MUWHUCTEPCTBO HAYVKU U BBLICIIE'O OBPABOBAHUA POCCUNICKON DEAEPALINN
OEAEPAJILHOE 'OCYJIAPCTBEHHOE ABTOHOMHOE OBPA3OBATEJ/IbHOE
VUPEK/JIEHUE BBICIIETO OBPA3OBAHUS

«HanuoHnaJbHbIN ncc/aeg0BaTeJIbCKUN s1/IepHbIi YHUBEPCUTET»

«HNAY MUDPU»

Kadeapa Ne 40 «Pusuka 3j1eMeHTAPHBIX YaCTUI»

Omuem no pabome Ha memy:

«Cnennduka dopMupoBatns KpynHoMaciiTabHoil cTpyKTyphl Beeslennoit B
MOJICJI TEMHBIX aTOMOB»

Meecmo 8btnoaHeHUus:

HUNAY MUOU, Kadenpa Ne 40 «Dusnka s1eMeHTapHBIX YaCTUI»

Crynent(aHomep rpymmbl): Kapan M Beiic An (B19-102)

PykoBomutenn: Ilpod., 1.d.-m.u. Xinomos M.IO.

Mocksa 2023r.



Conepzkanue

1 Introduction 3

2 Calculating the number density of O particles in the

universe at O He foramtion 3
3 Calculating the cross-section for O He formation 4
4 Calculating the rate of O He formation 5
5 The temperature and density of the OHe formation 6
6 Calculating the time of OHe formation 7
7 Estimation of the total number of formed OHe atoms 8

8 Probability of Covalent bonding between Two OHe atoms 9

9 Calculating the covalent bond length and the radial

probability density 10
10 Conclusion 12
Refrences 13



1 Introduction

The OHe Dark Atom system is similar to the Bohr like hydrogen atom system,
unlike the hydrogen atom, the OHe dark atom has a very heavy nucleus, which is
made up of a evenly negatively charged O particle and a He particle bound together,
a possible candidate of Dark Matter. The properties of the OHe dark atom system,
such as its energy levels and transition probabilities, are determined by the interaction
between the O and He particles that make up the nucleus. The OHe dark atom system
is of interest to researchers studying dark matter because it is a simple system that
can be studied theoretically, allowing for predictions to be made about the behavior of
more complex dark matter systems. Additionally, the OHe dark atom system may be
detectable through its interactions with ordinary matter, providing a potential way to
indirectly detect dark matter [1|. The formation rate of OHe dark atoms is important
because it determines the abundance of these particles in the universe. This abundance,
in turn, can have important implications for astrophysics and cosmology.

For example, the presence of OHe dark atoms could have an impact on the observed
properties of galaxies and other astronomical objects. OHe dark atoms might also
contribute to the overall density of the universe, which affects the expansion rate and
ultimate fate of the universe.

Furthermore, the formation rate of OHe dark atoms can help us better understand
the nature of dark matter, which is one of the most important unsolved mysteries in
modern physics. If OHe dark atoms are indeed a component of dark matter, then their
formation rate can tell us more about the properties of this elusive substance.

2 Calculating the number density of O particles in
the universe at O He foramtion

The calculation for the number density of O particles in the universe at the time
of OHe formation:

e We know that the energy density of O particles in the universe is given by:
po = monoc?, where mo is the mass of the O particle and no is its number
density.

e We can also write the energy density of the universe as: piot = prad + Py + PO
where p,q is the energy density of radiation, pys is the energy density of matter,
and po is the energy density of O particles.

3H2

e Assuming that the universe is flat, we have: pir = p. = 5. where Hy is the

present-day Hubble constant and G is the gravitational constant.

e At the time of OHe formation, the temperature of the universe was around 100
keV, corresponding to a time of around 1 second after the Big Bang. Using the



standard model of cosmology, we can estimate the value of H at this time as:

G T2
H(T) = 1.66¢2/2——

H(T) ~

where g, is the effective number of relativistic degrees of freedom, T' is the
temperature, and Mp; is the Planck mass.

e Assuming that O particles were in thermal equilibrium with the radiation and
matter in the universe at this time, we can use the Boltzmann distribution to
write:

nxy =

PO _C(3)g_opmd(T)< T >3

moc? ™ g, Mo moc?

where ((3) ~ 1.202 is the Riemann zeta function evaluated at 3, go is the number
of internal degrees of freedom of the O particle, and we have assumed that the
O particles have reached chemical equilibrium with the radiation and matter.

e Using the above equations, we can calculate the number density of O particles
as:

100 keV\® / g, \1/2
~ 2.98 x 102! ( ' ) -3
"o - 90( moc® ) w07 "

where we have used g, = 10.75 for the effective number of relativistic degrees of
freedom at a temperature of 100 keV.

e Assuming mp = 10 GeV/c? and gp = 2, we get: np ~ 4.13 x 101 m~3

This is the number density of O particles in the universe at the time of OHe
formation, based on theoretical models and assumptions.

3 Calculating the cross-section for O He formation

The cross-section formula for OHe formation from the Kuzmin and Rubakov paper,
using mo = 10 GeV/c? and temperature T' = 100 keV, we have:
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where we have used ap = g¢3/(47) and aeg = g% /(47), with go = 2 and
Jof = 2 being the degrees of freedom for the O particle and the effective degrees
of freedom at T' = 100 keV, respectively.

Using the Bohr radius of OHe as ag = 2x 10713 ¢cm, we have veg. = \/2GMOHe/aO ~
1.92x 10M c¢m/s, where Mope is the mass of OHe. Taking Moy, ~ 2m,, as before,
we have e ~ 1.36 x 105 cm /s.

Then, we can calculate the relative velocity v, using the same expression as
before, which gives v, ~ 3.38 x 107 cm/s. Plugging in these values into the
expression for opg., we obtain:

come ~ 1.41 x 10724 ¢m?.

Calculating the rate of OHe formation

The rate of O He formation per unit volume can be calculated using the formula:

dNOHe
dt

= Nonge <00He’0>

where np is the number density of O particles, ny. is the number density
of helium atoms, and (oopev) is the velocity-averaged cross-section for OHe
formation.

Using the given values, we have:

dNOHe
dt

= (4.13 x 10" m™?) (nge) (1.41 x 107** cm?) (v)

where (v) is the average relative velocity between O particles and helium atoms.
We can approximate this as:

23
/SkBT 8(1.38 x 10-% J/K) (100keV) ~ 1221 m)s
MHe 7 (6.646 x 10727 kg)
where kg is the Boltzmann constant, T is the temperature, and my, is the mass
of a helium atom.

The number density of helium atoms can be calculated from the density of the
Universe and the mass fraction of helium|4]:

 pSe (1.88 x 10720 kg/m?) (0.24)

= ~ ~85x10¥ m™
— (6.646 x 1027 kg) S

where p. is the critical density of the Universe and {2y, is the mass fraction of
helium.



Substituting the values, we get:

dNOHe
dt

~ (4.13 x 10" m™?) (8.5 x 10" m™?) (1.41 x 107** cm?) (1221 m/s)
~420x 1073 st m™?

e Therefore, the rate of OHe formation per unit volume is approximately 4.20 x
1073 s7'm=3.

5 The temperature and density of the O He formation

To determine the temperature and density conditions required for OHe formation,
using theoretical models and assumptions. We can use the following formula to estimate
the temperature required for OHe formation|3|:

ROHe =N *00He * Urel

where np is the number density of O particles, opop, is the cross-section for OHe
formation, v, is the relative velocity between the O and He particles, and Ropge is
the rate of OHe formation per unit volume.

To find, T the following assumptions and equations are needed:

e The OHe formation rate per unit volume is given by rog. = TLZOO'O HeVUrel, Where
no is the number density of O particles, opope is the cross-section for OHe
formation, and v,.; is the relative velocity between an O particle and a He nucleus.

e The O particles are non-relativistic and can be treated as a classical ideal gas,
with a Maxwell-Boltzmann velocity distribution.

e The O particles and He nuclei form a bound state with a characteristic size
Rope, which can be approximated as the Bohr radius for the OHe system.

e The O particles are much more massive than the He nuclei, so the OHe system
can be treated as a two-body problem with the He nucleus fixed at the origin.

e Using these assumptions and equations, we can derive an expression for the
temperature T' required for OHe formation:

T Mo < Rome )2/3
kg \nooome

where mg is the mass of the O particle and kg is the Boltzmann constant.



Substituting the given values, we get:

T =

(10 GeV/c?)(1 GeV /c?) 4.20 x 1073 s7tm™3 2/3
kp 4.13 x 101 m—3 x 1.41 x 10=2* cm?

Simplifying this expression, we get:

T =~ 91.9 keV

Therefore, the temperature required for OHe formation is approximately 91.9 keV.
To determine the density condition of He required for OHe formation, we can use
the Saha equation:

NOHe (27TmekBT>3/2 2gOHe ex (_&)
nNoNHe h? JgoYgHe P kT

where nope is the number density of OHe, ng is the number density of O particles,
nye is the number density of He, m, is the mass of an electron, kg is the Boltzmann
constant, T" is the temperature, h is the Planck constant, gope is the degeneracy of
OHe, go is the degeneracy of O particles, gp. is the degeneracy of He, and Ej, is the
binding energy of OHe.

We can rearrange the equation to solve for nye:

e MOHe (gogHe Ey, h? 32
He no  \ 290He P kgT 2mmekpT

Plugging in the given values, we get:

(4.20 x 1073 s~ 'm %) /2 (—1.6 MeV)
NHe = — | €XP X
(413 x 108 m—3) \2 (91.9 keV)(L.38 x 103 J/K)

. (6.626 x 103 J 5)2 32
27(9.109 x 103! kg)(1.38 x 102 J/K)(91.9 x 103 eV)(1.6 x 10-19 J/eV)

Simplifying the expression, we get:

npe =~ 1.19 x 10" m™3

Therefore, the density condition of He required for OHe formation is approximately
1.19 x 101 m~3.

6 Calculating the time of O He formation

To calculate the time when the universe had the required temperature and density
conditions for OHe formation to occur.



e Using the same formula and assuming a density of He of 1.19 x 10! m~3 and
a temperature of 91.9 keV, we can calculate the time when the universe had
the required conditions for OHe formation. The equation comes from combining

the Friedmann equations with the equation of state for a radiation-dominated
2

s
universe, which is given by p = —¢,7*, where g, is the effective number of
relativistic degrees of freedom at the temperature T'|5].

e Using the Friedmann equation H? = 87;G p, we can solve for ¢ in terms of p and

gx:
. 1 1 /3
2H \/87T'G \/GIOQ 8

Substituting the expression for p, we get:

1 1

= \/_2\/8:T2\/_T

30
Simplifying the constants, we arrive at:

1 1 2.58><1038
VG 2 gi/2T2

This equation is commonly used to estimate the time at which the universe had a
given temperature and density, assuming a radiation-dominated universe. where
G is the gravitational constant, p is the energy density of the universe, g, is the
effective number of relativistic degrees of freedom, and 7" is the temperature.

=

Plugging in the values, we get:
1
t = X
V667 x 10710 md kg1 572 (¢2)(1.19 x 101 m=3) (1+3 x L(4)1/%)

1 2.58 x 1038

“ 2 (14 3 x L(L)43)12(91.9 keV)?

Simplifying, we get: t ~ 164 s

e So the estimated time when the universe had the required temperature and
density conditions for OHe formation to occur is approximately 164 seconds
after the Big Bang.

Estimation of the total number of formed OHe
atoms

The total number of OHe atoms formed can be estimated the following way

8



e using this formulas:

None = Rone -V

where Rone is the rate of OHe formation per unit volume and V' is the volume
of the universe at the time of OHe formation.

e Substituting Roge = 4.20 x 107 s7'7% and V = 3m(ct)?, where ¢ is the speed
of light and t is the time of OHe formation, we get:

4
Noge = 420 x 1072 s7'm ™ - g7r(c7:)3.

Substituting t = 164 s, we get:

4
Nome = 4.20 x 1073 s im 3. §7r(c- 164 s)% ~ 1.22 x 10°7.

e Therefore, the estimated total number of OHe atoms formed is 1.22 x 10°.

8 Probability of Covalent bonding between Two O He
atoms

In the Valence Bond Theory, the covalent bonding between two OHe atoms is
described as the overlap of the He orbitals with the O orbitals. The He orbital is a
spherically symmetric wave function that describes the probability of finding the He
particle at a particular distance from the O nucleus. The O orbital is a more complex
wave function that takes into account the negatively charged O nucleus|2|.

e The probability of forming a covalent bond between two OHe atoms is given by
the overlap integral of the He and O orbitals: P = S? where S is the overlap

integral given by: S = fwge(r)zbo(r)dr

® Upe(r) represents the wavetunction of the He particle, which is an alpha particle
consisting of two protons and two neutrons. Since the He particle acts like an
electron in the OHe dark atom model, its wavefunction is similar to that of an
electron in a hydrogen atom. In spherical coordinates, the wavefunction can be

3/2
expressed as: Ype(r) = 2 <alo> exp (_CLLO>

® o), on the other hand, represents the wavefunction of the O particle, which
is the negatively charged nucleus in the OHe dark atom model. Since the O
particle is a nucleus, its wavefunction is not as well-defined as that of an electron
or an alpha particle. However, it can be approximated by a Gaussian distribution
centered at the origin. In Cartesian coordinates, the wavefunction can be expressed

as: Yo(r) = 7r(12a0)3 exp (—2’"70>




e Substituting these into the overlap integral expression, we get:

1

S = / bre(r)x (rydr =2 (a—0>3/2 \/ﬁ / exp <—a10> exp <—2La0> r2dr

where ag is the Bohr radius for the OHe system, which is given as 2 - 10713 cm.

e Since this integral cannot be solved analytically, we can evaluate it numerically
using MATLAB or other numerical integration methods. This wavefunction
represents the probability of finding the O particle at a particular position r
from the origin. Now Putting the Integral value S in P = S? we get,

P = 0.00484485 ~ 0.005

% Define the wave functions for He and X
psi_He = @(x) 2*(1/a0)*(3/2)*exp(-xfal);
psi_¥X = @(r) 1/sqrt(pi*(Z2*a0)"Z)*exp(-r/(2*a0))};

% Define the integration limits and step size

% Perform the numerical integration
r = a:dx:b;

integrand = psi_Hel(r).*psi_X(r).*r."Z;

integral_walue = trapz(r, integrand);

% the result

disp(["Integral value: ' num2str(integral_value)]l};

Puc. 1: MATLAB Code

Puc. 2: Integration Result

9 C(alculating the covalent bond length and the radial
probability density

To find the covalent bond length and radial probability density between two XHe
atoms, we need to solve the Schrodinger equation for the XHe system.

10



e The radial part of the wave function for the ground state of the XHe system
i ; Un (T 3/2 n—Ii—1)1 _ t
s aven by atr) = 0= (3) e 27 (38) 220 (58)

where ag is the Bohr radius, n and [ are the principal and angular momentum
quantum numbers, Z is the effective nuclear charge, and L]"'(z) is the associated

Laguerre polynomial of degree n and order m.

e For the OHe system, we have Z = 2 (since the O nucleus has a charge of -2 and
the He nucleus has a charge of +2) and [ = 0 (since the ground state has zero
angular momentum). Therefore, the radial part of the wave function reduces to:

1/2
Pno(r) = o) — L <83Z3> e~%r/m% where we have used LY(z) = 1 and the

r v\ agn3
normalization condition [ |¢no(r)[*r?dr = 1.

e The covalent bond length is the value of r that maximizes the radial probability
density [¢no(r)|?. This occurs at r = 7. = 3a. Therefore, the covalent bond
length for the OHe molecule is: r. = %ao =3x107"m

e The radial probability density for the ground state of the OHe system is given

by: [thno(r)? = £ (35 ) e227/mo

e Plugging in Z = 2, a9 = 2 x 107 m, and n = 1, we get: |[¢1o(r)]* =

32 %) e~4/300 To plot this function, we can use MATLAB or any other plotting

™ ag

software. Here’s an example MATLAB code:

Radig] Probability Density of OHe System Ground State

8_

I a (=] |
T T T T

Probability Density
w

|
|
|
|
|
|
Ir . =8e-10m
|
|
|
|
|
|
|

0 2 4 6 8 10
Distance from O nucleus (m’ «10710

Puc. 3: Radial probability density
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% Define constants

mX = 10.8; % mass of X particle in atomic mass units (amu)
mHe = 4.00260; 7 mass of He particle in amu

alpha = 1/137; % fine structure constant

hbar = 1.0546e-34; 7 Planck constant over 2xpi in J*s

e = 1.6022e-19; 7, elementary charge in C

k = 8.9876e9; Y Coulomb constant in N*m~2/C~2

a0 = 2e-11; % Bohr radius in m

% Define XHe system parameters
r0 = 2%a0; J distance between X nucleus and He particle in m
Z = -2; 7 charge on X nucleus

% Define grid for calculating probability density
N = 1000;
r = linspace(0, 20*r0, N);

% Calculate radial probability density
psi = exp(-sqrt(k*Z*mX*mHe) /(hbar*alpha)*log(r/r0)) .*r;
prob_density = 4*pi*r.~2.*abs(psi)."2;

% Find covalent bond length
[7, ind] = max(prob_density);
rc = r(ind);

% Plot radial probability density

plot(r, prob_density);

xlabel('Distance from O nucleus (m)');

ylabel('Probability Density');

title('Radial Probability Density of OHe System Ground State');

hold on;

plot([rc rc], [0 max(prob_density)], '--r');

text (rc+0.1*r0, max(prob_density)/2, ['r_c = ', num2str(rc), ' m']);
hold off;

10 Conclusion

The paper considers the hypothesis about the recombination rate of OHe. We have
considered Dark Atom OHe as bohr atom-like structure consisting of a negatively
charged nucleus O and an alpha particle He, which acts like an electron with positive
charge. The covalent bonding between two OHe atoms involves the sharing of electron-
like He particles between the nuclei O, leading to the formation of a stable molecule.
However, in this approach- There are some disadvantages to the Bohr atom, for
example, in this numerical model , the Coulomb force between helium and O is not
explicitly set, but the Bohr orbit of rotation of He in the OHe atom is manually
fixed, which excludes the possibility of its polarization due to the Stark effect. In
our future work we will try to fix this problem. We also will Compare the estimated
number of OHe atoms to further verifications or constraints on the abundance of OHe

12



in the universe to check the consistency of the model. Besides, we will try to Refine
the model by incorporating additional theoretical constraints and comparing to more
precise estimations. Furthermore , we will study how OHe atom interacts between
themselves and with other other atom to learn how it behaves in case of structure
formation.
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