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Chaotic amplification of neutrino chemical potentials by neutrino oscillations
in big bang nucleosynthesis
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We investigate in detail the parameter space of active-sterile neutrino oscillations that amplifies neutrino
chemical potentials at the epoch of big bang nucleosynthesis. We calculate the magnitude of the amplification
and show evidence of chaos in the amplification process. We also discuss the implications of the neutrino
chemical potential amplification in big bang nucleosynthesis. It is shown that with &V v, the amplifi-
cation of its chemical potential by active-sterile neutrino oscillations can lower the effective number of neu-
trino species at big bang nucleosynthesis to significantly below th&©556-282(96)05616-(

PACS numbg(s): 14.60.Pq, 14.60.St, 26.36c, 95.35+d

I. INTRODUCTION This oscillatory behavior and evidence of a chaotic amplifi-
cation are probed in Sec. Il.

Neutrino oscillations have been suggested to explain sev- In Sec. lll, we discuss two implications of our results in
eral experimental results and, if proven true, they will repre-Sec. Il and show how active neutrinos as dark matter
sent a significant step toward physics beyond the standa@Rndidates—having-1 eV mass—can lower the effective
model of particle physic§l]. Mixings between active neu- number of neutrino species in BBN to significantly below 3
trinos (ve, v,, or »,) and sterile neutrinoghypothetical Py mixing with a lighter sterile neutrino.
neutrinos that do not interact with known particles via the
strong, weak or electromagnetic interactip@ase one pos- [l. FORMALISM AND CALCULATIONS
sible source of neutrino oscillations. The most stringent con-
straints on the parameters of active-sterile neutrino mixing
come from cosmological and astrophysical consideration

[2—6]. In particglar, the active-sterile neutrino oscillatio_ns alyy its equilibrium valug 2£(3)T3/#2 for photons, 3/4 of that
the epoch of big bang nucleosynthe&BN) have been in- ¢4 glectron positrons, and 3/8 of that for neutrihty n; .

vestigated extensively and tight constraints have been obrhe Hubble expansion rate i$=7T2/Mp whereMp is the
tained based on the primordidHe abundance in our uni- pjanck mass and the temperature of the universe. Finally,
verse. Interestingly, it was recently pointed out by Foot,-|-6 denotesT in the unit of MeV. Since we are only con-
Thomson, and Volkag7] that some parameter space of the cerned with the era of BBN, we limit our discussion to
active-sterile neutrino mixings can amplify neutrino asym-1<T.<100.

metries (neutrino chemical potentidisso that the previous Mixtures of an active neutrine, and a sterile neutrino
constraints on active-sterile neutrino mixings based on BBN, can be described by a density matj$

can be alleviated7,8]. Also an asymmetry in the electron
neutrino sector as large as0.1 at the time of BBN can (pw pas) Pol +P- o
change significantly the BBN prediction of the primordial py= -5
“He abundance.

tiorllno?elf(.)(l)lt,ofl':;;spgr?,e;:]v; \E;)(;?k?s%tgs 22%Sst;:getshtlega where & are the 'Pauli matri.ces. The' numper.densities of
parameter space that amplifies neutrino chemical potential$« andvs in ’Fhe mixture, relative to their equilibrium values,
and the magnitude of the amplification. But instead of rely-2re respectively,

ing on a simplified equation that only applies outside the P 4P P _p

resonant regime and when neutrinos are incoherent, we ana- n =-2% 2 p=22"72 2
lyze the problem based on the original equations in the den- Ya 2 s 2

sity matrix formalism, both analytically and numerically. ) _ )

Our analyses reveal many interesting features of the amplithe evolution of the total relative number density of the
fication process that cannot be revealed by the simplifiedt€utrino mixture at the epoch of BBN 8]

approach. For example, the neutrino asymmetry can be os-

cillatory long after the initial resonant crossing. There is evi- P.=

dence which suggests that the oscillatory asymmetry is cha- 0 i=evg:fra
otic. As a result, although the order of magnitude of the final

neutrino chemical potential is readily predictable, the sign ofwhere(I') are reaction rates averaged over a thermal spec-
the chemical potential is very sensitive to the mixing param+trum. Values ofT") are listed in Table | of Ref.3] or Ref.
eters and the input parameters of numerical calculationg5]. The evolution ofP is [3]

Throughout the paper, we adopt a unit in which
% =c=k=1. We also use a convention to denote the number
ﬁensity of a particle by N;, and the number density relative

(1)
Psa Pss

(P(vve—i))(mnr=n, ), (3)
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P=VXP+Py,2—DP,, (4)  The reason we display, andn- explicitly instead of ap-
proximating them to 1 is for the convenience of calculating
whereV represents the frequency and the axis of the oscilthe difference in the coefficient between the,— v
lation in theP space, and®, =P,x+P,y. TheD term rep-  andv,— v oscillations. Since we often compaE to the
resents the damping & due to neutrino interactions which  Hubble expansion ratel, we note
constantly reduce a mixed neutrino state into an eigenstate of

either v, or vs. D~0.5T3H. (10)
At the epoch of BBN,
5 ) The initial condition for Eqs(3) and(4) is usually chosen to
V, = om sin20, V,=0, V,=— om cos20+VE+VT, be Po=P,=1 andP,=P,=0, atT;,; when VZ dominates
2E Y 2E “oe over Sm?/2E: i.e.,
5
2 .. 5m200320 1/6
where dm* and # are the usual vacuum mixing parameters, Tinit>15 ———— (11
. . L - . . eV
andE is the energy of the neutrino¥,, is the contribution of

the matter effect from asymmetries in the background . .
plasmal9]: (for the moment we assume any neutrino asymmetry is neg-

ligible). That is, the neutrino ensemble consists purely of
v,, Which is a good approximation becaugg>V, so that
Lot 0.375{2(nya—n,,a) V is almost aligned with th@ axis.
As the universe expands and its temperature drops,
|V, /V,| becomes larger, the amplitude of the oscillation con-
+ ; (nvﬁ— WTI;)H sequently increases. Eventually, if there is no amplification
BT Ve of neutrino asymmetriesY, becomes negligible, an¥
settles down into its vacuum value. During the process, if the
mixing has ém?<0 (v, heavier tharw,), a resonance can
occur whenV crosses the& axis at a temperature

Vh=12GeN,

mO.l@Fﬁ[ 8Lo/3+2(n, —ny)

+ > (n

Vﬂ?ﬁ Vg

16
MeV for a=e(u,7).

Vﬂ_ nv_ﬂ) ’ (6)

Sm2cos20
Tres’“13(16)>< W
where L, represents the contribution from the baryonic (12
asymmetry as well as the asymmetry in electron positrons,
and is ~10°°. N, is the photon number density. The P andV before and after the resonance are illustrated in Fig.
n,—n,-terms represent the asymmetries in active neutrinog-

and thus their nonzero chemical potentials Jf the chemi- During the oscillation, the interactions betweep and
cal potential ofy divided by kT, is much smaller than 1, the background plasma play two roles. First, the interactions
n,—n=~1.8¢,. (including both elastic and inelastic ones, represented by the

VT is the contribution of the matter effect due to a finite D term) reduce mixed neutrino states into eithey or vs,

temperaturd9]: which effectively damp the amplitude & and at the same

time randomize the phase of the neutrino oscillation. When

VZ= - JEGFNy[lz.GJET(nV +n7)/4M§ the regenerated, (and v¢ but mostlyv,) oscillate intov,

“ “ (andv,) again, the portion o, in excess ofvg, P,, de-

+12.6EET/M3], a=e, creases toward 0. Secondly, the inelastic processs pair

) productiong(the Pz term)—constantly replenishes the num-
= \/EGFN7[12.61ET(nVa+ n, )/AMz],  a=p, T ber of v, that is being depleted by oscillation, maintaining its
@ population as a full relativistic species as long as such pair
productions are potenfT&3 MeV for v, and=5 MeV for
It has been shown that Eg8)—(7) give a good description v, Or v,).
of neutrino oscillations in BBN if the average neutrino en- Equations(1)—(11) can be equally applied to the an-
ergy E~3.15T is inserted inV and if D is thermally aver- tineutrino sector, with notations for particles and antipar-
aged[3]. Therefore, numerically, ticles switched and., replaced by—L,. Apparently, since
- v, and v, can only be produced as paiRRy= P,,.
—250GET>,  a=e The relevance to BBN comes dt~1 MeV when the
—70GZT®, a=pu,r. ®) neutron to proton ratio freezes out. If a significant population
of vg is produced, or a significant asymmetryugy, is gen-
The damping coefficier, consisting of contributions from erated through the active-sterile neutrino oscillations, the
both elastic scattering and inelastic scatteringpf is[3,5]  neutron to proton ratio can be affected and the resultant
“He primordial abundance altered from the standard BBN
(1.3+ 0.4n, + O.5nV—a)G§T5, a=e predictions. When neutrino asymmetri(ﬁaé‘iI are negligible, to be
9 consistent with the observed primordi undance re-
(0.8+0.4n, +0.50;)G2T®, a=pu,r. ©) quires[3.5] P e abundance re

Vi~

a
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z V,=V,—2B(AP,+8Ly/3)=Vo— B(AP,+8L,/3),
@ . (17)
where 8=0.375/2GgN,~0.13G: T3, Vo= — dm’cos2/2E
\ +Vy,, andAP,=P,—P,=2(n, —n5"). Itis also noted that
D—-D=~0.08AP,GZT*<DAP,.
The asymmetry in the v, sector can then be described
by AP, which to its lowest order satisfies

1 1
ViHVZ Ve+Vs

AP,=DP,V2

’ D—Vi AP,+(D- D)—Vi P,

—_ - + —_ _
V2pv2T o V242t

(b) DV2

V24 [Vo— B(AP,+8Ly/3) ]2

<l

!

4V B(AP,+8Ly/3)P,
2 2 _1 APZ
{Vi+[Vo+B(AP,+8L/3)]7}AP,

<l

(18

The equation resembles E35) of Foot, Thomson, and Vol-
kas [7] except that their equation omitted the second term
andL,, and assume®, to be 1.

y When V,<0, Eq. (18) is a damping equation for
|AP,|>8L/3, and no amplification ofAP,| to >10 ° can
occur. This rules outv,-vs mixings with 6m?>0 (v
heavier thanv,). Only when ém?<0 andV, switchs to a
positive value(resonance crossingpeforeT~1 MeV does
2.4 9 @ an amplification ofA P, become plausible.

omMsiN26=<10"" eV~ (13 For mixings with Sm?<0, V, still starts out negative at
high temperatures>T.s. Any |AP,|>8Ly/3 will be

(The bound on thev.— v mixing is tighter on the low '
sm? end. See Refg3] and[5] for precise constraints. .(Ij.ﬁTSped toward an asymptotic value such thaR,—0.

Under conditions that

FIG. 1. lllustrations of evolution o andV for sm?<0. (a)
Before resonancedb) right after resonance.

" AP 8L 8V2L /3 8L 19

V|>D>|V|/|V|, 14 — —Lpt|——— |~ — —

| | | | | | ( ) 24) 3 0 4V0ﬂpz 3 0
i.e., the damping oP and the change iV are negligible when |[Vo|>|V,].
within one cycle of oscillation oP, Eqg.(4) can be simplified When the Xsystem enters the resonant regime, (E8)
to the lowest order to does not apply. We have to go back to the original equation

) ) ) o (4) and its antineutrino counterpart, which give
Py=V,P,IV,, Py=0, P,=—-DV;P,/(Vi+V;)+Po. ) s
(15 AP,=— VAP, — B(AP,+8Ly/3)(Py+P,) —DAP,,

In the epoch of our concern, and in the absence of an ampli-  Ap =V, AP, + B(AP,+ 8L0/3)(PX+P_X)—VXA P,
fication of neutrino asymmetries, E(l4) is satisfied except Y
near the resonance region wh¢wg|~|V,|. This is because —DAPy, (20
VI=0(10%)D and|V,/V,|~H<D at Tg=1. We will dis- _
cuss the case of amplified asymmetries later in the section. AP =V,AP,,

Similarly for antineutrinos, the approximate equations are _ _
whereAP,=P,—P, andAP,=P,—P, . If we do not want

vs to be brought into equilibrium, we have to restrict our
discussions to the parameter space that satisfies(13j.
Then (1) the resonance crossing is nonadiabatic, é)dD
. has to be small enough compared to the time scale of the
under conditions thgy/|>D>|V|/|V|. Assuming there is no resonance crossing so that most of the neutrinos do not scat-
asymmetries in neutrinos other than the oscillating, sec-  ter during the crossing. The nonadiabatic chang¥ ileads

tor, to a coherent oscillation o around the new [see Fig.

P,=V,P,/V,, P,=0, P,=—DVZP,/(V3+V?)+P,
(16)



2756

1(b)]. The impotency of scatterings enables this coherency to
be maintained throughout the resonant regime and beyond
until D=|V|/|V| so that the interactions have enough time to
randomize the phases of neutrinos again. It also implies that__
the D term in Eqg.(20) can be dropped in resonance.

When the temperature was high abolg so that Eq.
(18) applies, AP,~V,AP,/V,, AP, andAP, are approxi-
mately 0. But in and right after resonance, the approximation
breaks down because of the rapid changeVefand V,.
InsteadA P, becomes oscillatory with a frequency efV,

(AP, /|AP,)log|AP, /107
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[Fig. 1(b)]. |AP,+8L/3| will quickly be of order 10°°, but
a more important question is whethpkP,+8L /3| (and
thus |AP,|) can be amplified to>10°. Assuming that
|BAP,|<V,, the amplitude of the oscillating P, will be of
order ~|P,V,(V, 'V, 1| =|2V,8AP,/V2| (from now on
P,~1 and L, is dropped for simplicity because
|AP,+8L/3|~|AP,|). The amplification of AP,| depends
on whetherAP, has enough time to changeP, by a factor
of more than 1: i.e.,

2v2p
Vo

=V,. 21)

SinceVy is a changing quantity, the condition of amplifica-
tion depends on whicl, to choose. For a crude estimate, a
reasonable choice is thé, at the time whem\ P, oscillates
one cycle since the resonana® that Eq.(21) is meaning-
ful]. So

H |om?|

Vo~VoVo ! Vo 2E

(22)

Solving the equation assumingE=3.15I Vyields
Vo~ 10 ?|6m?|~°%24 sm?/2E|. Thus the condition of ampli-
fying AP,, i.e., Eq.(2)), is
| 6m?| "5 %iP29=10" 12 (23

The growth of |[AP,| is limited once|BAP,>V, (when
|AP,|>|6m?/9 eV?|Ts*). Because at this moment, the am-
plitude of AP, becomes~|2V,/BAP,|, and the amplitude
of AP,/AP, becomes ~2V2Z/BAP2, proportional to
AP, 2,

An interesting feature aAP,, shown both from Eq(20)

and numerical calculations, is that it keeps oscillating below

the resonant temperatuf&ig. 2). This is_a direct conse-
guence of the coherent oscillation BfandP. As a result of
the oscillation, the sign oA P, flips (so doesV, andV,)
unless the change &P, in each cycle is smaller than the
amplitude ofAP, itself; i.e.,

2

APd>a5r)

|BAP,| ™. (24)

Since for parameters that satisfy HEg3), the amplitude of
AP,=(|6m?|/9 eV?)T,*, a rough realization of the condi-
tion that AP, will not be oscillatory between positive and
negative values is

_—
f B—
=
f

Tt
=
e
—
P ——

IR = ———=——c—

| ! . |
25 2

T (MeV)

o

I | |
(b) 6m°=—10"%V*, sin“26=10"*"

(4P, /|AP,)log|aP, /107"

[P S B

mr:‘|||

T T T T T T T T T 1
(¢) 6m°=—1eV? sin’26=10" ' ‘

A v o n o

(&P, /AP )og|aP, /1077

T (MeV)

FIG. 2. The solid lines show the evolution AfP, vs the tem-
perature of the universe, far.-vs mixing. Asymmetries less than
10 ° are ignored. The dash line shoysP,|=|sm?/9 eV?|T4*.

Lo=10°% (@ oém?=—-10"*% eV? sif20=10"5 (b
Sm?=-10"2 eV? sif26=10%%% (c) om’=-1 eV?
sinf26=10"8,
| o =9T2 eV? (25)
sif20 "6 '

At Tg=1, AP, will not be oscillatory if |sm?|/sirf26=9
ev?,

OnceAP, stops flipping its sign|V|/|V| and|V|/|V de-
crease dramatically so that the dampibgterm becomes
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more and more important. Eventually H48) reapplies. As-  ysingE=3.150T the evolution ofP andP traces the evolu-
sumingP,~1 and neglecting., andV, in the denominator s of p and P using E=3.151T very well (in a sense that
Eq. (18) yields their difference is obviously still a perturbation at lower tem-
2 peratures This is also true if we change the initialy by
Vi [ 4VoB ~1|AP,. (26) 0.01% (although the resultant perturbation can be several
(Vo— BAP,)?| (Vo+ BAP,)? z percent in the oscillatory epoch d&P,). Nevertheless, a

~ small change of sfi26 to 10 %% siill flips the sign of the
SinceV,>0 after the initial resonance, this is an amplifica- final AP, .

AP,~D 1

tion equation if Figures 2a) and 2b) suggest a chaotic behavior in the
epoch of oscillatingA P,. Figure Zc) might be intrinsically
4VoB 221 e\ chaotic too but the time scale of the oscillatory epoch may be
s>1 or om-=10- eV~ (27) ) ; e
(Vot BAP,) too short for such behavior to show up. The sign switching
o . ) of the final AP, due to small deviations in mixing param-
The amplification will not stop until eters also suggest that chaotic behaviors exist at least in cer-
V2 av tain areas of the parameter space. To find mathematical bases
X 0B < for chaos, we try to determining the Lyapunov exponents of
Dot BAP,)Z (V- paP,2 =1 @8 y
(Vo+ BAP,)" (Vo= BAP,) the systen{10]. Assuming¢(t)=(AP,,AP,,AP,) repre-

sents a solution of Eq(20), we investigate the behavior
of a nearby solution <Z(t)+ 5_<);5(t)=(A Py, APy ,AP))
18T(sir?26)\ [ sm?/2E\* +(8Py, 8P, ,6P,) (5P, and 5P, are assumed to arise from
[om? BAP. =1. (29 P, andP, only so that we can carry out our analysighe
evolution of thed(t) is obtained by linearizing Eq20):

which occurs atBAP,|=V,~|sm?/2E| and

At Tg~1, nearly all the mixing parameters that show no
oscillatoryAP, have 18 [sirf26/|on?|<1, so| BAP,| is lim- 5—'(7): M5 (31
ited to ~|sm?/2E| and ’

o where
om S
|A PZ| — W (30) -D _VO_BAPZ —IB(Py‘l‘ Py)_
6 M=| —Vo—BAP, -D =V +B(Py+Py) |.
at a temperature of 1 MeV. This limit is confirmed by our 0 V, 0
numerical calculations and is similar to that of Foot, Thom- (32

son, and Volkag7] based on their simplified equation. For
| 6m?|=10 eV?, however, sincé\ P, has to be much smaller
thanP,~1, AP,~0.1. B

The oscillatory behavior oA P, after resonance is illus- A= APyt Py)(l°+’8APZ) -
trated in Figs. a)—2(c), for three differentv,-v4 mixing B(Py+Py) =V,
parameters. Each graph is the result of several million stepﬁ
of integrations of Eq(3) and Eq.(4) by adaptive Runge-
Kutta method, with an error of less than 18 in each step. . .
In Fig. 2(a), the mixing parameters do not satisfy E85) at Pyt Py, Pyt Py a_nd AP, are all _oscnlatory, SO is. A
Te=1, SOAP, is still oscillatory at 1 MeV. In Figs.@) and ~ ¢'ude_ analysis is to plug in the amplitudes of
2(), |AP,| settles down to-|sm%9 eV2|T;* at Te=1,in  PxtPx, Py+Py, andAP,, to see whethex can be some-
line with our estimate Eq(30). Our numerical calculations fmMes_positive. In the limiting case of BAP,| <V,
also show that although the final settle-down value ofPxtPx~Py+Py~V,/V,, ~ the  resultant A is
|AP,| is predictable, the sign ak P, seems random among ~BVo/(B—Vo) —D which can certainly be positive if
different parameter choices. For example, in ca$p),2 Vo>0 and|sm?/>9T¢ eV?2, conditions satisfied after the
Sm?=—102 eV? and sirf26=10"*% a small change of initial resonance. In the limiting case df8AP,|>V,,
sin26 to 10 *'¥7° yields an opposite sign of the final P,+P,~P,+P,~V,/BAP,, the resultant N s
AP,. The sign ofAP, can also be flipped by slight changes ~BAP,/(1—AP,)—D, which can again be positivee-
in the initial L, (as tiny as 0.01%and calculational param- memberAP,<1 andBAP,>Vy>D). Therefore, our crude
eters, such as a different error contrffom 10 1° to  analysis shows that can at least be positive within a time
5x 10 1% in our examplg or a step size, or even a slightly scale of ordei ~* intermittently! In other words, the system
different relation between the average neutrino energy ani not a classical textbook example of a chaotic system.
the temperaturéfrom E=3.151T to E=3.150T in our ex-
ample. This is due to the large number of oscillations of
AP, before it approaches one of the two possible values, so'in the analysis, we have chosen a particular set of nearby solu-
that the finalAP, is very sensitive to the input and calcula- tions, namely those having deviations By and P, but not in P,
tional parameters. Such behavior is not so significant in thend P,. The other extreme choices, in whi@P, or §P, arises
case ofém?=—1 eV? and sif26=10"8, because the num- only in one particle population but not in its antiparticles, merely
ber of oscillations ofAP, is small[Fig. 2(c)]. In this case, change the sign gBAP, in the nominator of Eq(33), thus do not

The eigenvalue oM, called the Lyapunov exponent, is

D. (33

\ is positive, nearby solutions will depart exponentially in
phase space within a time scalexof. In our problem, since
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There is a concern that whether because of the chaotic
behavior,AP, can be averaged to zero by inhomogeneities
of the background plasma. Even in the standard big bang
picture based on the homogeneous and isotropic Friedmann-
Robertson-Walker metric, there are thermal fluctuations in
the local density at the primordial nucleosynthesis epoch
[11]. Given the Harrison-Zol'dovich power spectrum and
general relativity, the fluctuations at this epoch are con-
strained by cosmic background radiation experiments to be
<10 5(I/ct)~2 at super-horizon scale>ct [11]. Fluctua-
tions at subhorizon scales are damped by radiation to be 1074
much less than IP. Our calculations show that at least for
large | Sm?|, small sirf26 mixings, such assm?=—1 eV?
and sif26=10"8, the final AP, is sufficiently stable when B
inputs are varied by 1. For small|6m?|, large sif26 10 1010 0 1024 102 1
mixings where the chaotic epoch is significant, such as When(a) sin226

jsm?
(ev2)107]

cosmological model. In the discussions in the following sec-
tion, we are mostly concerned with mixings with large
|6m?| and small sifi26, so we do not attempt to consider

AP, averaged by inhomogeneities.

We are ultimately interested in the region of mixing pa- 5
rameters that amplifies neutrino chemical potentials, and the|6m2| )
size of the amplification. In Figs.(8 and 3b), we plot the (eV)10
parameter space allowed by BBN that amplifies neutrino
chemical potentials. The boundary to the right which ex-
cludes parameters that bring into equilibrium is adopted
from Shi, Schramm, and Field5]. The boundary to the left
that distinguishes parameters that amplify neutrino chemical

potentials from those that do not is based on our numerical AP; Osc.
calculations(smoothegl and agrees with our analytical esti- 109

mate Eq.(23) within an order of magnitude. The lower cut

on|ém?| is determined by requiring,.e1 MeV. The upper 00 108 10 109 02 1

cut on|Ssm?| is dictated by laboratory bounds e mass in
the v.- v mixing case, and by Eq27) as well as cosmologi-

cal consideratior_1$12] in the v, (v;)-vs mixing case. T_he FIG. 3. This figure shows the allowed mixing parameters that
boundary that singles out parameters that have oscillatorymplify neutrino chemical potentials. The magnitudeA®, at 1

(b) sin%20

AP, at 1 MeV is plotted according to Eq25) which is
confirmed by our numerical calculations.

We note that our numerical calculation @im?=—1
eV?, sirf26=108 v.-v¢ mixing yields an opposite sign of
AP, from that of Foot, Thomson, and Volk&g]. But this

MeV is shown. The region at the lower right noted witAP,
Osc.” has an oscillating P, at 1 MeV. For| 5m?|=10 eV?, AP, is
limited to ~0.1. (&) ve-vs mixing (v. heavier thanvy); (b)
v, (v,;)-vs mixing (v, or v, heavier thary).

may not be surprising due to the chaotic feature of the sys- 1. IMPLICATIONS

tem, that different signs oAP, may arise from different

initial Lg, or even different choices of integrators, different

We concentrate on two implications of a neutrino asym-

errors or step sizes. It is also noted that the simplified equdNetry as large as E¢30) in BBN.

tion in Ref.[7] [corresponding to Eq18) without the sec-

The first is on other active-sterile neutrino oscillations in

ond term and_,] is not suited for investigating the behavior BBN [7,8]. When neglecting neutrino asymmetries, large ar-
of AP, in the resonant regime and in the epoch of oscillatoryeas of parameter space of active-sterile neutrlno.oscnlatl_on
AP, thereafter. Finally, we note that the first calculation ofare ruled out based on the argument that the sterile neutrino

the neutrino asymmetry done by Enqwistal.[13] shows an
oscillatory asymmetry down tdg~ 1, because their param-
eter choice Am?=—10"° eV? and sif26=10"2, does not
satisfy Eq.(25).

affect the general behavior af.

cannot be significantly populated so as to violate the primor-
dial “He abundance observation. The forbidden areas include
the large anglev,-vs mixing with sm?~10"2 eV? which

can solve the atmospheric neutrino problem, and the large
angle vo-vs mixing with sm?~10~° eV? which can solve

the solar neutrino problem. This argument, however, no
longer stands when a neutrino asymmetry as large as in Eq.
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(30) is in place. For example, if. mixes with a lightervs  transfer has to be efficient. Take thg v, oscillation as an
with | m?|>10"2 eV?2 and an angle in the shaded region of example; the mixing has to satisfy
Fig. 3(b), the v, v, asymmetry amplified by the,- v4 oscil- s
lation can be large enough to suppress #hev oscillation D’ & ~H
from the v ,-vs mixing solution to the atmospheric problem V0

[8]. Similarly, if ». or v, mixes with a lightervg with

|dm?|>10"° eV? and an angle in the shaded region of Fig.whereD’, Vy, andV, denote the counterparts bf, V,, and
3(b), the amplified neutrino asymmetry can be large enougly, in the v_- v, oscillation. Approximately

to suppress the,.- v oscillation originating from the large

(35

angle v.- v mixing solution to the solar neutrino problem. D’~SG§T5~T2H,

The suppressions in place even in the epoch of oscillating

AP,, because although an oscillating?, constantly drives SM?2

the other active-sterile neutrino oscillations through reso- ngﬁsinza’,

nance, the time of resonance crossing is too short to allow '

any significant oscillation. Thus both these two solutions to Sm?

the atmospheric neutrino problem and the solar neutrino V!~ — ——cos2’ —180G2T%+0.135:T3(n, —n7")
problem ruled out previously may still be viable if an active 6.31 e e
neutrino (more massive thaw, or v, respectively mixes —0.13G:T3(n, —ny), (36)

with a lighter sterile neutrino with parameters in the shaded

region of Fig. 3b). wheresM? and 6’ are the vacuum mixing parameters of the

The'second |mpllcat|on is on the pr|rr'10rd|éHe.abun- ve- v, Mixing. An efficient transfer of asymmetry means that
dance itself. Besides the number of neutrino species, the prt- M R )~ | sm2|/A8TE. If th o
n,, nve) (n,,T nVT) m 6 e mass ofy, is

mordial “He abundance is also affected by a nonzero chemi* g
cal potential in the vor, sector at T~1 MeV. The much lighter thanv., [sM?~|ém?|. Then O/H)(Vy/
mechanism is that the asymmetry inv, changes the V;)>~TgsinP26’ at temperatures approaching 1 MeV. So if
neutron/proton conversion rates, thereby changes the freeze, has a cosmologically interesting madsn®~20-100 eV
out time of the neutron to protron ratio as well as the ratio?, |AP,|~0.1inv_v_can be reached at~2-3 MeV by the
itself. A &, (the v, chemical potential divided bkT) or  v,-vs mixing according to Eq(30), which can efficiently

order 0.1 can induce an appreciable change in the predictiotr'i"’_lnSfer into an asymmetry of similar ogder nyée if v,
of the primordial “He abundance[14]. When &, <1,  MIXes ‘c’j‘”th,”ge W'g‘ ts'”229’“0-$ a”?|5M lN'fr:n |-dTh'S .

_ _ _ A required mixing betweens, and v, lies near the edge o
Y=Y(£,,=0)-0234, . [15] and AP;=2(n, =M )~ /et Jab limits on theve- v, mixing [24], and may be
3.6¢,,. So testable in the near future. Based on supernovae nucleosyn-

thesis arguments, however, the required v, mixing is
Y=Y,—0.06RAP,. (34 ruled out(although supernova models are uncertain to some

exten) [17,18. The above analysis applies similarly to the
v,-vs andv,- v, mixings, but the required mixing between
ve and v, to transfer asymmetries efficiently has already
been ruled out by laboratory experimef2g].

Of course, the indirect way of transferring asymmetries
from v,v, (or v,v,) into vere works if they have almost

dan(;]e. torder+0.1 py degenerate masses;1 eV. In this case the required
There are two ways to generatetg of order=0.1 by, 5, (5 ) mixing will not be ruled out by laboratory ex-

active-sterile neutrino oscillations. The direct way is to haveperiments or astrophysical considerations.
a~1 eV v, mix with a lighter v [Fig. 3@]. If the atmo- Recently, Hatat al.[25] suggested a possible “crisis” in
spheric neutrino problem and the solar neutrino problem argBN because the predictiofHe abundance from the stan-
to be solved by active neutrino oscillations, this implies thatyard BBN, coupled with predictions ofHe and D from
all three active neutrinos are almost degenerate with a masfeneric chemical evolution models, is too high to be consis-
of order 1 eV. This will be consistent with supernovae nu-tent with the observed abundance, unless the number of ef-
cleosynthesis constrain{s7,18 and compatible with the fective neutrino speciell, at the time of BBN is less than
controversial LIQUId Scintillation Neutrino DeteCtd.[SND) 2_6(h0wever' 33@26]) N<3 is at odds with popu'ar beliefs
result [19,2(] if the claimed detection Of/,u,' Ve oscillation and most theoretical models which assumeyau Vs and
solves the atmospheric neutrino probl¢&il]. Laboratory v, to be lighter than~1 MeV and thereforé\,=3. But as
experiments limit the mass of, to less than 5 eV22]. The  seen above, if an asymmetry of ordeP,~0.1 arises in the
majorana mass of, is further limited to less than 0.68 eV at , ;, " sector from active-sterile neutrino oscillations, this po-
90% C.L.[23]. . o . tential “crisis” can be solved. Of course, the mixing param-
The indirect way of generating a significaf)t is to have  eters of the active-sterile oscillations have to be right to yield
v, (or v,) mix with a lighter vg with 10% eV? =|6m?|=1  a positiveAP, instead of a negative one. An interesting note
eV? and a desired angle, and transfer the asymmetry in this that the neutrino mass required to solve this “crisis” is
v, (v,v,) sector intovere by ave-v, (v,) mixing. But ~ ~1 eV, which qualifies neutrinos as dark matter candidates.
to yield an asymmetry of order 0.1 as well inv,, the A vo,mass of~1 eV is within a factor of 5 below the current

The comparison with equatioy=Y(N,=3)+0.012(N,
—3) (whereN, is the effective number of neutrino species
in BBN) [16] indicates thatAP,~0.1 in the vev, sector
corresponds to roughly-0.55 neutrino species, and there-
fore has a significant impact on the predictéde abun-
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limit on v, mass, and right on the edge of detection limit if Lyapunov exponent of the system, we showed evidences that
ve are majorana neutrinos. If not introducing more sterilethe amplification process is chaotic. We have also discussed
neutrinos, the solar neutrino problem and the atmospherithe implications of our results on BBN. It was shown that a

neutrinos have to be solved by mixings among the three, chemical potential of order kT could be achieved by
active neutrinos, therefore requiring their masses to be akither a mixing between-1 eV v, and a lighter sterile neu-
most degenerate. A model of three neutrinos almost degertrino, or a mixing between a1 eV v, (or v,) and a lighter
erate in mass is favorable in forming structures in the unisterile neutrino coupled with a mixing between almost de-
verse[27], but may not be the most natural theoretical modelgeneratev, and v, (or »;). Such a chemical potential in,

so far.

IV. SUMMARY

can lower the effective number of neutrino species to signifi-
cantly below 3 at the epoch of BBN.
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