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a b s t r a c t

In the recently suggested non-standard, quasi-molecular mechanism of recombination, the presence
of neighboring proton increases the ionization energy and decreases the final recombination rate
of hydrogen. Both these two effects can lead to the larger value of the present expansion rate
of the universe obtained using CMB data and standard cosmological model, and thus are able
to reduce or resolve the Hubble tension problem. We note also that due to the quasi-molecular
channel the recombination began earlier, what potentially can solve the sigma-eight tension, since
the CMB-predicted value of the late matter density will be decreased.

© 2021 Elsevier B.V. All rights reserved.
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The remarkable success of the ΛCDM model is challenged
y the discrepancies in the measurements of current Hubble
arameter H0, known as the Hubble tension problem. Recent

recalibration of cosmic distance ladder with Gaia EDR3 paral-
laxes and Hubble Space Telescope Photometry of 75 Milky Way
Cepheids gives current best estimate [1],

H0 = 73.2 ± 1.3 km s−1 Mpc−1. (1)

Recently, analysis of gravitationally lensed quasars with mea-
sured time delays provided another quite precise independent
estimations of H0 from two different experiments, giving 73.3+1.7

−1.8
[2] and 74.2+2.7

−3.0 [3], being in a good agreement with previ-
ous local measurements. Motivation for precise knowledge of
the Hubble constant and the most prominent methods for its
measurement have been summarized in [4].

The Hubble parameter also can be measured in earlier cosmo-
logical epochs and (assuming the standard ΛCDM cosmological
model) used to estimate current expansion rate. The most pow-
erful tool for determining cosmological parameters is Cosmic
Microwave Background (CMB) data, which estimates a number
for the current expansion rate of the universe with an amazing
precision [5],

H0 = 67.4 ± 0.5 km s−1 Mpc−1. (2)

To explain discrepancy between the values (1) and (2) it is
important to measure H0 independently of CMB data and the local
distance ladder method. Recent intermediate scale gravitational
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waves observations [6], provided an estimation 69+16
−8 , central

alue of which agrees well with (2), but, having a big uncertainty
ccurately covers local measurements (1) within 1σ error bar.
eanwhile, the weakly model-dependent approach [7], based on

he analyzes of transversal BAO scale, in combination with BBN
nd gravitationally lensed quasars information are in accordance
ith local measurements (1).
The CMB + ΛCDM model value (2) is in conflict with local

easurements (1) with about 5%, nevertheless we note that it is
ery sensitive to some cosmological parameters. Different theo-
etical models that might resolve the Hubble tension problem can
e found in the recent reviews [8–10]. The discrepancy may be
ue to some unknown systematics [11–13], or can be related to
creening effect that could be ruining distance ladder calibrations
n the local universe [14], but it can also be hinting on some
ew physics beyond the ΛCDMmodel. Such scenarios include the
ypotheses of decaying dark matter [15], missing of some dark
ector [16–22], alternate dynamics of dark energy [23–25], neu-
rino effects [26–28], emerging spatial curvature [29], evolving
calar fields [30,31], primordial non-Gaussianity [32], dissipative
xion [33], the lack of knowledge of the path that CMB photons
overed since decoupling [34], etc. The Hubble tension can be
educed also using modified scenarios of recombination [35].

Note that there is also the milder tension between the con-
traints from CMB data and local measurements on the Universe
atter density and the amplitude of matter fluctuations [36].
atter density perturbation amplitude σ8 is extracted from CMB
ower spectrum analysis [5] and is also locally measured us-
ng large scale structures. Sunyaev–Zeldovich cluster count by
lanck [37] and analysis of cosmic shear measurement data from

everal collaborations [38] give > 2σ lower central values of σ8
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nd matter density then the numbers obtained by CMB power
pectrum.
According to standard recombination scenario [39,40],

rimeval plasma consisted of protons (hydrogen ions), helium
ons (with ∼ 24% of total mass of baryonic matter), electrons
and photons. At z ≃ 5000–8000 doubly ionized helium started to
ecombine, becoming singly ionized, and then at z ≃ 1600–3500
eutral helium atoms were formed. At z ≃ 500–2000, when en-
rgy of photons dropped below the hydrogen ionization energy,
ecombination of hydrogen took place and photons decoupled
rom matter creating CMB.

The major mechanism of radiative recombination [41,42]
tates that proton and electron can form hydrogen atom only
n excited state, accompanied by emission of a photon. Direct
ecombination in the ground state is inefficient as produced ra-
iation has high energy and will ionize neighboring atom, giving
o net result. Atoms in a highly excited state cascades down very
uickly to the first excited state with principal quantum number
= 2. After that, electrons can reach ground state by radiative
ecay from a 2p state by emitting a Lyman-α photon, or decay

from a 2s state emitting two photons.
Understanding recombination physics properly allows us to

calculate H0 accurately. However, the recombination process is
not as trivial as discussed above. In order to get a complete pic-
ture, many correction terms must be incorporated [43]. The Hub-
ble constant is related to a size of sound horizon at recombination
r∗. An angular sound horizon

θ =
r∗

dA(z∗)
, (3)

where dA(z∗) is an angular diameter distance to the last scattering
surface (with z∗ being a recombination redshift), is precisely
measured by the CMB data analysis. With tight constraint on θ ,
small variation of dA(z∗) strongly affects the Hubble constant. It
was shown that 1% increase in dA(z∗) can lead to 5% rise of H0, that
can remove tension with local measurements completely [34].

Recently, the dependence of the Hubble constant on different
recombination parameters was systematically investigated [44].
The authors had modified a publicly available standard RECFAST
code [45,46], adding scaling factors to several atomic parameters.
As a result, they found that H0 (which depends on the hydrogen
recombination redshift z∗) is the most sensitive to the hydrogen
ionization energy and to the hydrogen 2s → 1s two-photon
transition rate:

• If the ionization energy of hydrogen was higher, recombi-
nation process would have started at higher temperatures,
i.e. at higher z, that means, last scattering surface is located
further than we expect and thus, the value of the Hubble
constant today must be bigger;

• If 2s → 1s transition rate was lower, recombination pro-
ceeds slower, which is equivalent to the local increment of
temperature and z∗ is increased again.

oth these parameters are atomic constants well-determined by
uantum mechanics. Therefore, we can only speak about effec-
ive parameters, which can, in principle, alter the recombination
icture and decrease the Hubble tension.
In present article we want to estimate the influence of the

ew non-standard, quasi-molecular recombination mechanism
QMR) [47–49] on the values of H0 and σ8 obtained from the CMB
ata.
In pre-recombination period of hydrogen (at z ≳ 2000), when

he temperature and the density of protons were higher than
ubsequently, the average distance between protons R was com-
arable with the radius of hydrogen atom in highly excited states

2

n = 2n [47]. Then an electron in primordial plasma was able to

2

ind two protons and form a temporary 2p − 1e quasi-molecule
tate (hydrogen molecular ion H+

2 ) with ionization energy higher
han that of hydrogen [50].

The binding energy of an electron in the isolated hydrogen
tom is 13.6 eV. The appearance of a second proton increases or
ecreases the electron binding energy and the ionization energy
f electrons in H+

2 for large n-s can be estimated as [48]

≈

(
1
rn

±
3n2

2R2

)
13.6 eV ≈

(
1 ±

3
16

)
13.6
2n2 eV, (4)

where R ≈ 2rn ≈ 4n2 is the average distance between protons
in the pre-recombination epoch. This almost 20% increase of the
electron binding energy for each n leads to the appearance of in-
irect channels of radiative transitions, which are forbidden in the
tandard scenario of recombination on an isolated proton [47,48].
According to [47], after the emission of a photon, H+

2 is formed
in a highly excited repulsive or attractive state. H+

2 in the re-
pulsive state rapidly dissociates into excited hydrogen atom and
proton,

H+

2 → H∗
+ p . (5)

H+

2 in the attractive state will cascade down to lower states,

H+

2 (n) → H+

2 (n − 1) + h̄ω , (6)

nd at some point, it may pass into the lower repulsive state and
hen dissociate according to (5). The probabilities for formation
f the hydrogen molecular ion (H+

2 ) and neutral hydrogen (H) in
heir ground states were calculated to be comparable with each
ther in this scenario [48].
Here we have to note that there is a tight constraint on

he abundance of molecular hydrogen in the Universe, fractional
bundance of H2 relative to the total number of baryons is esti-
ated not to exceed 10−12 during the recombination epoch [40].
owever, quasi-molecular mechanism concerns the period with
igh temperatures T ≳ 5,000 K, when no hydrogen atoms exist
et and the ionized quasi-molecules H+

2 are formed temporarily,
apidly dissociating due to scattering events in hot plasma, giving
o neutral H2 as a final product. So, QMR can act as a catalyst
or the hydrogen recombination, but it does not increase the
bundance of molecular hydrogen at later stages of the Universe’s
volution.
Since the average distance between protons at z ∼ 2000 was

omparable with the radius of hydrogen molecular ions, that have
elatively high ionization energy,

H+

2
≈ 16 eV (1.87 × 105 K), (7)

he H+

2 abundance for that temperatures

= 2.73(1 + z) K ∼ 5,000 K, (8)

an be high. Also the lifetime of these excited electronic states
as about 10−9

−10−7 s, which is much greater than the duration
f collisions [48].
To estimate the order of corrections induced from the early

MR at the temperature (8), let us write the Saha equation for
ydrogen recombination,

x2e
1 − xe

= 2.9 × 1023T−3/2e−E/T , (0 < xe < 1) (9)

where

xe =
ne

nH(tot)
=

ne

4.2 × 105 Ωbh2 T
−3 (10)

is the ionization fraction — the number density of electrons, ne,
per total number of hydrogen nuclei, nH(tot). The baryon number
density

Ω h2
≈ 0.02 (11)
b



R. Beradze and M. Gogberashvili Physics of the Dark Universe 32 (2021) 100841

w
T

Fig. 1. Free electron fraction xe as a function of the redshift z. Solid curve
shows the standard scenario, while the dashed line corresponds to the modified
initial conditions, when the number of free electrons is lower by 2% and the
temperature is decreased.

is estimated from the CMB data analyses. In the Saha equation
(9), instead of the hydrogen ionization energy

EH = 13.6 eV (1.58 × 105 K), (12)

e should use an effective value, the H+

2 ionization energy (7).
hen, at z ≈ 2000 the Saha equation (9) gives

x2e
1 − xe

≈ 50 . (13)

From this equation we found that

xe ≈ 0.98 , (T ∼ 5,000 K) (14)

i.e. up to 2% of protons had already formed the neutral hydrogen.
This means that, for the time when the average distance

between protons in (4) was large, R ≫ rn, the quasi-molecular
mechanism was in action and by the time the standard mecha-
nism of recombination stepped in, the QMR had prepared differ-
ent initial conditions:

• The number of free electrons in (10) was lower by ∼ 2%
compared to the standard picture;

• As some photons of plasma had already turned into back-
ground radiation, they ceased to contribute to the pressure
and the effective temperature in (9) decreased.

If we compare the evolution of the free electron fraction (10) of
the standard recombination scenario with the case with modified
initial conditions (Fig. 1), we see that half of the protons have
recombined earlier than expected. More precisely, xe = 0.5 at
z = 1392, while the standard treatment of the Saha equation
predicted that half of the electrons became bound at z = 1365,
giving a 2% difference.

Of course, it is only qualitative analysis. In a real physical pic-
ture, one should consider reaction kinematics as well. In Peebles’
three-level atom approximation model [41], free electron fraction
evolution differs from the solid curve shown on the figure 1.
However, one can argue that the difference between standard and
quasi-molecular recombination presented in the simplified model
(Fig. 1), will persist in more complex physical scenarios.

Now we state:

• The existence of H+

2 states means that hydrogen recombi-
nation processes in the Universe had started earlier (z ≃

2000–8000), when the temperature was greater than re-
quired for the standard scenario;

• Due to the new channel (induced by QMR) for hydrogen
formation, the recombination process stretches compared to
the case of standard recombination on an isolated proton.
3

The first of these claims is effectively equivalent to the increase
in the ionization energy of hydrogen, while the second point can
play a role similar to the decrease in 2s → 1s transition rate.
Both these two effects induced from QMR, effectively can act as a
rescaling of atomic parameters: hydrogen ionization energy and
2s → 1s transition rate, which are the most efficient mechanisms
to increase the calculated value of H0, according to the analysis
in [44]. It is important also that both these facts have additive
effects in estimations of H0.

Noting in addition the quadratic contribution of the Hubble
constant into the equation of free electron fraction (10), and
accounting the result of [34] that 1% increase in distance to the
last scattering surface can give a 5% rise of the H0, we can argue
that the 2% inaccuracy in evaluation of the free electron fraction
can lead to up to ∼ 4 − −5% error in CMB estimations of the
Hubble constant. Actually, the beginning of hydrogen recombina-
tion earlier than expected in the standard picture (due to QMR),
can mean that the distance to the last scattering surface is being
underestimated in typical analyses.

Another possible consequence of the corrections induced from
the QMR can lead to the solution of so-called σ8 tension. Note
that most attempts at solving the Hubble tension worsen the σ8
tension and vice-versa [51,52]. Solutions to the Hubble tension
either reduce the size of the sound horizon, r∗, or increase the
angular diameter distance to the CMB, dA. To keep the locations
of the peaks (3) in the CMB fixed, H0 increases, diminishing the
tension. On the other hand, a solution to the σ8 tension would
require either late-universe physics that leads to a suppression
of the linear matter power spectrum, or a decrease in the CMB-
predicted value of matter density ΩM . We argue that, if the
effects of QMR are important and recombination starts earlier
than expected, the CMB analysis may be overestimating the value
of ΩM . Also, since the recombination in QMR scenario lasts longer
and ends later, actual linear growth factor can be smaller (in the
matter dominated regime the linear growth factor is proportional
to the scale factor) that reduces the σ8 tension.

A full investigation of cosmological recombination requires
the knowledge of wavefunction of an electron in initial and fi-
nal states. So, it is not so straightforward to carry quantitative
analyses as many computational codes need to be modified and
it can affect other cosmological parameters, as many of them are
correlated. Such calculations are beyond the scope of our short
paper. Our analysis of the contribution from H+

2 quasi-molecules
into the recombination process, cannot conclusively demonstrate
the significance of this phenomena in the Hubble constant and
σ8 estimations. However, it is clear that the model of recombi-
nation may be missing a potentially important ingredient. The
QMR, even assuming strong photo-dissociation and secondary
ionization processes in hot plasma (T ≳ 5,000 K), introduces early
hydrogen recombination channels and is able to make notable
contributions in a complete treatment of the cosmological recom-
bination. In the recent paper about QMR [49], the authors derived
algebraic forms of wavefunctions and a scheme of calculations,
that in future can allow elaboration of a complete computational
code for quasi-molecular mechanism of recombination. The point
of our work is to suggest that inclusion of possible corrections
due to quasi-molecular processes, along with more well-known
mechanisms, in existing computational codes of recombination
are important as they may have impact on some cosmological
parameters. We tried to demonstrate that inclusion of QMR may
affect the estimations of Hubble constant and σ8 values from the
CMB data analysis in the way to decrease their tensions with local
measurements.
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