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Implications of mirror neutrinos for early universe cosmology
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The exact parity moddlEPM) 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
nucleosynthesi$BBN). The large neutrino asymmetries generically suppress the production of mirror neutri-
nos, and a sufficiently large, 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 numbe(s): 98.80.Cq, 14.60.St, 11.30.Er, 26.3%.

[. INTRODUCTION Neutrinos provide a third possible interaction between the
ordinary and mirror sectordf neutrinos have mass, then

It has been known for a long time, but not widely appre- - . : . .
. . . . mass mixing between ordinary and mirror neutrinos is pos-
ciated, that parity can be a symmetry of nature if the particle_. . : .
. o sible. This leads to very important experimental tests of the
content is doubledl1—4]. In this circumstance, for each or-

dinary particle there is a mirror particle of exactly the sameexaCt parity ideaWe call theG®G extension of the stan-
yp P y dard model the exact parity mod&PM) [3,4]. It is, in part,

m h rr nding ordinar rticle. The mirror par- e ; - )
ass as the corresponding ordinary particle. The orpar, explicit theory of neutrino mass and mixing. It is a can-

ticles interact with each other in exactly the same way that,. .

: . . : . didate for the standard model extension called for by solar,
ordinary particles interact with themselves. The mirror par- ) . :
. : , .atmospheric and accelerator neutrino experiments that
ticles are not copiously produced in any laboratory experi-

. trongly suggest the existence of neutrino oscillations. Ongo-
ments because they either do not couple, or couple extreme : . g

. . g and future terrestrial experiments, such as SuperKamio-
weakly, to the ordinary particles. In the modern language o

auge theory, the mirror particles are all gauge singlets und ande, the Sudbury Neutrino Observat¢8NO), Borexino,
gaug Y _ P gaug giets %e long and short base line neutrino oscillation searches and
the standard modeb =SU(3).® SU(2) ® U(1)y gauge in-

. . . . . ther experiments, will in the next few years provide impor-
teractions. Instead, the mirror particles interact with a set of . .
ant new clues in the search for a theory of neutrino mass and

mirror gauge particles. This is mathemgtlcally_descrlbed by a}nixing, and will further test the proposed EPM resolution of
doubled gauge symmetry of the theory; thatGds extended all of the anomalies

tOG®.G' (The ordinary part|cle§ are of course singlets under Of course, if mirror matter exists, then there should be
the mirror gauge symmetnyParity is conserved because the o '
dramatic implications for astrophysics and cosmology as

mirror particles experienc@’+A_\ mirror. weak interactions well as particle physics. Some stud[@$ suggest that mirror
ms;_ehaed c())rf dtizgrusggtl;_nﬁr\rl\(/)?agelgtt:r?i:t:nnsiﬁteract with eac matter is an interesting candidate for dark matter. In fact,
y r}here is some evidence that mirror stars may have already

other in a number of ways. All of these interactions apartbeen discovered in the MACHO experimerigd. Another

o e oo ey, 21 possty i ht Garma 2y DUt may be e 1
- AP 9 ‘collapsing or merging mirror staf8]. Of direct relevance to

there are three other ways in which ordinary and mirror Palthe present paper, however, is the observation that early uni-

ticles can interact with each other. Two of these are photon- . :
. . S - erse cosmology, through big bang nucleosynthesis, struc-
mirror photon (and Z—mirror-Z) kinetic mixing [3,5] and v 9y ugh big g nu Y ! u

. . . L ture formation and in the near future through detailed cosmic
Higgs-boson—mirror-Higgs-boson mass mixif@]. If one

microwave background measurements, should provide im-

demands that the reasonably successful big bang nUC|eOSy;'S‘c')rtant new information about the cosmological role of neu-

thesis (BBN) predictions not be greatly disturbed, then it o hhysics. This information may thus also provide a test
seems unlikely that these interactions can have observablg ihe EPM. Indeed. the purpose of this paper is to perform a

laboratory implications. See Ref,7] for details. detailed study of the early universe cosmology of the EPM,
with particular emphasis on BBN. Before embarking on this
*Email address: foot@physics.unimelb.edu.au analysis, we will briefly review why the EPM supplies an

"Email address: r.volkas@physics.unimelb.edu.au interesting theory of neutrino mass and mixing, and therefore

Ui particular extensions of the exact parity idea, neutral gaugdVhy some effort to study its early universe cosmology is
boson kinetic mixing and/or Higgs boson mixing may not be con-justified.
trolled by an independent arbitrary parameter. For instance, in exact It was pointed out several years af#] that the EPM
parity extensions of grand unified models such ag5pthe kinetic ~ provides an interesting theory of neutrino mass for one
mixing parameter is calculable as a function of other parameters isimple reason: the exact parity symmetry between the ordi-
the theory[5]. nary and mirror sectors forces an ordinary neutrinp(«
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=e,u,7) to be maximally mixe@with its mirror partnerv’,.  mass difference in the approximate rahgewx 10 113
It is certainly very interestingthat the atmospheric neutrino x 10 %% eV?. The most recent solar neutrino data, compared
observations of SuperKamiokandél] and other experi- with the most recent solar model calculati¢@g], show that
ments [12] point to the muon-neutrino being maximally four out of the five solar neutrino experiments observe close
mixed with another flavow, . It is known thatr, cannot be to a 50% flux deficit(The chlorine experiment sees a greater
the v, [13], which leavesr,= v, and v,=vg as the viable than 50% defici). The detailed implications of the solar neu-
possibilities[14,15, where the subscripg denotes a sterile trino situation, though surely indicative of, oscillations, is
neutrino. The EPM provides a natural candidate fqQr, not at present as clear as the atmospheric neutrino situation.
namely the mirror muon-neutrine,,. As far as terrestrial For various reasons, more experiments are needed: the rela-
experiments are concerned, th’; is a sterile flavor. tively low Chlorine result needs to be checked by another
Since the confirmation of atmospheri¢, disappearence experiment, and the cause and existence of the apparent dis-
by SuperKamiokande, a significant amount of theoretical eftortion of the “boron” neutrino energy spectrum require fur-
fort has gone into trying to explain the large mixing anglether investigation. Of particular relevance for the EPM, we
observed. This work has focussed almost entirely onithe  will presumably soon find out from SNO whether the solar
= v possibility. Itis interesting to note that in the immediate neutrino flux contains a significant sterile component.
past, small interfamily mixing, as observed for the quark Notice that no mention was made of the Liquid Scintilla-
sector, was considered to be natural also for the lepton segyr Neutrino DetectofLSND) observation§23] in advocat-
tor. With the advent, in particular, of the beautiful SuperKa-jng the existence of what are essentially light sterile neutri-
miokande results, this theoretical prejudice is now being,ss |t has become commonplace to motivate light sterile
criticized. Our pro_posal is complete_,-ly d|fferent_fr0m any Cur- neytrinos from the inability of three-flavor oscillations to si-
rent effort to reall_ze larger,, — v, mixing. W_e simply argue ultaneously resolve the atmospheric, solar and LSND
that. the connection betwee_n exact parity symmetry anénnomalies. We have used this argument ourselves. We
ordinary-mirror neutrino maximal mixing is an especially would, however, like to emphasize that our obsession with

elegant af‘d simple explanaﬂon qf the Iarge mixing "?mglethe EPM arose from the maximal mixing feature, long before
observed in the atmospheric neutrino experimesisce this the advent of LSND

points tov, being v, rather tharw_, a neutral current atmo-

SpTet”.C n'eutlrlnttahmea.su're(rjnent '3 V'EQB]' . tal evid ror neutrinos. The distinction between mirror neutrinos and
ntriguingly, there 1S independent experimental evi encestrictly sterile neutrinos, which is totally unimportant for ter-

for large angle heutrino .OSC'”at'O”S from another set of Me3zastrial, atmospheric and solar neutrinos, is of some signifi-

surements: maximal mixing between the electron-neutring, e i the early universe. This issue will be discussed in

and some other flavor is well mot|vat(‘a‘d by the solir .neumnodepth in later sections. For the purposes of these introductory

problem [4’17_'18' In the EPM’_ the “other flavor s of remarks, however, the distinction need not be made. Many of

course the mirror electron-neutring . Such a scenario leads o qualitative features of sterile neutrino early universe cos-

to an energy independent 50% solag day-time flux mology pertain also to mirror neutrinos.

reductiort for a squared mass difference greater than about |, vecent years, the physics of active-sterile neutrino os-

3x107*° eV?, and to a “justso” picture for a squared jjations during and before the BBN epoch has been re-
examined 24-29. Prior to this re-analysis, it had been con-
cluded that light sterile neutrinos were cosmologically

20f course this result only holds if the parity symmetryrist ~ disfavored for mUCh of parameter S_p&{&)]- FOCUSing on
brokenby the vacuum. In Ref3] it was shown that this occurs for the v,— vg solution to the atmospheric neutrino problem by
a large range of parameters with just the minimal Higgs sector ofvay of concrete example, it had been concluded that the
one Higgs doublet and one mirror Higgs doublet. It was explainedscillation parameters required would lead to thebeing
in Ref. [10] that if additional Higgs scalars exist, then the parity thermally equilibrated prior to BBN, thus increasing the ex-
symmetry can be spontaneously broken with the mirror electrowealansion rate of the universe and worsening agreement be-
symmetry breaking scale left as a free parameter. It was argued ifveen theory and primordial light element abundance mea-
Ref. [10] that such a scenario could be motivated by the neutrinogsyrements. However, it was subsequently reali2 that
anomalies. Of course the implications for neutrino experiments anghe explosive production of large neutrino-antineutrino
early universe cosmology of the model in REfO] are quite dif-  asymmetries or chemical potentials by the active-sterile os-
ferent from the minimal case considered in the present paper, Whertﬁllations themselves had not been properly taken into ac-
the parity symmetry isiot broken by the vacuum. count in the early studies. Large neutrino asymmetries ge-

3 . .
In a very interesting recent paper, Guth, Randall and SE8R  oicaly suppress active-sterile oscillations by making the
have pointed out that an energy-dependent day-night effect in gen-

eral exists for solar neutrinos even if the vacuum mixing is maxi-

mal, thus correcting a misconception shared by the present authors

and some of the rest of the community. Itist correctto conclude “There is also an interesting “window” aroundSm?~5

that maximal oscillations out of the “just-so” regime always lead x 10 1° eV? [20] which leads to an approximate energy integrated
to a completely energy independent suppression, because the nigffitix reduction of 50% and can also explain the distortion of high
time rate is in general energy-dependent due to matter effects in thenergy E=13 MeV boron neutrinos suggested by recent Super-
Earth. Kamiokande daté21].

Let us turn, then, to the cosmological implications of mir-
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effective mixing angle in matter very smdB1]. Detailed  cannot significantly populate the mirref, states. The main

numerical work has shown that, for a large region of paramissue here is whether or not the, — y; oscillations can

eter space, the generation through the oscillations themselvgsoduce compensating, andL, asymmetries such that

of large neutrino asymmetries suppresses the production ?It]e matter term fonjw_)ﬁf oscillgtions becomes unimpor-
M

sterile neutrinos sufficiently for the expansion rate of thegn | sec. v the low temperature evolution of the neutrino
universe during BBN to be essentially unaffecés,2g. asymmetries is studied in detail. The main issue here is the
Furthermore, unless the mixing between the electrongtfect of the oscillations on BBN. In Secs. VI and VIl we
neutrino and the other neutrinos is really tiny, one expects agomment on the implications of the EPM for the hot plus
asymmetry to develop fore's [26]. This has a direct effect cold dark matter scenario and the anisotropy of the cosmic
on the rates of the weak interaction processgs—e " p and  microwave background. Section VIIl is a conclusion.
Vep—e"n which help to determine the neutron to proton
ratio during BBN. A detailed calculation within a particular
neutrino mass and mixing scenario is required to work out
the magnitude of this effect. It has been shown for two dif- The analysis of neutrino oscillations in the early universe
ferent “3 active plus 1 sterile neutrino models” that the gen-is complicated. In order to avoid the pedagogical danger of
eration of av, asymmetry can be importaf26,27. In Sec.  becoming mired in the full technical detail, we present first a
V, we will for the first time explore this effect for mirror short overview.
rather than strictly sterile neutrinos. There are six light neutrino flavors in the exact parity
Aspects of the early universe cosmology of mirror neutri-model: the three ordinary neutrinag , , and their mirror
nos were discussed in R¢B2]. The present paper improves partnersve .o respectively. In the absence of interfamily
and extends this analysis. Referei8g] focussed solely on mixing, the most general neutrino mass matrix consistent
what we can call “high temperature neutrino asymmetrywith parity symmetry for each generation is containedlih
evolution.” (We will explain precisely what we mean by this
designation later on.It showed that thev,—v, and v, o o
— v, solutions to the atmospheric and solar neutrino prob- Lmass= VL, (V’R)°]<
lems, respectively, were compatible with BBN for a large
range of parameters. In RgB2], the calculations were car-
ried out in the “static approximation.” In the present work We have assumed Majorana masses for definiteness and sim-
we improve on these calculations by using the full quantunlicity, and one should note that the parity symmetry inter-
kinetic equations, rather than the above approximation. Ithangesy with yovg. The quantitym, must be real, while
addition, we also analyze the “low temperature neutrinom; may be complex. However, the phasenof can, without
asymmetry evolution” that occurs immediately prior and loss of generality, be absorbed by the neutrino and mirror
during BBN. The size and evolution of the, asymmetry neutrino fields. In the phase redefined basis, the mass matrix
will be the main issue here. is diagonalized by the orthogonal transformation
Finally, let us remark that the neutrino phenomenology of

II. OVERVIEW AND ORIENTATION

(VL)C

VR

™ mz) tHe (1)

*
m, mj

the EPM is very similar to some models employing pseudo- v 1 /1 —1\[(r)°
Dirac neutrinog33]. Many of the implications for early uni- =—( ) , 2
verse cosmology will be qualitatively similar to the EPM. V+lR V2t 1 VR

There are of course quantitative differences because the mir-

ror weak interactio_n§ play an important role in thg early uni-we see that the mass eigenstates)(are maximal combi-
verse through their impact on the matter potential and als@ations of the weak eigenstat@sd vice versa Obviously it
because they affect the momentum distribution of the mirrofollows that if, as in the quark sector, the mixing between the

neutrinos. We focus on the mirror neutrino scenario in thngenerations is nonzero but small, then each pair of weak

paper because it is arguably much more elegant from ajgenstates,

model building point of view.(For example, the seesaw

mechanism can be invoked to understand the smallness of

both the neutrino and mirror neutrino mas$§ék) It is also

theoretically very well motivated because it restores parity as

an unbroken symmetry of nature. is approximately given by an orthogonal pair of maximal
The outline of this paper is as follows: In Sec. Il we Mixtures _of the appropriate pair of mass eigenstates. We use

define and motivate the neutrino mass and mixing paramthe notation

eters which we will use in our subsequent analysis. We also

very briefly review the neutrino asymmetry amplification Verr Ve, V

phenomenon. In Sec. Il the quantum kinetic equations for

ordinary-mirror neutrino oscillations are defined and dis-t, yhe mass eigenstates. The subscript in the above equation

cussed. In Sec. IV we compute the region of parameter Spagg ;seq to indicate the pair of states which relate to the cor-

where thev,< v, oscillations generate, andL,’ asym-  responding weak eigenstates. In the limit of no mixing be-

metries in such a way that the maximg|« V;L oscillations  tween the generations,

(veuvs) (v, vl), (vs,vl), 3

4 Vit V- (4)

mt m—

043507-3



R. FOOT AND R. R. VOLKAS PHYSICAL REVIEW D61 043507

m, ,m, <1 eV,
+ e—

Ve

1 1
|VT>:E(|V”>+|VF>), Iv;>zﬁ(|vr+>—|v77>),
1071 ev2=|om?, |

1 1
|VM>:E(|VM+>+|V,U«*>)’ |VM>:E(|V,U.+>_|V,U«*>)1

=[m> -m} |<10°% eV?,

1 1
|Ve>zﬁ(|ye+>+|vef>)a |Ve>zﬁ(|ye+>_|vef>)- m
5

- 2

Of course the exact expressions fgy and v, (¢=e,u,7) 10°° eV25|5mW,|

will in general be a linear combination of all possible mass =|m2 —m?2 |=10°2 eV?
. .. - . . - v v -~ L)

eigenstates when mixing between generations exists. This ut =

means that all possible oscillations modes among the six

neutrino flavors are in general expected to occur. The as- feweV=m, , m, =40 eV,

sumption of small mixing between the generations, together i ”

with the necessarily maximal mixing between the ordinary

and mirror neutrinos of a given generation, implies that in- |5m37,|z|m,2,7+—m,2,7_|<1 eV?, 7

tergenerational modes such ﬂ.,S—H/;L or v, ve Will have

much smaller ampl_itudes than .the“(_’ Y mpdes (in with a mixing angle pattern as described above.
vacuurr). The analysis to follow will only (_:o_nS|der the re- We wish to calculate the effect on early universe cosmol-
gion of parameter space where vacuum mixing between gensqy of neutrino oscillations within the EPM. A full six-flavor

erations is small. analysis is a daunting task, even with the parameter space
In order to proceed, we also have to make a guess aboyilgyrictions discussed above. Fortunately, the physics of the

the pattern of mass eigenvalues. We will suppose that the,pjem allows some simplifications to be made without sac-
neutrino sector is qualitatively identical to the quark andrificing too much in the way of rigor. In particular, we can
charged-lepton sectors, with the masses displaying the stafii;iiq on what we already know about the early' universe
dard hierarchy. We will further assume, most of the time*cosmology of active-sterile neutrino oscillations.

that the mass splitting between the parity partners within a It is useful to start by identifying four qualitatively differ-
given family is smaller than the interfamily mass splitting. o epochs:

Putting this together, we have the mass pattern

m

Vr

m, =few eV,
Vlu+ VM_

(1) the quantum Zeno epoch, where neutrino oscillations
(6)  are completely damped:;

(2) the high-temperature epoch, where large neutrino
The LSND result suggests that the- u mass splittings are asymmetries are initially generated;
of the order of 1 eV or so, although we will also consider (3) the low-temperature epoch, where decoherence can be
smaller mass splittings. If the— u mass difference is of the neglected; and
order of 1 eV, then to maintain the assumed mass hierarchy (4) the big bang nucleosynthesis epoch, where neutrino
the v, and v, masses should be larger than or about a fewoscillations impact on light element synthesis.
eV. A mass in the few eV range would of course makea ~ We now very briefly, and qualitatively, discuss these epochs
hot dark matter particle. Cosmological closure puts an uppeif turn. The mathematics needed to fully explain this cosmo-
bound of about 40 eV om, . Analogy with the quark sector logical history is available in previous publications and in

suggests that neutrinos in adjacent families,u and u—r7, later sections of this paper.

should mix more strongly thae— 7. Furthermore, one might

guess thata—pgla’—B mixing should be stronger than A. Quantum Zeno epoch

o' —Bla— B’ mixing if one believes that the more “closely . _— . .
Y . . Neutrino oscillations in the early universe are always to

related” are the neutrinos the more strongly they should mix.

. some extent damped through collisions with the background
Eﬁlfz’o?nsiiirr\:g ;hnztlctagetgabrgye?qﬂzlm (sa;{gilzzset?mfmfg 223 medium. As we look back toward the big bang, the collision

a— B’ mixing angles. Putting these guesses together with rate Increases f (below the electrowe_al_< phase transition
, . : At sufficiently high temperatures, collisions occur so fre-
the v— v, solution to the solar neutrino problem and the

o solution 1o the atmosnheric neutrino oroblem Wequently that quantally coherent oscillatory behavior cannot
Pu=Vu P P ' " develop. The neutrino ensemble is frozen with respect to its

arrive at the parameter space region flavor content(quantum Zeno effegt In addition, the finite
temperature contributions to the effective matter potentials
for many of the oscillation modes are high enough to render
5|f3><1o*55|m§e,|/ev251o*3, then the electron neutrino oscil- the associated matter mixing angles extremely small. So
lations will have potentially observable effects for atmospheric neu€ven with collisions artificially switched off, many of the
trinos. See Ref34] for details. oscillation modes would have tiny amplitudes.

,=m, _>m, =m, >m, =m

Ve7 "
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B. High-temperature epoch

As the temperature decreases, collisional damping is re-
duced, and partially incoherent evolution of the neutrino en-
semble begins. For simplicity, we will in this and the next
subsection very briefly review the evolution of tlhelike
lepton number in the somewhat artificial case where only the

PHYSICAL REVIEW [B1 043507

om3,<0 with |smZ=10"% e\?,

o 112

10" Y<sirt26,,<fewl0 °

|om2|

v, Vs mode is operative. It was shown in R¢R4] that
under the influence of this moti¢he a-like lepton number
L., evolves as per

dL,

a

dt

U

=C L”a+§)' (8)

The a-like lepton number is defined by

L, =—— 9

and is synonymously called thea*like neutrino asymme-
try.” The quantity n; is the number density for speciés
Equation(8) holds provided thati) the squared mass differ-
encesm?, between the neutrinos obeydm?|=10"* eV?
and (i) L, is small. The quantity is set by the relic
nucleon number densities and is expected to be sm#ll:
~10710 The termC is a function of timet (or equivalently
temperaturel). At high temperature it turns out th& is
negative, so that L(Va+ 7n/2)=0 is an approximate fixed

point. However, ifém2,<0 [our Sm? convention is defined
in Eq. (15 below], thenC changes sign at a particular tem-
peratureT=T,., estimated to b§24|

1/6

— 6M2,C0S 20 .
_ T st P MeV. (10)

eV?

T~ 16(

At this temperature, rapid exponential growth of neutrino

asymmetry occurs, unless €, is very tiny [see Eq(11)

for ordinary-sterile oscillations,

RYIREL

|om2|

10" Y<sirt24,,<fewl0 *

for ordinary-mirror oscillations. (11

(The upper bound in the above equation comes from a con-
straint on the effective number of neutrino flavols, ,
during BBN. We have uselll, (—3=0.6 in this equation

for illustrative purpose$We want to emphasize and to state
very clearly the following fact: Provided the oscillation pa-
rameters are in the large range given in Eq. (11), the
ordinary-sterile (or mirror) neutrino oscillations will gener-
ate, at the temperature.T a significant neutrino asymmetry
(or chemical potential) from the tiny seed CP asymmetry of
the background plasma. There is no choice about this, a
point sometimes misunderstood in the literature: the large
neutrino asymmetry will inevitably be generat€&hce gen-
erated, neutrino asymmetries in turn contribute to the effec-
tive matter potentials and generically suppress oscillations by
inducing small effective mixing angles. For typical oscilla-
tion parameter values within our scenario, the explosive neu-
trino asymmetry growth begins while collisions still domi-
nate the evolutiorithough they now do not completely damp
the oscillations Note that the evolution of lepton number
for T<T, is approximately independent of the initial neu-
trino asymmetries provided that they are not too (it is,
less than about 1¢). This is because of the approximate
fixed point structure which seds, —— nl2 for T>T,.

C. Low-temperature epoch

While neutrino asymmetries develop and evolve, the col-
lision rate continues to decrease imafashion. Eventually

below]. The generation of neutrino asymmetry occurs be-+the flavor evolution of the neutrino ensemble becomes domi-
cause ther,— v oscillation probability is different from the nated by coherent processes rather than decoherence-

v,— vs oscillation probability due to the matter effects in a inducing collisions. This observation is of practical impor-
CP asymmetric background. As the asymmetry is createdi@nce, because the evolution equations then reduce to
the background becomes ma@P asymmetric because the Mikheyev-Smirnov-WolfensteitMSW) form. If the dynam-
neutrino asymmetries contribute to t8é° asymmetry of the ICS satisfies the adiabatic condition, then the evolution be-
background. This leads to a period of runaway exponentiafOmMes particularly simple. Actually, it turns out that adiaba-

growth of the neutrino asymmetry for a large range ofticity indeed holds for the parameter space of Ed). The
parameters[25,32 summarized by low temperature evolution of the asymmetry is then approxi-

mately independent of the vacuum mixing angle in the small
vacuum mixing angle region. Staying with our example of a
—vg System in isolation, it has been computed that the

14
SFor the purposes of this introductory discussion, the distinction‘f‘iynar, value of the asymmetry arises at the temperature
between mirror and sterile neutrinos will often be neglected. [26]

’In the region of parameter space whésen’ <10 * eV?, the

evolution of the neutrino asymmetry is dominated by oscillations |5m2 | 1/4
between collisions and the lepton number tends to be oscillatory TL:O_ as MeV. (12)
[35-37. eV?
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The magnitude of the final value was calculated td 2 ordinary baryon number. However, as far as the &arhyji-
verse is concerned, the precise value of the mirror baryon
number should be unimportant since the energy density will
be dominated by the relativistic degrees of freedamutri-
nos, electrons or positrons and photoridhus, 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 are
the mirror particles which affect the expansion rate of the
early universe.

We now discuss the quantum kinetic equatig@e<Es)
for a two-flavor subsystem consisting of an ordinary neutrino
v, and a mirror neutrinov;. We will not, in this work,
provide an exhaustive discussion of the derivation of the
QKEs or their meaning, since this territory is well covered in
D. Big bang nucleosynthesis epoch previous paper$29,38—4Q. We will, however, provide a

: ; complete discussion of the special features mirror neutrinos
At temperatur f a few MeV, weak interaction r . . . )
t temperatures of a fe eV, weak interactio ates(Enng to the QKEs(by contrast to strictly sterile neutrinps

L, =0.2¢ for |smZ|/eV?=1000,
L' =0.2&h for 3<|6m3 /eV?><1000,
L' =0.3% for 10 *<|sm? /eV?=<3, (13

WherehE(TV/T,/)3. Similar results also hold for ordinary-
mirror neutrino oscillations.

start to become smaller than the expansion rate of the un ote that two-flavor subsvstems will be used as buildin
verse. This causes the ordinary neutrinos to fall out of kineti W VO Y . ; 9
locks for the full six-flavor system in a later section.

and chemical equilibrium with the background plasma. It . X i .
also signals the onset of the BBN epoch because of the end We will focus on evolution during the te_mperature regime
of nuclear statistical equilibrium. For the typical parameterm‘%s_-rsmlf' The plgsma therefore consists (@f the rela-
space of interest in the EPM, we will show that a significanttivistic ordinary particlesve, ve, v,, v,, v, v, e", €
electron neutrino asymmetry is generated by and during dudnd ¥, (i) the nonrelativistic ordinary protons and neutrons
ing this epoch. This will have important implications for (@nd the nonrelativistic mirror protons and neutrons dis-
BBN, and one of the major goals of this paper to Computecussed above and (iii) whatever amount of mirror matter

this effect. gets created through ordinary-mirror neutrino oscillations.
The character of the mirror matter in the plasma depends on

IIl. QUANTUM KINETIC EQUATIONS FOR ORDINARY- how much of it is created through oscilla?ions. If a suffi-
MIRROR NEUTRINO OSCILLATIONS ciently tiny amount is created, then the mirror electromag-

netic and mirror weak interactions among the mirror neutri-

Before we begin in earnest, we need to say somethingos will take place at a rate that is smaller than the expansion
about the thermodynamics of the mirror particles. Becauseate of the universe. In this case, the mirror neutrino distri-
the mirror particles interact among themselves just like theébutions will not be of Fermi-Dirac form, and mirror elec-
ordinary particles, the mirror particles can be described by #&ons, positrons and photons will not be created. When the
temperatureT’ (and chemical potentials, which we assumeamount of mirror matter exceeds a certain level, mirror elec-
are initially negligiblg. In fact, the ordinary and mirror par- tromagnetic and mirror weak interactions among the mirror
ticles form two weakly coupled thermodynamic systems. Asneutrinos become larger than the expansion rate. In this case,
in our previous papef32], we will suppose that there is an the mirror neutrinos produced through oscillations quickly
asymmetnpetween the temperature of the mirror plasma andaissume a distribution of Fermi-Dirac form, and equilibrium
the temperature of the ordinary plasma so thaT. Of  distributions of mirror electrons, mirror positrons and mirror
course, ifT’=T, then a neutrino asymmetry would not be photons get excited in the plasma. The full plasma thus con-
expected to develop. The energy density of the mirror sectosists of two weakly coupled thermodynamic systems: the
would then double the expansion rate of the universe. In thigsforementioned ordinary particles at temperatlirand the
case the reasonably successful BBN predictions would beorresponding mirror particles at a smaller temperafre
lost. However, one should remember that exact microscopi€or the case where mirror species contribute negligibly to the
symmetry does not imply exact macroscopic symmetry. Irexpansion rate of the universe, we have earlier shi3@
reality, if the ordinary and mirror particles are only in very that the inequality
weak thermal contact, there is no compelling reasonTfor
=T. Note that the assumption that<T doesnotimply that
the amount of mirror baryonic matter in the universe today is T EZ(M_eV
less than ordinary baryonic matter. The origin of baryon
number(and mirror baryon numbgis not understood at the
moment, so no definite conclusions can be drawn regardin
the amount of mirror baryonic mattéand hence mirror stars
and so onin the universe today. Actually there are strong
astrophysical arguments for the existence of a large amount
of dark matter in the universe, and this suggests that the®By “early” we mean the time during and earlier than the BBN
mirror baryon number is comparable or even greater than thepoch.

2/5
MeV (14)

gust be obeyed to ensure that the mirror self-interactions are
ufficiently fast to thermally equilibrate the mirror species.
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Our notation and convention for ordinary-mirror neutrino 1
two state mixing are as follows. The weak eigenstateand N, (p)=5[Po(p)+ P.(p)IN*(p,T,0),
vl’g are linear combinations of two mass eigenstatggnd
Vp,

1
N,/ (p)= =[Po(p)— P,(p)INYp, T,0), 19
1= GOS0, v+ SN0, v, (D)= 3[Po(P) PP IN(p,T.0), (19

VI,3: —sin Gaﬁ,va-i- COSGaﬁ,vb, (15) where
where 6,/ is the vacuum mixing angle. We defirgg, 5, so N, T, ) = 1 p? 20)
that cos Z,,>0 and we adopt the convention théin’ ,, T 272 P—u
_, 2 2 ap 1+ex

Recall that thex-type neutrino asymmetry is defined by o o . . .
is the Fermi-Dirac distribution with chemical potentialand

n, —m, temperaturdl. Note thatP, is related to the total number of
L =—h— (16 »,’s andvy's of momenturmp,
Y
We also need to define amtype mirror neutrino asymme- N, (p)+N, (p)
try, Po(P)= — ot (21)
N*(p,T,0)
n, —mny . . .
L, =—° a (17)  While P,(p) is related to the difference,
v, n ’

Y

In the above equatiom,, is the number density afrdinary P.(p)= N,,a(p) NV,’B’(p)

photons. AP N*Y(p,T,0)
Note that when we refer to “neutrinos,” sometimes we

will mean neutrinos and/or antineutrinos and/or mirror neu-Similar expressions pertain to antineutrinos. The “trans-

trinos and/or mirror anti-neutrinos. We hope the correct g ge component®, ,(p) andP, ,(p) measure the degree
meaning will be clear from the context. ~_ of quantal coherence in the ensemble. Note that in subse-
The evolution of the ensemble of, and v, neutrinos is  quent expressions we will suppress the independent variables
described by a density matrix, 5, which obeys the QKEs. A for notational clarity unless there is a chance of confusion.
similar density matrixp,s describes the antineutrinos.  The time evolution ofP, and P is governed by three
These density matrice§38,40 are conveniently param- effects: coherent,< v} oscillations, decoherence inducing

(22

etrized by collisions, and repopulation of, and v, states from the
1 background plasma. These effects are incorporated in the
Pap'(P)= 5[Po(P)I +P(P)- 0], quantum kinetic equatior(gt0,29
P aP aP aP

- L B aa|, | T

Pap (P)=5[Po(p)I +P(p)- ], (19 vy oot Mlrepop
wherel is the 2X2 identity matrix, the “polarization vec- ‘9_PO:‘9_PO ‘9_PO ‘9_'30
tor” ,\P( p)=Px(p)x+ Py( pP)y+P.p)z and o=o,x+ oyy at at v <—>Vl,3 at coll repop
+ 0,z, with o being the Pauli matrices. (23

The quantity p is the magnitude of the neutrino
3-momentum or energy. It will be understood that the denwhere
sity matrices and the quantiti€é%(p) also depend on time
or, equivalently, temperatur€. (For the situation of negli- f
gible mirror energy density, the time-temperature relation for at
me=T<m, is dt/dT=-Mp/5.5T%, where Mp=1.22
X 107? MeV is the Planck mags

/:Va,B’XP!

B

VaHV

We will normalize the density matrices so that the mo- w» =—DP; where Py=Px+ pyy,
mentum distributions o¥ ,(p) and vb(p) are given by It o
P -
9 . . - Fr :(RV - RV')Zv (24)
Note that our previous papers used a different definitiorP of repop “ B

through the equatiop=3P,(p)[| +P(p) - o] rather than Eq(18).
The difference is just a matter of convention. and
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Py dPo Py where{(3)=1.202 is the Riemann zeta function ofG is
S =0, —| =0 —7 =R, *R,. the Fermi constantM,y is the W-boson massA.~17 and
VoV coll repop A, =49 (for m;=T=m,). The expression foib(p) is

(25  valid provided that the plasma has a negligible component of

. L. . . i i wfaB') is qi
We will explicitly define the new terms appearing above Miror energy density. The quantity*#") is given by
shortly. But before doing so, we remark that the general form

) : L@B) = (@_"(B) (30)
of the above equations is reasonably easy to understand. The
VXP term leads to the precession of the polarization vectof,nare
without change in its length. The DP; decoherence term
caused, andP, to decrease in lengttD(>0), which quan- L@W=L, +L, +L, +L, + 7,
tifies the rate of loss of quantal coherence. The function oo T
Ri(p) is related to the repopulation rate for a particle of L'(B)=|—V/’3+ Ly+L,+L,+7. (31)
e M T

speciesi with momentump. The functionsP, , are unaf-

fected by repopulation because they measure quantal cohgtecall that the termy is due to the asymmetry of the elec-

ence only. On the other hanB,, being proportional to the  rons and nucleons and is expected to be very sma#l5

ﬂavr?rsda}f? per EqQZ)H receivesla.contributio_lt]hpr?por%lal very small. For antineutrinos, the corresponding function
to the difference in the repopulation rates. The func - . . (B Y
obviously remains unchanged undey,«— v, oscillations, \I\;“Sﬁ\}v's obtained by tg.?. SUbSt'tUt'ph( Bb)_’_l‘( #). The
and it plays no role in quantifying loss of coherence. Since it resonance condilions are given by
is related to the sum of momentum distributions as per Eq. M(Pred =0, (32)
(21), its time derivative from repopulation is related to the
sum of the repopulation rates. wherep,esis the resonance momentum.

Similar equations are satisfied for the antineutrino func- The termD(p) is the decoherence or damping function.
tions FO andﬁ, with the substitutions When the number density of mirror species is much less than

the number density of ordinary species, it is given[B9]

r
D(p)= 0, (33

Vag—Vag, D—D, R—R. (26)

We now explicitly define the terms appearing in these equa-
tions.

The functionV 5, which is related to the effective mat- WhereI'(p) is the total collision rate of a, neutrino of
ter potential, drives the coherent aspect of the evolution offomentump with the background plasmid. From Refs.
the density matrix. Importantlyy,z depends on the neu- [29,43 itis given by
trino and mirror neutrino asymmetries. It is given [[38,40

p
.. I'(p)= aGZT5(—>, 34
Vg =PBX+\Z, (27 (P)=Y.GF (P 39
where 8 and\ are where(p)=3.15T is the average momentum of the ordinary
neutrinosy.=4.0 andy,, ,=2.9 (for them¢=T=m, epoch
miﬁ, . we are considering The total collision rate for a, mirror
B(p)= op oM 20,p1 neutrino of momentunp is, roughly,
5 T 4
om; (—) I'(p) if T' obeys Eq.(14),
Mp)=— —5 " [c0sW.s—b(p)a(p)],  (28) r'(p=y\T (35

0 otherwise.

in which the + (—) sign corresponds to neutrin@an-
tineutring oscillations. The dimensionless variablagp)
and b(p) contain the matter effectt1], being the matter
potential divided byﬁmzﬁ,,/Zp. For Va<—>v'ﬁ oscillations

In the presence of neutrino asymmetries, the collision rates
for neutrinos and antineutrinos differ. The collision rates

quoted above hold when the asymmetries are small, with the
antineutrino rate being approximately equal to the neutrino

a(p) andb(p) are given by42] rate in that limit. Note that in the parameter space regime we
31 (af)) are considering, neutrino asymmetries do not become large
_A3)V2GTALEp until temperatures are sufficiently low that collisions can be
a(p)= - 2 2 '
T 5ma/3’
47(3)\2GT*A p? 10f the number density of mirror species is significab{p) must
F ap . .. . .
b(p)=— > 2 2 ; (29) also include the collision rate ofy’s with the background mirror
oM, 5 My particles.
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approximately neglected. Therefore, the dependence of thequilibrium!? In this case, the value gi,, is approximately
collision rates on the neutrino asymmetries is never of pracggzen atT =T, (taking for definitenesk,, >0), while the

tical importance.
The repopulation functionRva and Ryrﬁ are given by

l
a

1
R, zI‘[KVH— 5(PotP))

1
RV;;ZF [KV;_E(PO_PZ)} (36)
where
< )_Ne°(p,T.Mva)
va(p - Neo(p,T,O) l
(37)
Ne(’(p,T'-MVL;)
Ky(Pp)=—"r"—7—",
B N4 p,T,0)

with u; being the chemical potential for species~or an-
tineutrinos,,uva is replaced by,u;a in the above equation.

anti-neutrino chemical potential; continues evolving until
T=1 MeV. ForT=<1 MeV, the exact form for the right-
hand side of Eq(25) should be used.

The neutrino asymmetries that appearninR and their
antineutrino analogues are in principle calculated from the
density matrices. Recall that the neutrino asymmetry is de-
fined in Eq.(16). The number density of,, is

o © 1
nv =j NV dp:J’ E(PO+P2)Neo(paTao)dp! (40)
(43 o a 0

so that

1 e o
L, “on, JO [(Po+P,)—(Po+P,)IN*{p, T,0)dp.

a

(41)

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

dL n, —n,
The approximate equality sign in E(B6) indicates that the Ta :i(u> (42)
right-hand side is not an exact result. It holds when all spe- dt  dt n,
cies are in thermal equilibrium apart from, and v;;, which i
are instead approximately in equilibriufiSee Ref[40] for Thus, using Eq(19),
the exact form of Eq(25).] The two termsR,, andR, are S —
. Ve g dL, 1 [=loP, P, P, JP,

due to the repopulation af,, states by ordinary weak inter- S — +—————"|N*(p,T,0)dp.

; ; ; t 2n ot ot ot ot p.T,0)dp
actions, and the repopulation awfﬁ states by mirror weak y /0 43

interactions, respectively.

In order to integrate Eq$24) and(25), we need to relate
the chemical potentials appearing in E(&6) and(37) to the
asymmetries appearing in E@4). In general, for a distribu-
tion in thermal equilibrium,

1 o x2dx 1 < x2dx

L, = - -,
« 40(3) Jo 1+e ko 4L(3) Jo 1+ Ha

(39

where u,=pu, /T and uz=u;, /T. Expanding out the
above equation,

[ 72— ) +6(m2— 2N 2+ (pd- ).
(39)

L 1
Ya© 24£(3)

This is an exact equation for,= — u; otherwise it holds
to a good approximation provided thz;ta;sl. For T

=Tgeey WhereTg.~2.5 MeV andT4I~3.5 MeV are the
chemical decoupling temperatures, =—u, because in-
elastic processes such a§7aHe+e‘ ande*e < yy are
rapid enough to maker,+ u= e+ + e =0. However,

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

dl, 1 = B
e~ B .
dt  2n, fo B(Py—=Py)N*{(p,T,0)dp. (44

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

The last piece of information needed is the evolution
equation for the mirror sector temperaturé. This is ob-
tained by using a conservation of energy argument that was
first presented in Ref32]. It goes as follows: Consider,

— vy, oscillations with the mirror interactions felt by, ar-

tificially switched off. The energy density of the; and?’ﬂ
states is then given by

The chemical and thermal decoupling temperatures are so dif-

for 1 MeV=T=Tg,., weak interactions are rapid enough to ferent because the inelastic collision rates are much less than the
approximately thermalize the neutrino momentum distribu-elastic collision rates. See, for example, Rdf3] for a list of the
tions, but not rapid enough to keep the neutrinos in chemicadollision rates.
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which is the required evolution equation fbf. Note that we
implicitly assumed in the above derivation that the redistri-
bution of mirror energy density from’'s to the other mirror
species did not affect the expansion rate of the universe. This
’ is a good approximation provided that the mirror energy den-
] sity is small, that isy,<1. This is generally expected to be

107

10?
ILI/h 107 -

10°F 1 the case sincéN,, ¢=0.6=y,=<0.1.
107} 2 We end this section with an example of the evolution of
10°F ] neutrino asymmetry generated by two flavor ordinary-mirror
10°F ! neutrino oscillations. In Fig. 1 the evolution of thelike
107F 1 asymmetry is plotted. For our present illustrative purpose,
10" 1 we have considered the evolution lo;tT under the influence
107 . . s 3 of the v,— v/, oscillation mode only. The parameter point
T/MeV om? ,=—50 e\? and sif26,,,=10"° has been chosen.

The initial L, is set to zero. Notice thdt, evolves from

zero to a value which approximately cancels the baryon
asymmetry byT=70 MeV. The asymmetry then remains
. constant until the critical temperatufe.=38 MeV when
p”':f (N, +N57)pdp explosive grovvt.h begins. Shortly thereafter, the explosive
£ Jo B £ growth phase gives way to power lav # growth. During
1 (= the power law phase, the high temperature epoch evolves
:_f (Po—P,+Py—P,)pN{p,T,0)dp. (45 into the low temperature epoch. Of course the behavior
2 Jo shown in Fig. 1 is quite general and in fact quite similar to
ordinary-sterile neutrino oscillations. The latter have already
Now switch on the mirror self-interactions. They will peen studied in some detail in previous pappsi—
quickly distribute this energy density among all of the rel-26,28,29. Finally note that we have pIotteIdL,,fl. This is

e_vant ‘mirror species: the three mirror neutrinos a”d_anbecausé_y changes sign at the critical temperat(tee rea-
tineutrinos, the mirror electrons and positrons, and the mirror 7

photon. However, the energy density that is being fed into°" for this behavior has been discussed in Re5]). For

the mirror sector by ordinary-mirror oscillations is still given values of .Siﬁza Iarge. t_enough,.our numerical result; indi_cate
by the right-hand side of Eq45). The rate at which energy that the sign oLVT initially oscillates and thus the final sign
density is being transferred from the ordinary to the mirrorof the asymmetry may be random. This may lead to different
sector is therefore equal to the time rate of change of théegions of space having different neutrino asymmet(as

right-hand side of Eq(45) due tooscillations only There-  suggested earlier in Reff24]). Also it should be mentioned
fore we conclude that that the effect of statistical fluctuations on lepton number

asymmetry is an important open problem, and consequently

FIG. 1. |L,|/h (where h=TJT3) versus temperature for
v, v, oscillations withsm?*=—50 eV* and sirf26=10"°.

dp’ 1 (=9 it is also possible that the sign of the asymmetry may turn
dt ) fo 9t out to be random even for small values of %6 For the
Ve Vg Vo purposes of the present paper, we acknowledge the indeter-

minate nature of the asymmetry by considering the two pos-
sible signs in all our numerical work.
(46) In the next section we will discuss the high temperature
epoch in the EPM. Our main goal there will be to demon-
where p’E3pV,/B+pe,+py, is the total energy density in strate the consistency of the,— v, solution to the atmo-
mirror species. The complete evolution equation Toris ~ SPheric neutrino problem with BBN for a range of param-
obtained by combining Eq46) with the cosmological red- €ters.
shifting of T'. To this end, consider the quantiy, where

a= g
X (Po—P,+Po—P,)pN{p,T,0)dp

Yo T (47 OF THE w,—w, SOLUTION OF THE ATMOSPHERIC

(T1)4 IV. HIGH TEMPERATURE EPOCH: CONSISTENCY
NEUTRINO ANOMALY WITH BBN

pl
p

with p=%(7?/30)T* being the total energy density due to  Previous work has shown that the QKEs for ordinary-
ordinary species. This ratio of energy densities does not rednirror (or ordinary-sterilg oscillations will imply the explo-
shift. Its total rate of change can therefore be calculated frongive creation of neutrino asymmetries provided some fairly
Egs.(46), (24) and(25) to yield mild restrictions on the oscillation parameter space are im-
d posed. In particular, thémi g involved must be negative,
Yo

' ifmﬂ(p +E)pNea(p T,0)dp (48) and the vacuum mixing angle,;; must be in the approxi-
dt 2pJo y oy Y ’ mate range
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2 |12 modesv,— v, and v,—v_ are both governed by another
3 (490 mixing angle 00 s while thev,, ., Mmodes are maxi-
| aﬁ’| mally mixed. The squared mass dlfferenﬁmw, is set by

The lower bound comes from the requirement that the oscilth® atmospheric neutrino data to be |n the range quoted in
lation mode be sufficiently strond,while the upper bound EQ. (7). The other mass parameten’ . and om?,,, are
was derived in Ref[32] from the requirement thai HV,B free, subject to the restrictions dlscussed in Sec. II and sum-
oscillations, considered in isolation, not spoil BBEq. (49)  marized in Eq(7).
takes for definiteness thatN, .+<0.6]. Once created, the  For simplicity and the sake of the example, we will set
large neutrino asymmetry or asymmetries will suppress othdrém ,| to be so small that the associated oscillation mode
ordinary-sterile oscillation modes for a range of parameterscan be neglectetf. The precise value of the mixing angle
For the generic parameter space region considered heg, . is unimportant, provided it is small. The,« v, mode

10" 1°<sinf26,,5 <fewx 104(

(see Sec. )| the oscillation modes has almost no effect until lepton number is lar¢feere
, ) , “large” means greater than about 1¢), because of the ap-
Vi Vs Vi Ve, V=7 Ve (50 proximately equal number densities of the two species in-

. . . volved. In the high temperature epoch being considered in
Sould all satisfy the at_)ove crrterrar; We will call the_se .thethis section, lepton number will always be small. For a given
lepton number creating modes.” The other oscillation sm? , we are therefore effectively left with two free param

modes, including thew —>vﬂ mode that hypothetically wp! y P

solves the atmospheric neutrino problem, tend to destroy &t€rs:6.- and 5m - Our task is to find the region of this

linear combination of asymmetries. parameter space for which the—> v solution to the atmo-
Lepton number amplification begins at a critical tempera-Spheric neutrino problem is consistent with BBN. For the
ture T., given roughly by EPM this calculation was first performed in Ref32]

Wlthln the static approximation. We improve on this ap-
proach here through the use of the QKEs.

MeV, (51 We now write down the equations we must solve. We
begin by introducing three two-flavor density matrices

where the oscillation parameters pertain to the two-flavor

1/6
Sm?cos 20

eV?

T~ 16( —~

lepton number creating mode responsible. The mode with the Prur El(poﬂr P), puu= E(Qoﬂr Q),
largest | sm?| will therefore be expected to create lepton 2 2

number first, provided its vacuum mixing angle is in the 1

range of EQ.(49). Within the scenario of Sec. Il, the, =2(S+0-S 53
—wv, andv,— v, modes will have the largestm? values. Pu 2(SO -9, 53

Which, if elther of them dominates lepton number creation
depends on their specific oscillation parameters. For the sak@r the three significant oscillation modes
of a plausible example, we will suppose tha,t—»v domi-
nates, even though,— v, has a slightly largesm?. This is

beli:ausi }NetheXpeaﬁ,e,<t0 ' @S per _Sec Ir: Q?Bas_lcally,l_we respectively. Sincezl’L is common to the first pair of modes,
\g,]vilt>l3\/Ngrr1ym € parameter space region wheffe: 1S negli- - 5ng v, is common to the second pair, we have the con-
: : straints
So we are led to consider the four flavor subsystem

(59

! ! !
VoV, VeV, Ve,

NI
vV, v "u :E P,—P :l —
I x itu‘ (52) Neo(p’_l_’o) 2( 0 Z) 2(Q0 QZ)r
, N, 1
Ve & U, m 5(Qo+ Q7= (So+5z)- (595

Further, we decompose this four flavor system into the two

flavor subsystems indicated by the arrows above. Some digxtending the two flavor case discussed in the previous sec-
cussion of the justification for this sort of decomposition cantion, the time derivatives of the functiof%,, Qq, Sy, P, Q

be found in Ref[29]. Heuristically, it is expected that this
simplifying assumption is justified because the MSW reso-
nance momenta of each of the oscillation modes are gener- 2 2
ally different. The ordinary-ordinary and mirror-mirror °This will be the case provided thpim’|<|om, |. If |om_ |

g is much larger tha|115m .|, then the resulting “allowed region”
modes are governed by the same mixing aregle, and the will be significantly redﬁéed.

or the case of strictly sterile neutrinos, this calculation was
done in the static approximation in R¢25] and by numerically
2Byt note that the vacuum oscillation amplitude can still be tiny. integrating the quantum kinetic equations in H&8].
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andS are observed to receive contributions from each of the

PHYSICAL REVIEW D61 043507

J
three oscillation modes, from decohering collisions, and 51 (PotP2) =0, (62)
from repopulation. Denoting a generic function By we vy,
have that
so that
JF JF +(?F +aF +(9F JF
E_E v_—v' E v —v HV —v’ E coll Hrepop' a_PO —_Ea_QZ
T I 14 I T (56) (9t o - 2 (9'[ , *)V,’
"
From the two-flavor formalism described in Sec. Il we (62)
have that P, _ 19
at , 2 at ,
IP IP VIL*?V”/ VM*)VM
E +E :VT,u’XP_DPT!
v, coll having used Eq(58). The expression foro'(Qz/at)|VﬁV/ is
"
obtained from Eq(57). Finally, we have that
aQ aQ v b
| | TVaewrx QDR Py
[ coll ! =0,
at
repop
S as|
I ,+E ”—VM,XS—DST. (57 g1 1
uT 0 515 (PotP)l =K, =5(Pot+ Py,
. repop
It is also clear that
1 1
9Po _ 9P _ St 2(Po=Pa)|  =T"IK, =5 (Po=P,)|.
ot ,_ ot o repop #
vy, coll (63)
Qg _dQo This completes the specification of the evolution equations
at .ot ”_O’ for P andPy.
uT ° The evolution ofS andS, due tov,— v/, oscillations and
S 25, repopulation is handled in a very similar manner to yield
T 8
v,— V;_ coll &Sx,y -0
at '
We also obviously know that Yuv
Pl P S 1,
R a2t )
M T I3 13
JS J
A S (59 S 19
al, L I, at T2 ;
T T I}'u—?V,u( 14 —?VIL
Consider now the contribution of,— »,, oscillations to the P
evolution ofP andP,. First of all, the transverse components PSky =0,
P,y receive no contribution, ot repop
IPxy g1 1
— =0, (60) o= _ _ -
al —5(S+S) F{Km 5(So+Sy) |,
Iz repop
because they are affected only by decohering collisions. The 91 1
evolution of P, and P, can be obtained from Eq55) by — (S-S, =I"[KV,— —(SO—SZ)}
noting that Jt 2 -2

R,
ot

B J
) _E(QO_Qz)

VM—> V/L

1%
1 (Po=P2)

’
V/UV_H}/J“ V/_L—>V‘u
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' The completes the specification of the evolution equations
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Finally, we have to specify the time rate of changeQof 10* . . . —
andQ, under the influence of .« v, oscillations, v, v, _
oscillations and repopulation. We note first tiiggy, are un- < Allowed Region
affected by these processes: L0
5
an,y — an,y — an,y — O (65) ,
at —v' at u#—w’ at repop 10
m
Then, from Eq.55) we see that o
dQq 19 1 9P,
| TaaPerP =mo _
Vf*ﬂlﬂ v, =V VTHVIU/
10 107 107 107 10° 1(‘)'5, 2. 10°
iQ, 19 1 4P, sin"28,
ot Z_EE(PO_PZ) - 5 ot ! EFIG. 2. Reqi : 25 2
- S — . 2. Region of parameter space in the Qﬁm/,—émm,
g a plane wherel, is generated rapidly enough so that the— v,
9Qq 19 14S, oscillations canrlot si_gnifican.tly _populatg thg& states (for T
—_— =-—(S+S,) =4 = — , =0.4 MeV). This region, which in the figure is denoted by the
ot B 2 dt I 2 at o “Allowed Region,” includes all of the parameter space above the
T solid ling(s). The top, middle and bottom solid lines correspond to
P 19 Js, the atmosphericém? values of 5mfm,/eV2=10’2, 1025 and
—Q, =——($+S) =4+ - — ) 1073, respectively. The dash-dotted line is the nucleosynthesis
at v, v 2 dt v, 2 ot .y bound, Eq.(49), which takessN,, =0.6 for definiteness, and the
T (66) shaded region is the hot dark matter region indicted from some
studies of structure formatiofsee Sec. Vil
Finally,
With mirror electroweak interactions now switched on, this
J 1 1 energy density is distributed among all of the relevant mirror
512(QotQ)| = T[ Ky, =5(Qot Qz)}, species. The rate at which energy density is being transferred
repop from the ordinary to the mirror sector is thus
J1 1 ' o
—5(Q-Q) =F'[KV;— §<Q0—Qz>} i . |4 (PoPP-P,
repop osc 0 osc

(67)
. - . : +S—S,+S—S,)pN*{p,T,0/dp, (69
specify the remaining repopulation equations.

This completes the list of quantum kinetic 'equgtions forwherep’ is the total energy density in mirror species, and
our system. Of course, because of the constraints ir{F=g,.

some of these equations are redundant. d

To use these equations one neéglgquations connecting —| ==

! X A ; . y dt dt

neutrino asymmetries with chemical potentials dnd an osc v v,—vl v
evolution equation for the temperatui® of the mirror
plasma. The chemical potentials are calculated in exactly thintroducingy,, as per Eq(47) and using the QKEs we obtain
same way as discussed in Sec. lll. THeevolution equation
is obtained by extending the two-flavor derivation of Sec. lll dy, 1 (= — _
in the obvious way. As before, it is best to first imagine that dar 2p Jo [Brur (Py+Py)+Buu(Qy+Qy)
the mirror electroweak interactions are artificially switched
off. T,he ener’gy deqsny in mirror states is then entirely due to +B,.(S,+S,)IpPN*(p, T,0)dp (72)
the v, and v, species:

(70)

as theT’ evolution equation, where

/+ = /+ 7l+ /+ N
Py Py, fo (NVM N”M N, +N,7)pdp 5mf,¢/, 5mfm,
1 Bow="gp SiN20mur Buw=—23,""
:EJO(PO_P2+PO_PZ+SO
5mf”, )
~S,+S-S)pN(p,T,00dp. (68 Pur="gp SN 20 72
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Note thatf,, =— B, becauseémiﬁ,z - 5m/2”, for the damped so much by the collisions. In the case of the mirror

parameter space of interest. neutrino v, , the mirror electroweak interactions have the
We first present the main result of numerically solving theeffect of reducing their number density, so the production of

above equations. After doing so, we will provide a physicalléPton number is not delayed. Of course ain the eV mass

description of what lies behind the mathematics. The mairf€gion is currently being searched for in the short base line
result is displayed in Fig. 2, which shows the region of Nomad-Chorus experiments. Such experiments are ex-

2 . o . ... tremely important to test for the eV tau neutrino which is
(5mm,, S|r1220m,) parameter space which is consistent W'thsuggested by Fig. 2. Unfortunately, we cannot predict

big bang nucleosynthesis for various valueﬁnffm, moti- sinzzaw, so these experiments will either discover— v,
vated by the atmospheric neutrino anomaly. The allowed repscillations or constrain si@é,,, .

gion lies above the relevant solid lihich corresponds to  Before closing this section, we will discuss some of the
a particularsm? ,) and to the left of the dash-dotted line. numerical details of performing the above computation,
The solid lines arise from solving the QKEs, while the dash-which will entail also a discussion of the physics of the re-
dotted line is the upper bound quoted in E49) applied to  sult.

the lepton number creating mode« 1/’;. For the sake of MSW resonances play a key role in the evolution of the
definiteness, we have adopteiN, .+<0.6 as the BBN system. It is instructive to examine the connection between
bound on the expansion rate of the univef@epressed as an the neutrino asymmetries and the resonance momenta of the
equivalence to additional relativistic neutrino flavors, as isthree important two-flavor modes within our system. Note,
customary. Of course, at the present time there is some confirst of all, that the effective potentials of the three modes
fusion regarding the value of this bound, due to conflictingdepend on different linear combinations of neutrino asymme-
primordial element abundance measurements. The value #ies:
0.6 was chosen for illustrative purposes only. The position of

the dash-dotted line depends on #i¢, . chosen. The solid

lines, on the other hand, define sharp transition regions. Be-
low the lines, the mirror sector comes into thermal equilib-
rium because of the eventual copious productiompfrom

v,— v, oscillations. Above the lines, essentially no mirror
matter is produced by this oscillation mode. Of course, the
closer one gets to the dash-dotted line, the more mirror mat-

ter is produced by the,—v;, mode. For sif26,,,<10"°

the results obtained here using the QKEs are almost identical

to those obtained earlier using the static approximation. Thg/here we have sdt, =L, =0, and we have used conser-
results differ at large values of the mixing angle mainly be- e 6 ¢
cause lepton number is created rapidly enough to spoil th
validity of the static approximatiotr.

The importance of Fig. 2 lies in its demonstration that the Lyl +Ly FLy+L, 4L, =0, (74)
vﬂ—w; solution in the EPM to the atmospheric neutrino
problem is cosmologically consistent for a large region of
oscillation parameter spacd-urthermore, most of this re-
gion sees the , having a cosmologically interesting mass. In generates a nonzero, , which means that.(“~") is also
particular, note that the hot dark matter region marked as &,6rq. The latter quantity then suppressgs: v/, oscilla-
shaded bapd in Fig. 2 has a s_|gn|f|cant overlap with the alfions, provided that it grows sufficiently quickly for a suffi-
l(?wlfd region frpm _BBN(we W'". dlslcus_s more about the ciently long period of time. This is not inevitable, because

ark matter region in Sec. YIIt is also interesting to note the effect of the lepton number destroying mage— 1/, is

that the BBN allowed region implied by thg, — V;L solution (up') .
to the atmospheric neutrino problem is larger than the correl© Iy t0 destroyL through the creation of nonzero val-

sponding regiori25,28 obtained wherv,, is replaced by a ues forl, andL,,;L to compensate the nonzerg, andLv;
strictly sterile neutrino. The production of sterile neutrinosproduced by the’,— v, oscillations. The essence of the cal-
tends to delay the onset of the rapid exponential grd@#  culation presented above is the determination of wihiert )
which means that by the time it occurs thg— v, oscilla-  is driven to zero, and when it is not. This depends on the
tions can destroy(““') more efficiently since they are not Oscillation parameters, as summarized in Fig. 2.
The resonance momenta for the— V;L mode and its
antimatter analogue are given by

L#D=2L, +3L, —L,,
" T M
L(/LM'):3|_V +2L, —L,,
I T M

L(“T')=4L,,M+3LVT+ L,, (73

’
yn

yation of lepton numbéf

to eIiminateLV;. The lepton number creating mode— V;L

15A complete discussion of the static approximation can be found____
in Refs.[25,29. In particular, it was shown in Ref29] that the
static approximation is an adiabatic-like approximation for partially °Of course the sum of lepton numbers need not be exactly zero.
incoherent oscillations in the small vacuum mixing angle parameteHowever, we can set the sum to zero without loss of generality
space regime. provided that the sum is not large.

043507-14



IMPLICATIONS OF MIRROR NEUTRINOS FOR EARLY ... PHYSICAL REVIEW [B1 043507

' , o, (up")
Prur _ 1] 3oL p*}’* —0, p’%“ _ Al — if L)<,
T 2 bOT2 boT
(78)
aoL())? 4|5mfﬂ,|cos 20, '
+ b1 + b 16 ) In the region of parameter space whéfé*") is not driven
0 0 to zero, we see that, . /T gets driven to infinity(staying
with the L, >0 casg¢, while p,,,. /T stays at zero. In the
Prp 1) apL () region of parameter space whdré“') gets destroyed, we
T 2 boT? see thap,, .- /T moves from zero to a finite value a§T gets

created, and then moves back towards zero as the compen-
sating LV” is induced. There is a sharp transition between
these two possibilities for the evolution pf,,/ /T, with the
boundary given by the solid lines in Fig. 2. Above the solid
line L**#") is created early enough and is large enough so
that the v, is never significantly populated by, < v, 0s-

2 2
4|smZ, [cos 20,
boT®

. (795

anL (e
+ \/ 0
boT?

The p- and T-independent quantities, and b, are defined

through I I ; .
¢ cillations, these oscillations being heavily suppressed by the
3 (ap") _ matter effects resulting from the large“#"). Below the
a(p)E—aOT L P b(p)=—b, T (76) solid line thev/’L states would eventually become populated
8miﬁ, ' Emiﬁ, ’ by v,—wv/ oscilatons in the temperature range 6
=T/MeV=10. Furthermore, the other mirror particles would
leading to also become populated due to the mirror weak interactions,
which would effectively double the energy density of the
universe prior to the_BBNepoch.
:4\/55(3)GF b :4\/§§(3)GFA01 77 The v,— v, and v,— v, resonance momenta are given
0 w? ' 0 772M\2N . by
, , (")
In the following we will consider theL("*)>0 case for Pur_ 1] a0l
definiteness! Before the rapid exponential creation of lep- T 2] p,T?
ton number(that is forT>T_.), the neutrino and antineutrino — >
resonance momenta for the lepton number creating modes . \/ agL#7) 4|5mw,|cos 20,0
are equal. A4 (™) gets exponentially created, the neutrino b, T2 a b, T® ’
resonance momentum,,,, moves rapidly to infinity, while
the antineutrino resonance momentym,, remains at a — 1l aLem
value of orderT. Numerical calculations show that. . /T Pur _ = _0_2
typically takes a value in the range 0.2—-0.Gat T./2 where T 2 boT

T. is the critical temperature at which lepton number cre- P 5
ation begins. These observations are important, because they \/ aol (#7) B 4|sm’, [cos 20, 79
mean thatv.— v, oscillations are unimportant after the cre- by T2 b, T®

ation of lepton number, while,— v/, oscillations remain
very important. This is simply because the neutrino resoBecause the sign Q‘Imf”, is positive, we see a qualitatively

nance momentum has moved to the tail of the Fermi-Diragjjfferent behavior for these resonance momenta compared to
distribution, while the antineutrino resonance momentum isheir mirror reflections in the.+ »/, subsystem. Before the
T y2 "

within the body of the distributioniNote that these observa- ¢reation of lepton number, there are no solutions to the reso-

tions will play a central role in the next section. _ nance conditions. If lepton number evolves to the point
The resonance momenta for the,—v, and v,—v,  where

modes are given by

Y\ 2 2
aLU)"_ 4fom,,| (80)
boT? ’

agl () by T

Pup Pup’ if | (wn')
= = >
T b0T2 , T O if L 0,

then(taking theL (*")>0 casg v, V. COMES on resonance

at a finite value of the momentum, whi@ez never
17 discussion of the overall sign of the asymmetries created cagomes on resonance. In the region of parameter space where
be found in Ref[25]. LVT dominates, it is easy to show that this point occurs when
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Pur 1Py shown to be incompatible with BBN, this does not necessar-
T =3 ?ﬁz- (81) ily mean that the model is incorrect, since it is also possible
that one of the standard assumptions of BBN may not be
Thus by the time sufficient, andL, asymmetries have correct[45]. . _ _ _ _
been generated by, ' oscillations fﬂor they' s v 0sCil- For gauge models with mirror or sterile neutrinos, one in
lations to have a resongnce momentum,ﬁpe: v, l(L)sciIIa— general expect, o7 3. In fact,N, ot may be less than 3 or

) . . , ._greater than 3. The prediction fd¥f, o+ depends on the os-
tion resonance momentum is already into the tail of the d|sg b eff COP

S G cillation parameters in a given model. One possible conse-
tribution (for the parameter space where negligible has  q,ence of ordinary-mirrofor ordinary-sterilé neutrino os-

been created by, < v, oscillations.”® For low tempera- cillations is the excitation of mirror neutrino states, which
tures, T=T./3, theb term in the matter potential can be typically leads to an increase in the expansion rate of the
approximately neglected and the resonance momentum camiverse and thereby also increadgse;. Another possible

be derived froma(p)=cos %, , leading to consequence of ordinary-mirror neutrino oscillations is the
) dynamical generation of an electron-neutrino asymmetry.
P, OmM, ,COS2, This also has important implications for BBN, as it directly

(82 affects the reaction rates which determine the neutrino to
proton (0/p) ratio just before nucleosynthesis. If the electron
neutrino asymmetry is positive, then it will decred$g .,
while if it is negative, then it will increas8l, .

The neutron to nucleon ratiX,(t), is related to the pri-
mordial helium mass fraction(p, by'®

T apTAL®~™)

Observe that the effect of the, < v, oscillations is to de-

creaselL7)| and hence tdncrease p,,/T. By the time

T~T./2, the resonance momentum has reaclped /T

~15. We mention this here because it will be important in

the following section. Yp=2X, (83
The observations about the evolution of resonance mo-

menta made above are relevant to the numerical integratiofyst pefore nucleosynthesis. The evolutionXgf(t) is gov-

of the quantum kinetic equations. Because this integration igrned by the equation

CPU time consuming, we employ the useful time saving ap-

proximation of integrating the oscillation and collision d

driven aspects of the evolution in the region around the U= —N(n—=p)Xy+ A (p—N)(1—Xy), (84

MSW resonances. Since the precise details and justification dt

of this have been covered in Rg28], we will not repeat the

discussion here. where the reaction rates are approximately
V. LOW TEMPERATURE AND BBN EPOCHS: EFFECT A(n—p)=N(N+ve—pt+e )+N(n+e" —p+wy),
OF OSCILLATIONS ON LIGHT ELEMENT
ABUNDANCES A(p—n)=\(p+e —n+vy)+A(p+re—n+e’),
A. Introduction (85

The primordial deuterium to hydroge®(H) ratio canbe  4nd depend on the momentum distributions of the species
used to give a sensitive determlnatlon of the t_)aryon to phoyolved. The processes in E¢B5) for determiningn— p
ton ratio » which, given the estimated primordidHe mass ;e only important for temperatures above about 0.4 MeV.
fraction, can be used to infer the effective number of lightgg|oy this temperature the weak interaction rates freeze out
neutrino flavorsN, ¢ during the BBN epoch. This value can anq neutron decay becomes the dominant factor affecting the

then be compared with the predictions oy ¢ from various n/p ratio. An excess ob, over?e, due to the creation of a

models of particle physics to find out which ones are com- ositivel ould chanae the rates for the processes in E
patible with standard BBN. For example, the minimal stan-POSIVEL,, wou 9 P sesin £q.

dard model predictdl, .=3. At the present time, most es- (85). The effect of this would be to reduce thép ratio, and
timates favorN, .+<3.6 and some estimates favdf, .,  hence reducd’s. Neutron decay is not significantly altered
<3.0[44]. Of course, even if a model of particle physics is PY lepton asymmetries. It is quite well known that a small
change inYp due to the modification of, and v, distribu-
tions does not impact significantly on the other light element
abundancegsee for example Ref47]). A small modifica-
tion to the expansion rate, using the convenient dhity,
grimarily affects onlyYp, with [48]

BActually, in the psuedo-Dirac ca$@3] where there are no mir-
ror interactions thev,+ v oscillation system is more important.
The reason is that, in the psuedo-Dirac case, these oscillations d
stroy exactlythe same combination of lepton numbers as does the

v, v, mode; that is, in this case# ) =L®r) Thus, in the 6Yp=0.012} 5N, efr- (86)
pseudo-Dirac alternative to the mirror scenario, the- v oscil-

lations can help thev,< v, oscillations destroyl(“#), which

means that the “allowed region” can be significantly reduced. %For a review of helium synthesis, see for example R&8].
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In Appendix A we describe in detail how we compute theand the casé¢., >0 has been considerdgdo that the reso-

effect onYp due to the modified, and v, distributions. nance occurs for antineutrinog€£quation(87) relates the rate

In two previous paper§26,27], we studied the implica- of change of lepton number to the speed of the resonance
tions for BBN of oscillations within two distinct four- momentum through the neutrino distribution. Referef®%
neutrino-flavor models which featured the three ordinaryprovides a detailed discussion of how this equation can be
neutrinos and one sterile neutrino. In ReX6], a model with  derived from Eq(44) for the case of adiabatic evolution with
the mass hierarchyn, > m, ,m,,m, was considered. In a narrow resonance widf.Equation(87) can be simplified

this casev, <> v, oscillations resulted in an excessmfover ~ YSNY

v, (in the case wheré., >0), thereby generating a large
_ i - d(Pres/ ) _ 3(Preg/ T) | d(Pres/ T) 9L,
tau-neutrino asymmetry. It was shown thavif- v, oscilla- = +

tions also occurred, then some of the tau-neutrino asymmetry dr T Lo, dr

was reprocessed into an electron-neutrino asymmetry. The o

effective number of neutrino flavors found in RE26] was  from which it follows that

either 2.5 or 3.4, depending on the ambiguity for the sign of

the asymmetry and hence the prediction Koy (Ref. [25] £ I(Pres/ T)

discusses the sign ambiguity is$uEor a positive asymme-  dL, d'-v,; aT —4FX P/ T?
try, ENV'eﬁ; —0.5 was obtained_over arange .of mass differ- g7 =~ g7 9(Pres/ T) = 2(Xp;
enceg dm“|~10-1000 eV, while for a negative asymme- 1_fXT 1 tres
try the result wassN,, .=+ 0.4. Later, in a separate paper Va T[LO L]
with Bell [27], we considered another four-neutrino model
where v, and v, were taken to be approximately maximal
combinations of two nearly degenerate mass eigenstates,
and v,, with m,.,m, >m, ,m,_. In that case, we found

(89

(90

where f=1 for d(p,es/ T)/dt>0 [that is ford(p,s/T)/dT
N . . <0] and f=—1 for d(p,/T)/dt<0. For the multi-flavor
N, er=2.7 or 3.1 depending on the sign of the asymmetry. .,qe nder analysis, coupled equations based of@Biwill

As the above paragraph illustrates, the prediction forbe used.

N,.err iS @ model dependent quantity. In the next section we ¢ ¢qrse the evolution of the lepton number can also be
will estimateN,, ¢ in the EPM for various illustrative param-  yascribed using the QKEs. As mentioned above, they give
eter ranges. the same answer provided that the evolution is adiabatic. In
_ _ the case of non-adiabatic evolution, the QKEs should be
B. Low temperature neutrino asymmetry evolution used instead of the simple equati@T). For our study of the
in the EPM: Case 1 low temperature evolution of the number distributions and
We now study the “low temperature” evolution of the lepton numbers in the EPM, we will make use of the adia-
number distributions and lepton numbers in the EPM. Asbatic approximation encoded in E®QO). In fact, it turns out
discussed in Sec. Il, by “low temperature” we mean thethat the evolution of the system in the EPM model is quite
regime succeeding the exponential growth epoch. In this resomplicated. For example, three-flavor effects cannot be ig-
gime, the evolution of the neutrino ensemble is dominated byored, so solving the problem using the quantum kinetic
coherent effects, because thié decrease in the damping equations would be extremely complicated d@PU) time
function D renders negligible the decohering effect of colli- consuming.

sions. Repopulation, however, is still important. We first consider the parameter region
Consider, for the moment, two-flavor small angle
ordinary-mirror oscillationsv,<vj. In the case of un- m,  =m, _>m, .m, ,m, .m, . (91

damped evolution, we know from numerical integration of
the exact quantum kinetic equations that the adiabatic apyith
proximation is valid provided that si6,;=10"'°. Now,

coherent adiabatic MSW transitions completely convert m,
Vo V; at the resonance momentum of these states. For o
adiabatic two-flavor neutrino oscillations in the early uni-
verse it is then quite easy to see that the rate of change
lepton number is governed by the simple equafi®®]

m, ,m, .m, <1 eV. (92

,u,*’ Ve+

\Q/e will call this “case 1.” (Later on we will consider an-
Pther case, case 2, Whem,,w~ev as suggested by the

LSND results) In Case 1, the following oscillation modes all

dL, dLV'B d(Pres/T) havze approximately the sanjém?|, which we denote as
S=— —X|—— oM ge
aT dT dT ’ (87) large
where
T 20Note that when collisional decoherence in neglected, the QKEs
X=—(N; —N), (88) produce standard Schtimger-like MSW evolution with repopula-
n, “« B tion effects added via a Boltzmann approach.
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tions. Forv < v[’; small angle oscillations, the resonance

Vi Ve, vT<—>V;L, V;<—>Ve, V;<—>VM,
momentum is therefore to a good approximation given by
Vo Ve,  VpoV,, Ve, V;_HVIIL. (93 5
5 2 o pres_ 5maﬁ’ 9
Note that omj,ge=m; . All the other oscillation modes I (97)
T

T gTéL@)’

have much smallesm? values. In fact, for case 1, we will

consider the parameter space region whereSthévalues of ~ where we have used the notation defined earlier in(EZ).
all the other oscillation modes are small enough so that thefror the four groups of oscillation modes in E6),

can be approximately neglected for temperaturés

=0.4 MeV. This last condition means that these modes will P 5m|2arge
not affect the neutron/proton ratio and hence cannot signifi- T~ aTAL (98)
cantly affect BBN. 00 =i
In the following discussion we colsudg the cis,g>_0 wherei=1, . .. 4 and
for definiteness. This means that the— v, and v, v,
oscillations generateVT while the other oscillations repro- L _L(Ter)_7L LBl 4 1 .
cess some of this asymmetry into other flavors. Of course a = 27 vel vy
crucial issue for BBN is to find out how much of this asym-
metry is reprocessed to the electron neutrinos, and at what LZE_L(eT'):ZLV +5L, —L,,
temperature this occurs. T e
In order to use Eq(90), we have to employ the resonance ) (e

conditions to determine the resonance momenta as functions Le=L"-L"=L, -L,,
of temperature and the neutrino asymmetries. We begin by
noting that the sum of the ordinary and mirror lepton num- Ly=L"D—L"®=L,—L,
bers is conserved by the oscillations, and we will suppose ! ¢
that they sum to zefd: 1 3

ZELV7+ L,,e-i- EL,,;. (99

Lve+LV”+LV7+L,,$+LV;L+L,,;=0. (94)
Note that Eqs(94) and (95 have been used in the above
Furthermore, we take as initial conditions that equation to expresisvﬂ, L, andL, in terms of theLVe, L,
m e T
L, =L,, L,=L,. (95 andL,.
. € " € In the following discussion we will focus on the param-

eter space region where all of the oscillations are approxi-
mately adiabatic. This is extraordinarily helpful, because

modes of Eq(93) can be classified together into four groups adiabatic transitions are independent of the vacuum mixing

of two, each group having approximately the same resonan%“:—’les(aS long as the mixing angles are much smaller than
momentum: 1). This means that generic outcomes can be calculated for a

reasonably large range of parameters, rather than having to

roupl: v, pasvl —p,. conS|dersm§1II points in osml!auon parameter space on a case
group Vi Ver Vi Vu, PresmFi by case basis. As noted earlier, two flavor subsystems in this
epoch of the early universe evolve adiabatically provided

We will show that this assumption is robust shortly. With the
above initial conditions, it follows that the eight oscillation

group 2: v.e—ve, viev,, PesPo, that the relevant sf26=10 1°. This is not a very stringent
- requirement. In particular, there will be a large range of pa-

group 3: vove, VioV,, PresPs, rameters where the evolution is both adiabatic and satisfies
L the experimental and cosmological constraints. Given the pa-

group 4: viewve, viesv,, PresPa. rameter region of Eqg91) and(92), consistency with BBN

(96)  constrains sif2,, to be?

In the low temperature epoch, theterm in the effective eV2 |12
potential can be approximately neglected because it de- sinzzamrsfewx 10‘4( > ) , (100
creases ad®. This means that the resonance condition is SMiarg
approximatelya(p) = = cos #==1 for small angle oscilla-

while Nomad and Chorus constrain %mm to be[49]

siP20™=<10"2 for omf, =40 e\®. (101
210f course our results do not depend significantly on this as-
sumption. For example, if we put the sum in E§4) equal to a
number of the order of the baryon asymmetry, then the resulting
analysis will change very little. 22Note that siﬁ20w,=sin2 20, from the parity symmetry.
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We now discuss the effects of each of the four groups otording to Eq.(103.2% Of course weak interactions will re-
modes in Eq(96) populate these cells as they thermalize the neutrino momen-

(1) Thev, < ,,e andv, < v, ' group 1 modesThese modes tum distributions. We WiII discuss this later.
have negatlveSm values and thus create the relevant lepton (2 Thev Ve andv < v, group 2 modesThese modes
numbersL, , L,/ andL, . It is important to understand that have pOSItIVGﬁm values. Al quite high temperatures, where
if these two modes have slightly different resonance mothe group 1 oscillation modes are exponentially creating
menta, sa3P1 andP?, then they generate lepton numbers sothe group 2 oscillation modes generatg, L, andL, such
that P2— P2 This is tantamount to ensuring that the initial that L'(?—L(® -0 and L'(_L 0. As already dis-
conditions of Eq(95) hold, provided that the difference be- cussed in Sec. IV, this makd3,/T>1 at the onset of the
tween the initial values ok, and L, is nottoo great. To low temperature epoch. Our numerical work shows that the

see that the resonance momenta are dynamically driven fpitial value of P, /T is typically about 15 and decreasing by

coincide, assume tha&2>P?. This means that the. HV, the time T~T/2. The subsequent evolution &f,/T is a
little compllcated but can be roughly understood from Egs.
resonance momentum preceeds the- v’ v, resonance mo- (89) and (98), which combine to produce

mentum. Now, the7<—>7 oscillations convert aII of the

resonantv,’s into ».'s. The closely followingy, — v, 1eso- M PZ[A' + = ! dLZ} (104)
nance has a much weaker effect, since there are;mleft dT TIT L, dT

to convert into?l’L states.(For this to be true the resonance o, equivalently,

momenta must be close enough so that the converted )

states do not get completely refilled by the weak interactions d(P,/T) - E E_ i dLZ} (105
before the trailing resonance momentm’f]passes their mo- dt T Mp Lpdt]

mentum value.Because of the disparity in raw material for

processingL, is created much more rapidly thdzn, Ac- By the timeT~T./2, the group 2 modes have drivén to

a- be quite small. The second term in the right-hand side of the
cording to Eq (98) tD'S In turn means thaty increases more above equation therefore dominates, makidT a decreas-

a
slowly relative toP7 and thusP;— Py ObV'OUSW, if we  ing function of time. So, at the start of the low temperature
had started Wlt}'Pb> Pili, then we also would have found epoch P,/T slowly decreases, converting’s and v,'s to
that the evolution of lepton numbers is such tRgt—P?. v.'s as it does so. As for the group 1 modes above, it is easy
Because the dynamics drives the two resonances in thl@ see that if the two group 2 modes had slightly different
group to approximately coincide, the system cannot be deresonance moment®32 and P2, then the dynamics forces
scribed in terms of two-flavor oscillations. Instead, three-pa_,pb  The effect Of the three-flavor,—v,— v, sub-

flavor effects among'T, v, andv effect the adiabatic con- system is to conveftr.) to (1/\/—)(|Ve>+|7/#>) So, asP,

version moves(backward through the neutrino momentum distribu-
tion,
|V><—> (lve)+1v).)). (102 N, (P2) N, (P3)
V2 e N, (PZ)H +—=£ +N,/(Py) |,
2 2 7
This means that a®, sweeps through the, momentum N, (P2) N, (Py)
distribution, N, (pz)_> >+ MZ +N,(P,)|,
1[Ni(Py) N (P Ny (P2)— S [N, (Py) 4N, (P 106
Ny (Py) = 5| =5+ 5 N (P | s(P)= 5N, (Po) N, (P)]. (108
The effect of this conversion is to generate significhg{}
1 'N;é(Pl) N7 (Py) ] and LV# asymmetries which are negative in siggiven that
— lad —
NVL(Pl)—j >t +N, (P, we have takerL, >0 for definiteness As the evolution
) ) unfolds, at some temperatui®,/T changes direction and
begins to increase again. This is due to the gradual increase
1 i ' ight-
N:(Pl)HE[N;‘;(Pl)'}'N? (P, (103 in L, which eventually makes the second term on the right
T n

In our numerical work the continuous momentum distribu- 23\ote that it is legitimate to consider probabilities, as encoded in
tion for each flavor is replaced by a finite number of “cells” the number density distributions, rather than probability amplitudes
on a logarithmically spaced mesh. As the momentBm in effecting the conversion. This is because fully adiabatic transi-
passes a cell, the number density in the cell is modified acions are sufficiently “classical.”
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hand side of Eq(105 smaller in magnitude than the first will then depend on the width of these resonances and

term. The full analysis, incorporating all of the modes simul-whether they overlap or not. This means that the effects will

taneously, requires a numerical treatment. We compute thiee dependent on the values of the relevant oscillation param-

minimum P, /T to be ~6, which is still in the tail of the eters. In our numerical work we will assume that the reso-

distribution. The upshot of this somewhat complicated evonances overlap, so thdv,)«1/y2(|ve)+|v,)). In this

lution is that theP, resonance momentum does not sweepcase,

through the entire momentum distribution, but rather, it

sweeps through a significant part of the high momentum tail.

In the temperature regime whefe,/T makes the return

journey from its minimum value back to high values, the

adiabatic MSW transitions have little effect because they N, (pa) N, (Ps3)

simply swap the almost equal number densitiesvbfand N M(Pg)—> 2[ 5 + “2 +N;T(P3)
that were created by adiabatic transitions before the

turnaround24 This is of course only true provided that the 1

momentum distribution of .. states does not get significantly N, (P3)— E[N;e( P3)+ N;M(P3)]. (107

modified by the mirror weak interactions, an issue we will

discuss in more detail later. We stress that, were the above assumption proved to be in-
(3) The v, <~v, and v,<v, group 3 modes.These valid, our numerical results would not be greatly affected

modes, being ordinary- ordmary, are slightly different in because the group 3 modes have a relatively weak effect for

character to the ordinary-mirror modes. Their effect is tothe reasons discussed above. Finally we note that thend

reprocess some of the, into L, andL, . In the early L, asymmetries created by the group 3 modes have the

stages of lepton number creat|on aII of the ordinary- ordlna%pp03|te sign to the, and L, asymmetries generated by
modes are unimportant, because they simply swap flavor, '$e arou 2 modes
with almost identical number density distributions. However, group — =
eventually theL, asymmetry created by the group 1 modes (4 The v—wve and v.—w, group 4 modesThese
7 mirror-mirror modes can be neglected becaBgas always

T — ) ) greater tharP,, and thus thev, , states are approximately
that the attendant reduction in tle number density relative .= M

— — — o ) empty (as isv) when theP, resonance momentum moves
to that forve , allows v« v, , oscillations to induce non- through

trivial dynamics: the depletion o, and v, states at the Having understood to some extent the effect of each
resonance momenturR;. This effect becomes significant group of oscillations, it is now time to solve the complete
whenL, becomes quite large, which occurs roughly whensystem of coupled equations for the various lepton numbers.
P,/T=2. Now, from Eq.(99) it is evident thatP;~%4P,  These are obtained by a straightforward generalization of the
using the fact that, is the largest lepton number in the two-flavor case given in Eq90). They are

system. This has the important consequence that the overall

L[Ni(Ps) Ny (P
N, (P3)— 5 5 + 5 +N, (P3) ],

is large enough to distort thET momentum distribution so

effect of the group 3 oscillations is not very large because by  9-v, P 0 d(P3/T)|

the timeL, is large,P; is already well into the tail of the dar 7Y dT | ¥ dT |

momentum distribution. This is fortunate, because these os-

cillations are more complicated to describe. Unlike the group dLVe 1 d(P3/T)| 1 d(leT)|

1 and 2 modes, it is easy to see that if the resonance mo- a7 2 aT |+§ a7 |

menta,P§ and P5, of the two modes are slightly different,

then they donot subsequently evolve to coincidérhe rea- dL dL dL q

son is is that if, say, the, - Vg Fesonance momentum preceeds Tn_ _ e T M‘
dT  dT’ dT 20 dT |

the v, v, resonance momentum, then thga ve OScilla-
tions act to reduce ("®, therebyincreasingthe rate at which

this resonance momentum moves relative to th,e» v, dLVé:dL”L __ 1 dLVer dL”; +dL,,e+ dLVu
resonance momentujmiNote, however, that because of the dT dT daT daT daT daT
more influential group 2 oscillations, it follows th&§ and (108
Pg are at leasapproximatelyequal. What precisely happens
where
T
24pctually, in this region, the two resonance momehé are no X1= (N, »(P1)— [NZ’}(Pl) + N;}'L(Pl)] ,
Y

longer dynamically driven to coincide, making the oscillations
somewhat more complicated. However, if thetail is fully popu-
lated from the previous evolution of the system, then this compli- T(1

. . ’ Xo=—{5[N, (P2)+N, (P2)]=N, (P3)
cation matters very little. n, e
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T 1
X3= —| Ny (P3) =5 [N, (P9) +N;, (P)]|.
Y

Expanding out Eq(108) we find

dLVa— dL,,e dLy;
Yogr — et AT T

di,, dL,  dbL,
Yarqr ~ 0P gt TégT
dL, dL,  dL,

e

Ysgr 0T T

where
B J(P,IT) J(P3/T)
y1=1—f1X1T— 3 3TVT
B 2TL, TLg
1. aPyIT) 1 a(P,IT)
Yz=1+§f3X3Tye 2"
2TL;  2TL, '
A(P,/IT) foX5P,
=1-1f,X —1— ,
Y3 2/2 L TL,
A(P,LIT A(P3IT
aEflxl ( ! )+f X ( 3 )

aT 4T
=—4f X P, /T?—4f3X5P5/T2,

A(PLIT)

d(P3/T)

3773
oL,

T TLy

ﬁ(PllT)_—flxlpl
gL,  2TLy

y="11Xq

A(P,IT)
aT 2272 T
:2f3X3P3/T2+2f2X2P2/T2,

1 dP3/T) 1
E_EQ&A;LJ ¢

(109

(110

PHYSICAL REVIEW [B1 043507

L AP 1 d(PyIT)
pP="7373%s L, 22,

_f3X3P3 f2XoP>
© 2T, TL,
1 A(P,IT) foXoPs
55_5 2X5 =T o7
aL 2
A(P,/T)
7]Ef2XZT=_4f2X2P2/T2,
B A(P,/T) 5f,X5P5
=12X, i, — TL

IPLIT)  2f,X,P,
i, — TL

Pp=1,%X; (112

and f;=1 for d(P;/T)/dt>0 andf;=—1 for d(P;/T)/dt
<0 (i=1,2,3). Solving Eq(110 we find

Abv, _(8ys+Lm(y1ys— yh)+(pyst ${)(ays+ yn)
dT  (Yay3—0)(Y1Yz—vP) — (pys+ ¢ (Bys+ v6)’

dL,
dr, @Ystynt+(Bystyo) aT

e

dT YiY3— v
dL,, 1
a7 ys

L,  dL,

7+ 9d—Te+¢F. (112

We compute the number densities incorporating E4@3)—
(107. The repopulation and thermalization of the neutrino
momentum distributions is taken into account using the same
expression as in the high temperature epoch:

5 N,.(P)
It N*Y(p,T,0)

Neo( paTina)

N, (p)
N4 p,T,0) N4 p,T,0)

I'.(p)

(113

wherel" ,(p) is the total collision rate. The chemical poten-
tials are computed from the lepton numbers as per Sec. lll.
Observe that the oscillations will necessarily generate a

significant number o, ,»;, and», mirror neutrino species.
We will make the simplifying assumption that there is neg-
ligible thermalization of these mirror neutrinos. By this we
mean that the mirror weak interactions of these mirror states
are weak enough to not appreciably modify the mirror neu-
trino momentum distributions. We will discuss later the cir-
cumstances required for this is to be a valid approximation,
and the expected effects when it is not valid.

In solving Eq.(112) initial conditions foera andLV; for

eacha must be specified at a temperatufg,,, that serves
as the initial point for the low temperature epoch. For defi-
niteness we takd,,,=T./2, whereT, is the critical point
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FIG. 3. Evc2>Iution of the resonance mometRa/T, for the ex- FIG. 4. Evolution of the lepton numbers for the same example
ample withsmi, =50 e\?. The solid line, long-dashed line, short ;g Fig. 3.

dashed line, and dash-dotted line correspon@ t6T,P,/T,P3/T

and P, /T respectively. . . . .
4 P y In the region during and just after the exponential growth,

during the high temperature epoch at which the explosiv&e initial production ofL, and L,,M due to the oscillations

growth of L, _begins. Our results are quite insensitive to thev, < v, and?THZL is suppressed because the number den-
precise value taken fdF,,,, as long as it is high enough for Sities of all the ordinary neutrino flavors are almost equal. At
the lepton numbers to be still much less thaiiThis issue is  T=Tiow We find that the creation of lepton number due to

discussed more fully in Ref26].) The lepton numbers are these oscillations is approximately negligible. This means
related to the resonance momenta by using Eg8) and  that the main contribution ta,, L, andL,’ atT~Ty, is

(99, from v v, , oscillations, and thuk /= —2Lye. It follows
that the initial value forP3/T can be approximately related
L w2 N 1 9 to the initial values ofP, /T andP,/T by
Ve 24\P; P, P3)’
2 1 15 ! 18 15 (116
w B " a2ap 213p -
- |4 4= P; 33P; 33P
L,,T 24(P1+ P2+ Ps)' 3 1 2
We have solved this system of equations for the illustra-
_w 14_ 17_ 15 tive example ofdm,,=50 eV?. In Fig. 3 we show the
=== =—— =], (114) ’ large
r 24\P; P, P4 evolution of the four resonance momera/T. The evolu-

tionofL, andL, forthe sam@mﬁwe parameter choice is
plotted in Fig. 4 for theLVT>0 case.

Let us now turn to the implications of the oscillations for
BN. The change ir¥p due to the neutrino oscillations can
e separated into two contributions,

where w=dmp,,Ja,T%. (The group 4 oscillation modes
have been neglected for reasons discussed earlibus,
specifying the value®;/T at T=T,, completely fixes the
values of the lepton numbers at that temperature. From o
numerical work, we find that thé~T),,, values of the reso-
nance moment&, andP, are given approximately by

8Yp=06,Yp+8,Yp, (117
P,/T~0.3, P,/T~15. (115 PR T2

These values are approximately independent of the vacuuiihere §,Yp is the change due to the effect of the modified
oscillation parameters as long as the various mixing angleslectron neutrino momentum distributions on the reaction
obey sif26=10"1° and provided theSm?'s lie in the range rates, and,Yp is due to the change in the energy density

of interest. Also note that our subsequent numerical work igquivalently the change in the expansion rate of the uni-
not very sensitive to the precise initial values®f/T and  verse. The former effect can be determined by numerically
P, /T provided thatP, /T is small(less than about O)éand  integrating the rate equations for the processes given in Eq.
P,/T is large (greater than about J0We also need to (85 using the modified electron neutrino momentum distri-
specify the initial values of the sign. We takef;=f, butionsNVe and N, as discussed in Appendix A. The latter
=1 andf,=—1 atT=T,, . Subsequently; are evaluated contribution can be computed from the momentum distribu-
from the previous time step. tions of the ordinary and mirror neutrinos through

043507-22



IMPLICATIONS OF MIRROR NEUTRINOS FOR EARLY ... PHYSICAL REVIEW [B1 043507

0.60 ~——r , . . 0.80
N 0.70
0.40 g SN

<ff 0.60

0.50
0.20
0.40
0.30

0.20

020 .-
0.10 - B

0_‘“ - / -
-0.401 1
. . 7 g T 0 T3 T 10
0 1 04
10 10 ! ' sm¥/eV? ! sm’/eV’
FIG. 5. oN, o versusémﬁﬂge for case 1[see Eqs(91), (92)]. FIG. 6. Same as Fig. 5 except, >0 is considered.

The dashed line is the contributiagiN,, . due to the effects of the

L, asymmetry while the dash-dotted line is the contributiontive number of neutrino flavors during BBN. The results of
9N, e due to the change in the expansion rate. The solid line ighe numerical work is presented in Figs. 5 and 6. Figure 5
the total contributiond;N,,efr+ 52N, err- This figure considers the  treats theL, <0 case(which it turns out means that,_

casel., <0. >0), while Fig. 6 displays the_VT>0 case(which implies
1 3 (a thatLVe<O).
52YP:0.012<2— > [N, (p)+N, (p)+N, (p) Observe thav;Yp is not very large. The main contribu-
Poa=1Jo ¢ : “ tion to it is from the modification of the high momentum tail
of the v, distribution due to the group 2.« v, oscillations.
+ N;;(p)]pd p—3) , (118  This is partially offset by the modification of the, distribu-
tion due tov < v, oscillations. It is also evident tha@,Yp is
where close to zero forﬁmﬁﬂges 300 e\ This is simply because
the generation of mirror states, which is dominated by the
? e B 7m? 4 v+ v andv v, modes, occurs below the kinetic decou-
Po= JO N*(p,T.0)pdp= 55T (119 pling temperature for.’s. This means that the.. states
which have converted into mirror states are not repopulated.
is the energy density of a Weyl fermion at equilibrium with For larger values oBm, .., the v, states begin to get re-
zero chemical potentia]Recall that Eq(86) can be used to populated, and the energy density increases accordingly. We
expressdYp, 6,Yp and 5,Yp in terms of effective neutrino  should also emphasize that our calculations contain approxi-
number,oN, e, 51N, o aNd SN, o, respectivelyl To cal- ~ mations. The most important are that the repopulation is
culate 5,Yp, we numerically determine the momentum dis- handled approximately via E§113 and we have neglected
tributions atT=0.5 MeV. Because of the approximate ki- mirror thermalization. Thus, our results have a theoretical
netic decoupling of neutrinos for temperatures below aboutincertainty, which we estimate to be of ord&\, ¢;~0.3
3—-4 MeV, large contributiorfs to 8,Yp, should they exist, (see following discussion
must have been generated earlier. A temperature of 0.5 MeV We now discuss in more detail the effects of mirror neu-
is therefore a safe place to evaluate the fifiaf . trino thermalization. Recall that in the foregoing computa-
Recall that there is an ambiguity concerning the sign oftions, we have included mirror neutrino thermalization via
the L, lepton asymmetry. We have considered the>0  the quantityy,=(T'/T)* during the high temperature epoch,
case above for definiteness, Huf <0 is equally likelya  Put neglected it during the low temperature epdétemem-
oriori. (See Ref[25] for further diécussion of thisFor the ber that mirror weak interaction rates increase with tempera-

_ ) . . ture) We now discuss when this approximation is valid and
negativel, case, the roles of particles and anti-particles argy o expected effects when it is not

reversed for the modes quoted in H6) and subsequent  Gijven our division of the evolution of the system into
equations. One consequence of this is that the signs of all thqgh and low temperature epochs, it is convenient to also
other asymmetries are also reversed. The quadip will  classify mirror weak interactions into two categories. The
obviously be significantly affected by this ambiguity in sign, first category consists of the interactions of the mirror neu-
while 6,Yp will not be affected at all. This means that we trinos generated during the low temperature epoch with the
have two possible values for the overall change in the effechackground mirror neutrinos, electrons and positrons left
over from the preceding high temperature epdtmirror
high-T background”(MHTB)]. The second category is the

25By “large contributions” we means,N,, o= 0.10. elastic collisions of thes, v/, and v neutrinos generated
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during the low temperature epoch with themselves. We now

Py TPy
estimate each of these thermalization rates. T'1(p)=0.13G2T5| ——* ( P )
The interaction rate of a mirror neutring, of momentum Po 3.15T
p with the MHTB is approximately given by
P I',(p)=0 77GZT5(pVI’)( P ) (124
2(p)=0. =il
In(p)= fo(p)z ‘}’pyaGETS(m) . (120 F po/ \3.15T

Now, from the discussion abovisee Eq.(96)] the addi- wherepo is defined in Eq(119). So the interactions of the!
tional mirror neutrino states created during the low temperaWith the ve, (v;) MLTB can be approximately neglected

ture epoch consist of the ﬂavov%, v, andv_, Their inter- provided that
actions with the MHTB can be approximately neglected if

r, <1 01352 _l_3|v| pv TP p .
I'm(p) ) P s R 55| pg 315
H S1:>’ypyaC5F 5. 5 3 15T T°=1. (121)
As summarized in Fig. 3, the resonance momenBy1il for I'> sMp p”i p
L2 , —Z<1-0. TTGETS — —=1.
the modes producing’’s is always higher than the reso- H 55 3.151 125

nance momenturR, /T for the modes producing, andv,, .

The mirror thermalization effects will therefore be most im-
portant for thev! states. It is also clear that the relatively
high momentumv; states are produced at a higher temperalow temperature§/MeV'= (mp, JeVZ)m In fact the sec-

ture thanv,, and v’ v,, states of a corresponding momentum. ond condition in Eq(125), from v v elastic collisions, is
The temperature range of interest for thé lies between the more stringent requirement. Forth|s case we can estimate

Tiow=T/2 and the temperatufg,, at whichP,/T reaches the collision rate by considering @ of typical momentum

Our numerical work shows thapt + p,, )/ po<<1 until quite

its minimum value of=6 p/T~8, which is produced at a temperatufe/MeV
: -' : ~1.3(6m2,.JeV?) ¥4 The ratio of energy densities required
We can easily numerically compufg,;, to obtain ~L-oloMigrg - _ \ergy q
is estimated from adiabatic conversionRs/' T evolves from
sm2 |\ 14 its initial value to about 8:
Tmln ~07 mlarge (122)
MeV ’ eV2

Py T4 9 y3dy

T

We now estimate the effects of thermalization by consider- po 2mpg Jg 1+e
ing the interaction rate for a, with a typical momentum of
p/T~8 at a temperature around or slightly higher tAgf,.  Using these numbers we estimate from ER5) that v/v..

Although the constraint, Eq(121), on vy, is stronger for elastic collisions can be approximately neglected provided
higher values off, the number ofv]’s produced is lower, so that

the effects of their thermalization will be correspondingly

weaker. The choices made fp/T and T as input for Eq. 2\ 34
0 0'5(
e

(121). repre;ent a reasonab_le “compromise.” driver) by these OMarge <1= 5mI2argeS 50 e\l (127)
considerations. So we estimate that the interactions . of

with the MHTB can be neglected provided that

V2

It turns out that this numerical bound is not very sensitive to

1 eV? 2)3/4 what we choose for a “typical'P, /T, so it is fairly robust.

3
3Tmin

Yp= (123 Thus, in summary, we conclude that the thermalization of the

mirror neutrinos can be approximately neglected provided

2
5mlarg

. L .that
We now estimate the thermalization rate, due to elastic

collisions with themselves and with the , states produced
during the low temperature epoch, of the mirmr states
produced during the low temperature epoch. We will collec-
tively call the mirror neutrino/antineutrino states produced
during the low temperature epoch the “mirror Ioivback- Let us now discuss what happens when there is significant
ground” (MLTB). Let us denote the collision rate fong of  thermalization of the mirror neutrinos. Let us first consider
momentunp with the v, , (v;) component of the MLTB by  the case of thev, states. If they are thermalized, the
I'1(p) [T'2(p)]. The relevant collision rates can be obtaineddistribution will be close to an equilibrium distribution given
from Ref.[43] to yield by

eV?

2
larg

Y=
P\ sm

4
E) and omf, <50 eV’ (128
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0.080 ' ' ' ' ' - ' The most important effect of the thermalization of thie
occurs wherP, /T evolves fromP, /T| i, to infinity. For the

N example of Figs. 3 and 4, namebym, =50 eV?, we have
oos0r ‘_ 1 computed\®; at the temperatur&,,. This is shown in Fig.
0osof | . 7asa functiron op/T in order to compare this distribution
ool 1 with the distribution ofv! states which would exist in the

; absence ofv. thermalization. In this latter case, the MSW
o000 | - transitions that occurred during the previous evolution of
" P,/T from about 15 down to about 6 populated thestates
from the tail of thev, , distributions(which have approxi-
oot0l | i mately negligible chemical potentials in this regiofrur-
\ thermore, ordinary weak interactions repopulated the de-
0 20 30 ) 30 100 130 40760 pleted v, , tails. This means that, in the absence of mirror
p/T thermalization, the journey back froRy, / T| i, to infinity is
dynamically inert as the oscillating species always have ap-
FIG. 7. N7/ (bottom solid ling at the temperatur&=Tpy (See  proximately equal number densities in the resonance region.
text) for the example of Figs. 3 and 4. The top solid line is the However, if thev.’s are thermalized, this is not the case.
expected distribution of_’s if the thermalization due to the mirror Computing the evolution of the system whep, /T
weak interactions is neglected. The unit along the vertical axis ivolves from P2/T|min back to high values appears to be

MeV?. problematic. The problem is that in this region the resonance
momentaP3 and P} for the modesy.— v, and v/« Vs
1 p? respectively, are not dynamically driven to coincide. Thus, in
Neq 129 . . . .
v T 22 o (129 this case, we might expect different results depending on
1+ ex P=H which resonance momentum goes first. Since the previous

T, evolution of the system was such that the two resonance
"r momenta coincided, it is not clear which resonance momen-
The elasticv, collisions with the background conserve tum will in fact go first. For in;tance, the result may We”.
both the number density, and energy density., so these depenq ona statlstlcal fluctuation, gnd therefore may bg dif-
v vy ferent in different regions of the universe. The physical im-
quantities can be used to determine the two paramgigrs  plication of this would be a spatially dependefy distribu-
andT, . Now, tion.
T We have made some numerical estimates using the pre-
T scription given in Eq(106). Our numerical results indicate
f‘”N dp= ie"v’ T, that the overall affect of’] thermalization is not unaccept-
0o Ut a2 7 ably large, typically aboutN, .~ 0.3 (for the entire range
of interest iNdM{ 4e) . ForL, >0 the effect is positive, that
. 3T‘V‘, is 6N, ¢~ + 0.3, while forLVT<O the effect is negative, that
pr=f N, pdp= ZTe“v’,’Tv’,. is 6N, o~ —0.3. This essentially results in a theoretical er-
! T ™ ror of this magnitude for the parameter space region which
(130 violates the bounds in E128).

Thus, ) .
C. Low temperature neutrino asymmetry evolution

2 4 in the EPM: Case 2
Py 27 n,
T,=—>, wu,=TIn —3 . (132 We now consider the case where thg and V;L masses
7 3nv; T P, are not negligible. This is of considerable interest since
T m, .~1 eV is expected if the LSND anomalg3] is due
Hence, for anyl, we can computé'y; and,uv; by computing  to neutrino oscillations. We consider the mass hierarchy
[ andnv; from NV;. To estimate the effects of the repopu-

lation we use the equation

m, =m, >m, =m, >m, ,m, . (133
T+ T— mt n— e+ e—
eq In case 2, there are twém? scales. The modes listed in Eq.
d N,(p) N/ (p) N,/ (p) (93) have the largedm?= M e, While
T :1—‘ ) T _ T ,
P NpT0 NIpTO) ’

repop ®

(132
plus the associated antiparticle modes have the smaller
whereI',(p) is the elasticv’v! collision rate quoted earlier. sm?=ém2,.;. The specification of the parameter space of

dt N*(p,T,0)

! ! ! !
SV, VoV, VSV, VoV, (139

043507-25



R. FOOT AND R. R. VOLKAS PHYSICAL REVIEW D61 043507

interest is completed by taking the remaining modesties can be evaluated using the equations of the previous
v vl for a=e,u,7, to have a negligibleSm? (much  section. WherT<T,, the 6mérge modes are no longer ef-

smaller thansm?,). fective, because they all ha® /T=10. Thesm?,,, modes
The four modes in Eq(134) typically have distinct reso- begin to become important. FémZ,,~1 eV?, it follows
nance momenta which we denote as follows: from Eq. (136 thatp; ,/T~1 for T~1 MeV. This means
- _ that for sm2,,,,in the LSND range, the oscillation modes of
VoV, Pres=P1, Eq. (134) become important while the BBN reactions-p
are still rapid. So these oscillations can potentially influence
V,'f—> Ve,  Pres= P2 BBN and therefore should not be ignored.
o It turns out that it is not possible to use the adiabatic
Ve Ve, Pres=Pa, approximation[as encoded in E¢90)] to work out the ef-
fects of the oscillation subsystem given in E&34). This is
;,'ﬁ—’;é, Pres=P4. (135 because of the structure of E@.36). For exampley,, < v,

oscillations create significanL,,e asymmetry, asp,/T
The resonance momenta for each of these modes can be %l?lveeps through ther, momentum distribution. The.
. Ve
tained from Eq.(97), asymmetry becomes so large that—0. This makes the rate

sm2 of change ofp,/T very large and the system is no longer
L small (13¢)  adiabatic. Because of this complication, we will analyze the
T a T, effects of the modes in Eq134) using the quantum kinetic
) equations.
wherei=1,...,4 and We start integrating the QKEs for the subsystem of Eq.

(134) at T=T, with the values of the number distributions
N, and N,/, and the lepton numbertsva and L, («

=e,u,7) Obtained from the evolution equations of the pre-
vious subsection. We will not explicitly write down the

Li=LW-L"®=2 +L,+L, 2L, —L,—L,,
M T € e " T

LZE_(L/(M)_L(G))

=-2L,—L,—L,+2L, +L, +L,, QKEs for this subsystem here, because their form is obvious
# € T € K ’ once the contents of Sec. IV above have been understood.
Ly=LW—LO=L —L Neve_rtheless, for completeness we will include them in Ap-
G pendix B. The reader, however, should note the following
TP BIC IE points: .
L=L""-L LVM Lve' (137 (1) We utilize the approximation that theandy compo-

) 5 nents of the polarization vectors for the modes of B34
Observe that we use the lowercggenotation for theSmg,.y  vanish atT=T,. While this is not expected to actually be
modes of Eq.(135 and the uppercasB; notation for the

SMg;, . modes of Eq(96).

Since oM< dMiyge. it follows that p, ,<P;. (Note 120l
however thatp; and p, start out being infinitely large be- %
cause of the., =L, andL, =L, conditions. As we will & 100}

explain shortly, these two modesﬂ have little effe&or our
numerical work, we will consider the parameter space region 890
where the hierarchy betweedm?, ., and smp, . is great

enough so thap, ,/T=<0.5 whenP;/T=10. Numerically, 60
this corresponds t@mf,,=508m3, . Let us denote by
=T, the temperature at which tHe /T are all greater than

10. From Fig. 3 and E(q97) it is easy to see thdk, is given
FIG. 8. Evolution of the resonance mome®dT andp; /T for

by
2
Tx ~0 5m|arge
MeV ) evz
: 2 _ 2 _
The evolution of the neutrino ensemble during the low tem-\N€ example Withomigge= 50 eV and amgy,—=1 eV~. The bold

. . . 2
perature epoch for case 2 therefore breaks up into two te lines on the right of the figure correspond to #®j,,, modes and

Mhe thin lines on the left of the figure correspond to >
H small
perature regionsT=T, andT=T,. WhenT=T,, the evo- modes. For the bold lines, the solid line, long-dashed line, short-

lution of the system is dominated by ;4 Modes of  gashed line, and dash-dotted line correspon@46T, P, /T, P /T
Eq. (96), because thesmy,,,, modes are negligible due to and P,/T respectively. For the thin lines, the solid line, long-
their very small resonance momenta. In this temperature refashed line and dash-dotted line correspondp1dT,p,/T and
gion the evolution of the lepton numbers and number densip;/T=p,/T respectively.

1/4 0 Py T
10 10 10
T/MeV

(138
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140F 0.0} 1
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Ao} 020
gof 040
6.0k -0.60
ol 080
2.0F -1.00F 1
0 L y L L L (3 10°
030 0.40 050 06 0 . 2
" ™oy S a2V
2 2 _
FIG. 9. Magnified version of the left-hand side of Fig. 8. FIG. 11. N, ¢ Versusdmg,y with omi,.=50 e\f. The case

L, <0 (which it turns out impliesLVe>0) has been considered.

the case, the subsequent evolution is not sensitive to the pafie dashed line is rtPIe C(r’]”t”;’”tiﬁ'\'%efadﬁ‘,e to,theheﬁeds O,fbth‘?
ticular choices made for the initial values. This is because thiv. 3Symmetry while the dash-dotted line is the contribution
resonance momenta for the subsystems are either very smagN et due to the change in the expansion rate. The solid line is
: ; rthe total contributionS;N,, o+ 6N, ef -

or very large, so the very first stage of the evolution afte ' ~

T=T, is fairly unimportant. Furthermore, correct values for o ) o .
the x andy components are quickly generated by the QKEsmMomentumpz remain in the tail of the Q|str|put|on, where it
soon afterT=T,. is ineffective because of the essentially identical number

(2) Repopulation and thermalization of the mirror neu-densities ofv,, and v, in the tail. Remember that because
trino ensembles have been neglected, consistent with owveak interaction rates after typical valuesTof are getting
treatment of the evolution between the end of the high temgquite weak, there is little thermalization of the reprocessed
perature epoch anti=T,. Actually, this is an excellent ap- and u asymmetries created at low momemia. In other
proximation in this regime, since for typical interesting pa-words, thep; resonance barely “knows” the asymmetry is
rameter choices the mirror sector temperature is quite low.there.

(3) The ordinary-ordinaryyﬂH Ve and mirror-mirror In FIgS 8 and 9 we p|0t the gvolutiqn of the resonance
v, v, modes can, to a good approximation, actually bemomenta,p;/T and p;/T for an illustrative example. We
omitted. Recall that the resonance momepgaand p, are  choose dmiz =50 eV, dmg =1 eV* and all of the
initially very large, much larger thap, andp, respectively. vacuum mixing angles to be 18. We emphasize that our
Subsequent evolution maintains this hierarchy in the resotesults should be approximately independent of the vacuum
nance momenta. The, 7, mode, with resonance momen- MiXiNg angles as long as 18<sirP26<1. In Fig. 10 we

tum py, is strongly reprocessing lepton number as the resoPlot the evolution of all of the asymmetries for the same

S example.
nance moves through the body of thg distribution. The The effect of the oscillations on BBN is given in Figs.

coupledjﬂ<—>7e mode, on the other hand, sees its resonance1_16. In Fig. 11 we have plotted, versusom? .., with
5mérge= 50 e\ and L, <0. Figures 12 and 13 are similar

0.40
Lp | 020 -
020 SN S
0.00 .
0.10 .
-0.20 .
o TR
-0.40 b
-0.10 .
-0.60 4
-020} .
' -0.80 .
030 31 g
—————————————————— -1.00 .
08 10 10
T/MeV 125 13
sm2_ /eV?
FIG. 10. Evolution of the lepton numbers for the same example
as Figs. 8 and 9. FIG. 12. Same as Fig. 11 exce@mérgf 200 e\’
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0.40

0.20F S

eff

1.00 E o 4
-1.20L T o 10 2 2
1 10 dm szmalll CVZ 8rnsmeﬂ]/ev
. . . H i > < .
FIG. 13. Same as Fig. 11 excefin, ;=800 e\ Con@gﬂg Same as Fig. 12 excelpf, >0 (and hencd., <0) is

2 . .
except dmi,=200 and 800 e¥ respectively. Figures ysing the parameter choice @4, =108 Actually we ex-
14-16 are the same as Figs. 11-13 except that the opposfigct the results to be quite insensitive tc?8if),. as long as
sign asymmetries have been consideted very important sin226#e/<1. The reason is that the amountlo,fe that gets

2 . .
to notg that the ef_fect of a n.onzeémsma” is considerable. created is already close to the maximal amount possible.
In particular, as Figs. 1+13 illustrate, N, ors depends sen- pat s after its rapid creatiowhich is atT~0.6 MeV in
tSItIVEIy (:némsm?f,,, \t’YIth negflltlvefclzorrectlorr]\.s toé\,géfm(]azqual the example in Fig. B the quantityL(®*)~0. Increasing
0 about one €etiective neutrino flavor achieve small  sjr?26,, cannot increase the amountlof much since it is
values in the few éfange.In Figs. 14—16 observe that, . e .
e already close to the maximum possible. Also, it cannot be

has a Iargg effect even a}t very low valges compared.to th‘éreated much earlier. Thus, the results shown in Figs. 11-16
corresponding effect in Figs. 11-13. This asymmetry is dug, id be approximately independent OfZQWh 26
. e’ .
to tge nﬁuthron/Fp_rotorllmzisGs éﬂfference_. uded the eff Finally, we should remark that the results of this section
_Recall that Figs. 11=16 have not included the effects %fndicate that the bounds obtained in Sec. IV can be evaded
mirror neutrino thermalization. As already discussed, thesg .o\ bot The reason is that evershi ~1.5 from the
. sefi= 1.

Ejﬁgcgs sffno;ldz be>5sC|)gn|I;:a_rl1_L fOL the lmodes \;Vlﬁ’m high temperature population of mirror states from the
= OMjarge I OMigrge=50 €V". The thermalization of mirror 7/ oijjations, this can be compensated bysH, o
neutrinos should have negligible effect for the modes with __* '

om?= smZ ., because they are only important when the tem- 1.0 from the low temperature generation of a latgg
perature is typically less than about 1 MeV. As discussedSYmMmety.

earlier, our rough estimate of the effect of the mirror ther-
malization is aboutdN,, .4~0.3. ForL, <0 (LV7>0)’ the

effect of mirror thermalization should be w@ecrease(in- In the scenario considered in this paper, wheje- v/’L
creasg 6N, o by of order—0.3 (+0.3). oscillations solve the atmospheric neutrino anomaly, a BBN

As mentioned above, the numerical results were obtainelound of N, ¢=3.6 implies m, =1 eV for |6m3mod

=10"2% eV? (see Fig. 2 Neutrino masses in the eV range
have long been considered cosmologically interesting, be-
cause they would make a significant contribution to the en-
. ergy density of the universe. In the standard big bang model,
] the contribution of massive standard neutrinos to the energy
density is given by the well known formula

] ; M,

14

Q=—,
0.4f 1 h292 eV

VI. IMPLICATIONS FOR HOT DARK MATTER

1.6
sNzg
1.4
12
1.0

0.8

0.6
(139

02 . Ve have numerically checked this by looking at the case
10 10 dm2, /eV* sinf26,,=10" " and found almost identical results. We have also
checked smaller sf@6, . For sirf26,,<10"° the oscillations be-
FIG. 14. Same as Fig. 11 except >0 (and hencd, <0) is  gin to become so non-adiabatic that the oscillations start to become
considered. less effective.
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P heavy tau antineutrinos have just been converted into light
oNe T ] mirror states. Also note that a small number of_ are also
eff |4l 4 generated by the oscillations, and it turns out that the total
b ] number ofv, andv_ (plus antiparticlg states is about 0.70 of
the standard expectation. The effect of this is to change the
or ] “favored hot dark matter mass range” from what the expec-
08 7 tation would be in the absence of mirr@r sterile neutri-
0.6F i nos. We can guess that in the context of the EPM the “fa-
I e ] vored” tau neutrino mass is actually about 50% larger than
the naive expectatiorfA full large scale structure computa-
02r tion would need to be performed to fully explore the conse-
or . guences of a depleted, distribution) Thus, in the EPM
02 . model, the hypothetical favored mass range of @40 be-
1o o sm.2,/eV’ comes instead
FIG. 16. Same as Fig. 13 excelpf >0 (and henceL,,e<O) is 5 evV=m, =10 eV. (142
considered. =

) ) _ . This means thaﬁmIarge is expected to be in the range
whereh is the usual cosmological parameter parametrizing

the uncertainty in the Hubble constant. Thus, neutrinos in the 25 e\VP<omd, <100 e\, (143
eV mass range are a well known and well motivated candi- g
date for hot dark matter. provided of course that the scenario of Efj40) is correct.

Before the advent of information at high redshift valuesThe hypothetical hot dark matter region of 443 is the
[50], large scale structure formation studies strongly favoredghaded band on Fig. 2. From this figure, we see that there is
a hot plus cold dark matter mixture witfd,=0.20-0.25 considerable overlap between the BBN allowed region and
[51]. While recent work incorporating the new high redshift the hot dark matter region.
large scale structure data has reduced the need for a hot dark Finally, note that structure formation outcomes in hot plus
matter component, it remains an interesting possibility.cold dark matter models are generically sensitive to the num-
Given thatv, masses greater than a few eV or so are welber of eV neutrino flavors, not just t&,. These studies
motivated from the combined requirements of the atmotypically assume that the number of eV neutrino flavoisu-
spheric neutrino anomaly and BBN, we see that the existencglly taken to be degenerate in mpss the epoch of matter-
of neutrino hot dark matter is a generic prediction of theradiation equality is an integer. It is important to understand
EPM. that this is only true provided that mirror or sterile neutrinos

There is an interesting complication in the hot dark matteido not exist. Indeed, as we have just explained above, we
story for the EPNI(and models with sterile neutrinpg/hich expectNheaVy~O 70 in the EPM in the parameter space re-
we now discuss. We will take by way of concrete examplegion of Egs.(91), (92), and (141).
that only thev . (andv’) has an eV scale mass. Again for the
sake of the example we will consider the neutrino mass
range required by what was the favored hot plus cold dark
matter scenari¢51],

VII. IMPLICATIONS FOR THE COSMIC MICROWAVE
BACKGROUND

During the next decade or so, high precision measure-
3 eV=m, =7 eV, (140 ments of the anisotropy of the cosmic microwave back-
ground (CMB) will be performed by several experiments

even though the present situation is less clear. The point Wgsych as the PLANCK and MAP missiong hese satellites
want to make is that whatever a “favored neutrino hot darkshould be able to measure detailed spectral properties of the
matter mass range” might be at any given time, the situatiorelectromagnetic radiation in the universe at the epoch of
is modified somewhat in the case of the EPM. The reason ighoton-matter decouplind2]. In this context it is important
that the v« v, and v« v, oscillations generate such a to note that mirror and sterile neutrinos can leave their “im-
large L, that the total number of tau neutrinos is actually print” on the cosmic microwave backgrour83]. This in-

significantly reduced. For the parameter region formation will complement knowledge obtained from BBN
becausdi) BBN and photon decoupling take place at differ-
10= 6mf.ﬂge/evzs300, (14D  ent epochs andii) BBN is sensitive to both the expansion

rate and the direct effect df, on nuclear reaction rates
the final value ofL, is about 0.27. The large final lepton \yhereas the CMB is insensitive to the direct effects of the
number occurs because about 70% of the anti-neutrinos hagymmetry. Because of poifit) we have to distinguish be-
been depletedfor the L, >0 case which means that the tweenexpansion rateand effectiveneutrino flavor counting.
total number of tau neutrinos plus tau antineutrinos isSo it is useful to introduce the quantiti®&9™ and N"a"
roughly 0.65 of the standard expectatigNote that the total which effectively count the number of light neutrino and
number of neutrinos has not changed much: the missingeavy neutrino flavors, respectively, at the epoch of photon
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decoupling. These quantities, which quantify expansioriThe mass splittings among tledike and u-like states were
rates, are to be used in conjunction wih, .« which con-  chosen to solve the solar and atmospheric neutrino problems,
tains both expansion rate ahg_information. It is important  respectively. The evolution of the neutrino and mirror neu-

to appreciate that the number @flativistic neutrino flavors ~ rino ensembles was then calculated for the cosmological ep-
may be different at the time of photon decoupling compared@ch betweenl=m,, and big bang nucleosynthesis. Generic
to BBN. So, in this context, “light’ means much less than outcomes were obtained for significant regions of parameter
about 1 eV, making these neutrinos relativistic at the epoci§Pace becausd) someof the final neutrino asymmetries

of photon decoupling, and “heavy” means more than abouturned out to be independent of the oscillation parameters for
1 eV, making those neutrinos approximately non-relativistic.2 range of those parameters dfgmanyof the modes were

Of course in the minimal standard model of particle physicsadiabatic and hence independent of vacuum mixing angles.

with its three massless neutrino®, ;s=N"9"=3 and The most important specific conclusions were the follow-
ND@=0. However, in models with sterile or mirror neutri- 9" , _ _ _
nos, N, e Nllllght andNZea"Va&O in general. It is also impor- (1) The v,—v, solution to the atmospheric neutrino

tant to appreciate that in the EPdr in models with sterile problem is consistentlwith big bang _nucl_eosynthesis for the
parameter space region illustrated in Fig. 2. Themass

neutrinog, none of these quantities is in general an integer.F<'< X )
The CMB implications of the EPM depend on the neu-Mplied by this region makes the, a hot dark matter par-
trino parameter region. If we take by way of example thelicle. This calculation improves on that discussed in [Re]

mass hierarchy of Eq$91) and(92), with m, =1 eV (as through the use of quantum kinetic equations.
suggested by Fig.)2then Vit (2) The effect of EPM neutrino oscillations on the primor-

dial helium abundance has been computed. We find that a

n, + n, +antiparticles large change to the effective number of neutrino flavors dur-

Nheavy ing big bang nucleosynthesis is produced for a range of pa-

v 2ng ' rameters. In particular, a change equivalent to adding or re-

moving about one neutrino flavor is obtained when ihe
_ p, +p, +p,+p, +antiparticles — v, mass splitting is in the LSND range.
Nl ke~ » (144
14 2 1
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N,77~0.70, N,"~2.3. (149 APPENDIX A: DETAILS OF THE HELIUM ABUNDANCE

COMPUTATION
This should be distinguishable from the minimal standard

model expectation. The modification of thev, and v, distributions due to the
We conclude by emphasizing that in general the precisgreation ofL, affects big bang nucleosynthesis. This is pri-

measurements of the CMB may well prove to be quite usefu arily due toe the modification of tha« p reaction rates

in distinggishing bet\_/veen _various competing explanations o he result of this is a modification of the neutron/profon

%tio. The most important observable effect of a small
change to the neutron/proton ratio is a modification to the
prediction for the helium mass fractiory,. This effect can
Viil. CONCLUSION be expressed as a change in the predibteds through the

The exact parity model is theoretically well motivated by Well-known relat'°”5Yp20-0125Ny,eﬁ-27 In computing the
the neurotic desire of some to have the full Lorentz group adnodification ofY, due to the modified neutrino dlstrlbutlons,_
an exact symmetry of nature. It is very interesting that this\», @1d N, we do not need to use a full nucleosynthesis
model can, essentially as a by-product, provide an elegant
explanation of the atmospheric and solar neutrino problems
in a way that is fully compatible with the LSND results. In  2’0f course we are not saying that this equivalence is exact. It is
this paper, we explored the novel cosmological phenomengot. The change iY,, due to the modification of the, and v,
implied by the existence of mirror neutrinos. distributions cannot be exactly represented as a chandé, i .

We focussed on the parameter space region This is because these two effects will have different impacts on the

other primordial element abundances. However, because a small
e+zmue_5mu#+2mvﬂ_smyﬁzmvf_ (146 modification in thev, and v, distributions, or a small change in

N, e, Primarily affects Y,, our use of the relationsY,
with all intergenerational vacuum mixing angles obeying  =0.012N,, . is reasonable. We prefer to express our results in

terms of 6N, o rather thansY, just becausedN, o is a more
10 P<sirt29<1. (147 familiar unit.

a distinctive imprint on the CMB.

m

14
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code. The reason is that the effects of the modified neutrino E,~E.=Q for n+e"<p+ur,,
distributions are only important for temperatures

=0.4 MeV, well before nucleosynthesis actually occurs. A
review of standard helium synthesis which we found useful

was Ref.[46]. Our approach and notation follows this treat- whereQ=m,— m,=1.293 MeV. The integrals of EGA5)

E,+E.=Q for nop+e +u,, (A5)

ment quite closely. are taken over all positive values pf and p, allowed by
Recall that the primordial helium mass fractiotip, IS  these relations.

related to the ratio of neutrons to nucleon§,, by Yp In order to computéY, we need to know the time when

=2X,, just before nucleosynthesiX, is governed by the nucleosynthesis occurs and neutron decay ceases. This is

differential equation handled approximately by simply stopping the evolution of

dx X, at a point where agreement with the expected value of
TN (n—p)X,—A(p—n)(1—X,), (A1)  Yp~0.24 occurs, which we find to be roughly when

d ~300 s. This approximation does not affect the accuracy of

our results at all since we are only interested in the difference

where betweenYp using the modifiedv, and v, distributions and
AMN—p)=N(n+ve—p+e ) A (n+e’ —p+ ) Yp using the standard distributiorise. Fermi-Dirac distri-
butions with zero chemical potentialsThus, to a excellent

+A(n—p+e” +76), approximation, the modification o¥, due to the non-

standard neutrino distributions has the form
Mp—n)=\(p+e —n+ve)+A(p+rve—n+eh)

OY p=26X,(t=300 9, (AB)
+A(p—=n+et+uy). (A2) ) )
where 6X,(t=300 s) is the difference betweelX,(t
The rates for these processes are given by =300 s) computed using the neutrino momentum distribu-
tions N, and N, andX,(t=300 s) using the standard mo-
"Nt +e‘)—Af Ve E N q mentum distributions. Of course the distributioNge and
(N+ve—p B 1+exp — E IT) Py N, typically depend on the time, so that the evolution of
g o ~ Xﬁo)(t) must be computed concurrently with the evolution of
_ Pe(P;—N,) N, andN; . In solving the differential equatiofAl), we
x(n+e+_>p+ye)=Af ———————dp., e e - o
1+expEs/T) employ the usual the initial conditiod,=0.5.
We have checked our code against some previous calcu-
VeEg(pi_N;e) lations. For example, in Reff47] they consider the case of a

time independent neutrino chemical potentiaken to arise
from some unknown physics at high temperatuFgom Fig.
2 of Ref. [47], they find thatsY,=—0.020 for u,/T=

)\(n—>p+e*+ve)=AJ W_Eemdpv,

- pa(pS— N,,) — w1 T=0.09 (for constanty). our code also gives exactly
Mp+e —n+ ”e):Af mdpe’ the same results under the same conditions.
Finally note that at low temperaturdssm,, thee*e"
Ve E N* annihilation process increases the temperature of the photons

Ap+ ,,eﬂn+e+):Af e D, relative to the neutrinos. It also affects the time-temperature

1+exp—Ee/T) relation. In our numerical work, we take these effects into
account using the equations given in Rg46] (suitably

_ Ve E N— modified to incorporate three light neutrino flavors instead of

A(pte +ve—n) ZAJ md Pu two). Of course this detail actually does not affect our results

(A3) much, since most of the effects of neutrino asymmetries are
only important for temperature=m,. Nevertheless, fol-
wherev,=pe/E. is the velocity of the electrofwe usef lowing Mallory [54] we include it because it is there.
=c=1 throughout andN, is related to the neutrino distri-
bution functions byN,=2#?N,. The constanA can be ex- ~ APPENDIX B: THE QUANTUM KINETIC EQUATIONS
pressed in terms of the vector and axial vector coupling con-  FOR THE MODES WITH 6M?=38MZ IN CASE 2

stants of the nucleof46], OF SEC. V
g2+3g2 This appendix deals with the case defined by B&3),
=——". (A4)  where there are a class of modes havﬁngIarge [see Eq.
2m (93)] and another class of modes havingZ,,, [see Eq.
Also, E, andE,, are related by (139)]. As discussed in Sec.V, th‘én,ar .andsmz, ., modes
approximately decouple from each other provided that
E.—E,=Q for n+v,—p+e, SMpy = 508mZ . The evolution of theSmy, . oscillations
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can be evaluated using the adiabatic formalism of Sec. V B. dN,/ dN;; dN, dN;
The 6mZ,,, modes can be neglected initially because their ~—°| =g, —° =—2° +—= ,
resonance momenta satisfy ,/T<<1. By the timeT=T, dt osc dt dt v,V dt -
[see Eq(138)], the 5m§ma" modes begin to be important, and
provided that Sm, ,=508mZ,,, is satisfied, thesm?, g dN,, dN," dN,. dN,"
modes can be neglected beca&séT=10. To compute the dt T ) dat =Tdt -
effects of thesmZ,,, modes we must numerically integrate ose VT Ve ose VLV
the quantum kinetic equations. Thus, we start the quantum (B3)
kinetic equations af =T, with the initial values ofNVa, with
NV[;, L., and LV; obtained from the previous evolution in-
volving the smg, . modes. dN,, ANy N =T
In this Appendix we do not follow exactly the notation of gt |- -, dt |- — §f B1PyN*(p,T,0)dp,
Sec. IV. We adopt an equivalent but simplifing change of "u Ve " Ve
variables which is very useful for complicated coupled-mode dN. N
systems such as the one we are currently dealing with. Vi _ e L 1 206
For each of the four oscillation modes, we assign a den- dt | , a dt |, - Ef B2PyN 1p,T.0)dp,
sity matrix P}, , o (i=1, ... ,4). Insolving this system, it is uTve u e
convenient to use the variabl@_$,?' ,Nya,N;a,NV; andN;; dN AN 1
rather than the variableBy,P, ,P, and P,. The P, are 3 £ =—— = —f B3P3N®(p,T,0)dp,
, _ ; t |- — dt |- — 2 y
related to theN’s as follows: VT Ve Vu e
o NS, (P)+ Ny (p) o NS, (P) =Ny (p) dN,, ANy —1JBE%P% o
O(p) Neu(p,T,O) z(p) Ne%p,T,O) dt :;LH::? dt ;;LHZ 2 4ty p, 1, P,
(B4)
+ , — ’
pg(p):w P2(p)= w where Bj=—émZ ,sin26/2p for =134 and B
N*Y(p,T,0) N*qp,T,0) = 8m2,,,8in 26/2p for i=2. The rate of change of the num-
ber densities due to repopulation is handled approximately
N, (p)+N, (p) N, (p) =N (p) via the equation,
P3(p)=—t ', PYp)=
N*(p.T.0) N*(p.T.0) d N,(p) b VT Ne(P)
N, () + Ny (p) N, (p) =Ny (p) AENP, T.0) | PINpTo N TO
Po(p)=—"——————, Pip)=—————. (B5)
NY(p,T,0) N®Yp,T,0)

repopulation. Thus,

dN, dN, dN,
o — (23 + o ,

dt  dt dt
osc repop

dN,  dNy | dNG

dt  dt | dt
osc repop

(B1)

whereI" ,(p) is the total collision rate, an8l®Y(p,T,u) is

the equilibrium distribution which is a function of the chemi-

The evolution of the number densities has a contribution.a| potentials which can be computed from the lepton num-
from coherent effects and a contribution from the subsequerfers(see Sec. Il for further discussipn

The rates of change of the lepton numbers are given by

(B2)

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

dN, dN,
& =_°
dt dt | |
osc V Vg
M
dN, dN,
M -0 "
dt Toodt
osc

dN, dN,
& —__*
dt . dt o
" e
dN, dN,
— 1 + )
dt i dt
“ e

- =
Vv, P
r Ve

where
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dL,, dL,,
dt  dt

dL, dL,
" 1
dt dt

dr,, di,
dt  dt

dL, dL,
B I
dt dt

dL,,
BT,

’
VvV, P 14
u e 2

Vg

dL,
+
Tt
e
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dl—v# dLvé dLV;L dL,,é
=—if351NE°( T,0d ——if P!N®{p,T,0)dp. (B7)
2n7 1Ty p! ’ p! - 2ny B4 y p! ’ ) p
dL, dL,
" _ e _ —
dt |, dt |, Actually it turns out that the effect of thB];H v, mode can
uTve uTve be neglected becaust{;(pzl)zN;é(pzl). This is because the
1 f B2P2Np, T.0)dp, modes withom?= SMp, 4 Create approximately equal num-
2n, bers ofv;, andv, states. Also, the, < v, mode always has
dL, dL, a lower resonance momentum than uﬁg—% mode. This
dtM == dte - means that the change Ngé(p) due to thev,— v, mode
uTve uTve does not occur until the’, < », resonance momentum has
_ i f B353Ne°(p,T,0)dp, already passed by. By similar reasor_ling,. the— v, mode
2n, y can also neglected to a good approximation.
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