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Implications of mirror neutrinos for early universe cosmology
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~Received 30 June 1999; published 26 January 2000!

The exact parity model~EPM! is, in part, a theory of neutrino mass and mixing that can solve the atmo-
spheric, solar and LSND anomalies. The central feature of the neutrino sector is three pairs of maximally
mixed ordinary and mirror neutrinos. It has been shown that inter-family ordinary-mirror neutrino oscillations
can generate large neutrino asymmetries in the epoch of the early universe immediately prior to big bang
nucleosynthesis~BBN!. The large neutrino asymmetries generically suppress the production of mirror neutri-
nos, and a sufficiently largene asymmetry can directly affect light element synthesis through nuclear reaction
rates. In this paper we present a detailed calculation of neutrino asymmetry evolution driven by the six-flavor
EPM neutrino sector, focusing on implications for BBN.

PACS number~s!: 98.80.Cq, 14.60.St, 11.30.Er, 26.35.1c
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I. INTRODUCTION

It has been known for a long time, but not widely appr
ciated, that parity can be a symmetry of nature if the part
content is doubled@1–4#. In this circumstance, for each o
dinary particle there is a mirror particle of exactly the sa
mass as the corresponding ordinary particle. The mirror p
ticles interact with each other in exactly the same way t
ordinary particles interact with themselves. The mirror p
ticles are not copiously produced in any laboratory exp
ments because they either do not couple, or couple extrem
weakly, to the ordinary particles. In the modern language
gauge theory, the mirror particles are all gauge singlets un
the standard modelG5SU(3)c^ SU(2)L ^ U(1)Y gauge in-
teractions. Instead, the mirror particles interact with a se
mirror gauge particles. This is mathematically described b
doubled gauge symmetry of the theory; that is,G is extended
to G^ G. ~The ordinary particles are of course singlets un
the mirror gauge symmetry.! Parity is conserved because th
mirror particles experienceV1A mirror weak interactions
instead of the usualV2A weak interactions.

The ordinary and mirror sectors can interact with ea
other in a number of ways. All of these interactions ap
from gravity can be controlled bya priori arbitrary param-
eters. Apart from the irremovable gravitational interactio
there are three other ways in which ordinary and mirror p
ticles can interact with each other. Two of these are phot
mirror photon ~and Z–mirror-Z) kinetic mixing @3,5# and
Higgs-boson–mirror-Higgs-boson mass mixing@3#. If one
demands that the reasonably successful big bang nucleo
thesis ~BBN! predictions not be greatly disturbed, then
seems unlikely that these interactions can have observ
laboratory implications. See Refs.@6,7# for details.1

*Email address: foot@physics.unimelb.edu.au
†Email address: r.volkas@physics.unimelb.edu.au
1In particular extensions of the exact parity idea, neutral ga

boson kinetic mixing and/or Higgs boson mixing may not be co
trolled by an independent arbitrary parameter. For instance, in e
parity extensions of grand unified models such as SU~5! the kinetic
mixing parameter is calculable as a function of other parameter
the theory@5#.
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Neutrinos provide a third possible interaction between
ordinary and mirror sectors.If neutrinos have mass, the
mass mixing between ordinary and mirror neutrinos is po
sible. This leads to very important experimental tests of
exact parity idea.We call theG^ G extension of the stan
dard model the exact parity model~EPM! @3,4#. It is, in part,
an explicit theory of neutrino mass and mixing. It is a ca
didate for the standard model extension called for by so
atmospheric and accelerator neutrino experiments
strongly suggest the existence of neutrino oscillations. On
ing and future terrestrial experiments, such as SuperKam
kande, the Sudbury Neutrino Observatory~SNO!, Borexino,
the long and short base line neutrino oscillation searches
other experiments, will in the next few years provide impo
tant new clues in the search for a theory of neutrino mass
mixing, and will further test the proposed EPM resolution
all of the anomalies.

Of course, if mirror matter exists, then there should
dramatic implications for astrophysics and cosmology
well as particle physics. Some studies@2# suggest that mirror
matter is an interesting candidate for dark matter. In fa
there is some evidence that mirror stars may have alre
been discovered in the MACHO experiments@8#. Another
exciting possibility is that gamma ray bursts may be due
collapsing or merging mirror stars@9#. Of direct relevance to
the present paper, however, is the observation that early
verse cosmology, through big bang nucleosynthesis, st
ture formation and in the near future through detailed cos
microwave background measurements, should provide
portant new information about the cosmological role of ne
trino physics. This information may thus also provide a t
of the EPM. Indeed, the purpose of this paper is to perform
detailed study of the early universe cosmology of the EP
with particular emphasis on BBN. Before embarking on th
analysis, we will briefly review why the EPM supplies a
interesting theory of neutrino mass and mixing, and theref
why some effort to study its early universe cosmology
justified.

It was pointed out several years ago@4# that the EPM
provides an interesting theory of neutrino mass for o
simple reason: the exact parity symmetry between the o
nary and mirror sectors forces an ordinary neutrinona (a
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5e,m,t) to be maximally mixed2 with its mirror partnerna8 .
It is certainlyvery interestingthat the atmospheric neutrin
observations of SuperKamiokande@11# and other experi-
ments @12# point to the muon-neutrino being maximal
mixed with another flavornx . It is known thatnx cannot be
the ne @13#, which leavesnx5nt and nx5ns as the viable
possibilities@14,15#, where the subscripts denotes a sterile
neutrino. The EPM provides a natural candidate fornx ,
namely the mirror muon-neutrinonm8 . As far as terrestrial
experiments are concerned, thenm8 is a sterile flavor.

Since the confirmation of atmosphericnm disappearence
by SuperKamiokande, a significant amount of theoretical
fort has gone into trying to explain the large mixing ang
observed. This work has focussed almost entirely on thenx
5nt possibility. It is interesting to note that in the immedia
past, small interfamily mixing, as observed for the qua
sector, was considered to be natural also for the lepton
tor. With the advent, in particular, of the beautiful SuperK
miokande results, this theoretical prejudice is now be
criticized. Our proposal is completely different from any cu
rent effort to realize largenm2nt mixing. We simply argue
that the connection between exact parity symmetry
ordinary-mirror neutrino maximal mixing is an especial
elegant and simple explanation of the large mixing an
observed in the atmospheric neutrino experiments.Since this
points tonx beingns rather thannt , a neutral current atmo
spheric neutrino measurement is vital@16#.

Intriguingly, there is independent experimental eviden
for large angle neutrino oscillations from another set of m
surements: maximal mixing between the electron-neutr
and some other flavor is well motivated by the solar neutr
problem @4,17,18#. In the EPM, the ‘‘other flavor’’ is of
course the mirror electron-neutrinone8 . Such a scenario lead
to an energy independent 50% solarne day-time flux
reduction3 for a squared mass difference greater than ab
3310210 eV2, and to a ‘‘just-so’’ picture for a square

2Of course this result only holds if the parity symmetry isnot
brokenby the vacuum. In Ref.@3# it was shown that this occurs fo
a large range of parameters with just the minimal Higgs secto
one Higgs doublet and one mirror Higgs doublet. It was explain
in Ref. @10# that if additional Higgs scalars exist, then the par
symmetry can be spontaneously broken with the mirror electrow
symmetry breaking scale left as a free parameter. It was argue
Ref. @10# that such a scenario could be motivated by the neutr
anomalies. Of course the implications for neutrino experiments
early universe cosmology of the model in Ref.@10# are quite dif-
ferent from the minimal case considered in the present paper, w
the parity symmetry isnot broken by the vacuum.

3In a very interesting recent paper, Guth, Randall and Serna@19#
have pointed out that an energy-dependent day-night effect in
eral exists for solar neutrinos even if the vacuum mixing is ma
mal, thus correcting a misconception shared by the present au
and some of the rest of the community. It isnot correctto conclude
that maximal oscillations out of the ‘‘just-so’’ regime always lea
to a completely energy independent suppression, because the
time rate is in general energy-dependent due to matter effects in
Earth.
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mass difference in the approximate range4 few310211→3
310210 eV2. The most recent solar neutrino data, compa
with the most recent solar model calculations@22#, show that
four out of the five solar neutrino experiments observe cl
to a 50% flux deficit.~The chlorine experiment sees a grea
than 50% deficit.! The detailed implications of the solar neu
trino situation, though surely indicative ofne oscillations, is
not at present as clear as the atmospheric neutrino situa
For various reasons, more experiments are needed: the
tively low Chlorine result needs to be checked by anot
experiment, and the cause and existence of the apparen
tortion of the ‘‘boron’’ neutrino energy spectrum require fu
ther investigation. Of particular relevance for the EPM, w
will presumably soon find out from SNO whether the so
neutrino flux contains a significant sterile component.

Notice that no mention was made of the Liquid Scintill
tor Neutrino Detector~LSND! observations@23# in advocat-
ing the existence of what are essentially light sterile neu
nos. It has become commonplace to motivate light ste
neutrinos from the inability of three-flavor oscillations to s
multaneously resolve the atmospheric, solar and LS
anomalies. We have used this argument ourselves.
would, however, like to emphasize that our obsession w
the EPM arose from the maximal mixing feature, long befo
the advent of LSND.

Let us turn, then, to the cosmological implications of m
ror neutrinos. The distinction between mirror neutrinos a
strictly sterile neutrinos, which is totally unimportant for te
restrial, atmospheric and solar neutrinos, is of some sign
cance in the early universe. This issue will be discussed
depth in later sections. For the purposes of these introduc
remarks, however, the distinction need not be made. Man
the qualitative features of sterile neutrino early universe c
mology pertain also to mirror neutrinos.

In recent years, the physics of active-sterile neutrino
cillations during and before the BBN epoch has been
examined@24–29#. Prior to this re-analysis, it had been co
cluded that light sterile neutrinos were cosmologica
disfavored for much of parameter space@30#. Focusing on
the nm→ns solution to the atmospheric neutrino problem
way of concrete example, it had been concluded that
oscillation parameters required would lead to thens being
thermally equilibrated prior to BBN, thus increasing the e
pansion rate of the universe and worsening agreement
tween theory and primordial light element abundance m
surements. However, it was subsequently realized@24# that
the explosive production of large neutrino-antineutri
asymmetries or chemical potentials by the active-sterile
cillations themselves had not been properly taken into
count in the early studies. Large neutrino asymmetries
nerically suppress active-sterile oscillations by making
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4There is also an interesting ‘‘window’’ arounddm2;5
310210 eV2 @20# which leads to an approximate energy integrat
flux reduction of 50% and can also explain the distortion of hi
energyE*13 MeV boron neutrinos suggested by recent Sup
Kamiokande data@21#.
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IMPLICATIONS OF MIRROR NEUTRINOS FOR EARLY . . . PHYSICAL REVIEW D61 043507
effective mixing angle in matter very small@31#. Detailed
numerical work has shown that, for a large region of para
eter space, the generation through the oscillations themse
of large neutrino asymmetries suppresses the productio
sterile neutrinos sufficiently for the expansion rate of t
universe during BBN to be essentially unaffected@25,28#.

Furthermore, unless the mixing between the electr
neutrino and the other neutrinos is really tiny, one expects
asymmetry to develop forne’s @26#. This has a direct effec
on the rates of the weak interaction processesnen→e2p and
n̄ep→e1n which help to determine the neutron to proto
ratio during BBN. A detailed calculation within a particula
neutrino mass and mixing scenario is required to work
the magnitude of this effect. It has been shown for two d
ferent ‘‘3 active plus 1 sterile neutrino models’’ that the ge
eration of ane asymmetry can be important@26,27#. In Sec.
V, we will for the first time explore this effect for mirro
rather than strictly sterile neutrinos.

Aspects of the early universe cosmology of mirror neu
nos were discussed in Ref.@32#. The present paper improve
and extends this analysis. Reference@32# focussed solely on
what we can call ‘‘high temperature neutrino asymme
evolution.’’ ~We will explain precisely what we mean by th
designation later on.! It showed that thenm→nm8 and ne

→ne8 solutions to the atmospheric and solar neutrino pr
lems, respectively, were compatible with BBN for a lar
range of parameters. In Ref.@32#, the calculations were car
ried out in the ‘‘static approximation.’’ In the present wor
we improve on these calculations by using the full quant
kinetic equations, rather than the above approximation
addition, we also analyze the ‘‘low temperature neutri
asymmetry evolution’’ that occurs immediately prior an
during BBN. The size and evolution of thene asymmetry
will be the main issue here.

Finally, let us remark that the neutrino phenomenology
the EPM is very similar to some models employing pseu
Dirac neutrinos@33#. Many of the implications for early uni-
verse cosmology will be qualitatively similar to the EPM
There are of course quantitative differences because the
ror weak interactions play an important role in the early u
verse through their impact on the matter potential and a
because they affect the momentum distribution of the mir
neutrinos. We focus on the mirror neutrino scenario in t
paper because it is arguably much more elegant from
model building point of view.~For example, the seesa
mechanism can be invoked to understand the smallnes
both the neutrino and mirror neutrino masses@4#.! It is also
theoretically very well motivated because it restores parity
an unbroken symmetry of nature.

The outline of this paper is as follows: In Sec. II w
define and motivate the neutrino mass and mixing par
eters which we will use in our subsequent analysis. We a
very briefly review the neutrino asymmetry amplificatio
phenomenon. In Sec. III the quantum kinetic equations
ordinary-mirror neutrino oscillations are defined and d
cussed. In Sec. IV we compute the region of parameter sp
where thent↔nm8 oscillations generateLnt

and Ln
m8

asym-

metries in such a way that the maximalnm↔nm8 oscillations
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cannot significantly populate the mirrornm8 states. The main
issue here is whether or not thenm↔nm8 oscillations can
produce compensatingLnm

and Ln
m8

asymmetries such tha

the matter term fornm↔nm8 oscillations becomes unimpor
tant. In Sec. V the low temperature evolution of the neutr
asymmetries is studied in detail. The main issue here is
effect of the oscillations on BBN. In Secs. VI and VII w
comment on the implications of the EPM for the hot pl
cold dark matter scenario and the anisotropy of the cos
microwave background. Section VIII is a conclusion.

II. OVERVIEW AND ORIENTATION

The analysis of neutrino oscillations in the early univer
is complicated. In order to avoid the pedagogical dange
becoming mired in the full technical detail, we present firs
short overview.

There are six light neutrino flavors in the exact par
model: the three ordinary neutrinosne,m,t and their mirror
partnersne,m,t8 , respectively. In the absence of interfami
mixing, the most general neutrino mass matrix consist
with parity symmetry for each generation is contained in@4#

Lmass5@ n̄L , ~ n̄R8 !c#S m1 m2

m2 m1*
D F ~nL!c

nR8
G1H.c. ~1!

We have assumed Majorana masses for definiteness and
plicity, and one should note that the parity symmetry int
changesnL with g0nR8 . The quantitym2 must be real, while
m1 may be complex. However, the phase ofm1 can, without
loss of generality, be absorbed by the neutrino and mir
neutrino fields. In the phase redefined basis, the mass m
is diagonalized by the orthogonal transformation

Fn2

n1
G

R

5
1

A2
S 1 21

1 1 D F ~nL!c

nR8
G . ~2!

We see that the mass eigenstates (n6) are maximal combi-
nations of the weak eigenstates~and vice versa!. Obviously it
follows that if, as in the quark sector, the mixing between
generations is nonzero but small, then each pair of w
eigenstates,

~ne ,ne8!, ~nm ,nm8 !, ~nt ,nt8!, ~3!

is approximately given by an orthogonal pair of maxim
mixtures of the appropriate pair of mass eigenstates. We
the notation

ne1 , ne2 , nm1 , nm2 , nt1 , nt2 ~4!

for the mass eigenstates. The subscript in the above equ
is used to indicate the pair of states which relate to the c
responding weak eigenstates. In the limit of no mixing b
tween the generations,
7-3
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R. FOOT AND R. R. VOLKAS PHYSICAL REVIEW D61 043507
unt&5
1

A2
~ unt1&1unt2&), unt8&5

1

A2
~ unt1&2unt2&),

unm&5
1

A2
~ unm1&1unm2&), unm8 &5

1

A2
~ unm1&2unm2&),

une&5
1

A2
~ une1&1une2&), une8&5

1

A2
~ une1&2une2&).

~5!

Of course the exact expressions forna and na8 (a5e,m,t)
will in general be a linear combination of all possible ma
eigenstates when mixing between generations exists.
means that all possible oscillations modes among the
neutrino flavors are in general expected to occur. The
sumption of small mixing between the generations, toget
with the necessarily maximal mixing between the ordina
and mirror neutrinos of a given generation, implies that
tergenerational modes such asnt↔nm8 or nm↔ne will have
much smaller amplitudes than thena↔na8 modes ~in
vacuum!. The analysis to follow will only consider the re
gion of parameter space where vacuum mixing between g
erations is small.

In order to proceed, we also have to make a guess a
the pattern of mass eigenvalues. We will suppose that
neutrino sector is qualitatively identical to the quark a
charged-lepton sectors, with the masses displaying the s
dard hierarchy. We will further assume, most of the tim
that the mass splitting between the parity partners withi
given family is smaller than the interfamily mass splittin
Putting this together, we have the mass pattern

mnt1
.mnt2

@mnm1
.mnm2

@mne1
.mne2

. ~6!

The LSND result suggests that thee2m mass splittings are
of the order of 1 eV or so, although we will also consid
smaller mass splittings. If thee2m mass difference is of the
order of 1 eV, then to maintain the assumed mass hiera
the nt and nt8 masses should be larger than or about a f
eV. A mass in the few eV range would of course makent a
hot dark matter particle. Cosmological closure puts an up
bound of about 40 eV onmnt

. Analogy with the quark secto

suggests that neutrinos in adjacent families,e2m andm2t,
should mix more strongly thane2t. Furthermore, one migh
guess thata2b/a82b8 mixing should be stronger tha
a82b/a2b8 mixing if one believes that the more ‘‘closel
related’’ are the neutrinos the more strongly they should m
~Also observe that the parity symmetry forces thea2b and
a82b8 mixing angles to be equal, similarly thea82b and
a2b8 mixing angles.! Putting these guesses together w
the ne→ne8 solution to the solar neutrino problem and t
nm→nm8 solution to the atmospheric neutrino problem, w
arrive at the parameter space region5

5If 3 31025&umee8
2 u/eV2&1023, then the electron neutrino osci

lations will have potentially observable effects for atmospheric n
trinos. See Ref.@34# for details.
04350
s
is
ix
s-
er
y
-

n-

ut
e

n-
,
a

r

hy

er

.

mne1
,mne2

!1 eV,

10211 eV2&udmee8
2 u

[umne1

2 2mne2

2 u&1023 eV2,

mnm1
,mnm2

&few eV,

1023 eV2&udmmm8
2 u

[umnm1

2 2mnm2

2 u&1022 eV2,

few eV&mnt1
, mnt2

&40 eV,

udmtt8
2 u[umnt1

2 2mnt2

2 u!1 eV2, ~7!

with a mixing angle pattern as described above.
We wish to calculate the effect on early universe cosm

ogy of neutrino oscillations within the EPM. A full six-flavo
analysis is a daunting task, even with the parameter sp
restrictions discussed above. Fortunately, the physics of
problem allows some simplifications to be made without s
rificing too much in the way of rigor. In particular, we ca
build on what we already know about the early univer
cosmology of active-sterile neutrino oscillations.

It is useful to start by identifying four qualitatively differ
ent epochs:

~1! the quantum Zeno epoch, where neutrino oscillatio
are completely damped;

~2! the high-temperature epoch, where large neutr
asymmetries are initially generated;

~3! the low-temperature epoch, where decoherence ca
neglected; and

~4! the big bang nucleosynthesis epoch, where neutr
oscillations impact on light element synthesis.
We now very briefly, and qualitatively, discuss these epo
in turn. The mathematics needed to fully explain this cosm
logical history is available in previous publications and
later sections of this paper.

A. Quantum Zeno epoch

Neutrino oscillations in the early universe are always
some extent damped through collisions with the backgro
medium. As we look back toward the big bang, the collisi
rate increases asT5 ~below the electroweak phase transition!.
At sufficiently high temperatures, collisions occur so fr
quently that quantally coherent oscillatory behavior can
develop. The neutrino ensemble is frozen with respect to
flavor content~quantum Zeno effect!. In addition, the finite
temperature contributions to the effective matter potent
for many of the oscillation modes are high enough to ren
the associated matter mixing angles extremely small.
even with collisions artificially switched off, many of th
oscillation modes would have tiny amplitudes.
-

7-4
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IMPLICATIONS OF MIRROR NEUTRINOS FOR EARLY . . . PHYSICAL REVIEW D61 043507
B. High-temperature epoch

As the temperature decreases, collisional damping is
duced, and partially incoherent evolution of the neutrino
semble begins. For simplicity, we will in this and the ne
subsection very briefly review the evolution of thea-like
lepton number in the somewhat artificial case where only
na↔ns mode is operative. It was shown in Ref.@24# that
under the influence of this mode6 the a-like lepton number
Lna

evolves as per

dLna

dt
.CS Lna

1
h

2 D . ~8!

The a-like lepton number is defined by

Lna
[

nna
2nn̄a

ng
~9!

and is synonymously called the ‘‘a-like neutrino asymme-
try.’’ The quantity ni is the number density for speciesi.
Equation~8! holds provided that~i! the squared mass differ
encedmas

2 between the neutrinos obeysudmas
2 u*1024 eV2

and ~ii ! Lna
is small. The quantityh is set by the relic

nucleon number densities and is expected to be small:h/2
;10210. The termC is a function of timet ~or equivalently
temperatureT). At high temperature it turns out thatC is
negative, so that (Lna

1h/2).0 is an approximate fixed

point. However, ifdmas
2 ,0 @our dm2 convention is defined

in Eq. ~15! below#, thenC changes sign at a particular tem
peratureT5Tc , estimated to be@24#

Tc;16S 2dmas
2 cos 2uas

eV2 D 1/6

MeV. ~10!

At this temperature, rapid exponential growth of neutri
asymmetry occurs, unless sin22uas is very tiny @see Eq.~11!
below#. The generation of neutrino asymmetry occurs b
cause thena→ns oscillation probability is different from the
n̄a→ n̄s oscillation probability due to the matter effects in
CP asymmetric background. As the asymmetry is crea
the background becomes moreCP asymmetric because th
neutrino asymmetries contribute to theCP asymmetry of the
background. This leads to a period of runaway exponen
growth of the neutrino asymmetry for a large range
parameters7 @25,32# summarized by

6For the purposes of this introductory discussion, the distinct
between mirror and sterile neutrinos will often be neglected.

7In the region of parameter space whereudmas
2 u!1024 eV2, the

evolution of the neutrino asymmetry is dominated by oscillatio
between collisions and the lepton number tends to be oscilla
@35–37#.
04350
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dmas
2 ,0 with udmas

2 u*1024 eV2,

10210&sin22uas&few1025F eV2

udmas
2 uG

1/2

for ordinary-sterile oscillations,

10210&sin22uas&few1024F eV2

udmas
2 uG

1/2

for ordinary-mirror oscillations. ~11!

~The upper bound in the above equation comes from a c
straint on the effective number of neutrino flavors,Nn,eff ,
during BBN. We have usedNn,eff23&0.6 in this equation
for illustrative purposes.! We want to emphasize and to sta
very clearly the following fact: Provided the oscillation pa
rameters are in the large range given in Eq. (11), t
ordinary-sterile (or mirror) neutrino oscillations will gener
ate, at the temperature Tc , a significant neutrino asymmetr
(or chemical potential) from the tiny seed CP asymmetry
the background plasma. There is no choice about this
point sometimes misunderstood in the literature: the lar
neutrino asymmetry will inevitably be generated.Once gen-
erated, neutrino asymmetries in turn contribute to the eff
tive matter potentials and generically suppress oscillations
inducing small effective mixing angles. For typical oscill
tion parameter values within our scenario, the explosive n
trino asymmetry growth begins while collisions still dom
nate the evolution~though they now do not completely dam
the oscillations!. Note that the evolution of lepton numbe
for T,Tc is approximately independent of the initial ne
trino asymmetries provided that they are not too big~that is,
less than about 1025). This is because of the approxima
fixed point structure which seesLna

→2h/2 for T.Tc .

C. Low-temperature epoch

While neutrino asymmetries develop and evolve, the c
lision rate continues to decrease in aT5 fashion. Eventually
the flavor evolution of the neutrino ensemble becomes do
nated by coherent processes rather than decohere
inducing collisions. This observation is of practical impo
tance, because the evolution equations then reduce
Mikheyev-Smirnov-Wolfenstein~MSW! form. If the dynam-
ics satisfies the adiabatic condition, then the evolution
comes particularly simple. Actually, it turns out that adiab
ticity indeed holds for the parameter space of Eq.~11!. The
low temperature evolution of the asymmetry is then appro
mately independent of the vacuum mixing angle in the sm
vacuum mixing angle region. Staying with our example o
na2ns system in isolation, it has been computed that
‘‘final’’ value of the asymmetry arises at the temperatu
@26#

Tn
f .0.5S udmas

2 u

eV2 D 1/4

MeV. ~12!
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The magnitude of the final value was calculated to be@26#

Lna

f .0.29h for udmas
2 u/eV2*1000,

Lna

f .0.23h for 3&udmas
2 u/eV2&1000,

Lna

f .0.35h for 1024&udmas
2 u/eV2&3, ~13!

whereh[(Tn /Tg)3. Similar results also hold for ordinary
mirror neutrino oscillations.

D. Big bang nucleosynthesis epoch

At temperatures of a few MeV, weak interaction rat
start to become smaller than the expansion rate of the
verse. This causes the ordinary neutrinos to fall out of kine
and chemical equilibrium with the background plasma.
also signals the onset of the BBN epoch because of the
of nuclear statistical equilibrium. For the typical parame
space of interest in the EPM, we will show that a significa
electron neutrino asymmetry is generated by and during
ing this epoch. This will have important implications fo
BBN, and one of the major goals of this paper to comp
this effect.

III. QUANTUM KINETIC EQUATIONS FOR ORDINARY-
MIRROR NEUTRINO OSCILLATIONS

Before we begin in earnest, we need to say someth
about the thermodynamics of the mirror particles. Beca
the mirror particles interact among themselves just like
ordinary particles, the mirror particles can be described b
temperatureT8 ~and chemical potentials, which we assum
are initially negligible!. In fact, the ordinary and mirror par
ticles form two weakly coupled thermodynamic systems.
in our previous paper@32#, we will suppose that there is a
asymmetrybetween the temperature of the mirror plasma a
the temperature of the ordinary plasma so thatT8!T. Of
course, ifT85T, then a neutrino asymmetry would not b
expected to develop. The energy density of the mirror se
would then double the expansion rate of the universe. In
case the reasonably successful BBN predictions would
lost. However, one should remember that exact microsco
symmetry does not imply exact macroscopic symmetry.
reality, if the ordinary and mirror particles are only in ve
weak thermal contact, there is no compelling reason forT8
5T. Note that the assumption thatT8!T doesnot imply that
the amount of mirror baryonic matter in the universe today
less than ordinary baryonic matter. The origin of bary
number~and mirror baryon number! is not understood at the
moment, so no definite conclusions can be drawn regard
the amount of mirror baryonic matter~and hence mirror star
and so on! in the universe today. Actually there are stro
astrophysical arguments for the existence of a large am
of dark matter in the universe, and this suggests that
mirror baryon number is comparable or even greater than
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ordinary baryon number. However, as far as the early8 uni-
verse is concerned, the precise value of the mirror bar
number should be unimportant since the energy density
be dominated by the relativistic degrees of freedom~neutri-
nos, electrons or positrons and photons!. Thus, when we use
the term ‘‘mirror matter’’ below, we will be referring to the
‘‘light’’ mirror particles, that is the mirror electrons or pos
itrons, mirror photons and mirror neutrinos, since these
the mirror particles which affect the expansion rate of t
early universe.

We now discuss the quantum kinetic equations~QKEs!
for a two-flavor subsystem consisting of an ordinary neutr
na and a mirror neutrinonb8 . We will not, in this work,
provide an exhaustive discussion of the derivation of
QKEs or their meaning, since this territory is well covered
previous papers@29,38–40#. We will, however, provide a
complete discussion of the special features mirror neutri
bring to the QKEs~by contrast to strictly sterile neutrinos!.
Note that two-flavor subsystems will be used as build
blocks for the full six-flavor system in a later section.

We will focus on evolution during the temperature regim
me&T&mm . The plasma therefore consists of~i! the rela-
tivistic ordinary particlesne , n̄e , nm , n̄m , nt , n̄t e2, e1

andg, ~ii ! the nonrelativistic ordinary protons and neutro
~and the nonrelativistic mirror protons and neutrons d
cussed above!, and ~iii ! whatever amount of mirror matte
gets created through ordinary-mirror neutrino oscillatio
The character of the mirror matter in the plasma depends
how much of it is created through oscillations. If a suf
ciently tiny amount is created, then the mirror electroma
netic and mirror weak interactions among the mirror neu
nos will take place at a rate that is smaller than the expan
rate of the universe. In this case, the mirror neutrino dis
butions will not be of Fermi-Dirac form, and mirror elec
trons, positrons and photons will not be created. When
amount of mirror matter exceeds a certain level, mirror el
tromagnetic and mirror weak interactions among the mir
neutrinos become larger than the expansion rate. In this c
the mirror neutrinos produced through oscillations quick
assume a distribution of Fermi-Dirac form, and equilibriu
distributions of mirror electrons, mirror positrons and mirr
photons get excited in the plasma. The full plasma thus c
sists of two weakly coupled thermodynamic systems:
aforementioned ordinary particles at temperatureT and the
corresponding mirror particles at a smaller temperatureT8.
For the case where mirror species contribute negligibly to
expansion rate of the universe, we have earlier shown@32#
that the inequality

T8*2S T

MeVD 2/5

MeV ~14!

must be obeyed to ensure that the mirror self-interactions
sufficiently fast to thermally equilibrate the mirror species

8By ‘‘early’’ we mean the time during and earlier than the BB
epoch.
7-6
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Our notation and convention for ordinary-mirror neutrin
two state mixing are as follows. The weak eigenstatesna and
nb8 are linear combinations of two mass eigenstatesna and
nb ,

na5cosuab8na1sinuab8nb ,

nb852sinuab8na1cosuab8nb , ~15!

whereuab8 is the vacuum mixing angle. We defineuab8 so
that cos 2uab8.0 and we adopt the convention thatdmab8

2

[mb
22ma

2 .
Recall that thea-type neutrino asymmetry is defined b

Lna
[

nna
2nn̄a

ng
. ~16!

We also need to define ana-type mirror neutrino asymme
try,

Ln
a8
[

nn
a8
2nn̄

a8

ng
, ~17!

In the above equation,ng is the number density ofordinary
photons.

Note that when we refer to ‘‘neutrinos,’’ sometimes w
will mean neutrinos and/or antineutrinos and/or mirror ne
trinos and/or mirror anti-neutrinos. We hope the corr
meaning will be clear from the context.

The evolution of the ensemble ofna andnb8 neutrinos is
described by a density matrixrab8 which obeys the QKEs. A
similar density matrix r̄ab8 describes the antineutrinos
These density matrices@38,40# are conveniently param
etrized by

rab8~p!5
1

2
@P0~p!I 1P~p!•s#,

r̄ab8~p!5
1

2
@ P̄0~p!I 1P̄~p!•s#, ~18!

where I is the 232 identity matrix, the ‘‘polarization vec-
tor’’ P(p)5Px(p) x̂1Py(p) ŷ1Pz(p) ẑ and s5sxx̂1syŷ
1szẑ, with s i being the Pauli matrices.9

The quantity p is the magnitude of the neutrin
3-momentum or energy. It will be understood that the d
sity matrices and the quantitiesPi(p) also depend on timet
or, equivalently, temperatureT. ~For the situation of negli-
gible mirror energy density, the time-temperature relation
me&T&mm is dt/dT.2M P/5.5T3, where M P.1.22
31022 MeV is the Planck mass!.

We will normalize the density matrices so that the m
mentum distributions ofna(p) andnb8 (p) are given by

9Note that our previous papers used a different definition oP
through the equationr5

1
2 P0(p)@ I 1P(p)•s# rather than Eq.~18!.

The difference is just a matter of convention.
04350
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Nna
~p!5

1

2
@P0~p!1Pz~p!#Neq~p,T,0!,

Nn
b8
~p!5

1

2
@P0~p!2Pz~p!#Neq~p,T,0!, ~19!

where

Neq~p,T,m![
1

2p2

p2

11expS p2m

T D ~20!

is the Fermi-Dirac distribution with chemical potentialm and
temperatureT. Note thatP0 is related to the total number o
na’s andnb8 ’s of momentump,

P0~p!5
Nna

~p!1Nn
b8
~p!

Neq~p,T,0!
, ~21!

while Pz(p) is related to the difference,

Pz~p!5
Nna

~p!2Nn
b8
~p!

Neq~p,T,0!
. ~22!

Similar expressions pertain to antineutrinos. The ‘‘tran
verse’’ componentsPx,y(p) andP̄x,y(p) measure the degre
of quantal coherence in the ensemble. Note that in sub
quent expressions we will suppress the independent varia
for notational clarity unless there is a chance of confusio

The time evolution ofP0 and P is governed by three
effects: coherentna↔nb8 oscillations, decoherence inducin
collisions, and repopulation ofna and nb8 states from the
background plasma. These effects are incorporated in
quantum kinetic equations@40,29#

]P

]t
5

]P

]t U
na↔n

b8
1

]P

]t U
coll

1
]P

]t U
repop

,

]P0

]t
5

]P0

]t U
na↔n

b8
1

]P0

]t U
coll

1
]P0

]t U
repop

,

~23!

where

]P

]t U
na↔n

b8
5Vab83P,

]P

]t U
coll

52DPT where PT[Pxx̂1Pyŷ,

]P

]t U
repop

5~Rna
2Rn

b8
!ẑ, ~24!

and
7-7
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]P0

]t U
na↔n

b8
50,

]P0

]t U
coll

50,
]P0

]t U
repop

5Rna
1Rn

b8
.

~25!

We will explicitly define the new terms appearing abo
shortly. But before doing so, we remark that the general fo
of the above equations is reasonably easy to understand
V3P term leads to the precession of the polarization vec
without change in its length. The2DPT decoherence term
causesPx andPy to decrease in length (D.0), which quan-
tifies the rate of loss of quantal coherence. The funct
Ri(p) is related to the repopulation rate for a particle
speciesi with momentump. The functionsPx,y are unaf-
fected by repopulation because they measure quantal co
ence only. On the other hand,Pz , being proportional to the
difference in the momentum distributions of the two neutri
flavors as per Eq.~22!, receives a contribution proportiona
to the difference in the repopulation rates. The functionP0

obviously remains unchanged underna↔nb8 oscillations,
and it plays no role in quantifying loss of coherence. Sinc
is related to the sum of momentum distributions as per
~21!, its time derivative from repopulation is related to th
sum of the repopulation rates.

Similar equations are satisfied for the antineutrino fu
tions P̄0 and P̄, with the substitutions

Vab8→V̄ab8 , D→D̄, Ri→Rī . ~26!

We now explicitly define the terms appearing in these eq
tions.

The functionVab8 , which is related to the effective ma
ter potential, drives the coherent aspect of the evolution
the density matrix. Importantly,Vab8 depends on the neu
trino and mirror neutrino asymmetries. It is given by@38,40#

Vab85b x̂1l ẑ, ~27!

whereb andl are

b~p!5
dmab8

2

2p
sin 2uab8 ,

l~p!52
dmab8

2

2p
@cos 2uab82b~p!6a~p!#, ~28!

in which the 1 ~2! sign corresponds to neutrino~an-
tineutrino! oscillations. The dimensionless variablesa(p)
and b(p) contain the matter effects@41#, being the matter
potential divided bydmab8

2 /2p. For na↔nb8 oscillations
a(p) andb(p) are given by@42#

a~p![2
4z~3!A2GFT3L (ab8)p

p2dmab8
2 ,

b~p![2
4z~3!A2GFT4Aap2

p2dmab8
2 MW

2
, ~29!
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wherez(3).1.202 is the Riemann zeta function of 3,GF is
the Fermi constant,MW is the W-boson mass,Ae.17 and
Am,t.4.9 ~for me&T&mm). The expression forb(p) is
valid provided that the plasma has a negligible componen
mirror energy density. The quantityL (ab8) is given by

L (ab8)5L (a)2L8(b), ~30!

where

L (a)5Lna
1Lne

1Lnm
1Lnt

1h,

L8(b)5Ln
b8
1Ln

e8
1Ln

m8
1Ln

t8
1h8. ~31!

Recall that the termh is due to the asymmetry of the elec
trons and nucleons and is expected to be very small,h;5
310210. The mirror analogue,h8, will also be taken to be
very small. For antineutrinos, the corresponding funct

V̄ab8 is obtained by the substitutionL (ab8)→2L (ab8). The
MSW resonance conditions are given by

l~pres!50, ~32!

wherepres is the resonance momentum.
The termD(p) is the decoherence or damping functio

When the number density of mirror species is much less t
the number density of ordinary species, it is given by@39#

D~p!.
G~p!

2
, ~33!

where G(p) is the total collision rate of ana neutrino of
momentump with the background plasma.10 From Refs.
@29,43# it is given by

G~p!5yaGF
2T5S p

^p& D , ~34!

where^p&.3.15T is the average momentum of the ordina
neutrinos,ye.4.0 andym,t.2.9 ~for the me&T&mm epoch
we are considering!. The total collision rate for anb8 mirror
neutrino of momentump is, roughly,

G8~p!.H S T8

T D 4

G~p! if T8 obeys Eq.~14!,

0 otherwise.

~35!

In the presence of neutrino asymmetries, the collision ra
for neutrinos and antineutrinos differ. The collision rat
quoted above hold when the asymmetries are small, with
antineutrino rate being approximately equal to the neutr
rate in that limit. Note that in the parameter space regime
are considering, neutrino asymmetries do not become la
until temperatures are sufficiently low that collisions can

10If the number density of mirror species is significant,D(p) must
also include the collision rate ofnb8 ’s with the background mirror
particles.
7-8
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IMPLICATIONS OF MIRROR NEUTRINOS FOR EARLY . . . PHYSICAL REVIEW D61 043507
approximately neglected. Therefore, the dependence of
collision rates on the neutrino asymmetries is never of pr
tical importance.

The repopulation functionsRna
andRn

b8
are given by

Rna
.GFKna

2
1

2
~P01Pz!G ,

Rn
b8
.G8FKn

b8
2

1

2
~P02Pz!G , ~36!

where

Kna
~p![

Neq~p,T,mna
!

Neq~p,T,0!
,

~37!

Kn
b8
~p![

Neq~p,T8,mn
b8
!

Neq~p,T,0!
,

with m i being the chemical potential for speciesi. For an-
tineutrinos,mna

is replaced bymn̄a
in the above equation

The approximate equality sign in Eq.~36! indicates that the
right-hand side is not an exact result. It holds when all s
cies are in thermal equilibrium apart fromna andnb8 , which
are instead approximately in equilibrium.@See Ref.@40# for
the exact form of Eq.~25!.# The two termsRna

andRn
b8

are

due to the repopulation ofna states by ordinary weak inter
actions, and the repopulation ofnb8 states by mirror weak
interactions, respectively.

In order to integrate Eqs.~24! and~25!, we need to relate
the chemical potentials appearing in Eqs.~36! and~37! to the
asymmetries appearing in Eq.~24!. In general, for a distribu-
tion in thermal equilibrium,

Lna
5

1

4z~3!
E

0

` x2dx

11ex2m̃a
2

1

4z~3!
E

0

` x2dx

11ex2m̃ā
, ~38!

where m̃a[mna
/T and m̃ā[mn̄a

/T. Expanding out the
above equation,

Lna
.

1

24z~3!
@p2~m̃a2m̃ā!16~m̃a

22m̃ā
2
!ln 21~m̃a

32m̃ā
3
!#.

~39!

This is an exact equation form̃a52m̃ā ; otherwise it holds
to a good approximation provided thatm̃a,ā&1. For T
*Tdec

a , whereTdec
e '2.5 MeV andTdec

m,t'3.5 MeV are the
chemical decoupling temperatures,mna

.2mn̄a
because in-

elastic processes such asnan̄a↔e1e2 and e1e2↔gg are
rapid enough to makem̃a1m̃ā.m̃e11m̃e2.0. However,
for 1 MeV&T&Tdec

a , weak interactions are rapid enough
approximately thermalize the neutrino momentum distrib
tions, but not rapid enough to keep the neutrinos in chem
04350
he
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equilibrium.11 In this case, the value ofm̃a is approximately
frozen atT.Tdec

a ~taking for definitenessLna
.0), while the

anti-neutrino chemical potentialm̃ā continues evolving until
T.1 MeV. For T&1 MeV, the exact form for the right-
hand side of Eq.~25! should be used.

The neutrino asymmetries that appear inl, R and their
antineutrino analogues are in principle calculated from
density matrices. Recall that the neutrino asymmetry is
fined in Eq.~16!. The number density ofna is

nna
5E

0

`

Nna
dp5E

0

` 1

2
~P01Pz!N

eq~p,T,0!dp, ~40!

so that

Lna
5

1

2ng
E

0

`

@~P01Pz!2~ P̄01 P̄z!#N
eq~p,T,0!dp.

~41!

Although it is in a strict technical sense redundant, it
useful to derive an equation for the rate of change of lep
number. It is given by

dLna

dt
5

d

dt
S nna

2nn̄a

ng
D . ~42!

Thus, using Eq.~19!,

dLna

dt
5

1

2ng
E

0

`F ]P0

]t
1

]Pz

]t
2

] P̄0

]t
2

] P̄z

]t
GNeq~p,T,0!dp.

~43!

This equation can be further simplified using the QKEs a
the fact that the repopulation does not directly affect
lepton number to obtain

dLna

dt
5

1

2ng
E

0

`

b~Py2 P̄y!Neq~p,T,0!dp. ~44!

In our numerical work, this equation is the one actually us
to calculate the lepton number that appears in the QK
Note for future reference that a limiting case of these eq
tions will take center stage when we come to study the L
temperature epoch.

The last piece of information needed is the evoluti
equation for the mirror sector temperatureT8. This is ob-
tained by using a conservation of energy argument that
first presented in Ref.@32#. It goes as follows: Considerna

→nb8 oscillations with the mirror interactions felt bynb8 ar-

tificially switched off. The energy density of thenb8 and n̄b8
states is then given by

11The chemical and thermal decoupling temperatures are so
ferent because the inelastic collision rates are much less than
elastic collision rates. See, for example, Ref.@43# for a list of the
collision rates.
7-9
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rn
b8
5E

0

`

~Nn
b8
1Nn̄

b8
!pdp

5
1

2 E
0

`

~P02Pz1 P̄02 P̄z!pNeq~p,T,0!dp. ~45!

Now switch on the mirror self-interactions. They wi
quickly distribute this energy density among all of the r
evant mirror species: the three mirror neutrinos and
tineutrinos, the mirror electrons and positrons, and the mi
photon. However, the energy density that is being fed i
the mirror sector by ordinary-mirror oscillations is still give
by the right-hand side of Eq.~45!. The rate at which energy
density is being transferred from the ordinary to the mir
sector is therefore equal to the time rate of change of
right-hand side of Eq.~45! due tooscillations only. There-
fore we conclude that

dr8

dt U
na↔n

b8
5

1

2 E
0

` ]

]tU
na↔n

b8

3~P02Pz1 P̄02 P̄z!pNeq~p,T,0!dp

~46!

where r8[3rn
b8
1re81rg8 is the total energy density in

mirror species. The complete evolution equation forT8 is
obtained by combining Eq.~46! with the cosmological red-
shifting of T8. To this end, consider the quantitygr where

gr[
r8

r
5S T8

T D 4

, ~47!

with r5 43
4 (p2/30)T4 being the total energy density due

ordinary species. This ratio of energy densities does not
shift. Its total rate of change can therefore be calculated fr
Eqs.~46!, ~24! and ~25! to yield

dgr

dt
.2

1

2rE0

`

b~Py1 P̄y!pNeq~p,T,0!dp, ~48!

FIG. 1. uLnt
u/h ~where h[Tn

3/Tg
3) versus temperature fo

nt↔nm8 oscillations withdm25250 eV2 and sin22u51028.
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which is the required evolution equation forT8. Note that we
implicitly assumed in the above derivation that the redis
bution of mirror energy density fromnb8 ’s to the other mirror
species did not affect the expansion rate of the universe. T
is a good approximation provided that the mirror energy d
sity is small, that isgr!1. This is generally expected to b
the case sincedNn,eff&0.6⇒gr&0.1.

We end this section with an example of the evolution
neutrino asymmetry generated by two flavor ordinary-mir
neutrino oscillations. In Fig. 1 the evolution of thet-like
asymmetry is plotted. For our present illustrative purpo
we have considered the evolution ofLnt

under the influence

of the nt2nm8 oscillation mode only. The parameter poi
dmtm8

2
5250 eV2 and sin22utm851028 has been chosen

The initial Lnt
is set to zero. Notice thatLnt

evolves from
zero to a value which approximately cancels the bary
asymmetry byT.70 MeV. The asymmetry then remain
constant until the critical temperatureTc.38 MeV when
explosive growth begins. Shortly thereafter, the explos
growth phase gives way to power lawT24 growth. During
the power law phase, the high temperature epoch evo
into the low temperature epoch. Of course the behav
shown in Fig. 1 is quite general and in fact quite similar
ordinary-sterile neutrino oscillations. The latter have alrea
been studied in some detail in previous papers@24–
26,28,29#. Finally note that we have plotteduLnt

u. This is

becauseLnt
changes sign at the critical temperature~the rea-

son for this behavior has been discussed in Ref.@25#!. For
values of sin22u large enough, our numerical results indica
that the sign ofLnt

initially oscillates and thus the final sig
of the asymmetry may be random. This may lead to differ
regions of space having different neutrino asymmetries~as
suggested earlier in Ref.@24#!. Also it should be mentioned
that the effect of statistical fluctuations on lepton numb
asymmetry is an important open problem, and conseque
it is also possible that the sign of the asymmetry may t
out to be random even for small values of sin22u. For the
purposes of the present paper, we acknowledge the ind
minate nature of the asymmetry by considering the two p
sible signs in all our numerical work.

In the next section we will discuss the high temperatu
epoch in the EPM. Our main goal there will be to demo
strate the consistency of thenm→nm8 solution to the atmo-
spheric neutrino problem with BBN for a range of param
eters.

IV. HIGH TEMPERATURE EPOCH: CONSISTENCY
OF THE nµ\nµ8 SOLUTION OF THE ATMOSPHERIC

NEUTRINO ANOMALY WITH BBN

Previous work has shown that the QKEs for ordina
mirror ~or ordinary-sterile! oscillations will imply the explo-
sive creation of neutrino asymmetries provided some fa
mild restrictions on the oscillation parameter space are
posed. In particular, thedmab8

2 involved must be negative
and the vacuum mixing angleuab8 must be in the approxi-
mate range
7-10
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10210&sin22uab8&few31024S eV2

udmab8
2 u D

1/2

. ~49!

The lower bound comes from the requirement that the os
lation mode be sufficiently strong,12 while the upper bound
was derived in Ref.@32# from the requirement thatna→nb8
oscillations, considered in isolation, not spoil BBN@Eq. ~49!
takes for definiteness thatdNn,eff&0.6#. Once created, the
large neutrino asymmetry or asymmetries will suppress o
ordinary-sterile oscillation modes for a range of paramet

For the generic parameter space region considered
~see Sec. II!, the oscillation modes

nt→nm8 , nt→ne8 , nm→ne8 ~50!

could all satisfy the above criteria. We will call these t
‘‘lepton number creating modes.’’ The other oscillatio
modes, including thenm→nm8 mode that hypothetically
solves the atmospheric neutrino problem, tend to destro
linear combination of asymmetries.

Lepton number amplification begins at a critical tempe
ture Tc , given roughly by

Tc'16S 2
dm2cos 2u

eV2 D 1/6

MeV, ~51!

where the oscillation parameters pertain to the two-fla
lepton number creating mode responsible. The mode with
largest udm2u will therefore be expected to create lepto
number first, provided its vacuum mixing angle is in t
range of Eq.~49!. Within the scenario of Sec. II, thent

→nm8 and nt→ne8 modes will have the largestdm2 values.
Which, if either, of them dominates lepton number creat
depends on their specific oscillation parameters. For the s
of a plausible example, we will suppose thatnt→nm8 domi-
nates, even thoughnt→ne8 has a slightly largerdm2. This is
because we expectute8!utm8 as per Sec. II. Basically, we
will work in the parameter space region whereute8 is negli-
gibly tiny.

So we are led to consider the four flavor subsystem

~52!

Further, we decompose this four flavor system into the t
flavor subsystems indicated by the arrows above. Some
cussion of the justification for this sort of decomposition c
be found in Ref.@29#. Heuristically, it is expected that thi
simplifying assumption is justified because the MSW re
nance momenta of each of the oscillation modes are ge
ally different. The ordinary-ordinary and mirror-mirro
modes are governed by the same mixing angleumt , and the

12But note that the vacuum oscillation amplitude can still be tin
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modesnt→nm8 and nm→nt8 are both governed by anothe
mixing angleutm8 , while the nt,m→nt,m8 modes are maxi-
mally mixed. The squared mass differencedmmm8

2 is set by
the atmospheric neutrino data to be in the range quote
Eq. ~7!. The other mass parameters,dmtm8

2 and dmtt8
2 , are

free, subject to the restrictions discussed in Sec. II and s
marized in Eq.~7!.

For simplicity and the sake of the example, we will s
udmtt8

2 u to be so small that the associated oscillation mo
can be neglected.13 The precise value of the mixing angl
umt is unimportant, provided it is small. Thenm↔nt mode
has almost no effect until lepton number is large~here
‘‘large’’ means greater than about 1022), because of the ap
proximately equal number densities of the two species
volved. In the high temperature epoch being considered
this section, lepton number will always be small. For a giv
dmmm8

2 we are therefore effectively left with two free param
eters:utm8 anddmtm8

2 . Our task is to find the region of this
parameter space for which thenm→nm8 solution to the atmo-
spheric neutrino problem is consistent with BBN. For t
EPM,14 this calculation was first performed in Ref.@32#
within the static approximation. We improve on this a
proach here through the use of the QKEs.

We now write down the equations we must solve. W
begin by introducing three two-flavor density matrices

rtm8[
1

2
~P01s•P!, rmm8[

1

2
~Q01s•Q!,

rmt8[
1

2
~S01s•S!, ~53!

for the three significant oscillation modes

nt↔nm8 , nm↔nm8 , nm↔nt8 , ~54!

respectively. Sincenm8 is common to the first pair of modes
and nm is common to the second pair, we have the co
straints

Nn
m8

Neq~p,T,0!
5

1

2
~P02Pz!5

1

2
~Q02Qz!,

Nnm

Neq~p,T,0!
5

1

2
~Q01Qz!5

1

2
~S01Sz!. ~55!

Extending the two flavor case discussed in the previous
tion, the time derivatives of the functionsP0 , Q0 , S0 , P, Q

.

13This will be the case provided thatudmtt8
2 u&udmmm8

2 u. If udmtt8
2 u

is much larger thanudmmm8
2 u, then the resulting ‘‘allowed region’’

will be significantly reduced.
14For the case of strictly sterile neutrinos, this calculation w

done in the static approximation in Ref.@25# and by numerically
integrating the quantum kinetic equations in Ref.@28#.
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andS are observed to receive contributions from each of
three oscillation modes, from decohering collisions, a
from repopulation. Denoting a generic function byF, we
have that

]F

]t
5

]F

]t U
nt→n

m8
1

]F

]t U
nm→n

m8
1

]F

]t U
nm→n

t8
1

]F

]t U
coll

1
]F

]t U
repop

.

~56!

From the two-flavor formalism described in Sec. III w
have that

]P

]t U
nt→n

m8
1

]P

]t U
coll

5Vtm83P2DPT ,

]Q

]t U
nm→n

m8
1

]Q

]t U
coll

5Vmm83Q2DQT ,

]S

]t U
nm→n

t8
1

]S

]t U
coll

5Vmt83S2DST . ~57!

It is also clear that

]P0

]t U
nt→n

m8
5

]P0

]t U
coll

50,

]Q0

]t U
nm→n

m8
5

]Q0

]t U
coll

50,

]S0

]t U
nm→n

t8
5

]S0

]t U
coll

50. ~58!

We also obviously know that

]P

]t U
nm→n

t8
5

]P0

]t U
nm→n

t8
50,

]S

]t U
nt→n

m8
5

]S0

]t U
nt→n

m8
50. ~59!

Consider now the contribution ofnm→nm8 oscillations to the
evolution ofP andP0. First of all, the transverse componen
Px,y receive no contribution,

]Px,y

]t U
nm→n

m8
50, ~60!

because they are affected only by decohering collisions.
evolution of Pz and P0 can be obtained from Eq.~55! by
noting that

]

]t
~P02Pz!U

nm→n
m8
5

]

]t
~Q02Qz!U

nm→n
m8
52

]Qz

]t U
nm→n

m8
,

04350
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]t
~P01Pz!U

nm→n
m8
50, ~61!

so that

]P0

]t U
nm→n

m8
52

1

2

]Qz

]t U
nm→n

m8
,

~62!
]Pz

]t U
nm→n

m8
51

1

2

]Qz

]t U
nm→n

m8
,

having used Eq.~58!. The expression for (]Qz /]t)unm→n
m8

is

obtained from Eq.~57!. Finally, we have that

]Px,y

]t U
repop

50,

]

]t

1

2
~P01Pz!U

repop

5GFKnt
2

1

2
~P01Pz!G ,

]

]t

1

2
~P02Pz!U

repop

5G8FKn
m8
2

1

2
~P02Pz!G .

~63!

This completes the specification of the evolution equatio
for P andP0.

The evolution ofS andS0 due tonm→nm8 oscillations and
repopulation is handled in a very similar manner to yield

]Sx,y

]t U
nm→n

m8
50,

]S0

]t U
nm→n

m8
51

1

2

]Qz

]t U
nm→n

m8
,

]Sz

]t U
nm→n

m8
51

1

2

]Qz

]t U
nm→n

m8
,

]Sx,y

]t U
repop

50,

]

]t

1

2
~S01Sz!U

repop

5GFKnm
2

1

2
~S01Sz!G ,

]

]t

1

2
~S02Sz!U

repop

5G8FKn
t8
2

1

2
~S02Sz!G .

~64!

The completes the specification of the evolution equati
for S andS0.
7-12
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Finally, we have to specify the time rate of change ofQ
andQ0 under the influence ofnt↔nm8 oscillations,nm↔nt8
oscillations and repopulation. We note first thatQx,y are un-
affected by these processes:

]Qx,y

]t U
nt→n

m8
5

]Qx,y

]t U
nm→n

t8
5

]Qx,y

]t U
repop

50. ~65!

Then, from Eq.~55! we see that

]Q0

]t U
nt→n

m8
5

1

2

]

]t
~P02Pz!U

nt→n
m8
52

1

2

]Pz

]t U
nt→n

m8
,

]Qz

]t U
nt→n

m8
52

1

2

]

]t
~P02Pz!U

nt→n
m8
51

1

2

]Pz

]t U
nt→n

m8
,

]Q0

]t U
nm→n

t8
5

1

2

]

]t
~S01Sz!U

nm→n
t8
51

1

2

]Sz

]t U
nm→n

t8
,

]

]t
QzU

nm→n
t8
5

1

2

]

]t
~S01Sz!U

nm→n
t8
51

1

2

]Sz

]t U
nm→n

t8
.

~66!

Finally,

]

]t

1

2
~Q01Qz!U

repop

5GFKnm
2

1

2
~Q01Qz!G ,

]

]t

1

2
~Q02Qz!U

repop

5G8FKn
m8
2

1

2
~Q02Qz!G

~67!

specify the remaining repopulation equations.
This completes the list of quantum kinetic equations

our system. Of course, because of the constraints in Eq.~55!,
some of these equations are redundant.

To use these equations one needs~i! equations connecting
neutrino asymmetries with chemical potentials and~ii ! an
evolution equation for the temperatureT8 of the mirror
plasma. The chemical potentials are calculated in exactly
same way as discussed in Sec. III. TheT8 evolution equation
is obtained by extending the two-flavor derivation of Sec.
in the obvious way. As before, it is best to first imagine th
the mirror electroweak interactions are artificially switch
off. The energy density in mirror states is then entirely due
the nm8 andnt8 species:

rn
m8
1rn

t8
5E

0

`

~Nn
m8
1Nn̄

m8
1Nn

t8
1Nn̄

t8
!pdp

5
1

2E0

`

~P02Pz1 P̄02 P̄z1S0

2Sz1S̄02S̄z!pNeq~p,T,0!dp. ~68!
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With mirror electroweak interactions now switched on, th
energy density is distributed among all of the relevant mir
species. The rate at which energy density is being transfe
from the ordinary to the mirror sector is thus

dr8

dt U
osc

5
1

2 E
0

` ]

]tU
osc

~P02Pz1 P̄02 P̄z

1S02Sz1S̄02S̄z!pNeq~p,T,0!dp, ~69!

wherer8 is the total energy density in mirror species, an

d

dt U
osc

[
d

dtU
nt→n

m8
1

d

dt U
nm→n

t8
1

d

dtU
nm→n

m8
. ~70!

Introducinggr as per Eq.~47! and using the QKEs we obtai

dgr

dt
52

1

2r E
0

`

@btm8~Py1 P̄y!1bmm8~Qy1Q̄y!

1bmt8~Sy1S̄y!#pNeq~p,T,0!dp ~71!

as theT8 evolution equation, where

btm8[
dmtm8

2

2p
sin 2utm8 , bmm8[

dmmm8
2

2p
,

bmt8[
dmmt8

2

2p
sin 2utm8 . ~72!

FIG. 2. Region of parameter space in the sin2 2utm8 ,2dmtm8
2

plane whereLnt
is generated rapidly enough so that thenm↔nm8

oscillations cannot significantly populate thenm8 states ~for T
*0.4 MeV). This region, which in the figure is denoted by th
‘‘Allowed Region,’’ includes all of the parameter space above t
solid line~s!. The top, middle and bottom solid lines correspond
the atmosphericdm2 values of dmmm8

2 /eV251022, 1022.5 and
1023, respectively. The dash-dotted line is the nucleosynthe
bound, Eq.~49!, which takesdNn,eff&0.6 for definiteness, and th
shaded region is the hot dark matter region indicted from so
studies of structure formation~see Sec. VI!.
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Note thatbtm8.2bmt8 becausedmtm8
2 .2dmmt8

2 for the
parameter space of interest.

We first present the main result of numerically solving t
above equations. After doing so, we will provide a physi
description of what lies behind the mathematics. The m
result is displayed in Fig. 2, which shows the region
(dmtm8

2 , sin22utm8) parameter space which is consistent w

big bang nucleosynthesis for various values ofdmmm8
2 moti-

vated by the atmospheric neutrino anomaly. The allowed
gion lies above the relevant solid line~which corresponds to
a particulardmmm8

2 ) and to the left of the dash-dotted line
The solid lines arise from solving the QKEs, while the das
dotted line is the upper bound quoted in Eq.~49! applied to
the lepton number creating modent↔nm8 . For the sake of
definiteness, we have adopteddNn,eff&0.6 as the BBN
bound on the expansion rate of the universe~expressed as a
equivalence to additional relativistic neutrino flavors, as
customary!. Of course, at the present time there is some c
fusion regarding the value of this bound, due to conflicti
primordial element abundance measurements. The valu
0.6 was chosen for illustrative purposes only. The position
the dash-dotted line depends on thedNn,eff chosen. The solid
lines, on the other hand, define sharp transition regions.
low the lines, the mirror sector comes into thermal equil
rium because of the eventual copious production ofnm8 from
nm→nm8 oscillations. Above the lines, essentially no mirr
matter is produced by this oscillation mode. Of course,
closer one gets to the dash-dotted line, the more mirror m
ter is produced by thent→nm8 mode. For sin22utm8&1025

the results obtained here using the QKEs are almost iden
to those obtained earlier using the static approximation.
results differ at large values of the mixing angle mainly b
cause lepton number is created rapidly enough to spoil
validity of the static approximation.15

The importance of Fig. 2 lies in its demonstration that t
nm→nm8 solution in the EPM to the atmospheric neutrin
problem is cosmologically consistent for a large region
oscillation parameter space.Furthermore, most of this re
gion sees thent having a cosmologically interesting mass.
particular, note that the hot dark matter region marked a
shaded band in Fig. 2 has a significant overlap with the
lowed region from BBN~we will discuss more about th
dark matter region in Sec. VI!. It is also interesting to note
that the BBN allowed region implied by thenm→nm8 solution
to the atmospheric neutrino problem is larger than the co
sponding region@25,28# obtained whennm8 is replaced by a
strictly sterile neutrino. The production of sterile neutrin
tends to delay the onset of the rapid exponential growth@25#
which means that by the time it occurs thenm↔nm8 oscilla-

tions can destroyL (mm8) more efficiently since they are no

15A complete discussion of the static approximation can be fo
in Refs. @25,29#. In particular, it was shown in Ref.@29# that the
static approximation is an adiabatic-like approximation for partia
incoherent oscillations in the small vacuum mixing angle param
space regime.
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damped so much by the collisions. In the case of the mir
neutrino nm8 , the mirror electroweak interactions have th
effect of reducing their number density, so the production
lepton number is not delayed. Of course ant in the eV mass
region is currently being searched for in the short base
Nomad-Chorus experiments. Such experiments are
tremely important to test for the eV tau neutrino which
suggested by Fig. 2. Unfortunately, we cannot pred
sin22utm , so these experiments will either discovernt↔nm
oscillations or constrain sin22utm .

Before closing this section, we will discuss some of t
numerical details of performing the above computatio
which will entail also a discussion of the physics of the r
sult.

MSW resonances play a key role in the evolution of t
system. It is instructive to examine the connection betwe
the neutrino asymmetries and the resonance momenta o
three important two-flavor modes within our system. No
first of all, that the effective potentials of the three mod
depend on different linear combinations of neutrino asymm
tries:

L (tm8)52Lnm
13Lnt

2Ln
m8
,

L (mm8)53Lnm
12Lnt

2Ln
m8
,

L (mt8)54Lnm
13Lnt

1Ln
m8
, ~73!

where we have setLne
5Ln

e8
50, and we have used conse

vation of lepton number16

Lne
1Lnm

1Lnt
1Ln

e8
1Ln

m8
1Ln

t8
50, ~74!

to eliminateLn
t8
. The lepton number creating modent→nm8

generates a nonzeroLnt
, which means thatL (mm8) is also

nonzero. The latter quantity then suppressesnm→nm8 oscilla-
tions, provided that it grows sufficiently quickly for a suffi
ciently long period of time. This is not inevitable, becau
the effect of the lepton number destroying modenm→nm8 is

to try to destroyL (mm8) through the creation of nonzero va
ues forLnm

andLn
m8

to compensate the nonzeroLnt
andLn

m8

produced by thent→nm8 oscillations. The essence of the ca

culation presented above is the determination of whenL (mm8)

is driven to zero, and when it is not. This depends on
oscillation parameters, as summarized in Fig. 2.

The resonance momenta for thent→nm8 mode and its
antimatter analogue are given by

d

er

16Of course the sum of lepton numbers need not be exactly z
However, we can set the sum to zero without loss of genera
provided that the sum is not large.
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ptm8
T

5
1

2 Fa0L (tm8)

b0T2

1AS a0L (tm8)

b0T2 D 2

1
4udmtm8

2 ucos 2utm8

b0T6 G ,

p̄tm8
T

5
1

2 F2
a0L (tm8)

b0T2

1AS a0L (tm8)

b0T2 D 2

1
4udmtm8

2 ucos 2utm8

b0T6 G . ~75!

The p- and T-independent quantitiesa0 and b0 are defined
through

a~p![2a0

T3L (ab8)p

dmab8
2 , b~p![2b0

T4p2

dmab8
2 , ~76!

leading to

a05
4A2z~3!GF

p2
, b05

4A2z~3!GFAa

p2MW
2

. ~77!

In the following we will consider theL (tm8).0 case for
definiteness.17 Before the rapid exponential creation of le
ton number~that is forT.Tc), the neutrino and antineutrin
resonance momenta for the lepton number creating mo
are equal. AsL (tm8) gets exponentially created, the neutrin
resonance momentumptm8 moves rapidly to infinity, while
the antineutrino resonance momentump̄tm8 remains at a
value of orderT. Numerical calculations show thatp̄tm8 /T
typically takes a value in the range 0.2–0.6 atT.Tc/2 where
Tc is the critical temperature at which lepton number c
ation begins. These observations are important, because
mean thatnt→nm8 oscillations are unimportant after the cr

ation of lepton number, whilen̄t→ n̄m8 oscillations remain
very important. This is simply because the neutrino re
nance momentum has moved to the tail of the Fermi-Di
distribution, while the antineutrino resonance momentum
within the body of the distribution.~Note that these observa
tions will play a central role in the next section.!

The resonance momenta for thenm→nm8 and n̄m→ n̄m8
modes are given by

pmm8
T

5
a0L (mm8)

b0T2
,

p̄mm8
T

50 if L (mm8).0,

17A discussion of the overall sign of the asymmetries created
be found in Ref.@25#.
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pmm8
T

50,
p̄mm8

T
52

a0L (mm8)

b0T2
if L (mm8),0.

~78!

In the region of parameter space whereL (mm8) is not driven
to zero, we see thatpmm8 /T gets driven to infinity~staying
with the Lnt

.0 case!, while p̄mm8 /T stays at zero. In the

region of parameter space whereL (mm8) gets destroyed, we
see thatpmm8 /T moves from zero to a finite value asLnt

gets
created, and then moves back towards zero as the com
sating Lnm

is induced. There is a sharp transition betwe

these two possibilities for the evolution ofpmm8 /T, with the
boundary given by the solid lines in Fig. 2. Above the so
line L (mm8) is created early enough and is large enough
that thenm8 is never significantly populated bynm↔nm8 os-
cillations, these oscillations being heavily suppressed by
matter effects resulting from the largeL (mm8). Below the
solid line thenm8 states would eventually become populat
by nm↔nm8 oscillations in the temperature range
&T/MeV&10. Furthermore, the other mirror particles wou
also become populated due to the mirror weak interactio
which would effectively double the energy density of th
universe prior to the BBN epoch.

The nm→nt8 and n̄m→ n̄t8 resonance momenta are give
by

pmt8
T

5
1

2 Fa0L (mt8)

b0T2

6AS a0L (mt8)

b0T2 D 2

2
4udmmt8

2 ucos 2utm8

b0T6 G ,

p̄mt8
T

5
1

2 F2
a0L (mt8)

b0T2

6AS a0L (mt8)

b0T2 D 2

2
4udmmt8

2 ucos 2utm8

b0T6 G . ~79!

Because the sign ofdmmt8
2 is positive, we see a qualitativel

different behavior for these resonance momenta compare
their mirror reflections in thent1nm8 subsystem. Before the
creation of lepton number, there are no solutions to the re
nance conditions. If lepton number evolves to the po
where

S a0L (mt8)

b0T2 D 2

5
4udmmt8

2 u

b0T6
, ~80!

then~taking theL (mt8).0 case! nm↔nt8 comes on resonanc

at a finite value of the momentum, whilen̄m↔ n̄t8 never
comes on resonance. In the region of parameter space w
Lnt

dominates, it is easy to show that this point occurs wh
n
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pmt8
T

.
1

3

pmm8
T

'2. ~81!

Thus by the time sufficientLnt
and Ln

m8
asymmetries have

been generated bynt↔nm8 oscillations for thent8↔nm oscil-
lations to have a resonance momentum, thenm8 ↔nm oscilla-
tion resonance momentum is already into the tail of the d
tribution ~for the parameter space where negligibleLnm

has

been created bynm↔nm8 oscillations!.18 For low tempera-
tures, T&Tc/3, the b term in the matter potential can b
approximately neglected and the resonance momentum
be derived froma(p).cos 2umt8 , leading to

pmt8
T

.
dmmt8

2 cos 2umt8

a0T4L (mt8)
. ~82!

Observe that the effect of thenm↔nt8 oscillations is to de-

creaseuL (mt8)u and hence toincrease pmt8 /T. By the time
T;Tc/2, the resonance momentum has reachedpmt8 /T
;15. We mention this here because it will be important
the following section.

The observations about the evolution of resonance
menta made above are relevant to the numerical integra
of the quantum kinetic equations. Because this integratio
CPU time consuming, we employ the useful time saving
proximation of integrating the oscillation and collisio
driven aspects of the evolution in the region around
MSW resonances. Since the precise details and justifica
of this have been covered in Ref.@28#, we will not repeat the
discussion here.

V. LOW TEMPERATURE AND BBN EPOCHS: EFFECT
OF OSCILLATIONS ON LIGHT ELEMENT

ABUNDANCES

A. Introduction

The primordial deuterium to hydrogen (D/H) ratio can be
used to give a sensitive determination of the baryon to p
ton ratioh which, given the estimated primordial4He mass
fraction, can be used to infer the effective number of lig
neutrino flavorsNn,eff during the BBN epoch. This value ca
then be compared with the predictions forNn,eff from various
models of particle physics to find out which ones are co
patible with standard BBN. For example, the minimal sta
dard model predictsNn,eff53. At the present time, most es
timates favorNn,eff,3.6 and some estimates favorNn,eff
,3.0 @44#. Of course, even if a model of particle physics

18Actually, in the psuedo-Dirac case@33# where there are no mir
ror interactions thenm1nt8 oscillation system is more importan
The reason is that, in the psuedo-Dirac case, these oscillation
stroy exactlythe same combination of lepton numbers as does

nm↔nm8 mode; that is, in this caseL (mt8)5L (mm8). Thus, in the
pseudo-Dirac alternative to the mirror scenario, thenm↔nt8 oscil-

lations can help thenm↔nm8 oscillations destroyL (mm8), which
means that the ‘‘allowed region’’ can be significantly reduced.
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shown to be incompatible with BBN, this does not necess
ily mean that the model is incorrect, since it is also possi
that one of the standard assumptions of BBN may not
correct@45#.

For gauge models with mirror or sterile neutrinos, one
general expectsNn,effÞ3. In fact,Nn,eff may be less than 3 o
greater than 3. The prediction forNn,eff depends on the os
cillation parameters in a given model. One possible con
quence of ordinary-mirror~or ordinary-sterile! neutrino os-
cillations is the excitation of mirror neutrino states, whic
typically leads to an increase in the expansion rate of
universe and thereby also increasesNn,eff . Another possible
consequence of ordinary-mirror neutrino oscillations is
dynamical generation of an electron-neutrino asymme
This also has important implications for BBN, as it direct
affects the reaction rates which determine the neutrino
proton (n/p) ratio just before nucleosynthesis. If the electr
neutrino asymmetry is positive, then it will decreaseNn,eff ,
while if it is negative, then it will increaseNn,eff .

The neutron to nucleon ratio,Xn(t), is related to the pri-
mordial helium mass fraction,YP , by19

YP52Xn ~83!

just before nucleosynthesis. The evolution ofXn(t) is gov-
erned by the equation

dXn

dt
52l~n→p!Xn1l~p→n!~12Xn!, ~84!

where the reaction rates are approximately

l~n→p!.l~n1ne→p1e2!1l~n1e1→p1 n̄e!,

l~p→n!.l~p1e2→n1ne!1l~p1 n̄e→n1e1!,
~85!

and depend on the momentum distributions of the spe
involved. The processes in Eq.~85! for determiningn↔p
are only important for temperatures above about 0.4 M
Below this temperature the weak interaction rates freeze
and neutron decay becomes the dominant factor affecting
n/p ratio. An excess ofne over n̄e , due to the creation of a
positiveLne

would change the rates for the processes in

~85!. The effect of this would be to reduce then/p ratio, and
hence reduceYP . Neutron decay is not significantly altere
by lepton asymmetries. It is quite well known that a sm
change inYP due to the modification ofne and n̄e distribu-
tions does not impact significantly on the other light elem
abundances~see for example Ref.@47#!. A small modifica-
tion to the expansion rate, using the convenient unitNn,eff ,
primarily affects onlyYP , with @48#

dYP.0.0123dNn,eff . ~86!

de-
e

19For a review of helium synthesis, see for example Ref.@46#.
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IMPLICATIONS OF MIRROR NEUTRINOS FOR EARLY . . . PHYSICAL REVIEW D61 043507
In Appendix A we describe in detail how we compute t
effect onYP due to the modifiedne and n̄e distributions.

In two previous papers@26,27#, we studied the implica-
tions for BBN of oscillations within two distinct four-
neutrino-flavor models which featured the three ordin
neutrinos and one sterile neutrino. In Ref.@26#, a model with
the mass hierarchymnt

@mnm
,mne

,mns
was considered. In

this casen̄t↔ n̄s oscillations resulted in an excess ofnt over
n̄t ~in the case whereLnt

.0), thereby generating a larg

tau-neutrino asymmetry. It was shown that ifn̄t2 n̄e oscilla-
tions also occurred, then some of the tau-neutrino asymm
was reprocessed into an electron-neutrino asymmetry.
effective number of neutrino flavors found in Ref.@26# was
either 2.5 or 3.4, depending on the ambiguity for the sign
the asymmetry and hence the prediction forNn,eff ~Ref. @25#
discusses the sign ambiguity issue!. For a positive asymme
try, dNn,eff.20.5 was obtained over a range of mass diff
encesudmts

2 u;10–1000 eV2, while for a negative asymme
try the result wasdNn,eff.10.4. Later, in a separate pap
with Bell @27#, we considered another four-neutrino mod
wherent and nm were taken to be approximately maxim
combinations of two nearly degenerate mass eigenstaten1
and n2, with mn1

,mn2
@mne

,mns
. In that case, we found

Nn,eff.2.7 or 3.1 depending on the sign of the asymmetr
As the above paragraph illustrates, the prediction

Nn,eff is a model dependent quantity. In the next section
will estimateNn,eff in the EPM for various illustrative param
eter ranges.

B. Low temperature neutrino asymmetry evolution
in the EPM: Case 1

We now study the ‘‘low temperature’’ evolution of th
number distributions and lepton numbers in the EPM.
discussed in Sec. II, by ‘‘low temperature’’ we mean t
regime succeeding the exponential growth epoch. In this
gime, the evolution of the neutrino ensemble is dominated
coherent effects, because theT5 decrease in the dampin
function D renders negligible the decohering effect of col
sions. Repopulation, however, is still important.

Consider, for the moment, two-flavor small ang
ordinary-mirror oscillationsna↔nb8 . In the case of un-
damped evolution, we know from numerical integration
the exact quantum kinetic equations that the adiabatic
proximation is valid provided that sin22uab8*10210. Now,
coherent adiabatic MSW transitions completely conv
na↔nb8 at the resonance momentum of these states.
adiabatic two-flavor neutrino oscillations in the early un
verse it is then quite easy to see that the rate of chang
lepton number is governed by the simple equation@26#

dLna

dT
52

dLn
b8

dT
52XUd~pres/T!

dT U, ~87!

where

X5
T

ng
~Nn̄a

2Nn̄
b8
!, ~88!
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and the caseLna
.0 has been considered~so that the reso-

nance occurs for antineutrinos!. Equation~87! relates the rate
of change of lepton number to the speed of the resona
momentum through the neutrino distribution. Reference@29#
provides a detailed discussion of how this equation can
derived from Eq.~44! for the case of adiabatic evolution wit
a narrow resonance width.20 Equation~87! can be simplified
using

d~pres/T!

dT
5

]~pres/T!

]T
1

]~pres/T!

]Lna

dLna

dT
, ~89!

from which it follows that

dLna

dT
52

dLn
b8

dT
5

f X
]~pres/T!

]T

12 f X
]~pres/T!

]Lna

5
24 f Xpres/T

2

12
2 f Xpres

T@L (a)2L8(b)#

,

~90!

where f 51 for d(pres/T)/dt.0 @that is for d(pres/T)/dT
,0# and f 521 for d(pres/T)/dt,0. For the multi-flavor
case under analysis, coupled equations based on Eq.~90! will
be used.

Of course the evolution of the lepton number can also
described using the QKEs. As mentioned above, they g
the same answer provided that the evolution is adiabatic
the case of non-adiabatic evolution, the QKEs should
used instead of the simple equation~87!. For our study of the
low temperature evolution of the number distributions a
lepton numbers in the EPM, we will make use of the ad
batic approximation encoded in Eq.~90!. In fact, it turns out
that the evolution of the system in the EPM model is qu
complicated. For example, three-flavor effects cannot be
nored, so solving the problem using the quantum kine
equations would be extremely complicated and~CPU! time
consuming.

We first consider the parameter region

mnt1
.mnt2

@mnm1
,mnm2

,mne1
,mne2

, ~91!

with

mnm1
,mnm2

,mne1
,mne2

!1 eV. ~92!

We will call this ‘‘case 1.’’ ~Later on we will consider an-
other case, case 2, wheremnm6

;eV as suggested by th
LSND results.! In Case 1, the following oscillation modes a
have approximately the sameudm2u, which we denote as
dmlarge

2 :

20Note that when collisional decoherence in neglected, the QK
produce standard Schro¨dinger-like MSW evolution with repopula-
tion effects added via a Boltzmann approach.
7-17
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R. FOOT AND R. R. VOLKAS PHYSICAL REVIEW D61 043507
nt↔ne8 , nt↔nm8 , nt8↔ne , nt8↔nm ,

nt↔ne , nt↔nm , nt8↔ne8 , nt8↔nm8 . ~93!

Note that dmlarge
2 .mnt6

2 . All the other oscillation modes

have much smallerdm2 values. In fact, for case 1, we wil
consider the parameter space region where thedm2 values of
all the other oscillation modes are small enough so that t
can be approximately neglected for temperaturesT
*0.4 MeV. This last condition means that these modes
not affect the neutron/proton ratio and hence cannot sig
cantly affect BBN.

In the following discussion we consider the caseLnt
.0

for definiteness. This means that then̄t↔ n̄e8 and n̄t↔ n̄m8
oscillations generateLnt

while the other oscillations repro
cess some of this asymmetry into other flavors. Of cours
crucial issue for BBN is to find out how much of this asym
metry is reprocessed to the electron neutrinos, and at w
temperature this occurs.

In order to use Eq.~90!, we have to employ the resonanc
conditions to determine the resonance momenta as func
of temperature and the neutrino asymmetries. We begin
noting that the sum of the ordinary and mirror lepton nu
bers is conserved by the oscillations, and we will supp
that they sum to zero21:

Lne
1Lnm

1Lnt
1Ln

e8
1Ln

m8
1Ln

t8
50. ~94!

Furthermore, we take as initial conditions that

Lnm
.Lne

, Ln
m8
.Ln

e8
. ~95!

We will show that this assumption is robust shortly. With t
above initial conditions, it follows that the eight oscillatio
modes of Eq.~93! can be classified together into four grou
of two, each group having approximately the same resona
momentum:

group 1: n̄t↔ n̄e8 , n̄t↔ n̄m8 , pres[P1 ,

group 2: nt8↔ne , nt8↔nm , pres[P2 ,

group 3: n̄t↔ n̄e , n̄t↔ n̄m , pres[P3 ,

group 4: n̄t8↔ n̄e8 , n̄t8↔ n̄m8 , pres[P4 .
~96!

In the low temperature epoch, theb term in the effective
potential can be approximately neglected because it
creases asT6. This means that the resonance condition
approximatelya(p)56cos 2u.61 for small angle oscilla-

21Of course our results do not depend significantly on this
sumption. For example, if we put the sum in Eq.~94! equal to a
number of the order of the baryon asymmetry, then the resul
analysis will change very little.
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tions. For na↔nb8 small angle oscillations, the resonan
momentum is therefore to a good approximation given b

pres

T
5

dmab8
2

a0T4L (ab8)
, ~97!

where we have used the notation defined earlier in Eq.~76!.
For the four groups of oscillation modes in Eq.~96!,

Pi

T
5

dmlarge
2

a0T4Li

, ~98!

wherei 51, . . . ,4 and

L1[L (te8)5
7

2
Lnt

15Lne
1

1

2
Ln

t8
,

L2[2L (et8)52Lnt
15Lne

2Ln
t8
,

L3[L (t)2L (e)5Lnt
2Lne

,

L4[L8(t)2L8(e)5Ln
t8
2Ln

e8

5
1

2
Lnt

1Lne
1

3

2
Ln

t8
. ~99!

Note that Eqs.~94! and ~95! have been used in the abov
equation to expressLnm

, Ln
m8

andLn
e8

in terms of theLne
, Lnt

andLn
t8
.

In the following discussion we will focus on the param
eter space region where all of the oscillations are appro
mately adiabatic. This is extraordinarily helpful, becau
adiabatic transitions are independent of the vacuum mix
angles~as long as the mixing angles are much smaller th
1!. This means that generic outcomes can be calculated f
reasonably large range of parameters, rather than havin
consider small points in oscillation parameter space on a c
by case basis. As noted earlier, two flavor subsystems in
epoch of the early universe evolve adiabatically provid
that the relevant sin22u*10210. This is not a very stringen
requirement. In particular, there will be a large range of p
rameters where the evolution is both adiabatic and satis
the experimental and cosmological constraints. Given the
rameter region of Eqs.~91! and~92!, consistency with BBN
constrains sin22utm8 to be22

sin22utm8&few31024S eV2

dmlarge
2 D 1/2

, ~100!

while Nomad and Chorus constrain sin22utm to be @49#

sin22utm&1023 for dmlarge
2 *40 eV2. ~101!

-

g
22Note that sin2 2utm85sin2 2ut8m from the parity symmetry.
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IMPLICATIONS OF MIRROR NEUTRINOS FOR EARLY . . . PHYSICAL REVIEW D61 043507
We now discuss the effects of each of the four groups
modes in Eq.~96!.

~1! Then̄t↔ n̄e8 and n̄t↔ n̄m8 group 1 modes:These modes
have negativedm2 values and thus create the relevant lep
numbersLnt

, Ln
e8

andLn
m8
. It is important to understand tha

if these two modes have slightly different resonance m
menta, sayP1

a andP1
b , then they generate lepton numbers

that P1
a→P1

b . This is tantamount to ensuring that the initi
conditions of Eq.~95! hold, provided that the difference be
tween the initial values ofLne

and Lnm
is not too great. To

see that the resonance momenta are dynamically drive
coincide, assume thatP1

a.P1
b . This means that then̄t↔ n̄e8

resonance momentum preceeds then̄t↔ n̄m8 resonance mo-

mentum. Now, then̄t↔ n̄e8 oscillations convert all of the

resonantn̄t’s into n̄e8’s. The closely followingn̄t→ n̄m8 reso-

nance has a much weaker effect, since there are non̄t’s left
to convert inton̄m8 states.~For this to be true the resonanc

momenta must be close enough so that the convertedn̄t
states do not get completely refilled by the weak interacti
before the trailing resonance momentumP1

b passes their mo
mentum value.! Because of the disparity in raw material fo
processing,Ln

e8
is created much more rapidly thenLn

m8
. Ac-

cording to Eq.~98!, this in turn means thatP1
a increases more

slowly relative toP1
b and thusP1

b→P1
a . Obviously, if we

had started withP1
b.P1

a , then we also would have foun
that the evolution of lepton numbers is such thatP1

a→P1
b .

Because the dynamics drives the two resonances in
group to approximately coincide, the system cannot be
scribed in terms of two-flavor oscillations. Instead, thre
flavor effects amongn̄t , n̄e8 and n̄m8 effect the adiabatic con
version

un̄t&↔
1

A2
~ un̄e8&1un̄m8 &). ~102!

This means that asP1 sweeps through then̄t momentum
distribution,

Nn̄
e8
~P1!→ 1

2
FNn̄

e8
~P1!

2
1

Nn̄
m8
~P1!

2
1Nn̄t

~P1!G ,

Nn̄
m8
~P1!→ 1

2
FNn̄

e8
~P1!

2
1

Nn̄
m8
~P1!

2
1Nn̄t

~P1!G ,

Nn̄t
~P1!→ 1

2
@Nn̄

e8
~P1!1Nn̄

m8
~P1!#. ~103!

In our numerical work the continuous momentum distrib
tion for each flavor is replaced by a finite number of ‘‘cells
on a logarithmically spaced mesh. As the momentumP1
passes a cell, the number density in the cell is modified
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cording to Eq.~103!.23 Of course weak interactions will re
populate these cells as they thermalize the neutrino mom
tum distributions. We will discuss this later.

~2! Thent8↔ne andnt8↔nm group 2 modes.These modes
have positivedm2 values. At quite high temperatures, whe
the group 1 oscillation modes are exponentially creatingLnt

,

the group 2 oscillation modes generateLn
t8
, Lne

andLnm
such

that L8(t)2L (e)→0 and L8(t)2L (m)→0. As already dis-
cussed in Sec. IV, this makesP2 /T@1 at the onset of the
low temperature epoch. Our numerical work shows that
initial value of P2 /T is typically about 15 and decreasing b
the time T;Tc/2. The subsequent evolution ofP2 /T is a
little complicated, but can be roughly understood from E
~89! and ~98!, which combine to produce

d~P2 /T!

dT
52

P2

T F4

T
1

1

L2

dL2

dT G ~104!

or, equivalently,

d~P2 /T!

dt
.

P2

T F5.5T2

M P
2

1

L2

dL2

dt G . ~105!

By the timeT;Tc/2, the group 2 modes have drivenL2 to
be quite small. The second term in the right-hand side of
above equation therefore dominates, makingP2 /T a decreas-
ing function of time. So, at the start of the low temperatu
epoch,P2 /T slowly decreases, convertingne’s and nm’s to
nt8’s as it does so. As for the group 1 modes above, it is e
to see that if the two group 2 modes had slightly differe
resonance momenta,P2

a and P2
b , then the dynamics force

P2
a→P2

b . The effect of the three-flavorne2nm2nt8 sub-
system is to convertunt8& to (1/A2)(une&1unm&). So, asP2

moves~backward! through the neutrino momentum distribu
tion,

Nne
~P2!→ 1

2
FNne

~P2!

2
1

Nnm
~P2!

2
1Nn

t8
~P2!G ,

Nnm
~P2!→ 1

2
FNne

~P2!

2
1

Nnm
~P2!

2
1Nn

t8
~P2!G ,

Nn
t8
~P2!→ 1

2
@Nne

~P2!1Nnm
~P2!#. ~106!

The effect of this conversion is to generate significantLne

andLnm
asymmetries which are negative in sign~given that

we have takenLnt
.0 for definiteness!. As the evolution

unfolds, at some temperatureP2 /T changes direction and
begins to increase again. This is due to the gradual incre
in L2 which eventually makes the second term on the rig

23Note that it is legitimate to consider probabilities, as encoded
the number density distributions, rather than probability amplitu
in effecting the conversion. This is because fully adiabatic tran
tions are sufficiently ‘‘classical.’’
7-19
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R. FOOT AND R. R. VOLKAS PHYSICAL REVIEW D61 043507
hand side of Eq.~105! smaller in magnitude than the firs
term. The full analysis, incorporating all of the modes sim
taneously, requires a numerical treatment. We compute
minimum P2 /T to be ;6, which is still in the tail of the
distribution. The upshot of this somewhat complicated e
lution is that theP2 resonance momentum does not swe
through the entire momentum distribution, but rather,
sweeps through a significant part of the high momentum
In the temperature regime whereP2 /T makes the return
journey from its minimum value back to high values, t
adiabatic MSW transitions have little effect because th
simply swap the almost equal number densities ofnt8 and
ne,m that were created by adiabatic transitions before
turnaround.24 This is of course only true provided that th
momentum distribution ofnt8 states does not get significant
modified by the mirror weak interactions, an issue we w
discuss in more detail later.

~3! The n̄t↔ n̄e and n̄t↔ n̄m group 3 modes.These
modes, being ordinary-ordinary, are slightly different
character to the ordinary-mirror modes. Their effect is
reprocess some of theLnt

into Lne
and Lnm

. In the early
stages of lepton number creation, all of the ordinary-ordin
modes are unimportant, because they simply swap fla
with almost identical number density distributions. Howev
eventually theLnt

asymmetry created by the group 1 mod

is large enough to distort then̄t momentum distribution so
that the attendant reduction in then̄t number density relative
to that for n̄e,m allows n̄t↔ n̄e,m oscillations to induce non
trivial dynamics: the depletion ofn̄e and n̄m states at the
resonance momentumP3. This effect becomes significan
when Lnt

becomes quite large, which occurs roughly wh

P1 /T*2. Now, from Eq.~99! it is evident thatP3; 7
2 P1

using the fact thatLnt
is the largest lepton number in th

system. This has the important consequence that the ov
effect of the group 3 oscillations is not very large because
the timeLnt

is large,P3 is already well into the tail of the
momentum distribution. This is fortunate, because these
cillations are more complicated to describe. Unlike the gro
1 and 2 modes, it is easy to see that if the resonance
menta,P3

a and P3
b , of the two modes are slightly differen

then they donot subsequently evolve to coincide.~The rea-
son is that if, say, then̄t↔ n̄e resonance momentum precee
the n̄t↔ n̄m resonance momentum, then then̄t↔ n̄e oscilla-
tions act to reduceL (te), therebyincreasingthe rate at which
this resonance momentum moves relative to then̄t↔ n̄m
resonance momentum.! Note, however, that because of th
more influential group 2 oscillations, it follows thatP3

a and
P3

b are at leastapproximatelyequal. What precisely happen

24Actually, in this region, the two resonance momentaP2
a,b are no

longer dynamically driven to coincide, making the oscillatio
somewhat more complicated. However, if thent8 tail is fully popu-
lated from the previous evolution of the system, then this com
cation matters very little.
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will then depend on the width of these resonances
whether they overlap or not. This means that the effects
be dependent on the values of the relevant oscillation par
eters. In our numerical work we will assume that the re
nances overlap, so thatun̄t&↔1/A2(un̄e&1un̄m&). In this
case,

Nn̄e
~P3!→ 1

2
FNn̄e

~P3!

2
1

Nn̄m
~P3!

2
1Nn̄t

~P3!G ,

Nn̄m
~P3!→ 1

2
FNn̄e

~P3!

2
1

Nn̄m
~P3!

2
1Nn̄t

~P3!G ,

Nn̄t
~P3!→ 1

2
@Nn̄e

~P3!1Nn̄m
~P3!#. ~107!

We stress that, were the above assumption proved to be
valid, our numerical results would not be greatly affect
because the group 3 modes have a relatively weak effec
the reasons discussed above. Finally we note that theLne

and

Lnm
asymmetries created by the group 3 modes have

opposite sign to theLne
and Lnm

asymmetries generated b
the group 2 modes.

~4! The n̄t8↔ n̄e8 and n̄t8↔ n̄m8 group 4 modes.These
mirror-mirror modes can be neglected becauseP4 is always
greater thanP1, and thus then̄e,m8 states are approximatel

empty ~as is n̄t8) when theP4 resonance momentum move
through.

Having understood to some extent the effect of ea
group of oscillations, it is now time to solve the comple
system of coupled equations for the various lepton numb
These are obtained by a straightforward generalization of
two-flavor case given in Eq.~90!. They are

dLnt

dT
52X1Ud~P1 /T!

dT U2X3Ud~P3 /T!

dT U,
dLne

dT
5

1

2
X3Ud~P3 /T!

dT U11

2
X2Ud~P2 /T!

dT U,
dLnm

dT
5

dLne

dT
,

dLn
t8

dT
52X2Ud~P2 /T!

dT U,
dLn

e8

dT
5

dLn
m8

dT
52

1

2
S dLnt

dT
1

dLn
t8

dT
1

dLne

dT
1

dLnm

dT
D ,

~108!

where

X1[
T

ng
S Nn̄t

~P1!2
1

2
@Nn̄

e8
~P1!1Nn̄

m8
~P1!# D ,

X2[
T

ng
S 1

2
@Nne

~P2!1Nnm
~P2!#2Nn

t8
~P2! D ,i-
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X3[
T

ng
S Nn̄t

~P3!2
1

2
@Nn̄e

~P3!1Nn̄m
~P3!# D .

~109!

Expanding out Eq.~108! we find

y1

dLnt

dT
5a1b

dLne

dT
1g

dLn
t8

dT
,

y2

dLne

dT
5d1r

dLnt

dT
1z

dLn
t8

dT
,

y3

dLn
t8

dT
5h1u

dLne

dT
1f

dLnt

dT
, ~110!

where

y1[12 f 1X1

]~P1 /T!

]Lnt

2 f 3X3

]~P3 /T!

]Lnt

511
7 f 1X1P1

2TL1
1

f 3X3P3

TL3
,

y2[11
1

2
f 3X3

]~P3 /T!

]Lne

1
1

2
f 2X2

]~P2 /T!

]Lne

511
f 3X3P3

2TL3
2

5 f 2X2P2

2TL2
,

y3[12 f 2X2

]~P2 /T!

]Ln
t8

512
f 2X2P2

TL2
,

a[ f 1X1

]~P1 /T!

]T
1 f 3X3

]~P3 /T!

]T

524 f 1X1P1 /T224 f 3X3P3 /T2,

b[ f 1X1

]~P1 /T!

]Lne

1 f 3X3

]~P3 /T!

]Lne

5
25 f 1X1P1

TL1
1

f 3X3P3

TL3
,

g[ f 1X1

]~P1 /T!

]Ln
t8

5
2 f 1X1P1

2TL1
,

d[2
1

2
f 3X3

]~P3 /T!

]T
2

1

2
f 2X2

]~P2 /T!

]T

52 f 3X3P3 /T212 f 2X2P2 /T2,
04350
r[2
1

2
f 3X3

]~P3 /T!

]Lnt

2
1

2
f 2X2

]~P2 /T!

]Lnt

5
f 3X3P3

2TL3
1

f 2X2P2

TL2
,

z[2
1

2
f 2X2

]~P2 /T!

]Ln
t8

52
f 2X2P2

2TL2
,

h[ f 2X2

]~P2 /T!

]T
524 f 2X2P2 /T2,

u[ f 2X2

]~P2 /T!

]Lne

52
5 f 2X2P2

TL2
,

f[ f 2X2

]~P2 /T!

]Lnt

52
2 f 2X2P2

TL2
, ~111!

and f i51 for d(Pi /T)/dt.0 and f i521 for d(Pi /T)/dt
,0 (i 51,2,3). Solving Eq.~110! we find

dLne

dT
5

~dy31zh!~y1y32gf!1~ry31fz!~ay31gh!

~y2y32zu!~y1y32gf!2~ry31fz!~by31gu!
,

dLnt

dT
5

ay31gh1~by31gu!
dLne

dT

y1y32gf
,

dLn
t8

dT
5

1

y3
Fh1u

dLne

dT
1f

dLnt

dT
G . ~112!

We compute the number densities incorporating Eqs.~103!–
~107!. The repopulation and thermalization of the neutri
momentum distributions is taken into account using the sa
expression as in the high temperature epoch:

]

]t

Nna
~p!

Neq~p,T,0!
.Ga~p!FNeq~p,T,mna

!

Neq~p,T,0!
2

Nna
~p!

Neq~p,T,0!
G ,

~113!

whereGa(p) is the total collision rate. The chemical pote
tials are computed from the lepton numbers as per Sec.

Observe that the oscillations will necessarily generat
significant number ofn̄e8 ,n̄m8 andnt8 mirror neutrino species
We will make the simplifying assumption that there is ne
ligible thermalization of these mirror neutrinos. By this w
mean that the mirror weak interactions of these mirror sta
are weak enough to not appreciably modify the mirror ne
trino momentum distributions. We will discuss later the c
cumstances required for this is to be a valid approximati
and the expected effects when it is not valid.

In solving Eq.~112! initial conditions forLna
andLn

a8
for

eacha must be specified at a temperature,Tlow , that serves
as the initial point for the low temperature epoch. For de
niteness we takeTlow5Tc/2, whereTc is the critical point
7-21
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during the high temperature epoch at which the explos
growth ofLnt

begins. Our results are quite insensitive to t

precise value taken forTlow as long as it is high enough fo
the lepton numbers to be still much less than 1.~This issue is
discussed more fully in Ref.@26#.! The lepton numbers ar
related to the resonance momenta by using Eqs.~98! and
~99!,

Lne
5

v

24S 2

P1
1

1

P2
2

9

P3
D ,

Lnt
5

v

24S 2

P1
1

1

P2
1

15

P3
D ,

Ln
t8
5

v

24S 14

P1
2

17

P2
2

15

P3
D , ~114!

where v[dmlarge
2 /a0T3. ~The group 4 oscillation mode

have been neglected for reasons discussed earlier.! Thus,
specifying the valuesPi /T at T5Tlow completely fixes the
values of the lepton numbers at that temperature. From
numerical work, we find that theT;Tlow values of the reso-
nance momentaP1 andP2 are given approximately by

P1 /T;0.3, P2 /T;15. ~115!

These values are approximately independent of the vac
oscillation parameters as long as the various mixing an
obey sin22u*10210 and provided thedm2’s lie in the range
of interest. Also note that our subsequent numerical wor
not very sensitive to the precise initial values ofP1 /T and
P2 /T provided thatP1 /T is small ~less than about 0.6! and
P2 /T is large ~greater than about 10!. We also need to
specify the initial values of the signsf i . We take f 15 f 3
51 and f 2521 at T5Tlow . Subsequentlyf i are evaluated
from the previous time step.

FIG. 3. Evolution of the resonance momentaPi /T, for the ex-
ample withdmlarge

2 550 eV2. The solid line, long-dashed line, sho
dashed line, and dash-dotted line correspond toP1 /T,P2 /T,P3 /T
andP4 /T respectively.
04350
e

ur

m
s

is

In the region during and just after the exponential grow
the initial production ofLne

andLnm
due to the oscillations

n̄t↔ n̄e and n̄t↔ n̄m is suppressed because the number d
sities of all the ordinary neutrino flavors are almost equal.
T5Tlow we find that the creation of lepton number due
these oscillations is approximately negligible. This mea
that the main contribution toLne

, Lnm
andLn

t8
at T;Tlow is

from nt8↔ne,m oscillations, and thusLn
t8
.22Lne

. It follows

that the initial value forP3 /T can be approximately relate
to the initial values ofP1 /T andP2 /T by

1

P3
.

18

33P1
2

15

33P2
. ~116!

We have solved this system of equations for the illust
tive example ofdmlarge

2 550 eV2. In Fig. 3 we show the
evolution of the four resonance momentaPi /T. The evolu-
tion of Lna

andLn
a8

for the samedmlarge
2 parameter choice is

plotted in Fig. 4 for theLnt
.0 case.

Let us now turn to the implications of the oscillations f
BBN. The change inYP due to the neutrino oscillations ca
be separated into two contributions,

dYP5d1YP1d2YP , ~117!

whered1YP is the change due to the effect of the modifi
electron neutrino momentum distributions on the react
rates, andd2YP is due to the change in the energy density~or
equivalently the change in the expansion rate of the u
verse!. The former effect can be determined by numerica
integrating the rate equations for the processes given in
~85! using the modified electron neutrino momentum dis
butionsNne

andNn̄e
as discussed in Appendix A. The latte

contribution can be computed from the momentum distrib
tions of the ordinary and mirror neutrinos through

FIG. 4. Evolution of the lepton numbers for the same exam
as Fig. 3.
7-22
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d2YP.0.012S 1

2r0
(
a51

3 E
0

`

@Nna
~p!1Nn̄a

~p!1Nn
a8
~p!

1Nn̄
a8
~p!#pdp23D , ~118!

where

r0[E
0

`

Neq~p,T,0!pdp5
7p2

240
T4 ~119!

is the energy density of a Weyl fermion at equilibrium wi
zero chemical potential.@Recall that Eq.~86! can be used to
expressdYP , d1YP andd2YP in terms of effective neutrino
number,dNn,eff , d1Nn,eff andd2Nn,eff , respectively.# To cal-
culated2YP , we numerically determine the momentum d
tributions atT50.5 MeV. Because of the approximate k
netic decoupling of neutrinos for temperatures below ab
3–4 MeV, large contributions25 to d2YP , should they exist,
must have been generated earlier. A temperature of 0.5 M
is therefore a safe place to evaluate the finald2YP .

Recall that there is an ambiguity concerning the sign
the Lnt

lepton asymmetry. We have considered theLnt
.0

case above for definiteness, butLnt
,0 is equally likely a

priori . ~See Ref.@25# for further discussion of this.! For the
negativeLnt

case, the roles of particles and anti-particles
reversed for the modes quoted in Eq.~96! and subsequen
equations. One consequence of this is that the signs of al
other asymmetries are also reversed. The quantityd1YP will
obviously be significantly affected by this ambiguity in sig
while d2YP will not be affected at all. This means that w
have two possible values for the overall change in the ef

25By ‘‘large contributions’’ we meand2Nn,eff*0.10.

FIG. 5. dNn,eff versusdmlarge
2 for case 1@see Eqs.~91!, ~92!#.

The dashed line is the contributiond1Nn,eff due to the effects of the
Lne

asymmetry while the dash-dotted line is the contributi
d2Nn,eff due to the change in the expansion rate. The solid lin
the total contributiond1Nn,eff1d2Nn,eff . This figure considers the
caseLnt

,0.
04350
t

V

f

e

he

c-

tive number of neutrino flavors during BBN. The results
the numerical work is presented in Figs. 5 and 6. Figur
treats theLnt

,0 case~which it turns out means thatLne

.0), while Fig. 6 displays theLnt
.0 case~which implies

that Lne
,0).

Observe thatd1YP is not very large. The main contribu
tion to it is from the modification of the high momentum ta
of thene distribution due to the group 2nt8↔ne oscillations.

This is partially offset by the modification of then̄e distribu-
tion due ton̄t↔ n̄e oscillations. It is also evident thatd2YP is
close to zero fordmlarge

2 &300 eV2. This is simply because
the generation of mirror states, which is dominated by
nt↔ne8 andnt↔nm8 modes, occurs below the kinetic deco
pling temperature fornt’s. This means that thent states
which have converted into mirror states are not repopula
For larger values ofdmlarge

2 , the nt states begin to get re
populated, and the energy density increases accordingly.
should also emphasize that our calculations contain appr
mations. The most important are that the repopulation
handled approximately via Eq.~113! and we have neglecte
mirror thermalization. Thus, our results have a theoreti
uncertainty, which we estimate to be of orderdNn,eff;0.3
~see following discussion!.

We now discuss in more detail the effects of mirror ne
trino thermalization. Recall that in the foregoing compu
tions, we have included mirror neutrino thermalization v
the quantitygr[(T8/T)4 during the high temperature epoc
but neglected it during the low temperature epoch.~Remem-
ber that mirror weak interaction rates increase with tempe
ture.! We now discuss when this approximation is valid a
the expected effects when it is not.

Given our division of the evolution of the system in
high and low temperature epochs, it is convenient to a
classify mirror weak interactions into two categories. T
first category consists of the interactions of the mirror ne
trinos generated during the low temperature epoch with
background mirror neutrinos, electrons and positrons
over from the preceding high temperature epoch@‘‘mirror
high-T background’’~MHTB!#. The second category is th
elastic collisions of then̄e8 , n̄m8 and nt8 neutrinos generated

is

FIG. 6. Same as Fig. 5 exceptLnt
.0 is considered.
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during the low temperature epoch with themselves. We n
estimate each of these thermalization rates.

The interaction rate of a mirror neutrinona8 of momentum
p with the MHTB is approximately given by

Gm~p!5grG~p!.gryaGF
2T5S p

3.15TD . ~120!

Now, from the discussion above@see Eq.~96!#, the addi-
tional mirror neutrino states created during the low tempe
ture epoch consist of the flavorsn̄e8 , n̄m8 andnt8 , Their inter-
actions with the MHTB can be approximately neglected

Gm~p!

H
&1⇒gryaGF

2 M P

5.5 S p

3.15TDT3&1. ~121!

As summarized in Fig. 3, the resonance momentumP2 /T for
the modes producingnt8’s is always higher than the reso

nance momentumP1 /T for the modes producingn̄e8 andn̄m8 .
The mirror thermalization effects will therefore be most im
portant for thent8 states. It is also clear that the relative
high momentumnt8 states are produced at a higher tempe

ture thann̄e8 and n̄m8 states of a corresponding momentu
The temperature range of interest for thent8 lies between
Tlow.Tc/2 and the temperatureTmin at whichP2 /T reaches
its minimum value of.6.

We can easily numerically computeTmin to obtain

Tmin

MeV
.0.70S dmlarge

2

eV2 D 1/4

. ~122!

We now estimate the effects of thermalization by consid
ing the interaction rate for ant8 with a typical momentum of
p/T;8 at a temperature around or slightly higher thanTmin .
Although the constraint, Eq.~121!, on gr is stronger for
higher values ofT, the number ofnt8’s produced is lower, so
the effects of their thermalization will be corresponding
weaker. The choices made forp/T and T as input for Eq.
~121! represent a reasonable ‘‘compromise’’ driven by the
considerations. So we estimate that the interactions ofnt8
with the MHTB can be neglected provided that

gr&
1

3Tmin
3

;S eV2

dmlarge
2 D 3/4

. ~123!

We now estimate the thermalization rate, due to ela
collisions with themselves and with then̄e,m8 states produced
during the low temperature epoch, of the mirrornt8 states
produced during the low temperature epoch. We will colle
tively call the mirror neutrino/antineutrino states produc
during the low temperature epoch the ‘‘mirror low-T back-
ground’’ ~MLTB !. Let us denote the collision rate for ant8 of

momentump with the n̄e,m8 (nt8) component of the MLTB by
G1(p) @G2(p)#. The relevant collision rates can be obtain
from Ref. @43# to yield
04350
w

-

-

.

r-

e

ic

-

G1~p!.0.13GF
2T5S rn̄

e8
1rn̄

m8

r0
D S p

3.15TD ,

G2~p!.0.77GF
2T5S rn

t8

r0
D S p

3.15TD , ~124!

wherer0 is defined in Eq.~119!. So the interactions of thent8

with the n̄e,m8 (nt8) MLTB can be approximately neglecte
provided that

G1

H
&1⇒0.13GF

2T3
M P

5.5
S rn̄

e8
1rn̄

m8

r0
D S p

3.15TD&1,

G2

H
&1⇒0.77GF

2T3
M P

5.5
S rn

t8

r0
D S p

3.15TD&1.

~125!

Our numerical work shows that (rn̄
e8
1rn̄

m8
)/r0!1 until quite

low temperaturesT/MeV&(dmlarge
2 /eV2)1/4. In fact the sec-

ond condition in Eq.~125!, from nt8nt8 elastic collisions, is
the more stringent requirement. For this case we can estim
the collision rate by considering ant8 of typical momentum
p/T;8, which is produced at a temperatureT/MeV
;1.3(dmlarge

2 /eV2)1/4. The ratio of energy densities require
is estimated from adiabatic conversion asP2 /T evolves from
its initial value to about 8:

rn
t8

r0
.

T4

2p2r0
E

8

` y3dy

11ey .0.04. ~126!

Using these numbers we estimate from Eq.~125! that nt8nt8
elastic collisions can be approximately neglected provid
that

0.05S dmlarge
2

eV2 D 3/4

&1⇒dmlarge
2 &50 eV2. ~127!

It turns out that this numerical bound is not very sensitive
what we choose for a ‘‘typical’’P2 /T, so it is fairly robust.
Thus, in summary, we conclude that the thermalization of
mirror neutrinos can be approximately neglected provid
that

gr&S eV2

dmlarge
2 D 3/4

and dmlarge
2 &50 eV2. ~128!

Let us now discuss what happens when there is signific
thermalization of the mirror neutrinos. Let us first consid
the case of thent8 states. If they are thermalized, thent8
distribution will be close to an equilibrium distribution give
by
7-24
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Nn
t8

eq
5

1

2p2

p2

11expS p2mn
t8

Tn
t8

D . ~129!

The elasticnt8 collisions with the backgroundnt8 conserve
both the number densitynn

t8
and energy densityrn

t8
, so these

quantities can be used to determine the two parametersmn
t8

andTn
t8
. Now,

nn
t8
5E

0

`

Nn
t8
dp.

Tn
t8

3

p2
emnt8

/Tnt8,

rn
t8
5E

0

`

Nn
t8
pdp.

3Tn
t8

4

p2
emnt8

/Tnt8.

~130!

Thus,

Tn
t8
5

rn
t8

3nn
t8
, mn

t8
5T lnS 27p2nn

t8
4

rn
t8

3 D . ~131!

Hence, for anyT, we can computeTn
t8

andmn
t8

by computing

rn
t8

andnn
t8

from Nn
t8
. To estimate the effects of the repop

lation we use the equation

d

dt

Nn
t8
~p!

Neq~p,T,0!
U

repop

.G2~p!F Nn
t8

eq
~p!

Neq~p,T,0!
2

Nn
t8
~p!

Neq~p,T,0!
G ,

~132!

whereG2(p) is the elasticnt8nt8 collision rate quoted earlier

FIG. 7. Nn
t8

eq
~bottom solid line! at the temperatureT5Tmin ~see

text! for the example of Figs. 3 and 4. The top solid line is t
expected distribution ofnt8’s if the thermalization due to the mirro
weak interactions is neglected. The unit along the vertical axi
MeV2.
04350
The most important effect of the thermalization of thent8
occurs whenP2 /T evolves fromP2 /Tumin to infinity. For the
example of Figs. 3 and 4, namelydmlarge

2 550 eV2, we have
computedNn

t8
eq

at the temperatureTmin . This is shown in Fig.

7 as a function ofp/T in order to compare this distribution
with the distribution ofnt8 states which would exist in the
absence ofnt8 thermalization. In this latter case, the MSW
transitions that occurred during the previous evolution
P2 /T from about 15 down to about 6 populated thent8 states
from the tail of thene,m distributions~which have approxi-
mately negligible chemical potentials in this region!. Fur-
thermore, ordinary weak interactions repopulated the
pletedne,m tails. This means that, in the absence of mirr
thermalization, the journey back fromP2 /Tumin to infinity is
dynamically inert as the oscillating species always have
proximately equal number densities in the resonance reg
However, if thent8’s are thermalized, this is not the case.

Computing the evolution of the system whenP2 /T
evolves fromP2 /Tumin back to high values appears to b
problematic. The problem is that in this region the resona
momentaP2

a and P2
b for the modesnt8↔ne and nt8↔nm ,

respectively, are not dynamically driven to coincide. Thus
this case, we might expect different results depending
which resonance momentum goes first. Since the prev
evolution of the system was such that the two resona
momenta coincided, it is not clear which resonance mom
tum will in fact go first. For instance, the result may we
depend on a statistical fluctuation, and therefore may be
ferent in different regions of the universe. The physical i
plication of this would be a spatially dependentYp distribu-
tion.

We have made some numerical estimates using the
scription given in Eq.~106!. Our numerical results indicate
that the overall affect ofnt8 thermalization is not unaccept
ably large, typically aboutdNn,eff;0.3 ~for the entire range
of interest indmlarge

2 ). For Lnt
.0 the effect is positive, tha

is dNn,eff;10.3, while forLnt
,0 the effect is negative, tha

is dNn,eff;20.3. This essentially results in a theoretical e
ror of this magnitude for the parameter space region wh
violates the bounds in Eq.~128!.

C. Low temperature neutrino asymmetry evolution
in the EPM: Case 2

We now consider the case where thenm and nm8 masses
are not negligible. This is of considerable interest sin
mnm6

;1 eV is expected if the LSND anomaly@23# is due
to neutrino oscillations. We consider the mass hierarchy

mnt1
.mnt2

@mnm1
.mnm2

@mne1
,mne2

. ~133!

In case 2, there are twodm2 scales. The modes listed in Eq
~93! have the largedm2[dmlarge

2 , while

nm↔ne8 , nm↔ne , nm8 ↔ne , nm8 ↔ne8 , ~134!

plus the associated antiparticle modes have the sm
dm2[dmsmall

2 . The specification of the parameter space

is
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interest is completed by taking the remaining mod
na↔na8 for a5e,m,t, to have a negligibledm2 ~much
smaller thandmsmall

2 ).
The four modes in Eq.~134! typically have distinct reso-

nance momenta which we denote as follows:

n̄m↔ n̄e8 , pres5p1 ,

nm8 ↔ne , pres5p2 ,

n̄m↔ n̄e , pres5p3 ,

n̄m8 ↔ n̄e8 , pres5p4 . ~135!

The resonance momenta for each of these modes can b
tained from Eq.~97!,

pi

T
5

dmsmall
2

a0T4Li

, ~136!

wherei 51, . . . ,4 and

L1[L (m)2L8(e)52Lnm
1Lnt

1Lne
22Ln

e8
2Ln

m8
2Ln

t8
,

L2[2~L8(m)2L (e)!

522Ln
m8
2Ln

e8
2Ln

t8
12Lne

1Lnm
1Lnt

,

L3[L (m)2L (e)5Lnm
2Lne

,

L4[L8(m)2L8(e)5Ln
m8
2Ln

e8
. ~137!

Observe that we use the lowercasepi notation for thedmsmall
2

modes of Eq.~135! and the uppercasePi notation for the
dmlarge

2 modes of Eq.~96!.
Since dmsmall

2 !dmlarge
2 , it follows that p1,2!Pi . ~Note

however thatp3 and p4 start out being infinitely large be
cause of theLne

5Lnm
andLn

e8
5Ln

m8
conditions. As we will

explain shortly, these two modes have little effect.! For our
numerical work, we will consider the parameter space reg
where the hierarchy betweendmsmall

2 and dmlarge
2 is great

enough so thatp1,2/T&0.5 whenPi /T*10. Numerically,
this corresponds todmlarge

2 *50dmsmall
2 . Let us denote byT

5Tx the temperature at which thePi /T are all greater than
10. From Fig. 3 and Eq.~97! it is easy to see thatTx is given
by

Tx

MeV
.0.3S dmlarge

2

eV2 D 1/4

. ~138!

The evolution of the neutrino ensemble during the low te
perature epoch for case 2 therefore breaks up into two t
perature regions:T*Tx andT&Tx . WhenT*Tx , the evo-
lution of the system is dominated by thedmlarge

2 modes of
Eq. ~96!, because thedmsmall

2 modes are negligible due t
their very small resonance momenta. In this temperature
gion the evolution of the lepton numbers and number de
04350
,

ob-

n

-
-
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ties can be evaluated using the equations of the prev
section. WhenT&Tx , the dmlarge

2 modes are no longer ef
fective, because they all havePi /T*10. Thedmsmall

2 modes
begin to become important. Fordmsmall

2 ;1 eV2, it follows
from Eq. ~136! that p1,2/T;1 for T;1 MeV. This means
that for dmsmall

2 in the LSND range, the oscillation modes o
Eq. ~134! become important while the BBN reactionsn↔p
are still rapid. So these oscillations can potentially influen
BBN and therefore should not be ignored.

It turns out that it is not possible to use the adiaba
approximation@as encoded in Eq.~90!# to work out the ef-
fects of the oscillation subsystem given in Eq.~134!. This is
because of the structure of Eq.~136!. For example,nm8 ↔ne

oscillations create significantLne
asymmetry, asp2 /T

sweeps through thene momentum distribution. TheLne

asymmetry becomes so large thatL2→0. This makes the rate
of change ofp2 /T very large and the system is no long
adiabatic. Because of this complication, we will analyze
effects of the modes in Eq.~134! using the quantum kinetic
equations.

We start integrating the QKEs for the subsystem of E
~134! at T5Tx with the values of the number distribution
Nna

and Nn
a8
, and the lepton numbersLna

and Ln
a8

(a

5e,m,t) obtained from the evolution equations of the pr
vious subsection. We will not explicitly write down th
QKEs for this subsystem here, because their form is obvi
once the contents of Sec. IV above have been underst
Nevertheless, for completeness we will include them in A
pendix B. The reader, however, should note the followi
points:

~1! We utilize the approximation that thex andy compo-
nents of the polarization vectors for the modes of Eq.~134!
vanish atT5Tx . While this is not expected to actually b

FIG. 8. Evolution of the resonance momentaPi /T andpi /T for
the example withdmlarge

2 550 eV2 and dmsmall
2 51 eV2. The bold

lines on the right of the figure correspond to thedmlarge
2 modes and

the thin lines on the left of the figure correspond to thedmsmall
2

modes. For the bold lines, the solid line, long-dashed line, sh
dashed line, and dash-dotted line correspond toP1 /T,P2 /T,P3 /T
and P4 /T respectively. For the thin lines, the solid line, long
dashed line and dash-dotted line correspond top1 /T,p2 /T and
p3 /T.p4 /T respectively.
7-26
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the case, the subsequent evolution is not sensitive to the
ticular choices made for the initial values. This is because
resonance momenta for the subsystems are either very s
or very large, so the very first stage of the evolution af
T5Tx is fairly unimportant. Furthermore, correct values f
the x andy components are quickly generated by the QK
soon afterT5Tx .

~2! Repopulation and thermalization of the mirror ne
trino ensembles have been neglected, consistent with
treatment of the evolution between the end of the high te
perature epoch andT5Tx . Actually, this is an excellent ap
proximation in this regime, since for typical interesting p
rameter choices the mirror sector temperature is quite lo

~3! The ordinary-ordinary n̄m↔ n̄e and mirror-mirror
nm8 ↔ne8 modes can, to a good approximation, actually
omitted. Recall that the resonance momentap3 and p4 are
initially very large, much larger thanp1 andp2 respectively.
Subsequent evolution maintains this hierarchy in the re
nance momenta. Then̄m↔ n̄e8 mode, with resonance momen
tum p1, is strongly reprocessing lepton number as the re
nance moves through the body of then̄m distribution. The
coupledn̄m↔ n̄e mode, on the other hand, sees its resona

FIG. 9. Magnified version of the left-hand side of Fig. 8.

FIG. 10. Evolution of the lepton numbers for the same exam
as Figs. 8 and 9.
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momentump3 remain in the tail of the distribution, where
is ineffective because of the essentially identical num
densities ofn̄m and n̄e in the tail. Remember that becaus
weak interaction rates after typical values ofTx are getting
quite weak, there is little thermalization of the reprocessee
and m asymmetries created at low momentap1. In other
words, thep3 resonance barely ‘‘knows’’ the asymmetry
there.

In Figs. 8 and 9 we plot the evolution of the resonan
momenta,Pi /T and pi /T for an illustrative example. We
choose dmlarge

2 550 eV2, dmsmall
2 51 eV2 and all of the

vacuum mixing angles to be 1028. We emphasize that ou
results should be approximately independent of the vacu
mixing angles as long as 10210&sin22u!1. In Fig. 10 we
plot the evolution of all of the asymmetries for the sam
example.

The effect of the oscillations on BBN is given in Fig
11–16. In Fig. 11 we have plottedNn,eff versusdmsmall

2 , with
dmlarge

2 550 eV2 andLnt
,0. Figures 12 and 13 are simila

e

FIG. 11. Nn,eff versusdmsmall
2 with dmlarge

2 550 eV2. The case
Lnt

,0 ~which it turns out impliesLne
.0) has been considered

The dashed line is the contributiond1Nn,eff due to the effects of the
Lne

asymmetry while the dash-dotted line is the contributi
d2Nn,eff due to the change in the expansion rate. The solid line
the total contributiond1Nn,eff1d2Nn,eff .

FIG. 12. Same as Fig. 11 exceptdmlarge
2 5200 eV2.
7-27
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except dmlarge
2 5200 and 800 eV2, respectively. Figures

14–16 are the same as Figs. 11–13 except that the opp
sign asymmetries have been considered.It is very important
to note that the effect of a nonzerodmsmall

2 is considerable.
In particular, as Figs. 11–13 illustrate, Nn,e f f depends sen
sitively ondmsmall

2 , with negative corrections to Nn,eff equal
to about one effective neutrino flavor achieved fordmsmall

2

values in the few eV2 range.In Figs. 14–16 observe thatLne

has a large effect even at very low values compared to
corresponding effect in Figs. 11–13. This asymmetry is d
to the neutron/proton mass difference.

Recall that Figs. 11–16 have not included the effects
mirror neutrino thermalization. As already discussed, th
effects should be significant for the modes withdm2

5dmlarge
2 if dmlarge

2 *50 eV2. The thermalization of mirror
neutrinos should have negligible effect for the modes w
dm25dmsmall

2 because they are only important when the te
perature is typically less than about 1 MeV. As discuss
earlier, our rough estimate of the effect of the mirror th
malization is aboutdNn,eff;0.3. For Lnt

,0 (Lnt
.0), the

effect of mirror thermalization should be todecrease~in-
crease! dNn,eff by of order20.3 ~10.3!.

As mentioned above, the numerical results were obtai

FIG. 13. Same as Fig. 11 exceptdmlarge
2 5800 eV2.

FIG. 14. Same as Fig. 11 exceptLnt
.0 ~and henceLne

,0) is
considered.
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using the parameter choice sin22ume851028. Actually we ex-
pect the results to be quite insensitive to sin22ume8 as long as
sin22ume8!1. The reason is that the amount ofLne

that gets
created is already close to the maximal amount possi
That is, after its rapid creation~which is atT;0.6 MeV in
the example in Fig. 8!, the quantityL (em8);0. Increasing
sin22ume8 cannot increase the amount ofLne

much since it is
already close to the maximum possible. Also, it cannot
created much earlier. Thus, the results shown in Figs. 11
should be approximately independent of sin22ume8 .26

Finally, we should remark that the results of this secti
indicate that the bounds obtained in Sec. IV can be eva
somewhat. The reason is that even ifdNn,eff.1.5 from the
high temperature population of mirror states from thent

→nm8 oscillations, this can be compensated by adNn,eff

;21.0 from the low temperature generation of a largeLne

asymmetry.

VI. IMPLICATIONS FOR HOT DARK MATTER

In the scenario considered in this paper, wherenm↔nm8
oscillations solve the atmospheric neutrino anomaly, a B
bound of Nn,eff&3.6 implies mnt

*1 eV for udmatmos
2 u

.1022.5 eV2 ~see Fig. 2!. Neutrino masses in the eV rang
have long been considered cosmologically interesting,
cause they would make a significant contribution to the
ergy density of the universe. In the standard big bang mo
the contribution of massive standard neutrinos to the ene
density is given by the well known formula

Vn5

(
a

mna

h292 eV
, ~139!

26We have numerically checked this by looking at the ca
sin22ume851027 and found almost identical results. We have al
checked smaller sin22ume8 . For sin22ume8&1029 the oscillations be-
gin to become so non-adiabatic that the oscillations start to bec
less effective.

FIG. 15. Same as Fig. 12 exceptLnt
.0 ~and henceLne

,0) is
considered.
7-28
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IMPLICATIONS OF MIRROR NEUTRINOS FOR EARLY . . . PHYSICAL REVIEW D61 043507
whereh is the usual cosmological parameter parametriz
the uncertainty in the Hubble constant. Thus, neutrinos in
eV mass range are a well known and well motivated can
date for hot dark matter.

Before the advent of information at high redshift valu
@50#, large scale structure formation studies strongly favo
a hot plus cold dark matter mixture withVn.0.20–0.25
@51#. While recent work incorporating the new high redsh
large scale structure data has reduced the need for a hot
matter component, it remains an interesting possibil
Given thatnt masses greater than a few eV or so are w
motivated from the combined requirements of the atm
spheric neutrino anomaly and BBN, we see that the existe
of neutrino hot dark matter is a generic prediction of t
EPM.

There is an interesting complication in the hot dark ma
story for the EPM~and models with sterile neutrinos! which
we now discuss. We will take by way of concrete exam
that only thent ~andnt8) has an eV scale mass. Again for th
sake of the example, we will consider the neutrino m
range required by what was the favored hot plus cold d
matter scenario@51#,

3 eV&mnt
&7 eV, ~140!

even though the present situation is less clear. The poin
want to make is that whatever a ‘‘favored neutrino hot da
matter mass range’’ might be at any given time, the situat
is modified somewhat in the case of the EPM. The reaso
that the nt↔nm8 and nt↔ne8 oscillations generate such
large Lnt

that the total number of tau neutrinos is actua
significantly reduced. For the parameter region

10&dmlarge
2 /eV2&300, ~141!

the final value ofLnt
is about 0.27. The large final lepto

number occurs because about 70% of the anti-neutrinos
been depleted~for the Lnt

.0 case! which means that the
total number of tau neutrinos plus tau antineutrinos
roughly 0.65 of the standard expectation.~Note that the total
number of neutrinos has not changed much: the miss

FIG. 16. Same as Fig. 13 exceptLnt
.0 ~and henceLne

,0) is
considered.
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heavy tau antineutrinos have just been converted into l
mirror states.! Also note that a small number ofnt8 are also
generated by the oscillations, and it turns out that the to
number ofnt andnt8 ~plus antiparticle! states is about 0.70 o
the standard expectation. The effect of this is to change
‘‘favored hot dark matter mass range’’ from what the expe
tation would be in the absence of mirror~or sterile! neutri-
nos. We can guess that in the context of the EPM the ‘‘
vored’’ tau neutrino mass is actually about 50% larger th
the naive expectation.~A full large scale structure computa
tion would need to be performed to fully explore the cons
quences of a depletednt distribution.! Thus, in the EPM
model, the hypothetical favored mass range of Eq.~140! be-
comes instead

5 eV&mnt6
&10 eV. ~142!

This means thatdmlarge
2 is expected to be in the range

25 eV2&dmlarge
2 &100 eV2, ~143!

provided of course that the scenario of Eq.~140! is correct.
The hypothetical hot dark matter region of Eq.~143! is the
shaded band on Fig. 2. From this figure, we see that the
considerable overlap between the BBN allowed region a
the hot dark matter region.

Finally, note that structure formation outcomes in hot p
cold dark matter models are generically sensitive to the nu
ber of eV neutrino flavors, not just toVn . These studies
typically assume that the number of eV neutrino flavors~usu-
ally taken to be degenerate in mass! at the epoch of matter
radiation equality is an integer. It is important to understa
that this is only true provided that mirror or sterile neutrin
do not exist. Indeed, as we have just explained above,
expectNn

heavy.0.70 in the EPM in the parameter space r
gion of Eqs.~91!, ~92!, and~141!.

VII. IMPLICATIONS FOR THE COSMIC MICROWAVE
BACKGROUND

During the next decade or so, high precision measu
ments of the anisotropy of the cosmic microwave ba
ground ~CMB! will be performed by several experimen
~such as the PLANCK and MAP missions!. These satellites
should be able to measure detailed spectral properties o
electromagnetic radiation in the universe at the epoch
photon-matter decoupling@52#. In this context it is important
to note that mirror and sterile neutrinos can leave their ‘‘i
print’’ on the cosmic microwave background@53#. This in-
formation will complement knowledge obtained from BB
because~i! BBN and photon decoupling take place at diffe
ent epochs and~ii ! BBN is sensitive to both the expansio
rate and the direct effect ofLne

on nuclear reaction rate
whereas the CMB is insensitive to the direct effects of
asymmetry. Because of point~ii ! we have to distinguish be
tweenexpansion rateandeffectiveneutrino flavor counting.
So it is useful to introduce the quantitiesNn

light and Nn
heavy

which effectively count the number of light neutrino an
heavy neutrino flavors, respectively, at the epoch of pho
7-29
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R. FOOT AND R. R. VOLKAS PHYSICAL REVIEW D61 043507
decoupling. These quantities, which quantify expans
rates, are to be used in conjunction withNn,eff which con-
tains both expansion rate andLne

information. It is important
to appreciate that the number ofrelativistic neutrino flavors
may be different at the time of photon decoupling compa
to BBN. So, in this context, ‘‘light’’ means much less tha
about 1 eV, making these neutrinos relativistic at the ep
of photon decoupling, and ‘‘heavy’’ means more than ab
1 eV, making those neutrinos approximately non-relativis
Of course in the minimal standard model of particle phys
with its three massless neutrinos,Nn,eff5Nn

light53 and
Nn

heavy50. However, in models with sterile or mirror neutr
nos,Nn,effÞNn

light andNn
heavyÞ0 in general. It is also impor-

tant to appreciate that in the EPM~or in models with sterile
neutrinos!, none of these quantities is in general an integ

The CMB implications of the EPM depend on the ne
trino parameter region. If we take by way of example t
mass hierarchy of Eqs.~91! and ~92!, with mnt6

*1 eV ~as
suggested by Fig. 2!, then

Nn
heavy.

nnt
1nn

t8
1antiparticles

2n0
,

Nn
light5

rne
1rnm

1rn
e8
1rn

m8
1antiparticles

2r0
, ~144!

whereni (r i) is the mass~energy! density of speciesi with
n0 (r0) being the mass~energy! density of a Weyl fermion
distribution with zero chemical potential. Takingdmlarge

2 in
the range, Eq.~141!, we find that

Nn
heavy'0.70, Nn

light'2.3. ~145!

This should be distinguishable from the minimal stand
model expectation.

We conclude by emphasizing that in general the prec
measurements of the CMB may well prove to be quite use
in distinguishing between various competing explanations
the neutrino anomalies, since each model should leave q
a distinctive imprint on the CMB.

VIII. CONCLUSION

The exact parity model is theoretically well motivated
the neurotic desire of some to have the full Lorentz group
an exact symmetry of nature. It is very interesting that t
model can, essentially as a by-product, provide an eleg
explanation of the atmospheric and solar neutrino proble
in a way that is fully compatible with the LSND results. I
this paper, we explored the novel cosmological phenom
implied by the existence of mirror neutrinos.

We focussed on the parameter space region

mne1
.mne2

&mnm1
.mnm2

&mnt1
.mnt2

~146!

with all intergenerational vacuum mixing angles obeying

10210&sin22u!1. ~147!
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The mass splittings among thee-like andm-like states were
chosen to solve the solar and atmospheric neutrino proble
respectively. The evolution of the neutrino and mirror ne
trino ensembles was then calculated for the cosmological
och betweenT5mm and big bang nucleosynthesis. Gene
outcomes were obtained for significant regions of param
space because~i! someof the final neutrino asymmetrie
turned out to be independent of the oscillation parameters
a range of those parameters and~ii ! manyof the modes were
adiabatic and hence independent of vacuum mixing angl

The most important specific conclusions were the follo
ing:

~1! The nm→nm8 solution to the atmospheric neutrin
problem is consistent with big bang nucleosynthesis for
parameter space region illustrated in Fig. 2. Thent mass
implied by this region makes thent a hot dark matter par-
ticle. This calculation improves on that discussed in Ref.@32#
through the use of quantum kinetic equations.

~2! The effect of EPM neutrino oscillations on the primo
dial helium abundance has been computed. We find th
large change to the effective number of neutrino flavors d
ing big bang nucleosynthesis is produced for a range of
rameters. In particular, a change equivalent to adding or
moving about one neutrino flavor is obtained when thene
2nm mass splitting is in the LSND range.
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APPENDIX A: DETAILS OF THE HELIUM ABUNDANCE
COMPUTATION

The modification of thene andn̄e distributions due to the
creation ofLne

affects big bang nucleosynthesis. This is p

marily due to the modification of then↔p reaction rates.
The result of this is a modification of the neutron/prot
ratio. The most important observable effect of a sm
change to the neutron/proton ratio is a modification to
prediction for the helium mass fractionYp . This effect can
be expressed as a change in the predictedNn,eff through the
well-known relationdYp.0.012dNn,eff .

27 In computing the
modification ofYp due to the modified neutrino distributions
Nne

and Nn̄e
, we do not need to use a full nucleosynthe

27Of course we are not saying that this equivalence is exact.

not. The change inYp due to the modification of thene and n̄e

distributions cannot be exactly represented as a change inNn,eff .
This is because these two effects will have different impacts on
other primordial element abundances. However, because a s

modification in thene and n̄e distributions, or a small change in
Nn,eff , primarily affects Yp , our use of the relationdYp

.0.012dNn,eff is reasonable. We prefer to express our results
terms of dNn,eff rather thandYp just becausedNn,eff is a more
familiar unit.
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IMPLICATIONS OF MIRROR NEUTRINOS FOR EARLY . . . PHYSICAL REVIEW D61 043507
code. The reason is that the effects of the modified neut
distributions are only important for temperaturesT
*0.4 MeV, well before nucleosynthesis actually occurs.
review of standard helium synthesis which we found use
was Ref.@46#. Our approach and notation follows this trea
ment quite closely.

Recall that the primordial helium mass fraction,YP , is
related to the ratio of neutrons to nucleons,Xn , by YP
52Xn , just before nucleosynthesis.Xn is governed by the
differential equation

2
dXn

dt
5l~n→p!Xn2l~p→n!~12Xn!, ~A1!

where

l~n→p![l~n1ne→p1e2!1l~n1e1→p1 n̄e!

1l~n→p1e21 n̄e!,

l~p→n![l~p1e2→n1ne!1l~p1 n̄e→n1e1!

1l~p→n1e11ne!. ~A2!

The rates for these processes are given by

l~n1ne→p1e2!5AE veEe
2Ñne

11exp~2Ee /T!
dpn ,

l~n1e1→p1 n̄e!5AE pe
2~pn

22Ñn̄e
!

11exp~Ee /T!
dpe ,

l~n→p1e21 n̄e!5AE veEe
2~pn

22Ñn̄e
!

11exp~2Ee /T!
dpn ,

l~p1e2→n1ne!5AE pe
2~pn

22Ñne
!

11exp~Ee /T!
dpe ,

l~p1 n̄e→n1e1!5AE veEe
2Ñn̄e

11exp~2Ee /T!
dpn ,

l~p1e21 n̄e→n!5AE veEe
2Ñn̄e

11exp~Ee /T!
dpn ,

~A3!

whereve5pe /Ee is the velocity of the electron~we use\

5c51 throughout! and Ñn is related to the neutrino distri
bution functions byÑn[2p2Nn . The constantA can be ex-
pressed in terms of the vector and axial vector coupling c
stants of the nucleon@46#,

A5
gV

213gA
2

2p3 . ~A4!

Also, Ee andEn are related by

Ee2En5Q for n1ne↔p1e2,
04350
o

l

-

En2Ee5Q for n1e1↔p1 n̄e ,

En1Ee5Q for n↔p1e21 n̄e , ~A5!

whereQ[mn2mp.1.293 MeV. The integrals of Eq.~A5!
are taken over all positive values ofpn and pe allowed by
these relations.

In order to computeYP we need to know the time whe
nucleosynthesis occurs and neutron decay ceases. Th
handled approximately by simply stopping the evolution
Xn at a point where agreement with the expected value
YP;0.24 occurs, which we find to be roughly whent
'300 s. This approximation does not affect the accuracy
our results at all since we are only interested in the differe
betweenYP using the modifiedne and n̄e distributions and
YP using the standard distributions~i.e. Fermi-Dirac distri-
butions with zero chemical potentials!. Thus, to a excellent
approximation, the modification ofYP due to the non-
standard neutrino distributions has the form

dYp.2dXn~ t5300 s!, ~A6!

where dXn(t5300 s) is the difference betweenXn(t
5300 s) computed using the neutrino momentum distri
tions Nne

andNn̄e
andXn(t5300 s) using the standard mo

mentum distributions. Of course the distributionsNne
and

Nn̄e
typically depend on the time, so that the evolution

Xn
(0)(t) must be computed concurrently with the evolution

Nne
and Nn̄e

. In solving the differential equation~A1!, we

employ the usual the initial conditionXn50.5.
We have checked our code against some previous ca

lations. For example, in Ref.@47# they consider the case of
time independent neutrino chemical potential~taken to arise
from some unknown physics at high temperature!. From Fig.
2 of Ref. @47#, they find thatdYp.20.020 for mn /T5
2mn̄ /T.0.09 ~for constanth). Our code also gives exactl
the same results under the same conditions.

Finally note that at low temperaturesT&me , the e1e2

annihilation process increases the temperature of the pho
relative to the neutrinos. It also affects the time-temperat
relation. In our numerical work, we take these effects in
account using the equations given in Ref.@46# ~suitably
modified to incorporate three light neutrino flavors instead
two!. Of course this detail actually does not affect our resu
much, since most of the effects of neutrino asymmetries
only important for temperaturesT*me . Nevertheless, fol-
lowing Mallory @54# we include it because it is there.

APPENDIX B: THE QUANTUM KINETIC EQUATIONS
FOR THE MODES WITH dM 2ÄdM small

2 IN CASE 2
OF SEC. V

This appendix deals with the case defined by Eq.~133!,
where there are a class of modes havingdmlarge

2 @see Eq.
~93!# and another class of modes havingdmsmall

2 @see Eq.
~134!#. As discussed in Sec.V, thedmlarge

2 anddmsmall
2 modes

approximately decouple from each other provided t
dmlarge

2 *50dmsmall
2 . The evolution of thedmlarge

2 oscillations
7-31
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can be evaluated using the adiabatic formalism of Sec. V
The dmsmall

2 modes can be neglected initially because th
resonance momenta satisfyp1,2/T!1. By the timeT5Tx

@see Eq.~138!#, thedmsmall
2 modes begin to be important, an

provided that dmlarge
2 *50dmsmall

2 is satisfied, thedmlarge
2

modes can be neglected becausePi /T*10. To compute the
effects of thedmsmall

2 modes we must numerically integra
the quantum kinetic equations. Thus, we start the quan
kinetic equations atT5Tx with the initial values ofNna

,

Nn
a8
, Lna

and Ln
a8

obtained from the previous evolution in

volving thedmlarge
2 modes.

In this Appendix we do not follow exactly the notation o
Sec. IV. We adopt an equivalent but simplifing change
variables which is very useful for complicated coupled-mo
systems such as the one we are currently dealing with.

For each of the four oscillation modes, we assign a d
sity matrix Px,y,z,0

i ( i 51, . . . ,4). Insolving this system, it is
convenient to use the variablesPx

i ,Py
i ,Nna

,Nn̄a
,Nn

a8
andNn̄

a8

rather than the variablesP0
i ,Px

i ,Py
i and Pz

i . The P0,z
i are

related to theN’s as follows:

P0
1~p!5

Nn̄m
~p!1Nn̄

e8
~p!

Neq~p,T,0!
, Pz

1~p!5
Nn̄m

~p!2Nn̄
e8
~p!

Neq~p,T,0!
,

P0
2~p!5

Nne
~p!1Nn

m8
~p!

Neq~p,T,0!
, Pz

2~p!5
Nne

~p!2Nn
m8
~p!

Neq~p,T,0!
,

P0
3~p!5

Nn̄m
~p!1Nn̄e

~p!

Neq~p,T,0!
, Pz

3~p!5
Nn̄m

~p!2Nn̄e
~p!

Neq~p,T,0!
,

P0
4~p!5

Nn̄
m8
~p!1Nn̄

e8
~p!

Neq~p,T,0!
, Pz

4~p!5
Nn̄

m8
~p!2Nn̄

e8
~p!

Neq~p,T,0!
.

~B1!

The evolution of the number densities has a contribut
from coherent effects and a contribution from the subsequ
repopulation. Thus,

dNna

dt
5

dNna

dt
U

osc

1
dNna

dt
U

repop

,

dNn̄a

dt
5

dNn̄a

dt
U

osc

1
dNn̄a

dt
U

repop

. ~B2!

The contribution from coherent effects can be broken
among the four modes as follows:

dNne

dt
U

osc

5
dNne

dt
U

n
m8 ↔ne

,
dNn̄e

dt
U

osc

5
dNn̄e

dt
U

n̄m↔ n̄e

,

dNnm

dt
U

osc

50,
dNn̄m

dt
U

osc

5
dNn̄m

dt
U

n̄m↔ n̄e

1
dNn̄m

dt
U

n̄m↔ n̄
e8
,

04350
.
ir

m

f
e

-

n
nt

p

dNn
e8

dt
U

osc

50,
dNn̄

e8

dt
U

osc

5
dNn̄

e8

dt
U

n̄m↔ n̄
e8
1

dNn̄
e8

dt
U

n̄
m8 ↔ n̄

e8
,

dNn
m8

dt
U

osc

5
dNn

m8

dt
U

n
m8 ↔ne

,
dNn̄

m8

dt
U

osc

5
dNn̄

m8

dt
U

n̄
m8 ↔ n̄

e8
,

~B3!

with

dNn̄m

dt
U

n̄m↔ n̄
e8
52

dNn̄
e8

dt
U

n̄m↔ n̄
e8
5

1

2E b1P̄y
1Neq~p,T,0!dp,

dNn
m8

dt
U

n
m8 ↔ne

52
dNne

dt
U

n
m8 ↔ne

52
1

2E b2Py
2Neq~p,T,0!dp,

dNn̄m

dt
U

n̄m↔ n̄e

52
dNn̄e

dt
U

n̄m↔ n̄e

5
1

2E b3P̄y
3Neq~p,T,0!dp,

dNn̄
m8

dt
U

n̄
m8 ↔ n̄

e8
52

dNn̄
e8

dt
U

n̄
m8 ↔ n̄

e8
5

1

2E b4P̄y
4Neq~p,T,0!dp,

~B4!

where b i52dmsmall
2 sin 2ui/2p for i 51,3,4 and b i

5dmsmall
2 sin 2ui/2p for i 52. The rate of change of the num

ber densities due to repopulation is handled approxima
via the equation,

d

dt

Nna
~p!

Neq~p,T,0!
U

repop

.Ga~p!FNeq~p,T,m!

Neq~p,T,0!
2

Nna
~p!

Neq~p,T,0!
G

~B5!

whereGa(p) is the total collision rate, andNeq(p,T,m) is
the equilibrium distribution which is a function of the chem
cal potentials which can be computed from the lepton nu
bers~see Sec. III for further discussion!.

The rates of change of the lepton numbers are given

dLne

dt
5

dLne

dt
U

n̄m↔ n̄e

1
dLne

dt
U

n
m8 ↔ne

,

dLnm

dt
5

dLnm

dt
U

n̄m↔ n̄
e8
1

dLnm

dt
U

n̄m↔ n̄e

,

dLn
e8

dt
5

dLn
e8

dt
U

n̄m↔ n̄
e8
1

dLn
e8

dt
U

n̄
m8 ↔ n̄

e8
,

dLn
m8

dt
5

dLn
m8

dt
U

n
m8 ↔ne

1
dLn

m8

dt
U

n̄
m8 ↔ n̄

e8
, ~B6!

where
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dLnm

dt
U

n̄m↔ n̄
e8
52

dLn
e8

dt
U

n̄m↔ n̄
e8

52
1

2ng
E b1P̄y

1Neq~p,T,0!dp,

dLn
m8

dt
U

n
m8 ↔ne

52
dLne

dt
U

n
m8 ↔ne

52
1

2ng
E b2Py

2Neq~p,T,0!dp,

dLnm

dt
U

n̄m↔ n̄e

52
dLne

dt
U

n̄m↔ n̄e

52
1

2ng
E b3P̄y

3Neq~p,T,0!dp,
.

D

,
t.

th
a
d

a,
l.
-

04350
dLn
m8

dt
U

n̄
m8 ↔ n̄

e8
52

dLn
e8

dt
U

n̄
m8 ↔ n̄

e8

52
1

2ng
E b4P̄y

4Neq~p,T,0!dp. ~B7!

Actually it turns out that the effect of then̄m8 ↔ n̄e8 mode can
be neglected becauseNn̄

m8
(p4).Nn̄

e8
(p4). This is because the

modes withdm25dmlarge
2 create approximately equal num

bers ofn̄m8 andn̄e8 states. Also, then̄m↔ n̄e8 mode always has

a lower resonance momentum than then̄m8 ↔ n̄e8 mode. This

means that the change inNn̄
e8
(p) due to then̄m↔ n̄e8 mode

does not occur until then̄m8 ↔ n̄e8 resonance momentum ha

already passed by. By similar reasoning, then̄m↔ n̄e mode
can also neglected to a good approximation.
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