bmax (Ec ).

We ran batches of 80 000 to 110 000 trajectories per
energy for 20 collision energies between Ethresh = 0.1 eV
(equivalent to 1160 K) and Emax = 2.7 eV (equivalent to
31 330 K) for each initial ro-vibrational state (v, j) with
internal energies up to 4.3 eV (equivalent to 50 000 K).
The highest internal energy levels (v, j) are: (0,30), (1,29),
(2,26), (3,25), (4,24), (5,22), (6,20), (7,18), (8,16), (9,14),
(10,11), (11,8), (12,4), with internal energies less than or
equal to 50 000K. A total of 260 initial states were taken
into account in the calculations. Each individual trajectory
is propagated in time until any two of the three internu-
clear distances get larger than a “collision shell” distance
⇢0 = 25a0. The remaining H–H fragment with the small-
est internuclear separation may be a stable molecule (re-
sulting from an inelastic or reactive collision), a quasibound
molecule (trapped behind its centrifugal barrier), or an un-
bound molecule still evolving toward dissociation; analysis
of this fragment’s internal energy and angular momentum
allows a definitive assignment. In the present calculations,
quasibound H2 molecules are counted as pertaining to the
three-body dissociative channel. Around 5000 K they con-
tribute up to 50% of the dissociative channel, and their
contribution decreases with temperature to reach 30% at
15 000 K. The above assumption remains valid as long as
the quasibound molecules have a life-time lower than the
typical collision time. In high density media, collisions are
more frequent and a part of the quasibound molecules may
interact before dissociating.
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Once a trajectory has met the above end-of-trajectory
criterion that corresponds to a bound H–H fragment, con-
tinuous “pseudo” quantum numbers for this diatom, which
will be marked with a tilde sign, are derived from the trajec-
tory’s final positions and momenta. The rotational quantum
number j̃0 is taken as the root of the equation:

J02int = ~2 j̃0( j̃0 + 1), (2)

where J0int is the internal angular momentum of the H2 prod-

uct. The vibrational quantum number ṽ0 is obtained through
the semiclassical Wentzel-Kramers-Brillouin (WKB) quanti-
zation condition (Berry & Mount (1972)):

2
Z r+

r�

8><>
:

2µ
266664
✏0int � V (r) �

J02int
2mr2

377775

9>=>
;

1/2

dr =
 
ṽ0 +

1
2

!
2⇡~, (3)

where r� and r+ are the left and right turning points, respec-
tively, relative to the classical internal energy of the relevant
H2 fragment, noted ✏0int (Truhlar & Muckerman (1979)).

Once the above continuous pseudo-quantum numbers
(ṽ0, j̃0) have been determined, they are rounded to the
nearest integers through a “binning” procedure (histogram
method) (Truhlar & Muckerman (1979)), and the corre-
sponding trajectory is attributed to the bin labeled by the
couple of discrete quantum numbers (v0, j0). Notice that this
method has to be adapted to account for the fact that ortho–
para conversion of H2 is forbidden in purely inelastic colli-
sions. Then, a � j = 2 parity rule is enforced through the
binning procedure, i.e., the continuous j̃0 is rounded to the
nearest integer j0 of same parity as j. In H + H2 reactive
collisions, ortho–para conversion is allowed, and the regular
binning process described above is applied.

Finally, after being analysed as described above, all
trajectories are accumulated in the histogram. The trajec-
tory count in the histogram bin labeled (v0, j0), denoted
Nr (v0, j0; Ec ), allows us to determine the state-to-state cross
section for the reaction:

�v0, j0  v, j (Ec ) = ⇡b2
max (Ec )

Nr (v0, j0; Ec )
Ntot (v, j; Ec )

, (4)

where Ntot (v, j; Ec ) is the total number of trajectories
started in the ro-vibrational state (v, j) and propagated
with the collision energy Ec . The estimated statistical er-
ror on this cross section is given by (Truhlar & Muckerman
(1979)):

��v0, j0  v, j (Ec ) = �v0, j0  v, j (Ec )
r

Ntot � Nr

Ntot ⇥ Nr
(5)

In this study, the average error on the cross section is about
10% for the less populated states and it is below 3% for the
most populated states.

The state-to-state rate constant is given by:

kv0, j0  v, j (T ) =
 

8kBT
⇡µ

!1/2 1
(kBT )2

⇥
Z 1

0
�v0, j0  v, j (Ec )Ece�

Ec
kBT dEc (6)

where kB is Boltzmann’s constant, µ is the reduced mass for
the H–H2 motion, and where the integration was carried out
numerically.

3 RESULTS

3.1 Comparison with previous quantum results

It is first important to estimate the accuracy and validity
domain of the QCT results. To this aim, we compare the new
QCT rate coe�cients with the TIQM one of Lique (2015).

We compare QCT and TIQM results for collisional (de-
)excitation of H2 by H. The upper panels of Fig. 1 shows the
QCT and TIQM results of the pure rotational de-excitation
of H2(v, j) induced by collisions with H. The ro-vibrational
(de-)excitation is studied on the lower panels of Fig. 1. As
anticipated, significant deviations occur at low temperatures
because of the inability of QCT treatments to conserve the
vibrational zero-point energy that renders this method unre-
liable near reaction thresholds. However, at higher temper-
atures, above a few hundreds of Kelvins, the QCT approach
is relatively accurate for both rotational and ro-vibrational
transitions, the mean deviations being of the order of a fac-
tor 3 and tend to decrease with increasing temperatures, as
expected.

Fig. 2 presents a comparison between the QCT and
TIQM results of Lique (2015) at 5000 K for all (de-
)excitation transitions between levels with internal energy
lower than 22 000 K. One can observe a global agreement
within a factor of 3 between the two sets of data. It is inter-
esting to note that the agreement improves with increasing
magnitude of the data. It means that the accuracy of the
rate coe�cients for the dominant transitions will be rela-
tively high. The QCT rate coe�cients are then closed to
the values computed by Lique (2015), and with a better
agreement for the inelastic channel than for the reactive one
where quantum e↵ects are not negligible, especially at low
and intermediate collisional energy.

The good agreement between the previous quantum and
the new QCT rate coe�cients allows us to be confident in
the accuracy of the new data that will be provided for high
temperatures and highly excited ro-vibrational levels.

3.2 Collisional dissociation process vs. inelastic
and reactive processes

As mentioned above, the three body collisional dissociation
process has been included in the calculations. Such process
is usually neglected in TIQM calculations and in some of the
previous QCT calculations whereas it is expected to be the
dominant channel at high temperature and for ro-vibrational
levels highly excited. The respective importance of inelastic
and reactive collisions and of the dissociation process is in-
vestigated on Fig. 3.

As can be seen, pure rotational excitations2 are prin-
cipally induced by the purely inelastic process, the e↵ect
being even enhanced with increasing temperature. For ro-
vibrational excitation, the behavior is relatively similar.
However, the inelastic process is less dominant than for
pure rotational transition. As expected while temperature
increases above a thousand of Kelvins, the excitation process
due to reactive collisions decreases because of the dissocia-
tive process that becomes dominant. For temperature above

2 Pure rotational ortho-to-para-H2 transitions occurs only
through the reactive process
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Figure 1. Temperature dependence of the QCT (solid lines) and TIQM (dashed lines) rate coe�cients for pure rotational (upper row)
and ro-vibrational (lower row) de-excitation of H2 by H. From initial (v, j) to final (v0, j0) level.

⇠ 3000 K, there is a clear competition between collisional
excitation through the reactive process and dissociation and
for temperature above ⇠ 5000 K, the collisional dissocia-
tion becomes the dominant process. Hence, collisional data
obtained neglecting such process may be doubtful for high
temperature application. It is worth mentioning that the
importance of dissociation process increases with increasing
energy of the H2 ro-vibrational level, with di↵erences up to
4 orders of magnitude for the rate coe�cients between the
lowest and the highest ro-vibrational state.

3.3 Pure rotational (de-)excitation

Fig. 4 shows the temperature variation of pure rotational
de-excitation rate coe�cients within the ground and excited
vibrational states.

For the lowest vibrational level v = 0, the rate coe�-
cients for both nuclear spin conversion and conversion tran-
sitions increase rapidly with increasing temperatures up to
5000 K and then reach a plateau up to 15 000 K. As no-

ticed by Lique (2015), nuclear spin conversion transitions
are slower than those corresponding to nuclear spin conser-
vation because of a significant activation barrier in the PES
that inhibit the hydrogen exchange process that lead to nu-
clear spin conversion process.

While increasing the vibrational level, there is an
increase of the pure rotational rate coe�cients (for
both nuclear spin conservation and conversion transi-
tions) as already found in previous TIQM calculations
(Wrathmall & Flower 2007; Lique 2015) and can be ex-
plained by the anisotropy of the PES that is is strongly
dependent on the vibration of the diatomic molecule
(Lique et al. 2014). However, for a given rotational transi-
tion, we note that the rotational rate coe�cients for the
di↵erent vibrational levels tend to converge at high temper-
atures. The rate coe�cients for nuclear spin conservation
transitions reach a plateau at lower temperatures than for
the vibrational level v = 0 as can be easily seen in Fig. 4.

The noticeable point is the decrease of the rate coef-
ficients for p-o-H2 and o-p-H2 conversion process for high
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Figure 2. Comparison between QCT and TIQM rate coe�cients
at 5000 K for all (de-)excitation transitions for internal energies
lower than 22 000 K. Dashed-lines represent a deviation of a factor
3.
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Figure 3. Temperature dependence of the QCT rate coe�cients
for ro-vibrational (de-)excitation of H2 by H (solid lines), for the
reactive channel (dashed lines) and for the dissociation (dotted-
dashed line). From initial (v, j) to final (v0, j0) state.

temperatures. Such e↵ect can be explained by the fact that
the only reactive collisions contribute at such process and
that at high temperature, and the kinetic energy of the re-
action starts to be exchanged for internal rotational energy
leading to formation of H2 in various highly excited states.
Such e↵ect is not or weakly seen in the temperature varia-
tion of the rate coe�cients for spin conservation process as
the dominant contribution come from non-reactive process
that favor a weak change in internal energy. As noticed by
Lique et al. (2012) the o-p-H2 conversion process is slower
than the inverse conversion process.
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Figure 4. Temperature dependence of the QCT rate coe�cients
for ro-vibrational (de-)excitation of H2 by H, p-o-H2 and o-p-H2
transitions for low and high initial vibrational level. From initial
(v, j) to final (v0, j0) state.
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Figure 5. Temperature dependence of the QCT rate coe�cients
for ro-vibrational (de-)excitation of H2 by H with �v = 1. From
initial (v, j) to final (v0, j0) state.

3.4 Ro-vibrational (de-)excitation

Fig. 5 presents the temperature dependence of the rate
coe�cients for a given �v transition and rotational (de-
)excitations. For both the spin conservation and conversion
processes, the rate coe�cients increase with increasing final
rotational state, and rotational excitation is faster than ro-
tational de-excitation. This can be explained by a propensity
rules in conserving, as much as possible, the internal energy.
For the spin conversion process corresponding to reactive
collisions there is a steep increase at low temperature and
a slow regular decrease over temperature as seen and ex-
plained on Fig. 4. For the spin conservation process, where
both inelastic and reactive collisions are involved, the rate
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Figure 7. Temperature dependence of the QCT rate coe�cients
for vibrational de-excitation of H2 by H. From initial (v, j) to
final (v0, j0) state.

coe�cients tend to be quite constant above few hundreds of
Kelvins.

Fig. 6 shows, for a fixed � j, the temperature dependence
of the rate coe�cients for ro-vibrational (de-)excitations
conserving the rotational momentum of H2. The temper-
ature variation of these rate coe�cients is similar to that
seen in Fig. 5, with an increase of the rate coe�cient with
decreasing �v transitions. It is interesting to note that the
ro-vibrational rate coe�cients are smaller in magnitude than
that of the pure rotational excitation ones. However, the dif-
ferences are less than or about an order of magnitude even
for large �v > 1 transitions and decrease with increasing v.
As discussed by Lique (2015), the strong coupling between
H2 vibrational states induced by hydrogen collisions explains
this behavior.
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Figure 8. Temperature dependence of the QCT rate coe�cients
for ro-vibrational and pure rotational de-excitation of H2 by H.
From initial (v, j) to final (v0, j0) state.

Fig. 7 shows the rate coe�cients for nuclear spin con-
servation transitions with di↵erent �v = 2. At temperatures
below 1000–1500 K, the rate coe�cients increase with the
initial vibrational level. At the opposite, at higher temper-
atures, the e↵ect is totally reversed, and the lowest initial
vibrational level is having the faster rate coe�cients. At high
temperatures, the kinetic energy starts to be exchanged for
internal energy leading to formation of H2 in various excited
states. As the number of open final ro-vibrational levels in-
creases with increasing vibrational levels, there is a decrease
of the magnitude of the rate coe�cients with increasing ini-
tial vibrational levels.

The unusual behavior of the rate coe�cients (i.e. a de-
crease and then an increase of the magnitude of the rate coef-
ficients) for the (4,0) ! (2,0) (also seen for other transitions)
can be understood on the basis of the respective contribu-
tion of the inelastic and reactive processes. At low tempera-
ture, as discussed in Lique (2015), the ro-vibrational transi-
tions mainly proceed through the reactive exchange process
leading to a decrease of the rate coe�cients with increasing
temperature. At higher temperature above ⇠ 5000 K, the ro-
vibrational relaxation process (for nuclear spin conservation
transitions) is again dominated by the non reactive collisions
and increase again with increasing temperatures.

We also found that, at high temperatures, the rate co-
e�cients for ro-vibrational de-excitation cross the pure ro-
tational de-excitation rate coe�cients which is visible on
Fig. 8. It happens above 6000 K for an initial vibrational
level v = 1, and the crossing moves toward higher tempera-
tures while increasing the initial vibrational level. Contrarily
to the o-p-H2 and p-o-H2 conversion processes which de-
crease while temperature increases because of su↵ering of
the increase of channels opening, the rate coe�cients of the
vibrational de-excitation do not show any evolution going in
that sense and there is still a smooth slope while tempera-
ture increases.
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Table 1. Room temperature thermal rate coe�cients for H2(v =
1)+H! H2(v0 = 0)+H process from experimental and theo-
retical calculations. Thermal rate coe�cients are in units of
10�13cm3s�1.

Reference k̄1!0 (T )

Experimental data: Heidner & Kasper (1972) 3.0±1.5
TIQM calculation: Lique (2015) 1.8
QCT calculation: Martin & Mandy (1995) 0.8
QCT calculation: Garcia & Laganà (1986) 1.1
QCT calculation: this work 1.28

3.5 Comparison with experiments

Experimental rate coe�cients at room temperature for the
relaxation of H2(v = 1) ! H2(v = 0) due to H collisions
were provided by Heidner & Kasper (1972). Hence, we com-
pared the thermal rate coe�cients at room temperature of
our QCT calculations with these data. The thermal rate co-
e�cient for the v = 1! v0 = 0 is computed as follow:

k̄1!0(T ) =

P29
j=0

P31
j0=0 w j (2 j + 1)e�✏1, j /kT k1, j!0, j0 (T )

Q(T )

Q(T ) =
X

j

w j (2 j + 1)e�✏1, j /kT , (7)

where ✏1, j is the energy of the v = 1, j rotational levels and
w j is a degeneracy weight which is equal to 1 and 3 for para-
and ortho-H2 rotational states, respectively.

Results are shown in Tab. 1 together with the rate
coe�cients computed previously by Lique (2015) using
TIQM approach and by Martin & Mandy (1995) and
Garcia & Laganà (1986) that both used QCT method.

As could have been anticipated, the present rate co-
e�cients for the relaxation of H2(v = 1) to H2(v = 0)
fail at reproducing the experimental data. The tempera-
ture of the experiments (300 K) is out of the accuracy
domain of the QCT calculations. However, the agreement
between the new QCT results using the state of the art
H3 PES of Mielke et al. (2002) and both the experimental
and TIQM data is much better than what was found with
previous QCT calculations of Martin & Mandy (1995) and
Garcia & Laganà (1986).

4 DISCUSSIONS AND CONCLUSIONS

We have presented the calculations of new high temperature
state specific rate coe�cients for the collisional excitation of
H2 by H using QCT method. The accuracy of the present
results have been validated through a detailed comparison
with TIQM calculations and experiments. In particular, the
new collisional data are closer to experimental data than the
previous QCT calculations due to the high accuracy of the
PES used in this work.

We have found that, because of the competition be-
tween inelastic, reaction and dissociative processes, the tem-
perature variation of the rate coe�cients is not smooth and
strongly dependent of the ro-vibrational level of H2. Such
findings show the evidence that actual calculations at high
temperatures are preferable than extrapolations of low to
moderate temperatures data for astrophysical applications

where the temperature domain is around 5000 K to 15 000 K
as in the early Universe.

As discussed in the introduction, in the early universe,
the H2 cooling function is computed from H2 radiative and
collisional data, the main colliding partner being generally
H atoms (Galli & Palla 1998). Hence, H2–H collisions dom-
inate the cooling so that the cooling function is almost pro-
portional to the H2–H rate coe�cients. The new rate coef-
ficients, the first one computed for such high temperatures,
will allow accurate modeling the cooling of the warm pri-
mordial gas and allow a significant revision of the cooling
of the gas at temperature between 5000 and 15 000 K. As
the very first stars are believed to have formed thanks to H2
cooling, our knowledge of star formation should be enhanced
by the use of these new data.

Apart from in the early Universe, H2 is also an impor-
tant coolant in shocks and photon dominated regions of the
interstellar medium because of its high abundance. In pho-
ton dominated regions, evidence of highly excited H2 have
been found and the new data will be crucial for modelling
the kinetic and thermal evolution of these regions.

Finally, this high temperature study showed some inter-
esting results, making obvious that a collisional excitation
study induced by hydrogen atoms in this temperature range
for the other dominant molecules in the early Universe such
as HD or H+2 is required in order to update the present data
used.
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Garcia E., Laganà A., 1986, Chem. Phys. Lett., 123, 365
Glover S. C. O., Abel T., 2008, MNRAS, 388, 1627
Heidner R. F., Kasper J. V. U., 1972, Chem. Phys. Lett., 15, 179
Karplus M., Porter R. N., Sharma R. D., 1965, J. Chem. Phys.,

43, 3259
Lique F., 2015, Mon. Not. R. Astron. Soc., 453, 810
Lique F., Honvault P., Faure A., 2012, J. Chem. Phys., 137,

154303
Lique F., Honvault P., Faure A., 2014, Int. Rev. in Phys. Chem.,

33, 125
Mandy M. E., Martin P. G., 1993, ApJS, 86, 199
Marston C., Balint-Kurti G., 1989, J. Chem. Phys., 91, 3571
Martin P. G., Mandy M., 1995, ApJ, 455, L89
Messiah A., 1995, Quantum Mechanics, Dunod, Paris, 1995. Vol.

1, Dunod, Paris

Downloaded from https://academic.oup.com/mnras/advance-article-abstract/doi/10.1093/mnras/sty2089/5064243
by Observatoire de Paris - Bibliotheque user
on 04 August 2018



8 D. Bossion et al.

Mielke S. L., Garrett B. C., Peterson K. A., 2002, J. Chem. Phys.,
116, 4142

Mielke S. L., Peterson K. A., Schwenke D. W., Garrett B. C.,
Truhlar D. G., Michael J. V., Su M.-C., Sutherland J. W.,
2003, Phys. Rev. Lett., 91, 063201

Press W., Flannery B., Teukolsky S., Vetterling W., 1992, Numer-
ical Recipes, second edn. Cambridge University Press, Cam-
bridge, England

Truhlar D. G., Horowitz C. J., 1978, J. Chem. Phys., 68, 2466
Truhlar D. G., Muckerman J. T., 1979, in Bernstein R. B., ed.,

, Atom-Molecule Collision Theory: A Guide for the Experi-
mentalist. Plenum, New York, Chapt. 16

Wolfire M. G., Hollenbach D., McKee C. F., Tielens A. G. G. M.,
Bakes E. L. O., 1995, ApJ, 443, 152

Wrathmall S. A., Flower D. R., 2007, J. Phys. B, 40, 3221
Wrathmall S. A., Gusdorf A., Flower D. R., 2007, MNRAS,

382, 133

Downloaded from https://academic.oup.com/mnras/advance-article-abstract/doi/10.1093/mnras/sty2089/5064243
by Observatoire de Paris - Bibliotheque user
on 04 August 2018

View publication statsView publication stats

https://www.researchgate.net/publication/326785912

