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Active-sterile neutrino oscillations in the early Universe: Asymmetry generation at low] 6m?|
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 (sf26,=<10 %), negative values ofm?, provided thaf 6m?|=10"* eV2. By numeri-
cally solving the quantum kinetic equations, we show that the generation still occurs at much lower values of
|6m?|. 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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. INTRODUCTION whereNy=n«R? is the number oiX-particles inR*, while
n, is the X-particle density.
Previous work has established that,— vgie (@ The exacbordersof the generation in the space of mixing

=e,u,7) neutrino oscillations typically generate large parameters have not yet been fully determined. Using the so
[O(0.1)] neutrino asymmetries faregative valuesf sm**  called “static approximation” in[2] it was found that, to
and small mixing anglegsin”26,<1) [1-4]. Such a large have a final neutrino asymmetry larger than 10the fol-

value for the neutrino asymmetry can have several interesfowing roughlower limit on the mixing angléfor a fixed
ing consequences and applications including a suppression gf2) holds:

the sterile neutrino productiorb,2,6], a modification of the
standard big bang nucleosynthe@BN) predictions in dif-
ferent ways[2,7,3,8—10? and, perhaps not emphasized
enough, it implies a reliax neutrino background in which
mainly neutrinos or antineutrino@ccording to the sign of
the generated asymmelrgire present.

We define theasymmetryof the particle specieX asthe
net number of Xparticles at temperatur€ per number of ~An upper limit on the mixing angléor which the neutrino
photons at some fixed initial temperatdFg, such thatm, generation occurs is still unknown as numerical solutions are

21\ —1/6
sin220026(5)><10‘10(%) . a=e(u,7). (4

>T,,>m,, in a comoving volumeR3: made quite difficult(i.e._ CPU time _consu_mir)g)y the pres-
ence of a sterile neutrino production prior the onset of neu-
Ny—Nx trino asymmetry generation that is strongly coupled to the
Lx=——n—> @ neutrino asymmetry generation. Moreover, at large angles
NV

(sirf 26,=10%), the phenomenon of rapid oscillations of
the asymmetry at the onset of the generation appd#is
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We define sm?=m3—mZ, with m; and m, eigenvalues of the R

mass eigenstates such that in the limitdgf-0 they coincide with T= in% 2

the @ and sterile weak eigenstates respectively. With this definition =~ )

in mind, one can say thategative values ofm? imply a sterile it is simple to check that the asymmetky, is connected to the

3If one defines

neutrino lighter than the. asymmetry abu_ndanc@elative to photons nx=(nx—nx)/n, by
2A particular interesting case is the possibility that a neutrinothe simple relation
asymmetry generation can solve the claimed discrepancy between w=hLx, ()]

the value of baryon density from standard BBN with that one in-whereh=(T,/T)3<1 is thedilution factorthat takes into account
ferred from recent cosmic microwave background radiationthe photon production during the electron-positron annihilations
(CMBR) anisotropies observation&l]. aroundmg/2=0.25 MeV.
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making things even more complicatédRequiring that the same time a higher value for the baryon density would be
final effective number of extra-neutrino speci@s energy allowed, in agreement with that one inferred from CMBR
density does not violate the BBN boundN?<AN"T®<1,  acoustic peak§l4,11].

and with the definitionf(ANI'"®)=In(1—AN]"?)/In(0.4), For

one finds, fora=e(u,7), the constrain{2,6] 6m2 =104 eV? ®)

the numerical calculations performed with the quantum ki-
netic equation§QKE) [15] found that the final value of the
neutrino asymmetry is in the range 0.23—0.35 approximately
independently of sin&, for most of the range of values set
by Egs.(4),(5) [3]. These calculations also showed that the
valid for |sm?=10"% eV? (with 6m2<0) and 0.9 finallvalu_es can be well reproduced withir_1 theiabatic ap-
=AN#=0.3. This constraint is however applicable only in proximation Let us shortly recall the main features of the
the case of two flavor,— v (with &= u,7) neutrino oscil- neutrino asymmetry generation effect and of what the. adia-
batic approximation consisfdNeutrino asymmetry evolution

lations. In the general case of multiflavor oscillations the.

neutrino asymmetry produced by the oscillations with the!” the region of mixing parameters set by Eg$), (5) and

largest|Sm?| can suppress the sterile neutrino productionf|_6)’tasatc?sa?ctfgfﬁja?eyl theivperr(?sge nfﬁeﬁzﬂgﬁi;erlzerraet:;ﬁm_
from the other oscillationfb,2,6]. Therefore Eq(5) can only ¢ PP v 9 y 9 €xp '

2

Y%
Sif 20,<2.1(4.1)x10°°
| 6m?|

112
) F2(ANT™),  (5)

possibly apply for oscillations with the largelsim?|, with |om?| s 5113

the constraints on other two flavor oscillations being much T=T%(y.)=15.018.6 (_) MeV, (7)
. _ . h . c re: C 2 ’

weaker. Also, ifa=e, or if the muon or tauon neutrino is eV Ye

also mixed to the electron neutrino then an electron neutrino ) » ) )

asymmetry can be generated, the constraiht’< AN™* wherey.=p./T is thecritical (dimensionless) resonant mo-
’ v - mentumand its value is=2 8 The total effective asymmetr

has to be replaced by a more general constraiht? y y

f max . o ) L(@ is defined a%
+ANV”e<ANV , in which the quanntyANV”e takes into

account the BBN effect of the deviation of the electron neu- L@W=2L, +L( 8
trino distribution from the standard case, in which a Fermi- :

Dirac di_s_tribution with zero chemical potgntial is assurfied. whereL contains the asymmetry of the other neutrino flavors
If a positive electron neutrino asymmetry is generated befor@;#a) and also a contribution coming from electrons and

the freezing of the neutron to proton abundance ratio, theB ~ .

f, . ) ) o aryons. We assume thatis of the same order of magnitude
AN eis negativg 1,7,3,9,11. In this case the upper limiton 5¢ ‘the baryon asymmetry-5x10-%° a value that we
the mixing angle can be strongly relaxed and is related to thedopted in our calculationtS. The evolution of the total
limit for the neutrino asymmetry generation, that however, asssymmetry experiences different stages. At HighT., os-

We_said, has not_beer_1 determined. Moreover one _has CONS&litiations drive|L|<|[|. WhenT approached, a decrease
vatively to keep in mind that the current observational situ-¢ IL| to arbitrarily small values is prevented by the presence

ation on the values of prirrr]ncanxrdial nuclear abundances canngjt chemical potentials in neutrino equilibrium distributions
strictly exclude a valu&\N,™=1, for which no BBN con-  anq |L| starts to grow slowly. AtT=T,, by definition, L
straints on active-sterile neutrino oscillations would apply at

. f . .
all if ANV”eZO.6 It has also to be mentioned that the region
of the mixing parameter space in which a positive electron ‘See alsq16] for a more detailed review.

. . f, . . 8This i i i ixi i
neutrino asymmetry is generated such that " is negative This is true L_mtll the constrain(s) on the mixing angle is
v adopted, otherwisg. can grow to much higher valu¢g,6] as an

and with a mixing angle large enough theN7~1, would effect of sterile neutrino production. The asymmetry generation
be very interesting as in this case the standard BBN would benould go off wheny, becomes so high to be in the tail of the
modified such that the primordial nuclear abundances predigistribution (y.>y2"=10), but this has not yet been studied by
tions would still agree with the measured values and at th@umerical calculations and the exact valueysf has not been
determined.
®When not necessary we will drop the subscripLiff,L(* and
“Actually the appearance of neutrino asymmetry sign oscillationsjyst indicate them with_ L.
in the I’egion Where the Sterile neutrino prOdUCtion iS not negligible, 10|n any case the fina| Va|ue d)_f|s not dependent on a particular
tr\nNay not be a comtuqlence. tlt_ IS “kelg tht'?lt the jt:ﬁng cotu_plmg be-choice forl . Moreover, note that in the realistic case of multiflavor
een a copious sterile neutrino production and the neutrino asyms_ ...: - —10
metry evoluriion is responsible fofthe rapid sign chandes YMbscillations a MiXiNgv ..o« vs could create adLVB|>5x 10
5 ) ; ) o ) ot prior the occurrence of < vg oscillations. Thus, in the case of
A more detailed discussion on the definition &N} and AN " yitiflavor mixing, our assumption is valid if either the,< vg

can be found irf11]. . . oscillations have the largelsim?| or the oscillationssz« v do not
More gfenerally no BBN constraint applies iAN);*>1  have the right parameter@egative Sm?, large enough mixing
+max(@AN 7). angle, ..) to create a Iarg@_VBL
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=L andL, =0 Until this momentum, the resonant mo- First of all note that a collisional regime can exist only if
mentumyrez= p../T of neutrinos and antineutrinos is prac- SN 20=10 °. Thus sin 2,=10 ? is a border between two
tically the same and evolving asT 3. At T<T, the asym-  VerY different regions of mixing parameters. In this paper we
metry growth becomes exponential and the neutrino anill only be interested to the case ofery small mixing
antineutrino resonances quickly become separated:Lfor angles(sin26,<<10"<) in which collisions are important at
>0 the antineutrino resonant momentum gets smaller thalpWw values of the asymmetryl(|<L,), independently on the
the critical momentuny,, while the neutrino resonant mo- temperature.  In this case only  when [L|
mentum increases rapidly moving into the tail of the distri-=(10 */sin 26)?°L; the MSW regime can begin. It is then
bution where the number of neutrinos becomes negligiblyerucial that, during the collisional regime, a fast growth of
small (and vice-versa for negatide). When|L(%)| reaches a the asymmetry occurs for the MSW effect to start to be ef-
threshold valueLﬁ“’zl.O(OA)x 1075(y.| sm2|/eV2) 3 for fective and for the resonance of neutrinos and antineutrinos

a=e,(u,7), nonlinear effects of the medium start to act and'©_become separated. If in fact now one assurifes L
the exponential growth turns into a power latwith L >0) that the expansion is slow enough that the resonant
« T~ initially), while (for L positive) anti-neutrino resonant momentum of antineutrinos, after the minimum, increases so

momentum gets a minimum VaILy{nin and then starts to slowly that antineutrinos adiabatically cross the resonance,
es _ ; ; ; ; ; i
grow again. A relation betweey., and L can be obtained then all e-antineutrinos are converted into antisterile neutri

from the resonance condition and is given by the followingnos' Ih's easily ej[xplams., why the ffma}l vaILIJ.e.;tlofl the
approximate expression: a-neutrino asymmetry are in a range of values slightly lower

than the vaIueN;a(Tin)/N Tin) =0.375, corresponding to an

| 5m2| Je\2 extreme situation in which all anti-neutrinos are converted.
Yies= ——— — > (99  This simple picture is thediabatic approximatiorfirst de-
agL(T/MeV) scribed in[3].

As we said, the numerical solution of the QKE’s have
with ap=(412¢(3)/m?) X 10"°G¢ MeV?=8. When y.s  shown that forl sm?|=10"* eV? and for the mixing angle
~10 the asymmetry stops its growth and gets frozen to ityithin the limits (4) and (5) (without however a systematic
final valueL¢~0.3. It is simple, from the E¢(9), to see that  jnyestigation at the borderthis physical approximated two-
this happens at a temperature given by regime picture works very well in the description of the neu-

trino asymmetry evolution and of its final valtfe.
| 6m?| What about forl 6m?|<10™ 4 eV?? Does neutrino asym-
Ti~0.5 Me e\2 metry generation still occur? Does the static-adiabatic ap-
proximation picture still work?

It is quite interesting that this complicated behavior of the 1€ authors of Ref[18], with an analytical procedure
neutrino evolution can be regarded as the effect of two difPased on the mean momentum approxma{?twere f|nd|gg
ferent physical regimes. The relevant quantity is the ratio that,isven Zthough an exponential growth occurs |@m-|
= I/l 0 res bEtWeeEN the interaction length and the oscilla-=10 " €V*, soon the nonlinear term in the effective poten-
tion length for the resonant neutrinos.rie 1 collisions are  tial is able stop the growt7h and concluded that no neutrino
able to inhibit the Mikheyev-Smirnov-WolfensteiMSwy) — asymmetry(larger than 10°) can be generated in any point
effect and the regime isollision dominatecand can be de- of the parameter space. This result seemed to be confirmed
scribed by a simplified set of kinetic equations obtainabld?y numerical resultg19]. These were obtained also er?ploy-
within the static approximation procedufe,17. On the N9 }?e mean momentum  approximation  fofm*=
other hand ifr=1, the MSW effect can take place and the ~10 ° €V* and 6,=0.1. At some critical temperature an
regime is MSWdominated In [16] it has been clarified that ©SCillatory behavior of the neutrino asymmetry, with an am-
the transition between the two regimes depends on the valJlitude exponentially growing, was found, but the amplitude
of the asymmetry and not just on the temperature. It is in facyv@S not growing higher than 10, although this may simply

possible to show that the following asymptotic expressiond€ because the evolution was stopped &0.3 MeV, be-
for r holds: low the freezing temperature of neutron to proton abundance

ratio or simply an artifact of not including the momentum

1/4

(10

sin 26,
= —(|L|<Ly (1)
0.8(2.0x10 2Excluding the phenomenon of rapid oscillations at the onset of
the exponential growth for si26,=10% [12] that requires some
sin 26, IL|\%? further physical picture still not completely understood.
r= —2<L_) (IL|>Ly). BThis approximation works very well in the description of the
0.82.00x10 t sterile neutrino productiof24] for reasons explained if6]. How-

(12 ever in the case of the neutrino asymmetry generation, especially in
the MSW dominated regime, the momentum dependence is such a
crucial feature that the mean momentum approximation is a very
Hwithin the static approximation a definition @, is more rigor-  drastic one and in our opinion it should be regarded more as a toy
ous[1,2]. This is a sort of numerical definition. model.
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degree of freedom. In any case the authors of Rf] con-  servation$ can result from it. In particular we will correct
cluded that neutrino oscillations cannot generate a large negsome wrong claims, which have appeared recently in the
trino asymmetry in the early Universe, in apparent agreemeriiterature, on the role that the neutrino asymmetry generated
with [18]. In [1,2,7,3 it was shown that a large neutrino in active-sterile neutrino oscillations would have on CMBR.
asymmetry can be generated due to the crucial role of th¥ve will consider the implications on the possibilities of a
Co”isionS, thus disproving the genera| conclusions ofdetection of relic neutrino background by the I|ght of recent
[18,1q, a|though this result is still not necessar”y in dis- StudieS[ZO]. In Sec. V we will draw the conclusions of this
agreement with the conclusions [df8,19 for [sm? <104  Wwork.
and this point has still remained unclear.

It has also to be said that the main attention was put at Il. NUMERICAL RESULTS
higher values of Sm?| because only in this case the asym-
metry generation occurs early enough to modify the standard
BBN predictions for the nuclear abundances. Moreover, We have numerically solved the QKE's for the density
there are also qualitative reasons to suspect that atdovt| ~ matrix distribution in the momentum space, describing the
the static approximation is not valid. [4,2,8] it has been in  statistical properties of the, , v4 states, including their mix-
fact pointed out that fotém?|<10"* eV?, oscillations be- ing. Since we are interested in extending previous studies to
tween collisions can give a nonnegligible contribution to thevalues of|sm?|/eV?<10™* and since from Eq(10), ob-
rate of the neutrino asymmetry, suggesting a possible devidained within the adiabatic approximation, one would have
tion from the static approximation. This statement is justifiedthat the neutrino asymmetry is generated down to tempera-
observing that, if one requires that the change of the mixingures belowT~0.05 MeV, we have to take into account the
angle in matter is negligible between collisions on averdge, occurrence of electron-positron annihilations that will make
then the critical temperature has to be higher than approxi¥ ,# T. The first modification is that the re-scaled momentum
mately 3 MeV and from the Eq7) this implies just|ém?| p R'R,=p T;,/T, and thus now all neutrino distributions
=10"* eV2. On the other hand we already noted that theare more conveniently expressed in termsg/sfp/T,.

Set of equations and numerical procedure

role of collisions in inhibiting the MSW effect, for low val- The QKE's describing neutrino propagation are given by
ues of the asymmetry, is effective at all temperatuffes  the following set of equations for 8 distributions in momen-
. _2 - —_— _—

sin 26,=10 ). tum space[15], P(y,t),Po(y,t),P(y,t),Po(y,t) (for nota-

Which kind of deviations frzom the static approximation isna| simplicity we drop the dependence on momentum and
are then expected at smabm?| and, above all, does the g, time:

asymmetry generation still occur? Are oscillations in the

neutrino asymmetry expected to appear as the mean momen- dpP,

tum calculations of19] suggest? <t~ MPy=DPx (13
The purpose of this paper is to answer these questions,

mainly understanding the exact border of neutrino asymme- dp

try generation at low values $m?|. We will however also —J=\P,—BP,-D Py (14

give some results concerning the presence of neutrino asym- dt

metry oscillations. Moreover we will study the border of the

generation at small mixing angles using the QKE’s and show ﬂ:ﬂ P iR (15)

that the limit (4), derived in the static approximation, has dt y

actually to be replaced with a less stringent ¢8ec. I). We

will show that the small mixing angle border can be ex- dPy

plained within an analysis on the limits of validity of the o R (16)

adiabaticity approximation in the description of the MSW

dominated regime. This analysis will also involve extendingthe functionR(y,t) takes into account théhermal) redis-

the adiabatic approximation in the border region and outsidg;jtion of neutrinos at each quantum state due to the effect

by means of the Landau-Zener approximation, that is able @ cllisions, that in a linear approximation is given [#17]
describe how the neutrino asymmetry generation dies at
fd

small mixing anglegSec. Ill). In Sec. IV we will study the

cosmological consequences of the neutrino asymmetry gen- R:l{f—g— §(P°+ P,)
eration in the light of the new results. If neutrino asymmetry 0

generation occurs also at low values|éMm?|, even though e _ y—ED1-1 ; _ L
this implies that it is generated at temperatures too low td/.vherefg"(y,t)f:[%;re . ]I IS thhe Fgrml|—D|rac F:;ts]grlfu—
produce remarkable changes in standard BBN, one can st £(t) is the (dimensionless) chemical potenti 0

consider which kind of cosmological effed@nd maybe ob- = é-o- The variablesP, and P, can be replaced with the
variablesz,=(Py—P,)/2 andz,=(Py+ P,)/2. These vari-

ables are the diagonal entries of the density matrix and are
YThis is equivalent to imposing that the derivative of the ef‘fectiverel""ted to thex and sterile neutrino distributions simply by

potential, with negligible neutrino asymmetry, is much less than thée,s= {1 ,s/fo. In this case Eqs(15) and (16) are replaced
total interaction rate. by the following ones:

17
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dz 1 0,01 0,1 1 10 100
a9t 2BPy as [T T g8
10 T e . Y ] 10
dz, d - N e T
%2 0% +R (19 [ N —F Tﬂ_
dt dt : — . 1{(T=T M,
while the repopulation functiolR now can be recasted as L T "\\ [ I
R=T(z2%-z,). I N
The anti-neutrinos barred distributiorB,EO obey the "._
same equations with the sarnaal collision ratel’, the same 1 i 1,
decoherence parameter, @nd the same functiop.!® The [ ”"\-..'-\_ ]
function A, containing the effective potential of neutrinos, [ :
depends explicitly also oh and for anti-neutrinos it changes

such thaty(L)=y(—L). Thus the presence oftatal asym- 0,01 0,1 1 10 100

metry Lcouples together the neutrino and antineutrino sets of m /T

equations. They are coupled also by the presence of the

chemical potentials in the equilibrium active neutrino distri- FIG. 1. Effect of electron-positron annihilations on the degrees
butions. These are in fact different ifr@utrino asymmetris of freedom, on neutrino temperature and on the adiabaticity param-
present, considering that eter.

it is numerically more convenient to calculate the neutrino
1 -~ 1 l (20) asymmetry not from Eq(20) but through the following
1+e ¢ 1+e§| integro-differential equation:

l )
Lo, 45(3)fo dyy’

dL,,

L~ . 1 —
Note that if L=0, then one would have simply T:mj B(y)[Py(y)—Py(y)]fo(y)yzdy. (21)

=2L, andL=L, =0 would be an exact solution of the set

of equations. Above the critical temperature this would be . L B )
stable solution and. would get so small that the statistical al'he set of equation€l3)—(17),(21) is still not “closed” as

fluctuations on very small scales would determine the sign of"® Still needs some equations describing the evolution of
the asymmetry below the critical temperature when the soluthe chemical potentialg and ¢ in the equilibrium active
tion becomes unstable. This sign would be different on disheutrino distributions. We use the instantaneous chemical de-
tances as small as the scale of the dominant statistical flu€&oupling procedure developed in RE8] with kinetic decou-
tuations that is smaller than the interaction lenpta]. On  pling temperaturesTg..=3.5 MeV for a=u,7 and 2.5
these scales neutrino free-steam and the free-streaming MeV for a=e. The approximate validity of this procedure
faster than the neutrino asymmetry generation such that inf3as been checked in R¢g].

mediately regions with different sign would destroy each The last step is to replace the time with temperature. It is
other and no asymmetry generation could take place. Thigell known that the neutrino temperatuflg, can be ex-
picture is consistent with the idea that the generation of #ressed as a function of the photon temperaiyrgimply
neutrino asymmetry can occur onlyGfP is violated at some  imposing entropy conservation during electron-positron an-
level, in this case due to the presence df B asymmetric  hihilations:

medium {#0) that can push the neutrino asymmetry to-

ward some direction in any point of the space and strongly _

enough to dominate on statistical fluctuations. This surely ’

happens in a large region of mixing parameters where the

presence of rapid oscillations can be excluf&z]. with the effective number ofentropy degrees of freedom of
Note also that the integral equati¢®0) is coupled to the ~photons and electron-positrons given by

set of differential equations for tHé,PO,P,FO, as the value 1
of the neutrino asymmetry appears in the expression for \/szszr -

gs( me/T)} w3
gs(0)

(22

2

However, as already discussed in previous w$g8,9,13, 45 (o 3 y?+x2
=2+—| d 23
gS(X) W4f0 yy2 em+l ( )

SWe neglect a small term, proportional to the asymmeétrihat
makes the collision rat& for neutrinos and" for anti-neutrinos ~ andgs(0)=11/2(in Fig. 1 bothgs andT, /T are shown for
different[8]. Within the static approximation this term proves not to illustrative purposegs One can choose eithd@ror T, as the
give any difference. It has to be investigated whether in the regiofindependent variable for the numerical calculations used
of rapid oscillations this term can play or not any role. both choices in two different coded-or our discussion it is
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simpler to choosd', and thus we have to express all quan- ‘ 10° 10" 10° 10' 10°
tities as a function off,. The quantity3 can be written as 130 r*'_ T "'1= 130
w0k 410
sm? . 102 1 10?
By, T,)= Sy T SN 20q. (24 10°F 1 10°
yh 10* 110"
: , . . 10°F 1 10°
Since we treat neutrinos as fully decoupled during the period, e 10° f 110°
of electron-positron annihilations, interactions will be effec- 10:: r L 183
tive only until T=T, and thus we can simply write oy 4 | B
10™F 107
I'(y,T,)=1.270.92G2Ty, a=e(u,7). (25 10" 10"
10 —— QKE 10
. . of - QKE + adiabati s 13
The quantityA can be written as 131«: *+ aciabatlc approx 18.,,
10'15: P BTN Y BTN BN .....|: 10™

Ny, T, L)=— o’ [cos 20,—b(y,T,) =a(y,T,,L)] 1o? o’ o 1o o

yv v ZYTV 0 y7 v) — yi v T/ MeV

(26) ~
FIG. 2. Evolution ofL(e)=2L,,e+L with (photon temperature

where the+ (—) sign holds for neutrinoganti-neutrinos  for sir’ 26,=10 8 and values of- ém? as indicated. The solid lines
The termb(y,T,) is the finite temperature contribution to the are the QKE’s solutions while the dotted lines employ an adiabatic
(dimensionlesseffective potential in the early Univer§21].  description for the growth in the MSW dominated regime. The ini-
This term is important whefL|<L,, but it becomes negli- tial value isL(®=T=5x10"1°.

gible after the exponential growth, wheh|>L,, for T

=<T.. We will mainly considerT.=0.25 MeV for which  ever an indirect effect due to the expansion rate. In replacing
electron-positron number densities are still approximatelythe timet with the neutrino temperatur€,, one needs to
equal to the ultra-relativistic limit. Thus we can just replacecalculate the quantity

T with T, and writé®
dT, 1.66Jg—pT3< T )2

eV?(T,\° dt . My \T
=——| 2] y2 Pl
b(y,T,) EmZ(Ta) y (27)

(29

14

where My, is the Planck mass and the number(ehergy
whereT,=18.9(23.4) MeV fora=e(u,7). The termais  density degrees of freedom is given By
proportional to the total asymmetty Electron-positron an-
nihilations do not change electron asymmetryLirand as 21 4+ 60J’°°d y2Vy?+x?
o y1+em

usually is done, we also neglect a small changk irising 4 T
from neutron-proton conversions. Thus we can write the

term a in the usual way, where now howevérhas to be  \jth x=m,/T and whereT has to be regarded as a function
replaced withT, because .of the definitiofl) of particle  f T, (in Fig. 1 the functiong, is also plotted Thus
asymmetry that we are using: electron-positron annihilations cause a change in the expan-
sion rate. In Sec. IV we will obtain physical insight into this
effect.

In Figs. 2—4 we show the evolution of the absolute value
of the total asymmetry with the temperatureln Fig. 2 we
So far, the electron positron-annihilations have not causedhow solutions for many different values eféSm? but for a
any change in the equations when these are writtefiin  fixed value of the mixing angle si26,=10 8 and for «
This because we could approximately assume ¢hateutri- ~ =e. The solid lines are the solutions obtained solving the set
nos, during the electron positron annihilations, are not sensibf QKE equations. The dotted lines are curves obtained in-
tive to all other particle species, either because they do ndegrating the QKE’s only untif <3 [see the Eq(12)]. From
interact with them any more or because the contribution othat moment we started to use thdiabatic approximation
the other particle species in the effective potentials can bas described if3,9]. It can be seen how the asymmetry
neglected wheM=<0.25 MeV and|L|>L,. There is how- generation occurs at values 6fsm? much below 104 eV?

T,

T (30

AV
a=—a,——L Tly. (28)
om

Bactually we will even consider values of Sm?/eV?< 10~ for We neglect any contribution tg,, from the sterile neutrino pro-
which T.=<0.25 MeV. In this case one should replace the constantuction or from the modification od neutrino distribution, due to
T, with a function of temperature taking into account that electronthe generation of the asymmetry. This because we are primarily
and positrons number densities decrease during annihilations. Waterested in small values of mixing angles satisfying the 4.
neglected this modification and used the standard Notzold-Raffetand to values of sm?|/eV2<100 for which most of the neutrino
expression for the finite temperature term. asymmetry is generated beloli,..and thusAN?=0.
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i 1|0'2 1|0" 1.00 1|0' 1.02 o nitude has been necessary, much larger than for2gjn
- 1 =102, In Fig. 4 another example is shown with the mixing
10";: :;10" parameters sfri26,=10 7, sm?/eV?=—10"" for the «
10°f 110° = u case. In this case three sign changes are present and the
10° : : 10° final sign is therefore opposite to that bf We tested this
P | 1. solution with both codes, obtaining the same behavior. Thus
L7110 : : 10 we can say that the numerical calculations suggest the ap-
10°f 110° pearance ofslow oscillationsin the neutrino asymmetry.
1o‘“f: ______________ o : 10 These seem to have a different nature than the rapid oscilla-
| g e e 1 .  tions observed in[12] for sirf26,=10°°® and 102
10 { } 10 =<|6m?|/eV?<500. They are “slower” and with just a few
10°F 119" sign changes and do not occur during the exponential growth
10-w=r- ot v ) 1077 but before, above the critical temperature. Moreover, even
10°? 10 o 1V°° 10 10° though the integration has to be very accurate, a numerical
[2]

convergence can be obtained and thus any character of chao-

FIG. 3. The same as in Fig. 2 but for $89,=10 7 and a ticity seems to be excluded. This is also supported by the fact
different choice of values for dm2. For — sm?/eV2=10"8 we  that starting with two slightly different initial conditions the
also show an example for a different choice of the initial asymme-inal sign is the same. We can thus exclude the possibility
try. that statistical fluctuations, estimated [it2], can influence

the solutions. However, it would be desirable to have some

and goes off only around- 5m?=10"1° eV2 In particular  analytical insight supporting the presence of sign changes
for —om?=10"19 eV? the final value of neutrino asymme- found in the numerical results. In any case, if confirmed, they

try is still at the level of 10°. would suggest a deviation from the static approximation at
The numerical convergence of the solutions has been olew |sm?| and sufficiently high mixing angles (g6,
tained integrating around the resonaf@el2] but the inter- ~107) due to the presence of sign changes that are not

val of the integration highly increases for lojwm?| and  predicted by the static approximation. We did not investigate
covers up to two orders of magnitude in momentum spacewhether at even higher mixing angles, rapid oscillations ap-
The behavior at low values of the asymmetry is well repro-pear, as in the case of highém?. This requires a dedicated
duced by the static approximation at any valug&h?|. I analysis beyond the goals of this work.
particular note that no sign changes are present. In Fig. 5@ we give the final value of the asymmetry for
In Fig. 3 solutions for sifi26,=10"7, —ém?*/eV?  a=e, five values of the mixing angle (sigé,
=100,1,102,10 ® and a=e are shown. While for the first =107, 1078 107° 4x10 % 1019 and for—ém?in
two cases there are no sign changes, which was alreadfie range 10%3< — sm?/eV?<10*® In Fig. 5b) the final
known[12], in the case- sm?=10"® two sign changes ap- value of the asymmetry is shown in the case u and for
pear. Note that, changing the initial neutrino asymmetry, thawo values of the mixing angle (si26,=10 7 and 10 %)
solutions converge to the same values at some stage. Th@d one can see that there is not much difference with the
final sign is still the same df, like the static approximation casea=e. This because in the MSW regime, when the neu-
predicts. For the numerical convergence of this solution drino asymmetry gets its final value, the finite temperature
momentum integration over an interval of 5 orders of mag+erm in the effective potentigithe b-term, see Eq(27)] is
negligible and only the Wolfenstein term is relevdihe

0,01 0,1 1 a-term; see Eq(28)]. This term is the same for=e and
10" T T y 10’ a=pu
R ’ .. . _ -
10" sin’20,-107 110" For values of the mixing angles $i2g,=10 ', 10 8
10° : -sm*/eV?=10" : 10° and 10°°, the final value of the neutrino asymmetry can be
3 o=p 3 uite easily understood as being due to MSW transitions as
y
o 1 . 4 THONS @
10 : : 10 the resonance momentum passes through the neutrino distri-
o 107 {107 bution. Previous work focused on the adiabatic limit where
Ry r L : ) )
o F L complete conversion occurred. The solid curves describe the
107 10 P . . .
: results obtained solving the QKE. The dotted lines corre-
1 ! 3 1 . . . . .
10" —OKE 110 spond to the results obtained with the adiabatic approxima-
r
107 107
" 15
o 10 The chosen upper limit fdvm?| comes from the requirement to
2 i pp
1077 ‘0';)1 "6'1 EE— 107" have the critical temperaturé,<100 MeV considering that, for

higher temperatures, the expression that we used for the effective
potentials are not valid. However in the case-e, direct mass

FIG. 4. An example of evolution with temperature fdr). The measurements from tritiung decay limit — dm? to be less than
mixing parameters are $i6,=—omeV>=10"". =100 e\’

T/MeV
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10" 10" 0% 107 10° 0% 10" 10’ 10° neutrino and |L™| can be well below the value 0.375 cor-
5,0X10™ [y oy vy sTg vy g vy 5,010 v, ) .
S responding to a full conversion and fgfic<1. This is be-
a0x10" F e 4 4,0x10"

cause at high values ¢#m?| the MSW dominated regime
occurs mostly at temperature abovd MeV and collisions
are able to re-distribute thermally the asymmetry after it has
been produced at=y,. In particular this means th&bn

3,0x10" |

2,0x10" F

L~ statistical averagesome anti-neutrinos in quantum states
10° with y>y,.swill move to quantum states with<<y,.. Since
10° Yres INCreases with time, this means that these anti-neutrinos
. cannot be converted any more. In a pictorial way, we can say
10 that these anti-neutrinevadethe resonance and manage not
107 to be converted. Thigvasion effectan be described cor-
10‘“10_,3 rectly only numerically.
For lower values of- 5m? the asymmetry becomes large
@ only for low temperaturess1 MeV, where collisions have
an approximately negligible effect and the evasion effect
00 107 10* 10° 10" 1o 10° does not occur. The final value of the neutrino asymmetry
L o o R o R o i R e R e R e R gets very close to the upper limit of 0.375 arourdsm?

~10"? eV2. For lower values of— ém? the adiabatic ap-
proximation predicts that the final value remains approxi-
mately constant at 0.378.However at low enough values of
— 8m?, the adiabatic approximation clearly fails in reproduc-
ing the results obtained fully integrating the QKE's. These
show that, for a fixed value of si26,, there is a value of
o777 Landau-Zener : — 6m?/eV? below which the final value of the asymmetry

fi
[

—QKE
Adiabatic ] becomes rapidly negligible. The region of mixing parameters

where the adiabatic approximation holds and the final asym-
metry |L™|=0.gL™|(aD with the value of the adiabatic
limit |L""| @9 in the range 0.26—0.378he exact value de-
pending on— 8m?), is given approximately by

-am/ev’
{b) | 5] 1/4
> ) =1.2x109, (31)
eV

Sir? 260(

FIG. 5. Final values of the neutrino asymmetry in the case
=e () and a=pu (b). Solid lines are solutions from the QKE's.

Dashed lines are the solution with Landau-Zener approximation,t is also simple to infer from Fig.(ﬁ)zo the following equa-

Dotted lines are the adiabatic limifa) we also show with a thin . o ‘o fin . i
solid line the value of neutrino asymmetry &0.75 MeV (for tions describing the Isﬁ"’a| curves in the space of mixing

mixing angles=10"8) that is approximately the freezing tempera- Parameters:
ture of the neutron to proton ratio.
| sm?|

eV?

1/4
tion, with a slight difference between Figgaband 5b). In sir? 200( ) ~0.8X 10‘9|Lf,1’;|1’4. (32
Fig. 5@ (a=e), the results correspond to the solutions in
Figs. 2 and 3 obtained combining QKE and the adiabatic
approximation as already illustrated. In Figbbthe adia- 19 ) - _ _ s
batic approximation is started frofi~T/2 with an initial More precisely, as it is shown Fig(@, for sir? 26,=10"*° in the

asymmetry corresponding to a resonant momenm adiabatic approximation, the final value gets again slowly lower

_ sm2/a\2— 102 ; ;
=0.3[see Eq(9)]. In the first case one gets a compromise of.than 0.375 for—om/evi=10 . This because in that case we

. . . . integrated the QKE's in the collision dominated regime and in this
a fast procedurémost of the CPU time is required in the i :
. . . case the correct value for the init at which the MSW con-
MSW dominated regimebut still able to reproduce accu- vau initigles at whi

v th : luti versions start is reproduced. This value gets as high as 1 at
rately the correct neutrino asymmetry evolution at any tem-_ s,z 15-8 g\2 and thus not all-antineutrinos are converted as it

perature. In the second case one_has a super-fa§t2 procedlﬁgﬁ)pens in Fig. ®). On the other hand, for larger 2ipd, the
able to reproduce accurately the final stagé§%£10"%) of  \4)4e ofyM"<1 and the two procedures, the fast one and the super-

res

the evolution, and a fair description of the intermediatefast one, give the same answer.

stages. At high values of sm? the adiabatic approximation  24we concentrated, for values of the final asymmetry much less
well describes the results obtained using the QKE's. Note@han 0.01, on the case=e. However in the case=pu one does
also that, for|ém?|/eV?>10"2, not all anti-neutrinos are not expect differences, as the Wolfenstein term in the effective po-
converted into anti-sterile neutrind®/e refer to positivel,  tential, responsible for the final value of the asymmetry in the MSW
otherwise neutrinos would be converted instead of antitegime, is the same.
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107 10° 10 107 1 10 100
; 10 | 100 I l-; 10°
) 1) Adiabatic ] 10" f 1 sin2e,=4x10™ 4 10"
~ : 2 F yn i,
10° i & ”’7@@ Fogion ] 10° 102 | 10 q10°

v - 3
ER| ) 1 10° f 10° {0
2 - \ ] 10* | 410"
5 v s L 1
° 10 \»ﬁg\ 10 L7 10° | !105
v 10° F 1 10°
| \ 107 | smeVi=10" 1107

104 142} -10 E 3
10 [ ) 10 10° : ] 10°
10° F ] 10°
10" F ,i 107

-1 N . 4 e N PPN . NP 15 S | N M | N PR & |

L . " 10 1 10 100

10 10 10 10 TMev
sin’28, e

FIG. 7. The same as in Fig. 2 but for $89,=4x10 °and a
different choice of values for 6m?. For — sm?=10"2 eV? the
MSW dominated regime never starts.

FIG. 6. Adiabatic region and isld_-f,l’;| curves.

For |LfV";|>10‘5 one finds a larger region compared to the

condition (4) from the static approximation. This is becauseing the adiabatic approximation in the MSW dominated re-
the MSW effect enhances the neutrino asymmetry generatiogime.
compared to a collision dominated regime. The cura®
are however valid, if one consider values |d11*v”;|>10‘5,
only for sirf26,=10"°. For smaller angles the validity of _ _ o
Eq. (32) breaks down for 10°<|L™|<L* (sir?26,). For We will now develop a useful extension to the adiabatic
204 — 10 “ @ v a3 approximation by taking into account non-adiabatic effects
example for sin2¢,=4x10""" we found thatL] =10 which inevitably occur for a choice of mixing parameters
corresponding to- sm?%/eV2=10"? and this is clearly vis- outside of the regior(31). For definiteness let us refer to
ible in Fig. 5a). For lower values of- Sm? and a fixed value positive values of the asymmetry. In this case when the total
of sin’ 26,, there is a sharp cutoff in the generation. asymmetry has reached value§V>L,, the resonant mo-

In Fig. 6 we plotted the is¢|—.ﬁ2| curves for—logILfViZI mentum of anti-neutrinos is given by the expressi@n Af-

=1,2,3,4,5. For sifi26,=10"° the curves(32) are found ter it has reached its minimum valyg. , it starts to grow

while for smaller mixing angles they do not hold and theagain eventually passing all of the anti-neutrino distribution

Ill. THE LANDAU-ZENER APPROXIMATION

generation goes off much faster for a decreasingm? and  at y>yMmn 22 |n the adiabatic limit all anti-neutrinos at
for a fixed value of sif26,. =Y,es are converted. It is then easy to find the following rate

One can easily explain this cutoff in the generation ofequation for the neutrino asymmet]:
neutrino asymmetry at low values of mixing angles
(sir?26,<10"°) where Eq.(32) starts not to be valid for dL, y2. Ve
|Lfy'2|<L*. This can be done in terms of current understand- ( “) =4§(3) [fja(yres)— fjs(yres)]w. (33
ad

dt
ing of neutrino asymmetry generation outlined in the Intro-
duction. In fact for too small mixing angles the collision .
dominated reginté is not efficient enough in generating a In the case Bf ”‘iga“"e asymmetry one has to make the re-
neutrino asymmetry |L(®|=(10"?/sin26,)?°L, and the placemen(f,,a'—fys]—>[fys—fya].. _ .
MSW dominated regime cannot start at pdee Eq.(12)]. ~ Inorder to incorporate nonadiabatic effects, which can be
This can be seen in Fig. 7, where we plotted the evolution ofmportant if sirf 26 is small enough, we will use the standard
the neutrino asymmetry with temperature for?gn,—=4 Landau-Zener approximatiof22]. In this case, due to the
x10"1%and a few values of sm?/eV2. One can see how, in dguantum level crossing between matter eigenstates, not all

the case- Sm?/eV2=10"23, the asymmetry gets frozen much active anti-neutrinos will be converted into sterile anti-
before it can get the value (16/sin 26,)%°L,=10"* and the neutrinos. The number of active anti-neutrinos that undergo

MSW dominated regime never starts. level croising 'and are nopcc,)'nvertedi Lsy /gziven by the well
We are still lacking in a physical description of E§2) ~ Known “jumping probability” P=e" ™" where vy,

for si?26,=10"°. In the next section, we will develop a =26, |} is the adiabaticity parameteat the resonance
simple physical picture providing such a description improv-

22We recall that at this stage the resonant momentum of neutrinos
2INote that the rate of neutrino asymmetry generation in the colis by far in the tail of the distribution and continues to increase
lision dominated regime, as deduced within the static approximafurther while the asymmetry grows and therefore neutrinos are
tion, is proportional to sih26, [1,2]. completely out of the game.
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and 6,, and | ,, are respectively the mixing angle and the for ¥,=2. The adiabaticity decrease¢sn averagp during

oscillation length in matter given by neutrino asymmetryMSW dominategl growth, since ini-
tially a«=4 while when the growth stops dt=T; one has

- sin 26, a=0. The whole MSW regime will be then adiabatic and the

sin 20,= (34 final value of neutrino asymmetry will be close to 0.375 if

f _h_Aa)\2
VSin® 20+ (cos 2o —b—a) Yed Tf) = 2. Using the expressiofi0) for the final tempera-

5 ture one can immediately check that this condition repro-
T = 2y T/|om7| duces the conditior{31) for the adiabaticity region in the
m \/sir? 26,+ (cos 2490—b—a)2' space of mixing parameters. We can also try to estimate the
(35)  equation(32) for the iso-asymmetry curves. Fof"<1 the

) o ) . final neutrino asymmetry is given approximately by
Since we are considering a regime of high values of the

asymmetry [>L,), one can neglect the finite temperature
termb in the effective potential and thus one can find easily
the following expression for the adiabaticity parameter:

Lfin 0375 ( 39
Vo " 2 '}’r> ( )

In this equation the quantityy,) is the statistical average of
|5m2| sir? 20, the adiabaticity parameter done with the Fermi-Dirac distri-
7r:2yres-|-y [da/dt] es’ (38 bution with zero chemical potentidhssuming that all gen-
eration of the asymmetry occurs below the chemical decou-
For computational purposes this can be then transformegling temperature If one neglects the annihilations and
with easy algebraic arrangements making use of the®g. assumed ,=T andg,=10.75=const, then this quantity can
defining a=—dInL, /dInT,>0, replacing time derivative be expressed through the expressi®n) where the quantity
with neutrino temperature derivatieising the expression @ must be replaced with its averaged value) and(L, )
(29)] and finding, in the end, =L/2. Again, from the expressiof®) for the resonant mo-

mentum and using/=10, obtains an expression fdf

—1.8% 10% / 10-75/2) 23in2200LVaTV 37 =(|sm?|/eV?)YAL™ Y43, and the iso-asymmetry curves
Yres™ 9T\ T [4—al (32) are roughly reproduced whefw)=3, that is a quite
reasonable value considering thatdecreases fronv=4
wheny =yt to a=0 wheny,.& 10 an the asymmetry gets

For a=4 the adiabaticity parameter is infinite and this is

perfectly understandable because when this happens, froﬂbzen to its final value. Thus the Landau-Zener approxima-
Eq. (9), one can see that=Yym: anddy,./dt=0.2% The

A mintion provides the correct approach to get a physical insight
Landau-Zener approximation can be started fj8=Yres into the generation of neutrino asymmetry at lewsm? and
and in this case the rate equation for the asymmetry will bema)| mixing angles.

given by The Landau-Zener approach is also useful to get a physi-
dL dL qal insight into the effe_ct of the eIectr.on-p.os.itron annihila-
~ e _ ( _”a) (1— e (m2)7eq (39) tions. From the expressid7) for the adiabaticity parameter
dt dt ad ' we can in fact study the following quantity:
This equation can be solved numerically and clearly is much f(T/m )E[ ¥ (T=T,) _ 9p (l)A_ (40)
less CPU time consuming then the QKE’s. The results from € r 10.75\T,

the Landau-Zener approximation for the final value of the
asymmetry are shown in Figs(é and 5b) with dashed
lines and we find a good agreement with the QKE’s in both,_ ~ "™ .
casesa=e and o= u,7. The Landau-Zener approximation f(O)_t—l.l. T_k;:_Jlst_the a_mstwer 'E t?r?neMesz\f/%ct of ele_ctronl-
provides useful physical insight into the numerical results POSIIron anniniiations 1s to make the CONVETSIONS 1€Ss

First of all we can understand E¢31) for the adiabatic adiabatic and thus to decrease the neutrino asymmetry gen-

region looking at the expressidB7) for the adiabaticity pa- eration. This is an effect clearly negligible in the fully adia-

rameter. The jumping probability starts to be non-negligibleb"ﬂiC region, since if”f(T:_TV)>1 then alsoy,>1 and the
final value of the neutrino asymmetry does not change.

While considering Eq(39), one can see that f¢r_fV";|<l the

23Thus in this precise moment, and only in this momestT 4 annihilations decrease the final value of 10%, just a correct-

(exactly. After this moment a power law wita=4 cannot hold  ing effect.

exactly, since if all neutrinos are adiabatically MSW converted, the

resonant momentum has to start to grow to sustain the asymmetfy. CAN THE GENERATION OF NEUTRINO ASYMMETRY
growth. However whileL<0.1, L=T~# (approximately since the BE OBSERVED?

resonance need only move very slowly to produce the required
asymmetry. One could measure the average value fifting the
numerical solutions if one is really interested in this quantity. See It remains to briefly discuss the impact of neutrino asym-
[23] for a detailed analysis on thign our opinion academjdssue.  metry generation on cosmology. The most straightforward

One can plot this functioiisee Fig. 1 and discover that it
monotonically increases from 1 to its asymptotical value

A. Big bang nucleosynthesis
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consequence is a modification of the predictions of standartemarkable effects. However AN® is also produced for
big bang nucleosynthesj8,8,9. Standard BBN is modified mixing angles large enougfsee Eq.(5)] that a significant
by active-sterile neutrino oscillations in two ways. One is bysterile neutrino production occurs. This also modifies the
changing the energy density, describedM}? , and the sec- matter-radiation equivalence time and gives effects on
ond is by modifying the standard electron neutrino distribu-CMBR anisotropie$26]. In the case of negative sm? the

tions[ePT+1]71, described by\ nyve' This second change Neutrino asymmetry generation can modify the sterile neu-

occurs both because an electron neutrino asymmetry can §dn© production, especially in multiflavor mixing. Thus this

generated and also because oscillations below the thermidirect effect of neutrino asymmetry generation has effects
decoupling temperature at1 MeV produce deviations ©N CMBR. Inother words a calculation afNY including the
from thermal equilibrium. In the case of=pu,, clearly in  account of asymmetry generation is needed to derive the cor-
the idealized case of two neutrino mixing considered in thigect effects on CMBR anisotropies.

paper, only the first effect is present in first approximation.
However this effect is not significant unless a significant
neutrino asymmetry is generated before the chemical decou-
pling temperature of about 3.5 MeV. This in turn requires
relatively large values of- Sm?=100 e\?. Even if all the
asymmetry is produced before the chemical decoupliog
—6m?>100 e\?), one gets at maximum a value AfN®
=0.4[9]. In the casex=e the neutrino asymmetry genera-

C. Relic neutrinos

We have seen that the effects of neutrino asymmetry gen-
eration on BBN for low values of ém? are not significant,
while on CMBR they can be only indirect. However it is still
remarkable that neutrino asymmetry generation would lead
_ : o e f _ to a relic neutrino background in which mainly anti-
tion gives also a significant contribution N " and in  neutrinos or neutrinos are present. At the moment nobody
particular if the generated asymmetry is positive then negahas been able to experimentally detect relic neutrinos. How-

tive values ofAN'" are possiblg3]. However, this effectis €Ver it has been noted [120] that the presence of an asym-

only important when a significant neutrino asymmetry is pro_metry in the relic neutrino background can have observable

duced before the freezing of the neutron to proton ratio aFffects n future neutrino detectors. If very high energy
T~0.75 MeV. This requires a sm?=0.01 e\? [9]. This a-neutrinos are produced from cosmological sources at high

can also be seen from Fig(é where the value of the asym- redshift, their vacuum probability oscillation can be char)ged

- - by matter effects due to the presence of an asymmetry in the
metry atT=0.75 MeV has been plotted for mixing angles i K hus. if K h i
large enough (sh26,=10"8) that the generation is adia- relic background. Thus, if one knows the vacuum proba_\b| ity
batic at — 5m2/eV2>010‘2 Also in the multi-flavor case and the fluxes and energy spectrum of produced neutrinos, it

here a heaviep (;nd/or. ) oscillates with thev, which is possible in principle to observe a change in the oscillation

w Ve, Y ' Wi s Wh probability induced by matter effects. These effects depend
generates a IargEVT (and/orLVM) asymmetry, and subse-

s . crucially on the value ofy{”=h,L(®, whereh,=4/11 is
quent oscillations of . (and/orv,,) with v, transfers some of

; - the dilution factor at the present. Thus the maximum value of
this asymmetry to the sector(thereby generating, ) one (a) that can be generated from active-sterile neutrino oscil-

similarly obtains that significant, production requires a |ations is=0.27. According to the analysis presented26],
—6m?=0.5 eV [3,8,9. Thus for|sm?|<10 2 eV? the such a value can give at maximum effects of about 0.5% in
asymmetry generation effects are unlikely to produce obserthe change of vacuum probability which is probably unob-

able deviations on the standard BBN predictions. servably small. Nevertheless, it shows how the possibilities
of detecting relic neutrino background can be changed by the
B. Cosmic microwave background presence of an asymmetry produced by active-sterile neu-

it has b inted out h i ; trino oscillations and thus the issue of relic neutrino back-
as been pointed out how a Neutrino asymmetry gen.erground detection should be reconsidered in light of this and
ated above the chemical decoupling temperature would i

= ; M3eserves further investigations.
ply a AN’ able to change the matter-radiation equivalence

and thus modifying the height and position of CMBR acous-

tic peakdq 25]. However in this case such an asymmetry can- V. CONCLUSIONS

not be generated from active-sterile neutrino oscillations be-

cause, as already pointed out discussing BBN, they generate We have shown that the generation of large neutrino

the asymmetry generally below the chemical decoupling andsymmetry via active-sterile neutrino oscillations occurs for

thus produce a value ckN” not high enough to produce much lower values ofém?| than previously supposed. We
have made a detailed study of the final asymmetry values in
the sirf 26,<10 7 parameter region. The evolution of neu-

Z4actually a small effect on electron neutrino distribution, giving trino asymmetry in this parameter region can be understood

a nonzeroANfu”e, is present also forr=u, 7 if one describes ex- quite simply by means of the Landau-Zener approximation

actly the chemical decoupling. This is because a few electrothat made possible to derive analytical results in good agree-

neutrino-antineutrino annihilations will occur to restque(or 7) ment with the numerical ones. For very smalsm?

number densities depleting electron neutrino number densities<0.01 eV?, the oscillations generate the asymmetry too late

[24,9]. to have significant effects on BBN. The account of neutrino
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