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Cosmological implications of a relic neutrino asymmetry
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We consider some consequences of the presence of a cosmological lepton asymmetry in the form of
neutrinos. A relic neutrino degeneracy enhances the contribution of massive neutrinos to the present energy
density of the Universe, and modifies the power spectrum of radiation and matter. Comparing with current
observations of cosmic microwave background anisotropies and large-scale structure, we derive some con-
straints on the neutrino degeneracy and on the spectral index in the case of a flat universe with a cosmological
constant.@S0556-2821~99!03222-1#

PACS number~s!: 98.80.Cq, 14.60.St, 98.80.Es
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I. INTRODUCTION

It is generally assumed that our Universe contains an
proximately equal amount of leptons and antileptons. Lep
asymmetry would be of the same order as baryon asym
try, which is very small as required by big bang nucleosy
thesis~BBN! considerations. The existence of large lept
asymmetry is restricted to be in the form of neutrinos fro
the requirement of universal electric neutrality, and the p
sibility of large neutrino asymmetry is still open. From
particle physics point of view, lepton asymmetry can be g
erated by an Affleck-Dine mechanism@1# without producing
large baryon asymmetry~see Ref.@2# for a recent model! or
even by active-sterile neutrino oscillations after the el
troweak phase transition~but in this last case, it might not b
of order unity! @3#. This lepton asymmetry can postpon
symmetry restoration in nonsupersymmetric or supers
metric models@4# ~note that this is also true for other charg
@5#!.

In this paper we study some cosmological implications
relic degenerate neutrinos.1 We do not consider any specifi
model for generating such an asymmetry, and just ass
that it was created well before neutrinos decoupled from
rest of the plasma. An asymmetry of order 1 or larger c
have crucial effects on the global evolution of the Univer
Among other effects, it changes the decoupling tempera
of neutrinos, the primordial production of light elements
BBN, the time of equality between radiation and matter,
the contribution of relic neutrinos to the present energy d
sity of the Universe. The latter changes affect the evolut
of perturbations in the Universe. We focus on anisotropie
the cosmic microwave background~CMB! and on the distri-
bution of large-scale structure~LSS!. We calculate the powe
spectrum of both quantities, in the case of massless dege
ate neutrinos, and also for neutrinos with a mass of 0.07
as suggested to explain the experimental evidence of a
spheric neutrino oscillations at Super-Kamiokande@6#. The

*Email address: lesgour@sissa.it
†Email address: pastor@sissa.it
1Here, by degeneracy, we mean that there exists large neut

antineutrino asymmetry, or vice versa, and not a degeneracy in
mass sense.
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cosmological implications of neutrinos with such a sm
mass are known to be very small, but we will see that t
conclusion is modified if a large neutrino degeneracy exi
We also include in our analysis the possibility that the dom
nant contribution to the present energy density in the U
verse is due to a cosmological constantVL;0.6– 0.7, keep-
ing the Universe flat (V01VL51), as suggested by recen
observations~see@7# and references therein!.

The effect of neutrino degeneracy on the LSS power sp
trum was studied in Ref.@8# as a way of improving the
agreement with observations of mixed dark matter mod
with eV neutrinos, in the case of high values of the Hubb
parameter. Also, Adams and Sarkar@9# calculated the CMB
anisotropies and the matter power spectrum, and comp
them with observations in theVL50 case for massless de
generate neutrinos. More recently, Kinney and Riotto@10#
also calculated the CMB anisotropies for massless dege
ate neutrinos in theVL50.7 case.

This paper is organized as follows. In Sec. II, we calcul
the contribution of massive degenerate neutrinos to
present energy density of the Universe. In Sec. III, we
plain how to calculate the power spectra, with the help of
codeCMBFAST @11#. In Sec. IV, we discuss the effect of th
degeneracy on CMB anisotropies and the matter power s
trum, both for massless neutrinos andmn50.07 eV. Finally,
in Sec. V, we derive some constraints on the neutrino deg
eracy from CMB and LSS data in the particular case of a
universe with an arbitrary cosmological constant and
standard values of other cosmological parameters.

II. ENERGY DENSITY OF MASSIVE DEGENERATE
NEUTRINOS

The energy density of one species of massive degene
neutrinos and antineutrinos, described by the distribut
functions f n and f n̄ , is ~here and throughout the paper w
use\5c5kB51 units!

rn1rn̄5E d3pW

~2p!3
En@ f n~p!1 f n̄~p!#

5
1

2p2E0

`

dp p2Ap21mn
2@ f n~p!1 f n̄~p!#, ~1!

o-
he
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valid at any moment. Herep is the magnitude of the three
momentum andmn is the neutrino mass.

When the early Universe was hot enough, neutrinos w
in equilibrium with the rest of the plasma via weak intera
tions. In that case the distribution functionsf n and f n̄

changed with the Universe expansion, keeping the form
Fermi-Dirac distribution,

f n~p!5
1

expS p

Tn
2

m

Tn
D11

, f n̄~p!5
1

expS p

Tn
1

m

Tn
D11

.

~2!

Herem is the neutrino chemical potential, which is nonze
if a neutrino-antineutrino asymmetry has been previou
produced. Later the neutrinos decoupled when they were
relativistic,2 and from that moment the neutrino momen
just changed according to the cosmological redshift. Ifa is
the expansion factor of the Universe, the neutrino mom
tum decreases, keepingap constant. At the same time th
neutrino degeneracy parameterj[m/Tn is conserved, with a
value equal to that at the moment of decoupling. Theref
one can still calculate the energy density of neutrinos n
from Eqs. ~1! and ~2!, replacingm/Tn by j and p/Tn by
p/(ynT0), whereT0.2.726 K andyn is the present ratio o
neutrino and photon temperatures, which is not unity beca
once decoupled the neutrinos did not share the entropy tr
fer to photons from the successive particle annihilations
occurred in the early Universe. In the standard case,
massless nondegenerate neutrinos decoupled just befor
electron-positron pairs annihilated to photons, from wh
one gets the standard factoryn5(4/11)1/3.

In the presence of a significant neutrino degeneracyj the
decoupling temperatureT(j) is higher than in the standar
case @12,13#. The reaction rateG of the weak processes

2Unless the neutrino mass is comparable to the decoupling
perature,O(mn);1 MeV.

FIG. 1. Present energy density of massive degenerate neut
as a function of the degeneracyj. The curves correspond to differ
ent values ofh2Vn and the horizontal line is the upper bound fro
Eq. ~6!.
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which keep the neutrinos in equilibrium with the other sp
cies, is reduced because some of the initial or final neutr
states will be occupied. The authors of Ref.@13# used the
Boltzmann equation to calculateG for the processnd

1 n̄d↔e11e2 ~here nd denotes degenerate neutrinos!, in-
cluding the corresponding Fermi blocking factors. It w
found that the neutrino decoupling temperature isTdec(j)
'0.2j2/3exp(j/3) MeV ~for nm or nt). Therefore, if j is
large enough, the degenerate neutrinos decouple before
temperature of the Universe drops below the different m
thresholds, and are not heated by the particle-antiparticle
nihilations. The ratio of neutrino and photon temperature
thus reduced accordingly.

The present contribution of these degenerate neutrino
the energy density of the Universe can be parametrized
rn5104h2Vn eV cm23, where Vn is the neutrino energy
density in units of the critical densityrc53H2M P

2 /8p, M P

51.2231019 GeV is the Planck mass, andH
5100h Km s21 Mpc21 is the Hubble parameter. The valu
of rn can be calculated as a function of the neutrino m
and the neutrino degeneracyj or, equivalently, the presen
neutrino asymmetryLn defined as the following ratio o
number densities:

Ln[
nn2nn̄

ng
5

1

12z~3!
yn

3@j31p2j#. ~3!

We show3 in Figs. 1 and 2 the contours in the (mn ,Ln) and
(mn ,j) planes that correspond to some particular values
h2Vn . One can see from the figures that there are two lim
massive nondegenerate neutrinos and massless degen
neutrinos. The first case corresponds to the vertical lin
when one recovers the well-known bound on the neutr
massmn&46 eV forh2Vn50.5. On the other hand, for ver
light neutrinos, the horizontal lines set a maximum value
the neutrino degeneracy that would correspond to a pre
neutrino chemical potentialm0&7.431023 eV, also for

-3Here we assumej.0, but the results are also valid forj,0
provided thatj andLn are understood as moduli.

os FIG. 2. Same as Fig. 1 for the neutrino asymmetryLn .
1-2
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COSMOLOGICAL IMPLICATIONS OF A RELIC . . . PHYSICAL REVIEW D 60 103521
h2Vn50.5. In the intermediate region of the figures the ne
trino energy density isrn.mnnn(j) and the contours follow
roughly the relations

LnS mn

eVD.24.2h2Vn ,

~p2j1j3!S mn

eVD.
350

yn
3

h2Vn . ~4!

A similar calculation has been recently performed in R
@14#. However, the difference between neutrino and pho
temperatures was not properly taken into account for largj.
It was argued that, since the number density of highly deg
erate neutrinos is larger than in the nondegenerate case
neutrinos would have been longer in thermal contact w
e1e2, therefore sharing with photons the entropy relea
However, this is not the case@13# as we discussed before.

The presence of a neutrino degeneracy can modify
outcome of big bang nucleosynthesis~for a review see@15#!.
First a larger neutrino energy density increases the expan
rate of the Universe, thus enhancing the primordial ab
dance of4He. This is valid for a nonzeroj of any neutrino
flavor. In addition, if the degenerate neutrinos are of elect
type, they have a direct influence over the weak proces
that interconvert neutrons and protons. This last effect
pends on the sign ofjne

. Both effects may be simultaneous
important and it could be possible in principle to explain t
observed primordial abundances with a large baryon den
VBh2'1 @12,13#. However, this possibility is ruled out b
the fact that in that case our Universe would have been
diation dominated during a longer period and the obser
large-scale structure would be difficult to explain. Fro
BBN one gets the constraint@13#

20.06&jne
&1.1, ~5!

while a sufficiently long matter-dominated epoch requires

ujnm ,nt
u&6.9. ~6!

This estimate from@13# agrees with our analysis in Sec. V
Assuming that the degenerate neutrinos arenm or nt , this
places a limit on the degeneracy as shown by the horizo
line in Figs. 1 and 2.

III. POWER SPECTRA CALCULATION

We compute the power spectra of CMB anisotropies a
large-scale structure using the Boltzmann codeCMBFAST by
Seljak and Zaldarriaga@11#, adapted to the case of one fam
ily of degenerate neutrinos (n, n̄), with massmn and degen-
eracy parameterj. Let us first review the required modifica
tions. We use the notation of Ma and Bertschinger@16#, and
for all issues not specific to our case, we refer the reade
this review.

Background quantities can be rewritten in terms of t
dimensionless parameters (M , Q)
10352
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M5
mn

Tn0
5

mn~eV!

8.6170310253~4/11!1/3 T0~K!
, Q5

ap

Tn0

~7!

@we are assumingyn5(4/11)1/3, and thereforej<12 @13#;
the scale factor is defined so thata51 today#. For Super-
Kamiokande neutrinos withmn50.07 eV,M.417. We then
get, for the mean density, pressure, and phase-space dis
tions,

r̄n1 r̄ n̄5
Tn

4

2p2E Q2dQAQ21a2M2@ f n~Q!1 f n̄~Q!#,

P̄n1 P̄n̄5
Tn

4

6p2E Q2dQ
Q2

AQ21a2M2
@ f n~Q!1 f n̄~Q!#, ~8!

f n~Q!5
1

eQ2j11
, f n̄~Q!5

1

eQ1j11
.

In the case of massive degenerate neutrinos, these inte
must be calculated for each value of the scale factor, and
at the beginning of the code in order to findVn today. On the
other hand, for massless neutrinos, there is an exact ana
solution

r̄n1 r̄ n̄53~ P̄n1 P̄n̄ !5
7

8

p2

15
Tn

4F11
30

7 S j

p D 2

1
15

7 S j

p D 4G .
~9!

So, if we define an effective number of massless neutr
families,Ne f f[3130/7(j/p)2115/7(j/p)4, the mean den-
sity and pressure for all neutrinos will be given by these o
for one massless nondegenerate family, multiplied byNe f f .

Let us now consider perturbed quantities. We defineCn

andCn̄ , the perturbations of the phase-space distribution
n and n̄, through

d f n~xW ,Q,n̂,t!5 f n~Q!Cn~xW ,Q,n̂,t!,

d f n̄~xW ,Q,n̂,t!5 f n̄~Q!Cn̄~xW ,Q,n̂,t! ~10!

(n̂ is the momentum direction:pW [pn̂). For our purpose,
which is to integrate the linearized Einstein equations, it c
be shown that only the following linear combination is re
evant:

C[
f nCn1 f n̄Cn̄

f n1 f n̄

. ~11!

Using the Boltzmann equations forCn and Cn̄ , it is
straightforward to show that the evolution ofC @in Fourier
space and in the synchronous gauge; see@16#, Eq. ~40!#
obeys
1-3
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]C

]t
1 i

Q

AQ21a2M2
~kW•n̂!C1

d ln~ f n1 f n̄ !

d ln Q

3F ḣ2
ḣ16ḣ

2
~ k̂•n̂!2G50. ~12!

This equation depends onj only through the last term, which
is the gravitational source term.

In the casej50, the quantity @d ln(fn)/d ln Q# has a
simple interpretation: it is theQ dependence of a Planckia
perturbation of the phase-space distribution. In other wo
a shift of the blackbody temperatureDT/T(xW ,n̂,t) corre-
sponds to a perturbation

C~xW ,Q,n̂,t!52
DT

T
~xW ,n̂,t!

d ln~ f n!

d ln Q
. ~13!

Since the gravitational source term in the Boltzmann eq
tion is proportional to this quantity, the Planckian shape
unaltered for massless neutrinos and also for massive ne
nos when they are still relativistic@indeed, whenQ2

@a2M2, the Q dependence of the Boltzmann equation~12!
vanishes in the second term, and remains only in the t
term#. When jÞ0, the source term in Eq.~12! is propor-
tional to

d ln~ f n1 f n̄ !

d ln Q
52

Q~11chj chQ!

~chj1e2Q!~chj1chQ!
. ~14!

When neutrinos are still relativistic,C is proportional to this
quantity, even if it cannot be simply interpreted in terms
blackbody temperature perturbations.

We can now specify all the changes required inCMBFAST,
first in the case of massive degenerate neutrinos. As usuaC
can be expanded in a Legendre series:C5( l 50

` (2 i ) l(2l
11)C l Pl . It is easy to show that for each multipoleC l , the
evolution equation and the initial condition are both identi
to those of the nondegenerate case, provided that we rep
@d ln(fn)/d ln Q# by Eq.~14!. So, in summary, one only need
to modify the homogeneous phase-space distribution,
logarithmic derivative with respect toQ, and the initial cal-
culation ofVn . Also, in order to obtain a good precision
the CMB anisotropy spectra, one must setl 55 for the num-
ber of multipolesC l to be time integrated. For transfer fun
tions, the valuel 525 proposed by the code is sufficient.

In the case of massless degenerate neutrinos, the situ
is even simpler. TheQ dependence of the Boltzmann equ
tion can be integrated away, just like in the nondegene
case. For this purpose, we must introduce theQ-independent
variableFn ,

Fn~kW ,n̂,t![
E Q3dQ~ f n1 f n̄ !C

E Q3dQ~ f n1 f n̄ !

[(
l 50

`

~2 i ! l~2l 11!Fn l Pl ,

~15!

and integrate by part the last term in Eq.~12!. The multipoles
Fn l are exactly identical for degenerate and nondegene
10352
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massless neutrinos, because they share the same evo
equations and initial conditions. So the effect ofj arises only
through the background quantities in Eq.~8! and is com-
pletely described by introducing an effective number
massless neutrinos.

IV. RESULTS

First, as a consistency check, we compute CMB aniso
pies and transfer functions for different values ofj, choosing
a very small massmn<0.001 eV. We check that the resul
match exactly those obtained with the unmodified version
CMBFAST, when the appropriate effective neutrino numb
Ne f f is specified.

The effect ofj andmn on the CMB anisotropy spectrum
can be seen in Fig. 3. We choose a set of cosmological
rameters (h50.65, Vb50.05, VL50.70, VCDM512Vb
2Vn2VL , Qrms-ps518 mK, flat primordial spectrum, no
re-ionization, no tensor contribution!, and we varyj from 0
to 5, both in the case of massless degenerate neutrinos~solid
lines! and degenerate neutrinos withmn50.07 eV ~dashed
lines!. Let us first comment on the massless case. The m
effect ofj is to boost the amplitude of the first peak.4 Indeed,

4In fact, this is not true for very large values ofj. In such cases,
recombination can take place still at the end of radiation domi
tion, and anisotropies are suppressed. For our choice of cosmo
cal parameters, this happens forj*7, but in such a case the loca
tion of the first peak isl *450, and the matter power spectrum
strongly suppressed.

FIG. 3. CMB anisotropy spectrum for different models with o
family of degenerate neutrinos. Solid lines account for the cas
massless degenerate neutrinos and correspond, from bottom to
to j50,3,5. Dashed lines correspond to degenerate neutrinos
massmn50.07 eV. Other parameters are fixed toh50.65, Vb

50.05, VL50.70, VCDM512Vb2Vn2VL , Qrms-ps518 mK,
n51. We neglect re-ionization and tensor contribution.
1-4
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COSMOLOGICAL IMPLICATIONS OF A RELIC . . . PHYSICAL REVIEW D 60 103521
increasing the energy density of radiation delays mat
radiation equality, which is known to boost the acous
peaks@17# ~the same explanation holds for the effect ofVL

in flat models!. For the same reason, all peaks are shifted
higher multipoles, by a factor @(11aeq /a* )1/2

2(aeq /a* )1/2#21 @17# (aeq is the scale factor at equality
and increases withj, while the recombination scale facto
a* is almost independent of the radiation energy densi!.
Secondary peaks are then more affected by diffusion da
ing at largel, and their amplitude can decrease withj.

In the case of degenerate neutrinos withmn50.07 eV, the
results are quite similar in a first approximation. Indeed,
effects described previously depend on the energy densi
neutrinos at equality. At that time, they are still relativis
and identical to massless neutrinos with equal degene
parameter. However, with a large degeneracy,Vn today be-
comes significant: forj55, one hasVn50.028, i.e., the
same order of magnitude asVb . Since we are studying fla
models,Vn50.028 must be compensated by fewer baryo
cold dark matter~CDM!, or VL . In our example,Vb and
VL are fixed, whileVCDM slightly decreases. This explain
the small enhancement of the first peak compared to
massless case. Even if this effect is indirect, it is neverthe
detectable in principle~even if one does not impose the fla
ness condition, the effect ofVn will be visible through a
modification of the curvature!. In Fig. 3, for j50, the first
peak maximum is enhanced by only 0.37%, while forj
55, there is an increase of 3.4%, detectable by the fu
satellite missions the Microwave Anistropy Probe~MAP!
and Planck, unless there are large parameter degenerac
is well known that such degeneracies are generally remo
when CMB and LSS data are combined for parameter ext
tion @18#.

We plot in Fig. 4 the power spectrumP(k) for the same
models as in Fig. 3, normalized on large scales to the Cos

FIG. 4. Present power spectrum of matter density, for the sa
parameters as in the previous figure. From top to bottom, tj
50,3,5.
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Background Explorer~COBE!. The effect of both parameter
j and mn is now to suppress the power on small scal
Indeed, increasingj postpones matter-radiation equality, a
lowing less growth for fluctuations crossing the Hubble
dius during radiation domination. Adding a small mass
fects the recent evolution of fluctuations, and has now
direct effect: when the degenerate neutrinos become non
ativistic, their free streaming suppresses the growth of fl
tuations for scales within the Hubble radius. For nondeg
erate neutrinos, this effect is known to reduce the power
those scales by a relative amountDP/P;8Vn /V0 @19# ~we
introducedV0512VL). So, even withmn50.07 eV and
j50, it is significant, especially at lowV0. In the models of
Fig. 4, P(k) decreases by;5%, in agreement with the the
oretical prediction (Vn51.831023, V050.3). However, at
j55 ~i.e., Vn50.028), this effect is even larger:P(k) de-
creases by a factor of 2.2, instead of an expected 1.7.
effect is likely related to the phase-space distribution of n
trinos with a chemical potential: their average momentum
shifted to larger values, making the free-streaming supp
sion mechanism even more efficient.

Let us compare our results with those of previous wor
The effect ofj on the CMB for massless neutrinos andVL

50 is the same as that one found in@9#. We also agree with
the revised results in@10#.

V. COMPARISON WITH OBSERVATIONS

Since the degeneracy increases dramatically the ampli
of the first CMB peak, we expect largej values to be disfa-
vored in the case of cosmological models known to predic
fairly high peak. On the other hand, a highj is likely to be
allowed~or even favored! for models that predict systemat
cally a low peak, unless a large scalar spectral indexn
>1.2 ~blue tilt! is invoked. For instance, the degeneracy
likely to be favored by~i! a large contribution of tensor per
turbations,~ii ! a significant effect from re-ionization,~iii ! a
low baryon density,~iv! a largeh (h>0.7), ~v! flat models
with VL<0.6, etc. For such models, the peak amplitude c
be boosted byj, keepingn close to 1, which is more natura
from the point of view of inflation. However, a careful cas
by-case analysis is required, since the effects ofj andn on
CMB and LSS spectra are far from being equivalent. O
goal here is not to explore systematically all possibilities, b
to briefly illustrate howj can be constrained by current ob
servations for flat models with different values ofVL . Re-
cent results from supernovas@20#, combined with CMB con-
straints, favor flat models withVL;0.620.7 @7#.

We choose a flat model withh50.65, Vb50.05,
Qrms-ps518 mK, no re-ionization, and no tensor contribu
tion, and look for the allowed region in the space of fr
parameters (VL ,j,n). The allowed region will not be de
fined using a maximum likelihood analysis, but with th
more conservative technique called ‘‘concordance’’
Wanget al. @21#, which consists in taking the intersection o
regions allowed by each experiment.

For simplicity, we take into account only a few con
straints on the matter power spectrum, known to be repre
tative of the large amount of available data: the value ofs8

e

1-5
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FIG. 5. LSS and CMB constraints in (j, n)
space, for different choices ofVL : from top left
to bottom right,VL50,0.5,0.6,0.7. The underly
ing cosmological model is flat, withh50.65,
Vb50.05,Qrms-ps518 mK, no re-ionization, no
tensor contribution. The allowed regions a
those where the labels are. For LSS constrain
we can distinguish between degenerate neutri
with mn50 ~solid lines! and mn50.07 eV ~dot-
ted lines!.
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~the variance of mass fluctuations in a sphere of radiuR
58h21 Mpc! given for flat models in@22#, at 95% confi-
dence level~C.L.!;5 a x2 comparison with the STROMLO
APM redshift survey@24#, at scales well within the linea
regime, also with 95% CL;6 and finally, the constraint on
bulk velocity atR550h21 Mpc @25#, taking into account the
cosmic variance. Except for the updateds8 constraint, we
use exactly the same experimental tests as in@26#, and refer
the reader to this paper for details. For CMB data, we p
form ax2 analysis based on 19 experimental points and w
dow functions, taking into account the Saskatoon calibrat
uncertainty, in the way suggested by@27#. The list of data
that we use is given in@26#, and again allowed regions co
respond to 95% C.L.7 We do not take into account the mo
recent experiments, for which window functions are still u
published; they are anyway in good agreement with the d
considered here.

We plot in Fig. 5 the LSS- and CMB-allowed regions
(j, n) parameter space, corresponding toVL

50,0.5,0.6,0.7. ForVL50.5– 0.7, the LSS window jus
comes out ofs8 limits. ForVL50, the lower LSS constrain
is from s8 and the upper one from APM data. In the case
degenerate neutrinos withmn50.07 eV, the windows are

5The Viana-Liddle result@22# is in very good agreement with a
independent derivation by Girardiet al. @23#.

6This confidence level stands for the goodness of fit of the mo
whenx2 is greater than some value, the probability that we find
observed data set, assuming the model to be valid, is smaller
5%. For the APM data, we have 9–3 degrees of freedom~DOF!,
and the limiting value is found in numerical tables to bex2

512.5.
7Here we have 19– 3 DOF; the 95% C.L. is given byx2526.
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slightly shifted at largej, since, as we saw, the effect ofj is
enhanced~dotted lines in the figure!. The CMB-allowed re-
gions do not show this distinction, given the smallness of
effect and the imprecision of the data. One can immedia
see that LSS and CMB constraints onn are shifted in the
opposite direction withj: indeed, the effects ofj andn both
produce a higher CMB peak, while to a certain extent th
compensate each other inP(k). So, forVL50.7, a case in
which a power spectrum normalized to both COBE ands8
yields a too high peak,8 a neutrino degeneracy can only ma
things worst. On the other hand, forVL50.5– 0.6, a good
agreement is found up toj.3.

Let us finally consider theVL50 case in which, after
COBE normalization of the power spectrum, there is a we
known discrepancy between the amplitude required bys8
and the shape probed by redshift surveys: these two c
straints favor different values ofn. We find that the neutrino
degeneracy can solve this problem withj*3.5; however, the
allowed window is cut atj.6 by CMB data, and we are lef
with an interesting region in whichV051 models are viable.
This result is consistent with@9#. However, current evidence
for a low V0 Universe@20,28# is independent of the con
straints used here, so there are not much motivation at
moment to consider this window seriously.

VI. CONCLUSIONS

We have considered some cosmological implications o
large relic neutrino degeneracy. We have shown that
l:
e
an

8At least, for the values of the other cosmological paramet
considered here. This situation can be easily improved, for insta
with h50.7.
1-6
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degeneracy enhances the contribution of massive neutr
to the present energy density of the Universe. For insta
neutrinos with a small massmn;1022 eV can contribute
significantly toV0, provided that there is a large neutrin
antineutrino asymmetry.

Our main result is the computation of the power spectra
CMB anisotropies and matter density in presence of a n
trino degeneracy. We found, in agreement with@9#, that it
boosts the amplitude of the first CMB peak, shifts the pe
to larger multipoles, and supresses small-scale matter
tuations. These effects follow the increase of neutrino ene
density, which delays matter-radiation equality.

We extended the calculation to the case of massive de
erate neutrinos, and showed the results for a mass of 0.07
as suggested by the Super-Kamiokande experiment.
mass has a small effect on CMB anisotropies. Indeed, s
light neutrinos are still relativistic at recombination, but
the presence of a degeneracy, they can account for a sub
tial part of the density today, of orderVn;1022. Also, we
showed that small-scale matter fluctuations are much m
suppressed when the degenerate neutrinos are massive
cause the free streaming of non-relativistic neutrinos is m
efficient when their average momentum is boosted by
chemical potential.

We compared our results with observations, in the
stricted case of a flat universe with arbitrary (VL ,j,n) and
fixed values of other cosmological parameters. We fou
al
tri
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that for VL.0.5– 0.6, a large degeneracy is allowed, up
j.3. However, this upper bound is smaller than the va
j.4.6 needed to explain the generation of ultrahigh-ene
cosmic rays by the annihilation of high-energetic neutrin
on relic neutrinos with massmn50.07 eV@29#. We also tried
smaller values ofVL , even if they are not favored by com
bined CMB and supernova data. It turns out that a la
degeneracy can account for both CMB and LSS constra
even with V051, provided that 3.5<j<6. This analysis
could be extended to other cosmological models. For
stance, the degeneracy is likely to be compatible with a la
contribution of tensor perturbations to large-scale CM
anisotropies.

Finally, it turns out that the degeneracy parameter and
mass of degenerate neutrinos have effects within the leve
detectability of future CMB observations and redshift su
veys, even withmn;0.07 eV. However, a careful analys
should be performed in order to detect possible param
degeneracy betweenj, mn and other cosmological param
eters.
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