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Constraining neutrino physics with big bang nucleosynthesis
and cosmic microwave background radiation
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We perform a likelihood analysis of the recent results on the anisotropy of cosmic microwave background
radiation from the BOOMERanG and DASI experiments to show that they single out an effective number of
neutrinos in good agreement with standard big bang nucleosynthesis. We also consider degenerate big bang
nucleosynthesis to provide new bounds on effective relativistic degrees of freedomNn and, in particular, on the
neutrino chemical potentialja . When including supernova type Ia data we find, at 2s, Nn<7 and20.01
<je<0.22, ujm,tu<2.6.
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I. INTRODUCTION

New results on cosmic microwave background radiat
~CMBR! anisotropy from BOOMERanG@1,2#, MAXIMA
@3,4#, and DASI @5# experiments represent an extraordina
confirmation of our present understanding of some of the
features of the evolution of our universe. The clean evide
for the first acoustic peak of temperature anisotropies
CMBR aroundl;200 @1–6# strongly supports the scenar
of a post-inflationary flat universe. On the other hand n
results on the second and third peak support the adiab
inflationary model prediction of acoustic oscillations in t
primeval plasma driven by gravity, and shed new light
how energy density is distributed among several com
nents. This is a crucial piece of information which affec
many independent cosmological observables, so it is rea
able to expect that it will be possible in the next years
have a rather clear picture of which cosmological mode
actually realized in our universe.

In this respect BOOMERanG and MAXIMA first dat
release@1,3# already stimulated a wide number of studi
@3,7–15#, aimed to constrain the values of the energy den
parameters normalized to the critical density,Vb , Vm and
VL , due to baryons, dark matter and an effective cosmolo
cal constant, respectively. In particular many authors h
addressed the issue of a tension between the determinati
Vbh2 from CMBR data and standard big bang nucleosynt
sis ~SBBN! @9,12,14,16–20#. In fact, the finding of a sup-
pressed second peak in the CMBR anisotropy resulted
rather large value for this parameter,Vbh250.03220.004

10.005 at
68% C.L. @7#, while the experimental data on primordi
4He and D abundances, prefer smaller values,Vbh2

50.01920.002
10.004, Ref.@20#, andVbh250.02060.002, Ref.@21#

~see also@22#!, at 95% C.L. These estimates are obtain
assuming three standard neutrino degrees of freedom.

New experimental data from BOOMERanG have refin
the data at larger multipoles, and now single out a sma
value for the baryonic fraction,Vbh250.02120.003

10.004 @2#. This
is mainly due to an increase in the analyzed dataset~roughly
by a factor 8! and a better understanding of the experimen
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beam, calibration and pointing. The new analysis leads t
slightly increased amplitude for the second peak~but still
compatible at;1s with the previous spectrum! and hints for
the presence of a third peak aroundl;800, which is not as
high as expected in a scenario with a large baryonic fract
Simultaneously the DASI experiment, which also found e
dence for multiple peaks in the CMBR spectrum, gave
impressive and independent confirmation of a low bary
fraction, Vbh250.02220.003

10.004 @5#, when sampling a differen
region of the sky and different frequencies. It is worth stre
ing that these high multipole data may still be affected
large systematic errors~see for example the consistency te
in Table 3 in Ref.@2#!, thus all conclusions relying on them
should still be taken with caution. This is especially true
view of the revised spectrum atl>300 from the Maxima-I
experiment, which gives the wide rangeVbh250.0325
60.0125@6#.

Nevertheless it is important, on the basis of the new d
now available, to undertake a detailed study of the comp
ibility of these data with SBBN. For this purpose we ha
performed, as in @14#, a likelihood analysis of
BOOMERanG/DASI CMBR data and SBBN in the param
eter space (Vbh2,Nn), with Nn the effective neutrino degree
of freedom, and indeed we find a very good agreement
particular the SBBN 95% C.L. region, corresponding toNn

52.860.3 and Vbh250.02060.004, has a large overla
with the analogous CMBR contour. This fact, if it will b
confirmed by future experiments on CMBR anisotropy, c
be seen as one of the greatest success, up to now, o
standard hot big bang model.

As a byproduct of our analysis we also comment on
possible primordial7Li depletion, which has already bee
discussed in the literature@21,23,24#. We find that a deple-
tion factor f 7;1/2–1/3 may reconcile observations from th
Spite plateau with the value ofVbh2.

SBBN is well known to provide strong bounds onNn . On
the other hand, Degenerate BBN~DBBN!, first analyzed in
Refs. @25–28#, gives very weak constraint on the effectiv
number of massless neutrinos, since an increase inNn can be
compensated by a change in both the chemical potentia
©2001 The American Physical Society11-1
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the electron neutrino,mne
5jeTn , andVbh2. However, com-

bining this scenario with the bounds on baryonic and rad
tion densities allowed by CMBR data, it is possible to obta
rather strong constraints onNn even for DBBN. From our
analysis we get the boundNn<7, at 95% C.L., when includ-
ing Supernovae Ia~SNIa! data, which translates into a ne
and more stringent bound on background neutrino chem
potentials.

Some caution is naturally necessary when comparing
effective number of neutrino degrees of freedom from BB
and CMBR, since they may be related to different physics
fact the energy density in relativistic species may cha
from the time of BBN (T;MeV) to last scattering (T
;eV). Specifically, if a neutrino has a mass in the ran
eV,m,MeV, and decays into sterile particles, like oth
neutrinos, majorons etc., with lifetimet(BBN),t
,t(CMBR), then the effective number of neutrinos
CMBR would be noticeably different than at BBN@29#.
However, this possibility does not look too natural a
longer, in view of the recent experimental results on neutr
oscillation @30,31#, showing that all active neutrinos ar
likely to have masses smaller than eV. One could inst
consider sterile neutrinos mixed with active ones, wh
could be produced in the early universe by scatterings
subsequently decay. However, for mixing angle large eno
to thermalize sterile neutrinos@32#, one needs a sterile t
active neutrino number density ratio ns /nn'4
3104sin22u (m/keV)(10.75/g* )3/2 of order unity @33# (u is
the mixing angle, andg* is the number of relativistic de
grees of freedom!. Hence using the decay time,t
'1020(keV/m)5/sin22u sec, one findst'1017(keV/m)4 yr,
which is much longer than the age of the Universe, so t
would certainly not have decayed att(CMBR). Seemingly a
sterile neutrino with mass of few MeV would have the rig
decay time, but this is excluded by standard BBN consid
ations @34,35#. Let us emphasize that even though the si
plest models allow to directly combine BBN and CMB
results, nevertheless one may consider more exotic scen
@36,18#, whereVbh2 changes between BBN and CMBR e
ochs, or quintessence, which would result in a change ofNn

between BBN and CMBR@37#.
The paper is organized as follows: Section II is devoted

a brief review of the data used in our analysis, which
contained in Sec. III. Finally in Sec. IV we give our concl
sions.

II. BBN AND CMBR DATA

A faithful estimate of primordial deuterium is provided b
Ly-a features in several quasar absorption systems~QAS! at
high red-shift (z>2). The most recent analysis of a fou
QAS sample givesD/H5(3.060.4)31025 @38#. A new
measurement has been also presented from observatio
the Q-2206-199 QAS, at red-shiftz.2, which givesD/H
5(1.6560.35)31025 @39#. We will comment on this resul
in our final discussion. As reference value we will use ho
ever the result quoted in@38#.

For the 4He mass fraction,YP , the key results come from
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the study of HII regions in blue compact galaxies. The m
complete and homogeneous sample has been analyze
Ref. @40#, giving the valueYP50.24460.002. A recent
study, however, has pointed out the presence of possible
tematic errors in inferring the total4He abundance due to
both imperfect ionization and nonuniform temperature dis
bution @41#, leading to a typical overestimation of (2 –4)%
of YP . This issue of course deserves a deeper study to
derstand if uncertainties in4He measurements are actual
dominated by systematic effects. Notice that in the extre
case, a value as low asYP50.234 may represent a new prob
lem for the very consistency of BBN scenario, in view of th
low D result of @38#. In what follows we will use with cau-
tion the result of Ref.@40# quoted above.

The estimate of7Li primordial abundance using the Spit
plateau can be spoiled by four possible systematic effe
@23#: ~a! galactic chemical evolution~GCE!, which is poorly
known; ~b! corrections for possible depletion of initial sta
surface abundance;~c! the very method of how7Li is ob-
tained from the Spite plateau;~d! presence of anomalou
stars in the samples. In particular the effect due to GCE w
long assumed to be negligible for metal poor stars in view
its apparent uniformity, but this has recently been questio
due to observation of some amount of Be. Furthermore, d
shows a statistically significant increase with Fe/H, as sho
in @23#, leading to a primordial lithium abundance7Li/H
5(1.2320.32

10.68)310210. Evidence for this effect was instea
missing in a previous analysis@42#, where it was found
7Li/H5(1.7360.21)310210. The effects~b! and ~c! have
also recently been studied in@24#, where it is pointed out tha
the Spite plateau can be well reproduced by models wit
strong diffusion effect, and would be a factor two lower th
the primordial abundance.

For these reasons, at present it is not appropriate to
clude 7Li in a likelihood analysis of BBN. As in@21#, we
will rather estimate from BBN prediction the depletion fact
f 757Liobs/7Li prim , using as a reference result the o
quoted in@23#.

The anisotropy power spectrum from BOOMERanG e
periment was estimated in 19 bins betweenl 575 and l
51025. Since the correlation matrix still is not public ava
able, we will assume these data points to be independent
have checked that the inclusion of a 10% correlation
tween the error bars does not affect our results. The d
provide evidence for the presence of 3 peaks atl;21029

15,
550212

18 , 840213
16 , with an amplitude of;72, 49 and 45mK

respectively@43#. We include a calibration uncertainty o
25% inDT2 and a Gaussian uncertainty of 1.48 in the beam.
Furthermore, since the signal at very high multipolesl
>850) could be severely affected by the presence of syst
atic effects, we apply a jackknife test repeating the analy
without these data points, finding no significant changes
our results. For the DASI data we include the window fun
tions and correlation matrices available on the correspond
web site@44#. We also include a 8% calibration error. The
is an;20% overlap of the two regions of the sky covered
the two experiments but we do not take this effect into
1-2
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count in our analysis. In fact we believe that this correlat
should not affect our conclusions, since our result appe
stable when removing the DASI data points. We sample
parameter space of the theoretical models in a similar wa
in @7#, with 0.003,Vbh2,0.05, 0.03,Vch

2,0.8, 0,VL

,1.0, 0.5,nS,1.5, 0,tc,0.4, but we restrict our analysi
to a flat universe, and we add a top-hat prior to the Hub
parameter,h50.6560.2.

III. LIKELIHOOD ANALYSIS

The likelihood analysis of the BBN data has been p
formed using the method already described in details in@16#.
To constrain the values of the parameter set (Nn ,Vbh2), for
SBBN, and (je ,Nn ,Vbh2), for the degenerate scenari
from the data on4He and D, we define the likelihood func
tion LBBN5LDL4He, where each likelihood function, assum
ing Gaussian distribution for the errors, is given by the ov
lap of a theoretical and experimental distribution,

Li5
1

2ps i
ths i

exE dX expH 2
~X2Yi

th!2

2 s i
th2 J

3expH 2
~X2Yi

ex!2

2 s i
ex 2 J . ~1!

TheYi
ex ands i

ex are the experimental results and 12s errors
for the i-th nuclide,Yi

th the theoretical predictions obtaine
by an updated BBN code developed over the past few y
@45,16#. Finally, the theoreticals i

th can be found by linear
propagation of the uncertainties of the various nuclear ra
entering in the nucleosynthesis reaction network@22#.

For the BOOMERanG and DASI experiments we a
proximated the likelihood function of the CMBR signal in
side the bins,CB , as a Gaussian variable. The likelihood f
a given cosmological model is then defined
22lnLCMBR5(CB

th2CB
ex)MBB8(CB8

th
2CB8

ex), where CB
th is

the theoretical signal.
As can be seen from Fig. 1, the dotted line, which rep

sents the 95% C.L. contour of SBBN, is in very good agr
ment with new CMBR data, and theVbh2 tension between
primordial nucleosynthesis and CMBR anisotropy seems
be completely solved. The constraint onVbh2(Nn) can be
obtained by marginalizing the total likelihood functionL
5LSBBN•LCMBR with respect toNn (Vbh2). By this proce-
dure we get the two estimatesVbh250.01960.003 andNn

52.860.4, both at 95%.
The result onNn beautifully suggests the simplest sc

nario of three light active neutrinos. It is therefore perfec
meaningful to fix from the very beginningNn53.034 @46–
49# ~see also@50# for a recent dicussion!, which leads to the
same interval forVbh2. In particular, forVbh250.019 the
nuclei abundances evaluate to D/H53.2631025, YP
50.2471 and7Li/H53.31310210.

Although SBBN seems to be in very good agreement w
the new CMBR data, providing a very strong constraint
the neutrino degrees of freedom, it relies on the theoret
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assumption that background neutrinos have neglig
chemical potential, as their charged lepton partners. E
though this hypothesis is perfectly justified by Occam raz
models have been proposed in the literature@19,51–57#
where large neutrino chemical potentials can be generate
is therefore an interesting issue for cosmology, as well as
our understanding of fundamental interactions, to try to c
straint the neutrino–antineutrino asymmetry from cosm
logical observables. It is well known that degenerate BB
gives severe constraints on the electron neutrino chem
potential,20.06<je<1.1, and weaker bounds on the on
of both m andt neutrino,ujm,tu<5.6–6.9@28#. This occurs
since electron neutrinos are directly involved in neutron
proton conversion processes which eventually fix the to
amount of4He produced in nucleosynthesis, whilejm,t only
enters via their contribution to the expansion rate of the u
verse. Combining this scenario with the bound on baryo
and radiation densities allowed by CMBR data, it is possi
to obtain rather stronger constraints on all these parame
Such an analysis was previously performed in@14,58# using
BOOMERanG and MAXIMA data of Refs.@1,3#. We recall
that neutrino chemical potentials contribute to the total n
trino effective degrees of freedomNn as

Nn531SaF30

7 S ja

p D 2

1
15

7 S ja

p D 4G1dn , ~2!

with dn the contribution of relativistic degrees of freedo
other than neutrinos and photons. Notice that, in order to
the most stringent bound onja we have to assume that a
relativistic degrees of freedom, other than photons, are gi
by three active~possibly! degenerate massless neutrinos,
dn50. Similarly the upper limit ondn can be obtained from
the results of our analysis in the casejm,t50. We stress that
in any case a value forNn noticeably different than three

FIG. 1. The 95% C.L. contours for degenerate BBN~dot-dashed
line!, new CMBR results only with age prior,t.11 Gyr ~full line!,
and only with SNIa prior~dashed line! are shown. The combined
analyses correspond to filled areas: DBBN1 CMBR 1 age~light
region!, DBBN 1 CMBR 1 SNIa ~dark region!. The dotted line is
the 95% C.L. contour of SBBN.
1-3
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doesrequire a nonvanishing chemical potential for electr
neutrinos, or more generally a nonthermal spectrum.

Figure 1 summarizes our main results for the DBBN s
nario. Defining DNn5Nn23, we plot in the plane
(DNn ,Vbh2) the 95% C.L. contour allowed by DBBN~dot-
dashed line!, together with the analogous 95% C.L. regio
coming from the CMBR data analysis, with only weak a
prior, t.11 Gyr ~full line!. Finally, the light filled region is
the 95% C.L. region of the joint product distributionL
[LDBBN•LCMBR. The main new feature, with respect to th
results of Ref.@14# is that the resolution of the third pea
shifts the CMBR likelihood contour towards smaller valu
for Vbh2, so, when combined with DBBN results, it single
out smaller values forNn . In fact from our analysis we ge
the boundNn<8, at 95% C.L., which translates into the ne
bounds20.01<je<0.25, and, fordn50, ujm,tu<2.9, no-
ticeably more stringent than what can be found from DBB
alone.

A similar analysis can be also performed combini
CMBR and DBBN data with the constraints on theVm

2VL plane from the Supernova Ia data@59#, which strongly
reduce the degeneracy betweenVm andV rad . At 95% C.L.
we find~dark filled region in Fig. 1! Nn<7, corresponding to
20.01<je<0.22 andujm,tu<2.6, for dn50. In the other
extreme scenario, where basically all extra contributions
Hubble parameter are given by extra relativistic species,
get dn<4.

Another possibility to break the degeneracy betweenVm

and VL , is to put priors on the age of the universet, as
pointed out in Ref.@58#. In Fig. 2 we show the normalize
likelihood functions for age priors oft.10,11, . . . ,14 Gyr,
using only CMBR data. It is clear that one needs the sligh
unrealistic prior oft.13 Gyr to get bounds stronger tha
DN<4, as obtained by the inclusion of SNIa data.

Recently Ref.@60# stressed the point that the inclusion
large scale structure data can provide a lower bound
DNn . In Ref. @60# SNIa data are not considered, neither
DBBN scenario; however, where comparison is possible,
results on upper bounds are in fair agreement with

FIG. 2. CMBR likelihoods for age priors oft.10,11, . . . ,14
Gyr.
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results.1 It is worth noticing once again that our rather stri
gent bound onNn is the outcome of the combined analysis
CMBR and DBBN. Each of the two corresponding likeli
hood contours in fact, taken separately, give a much wea
bound~see Fig. 1!.

As we mentioned in Sec. II, it has recently been stres
that depletion effects on7Li may be efficient in reducing the
primordial abundance down to the value observed in
Spite plateau. In Fig. 3 we plot the7Li depletion factorf 7,
defined as the ratio of the experimental value of Ref.@23#
and the theoretical estimate from our BBN code. Values
f 7 of the order of 1/2–1/3 cannot be ascribed to a statist
fluctuation in the star sample considered in@23#, but should
rather be understood by a careful analysis of all system
effects which we briefly reviewed in Sec. II.

There are some points we would like to address as fi
remarks. First of all we stress once again that further data
the third peak in the CMBR anisotropy spectrum are nee
to check for possible systematics. This is a crucial point fo
clean determination of the baryonic fraction, since discrim
nation between SBBN and DBBN, or SBBN and other th
oretical framework for light nuclei production, relies on bo
secondand third peak heights. In this respect we note t
good agreement between the BOOMERanG and DASI
sults.

As a second observation, we recall that we alrea
pointed out that a new measurement of primordialD has
been reported recently, leading to a weighted averageD/H
5(2.260.2)31025 @39#. Notice however that this new re
sult is rather incompatible with the previous estimation
suggesting that a naive average of all results may be m
ingless. This fact motivates our choice of using the data
ported in Ref.@38#. The data spread may be a signal of u
clear systematics in Deuterium abundance and further stu
are needed in order to clarify this issue.

1A study of the effects of large neutrino asymmetries on CMBR1
large scale structures has also been performed in Ref.@61#, where
the compatibility with DBBN for mn&1 eV has been analyzed
Their results refer to a critical universe with no cosmological co
stant.

FIG. 3. The 7Li depletion factor, defined as the ratio betwee
the experimental and theoretical values.
1-4
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IV. CONCLUSIONS

It is a great success of cosmology and astrophysical
servations that severe constraints can be put on the num
of neutrino degrees of freedom and, more generally, of li
particle species which were relativistic at the epoch of
combination. Of course this is a fundamental piece of inf
mation for the whole microscopic theory of fundamental
teractions. The increasing precision in measurements
primordial abundances of light nuclei, and the impress
progress in measuring the CMBR anisotropy, are conspi
to give us a very precise determination ofNn . Despite of the
conservative expectation of three, light, active neutrin
largely nondegenerate, it should be stressed that many o
scenarios have been considered in the literature, base
theoretical ideas which, going beyond the standard mo
try to grasp possible extension of our knowledge of fun
mental interactions at higher energy. It is really exciting th
along with customary accelerator physics, we have at ha
severe way to scrutinize these models by cosmological m
surements.

In this paper we have studied in details the implications
the new BOOMERanG and DASI data on CMBR anisotro
D

.
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for the estimation of the baryonic energy density fractio
compared with the predictions of standard BBN, in the p
rameter spaceVbh22Nn . Observation of the third peak a
multipole l;850 turned into a sensible improvement of t
compatibility of the two independent ways of constraini
Vb , and single out the valuesVbh250.01960.003, and
Nn52.860.4, both at 2s.

We have also considered the scenario of a degenerate
trino background, which strongly affects primordial nucl
production. The new CMBR BOOMERanG and DASI da
lead to a new and stronger constraint on the effective r
tivistic degrees of freedom,Nn<8 ~only weak age prior!, or
Nn<7 ~with only SNIa prior!, both at 95% C.L., which
bounds more severely the neutrino chemical potenti
ujm,tu<2.9, and 20.01<je<0.25, and ujm,tu<2.6, and
20.01<je<0.22, respectively.
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