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The ratio is defined between the number of additional relativistic degrees of freedom, AN.x, and parameter of
lepton asymmetry of neutrino, £, in the epoch of the Primordial Nucleosynthesis (PN), when the theoretically
predicted value of abundance of the primordial “He, Yy, agrees with the value defined from the observations.
It is shown that the presence of the light fully or partially thermalized sterile neutrinos does not contradict the
observational data on PN at value £ ~ 0.05, which might be generated in the early Universe within the existing

models of leptogenesis and resonant neutrino oscillations.
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Introduction

The phenomenon of neutrino oscillations provides evi-
dence of their non-zero mass. Besides, the standard model
of elementary particles (SM) leaves the mechanism of mass
generation for neutrinos unclear. One of the opportunities
for SM expansion providing for the generation of neutrino
masses is the introduction of sterile neutrinos — fermions,
which do not take part in any standard interactions. Ex-
pansion of the SM with its minimal changes, including the
sterile neutrinos, was called the neutrino minimal standard
model (VMSM), which may also solve the two fundamental
cosmological problems: nature of the dark matter and
baryon asymmetry of the Universe [1].

Cosmological manifestations of the sterile neutrinos de-
pend substantially on the scales of their masses. One may
identify the following mass range (see, for example, [2]):
light sterile neutrinos (1eV—1keV), heavy sterile neutri-
nos (1keV—100GeV) and super-heavy sterile neutrinos
(> 100 GeV). Super-heavy sterile neutrinos, as the Universe
expands, become nonrelativistic for the time < 107 s from
the moment of the Big Bang, and being the unstable
particles, decay within < 10~7s, generating the baryon
asymmetry [2]. The heavy sterile neutrino may have the
lifetime comparable with the Universe age or exceed it,
which makes such neutrino a good candidate for the role of
the dark matter particles [2]. The light sterile neutrino may
also be the candidate for the role of the dark matter particles
and contribute significantly thereto (see, for instance, [3]).
On the other hand, such neutrino is relativistic in the
early Universe, therefore it contributes to the full energy
density, and therefore increase the rate of the Universe
expansion, and, accordingly, impact its primordial chemical
composition [4]. The primordial element that is most
sensitive to this effect is “He [5].

According to the theory of the Primordial Nucleosyn-
thesis (PN), the abundance of the primordial “He, Y,, is
the function of two variables — baryon-to-photon ratio,
M = Np/N,, and effective number of relativistic degrees
of freedom related to the neutrino, N.g. In ACDM-
cosmological model these variables have the following val-
ues: ) = (6.14+0.19)-1071°, N9 =2.99 +0.17 [6].
These values defined by analysis of the cosmic microwave
background anisotropy agree well with the independent
estimates of these parameters obtained using the ob-
served abundances of the primordial elements (D, 3He,
4He, 7Li) [5]. Additional relativistic degrees of freedom
related to the sterile neutrinos are defined by parame-
ter ANeg = Negr — Ngf), which depends on the thermal-
ization degree of these particles in the early Universe
(0 < Neg < 1). Recent papers show that such neutrinos
are fully thermalized, ie. ANeg=1 [7,8]. Introduction
of a complete relativistic degree of freedom results in the
fact that at the fixed value of n, the theoretical value Y, is
substantially higher than the one observed [5].

On the other hand, the PN theory may include lepton
asymmetry L, = (n, —ng)/(n, +n;) — relative inequal-
ity of neutrino and antineutrino concentrations, which is
conveniently parameterized using value £ = u/T,, where
u — chemical potential of the neutrino. Lepton asym-
metry may be generated within vMSM to L, ~ 1074 [9]
and then increased via resonant oscillations to the values
L, =0.2—-0.3 [10]. Lepton asymmetry impacts both the
velocity of the Universe expansion, changing the densities
of neutrino and antineutrino, and the velocities of low
interaction reactions, changing the ratio of neutron and
proton concentration and, accordingly, the final value Y.
The presence of the additional relativistic degrees of free-
dom causes increase in abundance of *He, however, the
positive lepton asymmetry &, in turn, reduces Y, (see, for
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example, [11]). This makes it possible for these two effects
to mutually compensate each other and therefore allow for
the existence of the light sterile neutrino within PN, not
contradicting the observations.

1. Dynamics of the Universe evolution
with sterile neutrinos and lepton
asymmetry

At the radiation-dominated stage of the Universe evo-
lution its expansion rate was determined by the energy
density in the relativistic degrees of freedom [4], which at
PN temperatures (1MeV> T 2 0.1 MeV) are presented by
photons, electrons, positrons, neutrinos and antineutrinos:

P = Py + Pet + Puvi. (1)

Dependence on & and AN is included only in p,; as
follows [11]:

5 o N 73d ( : + : )
oo B Y oy =41 oy + o + 1

7 2
~ (NG + ANer) (i + ”—52) .

(2)

Formula (2) demonstrates the increase in the energy
density vv at the presence of the positive values ANg and
& compared to the standard case, (§ = 0, ANy = 0). This,
in its turn, increases the Universe expansion rate, which
leads to the increase of value Y, due to higher neutron-to-
proton ratio till the end of PN, which is described in detail
in section 2.

2. Impact of lepton asymmetry at the
rate of weak interaction reactions in
the early Universe

At T 22MeV the weak interaction reactions were
intense, including the ones determining the neutron-to-
proton ratio [4]:

n+et o p e, (3)
N+ve<— p+e, 4)
N p+e + ve. (5)

As a result, the neutrons and protons were in equilibrium
concentrations. Further at T < 2MeV the rate of Universe
expansion becomes significantly higher than rates of the
reactions (3), (4) and the reverse reaction (5), which causes
their termination (so called neutron freeze-out) [4]. Starting
from this moment and to the beginning of PN, the neutron-
to-proton ratio varies only due to the free decay of neutrons
(forward reaction (5)). The evolution of the mass fraction
of neutrons X, = n,/(N, + np) is defined by the equation

dX,

G et An(1 - X0) (6
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Characteristic velocities of the specified reactions 1,, and
Apn depend on the asymmetry of neutrinos £ [12]. In-
creasing & causes higher velocities in the forward direction
(n — p) and reduction in reciprocal rates (p — n). Since
the elements heavier than “He are generated in much
smaller amount, one may approximately define Y, as
Yy, = 2X,. Therefore, the lepton asymmetry in the early
Universe plays a double role. Increase in &, on the one
hand, increases Y, due to the increase of p,; and change in
the dynamics of the Universe expansion, and on the other
hand, it decreases Y, due to the change in the rate of weak
reactions. At the same time the total action of the lepton
asymmetry reduces to the decrease of Y,. Therefore, the
lepton asymmetry can compensate the effect of increased
primordial “He abundance, caused by the potential presence
of light sterile neutrinos.

3. Results

The necessary correlation between & and AN.g obtained
from the numerical solution to equation (6), is presented
in the figure. The function Y, (&, ANcgy) obtained from the
solution to equation (6) may be approximated with the
following expression:

AN 0.178+0.002
Y, = 0.2462 x <1 + 365) (1 — &)0-95370.0002
(7)

where the errors of the powers correspond to the uncer-
tainty of value Y. From equation Y,(£, ANg) = Y
one may produce the following approximation formula of
interconnection between £ and AN

ANeﬁC
3

For complete compensation of the additional degree of
freedom AN.g = 1 we obtain from expression (8) the neces-

(8)

) —(0.187+0.002)
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sary value of the asymmetry parameter & = 0.052 £ 0.001.
This value is slightly different from value £ = 0.04 from
paper [13], which shows the best compliance with the
observational data, where the results of paper [14] have not
been taken into account yet.

Conclusion

The paper showed that the presence of light fully or
partially thermalized sterile neutrino does not contradict the
observational data on PN by value £ ~ 0.05. Such value of
lepton asymmetry may be generated in the epoch of PN
within the existing leptogenesys models (including within
vMSM) and resonant neutrino oscillations.
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