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Active-sterile neutrino oscillations and big bang nucleosynthesis plus cosmic microwave
background radiation constraints
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We show how active-sterile neutrino oscillations in the early Universe can play an interesting role in
explaining the current observations of CMBR anisotropies and light element abundances. We describe different
possible phenomenological scenarios in the interpretation of present data and how active-sterile neutrino
oscillations can provide a viable theoretical framework.
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I. INTRODUCTION

The standard big bang model is a simple and testa
theory of the evolution of the Universe. One of the quanti
tive tests of standard big bang cosmology lies in its pred
tions of the primordial abundance of light elements. Stand
big bang nucleosynthesis~SBBN! contains essentially jus
one free parameter, the baryon to photon ratio at the tim
BBN h, while it predicts the primordial nuclear abundanc
of several light elements. Each measurement of a primor
abundance that has to be inferred from observations at
present time, provides in principle a measurement ofh. The
success of the theory relies on the consistency of the va
for h that can be deduced from different nuclear abundan

In recent years two different measurements of the hel
abundance have been given. A first group@1# finds1 ‘‘low’’
values Yp50.23460.003, while a second group@2# finds
‘‘high’’ values Yp50.24460.002, which are mutually com
patible at about 2.5s level only.

The SBBN provides numerically a relationYp(h). A lin-
ear expansion gives@3#2

Yp
SBBN~h!50.246710.01 lnS h

5 D . ~1!

In this way for the low value ofYp one obtainshSBBN
4He

51.560.4, while for the high value ofYp one obtains
hSBBN

4He 53.960.8.
Meanwhile, the value (D/H)553.3960.253 has been de-

*Email address: dibari@physics.unimelb.edu.au
†Email address: foot@physics.unimelb.edu.au
1Where not otherwise indicated, all errors are meant at 68% C
2A neutron lifetimetn5887 sec has been used. Here and eve

where h is expressed in unit of 10210. The central value forh
55 has been updated according more recent analysis@4#. Note that
this expression is accurate to within 0.001 for 3,h,10 while is
less accurate forh&3.

3(D/H)55105(D/H).
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duced@5# for the primordial deuterium abundance from o
servations toward two high redshift quasars. Deuterium is
ideal ‘‘baryometer’’ @6# which gives an accurate measur
ment of baryon abundance in the context of SBBN. Inde
one finds (Vbh2)SBBN

D/H 50.01960.0024 ~95% C.L.! @7# and
from the simple relationh.273Vbh2, this corresponds to
hSBBN

D/H 55.260.65 ~95% C.L.!.4 This value is clearly not
consistent with theh value obtained from low helium value
although it is consistent with theh value from the high he-
lium value.

On a new front, two balloon experiments provided t
first accurate measurements of acoustic peaks in the co
microwave background radiation~CMBR! anisotropies
@9,10# and from these observations it has been poss
to infer a value for the baryon to photon ratio. Th
BOOMERanG experiment finds (Vbh2)CBR50.03620.005

10.006

@11# while the MAXIMA experiment finds (Vbh2)CBR

50.03120.006
10.007@12#. These two independent measurements

in quite good agreement and seem to exclude the presen
large systematic errors. A combined analysis of the t
gives the result (Vbh2)CBR50.03360.005 @13# that corre-
sponds tohCBR59.061.4. This value is higher than th
BBN predictions ~given above! from the inferred values
from both deuterium and helium. These discrepancies m
be due to systematic errors but it is also interesting to c
sider possible explanations in terms of nonstandard phys
One possibility is that BBN and CMBR are probing differe
quantities, as they involve different physical mechanis
and at different times~see for example@14#!. Instead we will
consider this discrepancy as a hint for non standard BBN

We will consider two view points:
~1! The discrepancy is between CMBR and helium wh

the discrepancy between CMBR and Deuterium is due
systematic uncertainties. This is plausible because it is v
difficult to identify ‘‘clean’’ absorption systems providing

L.
-

4In a very recent analysis even smaller errors are fou
(Vbh2)SBBN

D/H 50.01960.0018 ~95% C.L.! and correspondingly
hSBBN

D/H 55.260.5 ~95% C.L.! @8#.
©2001 The American Physical Society08-1
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P. DI BARI AND R. FOOT PHYSICAL REVIEW D63 043008
reliable measurements for deuterium and the quoted re
that we used were derived from only two such measu
ments.

~2! The discrepancy between deuterium and CMBR
well as the discrepancy between helium and CMBR are b
real and due to nonstandard physics.5

The main purpose of this paper is to explore the poss
explanations for these discrepancies in terms of active-st
neutrino oscillations in the early Universe.

At the present time there is very strong evidence for n
trino oscillations coming from atmospheric, solar and t
Liquid Scintillation Neutrino Detector~LSND! experiment
~for a review, see e.g. Ref.@16#!. The atmospheric neutrino
anomaly can be solved~most simply! via approximately
maximalnm→nt oscillations or vianm→ns oscillations@17#
~wherens represents a hypothetical sterile neutrino!. On the
other hand, the observed solar flux deficit~about 50% of the
expected value! suggests approximately maximalne→nm,t

oscillations or approximately maximalne→ns oscillations
~see e.g. Ref.@18# and references there-in!. Finally, the
LSND experiment implies the existence of small anglene

→nm oscillations with dm2;1 eV2. The combination of
these three neutrino anomalies suggests the need for at
one sterile neutrino. Perhaps the most elegant solutio
these neutrino anomalies poses that each neutrino is m
mally mixed with a sterile partner~with small mixing be-
tween the generations! @19#. Of course, there are many oth
possibilities. In any case, for illustrative purposes we w
focus on the simple case ofne→ns oscillations in isolation
and discuss some of the other possibilities qualitativ
where appropriate.

Ordinary-sterile neutrino oscillations have remarkable i
plications for the early Universe. In particular, ordinar
sterile neutrino oscillations can generate large neutr
asymmetries in the early Universe@20–22# ~see also Ref.
@23#!, so large in fact as to imply significant modifications
BBN @22#. In the simple scenario ofne→ns oscillations in
isolation, largene asymmetry is directly produced, while, i
three ~or more! meutrino mixing scenarios ana-neutrino
asymmetry (a5m,t) could be first generated byna↔ns

oscillations and then converted into an electron neutr
asymmetry by ana2ne oscillations@22,24#. Focusing on the
simple case of direct production, we will find the values
mixing parameters which might explain the possible discr
ancies in SBBN. Interestingly, it turns out that the sugges
parameter space implies ane with mass;1 eV which is
close to the current experimental bound. Furthermore i
also consistent with the measurements of the LSND exp
ment and thus can be potentially tested in the near futur
mini-Boone.

5Note that we will neglect from our analysis measurements of7Li
abundance. This because in recent years various analysis con
that there is still a big uncertainty on the level of depletion of t
primordial abundance to the values that we currently observe~for a
recent review see@15#!.
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The outline of this paper is as follows. In Sec. II w
briefly discuss the relation betweenVm inferred from x-ray
measurements in galaxy clusters and the value suggeste
CMBR. Interestingly both are consistent withVm51. In
Sec. III we show how thene→ns oscillation generatedLne

can reconcile the highhCBR with the BBN Yp results@case
~1! above#. In Sec. IV we briefly examine ways in which th
discrepancies between Deuterium, Helium and CMBR m
both be reconciled@case ~2! above#. In Sec. V we will
present a new possible phenomenological scenario, in w
large scale inhomogeneities in the nuclear abundances
admitted. Also in this case active-sterile neutrino oscillatio
may provide a viable theoretical model. We conclude
Sec. VI.

II. COSMIC CONCORDANCE OR DISCORDANCE?

In this section we make some comments on the previ
indications of a ‘‘baryon catastrophe’’ from x-ray measur
ments in galaxy clusters and how it might be related to
inferred values of the baryon number from CMBR observ
tions. Recall it is possible to estimate the baryon to to
mass ratio in clusters of galaxies from x-ray measureme
@25# obtaining ~at 1s) that Vbh3/2/Vm5(0.0560.01) @26#
†this is confirmed also by measurements based on the
effect that giveVbh/Vm5(0.0660.006) @27# ‡. If one im-
poses thatVm51 and using a lower limit onh.0.5 finds
immediately thatVbh2.0.035, much bigger than the uppe
bound that is deduced in a SBBN, both from deuterium a
helium abundance~but consistent with CMBR as we wil
discuss in a moment!. This ‘‘baryon catastrophe’’ in SBBN
was ‘‘solved’’ by assuming thatVm can be much less than
which implies that we need to give up the inflationary pa
digm (V051) or to admit the presence of a large cosmolo
cal constantL such thatVm1VL51. In this way, using the
SBBN value, previously given, forVbh2 from deuterium
abundance, one can infer a value forVm50.4560.15. This
picture has been supported by the discovery of an acce
tion expansion from SNe Ia@28#, that also points to the ex
istence of a large cosmological constant term,VL @29#.
Roughly these measurements provide the constraint, in
Vm2VL plane,

VL51.3Vm10.460.2. ~2!

After the SN results, the first accurate CMBR measureme
of the first acoustic peak position seem to confirm the idea
a flat Universe@30#. In this case one immediately deduc
from Eq.~2! a valueVm50.2560.1 in very good agreemen
with galaxy cluster measurements when the SBBN value
Vbh2 is assumed: three independent methods match e
other, with good accuracy, in a region around the po
(0.3,0.7), in the plane (Vm ,VL) ~‘‘cosmic concordance’’
@31#!.

It is clear however that if one now uses the new CMB
estimation forVbh2, then from galaxy clusters one obtain
that Vm50.860.3 suggesting ‘‘cosmic discordance’’~albeit
only mildly! between galaxy cluster measurements and S
type Ia. Moreover now the existence of a cosmological c

ude
8-2
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ACTIVE-STERILE NEUTRINO OSCILLATIONS AND . . . PHYSICAL REVIEW D63 043008
stant is not required any more from galaxy clusters@32#. This
seems to be suggested also from a recent analysis of CM
data when a large neutrino asymmetry is allowed@33,32#.
Thus, overall things are not so clear at the moment. It
also been argued in Ref.@34# that the supernovae evidenc
that the expansion of the Universe is accelerating is not
compelling. Whether or not a large cosmological const
exists needs to be confirmed independently, perhaps by
ture analysis from the planned satellite experiments, the
crowave Anisotropy Probe~MAP! and~PLANCK! will help.
In the meantime, for people with the theoretical prejud
that VL is negligible, there is now some good news sin
x-ray measurements from galaxy clusters and the CMBR
sults are both consistent withVm51.

III. CMBR ANISOTROPIES AND HELIUM
OBSERVATIONS

Even assuming the high value for the helium abundan
the resulting value ofh and that one deduced from CMB
differ at about 3s level.

Let us consider the situation from a formal point of vie
that will be useful for further developments. In the SBB
picture the experimental constraintYp

SBBN(h)5Yp
exp gives a

measurement ofh5hSBBN
4He , as we observed in the introduc

tion. However CMBR gives an independent measuremen
h and, assuming it to be a reliable one, provides a simple
for SBBN as now one has to satisfy the constra
Yp

SBBN(hCBR)5Yp
exp. Present measurements do not pass

test and thus SBBN is somewhat discrepant with helium
CMBR observations.

Taking this as a hint for new physics, it suggests that
need to modify SBBN introducing a new parameterX. It is
clear that, if in the physical ranges of values forX, all values
of Yp are possible~with h5hCBR), then it is always possible
to find a value for X satisfying the testYp(hCMBR,X)
5Yp

exp in the nonstandard BBN model.
It has been known for a long time that this ‘‘game’’ ca

be performed allowing a modification of the standard parti
content before the BBN epoch@35#. This modification can be
parametrized with the~extra! number of~light! neutrino spe-
cies @36#:

DNn
r5(

X
NX

r 23, with NX
r [

120

7p2

rX1r X̄

Tn
4

, ~3!

(X5ne ,nm ,nt1new particle species), whereTn[TdRd /R
is a fiducial temperature of ideal neutrinos that would inst
taneously decouple atTd@me/2 ~but alsoTd!mm/2), with-
out sharing any entropy release, from electron-positron a
hilations, with photons.6

With this extra parameter, the SBBN prediction forYp is
modified and approximately the change is given by

6Note that with this definition, in the standard model of partic
physics one finds thatDNn

r is not exactly zero, due to the fact tha
actually neutrinos are slightly reheated during electron-positron
nihilations ~see@37# and references therein!.
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DYp~h,DNn
r!.

1

6
Yp

SBBN~h!S 12
Yp

SBBN~h!

2 Dmn2mp

Tf
n/p

DNr

Nst
r

.0.012DNn
r , ~4!

whereTf
n/p.0.75 MeV is the freezing temperature of ne

tron to proton ratio in the standard case, whileNst
r 543/8 is

the number of particle species and again the last expres
has been evaluated forhCBR.9.

It has also been known for a long time@38# that the stan-
dard prediction for the neutron to proton ratio is modified
one allows the electron neutrino and anti-neutrino distrib
tions in momentum space to deviate from the standard c
in which the thermal equilibrium distributions with zer
chemical potentials are assumed.7 In this case an infinite
number of new nonstandard parameters, the values of
extra numbers of electron neutrinos and antineutrinos in e
quantum state for any momentum, can be virtually int
duced. However, in realistic models, usually the deviatio
depend on a finite number of parameters.

A particularly simple model@39# is obtained when the
distributions depend only on the neutrino degeneracyje ,
playing the role of a new parameterX. This has to be gener
ated earlier than the BBN epoch and it is usually assum
that it is generated also before electron neutrino chem
decoupling so thatje1 j̄e50. This corresponds to having
neutrino asymmetry given by

Lne
[

nne
2nne

¯

ng
5

p2

12z~3!
S je1

je
3

p2D . ~5!

In this case the modification of the SBBN prediction@see Eq.
~1!# for je!1 is given by

DYp~h,je!.2Yp
SBBN~h!S 12

Yp
SBBN~h!

2 D je.20.22je ,

~6!

where the last expression has been calculated forhCMBR
.9. Thus valuesje.0.035 andje.0.08 can easily solve
the discrepancy between CMBR observations and high
low helium values respectively.

More generally one can allow a deviation from the sta
dard prediction for the helium abundance due both to
modification of the expansion rate and to distortions of
electron neutrino and anti-neutrino distributions. In this ca
one can distinguish two different contributions to the var
tion of the helium abundance compared to the standard c

DYp5DYp
r1DY

p

f ne . ~7!

Note that this distinction is not ambiguous as it could appe
One can in fact always calculate at any instant the quan

n-

7Electron neutrino and anti-neutrinos distributions are directly
volved in determining the rates of theb-reactions (n1ne↔p

1e2, n1e1↔p1 n̄e) responsible for the final value of the neu
tron to proton ratio together with the neutron decay.
8-3
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P. DI BARI AND R. FOOT PHYSICAL REVIEW D63 043008
DNn
r from Eq. ~3! and from that deduce the correspondi

value ofDYp
r defined as the value ofDYp when the standard

electron neutrino and antineutrino distributions are assum

Afterwards one can calculateDY
p

f ne[DYp2DYp
r . It will

prove to be convenient to define also atotal effective number
of neutrino speciesDNn that combines both the effect of
modification of the expansion rate and that one due to
distortions of electron neutrino and anti-neutrino distrib
tions:

DNn[DNn
r1DN

n

f ne , with DN
n

f ne[
DY

p

f ne

0.012
. ~8!

With these definitions, the procedure to calculateDNn and

the specific contributionDN
n

f ne is particularly simple if one

uses the linear expansion~4!: DNn.DYp/0.012 and thus

DN
n

f ne.DYp/0.0122DNn
r .8

In the case of an electron neutrino asymmetry crea
before the electron neutrino chemical decoupling (⇒je1 j̄e

50) it is easy to see thatDN
n

f ne.218je .9 In order to rec-
oncile the discrepancy between the helium abundance m
surements and the CMBR observations, a negativeDNn is
required. More precisely, imposing the constra
Yp(hCBR,DNn)5Yp

exp, one finds

8Of course the choice to describe results in terms ofDYp or of
DNn is simply a matter of taste. One can say that in the first case
astrophysical point of view is more emphasized than that one
particle physics or vice versa in the second case. In this pape
clearly prefer the second one.

9We remind that this is valid only forje!1. Note also that for
large neutrino asymmetries (je ,jm ,jt*0.5) these would also give
a non-negligible contribution toDNn

r.

FIG. 1. Evolution ofL (e)52Lne
1h for ne→ns oscillations with

sin22u051028 and, from left to right, dm2/eV2520.25,20.5,
21.0,22.0,24.0 obtained from numerically solving the quantu
kinetic equations. The initialLne

50 is taken andh55310210 is
assumed. Of course the low temperature evolution is approxima
independent of these values.
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DNn521.560.4 for Yp
exp50.23460.003,

DNn520.760.3 for Yp
exp50.24460.002. ~9!

One could simply hypothesis that a large pre-exist
asymmetry exists, however a more subtle~and testable as we
will show! possibility is that light sterile neutrinos exist. Na
ively, such neutrinos might be expected to lead to a posi
DNn as they would simply generate a positiveDNn

r , how-
ever it has been shown@22,40,24# that due to the dynamica
generation ofLne

by the oscillations themselves, there w

be also an important contribution toDN
n

f ne and the total ef-

fective DNn can be negative ifLne
.0.10

This contribution cannot be expressed in terms, for
ample, of the final asymmetry by a simple relation as in
case of a pre-existing asymmetry. This is because the as
metry is generated, in the interesting cases, below the ch
cal decoupling temperature and even below the thermal
coupling temperature and thus is changing during the t
near the freezing of the neutron to proton ratio. Moreover
the thermal equilibrium assumption is not satisfied anymo
the electron neutrino distribution will deviate from equilib
rium and this effect has also to be included. Thus the res
can be only calculated numerically.

The sign ofLne
cannot be predicted because it depends

the sign and magnitude of the initial lepton number asymm
tries. For the purposes of this paper, we assume that
positive since we need to generateDNn,0. The simplest
example of neutrino oscillation generatedLne

is the direct

production ofLne
by ne→ns oscillations. In this case we ca

ignore the oscillations involvingnm ,nt provided that either
their masses are very small~so that the largestudm2u belongs
to the ne→ns oscillations and the other oscillations hav
udm2u much less than 1 eV2) or that they do not mix with the
ne ,ns ~i.e. thene ,ns decouple from thenm ,nt in the neutrino
mass matrix!. In this way the mixing is simply described b
two parameters, the difference of squared eigenstate ma
dm2 and the mixing angle in vacuum, sin22u0.

In Fig. 1 we solve the quantum kinetic equations forne
→ns oscillations for sin22u051028 and dm2/eV2520.25,
20.5,21.0,22.0,24.0. ~For details of the numerical proce
dure see Ref.@49#!. Let us now discuss the behavior exhi
ited in this figure. As already discussed in detail in previo
publications@20–22# the evolution of lepton number can b
separated into three distinct phases. At high temperatures
oscillations are damped and evolve so thatL (e)!h ~where

e
of

e

10The problem to get a number of effective neutrinos less th
three is not new. It also arises in order to alleviate the tens
between deuterium measurements and low values of helium a
dance~‘‘BBN crisis’’ ! @41#. Also in that case the same nonstanda
solutions can be invoked. Rounding up the usual suspects, we
a MeVt neutrino decaying prior to the onset of BBN@42#, the
existence of a large electron neutrino asymmetry@43# and active-
sterile neutrino oscillations@22#, that we are re-considering in thi
new context.

ly
8-4
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ACTIVE-STERILE NEUTRINO OSCILLATIONS AND . . . PHYSICAL REVIEW D63 043008
L (e)[2Lne
1Lnm

1Lnt
1h, and h is related to the baryon

asymmetry!. In this region the resonance momentum for ne
trino oscillations is approximately the same as anti-neutr
oscillations. If dm2,0 ~which means that the mass eige
state which is mainlyns is lighter than the mass eigensta
which is mainlyne) then at a certain temperature,Tc , which
is given roughly by@20#

Tc;15S 2dm2 cos 2u0

eV2 D 1/6

MeV, ~10!

exponential growth of neutrino asymmetry occurs~which
typically generates a neutrino asymmetry of order 1025, as
shown in Fig. 1!. Taking for definiteness that theLne

is posi-
tive, the anti-neutrino oscillation resonance moves to v
low values ofp/T;0.3 while the neutrino oscillation reso
nance moves to high valuesp/T*10 ~see Ref.@22# for a
figure illustrating this!. The subsequent evolution of neutrin
asymmetries, which is dominated by adiabatic MSW tran
tions of the anti-neutrinos, follows an approximate 1/T4 be-
havior until the resonance has passed through the entire
tribution. The final asymmetry generated is typically in t
range 0.23&Lne

&0.37 @22#. Because the oscillations ar
dominated by adiabatic Mikheyev-Smirnov-Wolfenste
~MSW! behavior it is possible to use a relatively simple a
accurate formalism to describe the evolution of the system
‘‘low temperatures,’’T&Tc/2. In fact, we only need to know
the values of the oscillation resonance momentum aT
;Tc/2. Previous numerical work has already shown@22#
that byT;Tc/2, neutrino asymmetry is generated such t
0.2&p/T&0.8 ~the precise value depends on sin2u0,dm2).
Furthermore the subsequent evolution is approximately
sensitive to the initial value ofp/T in this range.

For full details of the evolution ofLne
and DNn in this

model see Ref.@24#. The evolution of the momentum distr
bution of electron neutrinos is also computed and fed int
BBN code ~that is solved concurrently! which allows us to
computeYp for each choice ofdm2 and sin22u0 @24#. Par-
ticularly simple results are obtained when the constra
sin22u0A(udm2u/eV2)&2.531026 is imposed. This corre-
sponds to havingDNn

r&0.1 prior to the onset of the neutrin
asymmetry generation@44#. Moreover, for the interesting
values udm2u!100 eV2, most of the generated neutrin
asymmetry and its associated sterile neutrino production,
curs below chemical decoupling so thatDNn

r remains negli-
gible. In this way the only significant contribution toDNn

derives from theDN
n

f ne part which arises from the depletio

of the n̄e states as the MSW resonance passes creatingLne
in

the process. Fordm2;21 eV2, the large neutrino asymme
try is generated provided that sin22u0* few310210 @21,22#
~which is essentially the adiabatic condition for this system!.
With these two constraints on mixing parameters, the res
ing DNn is practically independent of sin2u0 and thus we
have a full correspondenceDNn↔dm2. The result is given
in Fig. 2. From this figure we can translate the constra
Yp(hCBR,DNn)5Yp

exp on DNn @see Eq.~9!#, into a sort of
‘‘measurement’’ ofdm2, i.e.
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DNn521.560.4, ⇒dm2522.561.0 eV2,

DNn520.760.3, ⇒dm2520.860.5 eV2.
~11!

These values ofdm2 are interesting from several point
of view. They imply thatmne

;1 eV ~assumingmns
!mne

)
which is close to the present experimental limit. Furth
more, if mne

is heavier than thenm state then the LSND

dm2, dmlsnd
2 is, approximately, the same as thedm2 for

ne→ns oscillations. Thus, if this simple scenario is the cau
of the BBN discrepancy it can be potentially tested in t
near future at mini-Boone.

Above we have discussed things in the model whereLne

is produced directly. It is also possible to produceLne
indi-

rectly. For example, ifnt is the heaviest neutrino and osci
lations betweennt→ns generate a largeLnt

some of which

is transferred toLne
by ne→nt oscillations@22,40,24#. The

indirect mechanism typically generates a smallerLne
leading

to DNn in the range20.7&DNn&0 if Lne
.0. Models with

three sterile neutrinos~such as models with mirror neutrinos!
have also been studied@45#. These models can also accom
modate negativeDNn in the range21.5&DNn&0 if Lne

.0. In fact it is fair to say that a deviation ofDNn from zero
is a generic consequence of models with light sterile neu
nos if one of the active neutrinos has mass in the eV ran

IV. ‘‘JUST SO’’ BBN?

We want now to include the deuterium observations
our analysis. In this case the discrepancy between CM
and nuclear abundances observations, becomes even
puzzling. In the SBBN (D/H)(h)}h21.7 @46# and this
means that havinghCBR;9 corresponds to (D/H)5.1.5, a
quantity about half the measured one. One could hope t
within the model of ne↔ns oscillations with DNn

r!1
discussed in the previous section, choosing the values
dm2 able to reconcile CMBR and helium observations,
would also be possible to satisfy the constra

FIG. 2. Change in the effective number of neutrinos for BB
DNn versus2dm2 for the caseLne

.0.
8-5
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(D/H)(hCBR,dm2)5(D/H)exp. This is however not the

case as the negative values ofDN
n

f ne leaves almost un-

changed the standard value corresponding tohCBR. Thus the
only way out is to enlarge the space of parameters in
model of BBN. This can be done allowing also a non ze
DNn

r . This possibility has also been studied for a long tim
@47# and recently reproposed in@32# to solve the BBN-
CMBR discrepancy. In this way the problem is now to fin

values ofDN n
r and DN

n

f ne that satisfy simultaneously th
constraints

Yp~hCMBR,DNn
r ,DN

n

f ne!5Yp
exp, ~12!

~D/H !~hCMBR,DNn
r ,DN

n

f ne!5~D/H !exp.
~13!

In a recent analysis@48#, in which a pre-existing electron
neutrino asymmetry is assumed, the authors find that to
duce the discrepancy within a 2s level, a range of values
1&DNn

r&11 and correspondingly 0.07&je&0.43 must be
chosen.

As we said in the previous section, it is not possible
make a straightforward comparison with the active-ste
neutrino oscillations, as the effect of the generation of a n
trino asymmetry is not easily related. However we can m
some qualitative comments. It is quite easy to have marg
consistency at the 2s level by just modifying the constraint
imposed on the mixing parameters to solve the discrepa
of CMBR with the helium abundance alone. In fact simp
increasing the mixing angle, with a fixeddm2, such that
sin22u0A(udm2u/eV2)*231025, one gets aDNn

r*0.6. It is
likely that the values fordm2 found in the previous section

will be slightly increased as a higherDN
n

f ne is now required
to satisfy also the constraint from the helium abundanc11

Therefore, within the framework of active-sterile neutrin
oscillations, the search for the suitable values
DN

f ne,DNr is translated in a search for the rig
dm2,sin22u0 values.

It is clear however that allowing for the existence of ju
one sterile neutrino species, values ofDNn

r;5, required to
have a best fit, are not possible. In this case one has ne
sarily to assume the existence of more than one light ste

11It must be said that increasing the mixing angle there is a reg
where at the onset of the asymmetry generation rapid oscillat
are found@49# ~see also Ref.@50#!. It is still an issue whether this is
a real feature of the solutions or just simply an effect due to
merical inaccuracy. However if this effect really exists, it is po
sible that the sign of the asymmetry could be randomly determi
in different points of space with the creation of lepton domains@51#.
This would spoil the effect that we want to get, as in this ca
negative values ofDNn would not be allowed. In any case at th
high values of mixing angles that we are requiring in order to h
DNn

r.1 ~of courseDNn
r cannot be too close to one otherwise th

will suppress the final neutrino asymmetry!, there are surely no
rapid oscillations@49#.
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neutrino species. One amusing possibility is the idea tha
mirror world exists where every particle has a correspond
mirror particle @52# ~see also Ref.@19# and references
therein!. The main theoretical motivation for this theory
that it allows parity and time reversal to be exact unbrok
symmetries of nature. In the context of this theory, it is us
ally assumed that the temperature of the mirror particle
less than the ordinary ones in the early Universe@45,19#.
However, it is possible that interactions between the ordin
and mirror worlds may be strong enough to thermalize
mirror particles such thatTmirror5Tordinary[T. In this case
DNn

r.6.14. To reconcile BBN with such a large value
DNn

r requires a largeje'0.4 pre-existing asymmetry.~It
needs to be pre-existing because ifTmirror5T, then there are
equal densities of ordinary and mirror neutrinos whi
means that one cannot generate significant asymmetries
ordinary-mirror neutrino oscillations!. Alternatively, if 0.7T
,Tmirror,T, then 1.5&DNn

r&6.14. In this case neutrino
oscillations can generate a significantne asymmetry which
may potentially lead to a model consistent with BBN for
range of parameters.12

While such possibilities are interesting and testable
may however seem surprising that nature should have la

DNn
r andDN

n

f ne which roughly cancel.13 Maybe the discrep-

ancy will be alleviated from more precise measurements oh
from CMBR and a mild compensation with one or two ext
neutrino species and a not too big neutrino asymmetry wo
be perhaps reasonable. From this point of view a crucial
in the future will be provided when CMBR will also be ab
to measureNn

r , while at the moment it only provides a rathe
poor upper limitNn

r<13 @54#. It is however possible to imag
ine a different kind of solution within nonstandard BB
models that circumvent the requirement of a fine tuned so
tion. We now turn our attention to one idea in this directio

V. INHOMOGENEOUS NUCLEAR ABUNDANCES?

CMBR measures the baryon abundance on the whole
servable universe with a comoving size of 6000 Mpch21

and this would correspond to a SBBN prediction ofYp
.0.25 and (d/H)5.1.5. The deuterium measurement is d
duced from two Lyman absorption systems atzabs.3, cor-
responding to comoving distances of about 2000 Mpc. T
size of these systems is approximately equal to the como
size of galaxies (100 Kpc21 Mpc). Primordial helium
abundance values are deduced from ionized gas surroun
hot young stars at distances within;100 Mpc around us. It
is then possible to imagine that an inhomogeneous elec
neutrino asymmetry could be the reason for the apparent
crepancies between deuterium and CMBR as well as
tween helium and CMBR. The quantitiesYp

SBBN(hCBR)

n
ns

-
-
d

e

e

12It may also be possible forTmirror.T, with largeLne
generated

by nt8→ne oscillations, leading to a consistent model for a range
parameters.

13A model employing a decaying MeVt neutrino has also been
recently proposed to get a ‘‘just so’’ BBN scenario@53#.
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.0.25,D/HSBBN(hCBR).1.5 provide us the values of th
nuclear abundances as they would be in absence of neu
asymmetry. This would mean that in the absorption syste
that we observe, a large negative neutrino asymmetr
needed to change (D/H)5 from ;1.5 to ;3. On the other
hand to explain values ofYp less than 0.25 in our surround
ings, as we already discussed at length, a positive neu
asymmetry is required. Note that a hint of the presence
inhomogeneities in deuterium abundances comes from
observation of deuterium in azabs50.701 toward quasistella
object ~QSO! 171814807 where it was found (D/H)5525
65 @55#. Other authors repeated the analysis and, e
though they confirm an high value, they arrive at a mu
looser bound, (D/H)558257, concluding that the determ
nation of D/H from QSO 171814807 is uncertain@56#.14

Using a more elaborate model for the velocity distributi
inside the absorber, a third group finds (D/H)554.124.7
@57#, in any case still higher than the value, 3.360.25 de-
duced from the two cleanest absorption systems. Ano
system gives a result (D/H)5,6.7 @58#. In a recent review
the possibility of high amplitude inhomogeneities with
equal proportion of low values (D/H)5;3 and high values
(D/H)5;10 is excluded@15#. However it cannot be ex
cluded that rare peaks with (D/H)5;10 are present and in
any case inhomogeneities with values changing in the ra
(D/H)55124 cannot be excluded at the moment. The p
sibility for deuterium abundance inhomogeneities has
ready been explained with the presence of inhomogene
electron chemical potential@59#, an interpretation that could
be now enforced by CMBR data.

Active-sterile neutrino oscillations can give rise to an
homogeneous field of electron neutrino asymmetry when
presence of small inhomogeneities in the baryon numbe
assumed@60#. In this case, the generated neutrino asymme
can have aninverted signin points where the baryon numbe
is lower than the average value. Large scale inhomogene
in the electron neutrino asymmetry might be expected
generate inhomogeneities in the energy densities that w
leave an imprint in the CMBR anisotropies that we do n
observe. However in the case of active-sterile neutrino os
lations, inhomogeneities in the electron neutrino asymme
would be compensated by inhomogeneities in the sterile n
trino asymmetry in a way that the energy density rema
homogeneous and the mechanism is not constrained
CMBR. There is one difficulty however due to the fact th
one has to require the simultaneous presence of large s
regions with positive electron neutrino asymmetry and ne
tive neutrino asymmetry. It has been shown@60# that do-
mains with inverted sign bigger than 10 Kpc cannot be g
erated. In this case even though at the onset of BBN
would get values of abundances in regions with posit
electron neutrino asymmetry and also in regions with ne

14They observe in fact that in this case the spectra of the Lym
series lines is missing. This is needed to determine the velo
distribution of the hydrogen and these measurements with the
value assume a single velocity component.
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tive neutrino asymmetry, later on astrophysical proces
like supernovae explosions, would mix the different e
ments leading to approximately homogeneous values for
abundances.

One way to circumvent this is to assume the existence
two scales. On small scales~less than the diffusion length a
the time of freezing of neutron to proton ratio,;100 pc)
baryon number inhomogenities have to be present. On la
scales, as big as required by deuterium observation, the
plitude of these inhomogeneities has to change such that
in the regions where it is large enough a structure of sm
scale lepton domains with both signs can form. Neutr
diffusion would afterwards make them merge such that,
these regions, electron neutrino asymmetry is diluted to n
ligible values prior to the freezing of the neutron to prot
ratio. On the contrary in the regions where domains did
form, a nonzero electron neutrino asymmetry, with thenor-
mal sign, would be present@60#.

In this way one can easily get a field of neutrino asy
metries with values changing between zero and some m
mum values. This means that it would be easily possible
accommodate CMBR with only deuterium observations~in
this case thenormal sign should be positive! or with only
helium observations~in this case thenormal sign should be
negative!.

If we want to accommodate both deuterium, helium a
CMBR then we need domains with both positive and ne
tive signs on scales larger than 10 kpc. However, as we m
tioned earlier, this violates the bound from Ref.@60#. Actu-
ally, the conclusion that domains with inverted sign on sca
larger than 10 kpc cannot be obtained relies on a simpli
assumption for which domains with inverted sign cann
merge with each other. This is what would happen in
presence of a simple spectrum of baryon inhomogene
with just two characteristic scale lengths as we just
scribed: one is the scale of small lepton doma
(&100 pc) and one is a scale that modulates the amplit
of baryon inhomogeneities in a way that in some regio
lepton domains can form and in some others cannot. H
ever in a realistic spectrum of baryon fluctuations with
random presence of Fourier components things can be m
different and one cannot exclude a priori that in some
gions, small inverted sign lepton domains can occupy m
of the space and they can merge with each other to form v
large domains with a scale higher than about 100 Kpc, b
with positive and negative sign. These very large scale
mains would give rise to inhomogeneities in the nucle
abundances that could not be washed out by astrophy
processes and would survive until the present.15 A clear sig-
nature of this mechanism would be the detection of h

n
ty
gh

15We have to mention that in another alternative model propo
in @59# the simultaneous presence of regions with positive neutr
asymmetry together with regions with negative neutrino asymm
is a natural consequence. Here of course we are concentrating
attention on active-sterile neutrino oscillations, but the consid
ation that CMBR could be pointing to the presence of large sc
inhomogeneities in the nuclear abundances has a general valid
8-7
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P. DI BARI AND R. FOOT PHYSICAL REVIEW D63 043008
values of helium (;0.30) in the regions where deuterium
also measured with a value (D/H)5;3 while if some peaks
with (D/H)5;10 really exist, here the helium abundan
should be even at level ofYp;0.50 @59#. However these
measurements at large distances seem, at the present,
quite challenging. Anyway when more measurements fr
Lyman absorption systems will be available, a clear sig
ture of inhomogeneities could be possible. On the other h
if observations will exclude deuterium abundance inhomo
nities in the range (D/H)55124 or larger, then an expla
nation of the BBN-CMBR discrepancy in terms of a spatia
variating electron neutrino asymmetry, as we are propos
would be ruled out.

VI. CONCLUSIONS

We have discussed the discrepancy between the infe
baryon number densityh from recent CMBR measuremen
and the value inferred from standard big bang nucleosyn
sis. This discrepancy may be due to some type of system
error or may hint at new physics. We have explored o
possible explanation in terms of active-sterile neutrino os
lations. We focused on the simplest example to illustrate
possibility, and that is the direct production ofLne

by ne

→ns oscillations. Within the context of this model, we ha
shown thatdm2'21 eV2 is required to solve the discrep
ancy between CMBR and helium measurements and
would suggest that the electron neutrino mass is about 1
This is a particularly interesting value, since it is right ne
the boundary of current experimental measurements. W
nd

. P

m

s
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we focused on the largest discrepancy betweenhSBBN
4He and

hCBR, we also discussed thehSBBN
D/H andhCBR discrepancy,

and its implications for models with sterile neutrinos. In pa
ticular, we looked at two possible scenarios. The first o
would reconcile the deuterium discrepancy with a lar

DNn
r , while still needing aDN

n

f ne of the opposite sign to

reconcile the helium measurements. We also proposed a
ond scenario in which we argue that an inhomogeneous e
tron neutrino asymmetry could exist which solves these d
crepancies. For both of them we showed how active-ste
neutrino oscillations can provide a viable theoretical fram
work.

Clearly things will soon become more interesting as m
accurate measurements of CMBR and light element ab
dances are done, and also, as we learn more about neut
from current and future experiments. Thus, it seems t
large neutrino asymmetries, as generated from active-st
neutrino oscillations, offer an exciting interconnection b
tween the rapidly developing fields of neutrino physics a
early Universe cosmology.
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