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Addendum to ‘‘Update on neutrino mixing in the early universe’’
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In the light of the recent WMAP results we update the constraints on a class of nonstandard big bang
nucleosynthesis~BBN! models with a simultaneous combination of nonstandard neutrino distributions and an
extra effective number of neutrinos in the expansion rate. These models can be described in terms of the two
parametersDNn

tot , constrained by the primordial helium abundanceYp measurement, andDNn
r , constrained by

a combination of cosmic microwave background and primordial deuterium data. Small deviations from stan-
dard big bang nucleosynthesis are suggested. Different nonstandard scenarios can be distinguished by a mea-
surement of the differenceDNn

f n5DNn
tot2DNn

r . From the current data we estimateDNn
f n.21.421.4

10.9, mildly
disfavoring solutions with a low expansion rate, characterized byDNn

f n50 and negativeDNn
r . Active-sterile

neutrino mixing could be a viable explanation only for high values ofYp*0.24. The existence of large positive
neutrino chemical potentialsj i;0.05, implyingDNn

r.0, would be a possible explanation of the data within
the analyzed class of nonstandard BBN models. Interestingly, it would also provide a way to evade the
cosmological bounds for ‘‘class A 311’’ four neutrino mixing models. A scenario with a decaying sterile
neutrino is also considered.

DOI: 10.1103/PhysRevD.67.127301 PACS number~s!: 14.60.Pq, 98.80.Cq
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I. INTRODUCTION

In a previous paper@1# ~see also@2#! we showed how the
new cosmic microwave background~CMB! measurements
of the baryon to photon ratio,h, are able to put stringen
constraints on a large class of nonstandard big bang nuc
synthesis ~BBN! models where, together with the usu
variation of the expansion rate due to the presence of e
degrees of freedom, distortions of the electron neutrino
tribution are also present. This class of models can be
scribed in terms of two parameters@3#. The first one is the
usual extra effective number of neutrinos, modifying t
standard expansion rate,DNn

r5@(X(rX /r0)23#, whererX

is the energy density of theX-particle species, including th
three ordinary neutrinos plus possible new ones, andr0

5(7p2/120)Tn
4 is the energy density of one standard ne

trino species. The second one is the total extra effective n
ber of neutrinosDNn

tot defined, in terms of the primordia
4He abundance Yp , as DNn

tot5@Yp
BBN(h,DNn

r ,d f ne
)

2Yp
SBBN#/0.0137.The differenceDNn

tot2DNn
r is a quantity

that, in the class of models that we are considering, has t
entirely ascribed to the effect of deviations of the electr
electron neutrino distribution from the standard Fermi-Dir
distribution with a zero chemical potential,d f ne

5 f ne
2 f ne

0 .

If d f ne
50 then DNn

tot5DNn
r and simply @4#

Yp
BBN(h,DNn

r ,d f ne
50).Yp

SBBN(h)1g(h)DNn
r with h the

baryon to photon ratio in units of 10210. Using the expansion
given in @4#, we calculated thatg(h).0.0137 over the per-
tinent rangeh53.5–10. The standard BBN prediction forYp
is described by the following expansion aroundh55 @4#:
Yp

SBBN.0.246610.01 ln(h/5). The presence of a nonzer
d f ne

affects mainlyYp , while its effect can be safely ne
glected in the deuterium abundance~D/H!, also considering
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that we will be interested in small deviations. With this a
proximation the D/H abundance is described by the exp
sion @1#

~D/H!BBN~h,DNn
r!.@3.631025~h/5!2b#~11aDNn

r!b/2,
~1!

with b.1.6 anda5(7r n0
4 /4gr0

SBBN).0.135, wherer n0 and
gr0

SM are, respectively, the standard neutrino to photon te
perature ratio and the number of degrees of freedom
present. With these expressions a simultaneous measure
of ~D/H!, Yp , andh can be easily translated into a ‘‘mea
surement’’ ofDNn

tot andDNn
r . We used in@1# both high1 @5#

Yp
expt50.24460.002 ~2!

and low @6# values Yp
expt50.23460.003, while we used

(D/H)expt5(3.060.4)31025 @7#. For h we used the DASI
and BOOMerANG result@8# hCMB56.020.8

11.1. From low val-
ues of helium and assuming Gaussian errors, we obta
DNn

tot521.0560.25, while from high values of helium we
obtainedDNn

tot520.360.2. Using the primordial deuterium
abundance measurement, from the expression~1!, we could
estimateDNn

r , obtainingDNn
r5164. These results imply a

3s the bounds@1# DNn
tot,0.3 andDNn

r&13. In particular,
the bound onDNn

tot was used to conclude that, for negligib
neutrino asymmetries, all four neutrino mixing models are
disagreement with cosmology and thus ruled out. This w
then also confirmed by the improved solar and atmosph
neutrino data from the SNO@9# and SuperK@10# experi-
ments@11#. In the next section we will update these results
light, mainly, of the recent results from the Wilkinson Micro
wave Anisotropy Probe~WMAP! experiment@12# and we
will see how the data suggest possible deviations from
standard picture.

1We indicate 68% C.L. errors for all quantities unless differen
stated.
©2003 The American Physical Society01-1
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II. UPDATED REFERENCE VALUES AND RESULTS

The WMAP Collaboration findsVbh250.022460.0009
@12#, corresponding tohCMB56.1560.25. This measuremen
is so precise that now, when estimatingDNn

tot , the experi-
mental error onYp is dominant compared to the one onh.
Using high values ofYp

expt we find at 1s: DNn
tot520.35

60.15. This means that now a 3s range is given by20.8
,DNn

tot,0.1, implying a much more stringent upper bou
compared to the pre-WMAP value. Even using the range
values

Yp
expt50.23860.00260.005, ~3!

which is a compromise between low and high values a
takes into account the discrepancy as a systematic un
tainty @13#, we find

DNn
tot520.860.4, ~4!

implying a 3s range22.0,DNn
tot,0.4. Both results con-

firm our previous conclusion thatDNn
tot as high as 1 is highly

disfavored, thus ruling out all four neutrino mixing modelsin
the case of negligible neutrino asymmetries@1#. However,
now both results seem to point, at 2s, to a negative value o
DNn

tot , suggesting the presence of nonstandard BBN effe
We can also update the estimation ofDNn

r using the newh
measurement fom CMB and a new primordial deuteri
abundance measurement@14#, (D/H)expt5(2.7820.38

10.44)
31025, finding (DNn

r)BBN50.762.1. As already anticipated
in @1#, the error has been highly reduced by the great
provement in theh determination from CMB and it is now
dominated by the error on D/H. However, unlike in the d
termination ofDNn

tot from Yp
expt, better future determination

of h ~for example from new WMAP data or from Planck!
can still further reduce the error on (DNn

r)BBN from the cur-
rent 2.1 down to 1.5. It is interesting to note that the va
from BBN is comparable to the direct determination fro
CMB. In @15#, combining the WMAP data with the 2dF red
shift survey and using the value on the Hubble constant fr
the Hubble Space Telescope~HST! Key Project, h50.72
60.08 @16#, the authors find (DNn

r)CMB50.520.9
11.8. Assuming

that, between the nucleosynthesis and the recombina
time, the quantityDNn

r does not change2 and thus that
(DNn

r)BBN5(DNn
r)CMB, one can then combine the two va

ues. We will still assume Gaussian errors for a qualitat
estimation3 and in this way we find a CMB-deuterium com
bined value

~DNn
r!CMB1BBN.0.620.8

11.4. ~5!

In this way we get a much more stringent 2s (3s) range:
2(1.8) 1.0&DNn

r&3.4 (4.8).

2See @1# and @17# for discussions and examples in whic
(DNn

r)CMB5” (DNn
r)BBN.

3From the likelihood distribution given in@15#, this does not seem
to be a very good approximation at values larger than the cen
one, while it is reasonably good for smaller values.
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III. POSSIBLE SCENARIOS

These new results show that deviations from stand
BBN, if they exist, are small. This means that standard BB
is in any case, in first approximation, a very good descript
of all data. This result is mainly due to the fact that t
deuterium abundance is in very good agreement with
CMB prediction. At the same time, the measured primord
helium abundanceYp suggests the possible presence of sm
deviations whose detection is now possible mainly due to
great precision of CMB in measuring the baryon asymme
However, for an assessment of such a hint, it will also
necessary to reduce the large systematic uncertainties oYp
and it will also be necessary to investigate even more ac
rately the robustness of theh determination from CMB. In
the following we will assume that such a hint is suggestive
nonstandard BBN effects and we will discuss some poss
scenarios that could explain these deviations. An import
role in our discussion is played by the quantityDNn

f n

5DNn
tot2DNn

r . From Eqs.~5! and ~4! we can estimate

DNn
f n.21.421.4

10.9. ~6!

A. Low expansion rate.A minimal possible way to inter-
pret the data is to assume that there is no effect due to e
tron neutrino distribution distortions and thusDNn

f n50 or
equivalentlyDNn

tot5DNn
r . In this case one can combine th

result ~4! from Yp and the result~5! from deuterium plus
CMB, gettingDNn

r520.620.35
10.40. This result would suggest a

negative value ofDNn
r , mainly due to the low value ofYp ,

implying a highly nonstandard modification of the expansi
rate during the BBN time, more precisely a lower expans
rate. Usually the presence of new particle species would l
to a higher expansion rate and therefore such a possib
must rely on some drastic change of the radiation domina
picture during the BBN period. However, note that, from E
~6!, the measurements mildly favor a valueDNn

f nÞ0 and so
this scenario is mildly disfavored by the data~at almost 90%
C.L.!.

B. Degenerate BBN.A well known modification of the
standard BBN is to introduce neutrino chemical potentials
the thermal distributions@20#, corresponding to having pre
existing neutrino asymmetries or asymmetries generate
temperaturesT*10 MeV by some unspecified mechanism
An electron neutrino chemical potential (je5me /T) would
yield DNn

f n.216je . The observedYp @cf. Eq. ~3!# would
then be explained by having

je50.0560.025. ~7!

It has been shown in@18#, extending the results of@19#, that
the existing information on neutrino mixing makes it po
sible to conclude that before the onset of BBN arbitrary i
tial neutrino chemical potentials would be almo
equilibrated in such a way thatjn.jt.je . The presence of
chemical potentials would thus correspond toDNn

r

.3@ 30
7 (je/p)21 15

7 (je/p)4#.331023!uDNn
totu . There-

fore in this scenario the expansion rate would be practic
al
1-2
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standard and the deviations would entirely arise from a n
standard electron neutrino distribution.

C. Active-sterile neutrino oscillations.Let us assume now
that at temperatureT@10 MeV all neutrino asymmetries ar
negligible, for example, of the order of the baryon asymm
try. It has been shown in many papers@21# that a small
mixing betwen active neutrinos and new light sterile neu
nos can generate ordinary neutrino asymmetries and
negative values ofDNn

f n together withDNn
r>0. In a simpli-

fied two-neutrino mixing the value ofDNn
f n is highly depen-

dent on the value of the parameterDmis
2 5ms

22mi
2 . Usually

the possibility of introducing active-sterile neutrino oscill
tions was motivated by the Liquid Scintillator Neutrino D
tector~LSND! anomaly@23#. However, an explanation of th
LSND anomaly in terms of active-sterile neutrino oscill
tions compatible with the solar and atmospheric neutr
data would yield, as already mentioned,DNn

tot5DNn
r;1 @1#

~see also@24#!. At the same time the new WMAP bound o
the neutrino masses,mi<0.23 eV @12#, is now also incom-
patible with such an explanation of the LSND anomaly@25#,
except for one constrained exception@26#. The possibility of
generating a negativeDNn

tot requires a negative value o
Dm25ms

22mi
2 and very small mixing angles (sin22u

!1024 @21,1#!. Values of mi<0.23 eV thus implyuDmis
2 u

<531022 eV2. In @22# it was shown how such a maximum
value, together with very small mixing angles, would pr
duceDNn

f n>20.3. For an inverted full hierarchical case th

correspondinguDmis
2 u;1022 eV2 and in this caseDNn

f n;
20.13. These values have to be considered as maxima
cause in reality one should consider a full multiflavor mixi
and, although full calculations are still missing, one can
pect that part of the electron neutrino asymmetry is actu
shared with the other two flavors. This means that a sm
effect could reconcile the observedhB from CMB only with
high values ofYp @cf. Eq. ~2!#. In two-neutrino mixing small
positive values ofDNn

r are also possible, for larger mixin
angles, but this would be at the expense ofuDNn

f nu, making it
even smaller@1#. Having more than one sterile neutrino fl
vor would make it possible to haveDNn

f n.20.3 and posi-
tive DNn

r , but in this case the totalDNn
tot would be larger

than 20.3. This possibility is interesting, however, since
would be a way to distinguish active-sterile neutrino oscil
tions from a degenerate BBN scenario. Another way wo
be the detection of the effects of a possible formation
neutrino domains@27#, like inhomeogeneities in the primor
dial deuterium abundance@27# that would give rise to gravi-
tational waves@28#.

D. Degenerate BBN and ‘‘class A 311’’ models.This is an
intriguing variation of the pure degenerate BBN scena
Suppose there are both large chemical potentials and a
mixing of new sterile neutrino flavors with the ordinary one
If the chemical potentials are of the order given by Eq.~7!,
then, even for maximal mixing, the sterile neutrino produ
tion prior to the onset of BBN would be suppressed@29# and
consequently the final value ofDNn

tot would be the same as i
the degenerate BBN scenario, whileDNn

r can be in principle
12730
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slightly higher because of the initial sterile neutrino high
diluted abundance. In this way it is very interesting that,
already noted in@1#, the cosmological bound on four
neutrino mixing models can be evaded. Moreover, this sa
conclusion applies also to the~current WMAP orany future
one! bound on the sum of neutrino masses applied to
‘‘class A 311’’ four-neutrino mixing models. They are suc
that the highest mass eigenstate almost coincides with a
sterile neutrino flavor and is separated from the three ligh
ones, almost coinciding with the ordinary ones~see@1# for
references and details!, by the LSND gap. In this case th
sterile neutrino contribution to the fractionVn /Vm would be
negligible and the bound on the sum of neutrino mas
would apply only to the three active mass eigenstates wh
total mass is the same as in ordinary three-neutrino mod
Note also that among four-neutrino mixing models these
the only ones to be still marginally consistent with neutri
mixing experiments@30#.

E. Decaying sterile neutrino. CPsymmetrical decays of a
sterile neutrino with a massmst@mi into an electron neutrino
plus some unknown scalar, with a lifetimet, could yield a
positive DNn

r and at the same time a negativeDNn
tot analo-

gously to the decaying MeV-nt mechanism of Hansen an
Villante @31#, but with some important differences. The ste
ile neutrino abundance produced before the quark-had
phase transition, at temperaturesT@100 MeV, is necessarily
highly diluted compared to that of ordinary neutrinos. Th
can be regenerated at a lower temperature;15
MeV (mst/eV)1/3, implying mst&1 keV, by a possible neu
trino mixing with ordinary states~see@1# for details and ref-
erences!. If the decay temperatureT(t5t) is approximately
comprised in a window~0.5–5! MeV, elastic scatterings can
partially or totally kinetically equilibrate the excess of ele
tron neutrinos and antineutrinos produced but their to
number cannot be totally destroyed by partially or co
pletely frozen annihilation before the freezing of the neutr
to proton ratio. This symmetric excess of electron neutrin
and antineutrinos would yield a negativeDNn

tot that can agree
with the value~4!. Note that, since the decaying neutrin
are sterile, their decays would anyway occurout of equilib-
rium even though in the ultrarelativistic regime. An interes
ing possibility is the case that the sterile neutrino is t
LSND neutrino of class A 311 models, with mst

;ADmLSND
2 , as for the degenerate BBN scenario in S

III D. Now, however,DNn
r&1, because the decays can on

partly destroy what is generated by the mixing. This scena
clearly suffers from fine-tuning between the lifetime of ste
ile neutrinos and the time window between freezing ofne
annihilations and of the neutron to proton ratio. A way
circumvent this problem is to allow decays to beCP asym-
metric as a way to realize a sort of Fukugita-Yanagida l
togenesis at low temperatures. In this case it is enough
the lifetime is shorter than then/p freezing time (;10 s).
This case would be very similar to the scenario of Sec. II
but with DNn

r&1, the exact value depending on the mixin
and on the lifetime. Note that, as in Sec. III D, the cosm
logical bound on the sum of neutrino masses would also
evaded, as pointed out in@32#.
1-3
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IV. CONCLUSIONS

In future years a better understanding of systematic un
tainties in the measuredYp could strengthen or disprove th
hint of nonstandard BBN effects. At the same time, improv
data from CMB experiments should both be able to meas
DNn

r with a precision of;0.1 @33,17# and make even more
robust and precise the determination ofhB . If the primordial
helium anomaly is confirmed, implying negativeDNn

tot,0,
then a key quantity in discriminating among different exp
nations is the differenceDNn

tot2DNn
r . If this proves to be

nonzero and negative, then low expansion rate scenarios
be ruled out, as already mildly suggested from current d
and a scenario with large chemical potentials would b
possible explanation if at the same timeDNn

r;O(1023–
1022) ~maybe detectable in a very optimistic case@33#!. In
the case thatuDNn

totu,0.3, then active-sterile neutrino mixin
can be a viable explanation too, and if this is also accom
nied by a positive value ofDNn

r , then it will actually be
favored, since degenerate BBN would be ruled out. We a
pointed out that the degenerate BBN scenario could rec
support from neutrino mixing experiments. This is becau
large neutrino asymmetries would make ‘‘class A 311’’ four-
neutrino mixing models a viable cosmological solution wit
out any limitation from the bound on the sum of the neutri
masses. In this case one should receive a confirmation o
7.
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LSND from the MiniBoone Collaboration@34# that would
realize a nice consistency between current cosmological
~but we need a better understanding of primordial heli
measurements! and neutrino mixing experiments. We wou
be left with the tough theoretical problem of understand
the origin of large neutrino asymmetries. Current knowled
excludes the nice possibility of active-sterile neutrino osc
lations themselves, but maybe a further investigation co
change such a conclusion, in particular considering that
multiflavor active-sterile neutrino mixing calculations a
still missing and that the role of phases in three-neutr
mixing has never been studied@1#. One possibility is that the
sterile neutrino decays generate the needed electron neu
distortions. This case could explain the current central val
of DNn

tot @cf. Eq. ~4!# andDNn
r @cf. Eq. ~5!#, but only future

more accurate determinations will allow one to distingu
among the different scenarios; first of all, between the st
dard scenario and possible nonstandard ones.

Note added. After we submitted this paper, the secon
version of @25# appeared with independent similar concl
sions about the possible role of large neutrino asymmetr

P.D.B. is supported by EU network ‘‘Supersymmetry a
the Early Universe,’’ HPRN-CT-2000-00152. He thanks
Borzumati, E. Masso, A. Pomarol, and M. Quiros for the
questions which stimulated the content of Sec. III D.
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