A&A, 698, A32 (2025)
https://doi.org/10.1051/0004-6361/202452761
© The Authors 2025

tronomy
Astrophysics

Distortion of the CMB spectrum by the first molecules
of the Dark Ages

Yu. Kulinich*® and B. Novosyadlyj

Astronomical Observatory of Ivan Franko National University of Lviv, Kyryla i Methodia Str., 8, Lviv 79005, Ukraine
Received 26 October 2024 / Accepted 21 March 2025

ABSTRACT

Context. The formation of the first stars and galaxies at Cosmic Dawn was preceded by primordial chemistry reactions during the
Dark Ages, generating the first molecules, H,, HD, and HeH*, which were critical for the emergence of the first stars. These molecules
absorb and scatter cosmic microwave background (CMB) quanta leading to distortion of the CMB spectrum.

Aims. We aimed to estimate how much bound-bound transitions between the rovibrational levels of H,, HD, and HeH* molecules
contribute to the distortion of the CMB spectrum in the standard ACDM cosmology.

Methods. We modelled the formation kinetics of the first molecules using a system of 166 chemical reactions involving 20 reagents.
We solved the differential equations governing the processes of spontaneous and collisional transitions between rovibrational levels of
H,, HD, and HeH" molecules. The populations of rovibrational levels and the optical thickness of the gas in transition lines between
these levels were used to estimate the differential brightness produced by the first molecules on the CMB.

Results. The signal from the first molecules in the standard ACDM cosmology takes the form of an absorption profile in the CMB
spectrum and originates from the Dark Ages. The H, absorption profile features multiple peaks, reaching a maximum of ~1073 Jy/sr
within the frequency range of ~50 GHz to ~120 GHz. The major contribution to absorption originates at redshifts 300 > z > 200.
The HD absorption profile features double peaks, reaching a maximum of ~107> Jy/sr within the frequency range from ~40 GHz to
~70 GHz, with the dominant absorption contribution originating at redshifts 300 > z > 30. The absorption profile of HeH* ion-
molecule has no features, reaching a maximum of ~1077 Jy/sr within the frequency range of ~200 GHz to ~800 GHz, and absorption

comes mainly from redshifts 100 > z > 4.
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1. Introduction

Approximately 300 000 years (redshift z ~ 1100) after the Big
Bang, the plasma recombined and cosmic microwave back-
ground (CMB) photons had decoupled from baryonic matter.
This marked the beginning of the Dark Ages, which lasted until
the emergence of the first stars and galaxies at z ~ 20-30.
During this epoch, the Universe was filled with CMB photons,
dark matter (DM), dark energy (DE), and a weakly ionised
gas composed primarily of hydrogen (x92.4% of total num-
ber density), helium-4 (x7.6%; Aver et al. 2015), along with
trace amounts of deuterium (22.45 - 1073%; Cooke et al. 2014),
as well as lithium-7 (as predicted by Coc & Vangioni 2017 to
amount to ~5.61 - 1073% while observed Sbordone et al. 2010
to be ~1.58 - 1078%). DM halos formed from initial overdensity
perturbations, while primordial chemical reactions produced the
first molecules. Molecular hydrogen (H,) emerged as the most
abundant compounds (Latter & Black 1991; Lepp et al. 2002;
Coppola et al. 2011a; Longo et al. 2011), followed by deuterium
hydride molecules (HD) (Leppetal. 2002; Glover & Abel
2008; Gay et al. 2011), helium hydride ion-molecules (HeH™,
Schleicher et al. 2008; Bovino et al. 2011), and lithium hydride
molecules (LiH) (Dalgarno etal. 1996; Stancil etal. 1996;
Bougleux & Galli 1997; Schleicher et al. 2008).

The estimation of molecular fractions is determined by the
primordial chemistry model used, namely the set of chemical
reactions and their rates as functions of gas, electron, or radiation
temperatures. Primordial chemistry can include up to 300 reac-
tions that involve around 30 reagents (Gay et al. 2011). How-
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ever, beyond the completeness of the reaction set, the sensitivity
of molecular number predictions also depends on the accuracy
of reaction rates. Since updates to reaction chains and rates can
affect the estimation of abundances, numerous attempts to trace
chemical evolution during the Dark Ages have yielded diver-
gent results, sometimes by orders of magnitude (Signore & Puy
2009; Bovino et al. 2009; Galli & Palla 1998, 2002; Black
2006; Sethi et al. 2008; Puy & Signore 2007; Puy et al. 1993;
Schleicher et al. 2008; Lepp et al. 2002; Lepp & Shull 1984).
The absence of dust and heavy elements in the early Universe
leads to extremely low molecular abundances. Molecular frac-
tions in baryonic gas relative to the cosmological background
reach ~10-10"° for H,, ~107°-10"'° for HD molecules,
~107"1-10"'* for HeH* ions, and ~1072° for LiH at the end
of the Dark Ages. In the DM halos, chemical processes are
expected to be more intense as a result of the denser and hot-
ter environment. The number densities of H, and HD molecules
at the moment of halo virialisation are estimated to be ~10* and
~400 times higher, respectively, than the uniformly expanding
background. Conversely, HeH™" ion densities appear to lower, by
orders of magnitude (Novosyadlyj et al. 2018, 2022). Despite the
fairly low abundances of primordial molecules in the early Uni-
verse, they were crucial ingredients for the formation of the first
stars. Therefore, their detection will provide critical insight into
early-Universe processes that led to the emergence of the first
stars, galaxies, and supermassive black holes.

The Dark Ages are studied by detecting spectral dis-
tortions of the CMB caused by primordial chemistry and
the 21 cm transition in neutral hydrogen. Resonant scatter-
ing of CMB photons in the rovibrational lines of primor-
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dial molecules within Dark Ages halos was first proposed
as an observable signature in the CMB thermal spectrum
by Dubrovich (1977) in the late 1970s. Subsequent anal-
yses explored the possibility of detecting resonant lines
(e.g., Maolietal. 1994, 1996; Basu 2007; Dubrovich et al.
2008) and three observational attempts to date have not
yielded detections (Persson et al. 2010; Gosachinskij et al. 2002;
de Bernardis et al. 1993). Schleicher et al. (2008) considered the
distortion of the CMB spectrum due to absorption, photoion-
isation, and photodissociation processes during free-free and
bound-free transitions involving atomic and molecular ions on
the cosmological background of the Dark Ages. Promising
results were obtained for the negative hydrogen ion H™ and the
HeH* ion-molecules. In this study, we calculate the contribu-
tions of bound-bound transitions between rovibrational levels of
H,, HD, and HeH" to CMB spectral distortions. LiH molecules
are not considered due to their low abundance.

2. Primordial chemistry

Primordial chemical reactions began at the epoch of recombi-
nation, when neutral atoms emerged, and continue in the post-
recombination Universe due to residual free electrons and ions.
The presence of such ingredients in an almost neutral post-
recombination gas triggered a chain of chemical reactions lead-
ing to the synthesis of the first diatomic compounds, of which
the most common were H, and HD molecules, as well as the
HeH* ion. These molecules played a crucial role in forming the
first stars by allowing protostellar gas clouds to cool and col-
lapse. Although the primordial gas was chemically poor, it con-
tained atoms and molecules in various ionised and excited states.
In our calculations, we included the 20 most common reactants,
namely photons of cosmic relic radiation (y), e”, H, H*, H,
H,, H, H}, He, He*, He**, HeH*, D, D™, D*, D, D], HD,
HD™, and H,D*. For these reagents, we considered 166 reac-
tions listed in Table B.1, categorised into three groups as follows.
Reactions not involving He and D nuclei are labelled with the
prefix ‘H_’, reactions involving He nuclei and not involving D
nuclei are labelled with the prefix ‘He_’, and reactions involving
D nuclei are labelled with the prefix ‘D_’. The table shows the
reaction rates as a function of gas, electron, or radiation temper-
ature. The description in the table lists the publications in which
the corresponding approximate expressions were obtained.

In Table B.1 we present new approximate expressions for the
reaction rates of H,; and He;9. The first is calculated based on
the cross-section from the online database'. The second is our
approximation to the combined data of Schauer et al. (1989) and
Johnsen et al. (1980). Certain reactions involving molecules are
sensitive to their quantum state. For these reactions, Table B.1 pro-
vides reaction rates for two scenarios: where molecules are in the
ground vibrational state, v = 0, and where the population of the
rovibrational levels of molecules is described by the local thermo-
dynamic equilibrium (LTE) condition. In the early Universe, the
population of rotational and vibrational levels of molecules was
mainly determined by the temperature of CMB radiation, while
the frequency of collisions depended on the temperature of the
gas. At redshifts z > 200, the gas and background radiation tem-
peratures are equal, so it is valid to use the LTE approximation. At
lower redshifts, the gas temperature is slightly below the temper-
ature of the background radiation and while we continue to use
the LTE approximation, we acknowledge that it is less accurate.

Since the density of the i-th reactant n; changes due to both
chemical reactions and expansion of the Universe, it is con-
venient to represent the amount of the reactant in the form

1 https://home.strw.leidenuniv.nl/~ewine/photo/
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of a fraction, that is, relative to the total number of hydro-
gen nuclei as x; = n;/nyg. The evolution of the fraction of the
i-th reactant x; is determined only by chemical reactions and
is described by a kinetic equation that has the following gen-
eral form (Puy et al. 1993; Galli & Palla 1998; Vonlanthen et al.
2009; Novosyadlyj et al. 2018):

dx,» - .
(E) = Z kf,?nonmxn+Z kf%xm—z kijonixj—kiyxi, (1)
chem mn m j

where k,(,?n is the reaction rate of reactants m and n with the
formation of reactant i. The number of differential equations
can be reduced by applying four equalities: 1 = xgy + xg +
XHg- + Xgp + Xup+ + XgeH+ + 2)61-[;r + ZXHZ + 2xH2D+ + 3XH;, Xp =
XpI + XpI + XHD + XHD* + XH,D*» XHe = XHel + XHell T XHell + XHeH* »
and x, = xpi + Xpu + Xxen + 2Xgem + Xui + Xp; + Xpen+ + Xy +
XHD+ + XH,D* — XH--

In our calculations, we used the last equality to calculate the
fraction of free electrons, while the others allowed us to con-
trol the accuracy of the integration of the differential equations.
We did not calculate the change in the photon number density
because the number of relic photons exceeds the number of pho-
tons arising from recombination by nine orders of magnitude.
All calculations were performed for the period from cosmolog-
ical recombination up to hydrogen reionisation at z,; ~ 6 and
for corresponding values of the main parameters of the cosmo-
logical model determined by the final data release of the Planck
Space Observatory (Planck Collaboration VI 2020).

The main results of our calculations are presented in Fig. 1,
which shows the change in the relative abundances of representa-
tive species involved in the formation of H, (top left panel), HD
(top right panel), and HeH + (bottom left panel) with redshift.
These abundances are given relative to hydrogen, deuterium, and
helium nuclei densities, respectively. The relative abundances of
the first molecules relative to hydrogen nuclei density are pre-
sented in the bottom right panel. Our results qualitatively match
those of other authors, primarily because the core of the most
important reactions is common across these studies.

We have analysed chemical reactions for their influence on
the chemistry of the early Universe, from the moment of recom-
bination to the moment of reionisation. In Table B.1, reactions
that give a maximum contribution to the synthesis or destruc-
tion of the reactants of more than 0.1 percent in the indicated
redshift range are highlighted in bold. Such an analysis identi-
fies reactions that played a noticeable role in the early Universe
(within the framework of the standard cosmological model). It is
assumed that in halos and cosmological models with additional
sources of ionisation and heating, such as primordial magnetic
fields, decaying or annihilating dark matter particles or primor-
dial black holes, this set will be somewhat different. The interac-
tive chemical reaction map in Table B.2 is a new way to visualise
a network of chemical reactions, allowing us to visually track
which reactions are already included in the model of primordial
chemistry and which can or should still be included.

2.1. The chemistry of H,

Direct radiative association of two ground-state neutral hydrogen
atoms (H) to form Hj is very unlikely, with a rate <1072° cm?® s~!
(Gould & Salpeter 1963). This suppression arises because the
emitted photon in this process must be the result of a forbidden
transition between the two Hitler-London states of the molecule.
Direct radiative association of two neutral H atoms is possible if
one of the two colliding atoms is in an excited state (for instance, in

the 2p state). In this scenario, photon emission occurs through an
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Fig. 1. Abundances of atoms, molecules, and ions across redshifts. Panels show relative abundances of key species for H, (top left), HD (top
right), and HeH* (bottom left) in units of the density of hydrogen, deuterium, and helium nuclei, respectively. The bottom right panel displays the
abundances of the first molecules in hydrogen nucleus number density across redshifts.

allowed transition between the two states of the molecule. How-
ever, the fraction of H atoms in the 2p and other excited states
during the post-recombination era is negligible. Therefore, in the
conditions of the early Universe, two indirect channels of H; for-
mation dominate — one mediated by the H™ ion:

H +H->Hy+e, 2)
and the other through the mediation of the ion-molecule HJ:
H} +H - H, +H". 3)

As shown in Fig. 2, the former process dominates at z < 127
and reaches maximum rates at the two peaks located at z ~ 1270
and z ~ 98. The second process dominates at 129 < z < 1400,
reaching peak efficiency at z 1220 and z = 320. The grey
and yellow lines in Fig. 2 show the overall rates of synthesis and
destruction of H, molecules, respectively, which take into account
all the reactions involved listed in Table B.1. The total formation
rate is given as the difference between the synthesis and destruc-
tion rates, as shown in Fig. 2 by the solid cyan line. The figure
illustrates that the formation of H, molecules in z > 1050 is an
equilibrium process, while at lower redshifts, the rate of synthesis
of H, molecules begins to prevail over their destruction.

The main channel for creating H™ ions is the process

~
~

“

The main channel for destruction of H™ ions at z > 100 is the
process

H+e - H +v.

H +y—->H+e, (®)]
while at z < 100, H™ ions are primarily consumed in form-
ing H, molecule during the process (2). Since the formation
of H™ ions is an equilibrium process in the early Universe,

their number density can be easily estimated by the equality
k(4)ane— = ny- (k(5) + k(z)nH), where k(4), k(g), and k(3) mark rates
of processes (4), (2), and (5), respectively.

There are two main processes for the formation of H}. The
first process,

H+H" - Hj +7, 6)
dominates at z < 140, while the second,
HeH" + H - HJ + He, @)

dominates at z > 140. There are also two main processes for
destruction of H3, the first is

H) +y > H+H", ®)
which dominates at z < 325, while the second,
Hj +H - H, + HY, ©)]

dominates at z > 325. The formation of HJ is an equilibrium
process in the early Universe, and their number density can
be easily estimated by the equality kynunu+ + kaynpennu =
ny: (k(g) + k(9)nH), where k(@), k(7), k(g), and k(g) mark the rates of

processes (6), (7), (8), and (9), respectively.

2.2. The chemistry of HD

Unlike H,, HD molecules can form via direct radiative associa-

tion of two neutral atoms, in the process
H+D — HD +v, (10)

which reaches its maximum efficiency in the epoch of recombi-
nation (z = 1100). However, in the early Universe, HD formation
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Fig. 2. Kinetics of formation and destruction of H, molecules. The
dependencies of the rates of the key reactions involved in the forma-
tion and destruction of H, molecules are shown.

via H, becomes more efficient though two pathways, namely
charge transfer

H, + D' - HD + H*, 11
and deuteron exchange
H, + D - HD + H. (12)

These processes have two peaks in efficiency at z = 1180 and
z =~ 307 and dominate at z > 20. At a later time, including
the recombination epoch, processes involving H™ and D™ ions
should also be considered, namely

H+D - HD+e", (13)

and

H +D > HD+e". (14)

The cyan and blue lines in Fig. 3 show the overall rates of
synthesis and destruction of HD molecules when all reactions
of Table B.1 are involved. The total formation rate is the differ-
ence between the synthesis and destruction rates and is shown
in Fig. 3 by the solid orange line. As follows from Fig. 3, the
formation of the HD molecule is an equilibrium process in the
early Universe at z > 120. At later stages of evolution (z < 120),
the synthesis of HD molecules dominates over their destruction.

2.3. The chemistry of HeH*

Figure 1 (see lower right panel) illustrates that HeH" was the first
molecular ion formed in the early Universe during the recombi-
nation of He nuclei, driven by three processes:

He + H* — HeH* +7, (15)
and
He' + H - HeH" + 7, (16)
and
He* + H+v — HeH' + 2y. a7

The main channel for destruction of HeH™ at z > 300 is the

process
HeH" +y — He + HY, (18)
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Fig. 3. Kinetics of formation and destruction of HD molecules. The
dependencies of the rates of the key reactions involved in the formation

and destruction of HD molecules are shown.

while at z < 300, HeH" were destroyed in collisions with neutral
atoms of hydrogen due to the process

HeH" + H - He + Hj. (19)

The brown and pink lines in Fig. 4 show the overall rates of
synthesis and destruction of HeH*, taking into account all the
reactions listed in Table B.1. The convergence of these lines, as
shown in Fig. 4, indicates that the formation of HeH* molecules
is an equilibrium process at all redshifts, and their number den-
sity can be estimated by the equality kisnpechn+ + (ke +
ka7)nuernu = nuen+(kas) + kaoynn), where kqs), ko), ka7), k).
and k(9) mark rates of processes (15), (16), (17), (18), and (19),
respectively.

3. Occupation of rovibrational levels

The kinetic equations for the population of rotational and vibra-
tional levels are as follows:

dxy,

) Ky m _ ymps

“a Z”sZ[kw,fﬁu,ijxr Xv,jkv,jev',j']
s v,

m d+ m Y-
au, jE - Xv, ja
where XJ", = )/ 2 j Mg .jy is the fraction of molecules
m € {H,, HD, HeH"'} in the quantum state {v, j}. The index
s € {y, H, He, p, e} indicates the collision partner of the molecule
m responsible for the transitions. We assume that transitions
between the rovibrational levels of the Dark Age and Cosmic
Dawn molecules arise from emission and/or absorption of pho-
tons, collisions with neutral H and He atoms, protons (respon-
sible for ortho&para transitions in Hj), and electrons (consid-
ered only for HeH"). The final term in Eq. (20) describes the
trend in which the population of rovibrational levels of newly
synthesised molecules, a;’fj, differs from the population of levels
of molecules that have already been exposed to the environment,
X,’)“J The former is determined by the gas temperature,

+ ln(nma3), (20)

0l = gjoxp [=E.i/kT}/ ) gy exp {~Ev.; [kaT),
v,j

while the latter is preferably determined by the CMB temper-
ature. The derivative d, In(n,a’)/ds specifies rate of molecule
synthesis, while derivative d_ In(n,,a*)/dt denotes rate of their
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Fig. 4. Kinetics of formation and destruction of HeH" ion-molecules.
The dependencies of the rates of the key reactions involved in the for-
mation and destruction of HeH* ion-molecules are shown.

destruction. These rates correspond to moduli of positive and
negative terms of the right-hand side of Eq. (1), respectively, so
that d In x"/dt = d, In(n,,a)/dt — d_ In(n,,a®)/dt.

The rovibrational level populations of the first molecules in
the early Universe were primarily governed by collisions with
quanta of CMB radiation. Because this radiation is a black-
body, the population of rovibrational levels are well-described
by a Boltzmann distribution with temperature Tg. The contribu-
tions of spontaneous and radiative rovibrational transitions to the
right-hand side of the Equation (20) take the following form:

ny - kZl = Aul + Bul : U(Vu[)9

ny - k}; = By, - U(va),

where the index ‘ul’ denotes transitions from upper to lower
energy levels, while index ‘lu’ represents transitions from lower
to upper levels. A, is the rate of spontaneous emission, B,; =
(¢*/4hv3 DA, is the rate of radiative emission, By, = By is the
rate of radiative absorption, and

4hv? 1
3 exp(hv/kTg) -1

UW) =

is the blackbody energy density. The transition frequencies and
energies for permitted spontaneous rovibrational transitions are
listed in Table 1, covering low rovibrational energy levels. Data
for para- and ortho- H; are taken from Roueff et al. (2019), data
for HD and HeH™" are taken from Amaral et al. (2019).
Spontaneous emission and radiative rovibrational transitions
for diatomic molecules with non-zero electric dipole moments
(e.g. HD and HeH") obey the quantum selection rules Aj = +1
and Av = *1. Hydrogen molecules are homonuclear diatomic
molecules with zero electric dipole moment. For this reason, there
are two types of H, molecules depending on the relative orienta-
tion of their nuclear spins: ortho- and para-. Ortho-H, molecules
are those in which the spins of both nuclei (protons) point in the
same direction, so their total spinis I, + I, = 1, where I,, = 1/2
is the spin of one nucleus (proton). Molecules of H; in which the
spins of both nuclei are directing in opposite directions are called
para-Hj, and their total spin is I, + I, = 0. Spontaneous emis-
sion and radiative rovibrational transitions do not lead to the mix-
ing of these spin isomers of H, molecules because they obey the
quantum selection rules Aj = +2 and Av = +1. Spin isomers of
homonuclear diatomic molecules have distinct sequences of rota-
tional level statistical weights, g; = ¢,(2j + 1), which differ in

Table 1. Values of spontaneous rovibrational transitions permitted by
quantum selection rules, including frequencies and energies for the
lowest rovibrational energy levels of para- and ortho-s H,, HD, and

HeH".

Species Transitions Ay Frequency v, E,
Ju=Ji [s'] [GHz] (K]
(Uus ju)_(ulv ./1)
Ortho-H, 1- - - 170
3-1 4.76 x 10710 17594 1015
5-3 9.83x 107 31011 2503
7-5 5.88x 1078 43388 4586
Para—H, 2-0 2.94x 107! 10621 510
4-2 2.75%x107° 24410 1681
64 2.64%x1078 37357 3475
8-6 1.14x 1077 49077 5830
HD (0,1)—(0,0) 5.41x1078 2675 128
(0,2)-(0,1) 5.13%x 1077 5332 384
(0,3)-(0,2) 1.80%x 10°° 7952 766
(0,4)-(0,3) 431x10°° 10518 1271
(0,5)-(0,4) 8.35x 107 13015 1895
(0,6)—(0,5) 1.40x 1073 15429 2636
(0,7)-(0,6) 2.14x 107 17746 3487
(0,8)-(0,7) 3.03x 1073 19955 4445
(1,0)—(0,1) 3.09% 1073 106213 5226
(1,1)=02)  1.55x 1075 103441 5349
(1,)=(0,0)  1.67x10° 111447 5349
(0,9)-(0,8) 4.07 %107 22055 5503
(12)-(0,1)  2.46x 107 113874 5594
(1,2)—(0,3) 1.01 x 107 100590 5594
(1,3)-(0,2) 3.16x 1073 116 150 5959
(1,3)-(0,4) 6.73x 107 97679 5959
(1,4)—(0,3) 3.86x 1073 118259 6442
(1,4)-(0,5) 434x10°° 94724 6442
(0,10)—(0,9) 5.23%x 107 24038 6657
HeH* 1-0 0.109 2010 96
2-1 1.04 4009 289
3-2 3.75 5984 576
4-3 9.14 7925 956
5-4 18.1 9821 1428

Notes. “Here and in the text # means upper level, / means lower level.

nuclear statistical weights: g, = I,(2I,+1)org, = (I,+1)(21,+1),
depending on the parity of j and the symmetries of the binding
wave functions. Ortho-H; corresponds to odd values of j, with a
nuclear statistical weight of g, = 3, while para-H, corresponds
= 1. The statistical weight of any
vibrational level v in a diatomic harmonic oscillator is g, = 1.

to even values of j, with g,

The next factor affecting the population of rovibrational
levels in molecules is their collisions with the components of
baryon gas. As shown in Fig. 1, neutral H atoms were the most
abundant. In this work, we used collisional de-excitation rates,
k,;, of rovibrational levels of H, molecules by H from Lique
(2015), where u and [ denote upper and lower rovibrational
energy levels, respectively. The reverse transition rate (excita-
tion) coefficients can be obtained as follows:

u E,—-E
k(1) = 24 exp {— !
gi

kT } ku(T), 2

where E, and E; are the energies of the levels, g, and g, are
statistical weights of the levels, and T is the baryon gas tem-
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Fig. 5. Thermal history of the early Universe.

perature. We used the rates from Desrousseaux et al. (2022) for
collisional de-excitation of HD molecules by H. For collisional
de-excitation of HeH* molecules by H we used the rates from
Kulinich et al. (2020), which are somewhat higher than those
obtained by Desrousseaux & Lique (2020). The next most abun-
dant element in the gas of Dark Ages was neutral helium. We
consider de-excitation of H, and HD by collisions with He
using rates from Nolte et al. (2011), and Flower et al. (1998),
Jozwiak et al. (2024) respectively. Although collisions of H;
molecules with protons are much rarer in the early Universe, they
still contribute significantly to ortho-para transitions, described
by: p+ Hy;jy < p+ Hy(j), where Aj = j — j=+1,£2,43,. ...
For collisional de-excitation of H, molecules by p, we used
the rates of Gerlich (1990). Free electrons are faster than free
protons, so their impact on the excitation and deactivation of
rotational levels of HeH* is more significant. To describe the
rotational transitions in HeH" caused by collisions with free
electrons we used the transition rates from Khamesian et al.
(2018), which are, however, only given for j < 5.

The population of rotational levels for ground vibrational
state is a nonmonotonic function of quantum number j: n; ~

gjexp{~E;/ksT} ~ (2j+1)exp{~E;/ksT}, where E; ~ j(j+1),
with a maximum at

(T
Jmax = E] 5

where E; is the energy of rotational level with j = 1, given
in Table 1. The perturbation of levels population caused by
the difference in excitation and CMB temperatures depends on

the quantum number j as An; ~ g E; exp{—El,-/kBT} AT ~
2j+ Djj+ Dexp {—Ej/kBT}, and has a maximum at

l—

A ~(3kBT) .

Jmax ~ E1

The smallest number of levels required for calculation should be
~2j8  (Tmax), Where Tpax ~ 10° K is the temperature at which
the perturbation of levels population can first occur in the Dark
Ages (see Fig. 5). So, using data for E; from Table 1, we can
conclude that minimal required levels are: ~8 for H, molecule,
~10 for HD molecule, and ~11 for HeH* molecule. Note that the
first vibrational level v = 1 with j = 0, 1,2, 3,4 should be con-
sidered for the HD molecule, since their energies, E,, ;, are lower
than for the level v = 0, j = 10. As we noted above, we cannot
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consider required number of levels for ion-molecule HeH* due
to the lack of data on the activation/deactivation of its rovibra-
tional levels by electrons. As noted in Kulinich et al. (2020), the
contributions of collisional excitations and deactivations of rovi-
brational levels of HeH* ion-molecule by H and electrons in the
Dark Ages are competitive. Therefore, our calculation for HeH*
should be considered rough.

4. Global signals of the first molecules

During the Dark Ages, the temperature of baryonic matter was pri-
marily determined by the competition between adiabatic cooling
and heating due to Compton scattering of the cosmic microwave
background radiation (CMBR) on free electrons. Other factors
affecting the energy balance of the gas are collisional activations
and de-activations of molecular rovibrational levels and primor-
dial chemistry. However, as demonstrated in Puy et al. (1993),
Novosyadlyj et al. (2023), these processes contribute negligibly
to the total energy balance of the cosmological background gas.
The energy balance of the baryonic component in the cosmic
background can be expressed by the equation of the evolution of
its temperature with time, described by:

4
AT _ gy STTTRTk = Tl
dr 3mec

(22)

where o is the Thomson cross-section, a is the radiation con-
stant, m, is the electron mass, and x. is the ionisation frac-
tion. Energy exchange between free electrons and the radiation
field played a key role in the early Universe, causing the equal-
isation of baryon gas and radiation temperatures at redshifts
z > 300 (see Fig. 5). At lower redshifts, the transfer of energy
from radiation to the baryonic gas slowed down significantly due
to the reduced frequency of collisions between electrons and
the quanta of CMB radiation in the expanding Universe. From
this moment on, adiabatic cooling began to dominate, therefore
baryon gas cooled faster than radiation.

The population of rovibrational levels begins to deviate from
equilibrium at redshifts z < 300 due to collisions between
molecules and other components of the baryon gas, where the
gas temperature was slightly lower than the temperature of the
CMB radiation. These deviations can be represented as a devia-
tion of the excitation temperature,

T;ﬁ = Eu - EI 11’1_1 (gunl)’

(23)
kB giny

from the radiation temperature 7. The differential brightness
of the first molecules on the background of the CMB can be
expressed as

2, [ 1 1
e

61141 = B) vy T Ty :|Tul’
Bl — ] ehlr — ]

where the optical depth for the transition lines u — [, in the
approximation of narrow line, is given by

1 /13 Aul

ul

Tl = 8 HQR)

Nmol (XI& - Xu) s
gi

where 1,; = c/v,; is the wavelength, H(z) is the expansion rate
that depends on redshift, and 7y, is the molecular number den-
sity. We note that indivudial lines cannot be resolved observa-
tionally, but their superposition is detectable:

Sho= ». 6l

transitions
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Fig. 6. Left panel: superposition of absorption profiles of the first molecules H,

absorption occurred.

The differential brightness of molecules in their rovibrational
lines and their superposition are shown in Fig. A.1. The left pan-
els show absorption profiles in the rotational lines of H, (top
panel), HD (middle panel), and the HeH" ion-molecule (bottom
panel). The coloured dotted lines indicate contributions from
individual transitions, while the black line represents their super-
position. The right panels in Fig. A.1 show the redshifts at which
absorption occurred for the corresponding transitions of H, (top
panel), HD (middle panel), and HeH* (bottom panel). Absorp-
tion begins at z ~ 300 when the gas temperature 7T starts to
deviate from the CMB temperature Tk. The H, absorption pro-
file has a multi-peak feature and reaches a maximum ampli-
tude of ~1073 Jy/sr within the frequency range from approxi-
mately 50 GHz to 120 GHz. The maximum absorption in rovi-
brational lines of H, molecules occurs over the redshift range
300 > z > 200. The HD absorption profile exhibits a double-
peak feature, reaching a maximum amplitude of ~107> Jy/sr
within the frequency range of 40 GHz to 70 GHz. The maxi-
mum absorption in the rovibrational lines of HD occurs over the
redshift range 300 > z > 30. The absorption profile of HeH*
ion-molecule is featureless and reaches a maximum amplitude of
~1077 Jy/sr within the frequency range of 200 to 800 GHz. The
maximal contribution to absorption in the rovibrational lines of
HeH* ion-molecule occurs over the redshift range 100 > z > 4.

The superposition of the absorption profiles of the first
molecules, H, and HD, and the ion-molecule HeH?*, is shown in
the left panel of Fig. 6. Despite H, having zero electric dipole
moments, its absorption signal dominates over HD by two orders
of magnitude and over HeH" by four orders, due to its larger pop-
ulation of hydrogen molecules among all other compounds in the
early post-recombination Universe (see Fig. 1). The right panel
of Fig. 6 illustrates that molecular absorption occurs in the Dark
Ages of the Universe, spanning the redshift range 1000 < z < 30).

5. Discussion and conclusions

The global signal from first molecules provides a useful source
of information from yet-unexplored parts of the visible Universe.
It offers information on the thermal and ionisation history of
baryonic matter, as well as the kinetics of primordial chemistry
during the Dark Ages. In standard cosmology, this signal takes
the form of an absorption profile in the CMB spectrum.

Our estimates of the expected signal from H, and HD
molecules are two orders of magnitude lower for H, and three
orders of magnitude lower for HD compared to the results of
Puy et al. (1993). This discrepancy can be explained by the dif-
ference in cosmological models. In our model, the baryon abun-

redshift

and HD, and the ion HeH". Right panel: redshifts at which

dance is only Q = 0.0493, in contrast to , = 1 in Puy et al.
(1993). The difference in results was also influenced by vari-
ations in the models of primordial chemistry used. What is
consistent with our findings is the position of the H, and HD
signals in the CMB spectrum.

Previous studies on the effects of primordial chemistry on
the CMB spectrum, such as Schleicher et al. (2008), consid-
ered free-free and bound-free absorption and emission processes
for ions such as H™ and He™, as well as ion-molecules HD*
and HeH*. The most promising results were obtained for H™,
with a relative CMB temperature change in the range 1071 <
0Tg/Tr < 107 over the frequency range of I0GHz < v <
2000 GHz (see Fig. 10 in Schleicher et al. 2008). The authors
did not take into account absorption by H, and HD molecules,
considering it negligible.

To compare the molecular absorption obtained here with
the ionic absorption from Schleicher et al. (2008), we employ
the formula that relates small-amplitude intensity fluctuations to
small-amplitude temperature fluctuations:

ol

o ot

T’

where f(x) = x-exp(x)/(exp(x) — 1), and x = hv/kgTg. Atv =
107 GHz, where the absorption amplitude of the first molecules
is at maximum 6/ =~ 0.9 - 1072 Jy/sr (see Fig. 6), the CMB spe-
cific intensity is equal to I = 3 - 103 Jy/sr. For v = 10> GHz and
Tr ~ 2.7K, we obtain x = 1.7 and f(x) = 2.0. Therefore, rel-
ative fluctuations of the CMB specific intensity at v = 10> GHz
are estimated to be 6I/I ~ 3 - 1072, corresponding to relative
fluctuations of the CMB temperature at 6Tx/Tg =~ 1.5 - 10712,
The maximum signal from the first molecules is located at the
minimum of the signal from the negative hydrogen ion (see
Fig. 10 in Schleicher et al. 2008), exceeding it by several orders
of magnitude. This indicates that molecular absorption cannot be
neglected compared to ionic absorption.

To assess the possibility of detecting a signal from the first
molecules, other sources of CMB spectrum distortion in the stan-
dard ACDM cosmology should be considered. These include u-
and y-distortions, a temperature shift due to a relative error in the
measured CMB temperature |ATr/Tg| < 5 X 107%, and the cos-
mological recombination radiation (Desjacques et al. 2015). The
frequency dependencies of the first three are monotonic and well-
determined so that they can be removed from the overall signal.
The latter depends on the details of H and He recombination at
z ~ 10° and has a non-monotonic character with excess CMB
emission at ~10? GHz, at the level of ~10~! Jy/sr. These are two
orders of magnitude larger than the signal from the first molecules.
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Therefore, we conclude that detecting the signal from the
first molecules requires accurate predictions of the cosmological
recombination radiation up to the third order of magnitude, as
well as a radio telescope with a sensitivity of ~107* Jy/sr and a
spectral resolution of several tens of GHz.
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Appendix A: Absorption signals of H,, HD, and HeH*
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Fig. A.1. Left panels: absorption signal in the rotational lines of molecules H, (top row), HD (middle row), and HeH* (bottom row) — doted
coloured lines show contributions from separate transitions, and the black line shows their superposition. Right panels: redshifts at which absorption
occurred for corresponding transitions.
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Appendix B: Detailed description of the chemical model

Table B.1. List of reactions included in our chemical model.

Tag Reaction Rate coefficient (cm?s~', cm®s~!, s71) Ref.
H_01 H*+e > H+vy kree = Cy - ay; 1
ay = F-ap - 107 /(1.0 + as™),
F =114, a, = 4309, a; = -0.6166,
a3y = 0.6703, a4 = 0.5300, 1 = T/10*
Cy = —tKudaan)
U+ Kn (Aosist +Br)nnn)
Bu = ay - QamckpTr/h*)*? exp(—Ey, /kTR)
K = 43, /87H(2)), Aiye = 121.5682nm
E»s = 5446756 x 107123, Ay = 8.22458 571
H_02 H+y->H"+e kion = Ch - B - exp(—Eas15/kTm); 1
Eaqis = 1.634033 x 10718 ]
H_03 H+e > H +y dex[—17.845 + 0.762log T T < 6000K 2
+0.1523(log T)?
—0.03274(log T)?]
dex[-16.4199 + 0.1998(log T)? T > 6000K
—5.447 x 103 (log T)*
+4.0415 x 10(log T)°]
H_04 H +y > H+e 0.11T2" exp (-8823.0/Tx) 3
H_05 H +H->H, +e 1.5%107° T < 300.0 3
4.0 x 107977017 T >300.0
H_06 H +H* > H+H 2.4 % 1075(1.0 + T/20000)/ VT 4
H_07 H+H" - H} +y dex[-19.38 — 1.523log T 5
+1.118(log T)? — 0.1269(log T)*]
H_08 H! +y > H+H* 20.0T1% exp (-82000/TR) v=0 3
1.63 x 107 exp (~32400.0/Tx) LTE
H_09 H+H; - H, +H* 6.4x 10710 6
H_10 H, +H* - H; +H [-3.3232183 x 1077 7
+3.3735382x 107 log T
— 1.4491368 x 10~ (log T)*
+3.4172805 x 103(log T)?
— 47813720 x 10~(log T)*
+3.9731542 x 10 9(log T)
—1.8171411 x 10~ (log T)®
+3.5311932 x 1073 (log T)’]
X exp ( 72|2T37A15
H_11 H* +H™ - H} +e¢ 6.9 x 10797703 T < 8000K 8
9.6 x 107777090 T > 8000K
H_I12 H +e” > H+H 4.2278 x 1074 —2.3088 x 107177 + 7.3428 x 1072! T2
—7.5474 x 107573 + 3.3468 x 1072T* - 5.528 x 1073477 9
H_I3 H! +H, » H! +H 2.0x 107 10
H_14 H; +y - H +¢ 290.074% exp (~178500.0/Tx) 3
H_I5 H;+y > H+H 2394.9T9 62651 (1.0 + 2463575557 / exp (140050/ ) Tx < 15000 11
6.4471 x 107232 (1.0 + 6.5341 x 1078 T}4752) exp (- 2270) Tx > 15000
H_16 H! + H - H} + H, 7.7 x 107 exp (=17560.0/T) 3
H_17 H' +¢” > Hy+H 4.6 x 1075706 3
H_I8 H; +H* - H} +7 10716 3
H_19 H,+H->H+H+H 6.67 X 1072705 exp|—(1 + ©52)] v=0 12
3.52x 107 exp (- 4320) LTE 13
H_20 H+e > H' +e +e exp[—3.271396786 x 10! 14
+1.35365560 x 10! In Ty
— 573932875 x 10°(In Tey)>
+ 1.56315498 x 10°(In Ty )?
—2.87705600 x 10! (In Tey )*
+3.48255977 x 1072(In Tey)®
—2.63197617 x 1073(In Tey)®
+1.11954395 x 1074(In Tey)’
—2.03914985 x 1075(In Ty )?]
H_21 H! +y - H; + H 4.5% 10% exp (- 223%) 15
H 22 H;' +e - 3H the same as for H_17
H_23 H+e™ — H* +2¢ 6.5023 x 107970893 exp (128303 16
H_24 H*+H+H o> H* +H, 1.145 x 10727112 17
H_25 H+H+H->H, +H 1.14 x 107317038 T < 300K 18
3.9 x 1073071 T > 300K
H_26 H} +y > 2H" +e” 90.0Tx*® exp (~335000.0/Tx) 3
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Table B.1. continued.
Tag Reaction Rate coefficient (cm®s~', cm®s~!, s71) Ref.
H_27 H,+e >H +H 2.7 x 10757127 exp (- £00) 19
H_28 H+e »H+H+e 449 x 10797011 exp (- 10485%) v=0 20
1.91 x 107970136 exp (— 34021 ) LTE 20
H_29 H, +H, » H, +H+H %exp( 6374 v=0 21
13x107° exp( moo) LTE 22
H_30 H, + He — H+ H + He dex[-27.029 +3.801 log 7' — 247 v=0 23
dex|-2.729 - 175 log T — 24| LTE 23
H_31 H +e- >H+e +e” exp[—1.801849334 x 10! 14
+2.36085220 x 10° In Toy
~ 2.82744300 X 10! (In Ty )?
+1.62331664 x 1072(In Toy )’
-3.36501203 x 1072(In Tey)*
+1.17832978 x 1072(In T,y )®
—1.65619470 x 1073(In T,y )®
+ 1.06827520 x 10~(In Tey)’
~2.63128581 x 1075(In Tey)®]
H_32 H +H—H+H+e 2.5634 x 107978186 Tev < 0.1eV 14
exp[~2.0372609 x 10! Tey > 0.1eV
+1.13944933 x 10° In Toy
— 14210135 x 107! (In Tev)?
+ 8.4644554 x 1073(In Ty )?
- 1.4327641 x 1073(In Tey)*
+2.0122503 x 107*(In Tey)®
+8.6639632 x 1073(In Tey)®
- 2.5850097 x 1075(In Tey)’
+2.4555012 x 1075(In Tey)®
—8.0683825 x 1078(In Tev)°]
H. 33 H +H > H, +H 14107 (4)" 2
H_34 H +H; >H+H+H 14x 107 (4)™" 24
H_35 H+H+H, » H +H, 0.143 x 107317703 T < 300K 18
0.486 x 107307~ T > 300K 18
H_36 H+H+He — H, + He 6.9x 107327704 25
H_37 Hj +H — 2H +H* exp (~32.912 + 6.9498 X 1075T - 3.3248 x 10%/T 9
-4.08 x 107°72)
H_38 H, + H* - 2H + H* exp (—33.404 +2.0148 X 107*T - 5.2674 x 10*/T 9
-1.0196 x 1077?)
H_39 HY + Hy — HY +2H 03 10719 ()" exp (- 2000 26
H_40 Hf +e” > Hj +H+e" 4.8462 x 107700475 exp (— 19165663 16
H_41 Hf +e” > H" +H+e" 1.0702 x 10~ 7TU°4876 exp (- 9690’8 16
H_42 H+H—>H+H +e 1.45x 107 '*T0*(10+20,80)exp( ) 27
H_43 H*+H+H - Hi +H 1.238 x 1072971046 17
H_44 H: +H - H, + H, 23x107 (&) 28
He_01 He* + ¢~ — He + Y kree = CHel * QHel; 1
1-p 1+p]~!
aHeI=q[ %(1"' \/g) (l+\/ﬁ) ”J m3s~!,
q=107197% p = 0711, T = 10>/ K, T, = 3K.
Chrer = (L+Kiter Aniener exp(=Eopas [k T ))
© (14 Kter (Apte +Buen)nmer exp(—Exps /kTw ) °
Buiel = @ter - §mmekT/h?)*? exp (—Ea [kTw)
Kuer = 43, /(87H(2), Aryo = 58.4334nm, Ag = 51.357".
Enpas = 9.64908313 x 10720J, Ey = 6363254 x 10717 J
He_02 He + y —» He* + e kion = Cuiel - Bue1 exp(—Eog15/ksTwm); 1
Enqs = 3.30301387 x 1078 ]
He_03 He + H* — HeH* +y 1.56 % 1072 (555) ™" exp (- 725 29
+11.8x 10” 20(300) o2 exp(—ﬁ)
1.0/0.904409
He_04 HeH" + H — He + H; 127228 x 107 (1.0 + 0.904409 27622 ) 30
He_05 HeH* + y — He + H* 2.03097 x 108120281 exp (- 24132 31
He_06 Het* + ¢ - He* + ka = 2538 x 10713 (1262456) 2% Case A 32
% [1.0 + (2418500 )0470] 1923
kg = 5.506 x 10714 (1262456 ) Case B 32
[] 0+ (460757 )0407J 2242
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Tag Reaction Rate coefficient (cm’ s~ cm®s~!,s71) Ref.
He_07 He* +y —» He*t + e~ 50.07% exp( 5900000) 3
He_08 He + H* > He* + H 126 x 10797075 exp (- 12220) T < 10000K 33
4.0 x 107377474 T > 10000K
He_09 He* + H - He + H* 121075 ()" 34
He_10 He + H! - HeH' + H 3.0 x 10710 exp (- 422) 35
He_11 Het* + H > HeH* + y 416 X 10717703 exp (- =) 59
He_12 HeH* + e~ — He + H 3.0x 10787705 28
He_13 HeH" + H; - H} + He 1.80 x 107° 28
He_14 HeH" +y - He* + H 2735187552525 exp (- 1440440) 31
He_15 He + e —» He' + 2e~ exp[—4.409864886 x 10! 14
+2.391596563 x 10! In T,y
—1.07532302 x 10'(In Tey)?
+3.05803875 x 10°(In Toy)?
—5.68511890 x 107! (In Tey)*
+6.79539123 X 1072(In Tey)°
—5.00905610 x 1073(In Ty )®
+2.06723616 x 10~*(In Tey)’
—3.64916141 X 1075(In Ty )?]
He_16 He* + e~ — He** + 2¢” exp[—6.87104099 x 10! 14
+4.393347633 x 10" In Tey
— 1.84806699 X 10 (In Tey)?
+4.70162649 x 10°(In Tey)?
—7.6924663 X 107 (In Tey)*
+8.113042 X 1072(In Tey )’
— 532402063 X 1073(In Tey)$
+1.97570531 x 1074(In Tey)’
—3.16558106 X 1076(In Tey)®
He_ 17 He' + H- > He+ H 232107 (555 )" exp (355 36
He 18 He + H* +y — HeH* +2y 0.130 x 102 (555)"*™ exp (= 3225 35
20 (_T_\703% 921
+7.89x 1072 () exp(—22)
He_19 H, + He* — He + H+ H* 10713 . (~0.4732142857 + 0.0369047619 - T T < 78K 37
~0.1488095 - 1073 - 7?2)
10713 - (1.623809524 — 0.1587301587 - 102 - 7 78K < T < 330K
1073+ (0.111111524 + 0.1555555413 - 1072 - T T > 330K
+4.444444 .10 . TZ)
He_20 H, + He* — H} + He 7.2%10715 38
He_21 He+H > He+H+e 4.1 x 107772 exp (- 12570) 39
He_22 He* + Hy — He* + 2H 031070 ()" exp (- 200) 26
D_01 D*+e > D+y the same as for H_01
D_02 D+y -5 Dt +e the same as for H_02
D_03 D +H* —» H+D* 2.0 x 1071070402 exp (- 321 T<2-10°K 40
—331x 107177148
3.44 x 107107035 T>2-1°K
D_04 H+D* - D+ H* 2.06 x 10710703 exp (-3 40
+2.03 x 107970332
D_05 H, + D* > HD + H* [0.417 +0.846 log T - 0.137(log 7)?| x 107 41
D_06 HD + H* - H, + D* 1.1 107 exp (- 48) 41
D_07 H+D - HD +y 10725[2.80202 - 6.63697 In T T <200K 42
+4.75619(InT)? — 1.39325(In T)?
+0.178259(In T)* — 0.00817097(In T)’]
10725 exp[507.207 — 370.889 In T T >200K
+104.854(InT)? — 14.4192(In T)?
+0.971469(In T)* — 0.0258076(In T)°]
D_08 H,+D > HD +H dex [-56.4737 + 5.88886 log T T <2000K 43
+7.19692(log T)?
+2.25069(log T)?
—2.16903(log T)*
+0.317887(log T’
3.17 x 10-1°exp( 5207) T >2000K
D_09 HD* +H — HD + H* the same as for H_09
D_10 HD+H-> H, +D 5.25x 107 exp (- 4430) T <200K 44
5.25x 107! exp (- 4420 + 173900) T > 200K
D11 D+H* - HD* +y 3.9% 107 '9(250)'8exp(%) 45
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Tag Reaction Rate coefficient (cm®s~!,cm®s~!,s71) Ref.
D_12 H+D* > HD* +y 39% 10 () " exp (2) 45
D_13 HD* +y - H+ D* the same as for H_08
D_l14 HD* +e~ > H+D 7.2 % 1078705 46
D_15 HD* + H, -» H,D* + H the same as for H_13
D_16 D +H} - H,D* + H 4.55% 10710 ()™ exp (- 20) 28
D_17 H,D* +e" > 2H+D 0.73 x 107/ T 47
D_18 H,D* +e~ > H, +D 0.07 x 107/ VT 47
D_19 H,D* +e~ - HD + H 0.20 x 10*6/\F 47
D_20 H,D* + H - H} +D 2.0x 107877 exp (- %52) 58
D_21 HD* +H - H} +D 1.0x 10~ exp( ) 48
D_22 D+H - HD+e” 7.5 % 10710 T < 300 49
2.0 x 10797017 T > 300 49
D_23 H+D~ - HD +e" 7.5% 10710 T < 300 49
2.0x 10797017 T > 300 49
D_24 HD + H* - H} +D 1.0 107 exp (- 216%0) 50
D_25 HD* + H - H, + D* 1.0x 107 50
D_26 HD* +y - H* +D the same as for H_08
0.062
D_27 H! +D - HD* + H 107 x 107 (355) " exp (- 31k55) 51
D_28 D+e »D +y dex[—17.845 +0.762log T T < 6000K 2
+0.1523(log T)?
—0.03274(log T)?]
dex[—16.4199 + 0.1998(log T)> T > 6000 K
—5.447 x 103 (log T)*
+4.0415 x 10-5(log T)®]
D_29 H+D > D+H" 64107 ()" 48
D_30 D+H - H+D" 64107 ()" 48
D_31 D+D - D;+e” the same as for H_05
D_32 H* + D" — HD* + ¢ LIx 107 ()™ 45
D_33 D* + H™ — HD* + ¢ LIx 107 ()™ 45
D_34 D" +D" - D! +e 13x 107 ()™ 45
D_35 H*+D  ->D+H 2.4 % 1076(1.0 + T/20000)/ VT 52
D_36 D+D* - D} +y 19x 10T} ® exp (X) 45
D_37 D+ H;’ - H, +D* the same as for H_09
D_38 H! +D > HD + H* 1.0x 107 50
D_39 HD* + D - D! + H 1.0x 107 53
D_40 HD* +D - D, + H* 1.0x 107 50
D_41 H+ D;’ - D, + HY the same as for H_09
D_42 D! +H - HD* + D 1.0 10~ exp (- 42) 53
D_43 D! + H - HD +D* 1.0x 107 50
D_44 HD +D* » D, + H* 1.0x 107 53
D_45 D; + H* » HD* + D [5.18 x 1071 +3.05 x 10~ (1555) 54
542 10710 (m)z]exp (-2im)
D_46 D, + HY - D;' +H the same as for H_10 52
D_47 HD+D-> D, +H 1.15x10-11exp(—%) 44
D_48 D, +H > HD +D dex [-86.1558 + 4.53978 log T T <2200K 43
+33.5707(log T')?
—13.0449(log T)?
+1.22017(log T)*
+0.0482453(log T)° |
2.67 x 107 exp (- 5945) T > 2200K
D_49 HD+y > H+D 1.19 X 1077528 exp (- 145310) 55
D_50 D;’ +y > D+D* the same as for H_08
D_51 D, +y > D;' +e the same as for H_14
D_52 D+y—->D+D the same as for H_15
D_53 D +y—>D+e” the same as for H_04
D_54 HD + H! - H, + H,D* 1.0x 1072 (2.1 = 0.4 - log(T)) 3
D_55 D,+e” >D+D+e" 8.24 x 1077126 exp (- 105388 ) v=0 20
2.75 x 10772163 exp (- 2307 LTE
D_56 HD* +H, — H; +D the same as for H_13
D_57 H,D* + H, — Hf + HD 47x109exp( us) T < 100K 3
5.5% 10710 T > 100K
D_58 D+e - D" +e +e” the same as for H_20 52
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Table B.1. continued.
Tag Reaction Rate coefficient (cm?s~', cm®s~!,s7") Ref.
D_59 HD+e —»D+H- 135 10T 2 exp (- 4“‘00) 56
D_60 HD+e” —» H+D- 135 x 107977127 exp (- 4300 56
D_61 HD+e - H+D+e 5.09 x 107979128 exp (- ‘03258 v=0 57
1.04 x 10779218 exp W‘” LTE
D_62 H, +D* - H} +D the same as for H_10 52
D_63 H, +D* —» HD* +H [1.04% 10 +9.52x 107 (1555) 54
2 21000
~181x 107 (g )| exp (- 242)
D_64 HD + H* - HD* + H the same as for H_10 52
D_65 HD+H—->H+D+H the same as for H_19 18
D_66 HD + He - H+D + He the same as for H_30 18
D_67 HD + He* — HD* + He the same as for He_20 52
D_68 HD + He* — He + H* +D 1.85x 1074 exp (3 49
D_69 HD + He* — He + H + D* 1.85x 107 % exp (32 49
D_70 HD* +D — HD + D* the same as for H_09 52
D_71 D, +e” > D+D- 6.7x 107177127 exp (- £00) 56
D_72 D +e" »>D+e +e” the same as for H_31 52
D_73 D +H->D+H+e the same as for H_32 52
D_74 D*+H - D+H the same as for H_06 52
D_75 D*+D  -D+D the same as for H_06 52
—0..
D_76 Hj +D" > H, +D 17x 107 (&) 45
-0.5
D_77 H;+D" > H+H+D 1.7x 107 (5%5) 45
-0.5
D_78 HD' +H™ —» HD+H 15x 1077 (555) 45
D_79 HD* +H - D+H+H L5 x 107 (&) 45
7+ \—0.5
D_80 HD* +D~ - HD +D 19><10’7(3’m) 45
—0..
D_81 HD* +D- > D+H+D 19x 107 (&) "7 45
D_82 D} +H —>D,+H 15107 ()" 45
-0.5
D_83 D} +H —»D+D+H 15x 1077 (555) 45
-0.5
D_84 D} +D” — D, +D 2.0x 107 () o 45
D_85 D; +D"—»D+D+D 2.0% 10" (230) : 45
D_86 D+Dj — Dy +D* the same as for H_09 52
D_87 HD + D* - HD* +D the same as for H_10 52
D_88 HD+D* — D} +H [3.54 %10 +7.50 120*1"(%) 54
=292 x 1071 (k5 ) [exp (-242)
D_89 D, + H* — HD + D* 2.1x 10 exp (- %) 53
D_90 D, +D* - D} +D the same as for H_10 52
D_91 HD+H, - H+D+H, the same as for H_29 but with n., — 100n,, 18
D_92 Dob+H->D+D+H the same as for H_19 52
D_93 D, +H, > D+D+H, the same as for H_29 52
D_94 He + D* — D + He* 1.85 x 107977075 exp (- 1230) T < 10000K 45
5.9 107377474 T > 10000K
0.25
D_95 He* +D — D¥ + He L1x 107 () 45
D_9%6 D™ +He - D+He+e” 15><10“7Tzexp( 19870) 45
0.52
D_97 He* +D~ — He +D 303107 (35)  exp(53gs) 45
D_98 D, + He* — D} + He 2.5x 107" 53
D_99 D; + Het — He + D* + D 1.1 x 1071875024 53
D_100 D, +He - D+ D + He the same as for H_30 52

Notes. 7" and T,y are the gas temperature in units of K and eV respectively. References are to the primary source of data for each reaction. Reac-
tions with a peak contribution to the synthesis or destruction of any reactant exceeding 0.1 % are bolded.

References. 1: Seager et al. (1999), 2: Wishart (1979), 3: Galli & Palla (1998), 4: Croft et al. (1999), 5: Ramaker & Peek (1976), 6: Karpas et al.
(1979), 7: Savinetal. (2004), 8: Poulaertetal. (1978), 9: Coppolaetal. (2011a), 10: Theard & Huntress (1974), 11: Novosyadlyj et al.
(2022), 12: Mac Low & Shull (1986), 13: Lepp & Shull (1983), 14: Janev et al. (1987), 15: this paper: Fit based on cross-section from
https://home.strw.leidenuniv.nl/ ewine/photo/, 16: Méndez et al. (2006), 17: Janev et al. (2003), 18: Glover & Abel (2008), 19: Schulz & Asundi
(1967), 20: Trevisan & Tennyson (2002a), 21: Martin et al. (1998), 22: Shapiro & Kang (1987), 23: Dove et al. (1987), 24: Dalgarno & Lepp
(1987), 25: Walkauskas & Kaufman (1975), 26: Albertsson et al. (2014), 27: Soon (1992), 28: Database of kinetic data of interest for astrochem-
ical (KIDA, kida.astrochem-tools.org), 29: Courtney et al. (2021), 30: De Fazio (2014), 31: Coppola et al. (2017), 32: Ferland et al. (1992), 33:
Kimura et al. (1993), 34: Zygelman et al. (1989), 35: Black (1978), 36: Peart & Hayton (1994), 37: this paper: Fit to data from Schauer et al.
(1989), Johnsen et al. (1980) 38: Glover & Abel (2008): Barlow S. G., 1984, PhD thesis, Univ. Colorado 39: Hugq et al. (1982), 40: Savin (2002),
41: Lindinger et al. (1982), 42: Dickinson (2005), 43: Fit of Glover & Abel (2008) to data from Mielke et al. (2003), 44: Shavitt (1959), 45:
Same as corresponding H reaction, but scaled by D reduced mass (see Glover & Abel (2008)), 46: Stromholm et al. (1995), 47: Datz et al. (1995),
Larsson et al. (1996), 48: Dalgarno & McDowell (1956), scaled by D reduced mass (see Glover & Abel (2008)), 49: Same as corresponding H
reaction, with branching ratio assumed uniform (see Glover & Abel (2008)), 50: estimate from Glover & Abel (2008), 51: Linder et al. (1995), 52:
Same as corresponding H reaction (see Glover & Abel (2008)), 53: Walmsley et al. (2004), 54: Fit of Glover & Abel (2008) based on cross-section
from Wang & Stancil (2002) 55: Coppola et al. (2011b), 56: Xu & Fabrikant (2001), 57: Trevisan & Tennyson (2002b), 58: Adams & Smith
(1985), 59: Stancil et al. (1998).
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Table B.2. Map of chemical reactions.

e p H H™ Hy HE’ H; He He* |He*™™ HeH* D D™ D* Dy DE’ HD HD* |H,D* |y
e ||- H_02 |H_04 |- H_05 |H_11 |- He 21 |He_02 |He_07 - D_53 D_54|- D_02D_58 |D_31 |D_34 [D_22 [D_32 |- -
H 20 (H_28 H_14 D_96 (He_15 [He_l16 D_61 D_72 D_51 |D_23 |D_33
H_23 |H_31 H_40 D_73 D_96
H_26 [H_32
H_41 |H_40
H 42 |H 41
H_42
He_21
D_61
D_73
P H_01 H_ 26 |H_08 |- H_09 |- - He_05 |- - - D_04 D_26|— - D_40 |- D_05 |- - -
H_37 H_21 He_09 D_68 D_41 D_09
H_38 H_24 He_19 D_44 D_38
H_41 D_68
H_42
He_19
H |[H_ 03 H_20[H 07 |H_06 |H 27 |H_17 |[H_10 |H_I13 |1 30 |He_08 |- He_10 D_14 D_17|D_30D_60 |D_03 D_13|D_47 |D_39 |D_08 |D_27 |D_15 |H_OI
H_23 H_12 H_25 |H_ 40 |H_39 |He_I2 [He_l14 D_35 D_49 D_69 D_82 |D_46 |D_19 |D_63 |D_16
H_15 H 29 |H_43 He_17 |He 22 D_61 D_65 D_88 |D_78 |D_64
H_19 H_33 He_19 D_66 D_73
H_22 D_91 He_21 D_74 D_77
D_66 D_79 D_81
H_28 D_69 D_83 D_91
H_32 D_92
H_34
H_37
H_38
H_42
D_17
D_65
D_77
H~ [|H_31 H_06 |H_05 |- — - - - - - — D_29D_59 |- - — - - — - H_03
H_11 |H_32
H, ||H_27H_28 [H_10 |H_19 |- H_29 |H_16 |- H_36 |- - — D_10 D_18|- D_06 D_25|- - - — D_55 |-
H_18 H_35 D_76 D_91 D_37
H_38 H_44 D 93
H; H_12H_41 |- H_09 [H_33 [H_13 |- - He_04 |- - - D_21 D_24|- - - - — - - H_07
H_37 |H_34 He_20 D_62
H; H_17 H_22|- H_16 |H_44 |H_39 |- - He_13 |- - - D_20D_56 |- - — - D_57 |- - H_18
H_40
He |[|He_I5 He_03 He 21 |H_30 |He_10 |- — - - — D_66 — D 69 D_95|- D 98 |- D 67 |- He 01
He_08 D_68 D_96 D_99
D_97 D_99
D_100
He* ||[He_01 — He_09 |He_17 |He_19 |- - - - - — D_9%4 — - — - - — - He_06
He_16 He_l11 He_20
He_22
He** ||He_06 — - — — - - — - - — - — - — - — — - —
HeH™* ||He_12 — He_04 |- He_13 |- - — - - — - — - — - — — - He_03
He_11
He_18
D |(|D_28D_58 [D_03 |D_07 |D_22 |D_08 [D_27 |D_16 |- D_95 |- - D_52 D_54|D_71 D_50D_99 |D_84 |D_90 [D_48 [D_42 |- D_01
D_11 D_30 D_37 D_75 D_81 D_80 |(D_45
D_38 D_83 D_85 D_87
D_92
D™ ||D_72 D_32 |D_23 |- — D_76 |- D 9 |D_97 |- — D_31 — - — - — — - D_28
D_35 |D_29 D_77
D_73
D* |[|D_01 - D_04 |D_33 |D_05 |- - D_9%4 |- - - D_36 D_34D_75 |- D_86 |- D_43 |- - -
D_12 |D_74 |D_62 D_70
D_63 D_89
D, ||D_54D_71 |D_45 |D_48 |- D_93 |- - D_100 |D_98 |- - - - D_90 — - - - - -
D_46 |D_92 D_99
D_89
D; - — D 41 |D_82 |- - - — - - — D_86 D_84D_85 |- — - — — - D_36
D_42 |D_83
D_43
HD ||D_59 D_60|D_06 [D_10 |- D 91 |- D_55 |D_66 |D_67 |- — D_47 — D_44 D_87|- - — — - D_07
D_61 D_24 |D_65 D_68 D_88
D_64 D_69
HD* ||D_14 — D_09 |D_78 |D_15 |- - - - - — D_39 D_40|D_80D_81 |- — - - — - D_11
D_21 |D_79 |D_56 D_70 D_12
D_25
H,D*||D_17 D_18|- D_20 |- D_57 |- - — - - - - - - - - — - - -
D_19
y - H 02 |H_ 04 |H_14 [H_08 [H_21 [He 02 |He 07 |- He_05 D_02 D_53 - D 51 |D_50 |D_49 |D_13 |- —
H_15 |H_26 He_14 D_52 D_26

Notes. Red and orange labels indicate reactions where reactants are destroyed, while blue and cyan show reactions where reactants are synthesized.
Red and blue correspond to reactions with four reactants, and other colours to those with more.
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