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PHYSICAL REVIEW D, VOLUME 60, 063002

Neutrino-mixing-generated lepton asymmetry and the primordial *He abundance

Xiangdong Shi, George M. Fuller, and Kevork Abazajian
Department of Physics, University of California, San Diego, La Jolla, California 92093-0319
(Received 11 February 1999; published 20 August 1999

It has been proposed that an asymmetry in the electron neutrino sector may be generated by resonant
active-sterile neutrino transformations during big bang nucleosynttiBid). We calculate the change in the
primordial “He yield Y resulting from this asymmetry, taking into account both the time evolution obthe
and7e distribution function and the spectral distortions in these. We calculate this change in two sctigmes:

a lepton asymmetry directly generated fymixing with a lighter right-handed sterile neutring, and(2) a

lepton asymmetry generated bya— v or v, < v, transformation which is subsequently partially converted

to an asymmetry in theze?e sector by a matter-enhanced active-active neutrino transformation. In the first
scheme, we find that the percentage changéignbetween—1% and 9%(with the sign depending on the sign

of the asymmetry bounded by the Majorana mass Iinnituesl eV. In the second scheme, the maximal
percentage reduction i is 2%, if the lepton number asymmetry in neutrinos is positive; otherwise, the
percentage increase Mis <5% for m? v mfss 10 eV. We conclude that the change in the primordial

“He yield induced by a neutrino-mixiné-generated lepton number asymmetry can be substantial in the upward
direction, but limited in the downward directiof50556-282(199)01418-9

PACS numbe(s): 14.60.Pq, 14.60.St, 26.36c, 95.30.Cq

[. INTRODUCTION The direct scheme involves a direct resonant- v
transformation which generatés, [1,2]. The indirect one
It has been known that a resonant active-sterile neutringirst has a lepton asymmetry generated via a resongntyg
transformation during the big bang nucleosynthe8BN) o _ . transformation and then has the asymmetry par-
epoch can generate lepton number asymmetries in the acti\(%"y transferred intoL, by an active-activer,« v, or
neutrino sect'or$1—4]. The generated lepton ngmber asym-,, Ve transformation[SjT. In both cases, EqJ1) indicates
metry L, (with v, being any of the three active neutrino thTat the active-sterile channel requineg —mﬁszo.l o\

speciey has an order of magnitude .
pecies ghitu to generateILVa|20.Ol at a temperatur€~1 MeV. This
_ implies m, =0.3 eV. In addition, the effective mixing
n,,—m, |5m2/eV2| e . . I
L, = ~ for |L, |<0.1. (1) angles associated with these neutrino oscillation channels
« n, 10(T/MeV)* @ have to be large enough to generate lepton number asymme-
tries efficiently, but not so large as to produce too magig

In this equation,n is the particle proper number density, P&fore or during the onset of the process. The exegss

5m25m,2, —mi , andT is the temperature of the universe. may not onAIry suppress thg Iepton_ number generation, but
s « . . also yield a"He mass fraction that is too lard2,6]. These
The asymmetry may have an appreciable impact on th

onditions can be quantified as
the primordial*He abundanc¥ if it is in the v, sector and if a

its magnitude at the weak freeze-out temperature | sm2/eV?| Yesirt2 9= 10" 11, 2
~1 MeV is |Lye|20.01. The resulting change of the pri-

mordial “He abundanceAY, however, is not easy to esti-  |sm?/eV?[si*20<10°(10"7) for v,=ve(v,,v,),
mate. Not only is the generated asymmetry a function of (©)]

time, but also thev, or v, energy spectrum is distorted by _ .

mixing (in a time-dependent fashion as wWelTherefore, pre- Whereg is the vacuum mixing angle.

vious attempt§5] to estimateAY in this lepton number gen-  1he change in the predicted primordiéHe abundance

eration scenario, employing BBN calculations based on &an 9o either way, depending on whethey is positive

constant asymmetry and a thermal neutrino spectrum fofdecreasing’) or negativeg(increasingy). Our detailed BBN

electron-type neutrinos, is overly simplistic and may yieldcalculations show that in the direct scheme, we have

inaccurate results. —0.002<AY=<0.022, bounded by the, Majorana mass
In this paper, we discuss in detail the time evolution oflimit m, =1 eV. This possible change M is significant

L, and the distortion in theve or Ve Spectrum in this compared to the uncertainty involved in tiieneasurements.

neutrino-mixing-driven lepton number asymmetry generat!The measured primordidiHe abundance from Olivet al.

ing scenario. We then calculatey taking into account these 1S Y=0.234+0.002(stat)-0.005(syst) [7], while another

time-dependent and energy-dependent effects by modifyingroup claimsY=0.244+0.002[8] ] In fact, an increase il

the standard BBN code accordingly. We consider twoof magnitude=0.01 due to a large negatite, would al-

schemes: a direct one and an indirect one. ready be inconsistent with observations. In the indirect

0556-2821/99/6(®)/0630027)/$15.00 60 063002-1 ©1999 The American Physical Society
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scheme, we find that the maximal possible reductiol is ~~ WhenL, is small, even the resonant conversion of a small
; 2 @ —

0.005. The expected increase ¥fgoes up with m,, Y fraction of eitherv, or v, with energyE,.swill be enough to

—m,z,s, and can be as high as 0.013 fmfﬂ,yT— m;, maintain the growth ofL, . To quantify the above argu-

S
~10* eV2. In both schemesAY is rather limited in the ments, we note that the effective potentied=(V,,Vy,V,)
negative direction. The possible reduction Yp resulting  of the v« v transformation channel is
from a positiveLye, may to some degree narrow the gap

between the loweY measuremerit7] and the standard BBN Vo= 5—mzsin 20, V.=0
prediction (Y=0.246+0.001[9] assuming a primordial deu- X 2E ’ y =
terium abundance D/H3.4+0.3x10°° [10]). We note,
however, that the maximal reduction dfY~—0.005 is sm? Lo
achieved only in the indirect scheme whenf  —m’ Vy= = g CosB+V,+V,. )
~100-300 eV, implying an unstablev, or v, with
m, , =15 eV[4]. The contribution from matter-antimatter asymmetfiestter
T effec) is [13]
Il. GENERATION OF LEPTON ASYMMETRY
BY RESONANT ACTIVE-STERILE NEUTRINO Vi~ +0.35G,T3| Lo+2L, + >, L, (6)
TRANSFORMATION © vpra

The formalism of active-sterile neutrino transformation whereGg is the Fermi constant, arid)~ 10~ ° represents the
and associated amplification of lepton asymmetry whercontributions from the baryonic asymmetry as well as the
5m25m§s— m,2, <0 has been discussed extensively else-asymmetry in electron positions. Thet" sign is for the
where[1-3,6,11. Here we summarize the main conclusions"€utrino oscillation channel, and the—"" sign is for the
of these papers, and then concentrate our discussion on tR8ti-neutrino oscillation channel. The contribution from the
final stage of the amplification process, wHEmpproaches —thermal neutrino background W7, whose value i$13]
the weak freeze-out temperaturel MeV.

For v« v transformation withm?<0, a resonance oc- n, +n,

T__p e Yan~zroa
curs at Ve~=—A n, GRET", (7
Tt E\ Y3 sm2cos 20| ° A whereA~110 (30) fora=e (u or 7). The effective mat-
res~ Lo\ T 1 e 4 ter mixing angle at temperatuiiis
where To=~19 (22) MeV for a=e(u,7), andE/T is the sin deﬁ:L, (8)
neutrino energy normalized by the ambient temperature. Be- (V2+V2)12

low T, lepton asymmetry may be amplified to asymptoti-

cally approach one of the two values in Hd). Before this  which reduces to vacuum mixing whaf}, andV| are zero.
asymptotic value is reached, however, there is a brief “cha-  Several physical processes with different times scales are
otic” phase in whichL, oscillates around zerf2]. As a involved in the resonant,« v transformation proces$1)
result, the sign ot , that emerges from the chaotic phase isthe local neutrino oscillation rate/|, (2) the weak interac-

unpredictable. We should point out that the detailed numerition rate I'~4GET®, (3) the Hubble expansion ratei
cal evolution of the generated lepton number remains con=—T/T=5.5T%/m, where my~1.22x10" eV is the

troversial. For example, whether or not the evolution of thepjanck mass(4) the rate of change di|, |V|/|V|, caused
lepton number represents true chaos is not precisely knowiy the change of lepton asymmetry and the Hubble expan-
However, our BBN arguments simply rely on the sensitivity sion. If any one of the rates is much larger than the others,
of the generated lepton number to the neutrino oscillatioRye may consider all the other processes as perturbations,
parameters. This sensitivity leads to a causality consideratiofyhich simplifies the picture greatly. For example, |¥|
on the sign of the generated lepton number. A discussion Qfominates, we may consider the system as an ordinary neu-
the causality consideration can be found in Reg]. trino transformation system with an effective mixing angle
It is not surprising that at these two asymptdtic val-  as in Eq.(8) and with all physical variables changing adia-
ues, eitherv,— v (if L, <0) or v, g (if L, >0), un- batically. If the weak interaction dominates, each weak scat-

dergoes a resonant transition due to matter effects. The syge-“ng acts as a “measurement” to the mixing system, effec-

; intains th thaf. b " o tively reducing the mixture to flavor eigenstates and v, .
em maintains the grow v, DY CONVEriNg ON€ OV, /vo The neutrino transformation is hence suppressed, with a re-

resonantly but suppressing the transformation of the otheguced sin 24=V,/(I'/2). If the Hubble expansion domi-
Of course, not alb, or v, undergo the resonant transforma- nates, the other processes are essentially “frozen out.” This
tion, because neutrinos in the early universe have an energy the case al=1 MeV when the two-body weak interac-
distribution and the resonance condition is energy dependertion freezes out and the neutron-to-proton ratio becomes

063002-2
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fixed (other than from the free neutron decay progekg V|

dominates ovefV|, the neutrino amplitude evolution be-

comes nonadiabatic.
The ratios of the first three rates are

Vx 5x 108 | om T i 20 9
T~ o2 | \Mev] SN ©
V, | 6m?| T\ 7% 0 10
H T a2 [\ Mey] SN (10
r T \3 "
H |MeV/ - (1D

In these ratios, an averadge=3.15T is assumed. Since we

are only concerned withdm?|=0.1 e\?, as long as sin@
=10 © [the minimal mixing required to amplify,, , see Eq.

PHYSICAL REVIEW D60 063002

conversion ofv,, to v4 at the resonance is possible only if the
following adiabatic conditions are met:

V2| |V,sin26’ lom?[\[ T |\ 7%
\./_é N‘T ~109( o2 M_e\/ Sif26>1
(14
and
oy de ¢ déeg _v de 1
dez (€red) dL, = Vx av, (15
€res a €res

The first condition simply implies that the time scale of com-
pleting the resonance has to be much longer than the neu-
trino oscillation period at resonance. This is satisfied if
| sm?|sir26=10"° eV2. The second condition requires that
€,es Move slowly through the spectrum. This amounts to

(2)], the neutrino transformation rate easily dominates over

the Hubble expansion and the weak interaction Tat
~1 MeV.

We always have/,=HV, . At T<T,J2, and away from
resonances so that we can assuMg<|om?|/2E~V.

~V,, we havelV,|~|(H-L, /L, )V, |~[HV,]. [Note that
L, is limited to theT~# growth in Eq.(1).] Therefore, at

T=T,42, the active-sterile neutrino transformation channel
in our problem can be treated as ordinary oscillation chan-

S

Lyu$ Zfresf(eres)a (16)

which is satisfied fok,e.s that cover the bulk of the neutrino
energy spectrum. Adiabaticity at resonances is therefore a
valid assumption forv < vg mixing with vacuum mixing
angles which are not too small but which are still within the
BBN bound, Eq.(3).

Given adiabaticity, the growth of_Va (assumed to be

nels with adiabatically varying mixing parameters exceptPositive for simplicity and no loss of generalitys es
possibly at the resonances. We will discuss the question giweeps through the neutrino energy spectrum can be easily

adiabaticity at resonances later.

At T=T,J2 when we can negleMZ, the resonance con-
dition V,=— ém?/2E cos 29+V'gk=0 gives the asymptotic

values ofL, in Eq.(1). Note that forL, <0 (L, >0) the

v, (Z,) transformation channel is matter enhanced. The

fraction F of resonantly converted, (?a) in the total
v, (v,) distribution is

F~2‘ f€red~2€eSiN20f (€0 (12

v €
xd_vz

€res

where e=E/T, f(e)=2€2%/32(3)(1+€) and e, satisfies

V, (€09 =0. The resonance,sremains stationaryor varies

very slowly) andL, =T~ * if

3 3
IL, |= §F~ Zere§in 20f(€,09~0.18in29. (13

In general, the stationary, has a value~(0.1) [3,4].
When|L, [>0.1sin2, |L, | cannot keep up with thad 4

growth. Consequently €, mMust increase as €,
«T 4L, |7t at low temperatures wheX' can be safely

neglected.

The resonance is adiabatic when the resonance region Is
characterized by slowly changing.s. As the resonance
sweeps through the neutrino energy spectrum, a complete

estimated by solving
17

and the resonance conditidfy(e,.9 =0 which at low tem-
peratures is equivalent to

| sm?/eV?|

_ 18
16(T/MeV)*L, (18

€ed T)=

In Eq. (17), B takes account of the effect of collisions that
redistribute energy among neutrinos.

We can identify two extreme cases. When the collisions
are too inefficient to change the neutrino distributioneat
> €65 (SUCh as whemT<1 MeV), B=1. In another limit,
,8~1—8Lva/3 which obtains when the collisions are highly

efficient (such as whelT=1 MeV) and neutrinos are al-
ways distributed thermally. Equatiori$7) and (18) give a
solution in fair agreement with the results obtained by solv-
ing Eq. (18) of Foot and Volkag5]. In Fig. 1 we plot our
results in terms of, vs m,z,a— mﬁs at various temperatures.

From Fig. 1 we can deduce a power law relation applicable
tolL, [<0.1:

L, |~0.056m?/eV?|?XT/MeV) %=, (19

063002-3
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[Ty T T T T T T T ¥ T

0.008 [Ha) L(r.)>0

28 decay! 0.004

0.1 bound if:

3 0
=
Q
3
0.01 — 0(:6 .........
B F 3 < O s T e
0
-
[o]
£
<3
o001 bt v Al v WAl vl e -0.1
0.1 1 10 100 1000
m(v,)-m(v,) (eV?)
i . n-—->p
FIG. 1. The magnitude of lepton asymmetry as a function of " (b) L(Ue)|<0 J

1 1 1 I | | | 1 1 1
1 0.1
T(MeV)

ésm? at various temperatures. The bands denote the range of the
asymmetry enclosed by the two extreme casés:collisions are
completely inefficientiupper limitg; (2) collisions are completely

efficient (lower limits). _
( ) FIG. 3. The change in—p rates due tov (if L, >0) or ve (if

. . . H : 2 _ 2 2
We note that this power law applies only in the stage wher}-»<0) spectral distortion fom;, —m;, =1 eV~

the resonance sweeps through the neutrino energy spectrum.

When the resonance is stationgBqg. (13)], the dependence we plot a semi-analytical calculation of the, Sp‘?c”“m at
is L, |«<|6m?T~* instead T=1 MeV for a v,—vg resonant transformatiofwhich

generates a negativie, ) with m’ —mi:l eV2. In the

The asymmetry., is generated as the resonance conver- ) o 5 )
« calculation, the thermalization process is approximated as a

sion region moves up through the ne_utrino energy Spectrumr'elaxation proceséwith a ratel’) driving the system toward
This suggests a distortion of the, (or v,,) energy spectrum 4 thermal distribution. As a result of the inefficiency of this
(see also Ref.14]). Indeed, when., <0.1, mostofthd.,  process, for cases wivm?|<1 e\? (so thatL, <0.1 at

is generated at the lowest temperatifie. (19)], when the  1_1 \ev), thew,, neutrino spectrum at and below its ther-
neutrino scattering processes that tend to thermalize the nepsq) decoupling temperatur~1 MeV can be well ap-
trino spectrum are the most inefficient. The fact that the résOproximated by a thermal spectrum with a low energy cutoff.

nant transformation of,, to v (or v,— v,) starts at lower The v, deficit below the cutoff energy results in the,

neutrino energies only further deepens the inefficiency of L= .
. % A : asymmetry. In the mean time,, is not subject to resonant
neutrino re-thermalization, as neutrino interaction cross seq.

; . . : : ; ransformation. Its spectrum is therefore not significantly
tions scale roughly linearly with neutrino energies. In Fig. 2’changed, due to the inefficiency of neutrino pair production.

(The opposite is true i£, >0: the v, distribution will have

0.3 -
L= its lower energy region truncated but the distribution will
VRN remain intach.
0.2 — / \\ -
= / \ Ill. DIRECT GENERATION OF ELECTRON-NEUTRINO
) / N\ ASYMMETRY BY RESONANT wocs v
= o1l /,’ . TRANSFORMATIONS
/ \\\ If a=e (the direct scheme to generate an asymmetry in
/ the vv, sectoy, the v, or v, spectral distortion will directly
0 ' ' ' impact the neutron-to-proton ratio at the weak freeze-out
0 ? 4 B/r 6 8 10 temperature, and hence tHele yield. Figure 3 shows the

changes im« p rates due to the neutrino spectral distortion
in the casem?> —m? =1 e\2. WhenL, >0 (i.e., a deficit

FIG. 2. The solid curve: the calculateq, (a«=e,u,7) distri- Ve s _ _ Ve (

bution function. The dashed curve: an unperturbed thermal neutrinof low energywv,), the major effect is an enhanced neutron

distribution function with zero chemical potential. decay rate at low temperatures due to the reduced Pauli

063002-4
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[ ' J This asymmetry may then be transferred_t;e) by a resonant
0.0= g v, v, Oscillation [5]. (Ordinary oscillations without reso-
- ] nance cannot transfer the asymmetry efficieptly.fact we
i i ; 2 _ .2 2 2 _ 2 2
0.015 ] are likely to havesmi,q=mj, —m;, ~omq=m, —m; if
L ] m, >m, m, (which will be the case in order to have an
L 1 appreciable impact on the primordidHe abundande Such
5 001F ] a neutrino mass spectrum is consistent with a simultaneous
r ] solution of the solar neutrino problefdi8] and the atmo-
0.005 L b spheric neutrino problefd9]. For the moment, we will sim-
. 1 ply assumesm? o~ omy o .
i 1 The matter asymmetry contributions to the effective po-
0 L(v.)>0 - tentials of the two neutrino transformation channels become

0.2 0.4 0.6 0.8 1 Vi~ *0.35G:T3(2L, —L, ),
m*(v,)-m®(v,) (ev?)

Ve~ *+0.35GT3(L, —L,). 2
FIG. 4. The impact on the primordidiHe abundanc if an (e~ +03%e L, —Ly) (20

asymmetry invve is generated by a resonant— vg mixing in — — — —
BBN. Baryon number density to photon number density ratio is sef*PParently, thev —wvs and v, < v, resonances wheh,_
to #=5.1x10"1°, >0 (or thev <> vs and v« ve resonances when, <0) do
not simultaneously share the same part of the neutrino en-
ergy spectrum.
ST i o — Guaranteed adiabaticify.e., satisfying Eq(14)], the ef-
deficit in v is of little significance because onby with E  ficiency of resonant neutrino conversion is still determined
>1.9 MeV can participate in the reaction. Conversely, itspy whether or not the neutrino collision time scale dominates
reverse reaction mostly generatesat the higher end of the  gyer the time scale for a complete. to v, (or v, to v,)
energy spectrum. Its rate is therefore insensitive to the spegransition at resonancghe resonance widihThe collision
tral distortion at the lower end. Wheln, <0 (a deficit of  time scale is important because the two resonances in Eq.
low energyve), the rate for A-ve—p+e™ is significantly  (20) do not overlap, so, for example, any deficitiincaused
reduced while the reverse rate is sllghtly mcrgased. Figure 6y the77<—>75 resonant transition relies on neutrino scatter-
s_hows th2e resgltam&Y from the spectral distortion asa fl_mc- ing to redistribute neutrinos into the energy region where the
tion of m; —m¢ for bothL, >0 andL, <O. The disparity — — . . .
e s e e v, Ve fesonance occurs. In previous wdg this redistri-

between the two cases of opposite is transparent from  pytion has been assumed to be instant. However, this is not a
Fig. 3: the change im—p rates is much larger wheh, ~ good approximation af<5 MeV as we will show below.
<0. The ratio of the resonance time scale to the collision time

The v, Majorana mass limitwhich is uncertain by a fac- scale is
tor of 2, ranging frommye$0.45 eVitom, <1 eV [15-

17]) implies an upper Iimitm,z,e— missl eV2.! Figure 4
shows that the maximally allowed reduction ¥his only

~0.0021, about 1% of the standard prediction. But the maxi-
mally allowed increase of can be as high as0.022, a 9% Calculations based on active-active neutrino transformation

effect. An increase this large in the predicted primordide  in type Il supernova nucleosynthesis suggest tha2sjn,
abundance would have already been too large to accomme=10* for mﬁf— mﬁezl eV? [20], and the Bugey experi-

blocking of?e. For reaction ﬁZ—»nvL e’, the low energy

V)((Te)
V(e

T 3
I'~ ﬁSin 20(7.6)"‘ m) sin 20(7'6) . (21)

date observationf,8]. ment constrains st26,¢=<0.04 form’ — miesl eV? [21].
Therefore, the collision time scale dictates the growtlll,gf
IV. INDIRECT GENERATION OF ELECTRON-NEUTRINO atT=5 MeV for |5m(275)|’~v|5m(2,e)|21 eV2,
ASYMMETRY BY NEUTRINO TRANSFORMATIONS Above 5 MeV, the collisions may be deemed instanta-

) ) o neous, and the equations of Rig] become valid. But a side
For convenience in the indirect scheme, we assume that & ect of generating a large, above ~5 MeV by the

L, is first generated by a . v transformation process. v v, mixing (by havingm? _misz 10" eV?) is bringing

sterile neutrinos into chemical equilibriupé]. As a result,

1y . hat it miaht b bl . b even though a reduction as large@¥= —0.006 may result
e point out that it might be possible to construct mixings be-¢.,m 4 nositiveL, alone in the indirect scheni], the extra
tween left-handed electron neutrinos daft-handedsterile neutri- e

nos. In such a case the Majorana mass limit will not apply but theSterile neutrinos produced will increa¥dy at least as much
standard weak interaction theory will then need to be reconsiderediy bringing v, into chemical equilibrium through the,« v

063002-5
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E om®,=6m? =100 &V 0.3 ‘ [ |
L 1T T 77T T
v, /’\\
7 —
p N . 0.98 \
01 F AN, (ener.)] 0.1 / \\ > | .
T 02+ N 0.96 _
- — .
- = =
- ) = \ ooa L1+ 1 41 L
v g = . 2 4 & 8
= 001 [ =001 — = \ BT
E ; e \
< 0.1 - \ _
N\
N\
0.001 = 0.001
’ 0 | | |
/ ] 0 2 4 8 8 10
./ E/T
L 7 L . L L Ly 0.0001

0.0001
FIG. 6. The solid curve: the calculated distribution function

in the indirect mixing scheme. The dashed curve: an unperturbed
FIG. 5. The solid curvesL, | and|L, | as a function of tem-  thermal neutrino distribution function with zero chemical potential.

perature formif_ mfe: m12}7_ m; = 100 e\2. The dashed curve: Inset: the ratio of the two distribution functions vs neutrino energy.

T (MeV)

the increase in the total neutrino energy density as a function of o )

temperature, normalized by the energy density of one thermalized BY modifying the standard BBN code with the newy

active neutrino flavor with zero chemical potential. and v, spectra, and with the increased total neutrino energy
density, we obtain their effects onin Fig. 7. Atm: —m?_

resonant transformation. The net effect is an increas¥ of _ > > 109 o\2 the effect onY is dominated by the
instead of a reduction, even liJ‘Ve is positive. v s )

- - 2 2_ 2
We again model the transfer af, to L, by assuming asymmetry in theveve sector. But asm, —mj, =mj, —m;_
that active neutrinos tend to their equilibrium distributionsincreases, the increased total neutrino energy density gradu-
with a ratel". Figure 5 shows the growth &f, , L, andthe @ally becomes significant. The increased energy density
T e

o . . .causesy to increase, regardless of the sign of the neutrino
accompanying Increase in th_e t(_)tal neutrino energy denSItXsymmetry As a result of these two factors, a maximal re-
(including that of sterile neutringsn the units of that of one uctionAYf; 0,005 is achieved in cases of’ ositive lepton
unperturbed active neutrino flavor, for one particular set ofd ' P P

: 2 2 2 2
mixing parameters. Figure 5 shows tha,IT indeed grows number asymmetries  when m, =M, =m, —m

initially according to Eq.(19), and tapers off at., ~0.22 ~100-300 e¥. This mass-squared difference, however,

_ implies that tau neutrinos are unstable, based on cosmologi-
when most ofv. or v, have undergone resonances. Thecal structure formation consideratiofs.

transfer ofL, to L, is efficient atT=2 MeV, but freezes Figure 7 is very different from the previous estimates of
out below~2 MeV. It freezes out at a higher temperature Foot and Volkag5]. For example, Foot and Volkas have

thanL, because the -v, (orz;e) resonance occurs at a
T

T T T 11T T T TTT7TT TT T T T T T T T TTIT

higher energy than the,-v4 (or v,-v¢) resonanceEg. (20)].
The resonance therefore sweeps throughvth@r v,) spec-
trum faster. The figure also shows that increase in the tota g o9
neutrino energy density in this cagabout 2%, orAN,,

0.012

L(v_),L(v,)<0

~0.07) is moderate. 0.006
The spectra ob, and v in the indirect scheme are only >
slightly distorted. Figure 6 shows the modified spectrum 0.003

whenL, ,L, >0 form> —m? =m? —m? =100 e\?, com-

T e T e T S
pared to an unperturbed active neutrino spectrum with zerc
chemical potential. The distortion is small because the trans:

e b by e ]y

L(v.),L(v,)>0

: i ; S ~0.003 |-
fer of L, into L, occurs in the entire energy distribution L
(albeit at different temperaturgsunlike in the direct scheme 0006 om0l T ol ol
when the generation ch‘,,e occurs only in low energies. The 0.1 1 10 100 1000 10*

_ 2 2 2
distortion in v, and v, spectra can be well approximated by m(v,)-m{v,) (V)

an overall multiplication factor + 4. . The net asymmetry g 7. The impact on the primordidHe abundancef in the
is thereforel, =3(6. —6-)/8, and the percentage increase ingjrect neutrino mixing scheme, as a functionrof —m?2 =m?
T e T

in the ve;e number density due to pair production 8§ ( —mﬁs. Baryon number density to photon number density ratio is set
+5.)12. to »=5.1x10 %
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argued for a possible reductidny ~ —0.006 across the mix- sterile neutrino transformation. We have included these cru-
ing parameter range ¥0m? —m? =m? —m?2 <3000 e\?, cial effects in our BBN calculation, assessing the effect on
T e T s

while our result clearly shows a concave featureAdf in e primordial*He abundance of the possible lepton number

this range, with a maximum at —0.005. Foot and Volkas’ asymmetry in the,.v, sector. We conclude that the possible
result also indicated thaty is smaller in the positive direc- increase in the primordigiHe yield, as a result of a negative
tion (whenL, ,L, <0) than in the negative directiqhen  lepton number asymmetry, can be substantial. The maximal
L,.L,>0). ‘our analysis indicates the opposite: wheniNcrease can be as high a9.01-0.020r 5%-99% for mix-

L L <0 the ch i due to th ral ¢ ing parameters that are consistent with neutrino mass con-
v by =Y, € Changes 1y due to the spectral asymmelly g aints, The possible decrease due to a positive lepton num-

and the extra neutrino energy add constructively; whileper asymmetry, however, is limited t60.002(or <1%) if
L,.L, <0, these two effects add destructivelyY, there-  ihe asymmetry is generated by a resonagt v mixing, or
fore, is larger in the positive direction than in the negative<0.005(or <2%) if the asymmetry is generated by a three-
direction. family resonant mixing scheme. The magnitude of these pos-

These differences, we believe, stem from our detailegible changes in the primordidHe abundance induced by
consideration of neutrino spectrum distortion and its timethe neutrino-mixing-generated lepton number asymmetry is
dependence. These factors are crucial to the neutron-t@omparable to or greater than the uncertainty of current pri-
proton freeze-out process, and in turn the primordidle  mordial “He measurements. Therefore, the role of resonant
yield. It would not be surprising that an omission of theseactive-sterile neutrino mixing in big bang nucleosynthesis
effects would yield inaccurate results. cannot be underestimated.

V. SUMMARY
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