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Cosmological nucleosynthesis and active-sterile neutrino oscillations with small mass difference
The nonresonant case
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We study the nonresonant oscillations between left-handed electron neutrinosne and nonthermalized sterile
neutrinosns in the early Universe plasma. The case whenns do not thermalize until 2 MeV and the oscillations
become effective afterne decoupling is discussed. As far as for this model the rates of the expansion of the
Universe, neutrino oscillations, and neutrino interactions with the medium may be comparable, we have
analyzed the kinetic equations for the neutrino density matrix, accountingsimultaneouslyfor these processes.
The evolution of neutrino ensembles was described numerically by integrating the kinetic equations for the
neutrino density matrix inmomentumspace for small mass differencesdm2<1027 eV2. This approach allowed
us to study precisely the evolution of the neutrino number densities, energy spectrum distortion, and the
asymmetry between neutrinos and antineutrinos due to oscillations for each momentum mode. We have
performed a complete numerical analysis for the full range of the oscillations parameters of the model of the
influence of the nonequilibriumne↔ns oscillations on the primordial production of4He. The exact kinetic
approach enabled us to calculate the effects of neutrino population depletion, the distortion of the neutrino
spectrum, and the generation of neutrino-antineutrino asymmetry on the kinetics of neutron-to-proton transi-
tions during the primordial nucleosynthesis epoch and correspondingly on cosmological4He production. It was
shown that the neutrino population depletion and spectrum distortion play an important role. The asymmetry
effect, in case the lepton asymmetry is accepted initially equal to the baryon one, is proved to be negligible for
the discussed range ofdm2. Constant helium contours in thedm2-q plane were calculated. Thanks to the exact
kinetic approach more precise cosmological constraints on the mixing parameters were obtained.
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I. INTRODUCTION

The idea of Gamow, proposed in the 1930s and 1940s@1#,
about the production of elements through thermonuclear
actions in the hot ylem during the early stages of the U
verse expansion, has been developed during the last 60 y
into an elegant famous theory of cosmological nucleosyn
sis, explaining quantitatively the primordial abundances
the light elements inferred from observational data@2#.
Thanks to that good accordance between theoretical pre
tions and observational facts, we nowadays believe to un
stand well the physical conditions of the nucleosynthesis
och. Still, the uncertainties of the primordial abundanc
values extracted from observations yet leave room for ph
ics beyond the standard model.

In this article we present a modification of the standa
model of cosmological nucleosynthesis~CN!: CN with neu-
trino oscillations. Our aim is twofold: ~1! to construct a
modification of CN using a more precise kinetic approach
the problem of nonequilibrium neutrino oscillations and
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illustrate the importance of such an exact approach, and~2!
to determine the cosmologically allowed range for oscillati
parameters from an accurate study of the oscillation effec
the primordial production of helium-4, thus helping to clari
the mixing patterns of neutrinos.

The theme of neutrino oscillations has been with us
almost 40 years, since the hypothesis for them was propo
by Pontecorvo@3#. They were studied experimentally an
theoretically and their cosmological and astrophysical effe
have been considered in numerous publications@4# as far as
their study helps to go deeper into the secrets of neut
physics and the neutrino mass pattern. Nowadays there
three mainexperimental indicationsthat neutrinos oscillate
namely, the solar neutrino deficit@5# ~an indirect indication!,
the atmospheric neutrino anomaly@6# ~an indirect indica-
tion!, and the Liquid Scintillation Neutrino Detector~LSND!
experiment results@7# ~a direct indication!.

~a! Solar neutrino deficit:Already four experiments using
different techniques have detected electron neutrinos f
the Sun, at a level significantly lower than predicted on
basis of the standard solar model and the standard e
troweak theory. Moreover, there exists incompatibility b
tween Chlorine and Kamiokande experiments data, as w
as problems for predicted berilium and borum neutrinos
the gallium experiments@5,8#. Recently, it was realized tha
by changing the solar model it is hardly possible to so
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these problems@9#. Therefore, it is interesting to find a solu
tion beyond the standard electroweak model. The o
known natural solutions of that kind today are the ener
dependent Mikheyev-Smirnov-Wolfenstein~MSW! neutrino
transitions in the Sun interior@10# and the ‘‘just-so’’ vacuum
oscillations solutions, as well as the recently developed
brid solutions of MSW transitions1vacuum oscillations
type @11#.

~b! Atmospheric neutrino anomaly:Three of the five un-
derground experiments on atmospheric neutrinos have
served the disappearance of muon neutrinos@6#. This is in
contradiction with the theoretically expected flux of mu
neutrinos from primary cosmic rays interacting in the atm
sphere. A successful oscillatory solution of that problem
quires large mixing anddm2 of the order of 1022 eV2.

~c! The Los Alamos LSND experimentclaimed evidence
for the oscillation ofñm into ñe , with a maximal probability
of the order of 0.4531022. A complementarynm into ne
oscillation search, with completely different systematics a
backgrounds, also shows a signal, which indicates the s
favored region of oscillation parameters@7#.

There exists yet another observational suggestion for m
sive neutrinos and oscillations: thedark matter problem.
Present models of structure formation in the Universe in
cate that the observed hierarchy of structures is reprodu
best by an admixture of about 20% hot dark matter to c
dark matter@12#. Light neutrinos with mass in the eV rang
are the only particle dark matter candidates, which are a
ally known to exist and are the most plausible candida
provided by particle physics@13#. Actually, recent most
popular hot plus cold dark matter models assume that
nearly degenerate massive neutrinos each with mass 2.
play the role of the hot dark matter. This small mass valu
now accessible only by oscillations.

However, in case we take seriously each of these exp
ments pointing to a neutrino anomaly and the neutrino os
lation solution to them, a fourth neutrino seems inevitable
the case of only three species of light neutrinos with norm
interactions and a see-saw hierarchy between the t
masses, it is hardly possible to accommodate all present
simultaneously. Successful attempts to reconcile the LS
results with neutrino oscillation solutions to the solar a
atmospheric neutrino problems usually contain some ‘‘
natural’’ features, like a fourth ultralight sterile neutrino sp
cies or an inverted neutrino mass hierarchy@14#. However,
an additional light~with mass less than 1 MeV! flavor neu-
trino is forbidden both from cosmological considerations a
the experiments onZ decays at the CERNe1e2 collider
LEP @15#. Hence, it is reasonable to explore in more de
the possibility for an additional lightsterile neutrino. In ad-
dition, grand unified theories~GUTs! @SO(10), E6, etc.#
@16,17# and supersymmetry~SUSY! theories@18,19# predict
the existence of a sterile neutrino. Moreover, recently mod
of singlet fermions, which explain the smallness of the ste
neutrino mass and its mixing with the usual neutrino, w
proposed@19#. Therefore, it may be very useful to obta
more precise information about the cosmologically allow
range for the neutrino mixing parameters and thus presen
additional independent test for the already discussed neu
07300
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puzzles. In addition, the very small values of mass diff
ences, which can be explored by the oscillation cosmolog
effects~like the ones discussed in our model!, are beyond the
reach of present and near future experiments.

The present work is a step towards this: we suppose
existence of a sterile neutrino@SU(2)-singlet# ns , and ex-
plore the cosmological effect ofnonresonant neutrino oscil
lations ne↔ns on the primordial nucleosynthesis, obtainin
thus cosmological constraints on the neutrino mixing para
eters. The nonresonant case in the early Universe med
corresponds to the resonant case in the Sun; therefore
obtained information is also of interest for the MSW soluti
of the solar neutrino problem. We discuss the special cas
nonequilibrium oscillationsbetween weak interacting an
sterile neutrinos forsmall mass differencesdm2, insofar as
the case of largedm2 is already sufficiently well studied
@20–27#. Oscillations between active and sterile neutrin
effective before neutrino freezing at 2 MeV, leading tons
thermalization before 2 MeV have been studied there. I
mainly the equilibrium oscillations were considered wi
rates of oscillations and neutrino weak interactions grea
than the expansion rate. Here we discuss nonequilibrium
cillations between electron neutrinosne and sterile neutrinos
ns for the case whenns do not thermalize untilne decoupling
at 2 MeV and oscillations become effective afterne decou-
pling. Such a kind of active-sterile neutrino oscillations
vacuum was first precisely studied in@28# using an accurate
kinetic approach for the description of oscillating neutrino
proposed in the pioneer work of Dolgov@29#. As far as the
thermal background in the prenucleosynthesis epoch m
strongly affect the propagation of neutrinos@31,32# an ac-
count of the neutrino interactions with the primeval plasma
obligatory @33,20,24#. The precise kinetic consideration o
oscillations in a medium was provided in@34#. It was proved
that in the case when the Universe expansion, the osc
tions, and the neutrino interactions with the medium ha
comparable rates, their effects should be accounted fo
multaneously, using exact kinetic equations for the neutr
density matrix. Moreover, for the nonequilibrium oscillation
the energy distortion and asymmetry between neutrinos
antineutrinos may play a considerable role. As far as b
neutrino collisions and active-sterile neutrino oscillatio
distort the initially equilibrium active neutrino momentum
distribution, the momentum degree of freedom in the d
scription of the neutrino must be accounted for. Therefo
for the case of nonequilibrium oscillations the evolution
neutrino ensembles should be studied using exact kin
equations for thedensity matrix of neutrinos in momentu
space. This approach allows an exact investigation of t
different effects of neutrino oscillations@28,34,35#, depletion
of the neutrino number densities, the energy distortion,
the generation of asymmetry, for each separate momen
of the neutrino ensembles.

In the present work we expand and complete the origi
investigation@34# for the full parameter space of the non
equilibrium oscillations model for the nonresonant ca
~The resonant case will be discussed in a following publi
tion.! We have provided an exact kinetic analysis of the n
trino evolution by a numerical integration of thekinetic
4-2
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equations for the neutrino density matrix for each momen
mode. The kinetic equations are coupled nonlinear a
therefore, an analytic solution is hardly possible in the g
eral case of oscillations in a medium. We have numerica
described the evolution of the neutrino ensembles from
ne freezing at 2 MeV until the formation of helium-4.

We have calculated the production of helium-4 in a de
model of primordial oscillations nucleosynthesis, account
for the direct kinetic effects of oscillations on the neutro
to-proton transitions. The oscillations effect on CN has be
considered by many authors@20–27,30,36–41#. However,
mainly the excitation of an additional degree of freedom d
to oscillations~i.e., an increase of the effective degrees
freedomg) and the corresponding increase of the Unive
expansion rateH;Ag, leading to an overproduction o
helium-4, was discussed. The excluded regions for the n
trino mixing parameters were obtained from the requirem
~based on the accordance between the light element a
dances theoretically predicted and those extracted from
servations! that the neutrino types should be less than 3
Nn,3.4 @20–24#. A successful account for the electron ne
trino depletion due to oscillations was first made in@20# and
@24#. In the present work we have precisely calculated
influence of oscillations on primordially produced helium
using exact kinetic equations in momentum space for
neutron number density and the density matrix of neutrin
instead of their particle densities. The accurate numer
analysis of the ocillations effect on helium production with
a model of nucleosynthesis with oscillations allowed us
account precisely for the following important effects of ne
trino oscillations: neutrino population depletion, distortion
the neutrino spectrum, and the generation of neutri
antineutrino asymmetry. This enabled us to investigate
zone of very small neutrino mass differences up to 10211

eV2, which has not been reached before. As a result, we h
obtained constant helium contours in the mass-differen
mixing-angle plane for the full range of the parameter valu
of our model. No matter which will be the preferred primo
dial helium value favored by future observations, it will b
possible to obtain the excluded region of the mixing para
eters using the results of this survey.

The paper is organized as follows. In Sec. II we pres
the model of nonequilibrium neutrino oscillations. In Sec.
an exact analysis of the neutrino evolution, using kine
equations for the neutrino density matrix for each mom
tum mode, is provided. The main effects of nonequilibriu
oscillations are revealed. In Sec. IV we investigate
ne↔ns oscillations effect on the primordial production o
helium using a numerical nucleosynthesis code. We disc
the influence of nonequilibrium neutrino oscillation
namely, electron neutrino depletion, neutrino spectrum
tortion, and the generation of neutrino-antineutrino asymm
try, on the primordial yield of helium-4. The results an
conclusions are presented in Sec. V.

II. NONEQUILIBRIUM NEUTRINO OSCILLATIONS:
THE MODEL

The model of nonequilibrium oscillations between we
interacting electron neutrinosne and sterile neutrinosns for
07300
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the case whenns do not thermalize untilne decoupling at 2
MeV and oscillations become effective afterne decoupling is
described in detail in@34#. The main assumptions are th
following: ~1! Singlet neutrinos decouple much earlier, i.e
at a considerably higher temperature than the active neu
nos do: Tns

F .Tne

F . This is quite a natural assumption, as f

as sterile neutrinos do not participate in ordinary weak int
actions. In models predicting singlet neutrinos, the inter
tions of ns are mediated by gauge bosons with massesM
5O~1 TeV! @16,18,42#. Therefore, in later epochs after the
decoupling, their temperature and number densities are
siderably less than those of the active neutrinos due to
subsequent annihilations and decays of particles that h
additionally heated the nondecoupledne in comparison with
the already decoupledns .

~2! We consider oscillations betweenns (ns[ñL) and the
active neutrinos, according to the Majorana and Dirac (MD
mixing scheme@43# with mixing present just in the electro
sectorn i5Ui l n l , l 5e,s:1

n15cne1sns ,

n252sne1cns ,

where ns denotes the sterile electron antineutrino,c
5cos(q), s5sin(q), andq is the mixing angle in the elec
tron sector; the mass eigenstatesn1 and n2 are Majorana
particles with masses correspondinglym1 andm2. We con-
sider the nonresonant casedm25m2

22m1
2.0, which corre-

sponds in the small mixing angle limit to a sterile neutri
heavier than the active one.

In this model the element of nonequilibrium is introduc
by the presence of a small singlet neutrino density at 2 M
nns

!nne
, when the oscillations betweenns and ne become

effective. In order to provide such a small singlet neutri
density the sterile neutrinos should have decoupled from
plasma sufficiently early in comparison to the active on
and should have not regained their thermal equilibrium u
2 MeV @44,28,34#. Therefore, as far as the oscillations in
ne and the following noncoherent scattering off the bac
ground may lead to the thermalization ofns , two more as-
sumptions are necessary for the nonequilibrium case to
place:~3! Neutrino oscillations should become effective af
the decoupling of the active neutrinos, Gosc>H for T<2
MeV, which is realizable fordm2<1.331027 eV2 @34#; ~4!
Sterile neutrinos should not thermalize until2 MeV when
oscillations become effective; i.e., the production rate ofns
must be smaller than the expansion rate. The problem of
sterile neutrino thermalization was discussed in the pion
work of Manohar @44# and in more recent publication

1The transitions between different neutrino flavors were proved
have a negligible effect on the neutrino number densities and
primordial nucleosynthesis because of the very slight devia
from equilibrium in that caseTf;Tf8 ( f is the flavor index!
@29,30,41#.
4-3
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D. P. KIRILOVA AND M. V. CHIZHOV PHYSICAL REVIEW D 58 073004
@20–24#. This assumption limits the allowed range of osc
lation parameters for our model: sin2(2q)dm2<1027 eV2

@34#.
We have assumed here that electron neutrinos decoup

2 MeV. However, the neutrino decoupling process is m
complicated. It has been discussed in the literature in de
@45#. Decoupling occurs when the neutrino weak interact
rate Gw;E2nn(E) becomes less than the expansion rateH
;AgT2. Really, for electron neutrinos this happens at ab
2 MeV. Nevertheless, because of the fact that the weak
teraction rate is greater at a higher energy, some ther
contact between neutrinos and high energy plasma rem
after 2 MeV, especially for the high energy tail of the ne
trino spectrum. In case these high energy neutrinos begi
oscillate before their decoupling, the account of this dep
dence of decoupling time on the neutrino momentum will
essential for our model. Otherwise, in case these neutrino
not start oscillating before decoupling, there will be no ha
considering them decoupled earlier, as far as they pres
their equilibrium distribution anyway due to their extreme
small mass. In@34# we have checked that neutrinos from t
high energy tail start to oscillate much later than they
couple for the range of oscillation parameters considere
our model. It can easily be understood from the fact that
oscillation rate decreases with energyGosc;dm2/En and,
therefore, neutrinos with higher energies begin to oscill
later, namely, whenGosc exceeds the expansion rateH
;AgT2. Hence, the precise account for the momentum
pendence of the decoupling does not change the resul
our model but unnecessarily complicates the analysis
leads to an enormous increase of the calculation time. Th
fore, in what follows we have assumed a fixed decoupl
time instead of considering the real decoupling period—i
we have accepted that the electron neutrinos have compl
decoupled at 2 MeV.

III. KINETICS OF NONEQUILIBRIUM
NEUTRINO OSCILLATIONS

The exact kinetic analysis of the neutrino evolution, d
cussed in this section, though much more complicated,
veals some important features of nonequilibrium oscillatio
that cannot be caught otherwise. As far as for the none
librium model discussed the rates of the expansion of
Universe, neutrino oscillations, and neutrino interactio
with the medium may be comparable, we have used kin
equations for neutrinos, accountingsimultaneouslyfor the
participation of neutrinos in expansion, oscillations, and
teractions with the medium. All possible reactions of neu
nos with the plasma were considered, namely, reaction
neutrinos with the electrons, neutrons and protons, neutr
of other flavors, and the corresponding antiparticles, as w
as self-interactions of electron neutrinos. These equat
contain all effects due to first order onGF medium-induced
energy shifts, second order effects due to nonforward co
sions, and the effects nonlinear on the neutrino density
trices like neutrino refraction effects in a medium of neut
nos. In the case of nonequilibrium oscillations the dens
matrix of neutrinos may considerably differ from its equili
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rium form.2 Then, for the correct analysis of nonequilibriu
oscillations, it is important to work in terms of the densi
matrix of neutrinos in momentum space@29,28,34,35#.
Therefore, we have provided a proper kinetic analysis of
neutrino evolution using kinetic equations for theneutrino
density matrix for each momentum mode.

Hence, the kinetic equations for the density matrix of t
nonequilibrium oscillating neutrinos in the primeval plasm
of the Universe in the epoch previous to nucleosynthesis,
consisting of photons, neutrinos, electrons, nucleons, and
corresponding antiparticles, have the form

]r~ t !

]t
5Hp

]r~ t !

]p
1 i @H0 ,r~ t !#1 i @Hint ,r~ t !#1O~H int

2 !,

~1!

wherep is the momentum of electron neutrinos andr is the
density matrix of the massive Majorana neutrinos in mom
tum space.

The first term in the equation describes the effect of
pansion, the second is responsible for oscillations, the t
accounts for forward neutrino scattering off the medium, a
the last one accounts for second order interaction effect
neutrinos with the medium.H0 is the free neutrino Hamil-
tonian,

H05S Ap21m1
2 0

0 Ap21m2
2D ,

while Hint5aV is the interaction Hamiltonian, wherea i j

5Uie* U je , V5GF(1L2Q/MW
2 ), and in the interaction ba

sis plays the role of an induced squared mass for elec
neutrinos:

H int
LR5S V 0

0 0D .

Hence,V is the time-varying~due to the Universe cool
ing! effective potential, induced by the interactions of t
neutrino with the medium through which it propagates. Sin
ns does not interact with the medium, it has no self-ene
correction, i.e.,Vs50.

The first ‘‘local’’ term in V accounts for charged- an
neutral-current tree-level interactions ofne with medium
protons, neutrons, electrons and positrons, and neutrinos
antineutrinos. It is proportional to the fermion asymmetry
the plasma,L5( fL f , which is usually taken to be of the
order of the baryon one, i.e., 10210 ~i.e., B2L conservation
is assumed!:

2When neutrinos are in equilibrium their density matrix has
equilibrium form, namely,r i j 5d i j exp(m/T2E/T), so that one can
work with particle densities instead ofr. In an equilibrium back-
ground, the introduction of oscillations slightly shiftsr from its
diagonal form, due to the extreme smallness of the neutrino mas
comparison with the characteristic temperatures and to the fact
the equilibrium distribution of massless particles is not changed
the expansion@29#.
4-4
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L f;
Nf2Nf̄

Ng
T3;

NB2NB̄

Ng
T35bT3.

The second ‘‘nonlocal’’ term inV arises as aW/Z propaga-
tor effect,Q;EnT4 @33,20#. For the conditions of the early
Universe both terms must be accounted for because,
though the second term is of the second power ofGF , the
first term is proportional except to the first power ofGF ,
also to the small value of the fermion asymmetry. Moreov
the two terms have different temperature dependence an
interesting interplay between them during the cooling of
Universe is observed. At high temperature the nonlocal te
dominates, while with cooling of the Universe in the proce
of expansion the local one becomes more important.

The last term in Eq.~1! describes the weak interactions
neutrinos with the medium. For example, for the weak re
tions of neutrinos with electrons and positrons,e1e2↔n i ñ j ,
e6n j→e86n i8 , it has the form

E dV~ñ,e1,e2!Fne2ne1AA †2
1

2
$r,A †r̄A%1G

1E dV~e2,n8,e82!Fne28 Br8B †2
1

2
$B †B,r%1ne2G

1E dV~e1,n8,e81!Fne18 Cr8C †2
1

2
$C †C,r%1ne1G ,

where n stands for the number density of the interacti
particles,

dV~ i , j ,k!5
~2p!4

2En
E d3pi

~2p!32Ei

d3pj

~2p!32Ej

d3pk

~2p!32Ek

3d4~pn1pi2pj2pk!

is a phase space factor,A is the amplitude of the proces
e1e2→n i ñ j , B is the amplitude of the processe2n j

→e82n i8 , and C is the amplitude of the processe1n j

→e81n i8 . They are expressed through the known amplitu

Ae(e
1e2→neñe), Be(e

2ne→e2ne), andCe(e
1ne→e1ne):

A5aAe , B5aBe , C5aCe .

Analogues equations hold for the antineutrino density m
trix, the only difference being in the sign of the lepton asy
metry:L f is replaced by2L f . Medium terms depend on th
neutrino density, thus introducing a nonlinear feedba
mechanism. Neutrino and antineutrino ensembles evolve
ferently as far as the background is notCP symmetric. Os-
cillations may change the neutrino-antineutrino asymme
and it in turn affects oscillations. The evolution of neutrin
and antineutrino ensembles is coupled and hence it mus
considered simultaneously.

We have analyzed the evolution of the neutrino dens
matrix for the case when oscillations become noticeable a
the electron neutrino decoupling, i.e., after 2 MeV. Then
last term in the kinetic equation can be neglected. So Eq~1!
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results in a set of coupled nonlinear integro-differential eq
tions with time-dependent coefficients for the components
the density matrix of neutrinos. It is convenient instead
]/]t to use]/]m, wherem25vt, v5A16p3g/45 (D2/M Pl),
andD5mn2mp .

Then from Eq.~1! we obtain

S r118

r228

r128

r218
D 5S 0 0 1 iscV 2 iscV

0 0 2 iscV 1 iscV

1 iscV 2 iscV 2 iM 0

2 iscV 1 iscV 0 1 iM
D S r11

r22

r12

r21

D ,

~2!

where a prime denotes]/]m and M5dm2m/(vEn)1(s2

2c2)V.
An analytical solution is not possible without drastic a

sumptions and, therefore, we have numerically explored
problem3 using the Simpson method for integration and t
fourth order Runge-Kutta algorithm for the solution of th
differential equations.

The neutrino kinetics down to 2 MeV does not differ fro
the standard case; i.e., electron neutrinos maintain their e
librium distribution, while sterile neutrinos are absent. So
initial condition for the neutrino ensembles in the interacti
basis can be assumed to be of the form

%5nn
eqS 1 0

0 0D ,

wherenn
eq5exp(2En /T)/@11exp(2En /T)#.

We have analyzed the evolution of nonequilibrium osc
lating neutrinos by numerically integrating the kinetic equ
tion ~2! for the period after the electron neutrino decoupli
until the freeze-out of the neutron-proton ratio (n/p ratio!,
i.e., for the temperature interval@0.3,2.0# MeV. The oscilla-
tion parameters range studied isdm2P@10211,1027# eV2

andqP@0,p/4#.
The distributions of electrons and positrons were taken

be the equilibrium ones. Really, because of the enorm
rates of the electromagnetic reactions of these particles,
deviations from equilibrium are negligible. We have also n
glected the distortion of the neutrino spectra due to resid
interactions between the electromagnetic and neutrino c
ponents of the plasma after 2 MeV. This distortion was
curately studied in@41#, where it was shown that the relativ
correction to thene density is less than 1% and the effect o
the primordial helium abundance is negligible.

The neutron and proton number densities, used in the
netic equations for neutrinos, were substituted from the
merical calculations in the CN code accounting for neutr
oscillations. I.e., we have simultaneously solved the eq
tions governing the evolution of neutrino ensembles a

3For the case of vacuum neutrino oscillations this equation w
analytically solved and the evolution of the density matrix w
given explicitly in Ref.@28#.
4-5
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those describing the evolution of the nucleons~see the next
section!. The baryon asymmetryb, parametrized as the rati
of the baryon number density to the photon number dens
was taken to be 3310210.

Threemain effects of neutrino nonequilibrium oscillation
were revealed and precisely studied, namely, electron n
trino depletion, neutrino energy spectrum distortion, and
generation of asymmetry between neutrinos and their a
particles.

~a! Depletion ofne population due to oscillations: As fa
as oscillations become effective when the number dens
of ne are much greater than those ofns , Nne

@Nns
, the os-

cillations tend to reestablish the statistical equilibrium b
tween different oscillating species. As a resultNne

decreases

in comparison to its standard equilibrium value due to os
lations in favor of sterile neutrinos.4 The effect of depletion
may be very strong~up to 50%) for relatively largedm2 and
maximal mixing. This result of our study is in accordan
with other publications concerning the depletion of the el
tron neutrino population due to oscillations, like@23#; how-
ever, we have provided a more precise account for this ef
due to the accurate kinetic approach used.

In Figs. 1 the evolution of neutrino number densities
plotted. In Fig. 1~a! the curves represent the evolution of t
electron neutrino number density in the discussed mo
with a fixed mass differencedm251028 eV2 and for differ-
ent mixings. The numerical analysis showed that for sm
mixing, sin2(2q),0.01, the results do not differ from th
standard case; i.e., then oscillations may be neglected. In
1~b! the evolution of the electron neutrino number density
shown for a nearly maximum mixing, sin2(2q)50.98, and
different squared mass differences. Our analysis has pro
that for mass differencesdm2,10211 eV2, the effect of os-
cillations is negligible for anyq.

In the case of oscillations effective after the neutri
freeze-out, electron neutrinos are not in thermal contact w
the plasma and, therefore, the electron neutrino state,
pleted due to oscillations into steriles, cannot be refilled
electron-positron annihilations. That irreversible depletion
the ne population exactly equals the increase of thens one
@see Fig. 1~c!#. The number of the effective degrees of fre
dom does not change due to oscillations in that case, as f
the electron neutrino together with the corresponding ste
one contribute to the energy density of the Universe as
neutrino unit, even in the case when the steriles are brou
into chemical equilibrium withne . This fact was first noted
in @23#.5

~b! Distortion of the energy distribution of neutrinos: Th
effect was first discussed in@29# for the case of flavor neu

4Note that while neutrinos are in thermal equilibrium with th
plasma no dilution of their number density is expected as far as
kept the equilibrium one due to the annihilations of the medi
electrons and positrons.

5Note the essential difference from the case of electron neutr
in thermal equilibrium, when the oscillations into sterile neutrin
bring an additional degree of freedom into thermal contact.
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trino oscillations. However, as far as the energy distortion
that case was shown to be negligible@29,41#, it was not paid
the necessary attention it deserved. The distortion of the n
trino spectrum was not discussed in publications concern
active-sterile neutrino oscillations, and was thought to
negligible. In @28# it was first shown that for the case o
ne↔ns vacuum oscillations this effect is considerable a
may even exceed that of an additional neutrino species
@34# we have discussed this effect for the general case
neutrino oscillations in a medium. The evolution of the d
tortion is the following: Different momentum neutrinos b
gin to oscillate at different temperatures and with differe
amplitudes. First the low energy part of the spectrum is d
torted, and later on this distortion concerns neutrinos w
higher and higher energies. This behavior is natural, as
as neutrino oscillations affect first low energy neutrino
Gosc;dm2/En . Figures 2~a!, 2~b!, 2~c! and 2~d! give a snap-
shot of the evolution of the energy spectrum distortion
active neutrinos,x2rLL(x), where x5En /T, for maximal
mixing, anddm251028.5 eV2, at different temperatures:T
51 MeV ~a!, T50.7 MeV ~b!, T50.5 MeV ~c!, and T
50.3 MeV ~d!. As can be seen from the figures, the disto
tion down to temperatures of 1 MeV is not significant as
as the oscillations are not very effective. However, for low
temperatures the distortion increases and at 0.5 MeV
strongly expressed. Its proper account is important for
correct determination of oscillations role in the kinetics ofn-
p transitions during the freeze-out of nucleons at about
MeV.

Our analysis has shown that the account for the none
librium distribution by shifting the effective temperature an
assuming the neutrino spectrum of equilibrium form, oft
used in the literature~see, for example,@26#!, may give mis-
leading results for the casedm2,1027 eV2. The effect can-
not be absorbed merely in shifting the effective temperat
and assuming equilibrium distributions. For larger neutri
mass differences oscillations are fast enough and the n
account is more acceptable, provided thatne have not decou-
pled.

~c! The generation of asymmetry betweenne and their
antiparticles: The problem of asymmetry generation in d
ferent contexts was discussed by several authors. The p
bility of an asymmetry generation due toCP-violating flavor
oscillations was first proposed in Ref.@38#. Later estimations
of an asymmetry due toCP-violating MSW resonant oscil-
lations were provided@39#. The problem of asymmetry wa
considered in connection with the exploration of the neutr
propagation in the early UniverseCP-odd plasma also in
@20–24# and this type of asymmetry was shown to be neg
gible. Recently it was realized in@40,27# that asymmetry can
grow to considerable values for the case of great mass
ferences,dm2>1025 eV2. The effect of asymmetry for smal
mass differencesdm2<1027 eV2 on the primordial produc-
tion of helium was also proved to be important for the ca
of resonant neutrino oscillations@34#. Our approach allows a
precise description of the asymmetry evolution, as far
working with theself-consistent kinetic equations for neutr
nos in momentum spaceenables us to calculate the behavi
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FIG. 1. The curves represent the calculated evolution of
electron neutrino number density in the discussed model of ac
sterile neutrino oscillations with a mass differencedm251028 eV2

and different mixing, parametrized by sin2(2q), namely, 1, 1020.01,
1020.1, and 0.1.~b! The curves show the evolution of the electro
neutrino number density in the discussed model of nonreso
active-sterile neutrino oscillations for a nearly maximum mixin
sin2(2q)50.98, and different squared mass differencesdm2,
namely, 1027, 1028, 1029, and 10210 in eV2. ~c! The curves show
the evolution of the electron neutrino number density~the solid
curve! and the sterile neutrino number density~the dashed curve! in
the case of nonresonant active-sterile neutrino oscillations fo
maximal mixing anddm251028 eV2. The reduction of the active
neutrino population is exactly counterbalanced by a correspon
increase in the sterile neutrino population.
07300
of the asymmetry at each momentum. This is important p
ticularly when the distortion of the neutrino spectrum is co
siderable.

In the present work we have explored accurately the
fect of the asymmetry in the nonresonant case for all mix
angles and for small mass differencesdm<1027 eV2. Our
analysis showed that when the lepton asymmetry is acce
initially as being equal to the baryon one@as is usually as-
sumed for the popular (L2B)-conserving models#, the effect
of the asymmetry is small for the full parameters range of
model. And although the asymmetry is not wiped out by t
coupled oscillations, as stated by some authors@21,24#, non-
resonantneutrino oscillations reallycannot generatelarge
neutrino-antineutrino asymmetry in the early Universe. T
result is in accordance with the conclusions concern
asymmetry evolution in@22,24,34#. We have also checked
that the neutrino asymmetry even in the case of an ini
neutrino asymmetry by two orders of magnitude higher d
not have a significant effect on the cosmologically produc
4He. Therefore, for such small initial values of the lept
asymmetry, the neutrino asymmetry should be better
glected when calculating primordial element production
the sake of computational time. Mind, however, that f
higher values of the initial asymmetry the effect could
significant, and should be studied in detail. The asymme
evolution and its effect on4He production for unusually high
initial values of the lepton asymmetry will be studied els
where@46#.

In conclusion, our numerical analysis showed that
nonequilibrium oscillations can considerably deplete
number densities of electron neutrinos~antineutrinos! and
distort their energy spectrum.

IV. NUCLEOSYNTHESIS WITH NONEQUILIBRIUM
OSCILLATING NEUTRINOS

As an illustration of the importance of these effects, a
hence of the proposed approach to the analysis of none

e
e-

nt
,

a

g

FIG. 2. The figures illustrate the evolution of the energy sp
trum distortion of active neutrinosx2rLL(x), wherex5En /T, for
the case of nonresonantne-ns oscillations with a maximal mixing
anddm251028.5 eV2, at different temperatures:T51 MeV ~a!, T
50.7 MeV ~b!, T50.5 MeV ~c!, andT50.3 MeV ~d!.
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librium neutrino oscillations, it is useful to discuss their i
fluence on the primordial production of4He. The effect of
oscillations on other light elements like deuterium a
lithium-7 is expected not to be considerable in the sense
it lies within the nowadays observational uncertainties
these elements. So in what follows we discuss in detail4He
production in a modified CN model with nonresonant no
equilibrium neutrino oscillations. The effect of oscillation
on helium-4 has been discussed in numerous publicat
@20–28,36,38,39#. A detail kinetic calculation of the primor
dial yield of helium for the case of the nonequilibrium osc
lations in vacuum was made in@28# and the proper consid
eration accounting for neutrino forward scattering proces
off the background particles was done in@34# for some neu-
trino mixing parameters.6 In the present work the analysis o
@34# is expanded and completed for the full space of
mixing parameters values.

The numerical analysis is performed working with exa
kinetic equations for the nucleon number densities and n
trino density matrix in momentum space. This enabled u
analyze the direct influence of oscillations on the kinetics
neutron-to-proton transfers and to account precisely for
neutrino depletion, neutrino energy distortion, and the g
07300
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eration of asymmetry due to oscillations.
Primordial element abundances depend primarily on

neutron-to-proton ratio at the weak freeze-out@(n/p) f ratio#
of the reactions interconverting neutrons and protonsn

1ne↔p1e and n1e1↔p1 ñe. The freeze-out occurs
when due to the decrease of temperature with Universe
pansion these weak interaction ratesGw;En

2nn become com-
parable and less than the expansion rateH;Ag T2. Hence,
the (n/p) f ratio depends on the effective relativistic degre
of freedomg ~through the expansion rate! and the neutrino
number densities and neutrino energy distribution~through
the weak rates!. Therefore, we calculate accurately the ev
lution of the neutron number density until its freeze-out. F
ther evolution is due to the neutron decaysn→p1e1 ñe that
proceed until the effective synthesis of deuterium begins.
far as the expansion rate exceeds considerably the decay
for the characteristic period before the freeze-out, decays
not essential. Therefore, we have accounted for them a
batically.

The master equation, describing the evolution of the n
tron number density in momentum spacenn for the case of
oscillating neutrinosne↔ns , reads
tion of

ave

e

used—by
~]nn /]t !5Hpn~]nn /]pn!1E dV~e2,p,n!uA~e2p→nn!u2@ne2np~12rLL!2nnrLL~12ne2!#

2E dV~e1,p,ñ !uA~e1n→pñ !u2@ne1nn~12 r̄LL!2npr̄LL~12ne1!#. ~3!

The first term on the right-hand side describes the effect of expansion while the next ones the processese21p↔n1ne and

p1 ñe↔e11n, directly influencing the nucleon density. It differs from the standard scenario one only by the substitu
rLL and r̄LL instead ofnn

eq5@11exp(En /T)#21. The neutrino and antineutrino density matrices differ,r̄LLÞrLL , contrary to
the standard model, as a result of the different reactions with theCP-odd plasma of the prenucleosynthesis epoch. We h
accounted for final state Pauli blocking for neutrinos and electrons.

Particle number densities per unit volume are expressed asN5(2p)23*d3p n(p). Performing the integration also on th
right-hand side of the equation one gets the final equations for the time evolution of the neutron number density:

~]Nn /]t !523HNn1GF
2

gV
213gA

2

p3
T5H NpE

0

`

@12rLL~x!#
e2x2y

11e2x2y
f ~x,y!dx

2NnE
0

`

rLL~x!
1

11e2x2y
f ~x,y!dx2NnE

~11z!y

`

@12 r̄LL~x!#
e2x1y

11e2x1y
f ~x,2y!dx

1NpE
~11z!y

`

r̄LL~x!
1

11e2x1y
f ~x,2y!dxJ , ~4!

6Calculations of helium production within the full big bang nucleosynthesis code with oscillations were provided also in@26#; however,
there the momentum degree of freedom of neutrinos was not considered and a simplifying account of the nonequilibrium was
merely shifting the neutrino effective temperature and working in terms of equilibrium particle densities.
4-8
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where f (x,y)5x2(x1y)A(x1y)21z2y2 and y5(D
1me)/T, z5me /D, D5mn2mp .

The first term on the right-hand side describes the dilut
effect of expansion; the next ones describe the weak
cesses, as pointed out above. We have numerically integr
this equation for the temperature range of interest,T
P@0.3,2.0# MeV, for the full range of oscillation parameter
of our model. The value ofrLL(x) at each integration ste
was taken from the simultaneously performed integration
the set of equations~2!; i.e., the evolution of neutrino and th
nucleons was followed self-consistently. The initial values
T52 MeV for the neutron, proton, and electron number d
sities are their equilibrium values. Although the electr
mass is comparable with the temperature in the discus
temperature range, the deviation of the electron density f
its equilibrium value is negligible due to the enormous r
of the reactions with the plasma photons@29#. The param-
eters values of the CN model, adopted in our calculatio
are the following: the mean neutron lifetime ist5887 sec,
which corresponds to the present weighted average v
@47#; the effective number of relativistic flavor types of ne
trinos during the nucleosynthesis epoch,Nn , is assumed to
be equal to the standard value 3. This is a natural choic
far as it is in good agreement both with the CN argume
@48#,7 and with the precision measurements of theZ decay
width at LEP@15#.

V. RESULTS AND CONCLUSIONS

The results of the numerical integration are illustrated
Fig. 3. As can be seen from the figure kinetic effects~neu-
trino population depletion and distortion of the neutri
spectrum! due to oscillations play an important role and le

7However, mind also the possibilities for a somewhat relaxat
of that kind of bound in modifications of the CN model with d
caying particles as in@49,50#.

FIG. 3. The evolution of the neutron number density relative
nucleons,Xn(t)5Nn(t)/(Np1Nn), for the case of nonresonant o
cillations with maximal mixing and differentdm2 is shown. For
comparison the standard model curve is plotted also.
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to a considerable overproduction of helium.
Qualitatively the effect of oscillations on helium produ

tion can be described as follows.
The depletion of the electron neutrino number densit

due to oscillations into sterile ones strongly affects then↔p
reactions rates. It leads to an effective decrease in the
cesses rates, and hence to an increase of the freezing
perature of then/p ratio and the corresponding overprodu
tion of the primordially produced4He.

The effect of the distortion of the energy distribution
neutrinos has two aspects. On the one hand, an averag
crease of the energy of active neutrinos leads to a decrea
the weak reactions rate,Gw;En

2 , and subsequently to a
increase in the freezing temperature and the produced
lium. On the other hand, there exists an energy threshold
the reactionñe1p→n1e1. And in the case when, due t
oscillations, the energy of the relatively greater part of ne
trinos becomes smaller than that threshold then/p freezing
ratio decreases, leading to a corresponding decrease o
primordially produced helium-4@50#. The numerical analysis
showed that the latter effect is less noticeable compared
the former ones.

The asymmetry calculations showed a slight predo
nance of neutrinos over antineutrinos, not leading, howe
to a noticeable effect on the production of helium in case
lepton asymmetry is accepted initially equal to the bary
one. So the effect of asymmetry is proved to be negligi
for all the discussed parameter range, i.e., for anyq and for
dm2<1027 eV2. We have partially~not for the full range of
model parameters! investigated the problem for the initia
lepton asymmetry being higher than the baryon one. T
preliminary results point out that even the lepton asymme
initially by two orders of magnitude higher, does not have
noticeable effect on the cosmologically produced4He. Lep-
ton asymmetries higher than those, however, should be
counted for properly even in thenonresonantcase.

Thus, the total result of nonequilibrium neutrino oscill
tions is an overproduction of helium in comparison to t
standard value.

In Fig. 4 the dependence of the frozen neutron num

n

FIG. 4. The figure illustrates the dependence of the frozen n
tron number density relative to nucleons,Xn5Nn /(Np1Nn), on the
mixing angle for differentdm2.
4-9
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density relative to nucleons,Xn5Nn /(Np1Nn), on the mix-
ing angle for different fixeddm2 is illustrated. The depen
dence of the frozen neutron number density relative to nu
ons, Xn5Nn /(Np1Nn) on the dm2 for different fixed
mixing angles is presented in Fig. 5. The effect of oscil
tions is maximal at maximal mixing for the nonresonant ca
of neutrino oscillations. As can be seen from the figures
becomes almost negligible~less than 1%) for mixings a
small as 0.1 for anydm2 of the discussed range of ou
model. The value of the frozenn/p ratio is a smoothly in-
creasing function of the mass difference. Our analysis sh
that the effect of oscillations fordm2 smaller than 10210 eV2

even for maximal mixing is smaller than 1%. The nonres
nant oscillations withdm2<10211 eV2 do not have any ob-
servable effect on the primordial production of elements; i
the results coincide with the standard model values w
great accuracy.

FIG. 5. The figure illustrates the dependence of the frozen n
tron number density relative to nucleons,Xn5Nn /(Np1Nn), on the
mass difference for different mixing angles.
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From the numerical integration for the full range of di
ferent oscillation parameters we have obtained the primor
helium yieldsYp(dm2,q), which is illustrated by the surface
in Fig. 6. Some of the constant helium contours calculated
the discussed model of cosmological nucleosynthesis w
nonresonant neutrino oscillations on thedm2-q plane are
presented in Fig. 7.

On the basis of these results, requiring an agreement
tween the theoretically predicted and the observational
ues of helium, it is possible to obtain cosmological co
straints on the neutrino mixing parameters. At present
primordial helium values extracted from observations dif
considerably: for example, some authors believe that the
tematic errors have already been reduced to about the s
level as the statistical one and obtain the bounds for prim
dial helium, Yp(4He)50.23260.003 @51#, while others ar-
gue that underestimation of the systematic errors, such

u- FIG. 7. On thedm2-q plane some of the constant helium co
tours calculated in the discussed model of cosmological nucleo
thesis with nonresonant neutrino oscillations are shown.
FIG. 6. The dependence of the primordially produced helium on the oscillation parameters is represented by the surfaceYp(dm2,q).
4-10
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errors in helium emissivities, inadequaticies in the radiat
transfer model used, corrections for underlying stellar
sorption and fluorescent enhancement in the He I lines,
corrections for neutral helium, may be significant and th
account may raise the upper bound onYp as high as 0.26
@52#. Thus in addition to the widely adopted ‘‘classical
bound Yp,0.24 @53# it is reasonable to have in mind th
more ‘‘reliable’’ upper bound to the primordial helium abu
danceYp,0.25 and even an extreme value as high as 0
@54#. Therefore, we considered it useful to provide prec
calculations for helium contours up to 0.26. So whatever
primordial abundance of4He will be found to be in the fu-
ture ~within this extreme range! the results of our calcula
tions may provide the corresponding bounds on mixing
rameters of neutrino for the case of nonresonant active-st
oscillations with small mass differences. Assuming the c
ventional observational bound on primordial4He Yp50.24,
the cosmologically excluded region for the oscillation p
rameters is shown on the plane sin2(2q)-dm2 in Fig. 7. It is
situated to the right of theYp50.245 curve, which gives 5%
overproduction of helium in comparison with the standa
value.

The curves, corresponding to a helium abundanceYp
50.24, obtained in the present work and in previous wor
analyzing the nonresonant active-sterile neutrino oscillatio
are plotted in Fig. 8. In@20# and @23# the authors estimate
the effect of the excitement of an additional degree of fr
dom due to oscillations, and the corresponding increas
the Universe expansion rate, leading to an overproductio
helium-4. The excluded regions for the neutrino mixing p
rameters were obtained from the requirement that the n
trino types should be less than 3.4:Nn,3.4. In these works
the depletion effect was considered. The asymmetry was
glected and the distortion of the neutrino spectrum was
studied as far as the kinetic equations for neutrino m
number densities were considered. Our results are in g
accordance with the estimations in@20# and the numerica
analysis in@23#, where a very successful account was ma

FIG. 8. The curves, corresponding to a helium abundanceYp

50.24, obtained in the present work and in previous works, ana
ing the nonresonant active-sterile neutrino oscillations, are plo
on thedm2-q plane.
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for one of the discussed effects of nonequilibrium oscil
tions: the neutrino population depletion. The results of@26#,
as can be seen from Fig. 8, differ more both from the one
the previously cited works and from our results. Probably
reason for that is the simplified account for nonequilibriu
oscillations merely by shifting the effective neutrino tem
perature, not acceptable for a large range of model par
eters.

As can be seen from the curves, for large mixing ang
we excludedm2>1029 eV2, which is almost an order o
magnitude stronger constraint than that previously existi
This more stringent constraint obtained in our work for t
region of great mixing angles and small mass difference
due to the more accurate kinetic approach we have used
to the precise account of neutrino depletion and energy
tortion due to oscillations.

As far as we already have at our disposal some impres
indications for neutrino oscillations, it is interesting to com
pare our results also with the range of parameters wh
could eventually explain the observed neutrino anomalie

The vacuum oscillation interpretation of the solar neutri
problem requires extremely small mass differences squa
less than and of the order of 10210 eV2. It is safely lower
than the excluded region, obtained in our work and is, the
fore, allowed from CN considerations. The MSW small mi
ing angle nonadiabatic solution~see, for example, Krastev
Liu, and Petcov in@11#! is out of the reach of our model
However, as we are in a good accordance with the result
active-sterile neutrino oscillation models with higher ma
differences, it is obvious that a natural extrapolation of o
excluded zone towards higher mass differences will rule
partially the possible solution range for large mixing angl

Our pattern of neutrino mixing is compatible with mode
of degenerate neutrino masses of the order of 2.4 eV, ne
sary for the successful modeling of the structure formation
the Universe in hot plus cold dark matter models@12#.

In connection with the increasing interest in problems
primordial deuterium in recent years it is relevant to co
ment on its production within the discussed modified C
model. According to our model oscillations change only t
neutron-to-proton ratio. Neither the cosmic expansion r
nor the nucleon-to-photon ratio are influenced, which rep
sent the most important parameters for the yields of de
rium. Similar is the situation for the primordial production o
lithium-7 also. Therefore, the expected change in the yie
of these light elements must not be considerable.8 The pre-
liminary estimations we made show that the expected
crease in deuterium, for example, is safely within its obs
vational uncertainties. As far as helium-4 is the mo
precisely calculated and measured light element, it is

8However, their deviation from the standard values may be a
due to the change in the neutron and proton number densitie
comparison to the standard ones, which leads to some change o
nuclear reactions rates governing the synthesis and destructio
these elements. The exact account of this effect requires a d
numerical treatment of the problem, using the complete big b
nucleosynthesis code, which is beyond the aim of this work.
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most reliable and convenient one for studying the allow
range of the oscillations parameters values. The uncertain
in the values of D and Li extracted from observations
much greater~by an order of magnitude! than the ones for
helium-4. Therefore in that work we provide a precise n
merical study of the oscillation effect upon helium-4, whi
allows us to obtain a reliable cosmological constraint on
oscillations parameters of the discussed model. Howeve
case the uncertainties in the other light elements could
considerably decreased in future, it will be interesting to p
form a precise numerical calculation of their producti
within the modified CN model with active-sterile neutrin
oscillations.

As a conclusion, we would like to outline the ma
achievements of this work: In a model of nonequilibriu
nonresonant active-sterile oscillations, we studied the ef
of oscillations on the evolution of the neutrino number de
sities, neutrino spectrum distortion, and neutrino-antineutr
asymmetry. We have used kinetic equations for the den
matrix of neutrinos inmomentumspace, accountingsimulta-
neouslyfor expansion, oscillations, and interactions with t
medium. This approach enabled us to describe precisely
behavior of neutrino ensembles in the early Universe in
period of interest for CN. A complete numerical analysis w
provided for small mass differencesdm2<1027 eV2 and all
mixing angles. We have shown that the energy distort
may be significant, while the asymmetry in the case it
initially ~i.e., before oscillations become effective! of the or-
der of the baryon one, may be neglected.
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Next, we have made a complete, precise survey of
influence of the discussed type of oscillations on the cosm
logical production of helium-4. We have calculated the ev
lution of the corresponding neutron-to-proton ratio from t
time of the freeze-out of neutrinos at 2 MeV until the effe
tive freeze-out of nucleons at 0.3 MeV for the full range
model parameters. As a result we have obtained the de
denceYp(dm2,q) and constant helium contours on thedm2-
q plane. Requiring an agreement between the observati
and the theoretically predicted primordial helium abu
dances, we have calculated accurately the excluded reg
for the neutrino mixing parameters, for different assumptio
about the preferred primordial value of helium in the ran
0.24–0.26.
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