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A B S T R A C T 

We have critically re vie wed the literature pertaining to reactions that are significant for the chemistry of hydrogen-, deuterium-, 
and helium-bearing species in the homogeneous early Univ erse. F or each reaction rate coefficient, we provide a fit in the 
modified-Arrhenius form, specifying the corresponding uncertainty and temperature range. This new network, limited to 21 

reactions, should be the most reliable to date. Combined with accurate state-to-state rate coefficients for inelastic and reactive 
collisions involving H 2 and HD, it allows us for the first time to follow the evolution of the abundances of atomic and molecular 
species, level populations of H 2 and HD, and the ortho:para ratio (OPR) of H 2 , in a self-consistent fashion during the adiabatic 
expansion of the universe. The abundances of H 2 and HD change only marginally compared to previous models, indicating that 
the uncertainties on the main reaction rate coefficients have essentially been removed. We also find that the adiabatic expansion 

has a dramatic effect on the OPR of H 2 , which freezes-out at redshifts z � 50. In contrast, at higher redshifts, the populations of 
the rotational levels of H 2 and HD are predicted to be fully thermalized at the temperature of the cosmic background radiation 

field, a result that conflicts with some recent, independent calculations. This new network allows the chemistry of primordial 
gas to be followed during the early phase of collapse towards Population III star progenitors. 

Key words: atomic data – molecular data – molecular processes – stars: Population III – early Universe. 
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 I N T RO D U C T I O N  

lucidating how the first stars, called Population III (Pop III), formed
s critical to a comprehensive understanding of the transition from
 metal-free, homogeneous Universe to a highly structured and
hemically complex one. Pop III stars formed at redshifts z �
5 in dark matter minihaloes located at the intersections of dark
atter filaments (see Bromm & Y oshida 2011 ; Y oshida 2019 , for
 re vie w). For star formation to take place, the mass of the mini-
aloes ( ∼10 6 M �) must o v ercome a critical value to ensure both
ravitational collapse and efficient cooling (Tegmark et al. 1997 ;
romm & Larson 2004 ; Yoshida et al. 2006 ; Greif 2015 ; Lenoble,
ommer c ¸on & Rosdahl 2024 ). Although observing Pop III stars is

till highly challenging, indirect constraints are obtained e.g. from
tellar or galaxy archaeology (Lee, Jeon & Bromm 2024 ). The most
ecent observations with the JWST show that the abundance of bright
alaxies at redshifts z > 9 is unexpectedly high (Finkelstein et al.
023 ), a result which could indicate that the stellar initial mass
unction (IMF) of Pop III stars is top-heavy, characterized by a high
raction of high-mass stars compared to the classical Salpeter IMF
re v ailing at lo wer redshifts (Ishigaki et al. 2018 ; Hartwig et al.
022 ; Finkelstein et al. 2023 ). The mass of the Pop III progenitors
s of the order of the Jeans mass, which scales as n −1 / 2 

H T 3 / 2 with
 H and T the hydrogen nuclei density and gas kinetic temperature,
 E-mail: david.flower@durham.ac.uk 
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Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
espectively. The temperature of the gas results from a competition
etween heating by PdV work and molecular cooling, primarily by
 2 and HD. Detailed calculations show that, in the initial phase of
ravitational collapse, the gas temperature first increases to a value
f the order of 2000 K and then falls to a minimum value of the
rder of ≈200 K (Flower & Pineau des For ̂ ets 2001 ; Yoshida et al.
006 ). The cooling efficiency by excitation of H 2 is a well-studied
rocess (Hollenbach & McKee 1979 ; Le Bourlot, Pineau des For ̂ ets
 Flower 1999 ; Yoshida et al. 2006 ) and is known to be sensitive

o the level population of H 2 until local thermodynamic equilibrium
LTE) is reached at densities n H � 10 5 cm 

−3 (Coppola et al. 2019 ;
lower et al. 2021 ). A recent determination of the H 2 cooling function
Flower et al. 2021 ), using state-of-art excitation cross-sections and
omputed self-consistently with the OPR of H 2 , shows deviations by
ne order of magnitude at temperature below 1000 K compared to
arlier estimates (Glo v er & Abel 2008 ; Glo v er 2015 ). 

To correctly account for the OPR and level populations of H 2 

n an expanding universe, the chemical content of the gas must be
 v aluated. Molecular abundances in the primordial gas have long
een a topic of astrophysical research (Peebles 1968 ; Zeldovich,
urt & Syunyaev 1968 ; Tegmark et al. 1997 ; Galli & Palla 1998 ,
013 ; Stancil, Lepp & Dalgarno 1998 ; Flower & Pineau des For ̂ ets
000 ; Hirata & Padmanabhan 2006 ; Alizadeh & Hirata 2011 ). One
f the main moti v ations of these studies was to determine the
bundance of molecular hydrogen, which is the main coolant during
he gravitational contraction of condensations of the primordial
© 2024 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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edium (e.g. Lepp & Shull 1984 ; Flower & Pineau des For ̂ ets 2001 ;
lo v er & Abel 2008 ). In contrast, the cooling of the homogeneous
rimordial gas is dominated by its adiabatic expansion and not by 
adiative transitions in molecules, notably H 2 , which actually lead to 
eating of the medium when the kinetic temperature becomes less 
han the black-body radiation temperature (Puy et al. 1993 ; Flower 
 Pineau des For ̂ ets 2000 ). 
The most complete study of the chemical evolution of the pri-
ordial medium is probably that by Walker, Porter & Stancil ( 2018 ,

ereafter W18 ) who calculated not only the abundances of atomic 
nd molecular species but also, in the cases of H 2 , HD, and H 

+ 

2 , the
istributions of population amongst their rovibrational levels; this 
pproach enables the ratio of populations of specific levels, such as
 = 0, j = 1, and j = 0, to be determined. In particular, this ratio
ecomes equal to the relative abundance of ortho- and para-H 2 in 
he limit of small redshifts, z. 1 Ho we ver, as will be explained in
ection 3 , the approach adopted by W18 leads to incorrect values of

he OPR when freeze-out occurs, at z � 20. 
In the following Section 2 , we present the chemistry that we have

dopted in order to calculate the abundances of atomic and molecular 
pecies in the primordial medium. In Section 3 , we consider the com-
utation of the populations, n ( v, j ), of individual rovibrational levels,
 v, j ), of H 2 and HD. The results of our calculations are presented
nd discussed in the following Section 4 , where comparison is made
ith the calculations of W18 . Our conclusions are summarized in 
ection 5 . 

 A  N E W  C H E M I C A L  N E T WO R K  

ince the reference work by Galli & Palla ( 1998 ; hereafter GP98 ),
here has been significant progress in the theoretical and/or experi- 
ental determination of key reaction rate coefficients for the early 
niverse chemistry. In the last decade, a number of primordial 

hemical networks were thus significantly revised and updated 
Coppola et al. 2013 ; Glo v er 2015 ; Walker et al. 2018 ). In this
ork, we started from the GP98 minimal network , on which the
ork of Flower & Pineau des For ̂ ets ( 2000 ; hereafter FP00 ) was
ased, and all reaction rate coefficients have been updated from 

 comprehensive literature survey. A few additional reactions were 
hecked and shown to be unimportant at the investigated redshifts, as
etailed in Section 4.2 below. It should be noted that our final network 
s suitable for the (post-recombination) adiabatic expansion phase of 
he Universe where the baryon density is lower than ∼ 100 cm 

−3 . 
ndeed, other chemical reactions take o v er in the primordial haloes,
uch as the three-body H 2 formation reaction (H + H + H → H 2 +
) which become efficient as soon as the density exceeds ∼10 8 cm 

−3 

nd the gas gets fully molecular. 
We describe below the revision of the hydrogen, deuterium, and 

elium chemistry (lithium chemistry is neglected). All reaction rate 
oefficients were fitted using the standard modified-Arrhenius (or 
oij–Arrhenius) equation: 

( T ) = α( T / 300) β exp ( −γ /T ) , (1) 

here α is in cm 

3 s −1 or s −1 and γ is in Kelvin. Fits were performed
 v er the (kinetic or radiation) temperature range 10–10 000 K except
therwise stated. The list of reactions and their coefficients α, β, and
 W18 mistakenly state that FP00 neglected the nuclear statistical weights 
hen calculating the OPR of H 2 ; this statement arose from a failure to 
istinguish the OPR from the ratio of the population densities of the v = 0, j 
 1, and v = 0, j = 0 levels (see Section 4 ). 

c

k

w  

a  
are given in Table 1 . It should be noted that in contrast to more
omplicated polynomial fits, the modified-Arrhenius law guarantees, 
n most cases, a physical behaviour of the rate coefficients outside
he fitted temperature range. Moreo v er, because solv ers of ordinary
ifferential equations can be sensitive to the continuity of the rate
oef ficients, piece wise fits are not recommended. We also stress that
he typical accuracy of theoretical and experimental rate coefficients 
 ±20 per cent at best) does not justify, in general, sophisticated 
tting functions. 

.1 Hydrogen chemistry 

.1.1 H1) Hydro g en recombination 

he hydrogen recombination is a crucial process to compute the 
nergy spectrum and temperature anisotropy of the cosmic mi- 
rowa ve background (CMB) b ut also for modelling primordial 
hemistry. Since the pioneering works in the late 1960s (Peebles 
968 ; Zel’do vich, K urt & Syun yae v 1969 ), se v eral refinements hav e
een introduced in recombination physics thanks to progress in 
tomic and radiative transfer physics (see Glover et al. 2014 , and
eferences therein). Here, as in other primordial chemical networks, 
e have employed the so-called Case B approximation where only 

adiative recombinations to an excited state of H( n ≥ 2) are taken
nto account. The direct recombination of protons with electrons to 
he ground state of H( n = 1) becomes indeed very inefficient at z

1000 because the emitting ionizing photons (with energies larger 
han 13.6 eV) are quickly re-absorbed by neighbouring H( n = 1)
toms. While highly sophisticated multilevel recombination models 
re necessary to model CMB data from e.g. the Planck satellite, the
ase-B approximation is adequate to simulate the ionization history 
n chemical models, as we will see in Section 4 . In practice, case-B
ecombination rate coefficients (i.e. summed o v er all states with n ≥
) were computed using the program ACQD (Flower & Seaton 1969 )
n the temperature range 1–2 × 10 4 K. The agreement with other
esults e.g. those of Ferland et al. ( 1992 ) is excellent, as shown in
ig. 1 where our power-law fit ( γ = 0) was found to reproduce the
CQD data (o v er 10–10 000 K) to within 20 per cent. 

.1.2 H2) Hydro g en photoionization 

he photoionization rate coefficient of ground-state H( n = 1) atoms
as obtained by integrating the cross-sections of Hummer & Seaton 

 1963 ) o v er black-body radiation fields: 

 

I ( T r ) = 

∫ ∞ 

ν1 

4 πσ ( ν) F ν( T r )d ν

hν
, (2) 

here F ν( T r ) is the black-body or Planck function, h the Planck con-
tant, σ ( ν) the ‘exact’ photoionization cross-section from Hummer 
 Seaton ( 1963 ; see their equations 2.3–2.4) and ν1 = | E 1 | / h with
 1 the electron energy of H( n = 1), i.e. −13.6 eV ( −1.58 × 10 5 K).
ecause k I ( T r ) is entirely negligible below T r = 1000 K, radiation

emperatures T r were selected in the range 10 3 –10 4 K. 
Alternatively, k I ( T r ) can be computed using the detailed balance

rinciple, assuming that heavy-particle, electron and radiation tem- 
eratures are all equal ( T k = T e = T r = T ) (see Appendix A). In the
ase of H( n = 1), detailed balance writes as 

 

I ( T ) = k R ( T ) 
(2 πm e k B T ) 3 / 2 

h 

3 
exp ( −1 . 58 × 10 5 /T ) , (3) 

here g (H 

+ ) = 1, g (H( n = 1)) = 2, χ = | E 1 | (see equation A1 )
nd k R ( T ) is the rate coefficient for the reverse process, i.e. direct
MNRAS 531, 340–354 (2024) 
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Table 1. Reaction rate coefficients of our network, in the standard form k ( T ) = α × ( T /300) βexp ( − γ / T ) where α is in cm 

3 s −1 or s −1 and γ in Kelvin. 
Numbers in parentheses are powers of 10. 

Label Reaction α β γ Notes (see text) References 

H1) H 

+ + e − → H + ν 3.22( −12) −6.75( −1) 0.00 Case-B Flower & Seaton ( 1969 ) 
H2) H + ν → H 

+ + e − 1.18(7) 1.00(0) 1.58(5) Hummer & Seaton ( 1963 ) 
H3) H 

− + ν → H + e − 1.23(4) 2.35(0) 8.75(3) McLaughlin et al. ( 2017 ) 
H4) H + e − → H 

− + ν 2.45( −16) 8.46( −1) 0.00 Detailed balance McLaughlin et al. ( 2017 ) 
Inaccurate fit for T > 10 4 K 

H5) H 

− + H → H 

+ 
2 e − 3.57( −9) −3.12(-1) 13.8 Kreckel et al. ( 2010 ) 

Inaccurate fit for T < 10 K 

H6) H 

− + H 

+ → H + H 1.89( −7) −4.42(-1) 0.00 Nkambule et al. ( 2016 ) 
H7) H + H 

+ → H 

+ 
2 + ν 6.52( −19) 1.75 0.00 Inaccurate fit for T < 50 Zammit et al. ( 2017 ) 

Inaccurate fit for T > 10 4 K 

H8) H 

+ 
2 + ν → H + H 

+ 3.87(6) 5.70( −1) 3.29(4) H 

+ 
2 ( v, j ) at LTE Zammit et al. ( 2017 ) 

H9) H 

+ 
2 + H → H 2 + H 

+ 8.93( −10) 0.00 0.00 H 

+ 
2 ( v = 0, j = 0) Ghosh et al. ( 2021 ) 

H10) H 2 + H 

+ → H 

+ 
2 + H 2.43( −10) 0.00 2.14(4) H 2 ( v = 0, j = 0) Savin et al. ( 2004 ) 

D1) D 

+ + e − → D + ν 3.22( −12) −6.75(-1) 0.00 Same as H1) Flower & Seaton ( 1969 ) 
D2) D + ν → D 

+ + e − 1.18(7) 1.00(0) 1.58(5) Same as H2) Hummer & Seaton ( 1963 ) 
D3) D 

+ + H → D + H 

+ 2.18( −9) 3.55( −1) 0.00 Inaccurate fit for T < 10 K Savin ( 2002 ) 
D4) D + H 

+ → D 

+ + H 2.18( −9) 3.55( −1) 4.30(1) Detailed balance Savin ( 2002 ) 
D5) D 

+ + H 2 → H 

+ + HD 1.50( −9) 0.00 0.00 H 2 ( v, j ) at LTE Honvault & Scribano ( 2013a ) 
D6) HD + H 

+ → H 2 + D 

+ 8.57( −10) 0.00 4.05(2) HD( v, j ) at LTE Gonz ́alez-Lezana et al. ( 2022 ) 
He1) He + + e − → He + ν 9.08( −13) −5.00(-1) 0.00 Hummer & Storrey ( 1998 ) 
He2) He + ν → He + + e − 4.56(7) 1.00(0) 2.85(5) Detailed balance Hummer & Storrey ( 1998 ) 
He3) He + H 

+ → HeH 

+ + ν 1.45( −19) −4.52(-1) 1.30(1) Inaccurate fit for T < 10 K Courtney et al. ( 2021 ) 
He4) HeH 

+ + ν → He + H 

+ 4.80(4) −7.67(-1) 2.23(4) HeH 

+ ( v, j ) at LTE Miyake et al. ( 2011 ) 
He5) HeH 

+ + H → He + H 

+ 
2 1.04( −9) 2.36( −1) 2.42(1) HeH 

+ ( v, j ) at LTE Esposito et al. ( 2015 ) 

Figure 1. Rate coefficients for the hydrogen recombination. Blue empty 
squares correspond to the calculations of Flower & Seaton ( 1969 ). The green 
line represents our power-law fit. The calculations of Ferland et al. ( 1992 ) are 
denoted by the black line. 
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ecombination to H( n = 1). The rate coefficient k R ( T ) was obtained
sing again the program ACQD in the temperature range 10 3 –10 4 K
nd k I ( T ) was recomputed using equation ( 3 ). The agreement with
quation ( 2 ) was found to be excellent, as expected. 2 Finally, because
NRAS 531, 340–354 (2024) 

 It should be noted that k I ( T ) and the case-B rate coefficient of reaction H1) 
o not obey detailed balance. 

a  

H  

t  

t  
 

R ( T ) follows a T 

−1/2 temperature dependence, and in accordance
ith equation ( 3 ), the photoionization rate k I ( T r ) from equation ( 2 )
as fitted o v er the temperature range T r = 10 3 –10 4 K by fixing β
 1.0 and γ = 1.58 × 10 5 K. The corresponding fit was found to

eproduce k I ( T r ) to better than 20 per cent. 

.1.3 H3) H 

− photodetachment 

ccurate photodetachment cross-sections for H 

− were derived by
cLaughlin et al. ( 2017 ) using quantum R -matrix calculations

ombined with other theoretical and experimental results for photon
nergies in the range 0.754–10 5 eV (see their fig. 2 for a com-
ilation of data). We derived the corresponding photodetachment
ate coefficients k I ( T ) by integrating these cross-sections (provided
s supplementary data in McLaughlin et al. 2017 ) o v er black-body
adiation fields, with radiation temperatures T r in the range 20–10 5 

, as in equation ( 2 ). The modified-Arrhenius fit was performed by
xing the fitting coefficient γ to the electron affinity of hydrogen, i.e.
.754 eV or 8.75 × 10 3 K. The fit accuracy was found to be better
han 40 per cent for temperatures below 10 000 K. 

.1.4 H4) H 

− radiative attachment 

he H 

− radiative attachment rate coefficient k R ( T ) was obtained using
he detailed balance relation equation ( A1 ): 

 

R ( T ) = 

1 

4 
k I ( T ) 

h 

3 

(2 πm e k B T ) 3 / 2 
exp (8 . 75 × 10 3 /T ) , (4) 

here g (H 

−) = 1, g (H( n = 1)) = 2, and χ = 0.754 eV (8.75 × 10 3 K)
nd where k I ( T ) is the modified-Arrhenius fit for the reverse process
3). As a result, k R ( T ) follows a power law and is almost proportional

o T ( β = 0.846, see Table 1 ). In Fig. 2 , our power law is compared to
he attachment rate coefficient computed by McLaughlin et al. ( 2017 )
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Figure 2. Rate coefficients for the H 

− radiative attachment. Blue empty 
squares correspond to the results of McLaughlin et al. ( 2017 ) (where 
stimulated radiative attachment is neglected). The green line represents our 
power-law fit. The fit of GP98 is denoted by the thin red line. 
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Figure 3. Rate coefficients for the associative detachment of H and H 

−. Blue 
empty squares correspond to the recommended theoretical rate coefficient 
of Kreckel et al. ( 2010 ). The black filled squares denote the ion-trap 
measurements of Gerlich ( 2012 ) while the filled circle represents the 300 K 

measurements of Martinez et al. ( 2009 ). The Langevin rate constant is plotted 
as a dashed grey line. The green line gives our modified-Arrhenius fit. The fit 
of GP98 is denoted by the thin red line. 
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here stimulated radiative attachment is neglected (as provided in 
heir supplementary data). The agreement is found to be good up 
o 10 4 K, as expected. We note that at higher temperature and full
hermal equilibrium ( T r = T k ), stimulated radiative attachment would 
nhance the rate coefficient of McLaughlin et al. ( 2017 ) by up to a
actor of 2 at 10 5 K. Beyond ∼3 × 10 5 K, ho we ver, the stimulated
ate coefficient falls off as T 

−3/2 (see fig. 9 in McLaughlin et al. 2017 ).
s a result, our power-law fit must not be employed for temperatures

bo v e a few 10 4 K. Finally, the agreement with the fit of GP98 is
ood, e xcept abo v e 10 4 K where their fitting function induces an
xponential drop of the rate coefficient. 

.1.5 H5) Associative detachment of H and H 

−

ccurate cross-sections for the associative detachment of H and H 

−

ere measured at high energy resolution by Kreckel et al. ( 2010 )
sing a merged-beam apparatus in the collision energy range 3.7 
eV −1 eV. These cross-sections were found to be in very good

greement with the best available theoretical results (C ́ızek, Hor ́acek 
 Domcke 1998 ), as shown in fig. 2 of Kreckel et al. ( 2010 ). We have

efitted the analytical fit function provided in table S1 of Kreckel et al.
 2010 ) that accurately reproduces the theoretical rate coefficient in 
he temperature range 10 −1 –10 5 K. We note that the measurements 
nd calculations of Kreckel et al. ( 2010 ) were e xtended abo v e 1 eV by
iller et al. ( 2011 ), confirming the good accuracy of their analytic

t for plasma temperatures up to 10 4 K. The analytical function 
f Kreckel et al. ( 2010 ) is plotted in Fig. 3 (blue empty squares),
long with other experimental results based on flowing afterglow 

orange circle) and ion-trap (black filled squares) techniques. The 
greement between the results of Kreckel et al. ( 2010 ) and the ion-
rap measurements is very good while the flowing afterglow value at 
00 K lies a factor of ∼2 below (a discussion can be found in Miller
t al. ( 2011 )). Our fit is shown to satisfactorily reproduce (to within 20
er cent) the analytical function of Kreckel et al. ( 2010 ) in the range
0–10 000 K, while it significantly underestimates (o v erestimates) 
he actual rate coefficient at lower (higher) temperatures. We also note 
hat below 10 4 K the rate coefficient is larger than the Langevin value
1.33 × 10 −9 cm 

3 s −1 ), suggesting that the actual H 

−
2 potential is more

ttractive than the polarization asymptotics. Finally, the piecewise fit 
f GP98 is found to significantly underestimate the data from Kreckel
t al. ( 2010 ) in the range 10–10 4 K, by a factor of up to 3 at ∼100 K.

.1.6 H6) Mutual neutralization of H 

− and H 

+ 

ccurate quantum cross-sections for the mutual neutralization of H 

−

nd H 

+ were computed by Nkambule et al. ( 2016 ) in the energy range
 meV −100 eV. These cross-sections were found to agree well with
he merged-beam results of Peart & Hayton ( 1992 ), in particular
t energies abo v e 20 eV (see fig. 6 in Nkambule et al. 2016 ). A
ood agreement (within ∼20 per cent) is also observed with the
lder calculations of Fussen & Kubach ( 1986 ). The branching ratios
etween the final states H( n = 1) + H( n = 2) and H( n = 1) + H( n = 3)
ere measured by Nkambule et al. ( 2016 ) and the agreement between

heory and experiment was found to be satisfactory up to ∼100 eV.
e have extrapolated the theoretical cross-sections of Nkambule 

t al. ( 2016 ) down to 0.01 meV using the 1/ E Wigner’s law for the
oulomb interaction and we hav e deriv ed the corresponding rate
oefficient o v er the temperature range 10–10 5 K. Our power-la w fit
as found to nicely reproduce (to within 12 per cent), the computed

ate coefficients up to 10 000 K. The rate coefficient then reaches a
inimum at about 30 000 K where it starts to increase. 

.1.7 H7) Radiative association of H and H 

+ 

adiative association is a challenging process to measure in the 
aboratory because, even at very low gas pressures, it is difficult to
istinguish between stabilization by radiation or by collision with 
 third particle. The role of theory is thus predominant. Accurate
MNRAS 531, 340–354 (2024) 
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M

Figure 4. Rate coefficients for the radiative association of H and H 

+ . Blue 
empty squares correspond to the theoretical rate coefficients of Zammit et al. 
( 2017 ). Our power-law fit is given by the green line. The fit of GP98 is denoted 
by the thin red line. 
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uantum state-resolved rate coefficients for the radiative association
f H( n ) and H 

+ were computed by Zammit et al. ( 2017 ) in the
emperature range 10–10 5 K. In the case of H( n = 1) + H 

+ , the
greement with the older calculations of Stancil, Babb & Dalgarno
 1993 ) was found to be excellent. Tabulated data for stimulated
adiative association rate coefficients were provided by Mark Zammit
pri v ate communication). Our fit for H( n = 1) was performed o v er the
estricted temperature range 100–10 000 K where the rate coefficient
losely follows a power-law temperature dependence, as shown in
ig. 4 . We can observe that below 50 K, the rate coefficient flattens
ue to the increase of the cross-section at collision energies lower
han ∼3 meV (see fig. 5 of Zammit et al. 2017 ). In this regime,
ur fit significantly underestimates the actual rate coefficient, by up
o a factor of 8 at 10 K. We can notice that the fit of GP98 works
etter, especially below 50 K, at the cost of a complicated polynomial
orm. We also note that the rate coefficient of Zammit et al. ( 2017 )
eaches a maximum at ∼5 × 10 4 K and then decreases. Overall, our
t reproduces the rate coefficients of Zammit et al. ( 2017 ) to within
5 per cent between 100 and 10 000 K. 

.1.8 H8) Photodissociation of H 

+ 

2 

ccurate state-selected photodissociation cross-sections for
 

+ 

2 (1 sσg , v, j ) were also computed by Zammit et al. ( 2017 ) for
 range of H 

+ 

2 rovibrational levels and photon energies. These
ross-sections were found to be in good agreement with the old
easurements by von Busch & Dunn ( 1972 ) (after averaging over

he experimental H 

+ 

2 vibrational distribution) and almost identical to
he older theoretical results of Saha et al. ( 1980 ; see fig. 2 of Zammit
t al. 2017 ). Total cross-sections av eraged o v er LTE distributions
f H 

+ 

2 rovibrational levels in the temperature range T rovib = 10–
0 4 K and for photon energies in the range 20 meV −40 eV were
rovided by Mark Zammit (pri v ate communication). We deri ved
he rate coefficients by integrating these LTE cross-sections o v er
lack-body radiation fields, with radiation temperatures T r = T rovib 
NRAS 531, 340–354 (2024) 
n the range 10–10 4 K. The modified-Arrhenius fit was performed
 v er the restricted temperature range 1000–10 000 K where the rate
oefficient is significant i.e. larger than 10 −8 s −1 , with an accuracy
etter than 10 per cent. 

.1.9 H9) Charge exchange between H 

+ 

2 and H 

his important exothermic reaction has not been e xtensiv ely studied
o far. Experimentally, there is to our knowledge one single mea-
urement of the rate coefficient at 298 K by Karpas et al. ( 1979 )
sing the ion-cyclotron resonance (ICR) technique. Theoretically,
he quantum dynamics of H + H 

+ 

2 ( v = 0 , j = 0) has been studied
nly recently by Ghosh et al. ( 2021 ) and Sanz-Sanz, Aguado &
oncero ( 2021 ). The wave packet method was employed in both

tudies and the rate coefficient was calculated by Ghosh et al.
 2021 ) in the temperature range 250–1000 K. As shown in Fig. 5 ,
here is only order-of-magnitude agreement between experiment and
heory. Further studies are highly desirable. This will involve, in
articular, to extend calculations to higher rovibrational states and
ollision energies. Meanwhile, we have selected a constant value of
.93 × 10 −10 cm 

3 s −1 which is the average of the values computed by
hosh et al. ( 2021 ). It is a factor of ∼2 lower than the Langevin value
f 1.9 × 10 −9 cm 

3 s −1 , which is consistent with charge exchange
eactions being usually slower than the Langevin rate. We can notice
hat it is also in good agreement with the choice of GP98 based on
he measurement of Karpas et al. ( 1979 ). 

.1.10 H10) Charge exchange between H 2 and H 

+ 

uantum coupled-channel calculations were carried out by Krsti ́c
 2002 ) for the endothermic (with a threshold of 1.83 eV) charge
ransfer of H 

+ on H 2 , i.e. the reverse of reaction H9). Cross-
ections were computed in the energy range 0.6–9.5 eV and they were
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Figure 6. Rate coefficients for the charge exchange between D and H 

+ and 
reverse. Blue empty squares correspond to the theoretical rate coefficients of 
Savin ( 2002 ). Our fits (related by detailed balance) are given by the two green 
lines. The fit of GP98 is denoted by the thin red lines. 

t
=  

a  

i  

t
f
a  

d
S  

t  

t  

1  

e
e  

t
K
h

2

2

T
i
c

2

T
i

2

B  

Z  

o  

f  

s
g  

f  

a  

o  

a
2  

(

2

A  

(  

s  

t  

m  

a
w  

w  

a  

s

2

T  

r
i
w  

(  

i
a
b  

t  

a  

e  

a  

2  

p
p  

∼  

r  

h
o  

a  

t  

G

2

R  

s  

c
a
(  

t  

q
a  

t
p  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/531/1/340/7644349 by guest on 16 M
ay 2024
hen used by Savin et al. ( 2004 ) to derive the rate coefficient for H 2 ( v 
 0, j = 0) in the temperature range 10 2 –3 × 10 4 K. These authors

lso presented a re vie w of the various rate coefficients presented
n the literature for reaction H10) (see their fig. 1). They showed
hat a number of recommended rate coefficients significantly differ 
rom one another (both in magnitude and temperature dependence) 
nd they attributed part of the discrepancies to the improper use of
etailed balance. We have here refitted the polynomial function of 
avin et al. ( 2004 ) that reproduces their theoretical rate coefficient

o better than 4 per cent o v er 10 2 –3 × 10 4 K. Our fit was found
o reproduce the analytical function of Savin et al. ( 2004 ) to within
0 per cent in the range 200–10 000 K. We note that more recent
xperimental and theoretical cross-sections were presented by Urbain 
t al. ( 2013 ) for this important reaction but for impact energies in
he range 15–5000 eV, i.e. corresponding to temperatures abo v e 10 4 

. Further studies are needed, in particular to extend calculations to 
igher rovibrational states. 

.2 Deuterium chemistry 

.2.1 D1) Deuterium recombination 

he rate coefficient of reaction H1) was employed, assuming H/D 

sotope effects are negligible for the hydrogen recombination pro- 
ess. 

.2.2 D2) Deuterium photoionization 

he rate coefficient of reaction H2) was employed, assuming H/D 

sotope effects are negligible for hydrogen photoionization. 

.2.3 D3) Charge exchange between D 

+ and H 

y using the theoretical cross-sections of Igarashi & Lin ( 1999 ) and
hao, Igarashi & Lin ( 2000 ) and extending these data up to energies
f 10 3 eV, Savin ( 2002 ) e v aluated the rate coefficient of reaction D3)
or temperatures from 1 to 2 × 10 5 K. He also compared these cross-
ections to calculations from other groups and the agreement was 
enerally good. Ho we ver, the rate coef ficients were found to dif fer
rom those of Galli & Palla ( 1998 ) above 300 K, by up to 40 per cent,
s reported in Fig. 6 . Due to the strongly non-Arrhenius behaviour
f the rate coefficient below ∼20 K, reaction D3) was fitted using
 power-law temperature dependence, with an accuracy better than 
0 per cent down to 20 K. At 10 K, the accuracy of the fit is lower
32 per cent) but still adequate for the purposes of modelling. 

.2.4 D4) Charge exchange between D and H 

+ 

s for the reverse reaction D3), the rate coefficients of Savin
 2002 ) for reaction D4) were e v aluated from the theoretical cross-
ections of Igarashi & Lin ( 1999 ) and Zhao et al. ( 2000 ). We note
hat in contrast to reaction D3), there is a couple of experimental

easurements for reaction D4) which are in good agreement with the
vailable theoretical results (Savin 2002 ). Here, the rate coefficient 
as obtained using detailed balance applied to the fit of reaction D3)
ith an endothermicity of 3.7 meV (43 K; Igarashi & Lin 1999 ). The

greement with the rate coefficients of Savin ( 2002 ) is very good, as
hown on Fig. 6 . 

.2.5 D5) Formation of HD via D 

+ + H 2 

his exothermic reaction has been studied e xtensiv ely both theo-
etically and experimentally as a prototype for dynamical studies of 
on–molecule reactions. Accurate cross-sections and rate coefficients 
ere computed at low energies by Honvault & Scribano ( 2013a )

see correction in Honvault & Scribano 2013b ) using quantum time-
ndependent calculations. The cross-sections were found in good 
greement with previous calculations and also with those measured 
y Gerlich ( 1992 ). We present in Fig. 7 a comparison between the
heoretical thermal rate coefficients of Honvault & Scribano ( 2013b )
nd the experimental values of Fehsenfeld et al. ( 1974 ), Henchman
t al. ( 1981 ), and Gerlich ( 1992 ). The experimental rate coefficients
re shown to agree within a factor of ∼2 in the temperature range
00–400 K. We note, ho we ver, that data are missing at higher tem-
erature. Merged-beam cross-sections measured by Gerlich ( 1992 ), 
lotted as rate coefficients, actually show a decline (by a factor of

2) abo v e 0.1 eV (see his fig. 64), suggesting a decrease of the
ate coefficient abo v e 1000 K. Further studies are thus needed in the
igh energy regime. Meanwhile, we have selected a constant value 
f 1.5 × 10 −9 cm 

3 s −1 as representative of the available theoretical
nd experimental rate coefficients. We note that this value is close
o the Langevin value of 2.1 × 10 −9 cm 

3 s −1 , which was adopted by
P98 . 

.2.6 D6) Destruction of HD by H 

+ 

eaction D6) is the reverse of reaction D5) but it was much less
tudied in the literature due to its endothermicity (464 K) and the
orresponding small rate coefficient at low temperature. The only 
vailable experimental rate coefficients are those of Henchman et al. 
 1981 ), as reported in Fig. 8 . Very recently, reaction D6) was studied
heoretically by Gonz ́alez-Lezana et al. ( 2022 ) using a statistical
uantum method. The agreement with the two experimental points 
t 205 and 295 K is good and a modified-Arrhenius fit was able
o reproduce the theoretical thermal rate coefficient to within 30 
er cent o v er 10–3000 K, as shown in Fig. 8 . We note that the
MNRAS 531, 340–354 (2024) 
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Figure 7. Rate coefficients for the formation of HD via D 

+ + H 2 . Blue 
empty squares correspond to the theoretical rate coefficient of Honvault & 

Scribano ( 2013a ). The black circles denote the ring electrode trap results of 
Gerlich ( 1992 ) while the purple circles and orange squares are those from the 
flo wing afterglo w and SIFT measurements of Fehsenfeld et al. ( 1974 ) and 
Henchman, Adams & Smith ( 1981 ), respecti vely. The Lange vin rate constant 
is plotted as a dashed grey line. The green horizontal line gives our selected 
constant value. The fit of GP98 is denoted by the thin red line (superposed 
with the Langevin rate constant). 

Figure 8. Rate coefficients for the destruction of HD via HD + H 

+ . Blue 
empty squares correspond to the theoretical rate coefficient of Gonz ́alez- 
Lezana, Hily-Blant & Faure ( 2022 ). The black squares denote the SIFT 

measurements of Henchman et al. ( 1981 ). The green line gives our fit. The 
fit of GP98 is denoted by the thin red line. 

Figure 9. Rate coefficients for the radiative association of He and H 

+ . Blue 
empty squares correspond to the theoretical rate coefficient of Courtney et al. 
( 2021 ). The green line gives our fit. The fit of GP98 is denoted by the thin 
red line. 
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esults of Gonz ́alez-Lezana et al. ( 2022 ) are also in good agreement
ith the more exact (but less extensive) quantum time-independent

alculations of Lepers, Guillon & Honvault ( 2021 ), including state-
o-state cross-sections. The fit of GP98 is found to agree well. 

.3 Helium chemistry 

.3.1 He1) Helium recombination 

his process is important for chemical models starting at z � 1700,
hen helium has not yet recombined. Since our chemical network is

imited to temperatures lower than 10 000 K ( z � 3700); ho we ver,
e assume that He 2 + has recombined (in Saha equilibrium) at z ∼
000, and He + recombination only is considered. As for hydrogen,
he helium recombination has been investigated in detail by several
roups o v er the years (see Chluba, Fung & Switzer 2012 , and
eferences therein). Switzer & Hirata ( 2008 ) have shown that the
nclusion of intercombination lines and of the continuum absorption
f hydrogen leads to an acceleration of He + recombination at z ∼
700, much earlier than in previous models (see their Fig. 14 ). Here,
s in other primordial chemical networks, we have assumed direct
ecombination to the He ground state 1s2 ( 1 S), i.e. Saha equilibrium,
esulting in an even earlier recombination at z ∼ 2200 (see Fig. 12
elow). The impact on chemistry is negligible since the abundances
f primordial molecules become significant at much lower z, as we
ill see below. The theoretical rate coefficient of Hummer & Storey

 1998 ) was adopted (from their table 5), which co v ers the electron
emperature range 10–2.5 × 10 4 K. Our power-law fit ( γ = 0) was
ound to reproduce their data to within 2 per cent up to 10 000 K.

e note that helium recombination rate coefficients were extended
p to 10 9 K by Nahar ( 2010 ) and the agreement with the results
f Hummer & Storey ( 1998 ) was found to be v ery good. Abo v e
3 × 10 4 K, Nahar ( 2010 ) also found dielectronic recombination

o dominate o v er radiativ e recombination, leading to a strong peak
f the rate coefficient at T ∼ 3.2 × 10 5 K, beyond which the rate
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oefficient falls smoothly again. In this regime, a good agreement 
ith experimental recombination spectra was noted by Nahar ( 2010 ). 

.3.2 He2) Helium photoionization 

he helium photoionization rate coefficient k R ( T ) was obtained using
he detailed balance relation equation ( A1 ): 

 

I ( T ) = 4 k R ( T ) 
(2 πm e k B T ) 3 / 2 

h 

3 
exp ( −2 . 85 × 10 5 /T ) , (5) 

here g (He + ) = 2, g (He) = 1, and χ = 24.6 eV (2.85 × 10 5 K), and
here k R ( T ) is the rate coefficient for He + recombination (reaction
e1). Equation ( 5 ) was thus directly applied to the fit of reaction He1)

see Table 1 ). As a check, we also computed k I ( T ) by integrating
he He(1s2) photoionization cross sections of Yan, Sadeghpour & 

algarno ( 1998 ) (provided in their table 2) o v er black-body radiation
elds. The agreement with equation ( 5 ) was found to be excellent,
s expected. 

.3.3 He3) Radiative association of He and H 

+ 

he recent detection of HeH 

+ in the planetary nebula NGC 7027 
Neufeld et al. 2020 ) has stimulated new calculations of the rate
oefficients for its formation and destruction. In the early Universe, 
he dominant formation process involves the radiative association 
etween He and H 

+ . No measurement exists but rovibrationally- 
elected rate coefficients were computed recently by Courtney et al. 
 2021 ) for this process. These authors also provided LTE and
on-LTE (in the zero-density limit) rate coefficients in the kinetic 
emperature range T k = 1–10 4 K, with both T r = 0 and T r = T k .
or the non-LTE cases, good agreement with the older calculations 
f Zygelman, Stancil & Dalgarno ( 1998 ) was found. As displayed
n Fig. 9 , our fit for the LTE case ( T r = T k ) nicely reproduces the
ata of Courtney et al. ( 2021 ) 3 down to 10 K (to within 15 per cent).
t lower temperature the theoretical rate coefficient decreases slowly 
hile our modified-Arrhenius fit with γ = 13 K (see Table 1 ) predicts
 strong drop. We also note that stimulated radiative association 
ecomes significant for T r � 200 K, as shown in fig. 1 of Courtney
t al. ( 2021 ). Finally, we can notice (Fig. 9 ) that the fit of GP98
argely o v erestimates the data of Courtne y et al. ( 2021 ), by up to a
actor of 10 at 10 K. 

.3.4 He4) Photodissociation of HeH 

+ 

xperimental data for the photodissociation of molecules are very 
carce. In the case of HeH 

+ , one measurement was performed 
y Pedersen et al. ( 2007 ) at 32 nm (38.7 eV) using a fast ion
eam crossed with a free-electron laser. Qualitative agreement with 
heory was observed in this XUV-wavelength regime (see Loreau 
t al. 2011 , and references therein). For photons with much greater
avelengths, photodissociation of HeH 

+ is dominated by pure 
ovibrational transitions in the X 

1 
 

+ electronic ground state, leading 
o the He + H 

+ dissociation channel. The dissociation energy from
he ground rovibrational level of HeH 

+ is 1.845 eV (Stanke et al.
006 ). Accurate photodissociation cross sections were computed 
or an e xtensiv e set of HeH 

+ ro vibrational lev els by Miyake, Gay
 Stancil ( 2011 ). LTE cross-sections were also obtained by these

uthors assuming a Boltzmann distribution of rovibrational levels 
 The theoretical data of Courtney et al. ( 2021 ) were digitalized from their 
g. 1. 

t  

b  

t  

o  
t temperatures between 500 and 12 000 K. We derived the rate
oefficients by integrating these LTE cross-sections over black- 
ody radiation fields, with radiation temperatures T r in the range 
00–12 000 K. A modified-Arrhenius fit of the rate coefficients 
as then performed o v er the restricted temperature range 1000–
0 000 K where the rate coefficient is significant i.e. larger than
0 −8 s −1 , with an accuracy better than 6 per cent. We note that the
ther dissociation channel He + + H (via the A 

1 
 

+ electronic state)
ecomes competitive only at radiation temperatures abo v e 10 000 K
see fig. 2 in Miyake et al. 2011 ) and was thus neglected. 

.3.5 He5) Destruction of HeH 

+ by H 

he proton transfer between HeH 

+ and H is a simple triatomic
 xample of e xothermic and barrier-less reactions. It was studied
n the laboratory by Rutherford & Vroom ( 1973 ) using crossed
eam techniques and absolute cross-sections were reported by these 
uthors in the energy range 0.2–4 eV. A good agreement with the
uantum time-independent calculations of Esposito et al. ( 2015 ) was
bserv ed, pro vided that the absolute experimental values are rescaled
y a constant factor of 2.4. Esposito et al. ( 2015 ) also performed
uasi-classical calculations in order to extend their results at higher 
ollision energy (abo v e 1.25 eV) and for higher HeH 

+ rovibrational
tates (abo v e v = 0, j = 5). The y were thus able to deriv e and fit
he thermal reaction rate coefficient up to 15 000 K, as reported in
ig. 10 , where we can observe that the agreement with the single
xperimental value measured by Karpas et al. ( 1979 ) at 298 K is
xcellent. We note that the rate coefficient shows a broad maximum
t ∼6000 K close to the Langevin value. Our modified-Arrhenius 
t reproduces the polynomial fit provide by Esposito et al. ( 2015 )

o within 25 per cent up to 10 000 K. The constant value of GP98 ,
ased on the measurement by Karpas et al. ( 1979 ), is much larger
han the data of Esposito et al. ( 2015 ) below 300 K, by up to a factor
f ∼20 at 10 K. It is ho we ver unclear why the reactivity decreases
MNRAS 531, 340–354 (2024) 
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o rapidly below ∼300 K and further theoretical and experimental
tudies, in particular at low-temperature, are desirable. We note in
his context that new quantum time-independent calculations are in
rogress (Yohann Scribano, pri v ate communication). 

 A BU N DA N C E S  A N D  LEVEL  POPULATIONS  

he temporal evolution of the number density n ( X ) of each chemical
pecies is followed during the expansion by solving the differential
quation (see equation 6 of FP00 ): 

1 

n ( X) 

d n ( X) 

d t 
= 

N ( X) 

n ( X) 
− 3 

a 

d a 

d t 
, (6) 

here N ( X ) is the net rate of formation (or destruction, if ne gativ e) of
hemical species X per unit volume and a ( t ) is the scale factor ( a ( t )
 (1 + z) −1 ). The rate of expansion of the Universe is determined

y 

1 

a 

d a 

d t 
= H ( t) (7) 

ith 

 ( t) = H 0 

(
�r 

a 4 
+ 

�m 

a 3 
+ �� 

) 1 
2 

. (8) 

he cosmological parameters are taken from Planck Collaboration
I ( 2020 ): H 0 = 67.4 km s −1 Mpc −1 , �b = 0.0493, �m 

= 0.315, �r 

 9.27 × 10 −5 , and �� 

= 0.685. Neglecting the contribution of �r ,
he expansion parameter approximates to 

( t) = 

[
�m 

�� 

sinh 2 
(

t 

t � 

)] 1 
3 

, (9) 

here t � 

= 2 / (3 H 0 �
0 . 5 
� 

). The use of equation ( 8 ) for H ( t ), rather than
quation ( 2 ) of FP00 (Einstein–de Sitter universe), has consequences
or the dynamical (adiabatic expansion) time-scale and hence for the
volution of the OPR of H 2 (see below). 

The rates of chemical reactions relating to H-, D-, and He-bearing
pecies was updated following Section 2 . The full set of coupled
ifferential equations which is solved is given in section 2 of FP00 .
e note that in this approach, four ‘fluids’ are considered: neutrals,

ositive ions, electrons, and photons. The variation with time of the
our temperatures are given by Flower & Pineau des For ̂ ets ( 2000 ) in
heir equations (1), (3), (4), and (5), respectively. In practice, neutrals,
ositive ions, and electrons have almost identical temperatures.
n the other hand, we adopt a more recent determination of the
rimordial deuterium abundance, n D / n H = 2.53 × 10 −5 (Cooke,
ettini & Steidel 2018 ). 
With a view to establishing the impact of the OPR of H 2 on the

hermodynamic evolution of the primordial gas, the population of
he rovibrational levels of H 2 must be computed explicitly. In order
o compute the population densities of the rovibrational levels of H 2 ,
n equation similar to equation ( 6 ) must be solved for each level n i 
 ( v, j ) of H 2 : 

1 

n i 

d n i 
d t 

= 

N i 

n i 
− 3 

a 

d a 

d t 
, (10) 

here 

 i = 

N ∑ 

i �= j 

n j P ji − n i 

N ∑ 

i �= j 

P ij . (11) 
NRAS 531, 340–354 (2024) 
ith N the number of H 2 levels taken into account (see below), P ji 

nd P ij the populating and depopulating rates: 

 ij = 

{
A ij + B ij B ν( T r ) + C ij ( i > j ) 

B ij B ν( T r ) + C ij ( i < j ) . 
(12) 

n the abo v e equation, B ν( T r ) is the Planck function, A ij and B ij 

re the H 2 Einstein coefficients for (quadrupole) spontaneous and
timulated emission, respectively, and the C ij are the rates for inelastic
nd exchange collisions of H 2 with the perturbers H, He, H 2 , H 

+ ,
nd e − (see Flower et al. 2021 , for more detailed information on the
ources of these data). In particular, for collisions with H 

+ , the recent
tate-to-state rate coefficients of Gonz ́alez-Lezana et al. ( 2021 ) were
dopted. We note that state-to-state exchange collisions with both
 

+ and H can lead to a change of the total nuclear spin of H 2 and
ence to ortho-para conversion. On the other hand, the contribution
f chemical reactions (formation and destruction of H 2 ) is not state-
elective in our approach. 

In contrast to H 2 , HD has a small but finite dipole moment and
ence dipolar radiative transitions are allowed. Such transitions are
ntrinsically faster than the quadrupole transitions which characterize
 2 , and the radiative lifetime of the ( v = 0, j = 1) level, which is

omewhat less than a year, is ten orders of magnitude less than the
ge of the Universe. Results illustrating these points are presented
n Section 4 below. The dynamical term, −3 da /( adt ), can thus be
eglected. Collisions of HD with the neutral perturbers H, He, H 2 

ere taken into account following the analysis of Flower et al. ( 2000 ).

 RESULTS  

ollowing the procedure described in Section 3 , we have computed
he variation with z of the abundances of the chemical species and
he population densities of the lower rovibrational levels of H 2 and
D. Eighteen levels of H 2 (up to 1.0 × 10 4 K abo v e the ground state,

.e. v = 0, j = 0 to 10 and v = 1, j = 0 to 6) were taken into account
nd, in the case of HD, rotational levels j = 0 to 9 of the vibrational
round state. In view of the larger radiative rates applicable to HD,
nly the steady-state level populations were computed at each value
f z. Results for z < 20 are not presented because at these redshifts
he kinetic temperature is lower than 10 K, as shown Fig. 11 . 
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Figure 12. Electron fraction as function of the redshift. The inset zooms into 
the region of He recombination. 
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Figure 13. The fractional abundances, n ( X )/ n H , of significant atomic and 
molecular species, X , computed as functions of the redshift, z. The violet 
dashed line in the upper panel shows the HeH 

+ abundance when the Langevin 
rate constant is used for the destruction of HeH 

+ by H (reaction He5). 
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.1 Recombination 

n Fig. 12 , the free electron fraction is plotted as function of redshift.
ur result is compared to the simple Saha equilibrium solution and to

hat obtained with the recombination code Recfast ++ (Chluba & 

homas 2011 ). 4 This code is based on the three-level atom model of
eebles ( 1968 ) and it has been shown to describe the electron fraction

o within ∼ 0 . 1 per cent compared to a full multilevel computation 
Hart & Chluba 2018 ). The agreement between our result and the
aha solution is excellent at high z while for z � 1000, the present
lectron fraction is found to freeze-out at a value of ∼2 × 10 −4 .
imilarly to the OPR of H 2 , this freeze-out occurs at low density
hen the hydrogen recombination time becomes longer than the 
ubble time. The Recfast ++ calculation shows that both He 

nd H recombinations are significantly delayed with respect to our 
alculation, due to additional specific processes (Glo v er et al. 2014 ).
t redshifts where molecular abundances become significant ( z � 

00, see belo w); ho we ver, our electron fraction closely approaches
he Recfast ++ curve. This shows that our simple case-B treatment 
f hydrogen recombination is adequate for the present application. 
The recombination of H and He also produces a non-thermal 

hoton excess in the Wien tail of the CMB. These photons can
nhance the photodestruction of atoms and molecules and such 
ffects were investigated by Hirata & Padmanabhan ( 2006 ) and 
oppola et al. ( 2013 ) in the case of the H 

− photodetachement
nd H 

+ 

2 photodissociation processes. Coppola et al. ( 2013 ) found 
he abundances of H 

−, H 2 , and HD to be reduced (by a factor
f ∼3) for z < 100, compared to models where the non-thermal
hotons are neglected. Ho we ver, calculations of z-dependent non- 
hermal spectral features, and their o v erlap with photodestruction 
ross-sections, are complex and significant only for z < 100. 
ccordingly, and following W18 , with whom we compare results, 
e also neglected these ‘distortion’ photons. 
 This code is available at http:// www.Chluba.de/ CosmoRec . 

(  

m  

e  

H

.2 Atomic and molecular abundances 

n Fig. 13 are plotted the fractional abundances, n ( X )/ n H , where
 H = n ( H ) + 2 n ( H 2 ) + n ( HD ) + n ( H 

+ ), of significant species, X .
ur results are broadly in agreement with those of W18 , with the

xceptions of HeH 

+ whose abundance continues to grow at z � 300
nd approaches freeze-out only at redshifts z < 20 (see below). A
imilar increase of the HeH 

+ fractional abundance can be observed in
g. 2 of Galli & Palla ( 2013 ) and figs 6 and 7 of Courtney et al. ( 2021 ),
resumably because of similar formation and destruction rates. In 
rder to test the impact of the destruction rate of HeH 

+ by H, we
ave additionally run our chemistry with the Langevin rate constant 
 k L = 2.09 × 10 −9 ) for reaction He5), instead of the rate coefficient
omputed by Esposito et al. ( 2015 ). In this case, the HeH 

+ abundance
dashed line in Fig. 13 ) is almost constant and close to 10 −15 at
edshifts z < 300. The impact on the other abundances is, ho we ver,
egigible. It should be noted that the dissociative recombination 
DR) of HeH 

+ with electrons is neglected in our network, as in the
inimal network of GP98 . We have checked that including the recent

xperimental rate coefficient from Novotn ́y et al. ( 2019 ) for the DR of
eH 

+ does not decrease significantly the HeH 

+ abundance, except at 
MNRAS 531, 340–354 (2024) 
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M

Figure 14. Left and middle: Boltzmann plots of the normalized populations, n i / n ( X ), of the energy levels i of X = H 2 and X = HD , divided by their statistical 
weights, g i , at z = 295 ( T = 722 K, T r = 792 K), as functions of their excitation energies, E i . The red and black dashed lines are the LTE solutions at T = 

722 K and T r = 792 K, respecti vely. Right: The v alues of the OPR of H 2 ratio, and the ratios of the populations of the two lowest rotational levels of H 2 and 
HD, computed as functions of the redshift, z. 
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5 Owing to the parameters adopted in the numerical integration, z = 295 
was our nearest output point to z = 300; this difference is not significant 
in the context of the present comparison. Note also that we plot normalized 
populations, n i / n ( X ), while fractional abundances (relative to n H ) are shown 
in Figs 14 and 15 of W18 . 
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edshifts z � 15. We stress that, because the temperature dependence
f the thermal rate coefficient (Novotn ́y et al. 2019 , see their fig. 4) is
oorly fitted with a modified-Arrhenius form, special care is required
nd a specific fit is recommended for this reaction (see Appendix B).
e also note that the state-specific measurements of Novotn ́y et al.

 2019 ) were nicely reproduced by the calculations of Čur ́ık, Hvizdo ̌s
 Greene ( 2020 ), confirming the non-monotonic low-temperature

ehaviour of the DR rate coefficient. 
Similarly, we have tested the impact of the DR of H 

+ 

2 , which
s also neglected in our network. Using the theoretical thermal rate
oefficient of Ep ́ee Ep ́ee et al. ( 2016 ), we have found that this reaction
with again a strongly non-monotonic temperature dependence) has
 negligible impact on the H 

+ 

2 abundance at redshifts z ≥ 20. We have
lso checked that our poor fit for reaction H7) (radiative association of
 and H 

+ ) below 50 K has only a moderate impact (less than a factor
f 2) on the H 

+ 

2 abundance, provided that z ≥ 20. The strong decrease
f H 

+ 

2 is thus due to the charge exchange reaction with H (reaction
9), which forms H 2 at redshifts z > 100. We can also observe in the

ower panel of Fig. 13 that the peak of the H 

+ 

2 abundance is followed
y a peak of the H 

− abundance, which corresponds to the final jump
n the abundance of H 2 . 

Finally, we tested the impact of the reaction HD + H → H 2 +
 and its reverse reaction H 2 + D → HD + H, also ignored in our
etwork. The rate coefficients were taken from the quantum study
f Desrousseaux, Coppola & Lique ( 2022 ) and the experimental
 v aluation of Michael, Su & Sutherland ( 2004 ), respectively, and the
wo reactions were found to be negligible except at redshifts 400 <
 < 1300 where the HD abundance was reduced by up to a factor of
 at z ∼ 1000. 
In general, the impact of our revised chemistry is found to be
odest with respect to previous models, especially for the H 2 and
D abundances, suggesting that the rate coefficients for the major

ormation and destruction chemical routes in the (homogeneous)
arly Universe have converged and reached a sufficient level of
ccuracy and precision. The largest remaining uncertainty likely
oncerns the charge exchange between H 

+ 

2 and H (reaction H9),
he reverse process (reaction H10). 

.3 H 2 and HD populations 

he level populations of HD and H 2 are shown at a redshift z = 295
n Fig. 14 . As is evident from the left-hand panel, the populations of
he levels of H 2 up to at least 10 4 K (0.86 eV) abo v e the ground level
NRAS 531, 340–354 (2024) 
re thermalized at the background radiation temperature T r = 792 K.
his disagrees with fig. 15 of W18 5 who find that the low-energy

evels are thermalized by the CMB, although with populations that
re about six orders of magnitude below their expected values. In
ontrast, high-energy levels have the values expected in equilibrium.
oppola et al. ( 2011 ) have shown that, at low z, the vibrational level
opulations of H 2 are determined by a balance between radiative,
ormation and destruction rates. Under these circumstances, the
evel populations become dependent on assumptions regarding the
tate-specificity of the reacti ve processes. Ho we ver, the attribution of
he six-orders-of-magnitude shift between the low- and high-energy
evel populations to some memory of the formation mechanism
eems improbable (see below). Indeed, we have tested the impact of
hemical pumping on the level populations of H 2 by using a simple
teady-state model of excitation, including all 302 bound levels of
 2 i.e. up to v= 14, j = 4. Simple but physical prescriptions (based on

nthalpy change) were used for the formation and destruction rates
nd strong deviations from LTE were found for highly excited and
eakly populated levels of H 2 (those lying more than ∼30 000 K

bo v e the ground state). Ho we ver, all lo wer le vels were found to
e accurately thermalized at the CMB temperature, indicating that
ighly excited levels have no influence on the low-lying levels
nvestigated here. Finally, it should be noted that non-Boltzmann
evel populations in H 

+ 

2 and H 2 were also found by Hirata &
admanabhan ( 2006 ) and Alizadeh & Hirata ( 2011 ), respectively.
o we ver, in both studies, spectral distortions to the CMB were

ncluded so that it is difficult to disentangle the roles of reactive
nd radiative processes. 

In the case of HD, our calculations show that the level populations
re also thermalized with the radiation field (Fig. 14 , middle panel).
his is in disagreement with the results of W18 (their fig. 14) in
hich the population of some rovibrational levels are underpopulated

elative to a Boltzmann distribution This situation could arise only
hrough the intervention of inelastic or reactive collision processes.
o we ver, the rates for radiative, inelastic (with H, the main collider),

nd reactive collisions are, respectively, of the order of 10 −7 s −1 

and up to 10 −5 s −1 ), < 10 −9 s −1 (at z = 295), and < 10 −11 s −1 (see



The chemistry and excitation of H 2 and HD 351 

F  

W  

t  

t  

b
w

o
H  

<  

p  

o  

t
o

 

b
(
F
w
p
w
r

4

W
fi  

P
s
(  

t
t
s  

l
=  

o
e
c  

T  

w  

k  

t
w  

o
o  

0  

c

t  

r  

s  

t  

c
t  

t  

0  

t
t  

F  

d
 

p  

a  

d

5

W  

p  

c
t
e  

p
r  

n  

f
H  

(
s
o  

d

r  

v  

H  

l  

b
f
F
h  

o

t  

o  

d  

d  

t  

t
a
i  

(
d  

p  

fi
f  

p

A

W  

n
t
G
r
a  

S  

t  

f
H  

r
t  

L  

a
a

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/531/1/340/7644349 by guest on 16 M
ay 2024
ig. B1 and Appendix B ). The HD reaction rates are e ven slo wer in
18 with rates below 10 −13 s −1 at z = 300 (their figs 8, 9, and 11,

ogether with their equation (4) for n H ( z)). On this basis, radiative
ransitions are the fastest and one expects the HD level populations to
e thermalized at the temperature of the black-body radiation field, 
hich is exactly the result of our own calculations. 
For H 2 in its ground vibrational state, the corresponding rates 

f intra-para or intra-ortho radiative, inelastic collisions (with H or 
e), and reactive collisions are > 10 −11 s −1 (and up to 10 −6 s −1 ),
 10 −12 s −1 (at z = 295), and < 10 −13 s −1 (see Fig. B1 and Ap-

endix B ). Thus, in the case of the ground vibrational state of H 2 ,
ne also expects the populations of the para or ortho levels to be
hermalized at the temperature of the black-body radiation field (the 
rtho:para ratio is considered in the following Section). 
We note that higher rovibrational levels of HD and H 2 tend to

e even more dominated by radiative processes, in view of the ν3 

dipole) or ν5 (quadrupole) frequency-dependence of the A values. 
urthermore, any memory of state-specific formation processes 
ould be very short, compared with the time-scale for destruction 
rocesses and adiabatic e xpansion, e xcept for highly excited and 
eakly populated levels where the destruction rates exceed the 

adiative rates (Coppola et al. 2011 ). 

.4 Ortho:para freeze-out 

hile the level populations of H 2 are thermalized with the radiation 
eld at z = 295, this is no longer the case at lower redshifts when
op III progenitors form because the expansion time-scale becomes 
maller that for ortho:para conversion reactions. The dynamical 
cosmic expansion) term in equation ( 6 ) can be ignored only if
he associated time-scale, τ exp ∼ 1/3 H ( t ), is significantly longer 
han the time-scale to reach a chemical and level population steady- 
tate. In the case of H 2 , the radiative lifetime of the lowest ortho-
evel ( v = 0, j = 1), which decays to the lowest para-level ( v 
 0, j = 0), exceeds the age of the Universe by about three

rders of magnitude. Therefore, the ortho:para conversion proceeds 
 xclusiv ely through proton exchange which is dominated by reactive 
ollisions with H 

+ (see Fig. 13 ) at redshifts below z ≈ few 100.
he associated timescale is τ op ∼ 1/( k op n (H 

+ )) ∼4000/(1 + z) 3 Gyr,
here a fractional abundance n (H 

+ ) /n H = 2 ×10 −4 was adopted and
 op ∼ 2 ×10 −10 cm 

3 s −1 from Gonz ́alez-Lezana et al. ( 2022 ). Both
he ortho:para conversion and the expansion time-scales increase 
ith time from the big bang, but as the density of the gas decreases,
wing to its expansion, τ op comes to exceed τ exp at z ≈ 50. The 
nly levels of H 2 which then retain a significant population are v =
, j = 1, and v = 0, j = 0, and hence the OPR ‘freezes-out’ at the
orresponding value of n ( v = 0, j = 1)/ n ( v = 0, j = 0). 

This is illustrated in Fig. 14 (right-hand panel) which compares 
he OPR of H 2 with the n ( v = 0, j = 1)/ n ( v = 0, j = 0 population
atio. It may be seen that the latter is close to its high temperature
tatistical value of 9 at high z, well abo v e the actual OPR ( ≈3) and
hat the two ratios converge to the same value of ≈0.4 for z � 50. In
hemical steady state, on the other hand, the ortho:para ratio tends 
owards zero, as in fig. 19 of W18 , because there is no restriction on
he time available for transfer of population from v = 0, j = 1 to v =
, j = 0. Similar considerations apply to H 

+ 

2 , which, like H 2 , displays
he ortho–para (nuclear spin) dichotomy. We note that the dynamical 
ime calculated from equations ( 7 )–( 9 ) exceeds that calculated by
lower et al. ( 2021 ), who used equation (2) of FP00 , resulting in
elayed freeze-out and hence a lower value of the ortho:para ratio. 
In contrast to H 2 , the expansion does not determine the relative

opulations of the two lowest rotational levels of HD (see Fig. 14 )
s the time-scale for population transfer al w ays remains below the
ynamical time-scale. 

 C O N C L U D I N G  R E M A R K S  

e have studied the chemistry during the adiabatic expansion of the
rimordial gas, using the results of our determinations of the rate
oefficients for atomic and molecular reactions and recent values of 
he rele v ant cosmological parameters. The molecular abundances, 
specially those of H 2 and HD, were found in good agreement with
revious studies, suggesting that the dominant (thermal) reaction 
ate coefficients have now reached such an accuracy that they are
o longer a limiting f actor. Tw o important reactions that need
urther investigations are the charge exchange process between 
 

+ 

2 and H and its reverse reaction. In particular, the state-to-state
ro vibrationally resolv ed) reaction dynamics of these two reactions 
hould be investigated in order to revisit the rovibrational chemistry 
f H 

+ 

2 , H 2 , and HD and re-examine deviations from Boltzmann
istributions. 
On the other hand, significant differences were found with the 

esults of a detailed study by W18 , particularly with regard to the
ariations with redshift, z, of the populations of the energy levels of
 2 and HD. At redshifts larger than ≈100, we find the rovibrational

evels population to be thermalized at the temperature of the cosmic
ackground radiation field, whereas W18 found large deviations 
rom thermal equilibrium. The reason for the discrepancy is unclear. 
urthermore, our calculations show that, at z below ≈50, expansion 
as a significant effect on the OPR of H 2 , an aspect which was
 v erlooked in W18 . 
While the chemical conditions during the adiabatic contraction 

hat occurs in the initial phase of collapse hav e ne gligible impact
n the thermodynamics of the gas (Omukai 2000 ; Flower & Pineau
es For ̂ ets 2001 ), this is no longer the case when molecular cooling
ominates o v er compression work. Then, cooling by H 2 is expected
o depend on the OPR of H 2 and the present calculations demonstrate
he need for self-consistent calculations of the level populations 
nd chemical abundances (including ortho:para conversion), taking 
nto account the dynamics of the gas. A more complete network
including e.g. the three-body H 2 formation) appropriate to the high- 
ensity reached during the collapse towards Pop III stars will be
ublished in a future work. In this context, we finally note that the
rst application of our network to simulations of early structure 
ormation, but restricted to densities lower than ∼10 5 cm 

−3 , was
ublished very recently by Lenoble et al. ( 2024 ). 
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 T e = T r = T ) can be written as 

k I ( T ) 

k R ( T ) 
= 

2 g i+ 1 

g i 

(2 πm e k B T ) 3 / 2 

h 

3 
exp ( −χ/T ) , (A1) 

here k R ( T ) is the recombination (or radiative attachment) rate
oefficient, g i is the statistical weigth of atoms in the i th state of
onization, k B is the Boltzmann constant, and χ is the ionization 
otential (in Kelvin) from ionization state i to i + 1. The right-hand
ide of equation ( A1 ) is the Saha ratio of populations ( n i + 1 n e / n i )
.e. the Saha equilibrium solution. It should be noticed that equation 
 A1 ) involves both spontaneous and stimulated ( X 

i + 1 + e − + νb 

 X 

i + ν + νb ) radiative processes. 

PPEN D IX  B:  C H E M I C A L  A N D  DY NA M I C A L  

IMESCALES  

eferring to equations ( 6 ) and ( 7 ) of the main text, the significance
f the dynamical (adiabatic expansion) term, relative to chemical 
ormation or destruction, may be assessed by comparing the mag- 
itudes of the rates on the rhs of equation ( 6 ). In Fig. B1 , we plot
orresponding dynamical time-scale, 1/[3 H ( t )], with the chemical 
ime-scales, given by the rate per unit volume of a formation or
estruction reaction, divided by the species number density. 6 Note 
hat we have added in the lower panels of Fig. B1 the chemical
imes scales for the DR of H 

+ 

2 and HeH 

+ , two destruction reactions
ot included in our network (see our discussion in Section 4.2 ).
he rate coefficients were fitted using the modified-Arrhenius form 

 v er specific temperature ranges ( T = 1–2000 K for H 

+ 

2 and T =
–100 K for HeH ) with parameters α = 9.00 × 10 cm s , β
 −1.00, γ = −3.49 K for H 

+ 

2 and α = 9.87 × 10 −10 cm 

3 s −1 , β
 −0.352, γ = 0 K for HeH 

+ , respectively, based on the measure-
ents of Novotn ́y et al. ( 2019 ) and the calculations of Ep ́ee Ep ́ee

t al. ( 2016 ). 
As may be seen from the lower-left panel of Fig. B1 , in the case of
 

+ 

2 the time-scales of reactions H7) (formation) and H9) (destruction) 
emain shorter than the dynamical time-scale up to z = 20 (and
elow), and the fractional abundance of H 

+ 

2 continues to decrease 7 ,
s shown in Fig. 13 . A similar results is observed in the lower-
ight panel of Fig. B1 for HeH 

+ , although we note in this case that
he time-scales of chemical reactions that both form and destroy 
eH 

+ become greater than the dynamical time-scale for z � 10 (not
lotted), where its fractional abundance freezes out with a fractional 
bundance of ∼10 −14 . We can also notice that the DR time-scale for
oth H 

+ 

2 and HeH 

+ is substantially greater than the time-scale for
estruction by H o v er the entire range of Fig. B1 , in agreement with
ur discussion in Section 4.2 . In the case of H 2 and HD (upper panels
n Fig. B1 ), the time-scales of the formation reactions become greater
han the dynamical time-scale for z � 100, where their fractional
bundances are indeed shown to freeze out in Fig. 13 . 

 Walker et al. ( 2018 ) plot, in their fig. 7 for example, the rates (s −1 ) of
ormation and destruction reactions. 
 Although not apparent on the scale of Fig. B1 , the rate of destruction of H 

+ 
2 

xceeds its rate of formation at low values of z. 
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Figure B1. A comparison of the time-scales for formation (in blue) and destruction (in red) of the indicated molecular species, computed as functions of the 
redshift, z, and compared with the dynamical time-scale for adiabatic expansion, 1/[3 H ( t )]; see text, Section 4 . 
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