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Detailed study of BBN implications of neutrino oscillation generated neutrino asymmetries
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We re-examine the evolution of neutrino asymmetries in several four neutrino models. The first case in-
volves the direct creation d.fVe by v, v oscillations. In the second case, we consider the mass hierarchy
m, >m, ,m,,m, where v, vs oscillations generate a larde, and some of this asymmetry is converted
intoL, by v.< v, oscillations. We estimate the implications for BBN for a range of cosmologically interest-
ing dm~ values. The present paper improves on a previous study by taking into account the finite repopulation
rate and the time dependence of the distortions to the neutrino momentum distributions. The treatment of
chemical decoupling is also improved.

PACS numbe(s): 98.80.Hw, 26.35tc

I. INTRODUCTION proximately constant during the era when the neutron/proton
ratio was changindi.e. for T<2 MeV). We also briefly
If light sterile neutrinos exist, then this will lead to impor- estimated the effects for the direct productioan; by ve
tant implications for early Universe cosmology. This is be-_, ,_ oscillations(this case is only possible if the other neu-
cause ordinary-sterile neutrino oscillations generate larg@inos are lighter or do not oscillate into the sterile neutrino

neutrino asymmetries for a large range of paramete+$]. Recently, Ref[3] has been criticized in Reff10] where it
This is a generic feature of Ordlnary-Sterlle neutrino OSC|”a'iS claimed that the time dependence of the neutrino asymme-
tions. try and finite repopulation ratéwhich was assumed to be

The implications of this phenomena are quite model dejnstantaneous in Ref3] for temperatures above about 1.5
pendent. Various implications of this phenomena have beefjev) are of critical importance. Referen¢0] also simi-
discussed in a number of previous papers for a number Qfyly criticizes Ref.[7] (which studied a quite different 4
interesting models motivgted by the exi'sting neutrino anomaneutrino model with approximately degenerajg, v, states
lies [2—9]. For example in Refd.2,4,6] it has been shown pyt this is clearly unjustified because REf] takes into ac-
that the maximalv,— v oscillation solution to the atmo- count the finite repopulation rate using a Pauli-Boltzman ap-
spheric neutrino anomaly is consistent with a stringent bigyroach(as well as the time dependence of the distortion in
bang nucleosynthesi®BN) bound ofNgf'<3.6 (and may  the neutrino distributions In fact, Ref.[10] appears to fol-
also be consistent withN2f"<3 depending on the model low the repopulation procedure advocated in &} and
[3,9]). This consistency requiresm, =few eV (for  re-examines the cases in RES] using this repopulation pro-
|om2,od=3%1072 eV?), thus placing tThe/T in the inter-  cedure. In view of this, we have also decided to revisit the

esting hot dark matter range. Of course this is also of grediodels considered in Reff3] in this paper because we be-
interest to short-base-line experimentalists. lieve that the results of Refl10] to be incorrect. We will

Of particular concern to this paper is the “low tempera- compute the evo_lu_tion of the _number distri_butions, taking
ture” evolution of neutrino asymmetries which also has im-into account the finite repopulation rate z_ind time dependence
portant implications for BBN. In Ref.3], we discussed the ©Of the asymmetry. As already emphasized above, such an
four neutrino model wittm, >m, ,m, ,m, . In this case a apPproach was already used in R¢&9] discussing different
large L, asymmetry is geTneratéd bestv oscillations models, soitis stralghtfqrward.to apply it here. We will also

vy ZEI s ST improve on Ref[3] by discussing more completely the ef-
some of which is transferred o, by v;— v oscillations.  fects of the two similar oscillation modes, < Y, Vo V.
This has important implications for BBN since it allows We also give a more accurate treatment of the kinetic decou-
NEEN<3, with NBEN~2.5 for a large range of parameters if pling region which suggests a slightly lower kinetic decou-
Lye>0. Quallitatively similar results occur for other sterile pling temperature.

neutrino models as has been shown in a number of recent
paperg7,9]. One point of all this is thaNSEN<3 is a seri-
ous possibility if light effectively sterile neutrinos exist.

In Ref.[3] we considered the case of larpgm?| where The primordial deuterium to hydrogdéb/H) ratio can be

thel, was created above 1.5-2.0 MeV, so that its implica-used to give a sensitive determination of the baryon to pho-

tions for BBN could be approximately discussed by usington ratio  which, given the estimated primordidHe mass

thermal neutrino distributiong.e. the neutrino asymmetry fraction, can be used to infer the effective number of light

was distributed with chemical potentialsvhich were ap- neutrino flavorsNEfN, during the BBN epoch. This value
can then be compared with the predictions K5 from
various models of particle physics to find out which ones are

*Email address: foot@physics.unimelb.edu.au compatible with standard BBN. For example, the minimal
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standard model predictd25N=3. At the present time, most tries unless they are very large. It is quite well known that a
estimates favoNSf"<3.6 and some estimates fadEf}"  small change inYp due to the modification of, and v,
<3.0[11]. Of course, even if a model of particle physics is distributions does not impact significantly on the other light
shown to be incompatible with BBN, this does not necessarelement abundancesee for example Ref.14]). A small
ily mean that the model is incorrect, since, for example, it ismodification to the expansion rate, using the convenient unit
also possible that one of the standard assumptions of BBNEEN, primarily affects onlyYp, with? [15]
may not be corredt12].

For gauge models with effectively sterile neutrinos, one in 5Yp=0.012x SNBEN (4)

-
general expect8IZEN+3. In fact, NEEN may be less than 3 °

or greater than 3. The prediction fotSf;" depends on the Since Appendix A of Ref[9] describes in detail how we

oscillation parameters in a given model and also the sign Oéompute the effect oip due to the modified and v.
. . e e

the asymmetry(which for various reasons cannot be pre- isyiptions, we will not discuss it further here.

dicted at the momejpt One possible consequence of

ordinary-sterile neutrino oscillations is the excitation of ster-

ile neutrino states, which typically leads to an increase in the !l CASE 1: IMPLICATIONS FOR BBN OF = vee ws
expansion rate of the universe and thereby also increases OSCILLATION GENERATED L,,

BBN . . .
Nefi - Another possible consequence of ordinary-sterile |5 this section we will study the direct production of a

neutrino oscil_lations is the dyr_wamical generation qf aNjgrge L, from we« v, oscillations. We will ignore oscilla-
electron-neutrino asymmetry. This also has important 'mp“'tions inveolvin or This is onlv an approximately valid
cations for BBN, as it directly affects the reaction rates gv, Orv,. y pp y

) g o thing to do provided that either their masses are very small
which determlr_le the neutron to protonm_/()) ratio just before (s0 gt]hat theFI)arges},tﬁm2| belongs to thevee v oscillatigns
nucleosynthesis. If the electron neutrino asymmetry is posi: A 2 e s
tive, then it will decreas&2EN, while if it is negative, then and the other oscillations haym?| much less than 1 &y
it wiII increaseNEEN eff » ’ or that they do not mix with theve,vs (i.e. theve,vs de-

eft - . . . couple from thev,, v, in the neutrino mass matpix

Th_e neut_ron to nucleon_ratlcxn(t), is related to the pri- Let us begin with some necessary preliminaries. Our no-
mordial Helium mass fractiorp, by' tation and convention for ordinary-sterile neutrino two state
mixing is as follows. The weak and sterile eigenstates
v, (@=e,u,7) andyg are linear combinations of two mass

eigenstates, and v,

Yp=2X, &)

just before nucleosynthesis. The evolutionXgf(t) is gov-
erned by the equation, , i
V,=C0S0,sv,+SiN0,sv,, Vs=-—SIN#,v,+CO0SH, vy,

dX, ©
G = MN=PXtA(pom(1-Xy), ()

whereé s is the vacuum mixing angle. We defiigg so that
cos¥,>0 and we adopt the convention tham? =m?
2
-mj.
An—p)=\(n+ ve—>p+e*)+)\(n+e+—>p+7e) Recall that then-type neutrino asymmetry is defined by

where the reaction rates are approximately

+)\(nﬂp+e_ "r‘;e), nVa—n:a
L, =——. (6)

Ap—n)=\(p+e —n+vg)+N(p+ve—n+e’)

In the above equatiom,, is the number density of photons,
n,=2¢(3)T% =2, Note that when we refer to “neutrinos,”

. ... sometimes we will mean neutrinos and/or antineutrinos. We
These reaction rates depend on the momentum d|str|but|or},|s

S . ope the correct meaning will be clear from the context.
of the species involved. The 2-body processes in(Bgfor ; . - : .

o . Also, if neutrinos are Majorana particles, then technically

determiningn<— p are only important for temperatures above ; . : o
. . they are their own antiparticle. Thus, when we refer to “an-
about 0.4 MeV. Below this temperature these weak interac: o . . ..
: tineutrinos” we obviously mean the right-handed helicity
tion rates freeze out and neutron decay becomes the domi;

nant factor affecting tha/p ratio. For example, an excess of State in this case.
9 P : Pie, In Ref. [1] it was shown that ordinary-sterile neutrino

ve Over ve, due to the creation of a positile, , would  ggcillations generate large neutrino asymmetries for a wide
change the rates for the processes in @j. The effect of range of parameters. This work built upon earlier work on
this would be to reduce the/p ratio, and hence reducés .

Neutron decay is not significantly altered by lepton asymme———

+)\(p+e*+7e—>n). 3

“Note that several authors prefer to u$¥p rather thansNEEN.

The difference is essentially a matter of convention since these two
For a review of helium synthesis, see for example RE3]. quantities are approximately related by E4).
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ordinary-sterile neutrino oscillations in the early Universe=T/2. Previous numerical work has already shd®hthat
[18]. Large asymmetry generation occurs for the parameteby T=T./2, neutrino asymmetry is generated such that 0.2
region[2,3] <p/T=0.8(the precise value depends on%ip,om). Fur-
) ) ) 4 thermore, the subsequent evolution is approximately insensi-
SMis<0 with [omig[=10"" eV, tive to the initial value ofp/T in this range(provided, of
course, that negligible number of sterile neutrinos were pro-
duced at high temperatyre
In this section we will deal with the case of« v oscil-
@) lations directly producing the v, asymmetry. For the impli-

cations for BBN we are primarily interested in the “low

The upper bound on si#d, in the above equation comes temperature” evolution of the number distributions and lep-
from the constraint that < v oscillations do not populate ton numbers in this case. Our analysis can be broken up into
the sterile states at high temperatures before the neutrirthe following steps:
asymmetry is initially generated, i.e. fdr=T, [2,6]. Note (1) We assume complete adiabatic MSW conversion of
that in the present paper we limit ourselves to the abovaeutrinos at the MSW resonance.
region of parmeters. For completeness let us mention that for (2) From this we can compute the evolution of lepton
|6m?|<10"4 eV?, the lepton number generation is much number asymmetries which not only dictates the momentum
smaller, typically much less than about TOaccording to  of the MSW resonances, but also the chemical potentials.
Refs.[16].2 Apparently this can still affect BBN indirectly (3) Using these chemical potentials we can evaluate the
for a window of parameters withsm2J~ 1078 eV? [17]. equilibrium distributions from which we can estimate the

As already discussed in detail in previous publicationsactual distributions by a Pauli-Boltzman repopulation equa-
[3,2,1] the evolution of lepton number can be separated intgion.
three distinct phases. At high temperatures the oscillations We now discuss each of these steps in detail.
are damped and evolve so that®—0 (whereL(®=L, Consider, for the moment, two-flavor small andlee.

L, L, FL, 7, and 7 is related to the baryon asym- C€0S Xe=1) ordinary-sterilev,— v4 neutrino oscillations. As

. . . discussed in detail in earlier papers the— v4 neutrino os-
metry). In this region the resonance momentum for neutrino_.. . : 5 .

S . : : . -cillations only generaté , provided thatdSmg,<0 and this
oscillations is approximately the same as anti-neutrino oscil-". e

lations. If 5m2.<0, then at a certain temperatufie,, which ~ Will be assumed in the forthcoming discussfbitve know

P o from numerical integration of the exact quantum kinetic

is given roughly by{1] . X X S AT .
equationg 3] that the adiabatic approximation is valid pro-

o2 | 2

fewx 10" 0<sirf26,, <fewx 10 ° 5
| oMyl

_ smi.cos 2 .\ 18 vided that siR26,e=fewx 10 1°. Now, coherent small angle
T~ 16( _ ~asTTT TTas MeV, (8) adiabatic MSW transitions completely convegt— v at the
eV? resonance momentum of these states. The resonance momen-

tum is given approximately bysee e.g. Ref.3]),
exponential growth of neutrino asymmetry occurghich

typically generates a neutrino asymmetry of order 2@t Pres |5m(2-35I
T=T,.; see Fig. 1 of Ref[4] for some typical examples =
Taking for definiteness that thleya is positive, the anti-

neutrino oscillation resonance moves to very low values Ofyherea,=42¢(3)Gg /2 and

p/T~0.3 while the neutrino oscillation resonance moves to

high valuesp/T=10 (see Ref.[3] for a figure illustrating LEY=2L, +L,. (10
this). The subsequent evolution of neutrino asymmetries, © !

which is dominated by adiabatic Mikheyev-Smirnov- In the above equation we have neglectedl.tl;lgasymmetry

Wolfenstein(MSW) transitions of the antineutrinos, follows (as well as the baryon-electron asymmgtifhis is because

an orderly 1T# behavior until the antineutrino resonance hasinese asymmetries are unimportant in the low temperature
passed thr(_)ugh _the er_1tire distribution. The final asymmetryegion unless they happen to be lafge. greater than about
generated is typically in the range 028, <0.37[3]. Be- 1075 For adiabatic two-flavor neutrino oscillations in the
cause the oscillations are dominated by adiabatic MSW beearly Universe it is quite easy to see that the rate of change
havior, it is possible to use a relatively simple and accuratef lepton number is governed by the simple equafidh
formalism to describe the evolution of the system at the

“low temperatures,”T=<T./2. In fact, we only need to know dL,,e

the values of the oscillation resonance momentumr at T X(Pred

T apTiLey’ ©

d( pres/T)
d—T‘ 1D

SFor the historical record, the reader should be aware that Refs, Note that| sm¢J<mj_(wherem,_is the mass of the state which
[16] also argued that neutrino asymmetry was always sfieds  is predominatelyr,). Recall that there is an experimental upper
than 10 ") and unimportant for all parameters of interest in contrastbound onm,_which is a few eV ifv, is a Dirac neutrino and about
to the later studies of Reffl1-5]. 1 eV if v, is a Majorana neutring19].
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wherep,.sis the MSW resonance momentum, Eg), and small chemical potentials for the other flavdias will be
discussed latér We take repopulation into account with the

X(p)= nl[N:e(p)_ st(p)]' (12) rate equation for each flavar=e,u, 7,
Y

N*qp,T,x, ) Nya(p)}
No(p,T) No(p,T)]’

a N, (p)
E No(p,T):ra(p)

Also, N;e(p) and N;S(p) are the momentum distributions of

the?e and?S states. In the above equations, the case

>0 has been considerddo that the resonance occurs for 9 N, (p)
antineutrinog Equation(11) relates the rate of change of Eﬁzra(p)
lepton number to the speed of the resonance momentum olP, (17)
through the neutrino distribution. Referenics provides a

detailed diSCUSSion of hOW thIS equation can be derived from\/herera(p) is the tota| C0||isi0n rate and is approximate'y
the quantum kinetic equations for the case of adiabatic evagjyen by

lution with a narrow resonance width. As discussed in Ref.

NYp,T.u,) N, (P)
No(P.T)  No(p.T)

[3], Eq. (11) can be simplified using p
Fa<|o>=ya<s§T5(—3_l5r , (18)
d(Pres/T) . I(Pres/T) n I(Pres/T) dLVe (13)
dT 4T aLye daT’ with ye=4.0y, ,=2.9 andGg is the Fermi constant. Also,

in Eq. (17), No(p,T), Neq(p,T,,u,,,a) are the equilibrium dis-
from which it follows that tributions with zero chemical potential and chemical poten-
tial p, respectively’ Previous paper§7,9] used a simple

dL fX&(p(;;eTS/T) T approximation whereby the transition out of chemical equi-
Te_ = Pres , (14) librium occurred at the decoupling temperatdig,.. Obvi-
dT 1_fx(9(pres/T) o 2fTXPres ously this is not a sharp transition. Also, there will be small
L, "+ W chemical potentials created by the other flavors as they create

Vel Pairs to compensate for the Iossgg states. In the
where f=1 for d(p,s/T)/dt>0 [that is ford(p,/T)/dT  Appendix we discuss a more accurdtaut more compli-
<0] andf=—1 for d(p,/T)/dt<0 and we have dropped cated formalism to compute the values of the chemical po-
the momentum dependence Xfin the above equation for tentials for all of the flavors as a function of tinter equiva-
notational clarity> Equation(14) allows us to compute the lently temperature The conclusion is that the simple
evolution of L, . As discussed earlier, it is valid fromh  treatment of chemical decoupling, discussed in previous pa-
=T,/2 (With p,es/T~0.3 at this point For the more com- Pers, is roughly valid, but noticable differendsough typi-

i Lo i i ally not greater than aboliNEEN~0.2) for BBN can oc-
plicated multi-flavor case considered in Sec. IV, coupled®@ly 9 A eff :
equations based on E@§l4) will be used. We now must Cur [Although there will not be much difference for the
describe how we compute the evolutionf . v« Vg Case since the lepton number is generated so late,

The MSW transitions effect the adiabatic conversion ~ SINCe experimentallydme =10 eV* (see footnote 4. We
will use the more complicated formalism discussed in the

|7>H|;>_ (15) Appendix to evaluate the chemical potentials for all of our
€ S numerical work in this paper.
This means that a®, sweeps through the, momentum Using the above procedure the lepton asymme{ryand
distribution, the neutrino distributionsi\lya(p,t),N;ﬂ(p,t) can be ob-

tained. We can feed tH\slVe(p,t),N:e(p,t) distributions into

No(P)=N, (Py), a nucleosynthesis codwhich we integrate concurrenjlyn
B B order to compute the implications for BBN. It is useful to
Nve(Pl)—)st(Pl)' (16 separate the total contribution & p into two contributions,
In our numerical work the continuous momentum distribu- 5Yp=06,Yp+8,Yp, (19

tion for each flavor is replaced by a finite number of “cells”

on a logarithmically spaced mesh. As the momentBin  where §,Yp is the change due to the effect of the modified
passes a cell, the number density in the cell is modified acelectron neutrino momentum distributions on the nuclear re-
cording to Eq(16). Of course weak interactions will repopu- action rates, and,Y is due to the change in the energy
late some of these cells as they thermalize the neutrino matensity (or equivalently the change in the expansion rate of
mentum distributions. The repopulation can also generatéhe universg While BBN is only sensitive(to a good ap-

SAt T=T/2, f=1 and it does not change sign during subsequent %0Our convention for the sign of the chemical potential is
evolution. N°Y(p, T, u,, ) = (L/27%) p?/1+ et )T,
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10° . have been generated earlier. A temperature of 0.5 MeV is
therefore a safe place to evaluate the fiaf .
N Recall that there is an ambiguity concerning the sign of
10'E 4 the L, lepton asymmetry. We have considered th,ge>o
r case above for definiteness, kiu,te<0 is equally likelya
A . ) . priori. Previous wor{ 2] has shown that the sign is fixed in
107 3 the region where the “static approximation” is valid. This
approximation assumes that the asymmetry evolution is
. N dominated by collisions and is sufficiently smo8timpor-
10°; 5 tantly it is generally valid in the regiom=T. where the
A neutrino asymmetry is initially generated provided that
Sif20=0(10 %) [2] for 6m?>~—10 e\2. Thus in this re-
. = - J gion of parameters the sign is fixed. For%@i6=O(10 °)
T/MeV numerical integration of the quantum kinetic equatidims
cluding the momentum distribution of the neutrinosveals
FIG. 1. Low temperature evolution ¢f, /h (h=T%T3) dueto  [4] that the sign oscillatédor a short period at=T.. In the
v vg oscillations, for the parameter choice8m?’=—-0.1e\?  parameter region where the sign oscillatead possibly in
(solid ling), ém?=—1 eV’ (dashed ling and sm’=—10eV¥  some of the parameter region where it does not osciltate
(dash-dotted ling sign may not be fixed when fluctuations are consid¢ed
It may be possible for different regions of space to have
proximation to the total contribution,6Yp, the separate different signs of the lepton number, as first suggested in
parts will have quite different implications for the forthcom- Ref.[1]. Whether this happens or not is an open question at

ing precision measurements of the anisotropy of the cosmithe moment and will depend on the size of the fluctuations
microwave background. In particular it may be possible topresent.

estimate the expansion rate of the Universe at the time of In any case, even if the sign is fixed, it cannot be pre-
photon decoupling21]. dicted as it depends on the initial values of the neutrino
The contributions; Y can be determined by numerically asymmetries(as well as the baryon asymmetryFor the
integrating the rate equations for the processes given in Eqegativel,_case, the roles of particles and anti-particles are
(3) using the modified electron neutrino momentum distribu-eyersed. One consequence of this is that the signs of all the
tions N, andN; as discussed in Appendix A of RdB].  qther asymmetries are also reversed. The quaagp will
The contributions,Yp can be computed from the momen- obviously be significantly affected by this ambiguity in sign,
tum distributions of the ordinary and sterile neutrinoswhile 5,Yp will not be affected at all. This means that we

10

through have two possible values for the overall change in the effec-
tive number of neutrino flavors during BBN. The results of
1 (= the numerical work is presented in Figs. 1-3. In Fig. 1 we

52YP:0-01{ 2—me N..(P) show the evolution ot,_for three examplessm?2/eV?=

—0.1-1,—10. We emphasize that the evolution is approxi-
mately independent of sifd,, as long as si#26.is in the
+ 2’1 N, (p)+ Nva(p):| pd D—3) ., (20 range given in Eq(7). As explained earlier, we start the low
“ temperature evolution &~ T./2 with the value ofp,es/T

3

where
o 772 8n fact, it has been shown in RdB] that this approximation is
POEJ No(p,T)pdp= mT“ (22) equivalent to the adiabatic limit of the quantum kinetic equations in
0 the region where collisions dominate the evolution of the neutrino
asymmetry.

is the energy density of a Weyl fermion at equilibrium with  °Note that the recent study in RéR2], which neglects the neu-
zero chemical potentialRecall that Eq(4) can be used to trino momentum distribution, arrives at quite different results. They
expressdYp, :Yp andds,Yp in terms of effective neutrino  find that the region where the sign does not oscillate is much
number, SNEEN - 5,NEEBN and 5,NBEN | respectivelyl To ~ smaller, roughly, sifRo=O(10°8) for sm?~—10 e\?. Qualita-
calculate 5,Yp, we numerically determine the momentum tively, this is very easy to understand. The reason is that in the
distributions atT=0.5 MeV. Because of the approximate average momentum toy _model,_all o_f th'e_ neutrinos enter the MSW
kinetic decoupling of neutrinos for temperatures below abouyf€sonance at the same time which significantly enhances the rate at

3 MeV, large contributiorfsto 5,Yp, should they exist, must which neutrino asymmetry is createdt T.. The rapid creation
' ' ' of neutrino asymmetry reduces the region where the oscillations are

adiabatid2]. Also, the paper in Ref23] similarly assumes that all
of the neutrinos have the same momentum, (perhaps not sur-
By “large contributions” we means,N5EN=0.10. prisingly) obtain quite different results from ReR22].
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o0 ' - v, States which have been converted into sterile states are not
5Neffm i replaced. Note that the kinetic decoupling rate is governed

by the inelastic collision rate of thev,'s. However, it is

. important to understand that the elastic collision rate is

nearly an order of magnitude larger than the inelastic colli-

sion rate. The effect of the elastic collisions is to modify the

- momentum distribution of the neutrinos such that they ap-

proach a thermal distribution. Note that while the elastic col-

lisions do not change the total number if states they do

- modify the momentum distribution and thus can slightly af-
fect the energy densityor, more correctly, energy density/
T4. It is this thermalization effect which is responsible for

. the slightly negative value of,Y for 5m§s~few eV, In-

smev? deed, as the MSW resonance moves through the low mo-

mentum part of the spectrum the MSW transitions deplete

tion 8;NEEN due to the effects of the, asymmetry while the the v.'s before thev, spectrum is S|gn_|f|cantly distorted by
o o BBN® _ thelL, asymmetry. However, by the tim@T moves to the
dash-dotted line is the contributiaiNg;* due to the change in the e

expansion rate. The solid line is the total contributieh®EN ~ higher momentum pafi.e. p/T=4), the neutrino asymme-

= 5,NBEN+ 5,NEEN . This figure considers the cakg >0. try is so large that the number of states are significantly

° reduced (cf. with the Fermi-Dirac distribution with zero
~0.3. Of course the full evolution fromi>T. to T—0 can chemical potential For this reason the oscillations deplete
be obtained from numerical integration of the quantum ki-more low momentum neutrinos than high momentum ones.
netic equationgsee e.g. Ref4]). However, for the applica- The concurrent thermalization of the neutrino distribution
tions considered in this paper only the low temperature evoevidently reduces the averagéT per neutrino, and hence
lution is required, which is why we use the much simplerthe energy densitgivided by T can be slightly reduced. Of
formalism based on Ed14). o course the temperature of the states would be expected to

The implications for BBN are shown in Figs. 2 and 3. jncrease a little, which in our approximation is neglected
Figure 2 treats the., >0 case, while Fig. 3 displays the (much of this temperature increase would be absorbed by the
L, <0 case. As these figures show, the effect oftpe>vs  other flavors which are still in approximate thermal equilib-
oscillations on BBN is very significant and depends sensifium down to temperatures 1-2 MgV o ,
tively on the sign of the asymmetry and on theZ, value. Note that in the case of very smalimg{/eV*~10"%, the
We emphasize that our equations contain approximationglominant effect of the neutrino asymmetry in thg >0
The most important are that the repopulation is handled apzase is the modification to the Pauli blocking of the neutron
proximately via Eq(17). It is obviously difficult to estimate decay. Ordinarily neutrino asymmetries lead to a negligible
the size of this uncertainty without computing repopulationeffect for neutron decay; however, in this case the effect is
exactly. Nevertheless, we expect that this theoretical unceismall (but not completely negligibjebecause the neutrino
tainty is typically less tha®NEEN~0.2. asymmetry is so largel(, =0.37 for SmzJeV?~—10"?).

It is evident thats,Yp is close to zero for the range of  Finally note that our results are quite different to the re-
5m§S considered. This can be approximately understood bgults of Ref.[10]. We do not know why this is the case.
noting that the generation of sterile states occurs below th&infortunately, Ref[10] gives few details of how they com-
kinetic decoupling temperature fog's. This means that the puted the evolution of the neutrino asymmetry. Thus it is
difficult to know whether the difference lies in the details of
the asymmetry evolution or in the BBN code.

This concludes our study of the direct productionLgfa

from v« vg 0scillations. We now consider the alternative,
but more complicated case of the indirect productiorh.pef

from a largeL », asymmetry.

-0.40

-0.60

-0.80

-1.00

-1.20

107 10" 10°

FIG. 2. SNEEN versus|sm2{. The dashed line is the contribu-

20

8N BBN

eff

IV. CASE 2: IMPLICATIONS FOR BBN IN THE FOUR

03 NEUTRINO SCENARIO WITH M, >M, .M, M,

We now discuss the second scenario of Ref, that is a
four neutrino model with

10? o
sm¥eV?

FIG. 3. Same as Fig. 2 exceme<0 is considered. m,,7> mVﬂ’mVe’mVs' (22)
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We will first deviate from Ref|3] by considering the simpler

PHYSICAL REVIEW D 61 023516

T3] Dy : ! dl,,  |d(P,/T)|
case where the muon neutrino is ignored. Strictly, this would a7 = X274 ,
only be possible if the mixing angle satisfies 2@'0}” T T |
=<fewx 10" 0. This case is simpler because there are then dL
only two important oscillation modes; « v, and v, < v,. V”—O (26)
Moreover, these two oscillation modes always have quite dT
different resonance momentum, so that they can each be de-
scribed by two flavor oscillations. Latéin Sec. IV B we  where
will consider the alternative case where 2Qi@,zfew T
x 10 % and oscillations are also important. _ _
Ve n P X1= [N, (P1) =Ny (Py)],
Y
A. Decoupled muon neutrino
. . . T
If we ignore the muon neutrino, then there are two oscil- Xo=—[N; (P,)—N, (P,)]. (27
lation modes with approximately the saf®n?|, which we n,- s ¢
2 .
denote asiMizge: Expanding out Eq(26) we find
VT<_) VS! VT<_) Ve " (23) d L d L
VT_ ”e
Note thatsmp, ,~m?_given Eq.(22). We will consider the VigT @t BgT
parameter space region where #a? values of all the other
oscillation modes are small enough so that they can be ap- d'—ye d'—y,
proximately neglected for temperaturgés=0.4 MeV (this Y2747 =d+p aT ! (28)
will be true if the 5m? of these other oscillation modes are
all much less than about 1 &)/ This last condition means where
that these modes will not significantly affect the neutron/
proton ratio and hence cannot significantly affect BBN. A(PL/T) A(P,IT)
In the following discussion we consider the cdse>0 yi=1-faX L, 7L,
for definiteness. This means that the— v generatelL, ’ ’
L= = _ . ’ 2f1 %Py F2XoP;
while v_«— v, oscillations reprocess some of this asymmetry = TL T
into L, Note that in this scenario the sign bte is neces- 1 2
sarily the same as the sign bf,r. A(P,IT) f,X,P,
The evolution of this system can be described by a yo=1+1,X, L T
straightforward generalization of the two-flavor case given in Ve 2
Eq.(14). In this case there are two MSW resonanaes; vs - a(PLIT) (P, IT)
and v~ v,. We denote the resonance momentum of these a= 1X1<9—T+f2X2<9—T
two oscillations byP; and P, respectively. They are related
to the neutrino asymmetries and temperature through the =—4f X, P, /T?— 41 ,X,P,/T?,
equations
A(P,IT) A(P,IT)
Py SMirge Py _ SMirge 24 Bsflxl—(ﬂ_y +f, 2oL
T oaT, T aT, ) )
T f1X1P1 | F2X5P;
whereag=4+2¢(3)Gg /7? and?® L TL,
L,=2L, +L,, Lp,=L,-L,. (25 a(P,IT)
= - f2X2T:4f2X2P2/T2,
The evolution of the lepton numbers can be obtained by a
straightforward generalization to Eq4.1)—(14): APLIT)  F,X,P,
= (29

d(P/T)]
dat | 72

d(P,/T)|
dT

dL,_
T

T TL,

and f;=1 for d(P;/T)/dt>0 andf;=—1 for d(P;/T)/dt

<0 (i=1,2). Solving Eq(28) we find

Owe neglect theL v asymmetry (and small baryon-electron
asymmetrieswhich is a valid thing to do provided that it is less
than about 10°.
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dL, tions are approximately —maximal wrth|5m”s|~
dL, 9tPgT X103 eV? (as suggested by the atmospheric neutrino
- (30) anomaly, then thev ,« v oscillations can potentially popu-
dT Y2 late the sterile neutrinos at the high temperature

: . : ~8 MeV. However, this does not happen if theis in the
| t t te th t t th g
n order to integrate these equations we need to specify 8/ mass rangéfor a large range of si26.) [2.4.6]

values ofl., (or equivalentlyP, /T) atT=T/2."* The high In Fig. 4 we plot the evolution of the neutrino asymme-
temperature evolution typically does not generate S'gn'f'ca”ttnes L L for three examples 5m| Jev?
’ arg

L,,ie.t caIIL<L . So we haveP,/T~0.3P,/T ,
v ! ypicaly W Ve 2 =0.1,10,1000. As these figures show, for low values of

=l 2P1 /T 2
The evolution of the number densities is treated in a simi- 5m|arggeV the transfer ot.,, from L, _is not very efficient,

lar fashion to the previous section. Specifically, the Msw This is expected because the transfer of asymmetry relies on

transitions effect the adiabatic conversions the repopulation to distribute the, away from the momen-
L L tum region where it is creatg@de. p=P;) to the momentum
vy =lve),  |v)e—lve), (31)  region wherev, < v, oscillations are importanti.e. atp

~P,). As 5m|arge increases the temperature where the

asymmetry is created increases which makes the transfer to
L,,e more efficient because of the faster repopulation rate.

at p=P, andp= P, respectively. This means that Bs,P,
sweeps through the,,v, momentum distributions,

N5 (P;)—N; (Py), The implications for BBN are shown in Figs. 5 and 6.
© i Figure 5 treats theL,,e>0 case, while Fig. 6 displays the
N5 (P;)—N; (Py), L,.<0 case. As before, our results have a theoretical uncer-
’ ) tainty which is dominated by the approximate treatment of
N, (P,)—N; (Py), repopulation. This uncertainty is expected to be typically less
¢ ! than aboutsNSEN~0.2 (obviously we expect this uncer-
Ny (P2)— N5 (Py). (32)  tainty to be much smaller than this whéaNg(" is smal).

In the Lv7,>0 case there is a dip at arounfm?®~

In our numerical work the continuous momentum distribu-—15 e\2. This can be qualitatively understood as follows.
tion for each flavor is replaced by a finite number of “cells” For 6m?~ —15 e\? the repopulation rate is not so rapid.

on a logarithmically spaced mesh. As the momen®ymP,  This has two obvious effects: First, the thermalization of the
passes a cell, the number density in the cell is modified acy, momentum distribution is not so rapid and this would lead
cording to Eq(32). Of course weak interactions will repopu- to less efficient production df , . This effect would lead to

late some of these cells as they thermalize the neutrino moy yecrease lhy (and hence decrea*ﬁél\le”ND Second, the
mentum distributions. We take re-population into account
effect of a slow repopulation rate on the, distribution

approximately with rate equations of the form of H4.) would be expected to have the opposite effect. The reason is

(for both v,=v, and v,=v,) and compute the chemical . o S
potentials via the procedure discussed in the Appendix. that the momentum at which,, , Creation is most significant

As in the case of the previous section, the evolution igS in the high momentum tail. This is becaus®, /T

approximately independent of &#9,¢,sir20,. as long as ~ ~2P1/T and significantL, is not generated untiL, is
" sufficiently large, i.e. roughI3Pl/T>2 The d|stort|on of
T . eV? the v, distribution in the high momentum tail greatly en-
fewx 10 1%<sinf26, . <fewx 10 om hances the effects for BBN because these effects depend
arg

quadratically on the neutrino momentum. Evidently our nu-
fewx 10~ 10< sir22 0.0, (33) merreal work indicates that the second effect dominates over
the first effect.

where the lower bound comes from adiabaticity while the Finally, we now consider the more interesting, but more

upper bound comes from the requirement that: v oscil- complicated case with the muon neutrino included.
lations do not populate the sterile states at high temperatures
before the neutrino asymmetry is initially generated. Of B. Including the muon neutrino

course we have implicitly assumed that the— vg,v, < v
oscillation modes do not significantly populate the sterile
neutrinos before BBN. This is a valid assumption for a Iarge
range of parmaters even if the mixes with large mixing
angles withv, and/orv.. For example, ifv,« vg oscilla-

When the muon neutrino is includdde. sir?2¢9 = few
X 10719 there are three oscillation modes with approxr-
, which we again denote aSm,arge.

Vo Vg, VoV Vo Vg (34

T J7Rl

All the other oscillation modes have much smallém?|
H0f course we also need to specify the initial sighs,which we  values. As before, we will consider the parameter space re-
take as positive. Subsequent evolution does not change these sigggon where theSm? values of all the other oscillation modes

023516-8
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10°

L @)

10" 107 10'
T/MeV

10" 10° 10'
T/MeV

10'E

107F e

10°E N3

10.4 -1 IO 1
10 10 10
T/MeV
FIG. 4. Low temperature evolution ofL, /h L, /h (h
=T3/T3) for the model of case 2Sec. IV A). @, (b) and (c)
correspond to the parameter chmcéssnIarge 0.1 eV 5m|arge
=10 eV? and smf, .= 1000 eVf respectively.

are small enough so that they can be approximately ne-
glected for temperature$=0.4 MeV. This last condition
means that these modes will not affect the neutron/proton
ratio and hence cannot significantly affect BBN.

In the following discussion we again consider the case

L, >0 for definiteness. This means that the- v generate

023516-
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-0.20

-0.40

-0.60

-0.801 =

100 . . X .
10" 10° 10! 107 10° 10*

sm¥/eVv?

FIG. 5. 6NEEN versus(SmIarge for the model of case 2Sec.
IV A). The dashed line is the contributidaNEE" due to the effects
of theL, asymmetry while the dash-dotted line is the contribution
5,NEEN due to the change in the expansion rate. The solid line is
the total contributionsNEEN= 5,NEEN+ 5,NEEN . This figure con-
siders the cask, >0.

L,_while the other two oscillation modes reprocess some of
this asymmetry intd. Ve,L,,H. In Ref.[3] this system was first
considered in this context. There, it was assumed Iﬂ),gt
=L, . While this is a good approximation for large enough

values of|8m?, it is not always valid(as we will show
below). In the following we will not assume this and con-
sider the effect of the three oscillation modes.

At this point one may legitimately worry about 3-flavor
effects. This is because the resonance momentum of the
v, ve and v v, oscillation modes are expected to be
approximately equal. However, it turns out that these oscil-
lations tend to be dynamically driven apart as we will ex-
plain later on. Thus, it turns out that it is actually reasonable
to treat all three oscillation modes independently as 2-flavor
MSW transitions. In the earlier papg3] this issue was not
fully discussed, so our treatment here improves on R3f.

In this system there are three MSW resonanees; vy,

v,v, and v < v.. We denote the resonance momentum

120
BN
SN
1.00

0.80

0.60

0.40

10" 10° 10' 10° 10° 2 210‘
dm“/eV

FIG. 6. Same as Fig. 5 excep;,e<0 is considered.
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of these three oscillations by,, P, and P; respectively. IPLIT)  fX,P,
They are related to the neutrino asymmetries and tempera- Y3=1+f,X; &L = L
ture through the equations 2

IA(PLIT A(P,IT I(P3IT
P; 5mﬁarge (P )+fX (P2 )+fX (Ps/T)

=, (35) A=t X e X
T a T,

= — 2_ 2 2
Wherei=1,2,3,a054\/§é’(3)GF/7T2 and Af X P ITo =41, X,P, [T =41 3X3P3 /T4,

Li=2L, +L, +L,, L=L,-L,, Ls=L,-L,. p=tyx, 2P s AP/
(36) (9L,,e (9L,,e
Using a similar procedure to the previo(sibsections, we B —f1X4Py n f3X3P3
have T, TLy '
dL,, [d(Py/T)|  |d(Po/T)| _ |d(P5/T) _a(PLIT) I(P,IT)
at YTt |7y ar | dT ) y=hXa g e
I3 I3
dL,,e_ d(P3/T) _ _f1X1P1+f2X2P2
dT "% dT |’ Thy Lz
A(P3IT
d"”uzx d(P,/T) 37) =—f3x3%=4f3X3P3/T2,
dT "% dT |’
where _ ey 9(PSIT)  f5X5Ps
p=—TXs =5 TL;
T T
X1=—[N, (P1) =N, (Py)],
Ny 7 | — 1,2t o, T
n=—1a2A2 T 2722 )
T
XZE n_y[NVT( PZ)_NVM(PZ)]. ¢=_f (9( PZ/T) _ f2X2P2 (40)
- T TL,
Xg= 1INy (P3) =Ny (Po) . B8 andf,=1 for d(P,/T)/dt>0 andf,=—1 for d(P,/T)/dt
. . <0 (i=1,2,3). Solving Eq(39) we find
Expanding out Eq(37) we find
dL,_ dL, dL dLVe: Oya(Y1Y3— yé) + pya(ays+yn)
YigT dT =at BT daT +7 dT dT Y2Y3(y1Y3_7¢)_P,3y§ ’
dL, Ve dL dL
Yo gt =0t P gt dL, et yntBYs gt
dL dL aT Y1Y3— v¢ ,
dL,,M 1 dL,
where dT s nté dT (42)
J(P1/T) A(P,IT) A(P3/T)

y1=1-f1X; In order to integrate these equations we need to specify the
values ofL, (or equivalentlyP;/T) atT=T./2. The high

temperature evolution typically does not generate significant

o, oL, L,

2. X4P foXoP,  f3X3P
—qp Y1 27272 (3783 L, Ly, (e typically L, L, <L,). So we havePy/T

T L. TLs ~0.3P,/T=P3/T=2P,/T. Now, there is no reason why
a(P3/T) f4X3Ps P, /T should exactly coincide witP5/T (although it will be
yo=1+1f3X; = , approximately equal In fact for these two oscillations,
L, Tls P,/T=P3/T is not dynamically stable as we shall now ex-
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plain. The behavior of oscillations such as thésethe con- 10’
text of a quite different modglhas been studied in some E
detail in Ref.[9]. Generically there are two possible out- L
comes. Either the evolution of lepton number is such that it ;|
drives P,/T—P3/T or the evolution of lepton numbers is E
such as to drive them apart. To figure out what is going to
happen imagine thaP,/T is slightly less thanP5/T. In o

other words thev_« v, oscillation resonance preceeds the — F.ocoooooccco__ ]
v, v, oscillation resonance. This means that the- v, e h

resonance will efficiently interchang_e, and?e states at the
resonance. This will transfer sontg, to L, and will thus

(@)

10°E E

speed up the resonance a bit since it is inversely proportiong [~ T .

. - — — u A
to the difference oL, andL, . The trailingv < v, reso- 10° . "

. o ve . ook 10" 10° 10
nance will be less effective in transferrlngf toL v because T/MeV

at this resonance there will be approximately equal numbel

of v, and v, states thanks to the efforts of the« v, reso-

10°

nance. Thus the two resonances will slowly move apart until L (b)
eventually they will be far enough apart so that the thermal- L,

ization due to the collisions will be rapid enough to thermal- °f E
ize thew, spectrum such that tHeVM is created at approxi- L,

mately the same rate as the . For definiteness, we will S

assume as our initial condition th&s;/T>P,/T. For our el P E

numerical work we will assume th&;/T=1.01P,/T ini-
tially. This could be due to a slightly largefém?Z|
>|6m§M| for example. We found very similar results for
even smaller choices such Bg/T=1.001P,/T.

It is straightforward to numerically integrate the evolution
equations(41) with T=T/2 “initial conditions” as de- 107 - A o
scribed above. We keep track of the number distributions of T/MeV
all 4 flavors(using a completely analogous procedure to the
previous casesIn Fig. 7 we plot the evolution of the neu-
trino asymmetries, LV,JLV,;Lve' for three examples, L

5mérgelevz=0.1,10,1000. The implications for BBN are
shown in Figs. 8 and 9. Figure 8 treats th,%>0 case, while
Fig. 9 displays the., <0 case. As these figures show, this
case is very similar to the previous results where the muor
neutrino was neglected. Of course if we had started with
P,/T>P3/T, then theL,,M andLVe are approximately inter-
changed. In this case, the modification N\§&" would be o "
somewhat smaller, especially for lower values&mérge.
Let us compare our results with the original work in Ref. |
[3] and the more recent work of Ref10]. In Ref.[3] we
made the approximation that the repopulation was instanta 19} Ing o'
neous above about 1.5 MeV. We also assumed that T/MeV

:LV# and derived evolution equations consistent with that £ 7 Low temperature evolution dfy,/hyl-y#/h,l-ye/h (h

assumption. We found thatNEEN~—0.5 for L,.>0 and  =T¥T3) for the model of case 2Sec. IVB). (a), (b), and (c)
SNEEN~0.4 forL, <0 for correspond to the parameter choicémp=0.1 eV?, dmb e
e =10 eV? and dmf, 4= 1000 eV? respectively.

‘\ *
3 Y
10°¢ NN E
N
N

10

10"

-2

10=< 5m§,ggev25 1000. (42)  suggests a lower decoupling temperature. For lthe<0
case the effect is underestimated by about 0.4NZ5 in
) Ref. [3]. This difference is partly due to a mistake in the
For thel, >0 case the results are in rough agreement oy merical work of Ref[3] which we have recently discov-
Smp, =100 e\2. The difference for largedmy, 4o is due to  ered.
the more accurate treatment of chemical decoupling which In Ref.[10] they consider the case of Sec. IV A of this
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ook ‘ ' Figs. 8 and 9 where the muon neutrino is included. These

SNER L results are in rough agreement with our earlier conclugon
020} | that SNgf;'~—0.5 for the case of positive,_for the pa-

rameter range, Eq(42). Notice that the figures show a
slightly larger effect forém?~10 e\? where the slow re-
population rate becomes importafRef. [3] assumed that
repopulation was instantanegusilso the more accurate
treatment of repopulation in the kinetic decoupling region
suggests a largeiNERN for | m?|/eV2=100 than was found
previously.

We conclude by emphasizing once more that the detailed
predictions of models with light sterile neutrinos are quite

-1.004 - - - - . model dependent. Quantitatively different results occur for

10 10 10 10 10 10 . . .
smYeV? four neutrino models with approximately degeneratg v,
[7], as well as in six neutrino models with three light sterile

FIG. 8. SNZR" versus omf, . for the model of case 2Sec.  neutrinos approximately maximally mixed with each of the
IV B). The dashed line is the contributiéaNEE" due to the effects  ordinary neutrino$9]. It is a remarkable prospect that accu-
of the L, asymmetry while the dash-dotted line is the contributionrate determinations of the primordial element abundances, as
5,NEEN due to the change in the expansion rate. The solid line isvell as forthcoming precision measurements of the anisot-
the total contributionsNEEN= 5,NEEN+ 5,NEEN | This figure con-  ropy of the cosmic microwave background, may one day
siders the cask, >0. help to distinguish between competing models of particle

physics.

section, i.e. neglecting the muon neutrino. Their results do
not seem to be consistent with ours, expecially |Ig£>0.

We do not know the reason for this.

-0.20

-0.40

-0.60

ACKNOWLEDGMENTS

The author thanks R. R. Volkas and T. L. Yoon for com-
V. CONCLUSION ments.

We have made a detailed study of several “four neutrino
scenarios” which can generate significr:in,l;e asymmetry, APPENDIX: REPOPULATION

thereby affecting BBNthese scenarios were first discussed ider for defini h —, — it
in this context in Ref[3]). In the first case we considered the ~ CONsider for definiteness the caseigf vs oscillations
direct production ofL,_from v v, oscillations. Our re- Which generate a large, . Thev,« v oscillations depelete

sults are shown in Figs. 2 and 3. Clearly very large modifi-the v, states at the MSW resonance. Elastic collisions will
cations to BBN are possible and depend sensitivelysar tend to thermalize the momentum distributions so that they
[but are approximately independent of %@ as long as can be approximately described by chemical potentials,
sirf26 is in the range, Eq7)]. The results also depend criti- while inelastic collisions will create and modify the chemical
cally on the sign ot , . We also studied the indirect produc- potentials. Let us denote the total elastic and inelastic colli-
tion of L, from L, . Our results are given in Figs. 5 and 6 sign raltelszby the notatiohf; T, respectively. It happens that
for the case where the muon neutrino can be neglected arfd:>1 o+~ SO it makes sense to describe the neutrino distri-
butions in terms of chemical potentials and a common tem-
perature throughout the chemical decoupling period (2
<T/MeV=4). We emphasize that the actual momentum dis-
tribution is always computed from Eq. (17); the purpose of
this present discussion is to work out the evolution of the
chemical potentials which are needed on the right-hand side
of Eq. (17).

The chemical potentials are related to the lepton number
by the equation

1.00
SN
0.80

0.60/

0.40

020 . 1 (= x%dx 1 fw x2dx
of o 40(3)Jo 1+e Ha 4L(3)Jo 1+ e Ha’
i ) . . . (A1)
10" 10° 10' 10° 10° 10
sm’/eV’
FIG. 9. Same as Fig. 8 excebf, <0 is considered. “Numerically'§/T'=6.3, I';, JT"}, ~8.0.
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TABLE I. Inelastic processes together with their thermally av- 1.40
eraged interaction rates.

Process Rate ]
Q) v,y HVMV’LL FI1:F0 T
(2) Vv, Veve I'y=F, i
B v ;<—>e+e‘ I'h=(8x>—4x+1)F,
(@) v, v, veve Iy=Fo )
(5) v,v, e e IE=(8x2—4x+1)F, ]
(6) vevesete” I'E=(8x2+4x+1)F,
020 L |
10 10
where,ua Mo, IT, ,ua Mo, /T and{(3)=1.202 is the Rie- T/MeV
mann zeta functlon of 3. Expandlng out the above equation, 10
wT
0.80} (b) ]

L=t [72(m,— ) — 6(n2—12)In2
Vg 24{(3) Mo~ Mo My Iu’a
+(ud—ud)]. (A2)

This is an exact equation fqr,= — u; otherwise it holds

to a good approximation provided tHﬁta,jsl. If we turn

off inelastic collisions for a moment, and assume that the
oscillation generated.ya is positive, then the oscillations

generate a large ;. The evolution ofu due to the genera- R 1
tion of L, (i.e. due to oscillationscan easily be obtained T To'
from Eq. (A2), T/MeV
FIG. 10. Evolution ofﬁa;for the model of case ESec IV A).
dﬁ; 24¢(3) dL,,u d;’“a‘ (@ and (b) correspond to the parameter chomﬁslarge 10 eV?
a7 =3 = ~2| 417 dT| =0. and 6m|arge 200 e\? respectively. In the figures the thin solid,
osc | T _12'“3'”2+3f“§ osc dashed dash dotted dotted and thick solid Ilnes correspond to
(A3) ,LLe,/,L/L,,LLT,,LLe and w; respectively. Note tharu# ,uﬂ in this

case.
Now, let us turn on the inelastic collisions and see what

happens. There are six inelastic processes, which we list i
Table | together with their thermally averaged interaction
rates[20].

In the above tablex=sir?4,, is the weak mixing angle
(sirf6,~0.23), andF o=(GZ(p)?/6m) n,~0.13GET°. Con-
sider the first process listed in the above table. This process

Eor convenience we have normalized with respect to the
number of neutrinos in a Fermi-Dirac distribution with zero
chemical potentialny=3(3)T%/472. Let us further make
the useful approximation that

will change the number oiT,Z,VM ,a states such that N, (p)ze*;uNO(p), N (p):e’I‘ZNO(p),
an., :E B B (A4) Ne+(p)=No(p), (A6)
dt |, dt], dt |, dt W

where Ng(p) is the Fermi-Dirac distribution with zero
where the subscript [{;)” denotes the contribution to the chemical potential. Note that the” distributions have zero
rate of change due to the proceds in the table. The rate Cchemical potential due to the very rapid collisions with the

can be expressed approximately as follows: background photonsee e.g. Ref13]). Thus, with the above
approximation, Eq(A5) can be expressed in the simple form

d(n /no

ff[N (PN (p') .
gt | . =, 1 )T (A7)

=N, (PN, (p")]o1(p,p")dpdp'. @

(A5)  where nVaEe’N*“, ﬂ?aEe’N‘;. Clearly, we also have that

(1)
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dv, | dm, | dny, ) d7y,

dt |, dt (1)__ dt (1)__ dt |’
dn,, d7,,

|, ", (A8)

(1)

A similar set of equations can be obtained for the other five

inelastic processes. Putting this altogether, we have

dz, d, ° dn,
dt repop dt repop =1 dt (i)
= (0, 7, = 10, 1)V 1+ (0 77,= 00 )12
+(1= 7, 7,73,
— 6
dz, _d7, .S dz,
dt dt =1 dt |
repop repop (i)
= (0,77~ m0, 00 )U 1+ (0 775,= 10 70, )l
+(1=7, 7, )Ts,
dz,, dy,, ° d7,,
dt repop repop =1 dt (i)
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_ _ | _ - |
=0 70 = m M)Vt (0 77 = 10 77, )1

+(1=7,,7,) 6. (A9)

Of course the total rate of change of,,« is given by

+dﬂa ,
dt
osc repop

Qe Ot
dt  dt

dugl

dpy dug
Fa_Odia)

at
0osc

dt ~ dt

(A10)

repop

The above equations can be used to approximately compute
the set of chemical potentials. Then using EdS) the evo-
lution of the set of number distributions can be obtained.

In Fig. 10 we give the evolution o}la; for some illus-
trative examples. In the figure we consider the model dis-
cussed in Sec. IVA with the parameter choident,
=10 eV? for Fig. 10(8) and dmp, 4= 200 eV for Fig. 10b).

We have also compared the above repopulation procedure
with the simpler procedure of a fixed decoupling tempera-
ture, Tgec, Wheren, =—u, for T>Tgecand i, frozen

(in the casd., >0) for T<Tg,.. We get rough agreement
provided thafT§,.~3 MeV.
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