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Active-sterile neutrino oscillations in the early Universe: Asymmetry generation at lowzdm2z
and the Landau-Zener approximation
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It is well established that active-sterile neutrino oscillations generate large neutrino asymmetries for very
small mixing angles (sin2 2u0&1024), negative values ofdm2, provided thatudm2u*1024 eV2. By numeri-
cally solving the quantum kinetic equations, we show that the generation still occurs at much lower values of
udm2u. We also describe the borders of the generation at small mixing angles and show how our numerical
results can be analytically understood within the framework of the Landau-Zener approximation thereby
extending previous work based on the adiabatic limit. This approximate approach leads to a fair description of
the MSW dominated regime of the neutrino asymmetry evolution and is also able to correctly reproduce its
final value. We also briefly discuss the impact that neutrino asymmetry generation could have on big bang
nucleosynthesis, CMBR and relic neutrinos.
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I. INTRODUCTION

Previous work has established thatna2nsterile (a
5e,m,t) neutrino oscillations typically generate larg
@O(0.1)# neutrino asymmetries fornegative valuesof dm2 1

and small mixing angles(sin2 2u0!1) @1–4#. Such a large
value for the neutrino asymmetry can have several inter
ing consequences and applications including a suppressio
the sterile neutrino production@5,2,6#, a modification of the
standard big bang nucleosynthesis~BBN! predictions in dif-
ferent ways @2,7,3,8–10#2 and, perhaps not emphasize
enough, it implies a relica neutrino background in which
mainly neutrinos or antineutrinos~according to the sign o
the generated asymmetry! are present.

We define theasymmetryof the particle speciesX as the
net number of Xparticles at temperatureT per number of
photons at some fixed initial temperatureTin , such thatmm
@Tin@mel , in a comoving volumeR3:

LX[
NX2NX̄

Ng
in

, ~1!

*Email address: dibari@physics.unimelb.edu.au
†Email address: foot@physics.unimelb.edu.au
1We definedm2[m2

22m1
2, with m1 and m2 eigenvalues of the

mass eigenstates such that in the limit ofu0→0 they coincide with
the a and sterile weak eigenstates respectively. With this definit
in mind, one can say thatnegative values ofdm2 imply a sterile
neutrino lighter than thea.

2A particular interesting case is the possibility that a neutr
asymmetry generation can solve the claimed discrepancy betw
the value of baryon density from standard BBN with that one
ferred from recent cosmic microwave background radiat
~CMBR! anisotropies observations@11#.
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whereNX[nXR3 is the number ofX-particles inR3, while
nx is theX-particle density.3

The exactbordersof the generation in the space of mixin
parameters have not yet been fully determined. Using the
called ‘‘static approximation’’ in@2# it was found that, to
have a final neutrino asymmetry larger than 1025, the fol-
lowing rough lower limit on the mixing angle~for a fixed
dm2) holds:

sin2 2u0*6~5!310210S udm2u

eV2 D 21/6

, a5e~m,t!. ~4!

An upper limit on the mixing anglefor which the neutrino
generation occurs is still unknown as numerical solutions
made quite difficult~i.e. CPU time consuming! by the pres-
ence of a sterile neutrino production prior the onset of n
trino asymmetry generation that is strongly coupled to
neutrino asymmetry generation. Moreover, at large ang
(sin2 2u0*1026), the phenomenon of rapid oscillations o
the asymmetry at the onset of the generation appears@12#,

n

en
-
n

3If one defines

Tn[Tin

Rin

R
~2!

it is simple to check that the asymmetryLX is connected to the
asymmetry abundance~relative to photons! hX[(nX2nX̄)/ng by
the simple relation

hX5h LX , ~3!

whereh[(Tn /T)3<1 is thedilution factor that takes into accoun
the photon production during the electron-positron annihilatio
aroundme/2.0.25 MeV.
©2002 The American Physical Society03-1
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making things even more complicated.4 Requiring that the
final effective number of extra-neutrino species~in energy
density! does not violate the BBN bound,DNn

r,DNn
max,1,

and with the definition f (DNn
max)[ ln(12DNn

max)/ln(0.4),
one finds, fora5e(m,t), the constraint@2,6#

sin2 2u0<2.1~4.1!31025S eV2

udm2u
D 1/2

f 2~DNn
max!, ~5!

valid for udm2u*1024 eV2 ~with dm2,0) and 0.9
*DNn

max*0.3. This constraint is however applicable only
the case of two flavorna2ns ~with a5m,t) neutrino oscil-
lations. In the general case of multiflavor oscillations t
neutrino asymmetry produced by the oscillations with
largest udm2u can suppress the sterile neutrino product
from the other oscillations@5,2,6#. Therefore Eq.~5! can only
possibly apply for oscillations with the largestudm2u, with
the constraints on other two flavor oscillations being mu
weaker. Also, ifa5e, or if the muon or tauon neutrino i
also mixed to the electron neutrino then an electron neut
asymmetry can be generated, the constraintDNn

r,DNn
max

has to be replaced by a more general constraintDNn
r

1DN
n

f ne,DNn
max, in which the quantityDN

n

f ne takes into
account the BBN effect of the deviation of the electron ne
trino distribution from the standard case, in which a Ferm
Dirac distribution with zero chemical potential is assume5

If a positive electron neutrino asymmetry is generated be
the freezing of the neutron to proton abundance ratio, t

DN
n

f ne is negative@1,7,3,9,11#. In this case the upper limit on
the mixing angle can be strongly relaxed and is related to
limit for the neutrino asymmetry generation, that however,
we said, has not been determined. Moreover one has co
vatively to keep in mind that the current observational si
ation on the values of primordial nuclear abundances can
strictly exclude a valueDNn

max>1, for which no BBN con-
straints on active-sterile neutrino oscillations would apply

all if DN
n

f ne50.6 It has also to be mentioned that the regi
of the mixing parameter space in which a positive elect

neutrino asymmetry is generated such thatDN
n

f ne is negative

and with a mixing angle large enough thatDNn
r;1, would

be very interesting as in this case the standard BBN would
modified such that the primordial nuclear abundances pre
tions would still agree with the measured values and at

4Actually the appearance of neutrino asymmetry sign oscillatio
in the region where the sterile neutrino production is not negligib
may not be a coincidence. It is likely that the strong coupling
tween a copious sterile neutrino production and the neutrino as
metry evolution is responsible for the rapid sign changes@13#.

5A more detailed discussion on the definition ofDNn
r andDN

n

f ne

can be found in@11#.
6More generally no BBN constraint applies ifDNn

max>1

1max(DN
n

f ne).
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same time a higher value for the baryon density would
allowed, in agreement with that one inferred from CMB
acoustic peaks@14,11#.

For

udm2u*1024 eV2, ~6!

the numerical calculations performed with the quantum
netic equations~QKE! @15# found that the final value of the
neutrino asymmetry is in the range 0.23–0.35 approxima
independently of sin 2u0 for most of the range of values se
by Eqs.~4!,~5! @3#. These calculations also showed that t
final values can be well reproduced within theadiabatic ap-
proximation. Let us shortly recall the main features of th
neutrino asymmetry generation effect and of what the ad
batic approximation consists.7 Neutrino asymmetry evolution
in the region of mixing parameters set by Eqs.~4!, ~5! and
~6!, is characterized by the presence of acritical temperature
Tc that is approximately given by the following expressio

Tc.Tres
0 ~yc![15.0~18.6!S udm2u

eV2 D 1/6S 2

yc
D 1/3

MeV, ~7!

whereyc[pc /T is thecritical (dimensionless) resonant mo
mentumand its value is.2.8 The total effective asymmetry
L (a) is defined as9

L (a)[2 Lna
1L̃ (a) ~8!

whereL̃ contains the asymmetry of the other neutrino flavo
(bÞa) and also a contribution coming from electrons a
baryons. We assume thatL̃ is of the same order of magnitud
as the baryon asymmetry;5310210, a value that we
adopted in our calculations.10 The evolution of the total
asymmetry experiences different stages. At highT*Tc , os-
cillations drive uLu!uL̃u. WhenT approachesTc a decrease
of uLu to arbitrarily small values is prevented by the presen
of chemical potentials in neutrino equilibrium distribution
and uLu starts to grow slowly. AtT5Tc , by definition, L

s,
,
-
-

7See also@16# for a more detailed review.
8This is true until the constraint~5! on the mixing angle is

adopted, otherwiseyc can grow to much higher values@2,6# as an
effect of sterile neutrino production. The asymmetry generat
should go off whenyc becomes so high to be in the tail of th
distribution (yc.yc

off*10), but this has not yet been studied b
numerical calculations and the exact value ofyc

off has not been
determined.

9When not necessary we will drop the subscript inL (a),L̃ (a) and

just indicate them withL,L̃.
10In any case the final value ofL is not dependent on a particula

choice forL̃. Moreover, note that in the realistic case of multiflav
oscillations a mixingnbÞa↔ns could create anuLnb

u@5310210

prior the occurrence ofna↔ns oscillations. Thus, in the case o
multiflavor mixing, our assumption is valid if either thena↔ns

oscillations have the largestudm2u or the oscillationsnb↔ns do not
have the right parameters~negative dm2, large enough mixing
angle, . . .! to create a largeuLnb

u.
3-2
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5L̃ and Lna
50.11 Until this momentum, the resonant mo

mentumyres5pres/T of neutrinos and antineutrinos is pra
tically the same and evolving as}T23. At T&Tc the asym-
metry growth becomes exponential and the neutrino
antineutrino resonances quickly become separated: foL
.0 the antineutrino resonant momentum gets smaller t
the critical momentumyc , while the neutrino resonant mo
mentum increases rapidly moving into the tail of the dis
bution where the number of neutrinos becomes neglig
small ~and vice-versa for negativeL!. WhenuL (a)u reaches a
threshold valueLt

(a).1.0(0.4)31026(ycudm2u/eV2)1/3 for
a5e,(m,t), nonlinear effects of the medium start to act a
the exponential growth turns into a power law~with L
}T24 initially !, while ~for L positive! anti-neutrino resonan
momentum gets a minimum valueyres

min and then starts to
grow again. A relation betweenyres and L can be obtained
from the resonance condition and is given by the followi
approximate expression:

yres.
udm2u/eV2

a0L~T/MeV!4
, ~9!

with a0[(4A2z(3)/p2)31012GF MeV2.8. When yres
;10 the asymmetry stops its growth and gets frozen to
final valueL f;0.3. It is simple, from the Eq.~9!, to see that
this happens at a temperature given by

Tf'0.5 MeVS udm2u

eV2 D 1/4

. ~10!

It is quite interesting that this complicated behavior of t
neutrino evolution can be regarded as the effect of two
ferent physical regimes. The relevant quantity is the ratir
[( l int / l osc)res between the interaction length and the oscil
tion length for the resonant neutrinos. Ifr &1 collisions are
able to inhibit the Mikheyev-Smirnov-Wolfenstein~MSW!
effect and the regime iscollision dominatedand can be de-
scribed by a simplified set of kinetic equations obtaina
within the static approximation procedure@2,17#. On the
other hand ifr *1, the MSW effect can take place and th
regime is MSWdominated. In @16# it has been clarified tha
the transition between the two regimes depends on the v
of the asymmetry and not just on the temperature. It is in f
possible to show that the following asymptotic expressio
for r holds:

r .
sin 2u0

0.8~2.0!31022
~ uLu!Lt! ~11!

r .
sin 2u0

0.8~2.0!31022 S uLu
Lt

D 3/2

~ uLu@Lt!.

~12!

11Within the static approximation a definition ofTc is more rigor-
ous @1,2#. This is a sort of numerical definition.
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First of all note that a collisional regime can exist only
sin 2u0&1022. Thus sin 2u0.1022 is a border between two
very different regions of mixing parameters. In this paper
will only be interested to the case ofvery small mixing
angles(sin 2u0!1022) in which collisions are important a
low values of the asymmetry (uLu,Lt), independently on the
temperature. In this case only when uLu
*(1022/sin 2u0)

2/3Lt the MSW regime can begin. It is the
crucial that, during the collisional regime, a fast growth
the asymmetry occurs for the MSW effect to start to be
fective and for the resonance of neutrinos and antineutri
to become separated. If in fact now one assumes~for L
.0) that the expansion is slow enough that the reson
momentum of antineutrinos, after the minimum, increases
slowly that antineutrinos adiabatically cross the resonan
then alla-antineutrinos are converted into antisterile neu
nos. This easily explains why the final values of t
a-neutrino asymmetry are in a range of values slightly low
than the valueNn̄a

(Tin)/Ng(Tin)50.375, corresponding to a
extreme situation in which all anti-neutrinos are convert
This simple picture is theadiabatic approximationfirst de-
scribed in@3#.

As we said, the numerical solution of the QKE’s ha
shown that forudm2u>1024 eV2 and for the mixing angle
within the limits ~4! and ~5! ~without however a systemati
investigation at the borders! this physical approximated two
regime picture works very well in the description of the ne
trino asymmetry evolution and of its final value.12

What about forudm2u,1024 eV2? Does neutrino asym
metry generation still occur? Does the static-adiabatic a
proximation picture still work?

The authors of Ref.@18#, with an analytical procedure
based on the mean momentum approximation,13 were finding
that, even though an exponential growth occurs forudm2u
*1027 eV2, soon the nonlinear term in the effective pote
tial is able stop the growth and concluded that no neutr
asymmetry~larger than 1027) can be generated in any poin
of the parameter space. This result seemed to be confir
by numerical results@19#. These were obtained also emplo
ing the mean momentum approximation fordm25
21025 eV2 and u050.1. At some critical temperature a
oscillatory behavior of the neutrino asymmetry, with an a
plitude exponentially growing, was found, but the amplitu
was not growing higher than 1027, although this may simply
be because the evolution was stopped atT.0.3 MeV, be-
low the freezing temperature of neutron to proton abunda
ratio or simply an artifact of not including the momentu

12Excluding the phenomenon of rapid oscillations at the onse
the exponential growth for sin2 2u0*1026 @12# that requires some
further physical picture still not completely understood.

13This approximation works very well in the description of th
sterile neutrino production@24# for reasons explained in@6#. How-
ever in the case of the neutrino asymmetry generation, especial
the MSW dominated regime, the momentum dependence is su
crucial feature that the mean momentum approximation is a v
drastic one and in our opinion it should be regarded more as a
model.
3-3
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degree of freedom. In any case the authors of Ref.@19# con-
cluded that neutrino oscillations cannot generate a large
trino asymmetry in the early Universe, in apparent agreem
with @18#. In @1,2,7,3# it was shown that a large neutrin
asymmetry can be generated due to the crucial role of
collisions, thus disproving the general conclusions
@18,19#, although this result is still not necessarily in di
agreement with the conclusions of@18,19# for udm2u&1024

and this point has still remained unclear.
It has also to be said that the main attention was pu

higher values ofudm2u because only in this case the asym
metry generation occurs early enough to modify the stand
BBN predictions for the nuclear abundances. Moreov
there are also qualitative reasons to suspect that at lowudm2u
the static approximation is not valid. In@1,2,8# it has been in
fact pointed out that forudm2u&1024 eV2, oscillations be-
tween collisions can give a nonnegligible contribution to t
rate of the neutrino asymmetry, suggesting a possible de
tion from the static approximation. This statement is justifi
observing that, if one requires that the change of the mix
angle in matter is negligible between collisions on averag14

then the critical temperature has to be higher than appr
mately 3 MeV and from the Eq.~7! this implies justudm2u
*1024 eV2. On the other hand we already noted that t
role of collisions in inhibiting the MSW effect, for low val
ues of the asymmetry, is effective at all temperatures~for
sin 2u0&1022).

Which kind of deviations from the static approximatio
are then expected at smalludm2u and, above all, does th
asymmetry generation still occur? Are oscillations in t
neutrino asymmetry expected to appear as the mean mo
tum calculations of@19# suggest?

The purpose of this paper is to answer these questi
mainly understanding the exact border of neutrino asym
try generation at low values ofudm2u. We will however also
give some results concerning the presence of neutrino as
metry oscillations. Moreover we will study the border of th
generation at small mixing angles using the QKE’s and sh
that the limit ~4!, derived in the static approximation, ha
actually to be replaced with a less stringent one~Sec. II!. We
will show that the small mixing angle border can be e
plained within an analysis on the limits of validity of th
adiabaticity approximation in the description of the MS
dominated regime. This analysis will also involve extendi
the adiabatic approximation in the border region and outs
by means of the Landau-Zener approximation, that is abl
describe how the neutrino asymmetry generation dies
small mixing angles~Sec. III!. In Sec. IV we will study the
cosmological consequences of the neutrino asymmetry
eration in the light of the new results. If neutrino asymme
generation occurs also at low values ofudm2u, even though
this implies that it is generated at temperatures too low
produce remarkable changes in standard BBN, one can
consider which kind of cosmological effects~and maybe ob-

14This is equivalent to imposing that the derivative of the effect
potential, with negligible neutrino asymmetry, is much less than
total interaction rate.
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servations! can result from it. In particular we will correc
some wrong claims, which have appeared recently in
literature, on the role that the neutrino asymmetry genera
in active-sterile neutrino oscillations would have on CMB
We will consider the implications on the possibilities of
detection of relic neutrino background by the light of rece
studies@20#. In Sec. V we will draw the conclusions of thi
work.

II. NUMERICAL RESULTS

Set of equations and numerical procedure

We have numerically solved the QKE’s for the dens
matrix distribution in the momentum space, describing
statistical properties of thena ,ns states, including their mix-
ing. Since we are interested in extending previous studie
values of udm2u/eV2,1024 and since from Eq.~10!, ob-
tained within the adiabatic approximation, one would ha
that the neutrino asymmetry is generated down to temp
tures belowT;0.05 MeV, we have to take into account th
occurrence of electron-positron annihilations that will ma
TnÞT. The first modification is that the re-scaled momentu
p R/Rin5p Tin /Tn and thus now all neutrino distribution
are more conveniently expressed in terms ofy[p/Tn .

The QKE’s describing neutrino propagation are given
the following set of equations for 8 distributions in mome

tum space@15#, PW (y,t),P0(y,t),P̄W (y,t),P̄0(y,t) ~for nota-
tional simplicity we drop the dependence on momentum a
on time!:

dPx

dt
52l Py2D Px ~13!

dPy

dt
5l Px2b Pz2D Py ~14!

dPz

dt
5b Py1R ~15!

dP0

dt
5R. ~16!

The functionR(y,t) takes into account the(thermal) redis-
tribution of neutrinos at each quantum state due to the ef
of collisions, that in a linear approximation is given by@4,17#

R.GF f j
eq

f 0
2

1

2
~P01Pz!G ~17!

where f j
eq(y,t)[@11ey2j(t)#21 is the Fermi-Dirac distribu-

tion, j(t) is the (dimensionless) chemical potentialand f 0

[ f j50
eq . The variablesP0 and Pz can be replaced with the

variableszs5(P02Pz)/2 andza5(P01Pz)/2. These vari-
ables are the diagonal entries of the density matrix and
related to thea and sterile neutrino distributions simply b
za,s[ f na ,s / f 0. In this case Eqs.~15! and ~16! are replaced
by the following ones:

e

3-4
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dzs

dt
52

1

2
b Py ~18!

dza

dt
52

dzs

dt
1R ~19!

while the repopulation functionR now can be recasted a
R5G(za

eq2za).

The anti-neutrinos barred distributionsP̄W ,P̄0 obey the
same equations with the sametotal collision rateG, the same
decoherence parameter D, and the same functionb.15 The
function l, containing the effective potential of neutrino
depends explicitly also onL and for anti-neutrinos it change
such thatḡ(L)5g(2L). Thus the presence of atotal asym-
metry Lcouples together the neutrino and antineutrino set
equations. They are coupled also by the presence of
chemical potentials in the equilibrium active neutrino dist
butions. These are in fact different if aneutrino asymmetryis
present, considering that

Lna
5

1

4z~3!
E

0

`

dy y2F 1

11ey2j
2

1

11ey2 j̄G . ~20!

Note that if L̃50, then one would have simplyL
52 Lna

andL5Lna
50 would be an exact solution of the s

of equations. Above the critical temperature this would b
stable solution andL would get so small that the statistic
fluctuations on very small scales would determine the sign
the asymmetry below the critical temperature when the s
tion becomes unstable. This sign would be different on d
tances as small as the scale of the dominant statistical
tuations that is smaller than the interaction length@12#. On
these scales neutrino free-steam and the free-streamin
faster than the neutrino asymmetry generation such that
mediately regions with different sign would destroy ea
other and no asymmetry generation could take place. T
picture is consistent with the idea that the generation o
neutrino asymmetry can occur only ifCP is violated at some
level, in this case due to the presence of aCP asymmetric
medium (L̃Þ0) that can push the neutrino asymmetry
ward some direction in any point of the space and stron
enough to dominate on statistical fluctuations. This sur
happens in a large region of mixing parameters where
presence of rapid oscillations can be excluded@12#.

Note also that the integral equation~20! is coupled to the

set of differential equations for thePW ,P0 ,P̄W ,P̄0, as the value
of the neutrino asymmetry appears in the expression fol.
However, as already discussed in previous works@2,3,9,12#,

15We neglect a small term, proportional to the asymmetryL, that

makes the collision rateG for neutrinos andḠ for anti-neutrinos
different@8#. Within the static approximation this term proves not
give any difference. It has to be investigated whether in the reg
of rapid oscillations this term can play or not any role.
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it is numerically more convenient to calculate the neutri
asymmetry not from Eq.~20! but through the following
integro-differential equation:

dLna

dt
5

1

8z~3!
E b~y!@Py~y!2 P̄y~y!# f 0~y!y2dy. ~21!

The set of equations~13!–~17!,~21! is still not ‘‘closed’’ as
one still needs some equations describing the evolution
the chemical potentialsj and j̄ in the equilibrium active
neutrino distributions. We use the instantaneous chemica
coupling procedure developed in Ref.@8# with kinetic decou-
pling temperatures,Tdec

a 53.5 MeV for a5m,t and 2.5
MeV for a5e. The approximate validity of this procedur
has been checked in Ref.@9#.

The last step is to replace the time with temperature. I
well known that the neutrino temperatureTn can be ex-
pressed as a function of the photon temperatureT, simply
imposing entropy conservation during electron-positron
nihilations:

Tn5TFgS~me /T!

gS~0! G1/3

~22!

with the effective number of~entropy! degrees of freedom o
photons and electron-positrons given by

gS~x!521
45

p4E
0

`

dy y2

Ay21x21
1

3

y2

Ay21x2

e
Ay21x2

11
~23!

andgS(0)511/2 ~in Fig. 1 bothgs andTn /T are shown for
illustrative purposes!. One can choose eitherT or Tn as the
independent variable for the numerical calculations~we used
both choices in two different codes!. For our discussion it is
n

FIG. 1. Effect of electron-positron annihilations on the degre
of freedom, on neutrino temperature and on the adiabaticity par
eter.
3-5
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simpler to chooseTn and thus we have to express all qua
tities as a function ofTn . The quantityb can be written as

b~y,Tn!5
dm2

2 y Tn
sin 2u0 . ~24!

Since we treat neutrinos as fully decoupled during the pe
of electron-positron annihilations, interactions will be effe
tive only until T.Tn and thus we can simply write

G~y,Tn!.1.27~0.92!GF
2Tn

5y, a5e~m,t!. ~25!

The quantityl can be written as

l~y,Tn ,L !52
dm2

2 y Tn
@cos 2u02b~y,Tn!6a~y,Tn ,L !#

~26!

where the1 (2) sign holds for neutrinos~anti-neutrinos!.
The termb(y,Tn) is the finite temperature contribution to th
~dimensionless! effective potential in the early Universe@21#.
This term is important whenuLu!Lt , but it becomes negli-
gible after the exponential growth, whenuLu@Lt , for T
&Tc . We will mainly considerTc*0.25 MeV for which
electron-positron number densities are still approximat
equal to the ultra-relativistic limit. Thus we can just repla
T with Tn and write16

b~y,Tn!52
eV2

dm2 S Tn

Ta
D 6

y2 ~27!

whereTa.18.9(23.4) MeV fora5e(m,t). The terma is
proportional to the total asymmetryL. Electron-positron an-
nihilations do not change electron asymmetry inL̃ and as
usually is done, we also neglect a small change inL̃ arising
from neutron-proton conversions. Thus we can write
term a in the usual way, where now howeverT has to be
replaced withTn because of the definition~1! of particle
asymmetry that we are using:

a.2a0

eV2

dm2
L Tn

4y. ~28!

So far, the electron positron-annihilations have not cau
any change in the equations when these are written inTn .
This because we could approximately assume thata- neutri-
nos, during the electron positron annihilations, are not se
tive to all other particle species, either because they do
interact with them any more or because the contribution
the other particle species in the effective potentials can
neglected whenT&0.25 MeV anduLu@Lt . There is how-

16Actually we will even consider values of2dm2/eV2&10211 for
which Tc&0.25 MeV. In this case one should replace the cons
Ta with a function of temperature taking into account that elect
and positrons number densities decrease during annihilations
neglected this modification and used the standard Notzold-Ra
expression for the finite temperature term.
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ever an indirect effect due to the expansion rate. In replac
the time t with the neutrino temperatureTn , one needs to
calculate the quantity

dTn

dt
.2

1.66AgrTn
3

MPl
S T

Tn
D 2

, ~29!

where MPl is the Planck mass and the number of~energy
density! degrees of freedom is given by17

gr~Tn!521
21

4
S Tn

T
D 4

1
60

p4E
0

`

dy
y2Ay21x2

11e
Ay21x2

~30!

with x[me /T and whereT has to be regarded as a functio
of Tn ~in Fig. 1 the functiongr is also plotted!. Thus
electron-positron annihilations cause a change in the exp
sion rate. In Sec. IV we will obtain physical insight into th
effect.

In Figs. 2–4 we show the evolution of the absolute va
of the total asymmetry with the temperatureT. In Fig. 2 we
show solutions for many different values of2dm2 but for a
fixed value of the mixing angle sin2 2u051028 and for a
5e. The solid lines are the solutions obtained solving the
of QKE equations. The dotted lines are curves obtained
tegrating the QKE’s only untilr ,3 @see the Eq.~12!#. From
that moment we started to use theadiabatic approximation
as described in@3,9#. It can be seen how the asymmet
generation occurs at values of2dm2 much below 1024 eV2

t
n

e
lt

17We neglect any contribution togr from the sterile neutrino pro-
duction or from the modification ofa neutrino distribution, due to
the generation of the asymmetry. This because we are prima
interested in small values of mixing angles satisfying the Eq.~5!
and to values ofudm2u/eV2!100 for which most of the neutrino
asymmetry is generated belowTcdec

a and thusDNn
r.0.

FIG. 2. Evolution ofL (e)52Lne
1L̃ with ~photon! temperature

for sin2 2u051028 and values of2dm2 as indicated. The solid lines
are the QKE’s solutions while the dotted lines employ an adiab
description for the growth in the MSW dominated regime. The i

tial value isL (e)5L̃55310210.
3-6
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ACTIVE-STERILE NEUTRINO OSCILLATIONS IN THE . . . PHYSICAL REVIEW D 65 045003
and goes off only around2dm2.10210 eV2. In particular
for 2dm2510210 eV2 the final value of neutrino asymme
try is still at the level of 1025.

The numerical convergence of the solutions has been
tained integrating around the resonance@9,12# but the inter-
val of the integration highly increases for lowudm2u and
covers up to two orders of magnitude in momentum spa
The behavior at low values of the asymmetry is well rep
duced by the static approximation at any value ofudm2u. In
particular note that no sign changes are present.

In Fig. 3 solutions for sin2 2u051027, 2dm2/eV2

5100,1,1022,1028 anda5e are shown. While for the firs
two cases there are no sign changes, which was alre
known @12#, in the case2dm251028 two sign changes ap
pear. Note that, changing the initial neutrino asymmetry,
solutions converge to the same values at some stage.
final sign is still the same ofL̃, like the static approximation
predicts. For the numerical convergence of this solutio
momentum integration over an interval of 5 orders of ma

FIG. 3. The same as in Fig. 2 but for sin2 2u051027 and a
different choice of values for2dm2. For 2dm2/eV251028 we
also show an example for a different choice of the initial asymm
try.

FIG. 4. An example of evolution with temperature forL (m). The
mixing parameters are sin2 2u052dm2/eV251027.
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nitude has been necessary, much larger than for sin2 2u0

51028. In Fig. 4 another example is shown with the mixin
parameters sin2 2u051027, dm2/eV2521027 for the a
5m case. In this case three sign changes are present an

final sign is therefore opposite to that ofL̃. We tested this
solution with both codes, obtaining the same behavior. T
we can say that the numerical calculations suggest the
pearance ofslow oscillations in the neutrino asymmetry
These seem to have a different nature than the rapid osc
tions observed in @12# for sin2 2u0*1026 and 1022

&udm2u/eV2&500. They are ‘‘slower’’ and with just a few
sign changes and do not occur during the exponential gro
but before, above the critical temperature. Moreover, e
though the integration has to be very accurate, a numer
convergence can be obtained and thus any character of c
ticity seems to be excluded. This is also supported by the
that starting with two slightly different initial conditions th
final sign is the same. We can thus exclude the possib
that statistical fluctuations, estimated in@12#, can influence
the solutions. However, it would be desirable to have so
analytical insight supporting the presence of sign chan
found in the numerical results. In any case, if confirmed, th
would suggest a deviation from the static approximation
low udm2u and sufficiently high mixing angles (sin2 2u0
;1027) due to the presence of sign changes that are
predicted by the static approximation. We did not investig
whether at even higher mixing angles, rapid oscillations
pear, as in the case of high2dm2. This requires a dedicate
analysis beyond the goals of this work.

In Fig. 5~a! we give the final value of the asymmetry fo
a5e, five values of the mixing angle (sin2 2u0
51027, 1028, 1029, 4310210, 10210) and for2dm2 in
the range 10213,2dm2/eV2,104.18 In Fig. 5~b! the final
value of the asymmetry is shown in the casea5m and for
two values of the mixing angle (sin2 2u051027 and 1028)
and one can see that there is not much difference with
casea5e. This because in the MSW regime, when the ne
trino asymmetry gets its final value, the finite temperatu
term in the effective potential@the b-term, see Eq.~27!# is
negligible and only the Wolfenstein term is relevant@the
a-term; see Eq.~28!#. This term is the same fora5e and
a5m.

For values of the mixing angles sin2 2u051027, 1028

and 1029, the final value of the neutrino asymmetry can
quite easily understood as being due to MSW transitions
the resonance momentum passes through the neutrino d
bution. Previous work focused on the adiabatic limit whe
complete conversion occurred. The solid curves describe
results obtained solving the QKE. The dotted lines cor
spond to the results obtained with the adiabatic approxim

18The chosen upper limit forudm2u comes from the requirement t
have the critical temperatureTc&100 MeV considering that, for
higher temperatures, the expression that we used for the effe
potentials are not valid. However in the casea5e, direct mass
measurements from tritiumb decay limit 2dm2 to be less than
.100 eV2.

-
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P. DI BARI AND R. FOOT PHYSICAL REVIEW D65 045003
tion, with a slight difference between Figs. 5~a! and 5~b!. In
Fig. 5~a! (a5e), the results correspond to the solutions
Figs. 2 and 3 obtained combining QKE and the adiaba
approximation as already illustrated. In Fig. 5~b! the adia-
batic approximation is started fromT;Tc/2 with an initial
asymmetry corresponding to a resonant momentumyres

min

50.3 @see Eq.~9!#. In the first case one gets a compromise
a fast procedure~most of the CPU time is required in th
MSW dominated regime! but still able to reproduce accu
rately the correct neutrino asymmetry evolution at any te
perature. In the second case one has a super-fast proc
able to reproduce accurately the final stages (uLu*1022) of
the evolution, and a fair description of the intermedia
stages. At high values of2dm2 the adiabatic approximation
well describes the results obtained using the QKE’s. N
also that, forudm2u/eV2@1022, not all anti-neutrinos are
converted into anti-sterile neutrinos~we refer to positiveL,
otherwise neutrinos would be converted instead of a

FIG. 5. Final values of the neutrino asymmetry in the casea
5e ~a! and a5m ~b!. Solid lines are solutions from the QKE’s
Dashed lines are the solution with Landau-Zener approximat
Dotted lines are the adiabatic limit.~a! we also show with a thin
solid line the value of neutrino asymmetry atT50.75 MeV ~for
mixing angles*1028) that is approximately the freezing temper
ture of the neutron to proton ratio.
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neutrinos! and uLna

finu can be well below the value 0.375 co

responding to a full conversion and foryres
min!1. This is be-

cause at high values ofudm2u the MSW dominated regime
occurs mostly at temperature above;1 MeV and collisions
are able to re-distribute thermally the asymmetry after it h
been produced aty5yres. In particular this means that~on
statistical average! some anti-neutrinos in quantum stat
with y.yreswill move to quantum states withy,yres. Since
yres increases with time, this means that these anti-neutri
cannot be converted any more. In a pictorial way, we can
that these anti-neutrinosevadethe resonance and manage n
to be converted. Thisevasion effectcan be described cor
rectly only numerically.

For lower values of2dm2 the asymmetry becomes larg
only for low temperatures&1 MeV, where collisions have
an approximately negligible effect and the evasion eff
does not occur. The final value of the neutrino asymme
gets very close to the upper limit of 0.375 around2dm2

;1022 eV2. For lower values of2dm2 the adiabatic ap-
proximation predicts that the final value remains appro
mately constant at 0.375.19 However at low enough values o
2dm2, the adiabatic approximation clearly fails in reprodu
ing the results obtained fully integrating the QKE’s. The
show that, for a fixed value of sin2 2u0, there is a value of
2dm2/eV2 below which the final value of the asymmetr
becomes rapidly negligible. The region of mixing paramet
where the adiabatic approximation holds and the final as
metry uLna

finu*0.8uLna

finu(ad), with the value of the adiabatic

limit uLna

finu(ad) in the range 0.26–0.375~the exact value de-

pending on2dm2), is given approximately by

sin2 2u0S udm2u

eV2 D 1/4

*1.231029. ~31!

It is also simple to infer from Fig. 5~a!20 the following equa-
tions describing the iso-uLna

finu curves in the space of mixing

parameters:

sin2 2u0S udm2u

eV2 D 1/4

.0.831029uLna

finu1/4. ~32!

19More precisely, as it is shown Fig. 5~a!, for sin2 2u051028 in the
adiabatic approximation, the final value gets again slowly low
than 0.375 for2dm2/eV2.1022. This because in that case w
integrated the QKE’s in the collision dominated regime and in t
case the correct value for the initialyres

min at which the MSW con-
versions start is reproduced. This value gets as high as 1
2dm251028 eV2 and thus not all-antineutrinos are converted a
happens in Fig. 5~b!. On the other hand, for larger sin2 2u0, the
value ofyres

min!1 and the two procedures, the fast one and the su
fast one, give the same answer.

20We concentrated, for values of the final asymmetry much l
than 0.01, on the casea5e. However in the casea5m one does
not expect differences, as the Wolfenstein term in the effective
tential, responsible for the final value of the asymmetry in the MS
regime, is the same.

n.
3-8
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ACTIVE-STERILE NEUTRINO OSCILLATIONS IN THE . . . PHYSICAL REVIEW D 65 045003
For uLna

finu.1025 one finds a larger region compared to t

condition ~4! from the static approximation. This is becau
the MSW effect enhances the neutrino asymmetry genera
compared to a collision dominated regime. The curves~32!
are however valid, if one consider values ofuLna

finu>1025,

only for sin2 2u0*1029. For smaller angles the validity o
Eq. ~32! breaks down for 1025<uLna

finu&Lna

! (sin2 2u0). For

example for sin2 2u054310210 we found thatLna

! .1023

corresponding to2dm2/eV251022 and this is clearly vis-
ible in Fig. 5~a!. For lower values of2dm2 and a fixed value
of sin2 2u0, there is a sharp cutoff in the generation.

In Fig. 6 we plotted the iso-uLne

finu curves for2 loguLne

finu
51,2,3,4,5. For sin2 2u0*1029 the curves~32! are found
while for smaller mixing angles they do not hold and t
generation goes off much faster for a decreasing2dm2 and
for a fixed value of sin2 2u0.

One can easily explain this cutoff in the generation
neutrino asymmetry at low values of mixing angl
(sin2 2u0&1029) where Eq.~32! starts not to be valid for
uLne

finu,L!. This can be done in terms of current understa

ing of neutrino asymmetry generation outlined in the Int
duction. In fact for too small mixing angles the collisio
dominated regime21 is not efficient enough in generating
neutrino asymmetry uL (e)u*(1022/sin 2u0)

2/3Lt and the
MSW dominated regime cannot start at all@see Eq.~12!#.
This can be seen in Fig. 7, where we plotted the evolution
the neutrino asymmetry with temperature for sin2 2u054
310210 and a few values of2dm2/eV2. One can see how, in
the case2dm2/eV251023, the asymmetry gets frozen muc
before it can get the value (1022/sin 2u0)

2/3Lt.1024 and the
MSW dominated regime never starts.

We are still lacking in a physical description of Eq.~32!
for sin2 2u0*1029. In the next section, we will develop
simple physical picture providing such a description impro

21Note that the rate of neutrino asymmetry generation in the
lision dominated regime, as deduced within the static approxi
tion, is proportional to sin2 2u0 @1,2#.

FIG. 6. Adiabatic region and iso-uLne

finu curves.
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ing the adiabatic approximation in the MSW dominated
gime.

III. THE LANDAU-ZENER APPROXIMATION

We will now develop a useful extension to the adiaba
approximation by taking into account non-adiabatic effe
which inevitably occur for a choice of mixing paramete
outside of the region~31!. For definiteness let us refer t
positive values of the asymmetry. In this case when the t
asymmetry has reached valuesL (a)@Lt , the resonant mo-
mentum of anti-neutrinos is given by the expression~9!. Af-
ter it has reached its minimum valueyres

min , it starts to grow
again eventually passing all of the anti-neutrino distributi
at y.yres

min .22 In the adiabatic limit all anti-neutrinos aty
5yres are converted. It is then easy to find the following ra
equation for the neutrino asymmetry@3#:

S dLna

dt
D

ad

5
yres

2

4z~3!
@ f n̄a

~yres!2 f n̄s
~yres!#

dyres

dt
. ~33!

In the case of negative asymmetry one has to make the
placement@ f n̄a

2 f n̄s
#→@ f ns

2 f na
#.

In order to incorporate nonadiabatic effects, which can
important if sin2 2u is small enough, we will use the standa
Landau-Zener approximation@22#. In this case, due to the
quantum level crossing between matter eigenstates, no
active anti-neutrinos will be converted into sterile an
neutrinos. The number of active anti-neutrinos that unde
level crossing and are not converted is given by the w
known ‘‘jumping probability’’ P[e2pgr /2 where g r

[u2u̇̄ml̄ mures
21 is theadiabaticity parameterat the resonance

l-
-

22We recall that at this stage the resonant momentum of neutr
is by far in the tail of the distribution and continues to increa
further while the asymmetry grows and therefore neutrinos
completely out of the game.

FIG. 7. The same as in Fig. 2 but for sin2 2u054310210 and a
different choice of values for2dm2. For 2dm251023 eV2 the
MSW dominated regime never starts.
3-9
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and ūm and l̄ m are respectively the mixing angle and th
oscillation length in matter given by

sin 2ūm5
sin 2u0

Asin2 2u01~cos 2u02b2a!2
~34!

l̄ m5
2 y T/udm2u

Asin2 2u01~cos 2u02b2a!2
.

~35!

Since we are considering a regime of high values of
asymmetry (L@Lt), one can neglect the finite temperatu
term b in the effective potential and thus one can find eas
the following expression for the adiabaticity parameter:

g r5
udm2u

2yresTn

sin2 2u0

uda/dtures
. ~36!

For computational purposes this can be then transform
with easy algebraic arrangements making use of the Eq.~9!,
defining a[2d ln Lna

/d ln Tn.0, replacing time derivative
with neutrino temperature derivative@using the expression
~29!# and finding, in the end,

g res.1.831010A 10.75

gr~Tn!S Tn

T D 2sin2 2u0Lna
Tn

u42au
. ~37!

For a54 the adiabaticity parameter is infinite and this
perfectly understandable because when this happens,
Eq. ~9!, one can see thatyres5yres

min and dyres/dt50.23 The
Landau-Zener approximation can be started fromyres.yres

min

and in this case the rate equation for the asymmetry will
given by

dLna

dt
5S dLna

dt
D

ad

~12e2(p/2)gres!. ~38!

This equation can be solved numerically and clearly is m
less CPU time consuming then the QKE’s. The results fr
the Landau-Zener approximation for the final value of t
asymmetry are shown in Figs. 5~a! and 5~b! with dashed
lines and we find a good agreement with the QKE’s in b
casesa5e and a5m,t. The Landau-Zener approximatio
provides useful physical insight into the numerical resu
First of all we can understand Eq.~31! for the adiabatic
region looking at the expression~37! for the adiabaticity pa-
rameter. The jumping probability starts to be non-negligi

23Thus in this precise moment, and only in this momentL}T24

~exactly!. After this moment a power law witha54 cannot hold
exactly, since if all neutrinos are adiabatically MSW converted,
resonant momentum has to start to grow to sustain the asymm
growth. However whileL!0.1, L}T24 ~approximately! since the
resonance need only move very slowly to produce the requ
asymmetry. One could measure the average value ofa fitting the
numerical solutions if one is really interested in this quantity. S
@23# for a detailed analysis on this~in our opinion academic! issue.
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for g r&2. The adiabaticity decreases~on average! during
neutrino asymmetry~MSW dominated! growth, since ini-
tially a54 while when the growth stops atT5Tf one has
a50. The whole MSW regime will be then adiabatic and t
final value of neutrino asymmetry will be close to 0.375
g res(Tf)*2. Using the expression~10! for the final tempera-
ture one can immediately check that this condition rep
duces the condition~31! for the adiabaticity region in the
space of mixing parameters. We can also try to estimate
equation~32! for the iso-asymmetry curves. Forg r

fin!1 the
final neutrino asymmetry is given approximately by

Lna

fin;0.375
p

2
^g r&. ~39!

In this equation the quantitŷg r& is the statistical average o
the adiabaticity parameter done with the Fermi-Dirac dis
bution with zero chemical potential~assuming that all gen
eration of the asymmetry occurs below the chemical dec
pling temperature!. If one neglects the annihilations an
assumesTn5T andgr510.755const, then this quantity can
be expressed through the expression~37! where the quantity
a must be replaced with its averaged value^a& and ^Lna

&
.L f /2. Again, from the expression~9! for the resonant mo-
mentum and usingyres

fin.10, obtains an expression forTf

.(udm2u/eV2)1/4(Lna

fin)1/4/3, and the iso-asymmetry curve

~32! are roughly reproduced when̂a&.3, that is a quite
reasonable value considering thata decreases froma54
wheny5yres

min to a50 whenyres*10 an the asymmetry get
frozen to its final value. Thus the Landau-Zener approxim
tion provides the correct approach to get a physical insi
into the generation of neutrino asymmetry at low2dm2 and
small mixing angles.

The Landau-Zener approach is also useful to get a ph
cal insight into the effect of the electron-positron annihi
tions. From the expression~37! for the adiabaticity paramete
we can in fact study the following quantity:

f ~T/me![Fg r~T5Tn!

g r
G5A gr

10.75S T

Tn
D 4

. ~40!

One can plot this function~see Fig. 1! and discover that it
monotonically increases from 1 to its asymptotical val
f (0).1.1. Thus the answer is thatthe effect of electron-
positron annihilations is to make the MSW conversions l
adiabatic and thus to decrease the neutrino asymmetry g
eration.This is an effect clearly negligible in the fully adia
batic region, since ifg r(T5Tn)@1 then alsog r@1 and the
final value of the neutrino asymmetry does not chan
While considering Eq.~39!, one can see that foruLna

finu!1 the

annihilations decrease the final value of 10%, just a corre
ing effect.

IV. CAN THE GENERATION OF NEUTRINO ASYMMETRY
BE OBSERVED?

A. Big bang nucleosynthesis

It remains to briefly discuss the impact of neutrino asy
metry generation on cosmology. The most straightforw
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ACTIVE-STERILE NEUTRINO OSCILLATIONS IN THE . . . PHYSICAL REVIEW D 65 045003
consequence is a modification of the predictions of stand
big bang nucleosynthesis@3,8,9#. Standard BBN is modified
by active-sterile neutrino oscillations in two ways. One is
changing the energy density, described byDNn

r , and the sec-
ond is by modifying the standard electron neutrino distrib

tions @ep/T11#21, described byDN
n

f ne . This second change
occurs both because an electron neutrino asymmetry ca
generated and also because oscillations below the the
decoupling temperature at;1 MeV produce deviations
from thermal equilibrium. In the case ofa5m,t, clearly in
the idealized case of two neutrino mixing considered in t
paper, only the first effect is present in first approximation24

However this effect is not significant unless a significa
neutrino asymmetry is generated before the chemical de
pling temperature of about 3.5 MeV. This in turn requir
relatively large values of2dm2*100 eV2. Even if all the
asymmetry is produced before the chemical decoupling~for
2dm2@100 eV2), one gets at maximum a value ofDNn

r

.0.4 @9#. In the casea5e the neutrino asymmetry genera

tion gives also a significant contribution toDN
n

f ne and in
particular if the generated asymmetry is positive then ne

tive values ofDN
n

f ne are possible@3#. However, this effect is
only important when a significant neutrino asymmetry is p
duced before the freezing of the neutron to proton ratio
T'0.75 MeV. This requires a2dm2*0.01 eV2 @9#. This
can also be seen from Fig. 5~a! where the value of the asym
metry atT50.75 MeV has been plotted for mixing angle
large enough (sin2 2u0*1028) that the generation is adia
batic at 2dm2/eV2*1022. Also in the multi-flavor case
where a heaviernt ~and/ornm) oscillates with thens which
generates a largeLnt

~and/or Lnm
) asymmetry, and subse

quent oscillations ofnt ~and/ornm) with ne transfers some o
this asymmetry to thene sector~thereby generatingLne

) one

similarly obtains that significantLne
production requires a

2dm2*0.5 eV2 @3,8,9#. Thus for udm2u!1022 eV2, the
asymmetry generation effects are unlikely to produce obs
able deviations on the standard BBN predictions.

B. Cosmic microwave background

It has been pointed out how a neutrino asymmetry gen
ated above the chemical decoupling temperature would
ply a DNn

r able to change the matter-radiation equivalen
and thus modifying the height and position of CMBR acou
tic peaks@25#. However in this case such an asymmetry ca
not be generated from active-sterile neutrino oscillations
cause, as already pointed out discussing BBN, they gene
the asymmetry generally below the chemical decoupling
thus produce a value ofDNn

r not high enough to produc

24Actually a small effect on electron neutrino distribution, givin

a nonzeroDN
n

f ne , is present also fora5m,t if one describes ex-
actly the chemical decoupling. This is because a few elec
neutrino-antineutrino annihilations will occur to restorem ~or t)
number densities depleting electron neutrino number dens
@24,9#.
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remarkable effects. However aDNn
r is also produced for

mixing angles large enough@see Eq.~5!# that a significant
sterile neutrino production occurs. This also modifies
matter-radiation equivalence time and gives effects
CMBR anisotropies@26#. In the case of negative2dm2 the
neutrino asymmetry generation can modify the sterile n
trino production, especially in multiflavor mixing. Thus th
indirect effect of neutrino asymmetry generation has effe
on CMBR. In other words a calculation ofDNn

r including the
account of asymmetry generation is needed to derive the
rect effects on CMBR anisotropies.

C. Relic neutrinos

We have seen that the effects of neutrino asymmetry g
eration on BBN for low values of2dm2 are not significant,
while on CMBR they can be only indirect. However it is st
remarkable that neutrino asymmetry generation would l
to a relic neutrino background in which mainly ant
neutrinos or neutrinos are present. At the moment nob
has been able to experimentally detect relic neutrinos. H
ever it has been noted in@20# that the presence of an asym
metry in the relic neutrino background can have observa
effects in future neutrino detectors. If very high ener
a-neutrinos are produced from cosmological sources at h
redshift, their vacuum probability oscillation can be chang
by matter effects due to the presence of an asymmetry in
relic background. Thus, if one knows the vacuum probabi
and the fluxes and energy spectrum of produced neutrino
is possible in principle to observe a change in the oscillat
probability induced by matter effects. These effects dep
crucially on the value ofh0

(a)[h0 L (a), whereh054/11 is
the dilution factor at the present. Thus the maximum value
h0

(a) that can be generated from active-sterile neutrino os
lations is.0.27. According to the analysis presented in@20#,
such a value can give at maximum effects of about 0.5%
the change of vacuum probability which is probably uno
servably small. Nevertheless, it shows how the possibili
of detecting relic neutrino background can be changed by
presence of an asymmetry produced by active-sterile n
trino oscillations and thus the issue of relic neutrino ba
ground detection should be reconsidered in light of this a
deserves further investigations.

V. CONCLUSIONS

We have shown that the generation of large neutr
asymmetry via active-sterile neutrino oscillations occurs
much lower values ofudm2u than previously supposed. W
have made a detailed study of the final asymmetry value
the sin2 2u0<1027 parameter region. The evolution of neu
trino asymmetry in this parameter region can be underst
quite simply by means of the Landau-Zener approximat
that made possible to derive analytical results in good ag
ment with the numerical ones. For very small2dm2

!0.01 eV2, the oscillations generate the asymmetry too l
to have significant effects on BBN. The account of neutri

n

es
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asymmetry generation can modify the sterile neutrino p
duction ~this is especially true when considered within
multiflavor mixing scheme! and thus has to be taken int
account when studying the effects on CMBR anisotrop
Properties of relic neutrino background are also modified
neutrino asymmetry generation and this observation sho
certainly encourage new investigations on relic neutrinos
tection.
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