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Relic neutrino asymmetries and big bang nucleosynthesis in a four neutrino model
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Oscillations between ordinary and sterile neutrinos can generate large neutrino asymmetries in the early
universe. These asymmetries can significantly affect big bang nucleosyn(#Bsi$ through modification of
nuclear reaction rates. We study this phenomenon within a model consisting of the three ordinary neutrinos
plus one sterile neutrino that can be motivated by the neutrino anomalies and the dark matter problem. We
calculate how the lepton asymmetries produced, evolve at temperatures where they impact on BBN. The effect
of the asymmetries on primordial helium production is determined, leading to an effective number of neutrino
flavors during BBN of either about 2.7 or 3.1 depending on the sign of the lepton asymmetry.
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PACS numbds): 14.60.Pq, 13.15:.g, 26.35:+cC

[. INTRODUCTION ues of 5, and the helium mass fractiovip, the effective
number of neutrinos can be calculated. By way of example,

Models with sterile neutrinos are currently favored to ac-the results
commodate all the neutrino oscillation measurements. It is
difficult to simultaneously account for the solar, atmospheric
and Liquid Scintillation Neutrino Detectqt. SND) anoma-
lies with just three ordinary neutrinos and hence only two
mas_s_-squared o!lffer_ences. '_I'herefore we require at least O0Were obtained in Ref[10]. (For other calculations oR®'f
additional neutrino if we wish to explain all three of the v

b d i lies. Constraints from Zheidth see Ref[11].) Hence, if the low deuterium result is correct,
observed neutrino anomalies. Lonstraints irom ! .standard BBN would require an effective neutrino number of

suggest that any additional neutrinos must be sterile. Osci ess than threéprovided that the value ofp used in Ref
lations between ordinary and sterile neutrinos in the earl P '

. . X10] is correcy. Clearly Né"'<3 would imply new physics.
universe hgve been stugiled ﬂm—S]'and found f[c,’ generate ¢, ther observations are required to pin downBtél value
large neutrino asymmetrigd,5], which can significantly af-

. X (and alsoYp) although it now seems as though the 1BAH
fect big bang nucleosynthediBBN) reaction rates, and can result is favored9,17.

result in an effective neutrino number of less than three dur- One possibility for the new physics is to look at the neu-

ing BBN [6]. In this paper, the techniques developed in Refing sector and study mechanisms by which the effective
[6] will be applied to the four neutrino model of RdfZ]  number of neutrinos can be made less than three. A possible
which has almost degeneratg and v.. This model is dis-  way of doing this is to create an electron-neutrino asymme-
tinct from the four neutrino model of Reff6] where a mass  try, as this would directly affect the reaction rates which
hierarchy betweemw, and v, was assumed. determine then/p ratio just before nucleosynthesis. Thip

A motivation for studying how neutrino oscillations can ratio controls the helium mass fractiofp via the equation
affectNiff, the effective neutrino number during nucleosyn-
thesis, arises from discrepancies between the observed deu- dYe
terium abundance and standard BBN. The primordial D/H dt
ratio can be used to give a sensitive determination of the
baryon to photon ratiay which, given the inferred primordial Wwhere the reaction rates
“He mass fraction, can be used to predict the number of light _
neutrinosN®'". MNn—p)=N(N+ve—p+e )+ A(n+te’ —p+ve),

Although there are numerous measurements of the deute- .
rium abundance, obtaining an upper bound to the abundance A(p—n)=\(p+e —n+v,)+A(p+rve—n+e*), (3)
is quite difficult, and there are conflicting observations. A
high deuterium measurement @/H=(1.9+0.4)x10 # depend on the momentum distributions of the species in-
was found in Ref[8], leading ton~2x 10", while in Ref. ~ volved. The processes in E¢B) for determiningn«p are
[9] a low deuterium result ob/H=(2.3=0.3+0.3)x 10>  valid for temperatures above about 0.4 MeV, below which
was obtained, suggesting that-7x 10~ '°. From these val- the weak interaction rates become frozen out and neutron

decay becomes the dominant factor affecting nihp ratio.

An excess ofv, over?e would reduce the/p ratio, due to

N¢''=2.9+0.3 high D/H,

Né"'=1.9+0.3 low D/H, 1)

=—\(N—p)Yp+A(p—n)(2—Yp), 2

*Email address: n.bell@physics.unimelb.edu.au the modification of the neutrino momentum distributions
"Email address: foot@physics.unimelb.edu.au through non-zero chemical potentials, thereby changing the
*Email address: r.volkas@physics.unimelb.edu.au rates for the processes in E@®). Neutron decay is not sig-
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nificantly altered by lepton asymmetries. A change in themass of approximately 2.4 eV to be recalculated, taking into
helium mass fractiorY, can be related to a change in the account the modified neutrino number densities.
effective number of neutrinos Hy.3]

IIl. NEUTRINO ASYMMETRIES AND CONSEQUENCES

8Yp=0.012< sN°'". (4) FOR BBN

For oscillations between, and vg, the weak eigenstates
A large neutrino asymmetry could simply be postulated, bugre linear combinations of the mass eigenstateand v,,
it is more interesting to look at physics of the neutrino sector .
which will allow a large neutrino asymmetry to evolve as a Va=C0S vy +Sin Govy,
dynamical variable.
A four-neutrino model was studied in RéB], involving

the three orgiinary neutrinos and one sterile negtrino, Wherﬁ/hereeo is the vacuum mixing anglave assume that is

the mass hlerarchynV?myﬂ,m,,e,mvs was conidered_by defined such that cos9g>0). The mass-squared difference
way of example. In this case oscillations betwegrandvs  petween the two eigenstates is definedsag=m2—m?.
resulted in an excess of overw. thereby generating alarge The neutrinos interact with matter, so a matter mixing angle
tau-neutrino asymmetry and hence a large tau-lepton nuny s defined, which is related t6, by [18],

ber.v_— v, oscillations also occurred, and it was shown that
this allowed some of the tau-neutrino asymmetry to be trans-
ferred to an electron-neutrino asymmetry. The effective num-
ber of neutrinos found in Ref6] was either 2.5 or 3.4. The
two values arise because there is an ambiguity involving thdhe term p=*a) is related to the effective potential due to
sign of the asymmetry and hence the predictionN§l' (see  interactions of the neutrinos with matter:

V= —Sin fyv,+COS Gyvs, (5)

sir? 26,
Sirf 26+ (b*+a—cos X,)?"

sin? 20,,= (6)

Ref.[4] for a discussion of this isslieFor a positive asym- s
metry, 5N‘§ffz —0.5 was obtained over a range of mass dif- V= mas(bta) )
ferencesém?,~ 10— 3000 e\, while for a negative asym- 2p

metry the result wasoN®''=+0.4. So we have the
interesting situation tha®<3 can be achieved although
the precise value oN®'" is model dependent as this paper

where -A corresponds t@/v andp is the neutrino momen-
tum. The functionsa andb are given by

will illustrate. If future measurements can pin dowf'’ 4v2{(3)GeT3L @p

precisely enough, then this quantity can be used to help dis- a=- W25mis '

criminate various competing models explaining the observed

neutrino physics anomalies. 4v27(3)GET*A,p?
b=— 2 o2 N2 , ®

T om My,
Il. MODEL OF NEUTRINO MASSES whereA,~17 andAW:4.9 [19]
The model we will consider in this paper is again a sys- The functionL(®) is defined as
tem of four neutrinosy ., v, , ve andvs. In this model the (@)
ve and v are assumed to be very ligh( eV), andv, and L =LatL AL, +Llet 7, ©)

v, are taken to have nearly degenerate masses. This moqﬁherenis approximately equal to the baryon to photon ratio,

has been proposed {iY] as a pattern of masses that will , ; ; .
allow the data from the solar, atmospheric, and LSND ex—and thel.,’s are the lepton asymmetries which are given by

periments to be satisfied as well as being consistent with n
dark matter models. L, =—1F (10)

In this scenario, the solar neutrino problem is explained Y
by the small angle M|kheyev-Sm|rnov-WoIfens.teﬂMSV\zl) wheren, andn,, are the neutrino and photon number densi-
solution with oscillations betweemw, and vg with émgg ties, respectively.
~10 ° eV? and sirf 20~10"? [14], while the atmospheric  The neutrinos have a distribution of momenta and only
neuztrlno deficit is explained by, — v, oscillations[15] with  neytrinos with momentum of a certain value will be resonant
sm?,~10"?—10"° eV? and sirf 26=1. The LSND data re- gt a given time. The momentum of the resonance will move
quires a v,— v, solution with Sm>. in the range 0.2 through the neutrino distribution as the temperature de-
—10 eV and sirf 29=3x 10 ?—10 *[16]. It has been ar- creases, creating a neutrino asymmetry at the particular value
gued[17] from considerations of structure formation in the of the resonance momentum at that temperature. The evolv-
early universe that the optimal value for the degenergte ing neutrino asymmetry also non-linearly affects the evolu-
andv, masses is 2.4 eV. Note, however, that the creation ofion of the resonance momentum. The asymmetry is distrib-
a largeL , andL . neutrino asymmetry should impact on the uted across the momentum distribution as weak interactions
favored neutrino mass for structure formation and dark matkeep the distributions in thermal equilibrium.
ter. For this reason it may well be necessary for the optimal The resonance occurs for

105010-2



RELIC NEUTRINO ASYMMETRIES AND BIG BANG . . . PHYSICAL REVIEW D 58 105010

(b*ra)=cos ¥y=1, (11)  the temperature falls td=Tc/2 thev,— v andv,— v Os-
cillations no longer have the same resonance momenta. This

for sir? 26,<1. Thea andb terms dominate this condition allows the asymmetry to grow very large because when most
at different temperatures. We may obtain a qualitative underef the v’s have approximately the right momentum to be
standing of the behavior by neglecting the thermal spread afiear a resonance, the bulk of ths are far away from a
momentum and using the average valpg=3.15T. At high  resonance. It was found 6] that if the created. , is posi-
temperatures th@) term dominates, and i#] it was found tive the antineutrino resonance momentum has generally low
that for (b)<1 oscillations create lepton number while for valuesp,,s/T~0.2—-0.8 afT=T/2 while the neutrino reso-
(b)>1 the oscillations are lepton number destroying. Thenance momentum is toward the tail of the neutrino momen-
dependence ofb) on temperature i$b)~T®, so when the tum distribution(see Fig. 2 of Ref[6] for an illustration).

temperature drops to whe¢b)~ 1, which we denote bf.,  Hence the neutrino resonance is neglected and we will only
the oscillations creating lepton asymmetry dominate and leatie concerned with the antineutrino resonance.

to an exponential growth in lepton number. In Rdf| it was We will neglect thev,—», mass difference and thus
shown that forsm?<0 (and|6m?|=10"* eV?) large lepton make the approximation that the— v and v, — v oscilla-
asymmetries are created provided that tions have exactly the same resonance momenpymand

the v, ,— v, resonances have momentyy. These are ob-

eV? tained from the resonance condition
Sir? 26,=5X% 1010( on?]

1/6

(12

a=cos ¥Y,=1, (14

This result is independent of the initial value of the asymme—wherea is given by Eq.(8). The resonance momenta are
try, provided that|L,|<107° [4]. For ém? in the range 9 Y £a.(©).

1-10 eV}, we haveT.=16-25 MeV, obtained from the given by
condition(b)= 1. The rapid growth drops off as the tempera-

2 2
ture decreases and when the temperature has decreased to p1=— mom 31(7),
below aboutTc/2, the(a) term has become larger and we 4v2{(3)Gg T'L
can now neglect théb) term so that the resonance condition
is approximately given by6,4] w2 Sm? 1
p2=— 30— @)"
(a)=Ccos Wp=1. (13 4v2¢(3)G¢ TH(LT L)

(15
Collisions and oscillations both affect the generation of lep-
ton asymmetries. At high temperaturés=T/2) collisions
affect neutrinos to a greater extent than oscillations, an
these in turn affect lepton number because tseand v's

Since v, and v, are nearly degenerate and their matter
gffects are identical, the calculation is symmetric with re-
Spect tov, andv,, soL =L, . We therefore find that

interact at different rates in @P asymmetric background LD=3 +|.~3L

medium.(A CP asymmetric medium is required by the cos- Toe T

mological baryon-antibaryon asymmejnit lower tempera- LO_L@=| —| ~L (16)
T e T*

tures, the collision rates are not as rapid and oscillations
become coherent, so that oscillations take over from colliThis means that the,, ,— v, resonance occurs for a momen-
sions to control the growth of lepton number. Thus, Tor  tym which is approximately a factor of three higher than for
=Tc/2, MSW[18] transitions become important. the v, ,— v, resonance,
We have two oscillation resonances to considey,, '
—vg, which will generate a largé , , asymmetry and, , Po,=3p;. (17
— v, Which will then transform some of the asymmetry into
the v, sector to producé,. Oscillations betweem, andv, ~ Because the/,—vs and v, — v, oscillations have the same
or v, and vs may be neglected as they have much smalleresonance momenta, instead of having two separate reso-
mass-squared differences. nances, the,— vs and v, — v5 resonances completely over-
The asymmetries are calculated, starting from an initialap. Therefore we must consider the three-flavor system con-
temperature off = T</2 where|L.|<1 andT is low enough  sisting of v, v, andvs. To take into account that there is
for oscillations and MSW transitions to dominate over colli- only one sterile neutrino state for both and v, to couple
sions. The initial number density of sterile neutrinos is takerto, we may form two linear combinations of andv, . One
to be negligible(which will occur for a range of paramet¢rs of these oscillates witlrs, and undergoes MSW conversion
in accord with the results of the numerical calculation in Ref.at the resonance, while the othey/v, linear combination
[4] for the initial creation of lepton number &=T.. We  does not oscillate witlrg. This state is decoupled, and is not
study how the asymmetries evolve down to temperaturesonverted into the sterile state at the resonance. Our equa-
where they become important for BBN. Note that for thetions include factors of to account for this situation. The
moment we will assume that. >0 for definiteness. mass eigenstate which is dominantlyva at high density,
At T=T¢ where theb term dominatesy,—vs andv,  becomes a,/v, linear combination at low density, so that a
—vg resonances both occur at the same momentum, but ag which goes through the resonance has a 50% chance of
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being converted to. and a 50% chance of being converted which in thermal equilibrium are just given by a Fermi dis-

to v, . Similarly, since one linear combination of andv,  tribution

only will be converted to avs upon passing through the

resonance, bothv. or v, have only a 50% probability of N-—= 1 p

being converted to the sterile state. v 2m? P+ o)
Naively one might believe that by making, and v, de- 1+exp< T )

generate, so as to have two heavier neutrinos oscillating with

vg instead of only one heavier neutrino oscillating with thewhere u is the antineutrino chemical potential. The

sterile neutrino, that twice the electron-neutrino asymmetryr| d/d T (p,.s/T)| terms describe how quickly the resonance

would be produced. However, this will not occur, becausemomenta move, and are expressed in terms of the variable

there is only one sterile eigenstate for the two linear combip, ../T because we want to distinguish the roles of expansion

nations ofv, andv, to oscillate with. Because of the factors and oscillations, and unlike, the quantityp/T does not

of 3 arising from this three-flavor nature, we would not ex- change due to the direct effect of the expansion of the uni-

pect the electron-neutrino asymmetry created to be any largeerse. Evaluating the derivatives, we obtain

than for the model of Ref6], where only a heavy . oscil-

2
(23)

lates withvg (in fact it turns out to be smaller—see Iater dLVe 2DA+CE
Numerically integrating the quantum kinetic equations, dT A+ E(A-B)’ (24)
we find that the adiabatic limit of the MSW effect holds
provided dL c pdL
sir? 20,=10"°—10"1° (18) daT AT A AT’ (25

for 8m>~10 e\2. The adiabatic limit implies all neutrinos where
that pass through the resonance will undergo MSW conver-

sion. This means the lepton number created is basically equal A |14 3X1p1 1 Xypy
to the number of antineutrinos minus the number of sterile - TLO ) 2 TLO”
antineutrinos that pass through the resonance, and the growth
of lepton number is governed by how quickly the resonance 4X1py 4X,p,
momentum moves through the neutrino momentum distribu- R R
tion.
The rate of change of the lepton numbers is therefore 2X,P5 1
given by E= ? m (26)
dL -
T i Pu)l P2 In deriving Egs.(24), (25 we have usedl/dT (p; »/T) <0,
Xl X2 ’ (19) . ’ .
daT dT\ T dT\ T because the resonandegich start at low values of approxi-
mately p;/T~0.2-0.8 andp,/T=3p,/T) move through
dL,,e d (p, the momentum distributions to higher values as the tempera-
ot 2 g7\ T/ (200 ture decreases.

Numerically integrating Eqs(24), (25), we find that the

whereX,(X,) expresses the difference between the numbefinal 1epton asymmetries generated are
of v, andvg(ve) with the right momentum to pass through L /h=L /h~0.16. L./h=6.7x10"3 27
the resonance and is given by m ’ ToTe '

for sm? in the range 6-8 ¥ whereh=TJ/T>.

The L, asymmetry then affects BBN rates via the modi-
fication of the neutrino momentum distributions. Weak inter-
actions keep the neutrino distribution in thermal equilibrium
for T=1MeV, however for Sm>~10 e\? the neutrino

(21 asymmetries only become large at temperatures where the
P=p; the distributions are beginning to go out of equilibrium. Be-
cause the neutrino distributions are not completely thermali-
The factor of 2 in Eq(20) and the factors of in Egs.(21) zed, we cannot simply describe them in terms of chemical
arise from the three-flavor nature of the problem as discusseggbtentials, so for this reason we keep track of the neutrino

X —1 T N N
1_§n_y( .~ N3

S

X l N N
2—§n—7( .~ Ny

above. number densities numerically in momentum cells. We as-
TheN'’s are the momentum distributions of the neutrinos,sume complete MSW conversion at the resonance, which is a
so that good approximation for the large range of parameters given

by Eq. (18), so that numbers densities of sterile and active

neutrinos are interchanged at the resonance momentum such
n= | Ndp, (22 that
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1 :
Nﬂ(pl)qE(N7T(pl)+N?ﬂ)(pl):NVT‘M(pl)a g o1of P LR EEEY
1 > oos}
_ Z(N— _ 2 g
Ny, (P)— 5 (N (P +N5 (1), (28) -
and similarly for thev, ,—v, resonance. Cells are refilled é -005f
according to the interaction rates c 010
d Nactual I\quuilib Nactual é
— = — & -018f
dt ( N, | TP, N, )0 %Y 5
£ -020}
where &
S -025f
1 p2 CS
No=5 257 (30 "030% ™20 40 60 80 100 120 140 160
™ 1+6X% _) mass-squared dif ference (ev?

FIG. 1. Change in the effective number of neutrinos as a func-
andNeqyiiip IS given by the equilibrium distribution E¢23).  tion of the mass-squared difference. The solid line corresponds to a
The chemical potential is obtained from the lepton numbePOS'the electron neutrino asymmetry, and the dashed line a nega-
via the equation tive asymmetry.

1 y o o "3 3 neutrinos were calculated from the modified momentum dis-
Lo=— m[ﬂ (i, =) —6(my,—m5)In 2+ (m,—w3)]  tributions. Fordm? in the range 6—8 e¥/we get

39 ne. (Es)
e e
wherefii= u;/T. Equation(31) is an exact equation fdi, n_ozo_gg, (p) =0.99,
= —T5, otherwise it holds to a good approximation pro-
vided that;<1. For 5m?>~8 e\? a significant lepton num- N ne (Ey)  (Ey)
ber (here significant means larger than about D.&1not = _#-053 ——-= k —0.01,
created untiT<2-3 MeV. At these temperatures, the neu- Mo Mo (P) (P)
trinos and anti-neutrinos have already chemically decoupled.
(Note thatT§..~3 MeV andT/.;=5 MeV are the chemical Mo —0.91 (E) —0.97 34
decoupling temperaturgsBecause of thisg,= 0, while the n_o_ TT(p)y TV (34
anti-neutrino chemical potentidl,- continues increasing as
per Eq.(31). whereny is the number density with zero chemical potential
The interaction ratd (p) in Eqg. (29) is and(p)=3.15T is the average momentum for a Fermi-Dirac
distribution. (The chemical potentials for the neutrinos are
(T'yp very small and so the distributions are not significantly modi-
F(p)zW’ (32 fied) These changes in the energy density correspond to

oNe'=—0.09. As we have an ambiguity concerning the
where(I') is the thermal average of the total neutrino colli- sign of the lepton asymmetries and hence also the sign of

sion rate given by1] sNe'" due to modification of the nuclear reaction rates, we
205 have two possible values for the overall change in the effec-
(I', )=4.0GgT>, tive number of neutrinos.
In Fig. 1 6N®'" is plotted as a function of the mass
(FV7#>=2.QGET5. (33)  squared difference. For the mass ramfye?=6-8 e\, we
’ find:
Integrating the rate equations for the processes given in

Eg. (3), using the modified neutrino momentum distributions oN®"'=—0.3, positive asymmetry,
(Nactual(P)), the change in the neutron to proton ratio and
henceYp is determined. We find the size of the effect in this SN~ +0.1, negative asymmetry. (35
case is given bysYp=—0.0023 which corresponds to a
change in the effective number of neutrinos &R°' = This remains approximately constant to above where the
—0.19. NOMAD experiment cuts off the LSND data aém?

Excitation of the sterile neutrino, and the modified mo- =10 eV? [20], while for small sSm? we havesNS''—0.
mentum distribution, will change the energy density of the The L, asymmetry and hence theNe'" obtained is
universe, and this will also change the effective number osmaller than that obtained for the model of Héfl. Thel . ,
neutrinos. The number density and average energy of thesymmetry created in the present model is roughly half as
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big as thel , asymmetry obtained in Ref6], because only neutrinos during nucleosynthesis and giN&''<3. How-
one of the the two linear combinations of, and v, oscil- ever, it turns out that the effect is relatively smaﬂNﬁ”z
lates withvg, as discussed above. Naively one might expect-0.3 (if L,>0). If future measurements confirm the low
that with bothv,— v and v, — v, oscillations producind., D/H result as well as th&p value used in Ref[10], then
that an effect of comparable size to RE§] would be ob-  this model will become cosmologically disfavored. On the
tained, however, this does not turn out to be correct. Thether hand, if future measurements faws§' ‘=3 then this
crucial difference between the two cases is the separation @fiodel will remain viable.

the two resonances. The separation of the resonances is givenThere is also the interesting possibility that the neutrino
by Eq.(17), and whereas we hay®=3p,, in the previous mass favored for dark matt¢t7] will have to be recalcu-
case the resonances were closer togetherpyita2p, . This  lated. In fact, from Eq(34) the number of heavy neutrinos is
is important because the resonance which crelatés at a  actually about 1.5 because about 50% of #hendv,, have
higher momentum than the resonance which crelatesso  peen converted into lights. This would suggest that the
that by the timel; has grown sufficiently large to start pro- optimal mass for hetcold dark matter scenarios is some-
ducing significant ., thep, resonance has already moved awhat heavier, aboutn, =m, =3.1 eV rather than 2.4 eV,
considerable way through the neutrino momentum distribus,, his particular model. This implies that thén? relevant

tion. For the present moded, /T has already moved past the ¢, | SND is about 9 e¥ rather than 6 e¥[21].
average value op/T=3.15 and is out toward the tail of the

distribution, where the number density is much lower, so that
the L, asymmetry cannot be transferredltp as efficiently.
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