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Abstract: The second flavor of hydrogen atoms (SFHA) refers to the kind of hydrogen atoms that
have only the states of the zero orbital angular momentum (the S-states), both in the discrete and
continuous spectra. They were first discovered theoretically in one of my earlier papers, where a
proof of their existence was also provided by analyzing atomic experiments concerning the high-
energy tail of the linear momentum distribution in the ground state of hydrogen atoms. From a
theoretical point of view, the discovery was based on the standard Dirac equation for hydrogen atoms
without changing the existing physical laws. Recently, the existence of the SFHA was seemingly
also confirmed by two types of astrophysical observations: the allowance for the SFHA explained
the puzzling results concerning both the anomalous absorption of the redshifted 21 cm spectral line
from the early Universe, and the observations by the Dark Energy Survey (DES) team where it was
found that the distribution of dark matter in the Universe is noticeably smoother than predictions
employing Einstein’s relativity. In the present review, we exhibit results from two recent papers where
attention was brought to a visible difference in the cross-sections of the resonant charge exchange
for collisions of the SFHA with incoming protons, compared to collisions of the usual hydrogen
atoms with incoming protons. It was shown that, after taking into account the SFHA, there is a better
agreement with the corresponding experimental cross-section. Coupled with the previous evidence
of the existence of the SFHA, deduced from the analysis of the other kind of atomic experiments, and
evidenced by two different kinds of astrophysical observations, this strengthens the standing of the
SFHA as the most probable candidate for all or a part of dark matter.

Keywords: second flavor of hydrogen atoms; laboratory and astrophysical observations; dark matter;
charge exchange; Stark effect

1. Introduction

The second flavor of hydrogen atoms (SFHA) refers to the kind of hydrogen atoms
that have only the states of the zero orbital angular momentum (the S-states), both in the
discrete and continuous spectra. They were first discovered theoretically in [1], where
proof of their existence was also provided by analyzing atomic experiments concerning
the high-energy tail of the linear momentum distribution in the ground state of hydrogen
atoms. From a theoretical point of view, the discovery was based on the standard Dirac
equation for hydrogen atoms, as follows.

The Dirac equation for hydrogen atoms has two solutions differing by their behavior
at relatively small values of the distance r of the electron to the proton. One solution is
called “regular” because it has only a weak singularity at small r. The second solution is
called “singular” because it has a strong singularity at small r. In all textbooks, the singular
solution was rejected. In [1], it was shown that with the allowance for the finite size of the
nucleus and for the known (from experiments) distribution of the electric potential inside
the nucleus, it is possible to tailor (at the proton boundary) the wave function inside the
proton with the singular wave function outside the proton for the ground state of hydrogen
atoms, so that there was no reason to reject the singular solution of the standard Dirac
equation outside the proton.
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Moreover, in [1] a whole class of potentials were derived, for which tailoring and thus
the legitimization of the singular solution is possible. Those are potentials inside a sphere
of a radius R that rise from r = 0 to r = R faster than for the uniformly charged sphere. They
correspond to the charge density that has a maximum at r = 0—just as for the actual charge
density inside the proton known from experiments [2–4].

In [5], it was shown that singular solutions outside the proton are legitimate not only
for the ground state (as in [1]), but also for all S-states in the discrete and continuous energy
spectra of hydrogen atoms. Therefore, due to the well-known selection rules, for this
kind of hydrogen atom, both diagonal and non-diagonal matrix elements of the radius–
vector operator r are zeros (which is why this kind of hydrogen atom does not exhibit any
Stark effect in a uniform electric field, or in the non-uniform electric field of the nearest
plasma ion, as explained in [6]). Matrix elements of any power of the operator r are zeros
because they are the products of the matrix element of the operator r, which are all zeros.
Consequently, this kind of hydrogen atom cannot interact with electromagnetic radiation
(except for emitting or absorbing the 21 cm spectral line corresponding to the radiative
transition between the two hyperfine structure sublevels of the ground state): these hydrogen
atoms remain dark (or nearly dark, allowing only for the 21 cm spectral line).

The name “second flavor of hydrogen atoms” was given to this kind of atom in [7]
for the following reason. The regular wave function describing the ground state of the
usual hydrogen atoms and the singular wave function describing the ground state of the
other kind of hydrogen atoms correspond to the same energy and have the same quantum
numbers N = 0, k = −1, j = 1/2 (resulting from the solution of the Dirac equation). In other
words, they have the same values of the known conserved quantities the energy E, the
square of the total angular momentum J2, and K (where the operator K = β(2Ls + 1), β being
the Dirac matrix of the rank four and Ls denoting the scalar product of the operators of the
orbital angular momentum and spin).

In [7], I notice:

“There is a fundamental theorem of quantum mechanics concerning the cause of
any additional degeneracy. Namely, it is caused by the existence of an additional
conserved quantity (or quantities), whose operator commutes with the Hamil-
tonian, but does not commute with other conserved quantities or if it does, but
the additional conserved quantity is a multi-component one, then its components
do not commute with each other—see, e.g., the textbook [15] (here, [8]). The
corresponding degenerate states differ by the eigenvalues (i.e., by additional
quantum numbers) of the additional conserved quantity.”

Thus, there is an additional double-degeneracy, in addition to the trivial double-degeneracy
with respect to the z- projection mj of the total angular momentum J. Hydrogen atoms have
flavor symmetry: they have two flavors that differ by the eigenvalue of an additional, new
conserved quantity. It is appropriate to call it the flavor symmetry by analogy with quarks
that are said to have flavors: for instance, there are up and down quarks. As it was written
in [7], “for representing this particular flavor symmetry, there was assigned an operator
of the isotopic spin (isospin) Is—the operator having two eigenvalues for its z-projection:
Iz = 1/2 assigned to the up quark and Iz = −1/2 assigned to the down quark.” So, the new
operator, by eigenvalues of which the singular flavor of hydrogen atoms differ from the
regular flavor of hydrogen atoms, was called isohydrogen spin in [7].

Of course, the fact that the SFHA does not interact with the electromagnetic radiation
and remains dark, is the objective fact that does not depend on the choice of terminology.
In [1], from which the history of the SFHA started, it was shown that the allowance for the
SFHA eliminates a really huge discrepancy (of several orders of magnitude) between the
experimental high-energy tail of the linear momentum distribution in the ground state of
hydrogen atoms and the previous theories that did not allow for the SFHA. This is what
constituted the first observational evidence of the existence of the SFHA.

Recently, the existence of the SFHA seemingly was confirmed also by the following two
types of astrophysical observations. In [9], the authors presented a puzzling observation of



Physics 2022, 4 288

the redshifted 21 cm spectral line from the early Universe. Namely, the observed absorption
profile of the 21 cm line turned out to be by a factor of two greater than calculated by the
standard cosmology. This meant that the temperature of the primordial hydrogen gas was
significantly smaller than expected from the standard cosmological calculations.

In [10], the author hypothesized that the cooling was due to collisions with some
unspecified dark matter. According to his estimates, the mass of these unspecified dark
matter particles should not be greater than 4.3 GeV—to fit the observational results of [9].

Later, in [11], the author came to the following important conclusion based on the
analysis of the results of [9,10]. He stated that these observational results represented an
unambiguous proof that dark matter is baryonic, so that non-baryonic models of dark matter
should be discarded.

Then, in [5], I addressed the following question: Why not dark matter baryons,
responsible for the additional cooling of the primordial hydrogen gas, would be the SFHA
—instead of some unspecified dark matter particles suggested in [10]? In [5], it was shown
that in the course of the Universe expansion, the SFHA would decouple from the cosmic
microwave background radiation much earlier than the usual hydrogen atoms, so that
the SFHA temperature was significantly lower than for usual hydrogen atoms. It was
demonstrated in [5] that this explained the puzzling astrophysical observation of [9] both
qualitatively and quantitatively.

The other recent astrophysical observation seemingly providing an additional con-
firmation of the existence of the SFHA is the following. From the most detailed map of
the distribution of dark matter in the Universe, created from the observations by the DES
team, it was determined (and presented in [12]) that this distribution is noticeably smoother
than predictions employing the Einstein’s relativity. This motivated suggestions that the
explanation would require new physical laws—namely, some type of non-Einsteinian
gravitation. In [13], I demonstrated that this perplexing observation can also be explained
(qualitatively and quantitatively) by utilizing the SFHA, and no change of physical laws
is required.

Namely, in [13] a system of a large number of gravitating neutral particles, equal
by their mass to that of hydrogen atoms, was analyzed. The focus was at the subsystem
of relatively isolated pairs of these particles that lose energy via gravitational radiation.
This causes the decrease in the separation of the particles within the pair. In [13], it was
demonstrated that there is a minimum separation, at which the further decrease would stop.
It turned out that the calculated minimum separation is of the order of few megaparsecs,
which is practically the same as the average observed separation between galaxies. As the
pair reaches the minimum separation, the gravitational radiation stops: a partial inhibition
of the gravitational radiation occurs within this system. According to the estimate of [13],
the percentage of the pairs, for which the inhibition of the unlimited “clumping” takes
place, is &2.5%. This is in a good agreement with the percentage observed by the DES
team—the percentage by which the distribution of dark matter was found to be more
smooth, less clumpy, than predicted by general relativity.

What are the dark matter particles that interact only gravitationally (no electromagnetic
interaction) and whose mass is equal to the mass of hydrogen atoms? In [13], it was pointed
out that such dark matter particles could only be the SFHA.

Thus, the SFHA seems to be the most probable candidate for dark matter (or at least
for a part of it) because it has the following four advantages over other hypotheses. First,
the SFHA has the experimental confirmation from the analysis of atomic experiments [1].
Second, it is favored by the Occam razor principle because it does not go beyond the
Standard Model. Third, its theoretical discovery was based on the standard the Dirac
equation without resorting to change the physical laws (and thus once again it is favored by
the Occam razor principle). Fourth, using the SFHA it was possible to explain qualitatively
and quantitatively the two puzzling astrophysical observations: one of [9], another of [12].

For reinforcing the status of the SFHA as the most probable candidate for dark matter,
it would be good to find further evidence of the existence of the SFHA from atomic
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experiments—in addition to the experimental evidence presented in [1]. It turned out
that such additional evidence can be indeed obtained—from analysis of experiments on
the resonant charge exchange between hydrogen atoms and incoming protons, as shown
in [6,14]. In the present review, I exhibit the results of [6,14].

2. Resonant Charge Exchange Involving the Second Flavor of Hydrogen Atoms: A
Classical Description for Excited States

For an electron transiting from being bound to one proton to being bound to another
proton, the classical cross-section σ of the resonant charge exchange is (see, e.g., [15]):

σ = (8π/I2)(1 − 0.8z2/5),
z = v/(2I)1/2,

(1)

where v is the relative velocity of the two protons and I is the ionization potential from the
particular state of the atom. Here and below we use atomic units, unless specified to the
contrary. Equation (1) is valid under the condition:

v � vmax = (2I)1/2. (2)

The ionization potential I in the zeroth approximation is related to the principal
quantum number n, as follows:

I0 = 1/(2n2). (3)

Therefore, in the zeroth approximation, Equation (1) yields:

σ0 = 32πn4
[
1 − 0.8(nv)2/5

]
. (4)

In the next approximation for the usual hydrogen atoms, in [6] the linear Stark shift in
the field of the proton located at the distance R from the atom was allowed for:

I =
[
1/(2n2)

]
(1 − 3n3q/R2),

q = n1 − n2.
(5)

In Equation (5), n1 and n2 are the parabolic quantum numbers.
According to [15], the potential barrier for the transition of the electron from one

proton to another vanishes when the interaction potential between the electron and the
protons in the middle of the internuclear axis becomes greater than the ionization potential.
This condition results in the following charge-exchange-effective separation between the
two protons [15]:

R0 = 4/I. (6)

On substituting R = R0 in the 2nd term in the parenthesis in Equation (5) and utilizing
I = I0 = 1/(2n2), Equation (5) can be represented in the form:

I =
[
1/(2n2)

]
[1 − 3q/(64n)]. (7)

After combining Equations (1) and (7) and taking into account that the 2nd term in the
right side of Equation (7) is relatively small, the author of paper [6] finally obtained:

σ0 = 32πn4
[
1 − 0.8(nv)2/5 + 3q/(32n)

]
. (8)

In distinction to the usual hydrogen atoms, for the SFHA there is no Stark effect in
any order, as explained in [6] and noted above. Therefore, for the SFHA the corresponding
cross-section is:

σ2 = 32πn4
[
1 − 0.8(nv)2/5

]
. (9)

In Equation (9), the number 2 in the subscript means the “second flavor”.
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Figure 1 shows the relative difference D = (σ − σ2)/σ2 versus the principal quantum
number n for the quantum number q = n − 1 and the relative velocity of the colliding
particles v = 0.1. One can see that the relative difference can become of the order of unity.
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exchange for the usual hydrogen atoms and the second flavor of hydrogen atoms (SFHA) versus
the principal quantum number n for the quantum number q = n − 1 and the relative velocity of the
colliding particles v = 0.1.

3. Resonant Charge Exchange Involving the Second Flavor of Hydrogen Atoms: A
Classical Description for the Ground State and the Analysis of Experiments

In this section, I follow [14]. For relatively large internuclear distances R. the ground
state energy of usual hydrogen atoms can be written as follows (in accordance with Equation
(4.59) in [16]):

Elarge = −− 9(4R4)− 15/(2R6). (10)

In Equation (10), the higher order terms of the expansion have been omitted; the
subscript “large” means that Equation (10) is valid for relatively large R. Therefore, the
ionization potential for the ground state of the usual hydrogen atoms can be represented
as follows:

Ilarge = +9(4R4) + 15/(2R6). (11)

By combining Equations (6) and (11) (and omitting the subscript “0”) one obtains:

4/R = +9/(4R4) + 15/(2R6). (12)

Out of the roots of Equation (12), the one that is relevant to the problem under
consideration is:

Rlarge = 7.991. (13)

As for the SFHA, the energy of the ground state for relatively large R is:

Elarge,2 = −1/2. (14)

We remind that the SFHA does not exhibit any Stark shift. Therefore,

Ilarge = 1/2, (15)

so that (in accordance to Equation (5)):

Rlarge,2 = 8. (16)

Next, in [14], I analyzed the situation for a relatively small R. In this case, the ground
state energy of the usual hydrogen atoms can be expressed as follows (according to
Equation (5.13) in [16]):

Esmall = −2 + 8R2/3 − 16R3/3. (17)
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In Equation (17), the higher order terms have been omitted; the subscript “small”
signifies that this expansion is valid for a relatively small R. So, the ionization potential for
the ground state has the form:

Ismall = 2 − 8R2/3 + 16R3/3, (18)

where the subscript “small” means that Equation (18) is valid for a relatively small R.
After combining Equations (6) and (18), in [14] the following was obtained:

4/R = 2 − 8R2/3 + 16R3/3. (19)

Out of the roots of Equation (19), the one that is relevant to the problem under
consideration is:

Rsmall = 0.953. (20)

As for the SFHA, the energy of the ground state for relatively small R is:

Esmall,2 = −2. (21)

Once again, since there is no shift in the energy levels of the SFHA in the electric
field, consequently:

Ismall,2 = 2, (22)

so that (in accordance to Equation (6)):

Rsmall,2 = 2. (23)

Further, in [14] I wrote:

“For calculating the cross-sections of the charge exchange by using Equation (6), it
is necessary to add the corresponding contributions from both channels, i.e., from
both the “large R” case and the “small R” case. For obtaining the ratio of the reso-
nant charge exchange cross-section from the ground state of the SFHA σSFHA to
the corresponding result σusual for the usual hydrogen atoms in the simplest form—
just to get the message across—we will consider the limit of v approaching zero.”

In this limit, the ratio σSFHA/σusual becomes:

σSFHA/σusual = (Rlarge,2
2 + Rsmall,2

2)/(Rlarge
2 + Rsmall

2). (24)

After substituting the data from Equations (13), (16), (20) and (23) in Equation (24),
in [14] the following was finally obtained:

σSFHA/σusual = 1.05. (25)

Thus, the σSFHA is by 5% larger than σusual.
Then, in [14], I compared the results with the most precise experiment on the resonant

charge exchange between hydrogen atoms in the ground state and protons of a relatively
low energy—the experiment performed by Fite et al. [17]. Figure 2 (reproduced from
Figure 1 of [14]) shows the following: (i) the experimental cross-sections—circles, some
with error margins—reproduced from Figure 2 of [17]; (ii) the experimental cross-sections—
crosses (with error margins) connected by the solid line—from the earlier measurements by
Fite et al. [18], reproduced from Figure 2 of [17]; (iii) the theoretical cross-sections—filled
circles connected by the solid line—calculated by Dalgarno and Yadav [19], reproduced
from Figure 2 of [17]; (iv) the theoretical cross-sections for the case of the SFHA—the dashed
line—from the present calculations.
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