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We reanalyze the cosmological constraints on the existence of a net universal lepton asymmetry and neutrino
degeneracy based upon the latest high resolution CMB sky maps from BOOMERANG, DASI, and
MAXIMA-1. We generate likelihood functions by marginalizing over (Vbh

2,jnm,t
,jne

,VL ,h,n) plus the cali-
bration uncertainties. We consider flatVM1VL51 cosmological models with two identical degenerate neu-
trino species,jnm,t

[ujnm
u5ujnt

u and a smalljne
. We assign weak top-hat priors on the electron-neutrino

degeneracy parameterjne
andVbh2 based upon allowed values consistent with the nucleosynthesis constraints

as a function ofjnm,t
. The change in the background neutrino temperature with degeneracy is also explicitly

included, and Gaussian priors forh50.7260.08 and the experimental calibration uncertainties are adopted.
The marginalized likelihood functions show a slight (0.5s) preference for neutrino degeneracy. Optimum
values with two equally degeneratem andt neutrinos implyjnm,t

51.021.0(0.5s)
10.8(1s) , from which we deducejne

50.0920.09
10.15, andVbh250.02120.002

10.06 . The 2s upper limit becomesjnm,t
<2.1, which impliesjne

<0.30, and
Vbh2<0.030. For only a single large-degeneracy species the optimal value isujnm

u or ujnt
u51.4 with a 2s

upper limit of ujnm
u or ujnt

u<2.5.

DOI: 10.1103/PhysRevD.65.123504 PACS number~s!: 98.80.Cq, 11.30.Fs, 14.60.St, 98.80.Es
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I. INTRODUCTION

The present relic neutrino number asymmetry is not
rectly observable. Hence, there is no firm experimental b
for postulating that the lepton number for each specie
zero. Charge neutrality, however, demands that any unive
net lepton number beyond the net baryon number must re
entirely within the neutrino sector. It has been suggested
the total lepton number could be large in the context of
SU(5) andSO(10) grand unified theories@1–4#, or super-
symmetric baryogenesis@5–7# based upon the Affleck-Dine
scenario@8#. Such mechanisms might generate lepton nu
ber asymmetry up to ten orders of magnitude larger than
baryon number asymmetry. Furthermore, even if one
mands thatB2L'0, it is possible for the lepton numbersLl
of individual neutrino species to be large compared to
baryon number of the universe,B, as long as the net tota
lepton number is small.

Moreover, there presently exists at least some marg
cosmological evidence for neutrino asymmetry. For exam
neutrinos with large lepton asymmetry and mas
;0.07 eV might be required to explain the existence of c
mic rays with energies in excess of the Greisen-Zatse
Kuzmin cutoff @9,10#. Also, degenerate, massive~2.4 eV!
neutrinos might be required@11# to provide a good fit to the
power spectrum of large scale structure in mixed dark ma
models. It is thus important to carefully scrutinize the lim
which cosmology places on the allowed values of a poss
universal lepton asymmetry. Indeed, a number of recent
pers@12–23# have addressed this issue with varying degr
of complexity. The present work differs from those in seve
details as summarized below. It represents an indepen
examination of this issue.
0556-2821/2002/65~12!/123504~7!/$20.00 65 1235
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II. PRESENT APPROACH

In a recent paper@24# we considered new constraints im
posed on neutrino degeneracy from primordial nucleosyn
sis. Particular attention was paid to the neutrino decoup
temperatures before the nucleosynthesis epoch. Of relev
to the present work is that we have shown that neutrinos
decouple at a higher temperature than estimated in ea
studies@25#. This means that more particle degrees of fre
dom could be present at neutrino decoupling. This causes
relic neutrino temperature to be lower by simple entro
considerations. A smaller relic neutrino energy density i
plies that larger neutrino degeneracies may be allowed.
example, we have shown that interesting regions of
model parameters for big-bang nucleosynthesis~BBN! are
allowed such that substantial lepton asymmetry and bar
density ~evenVbh2'1 whereh is the present value of the
Hubble constant in units of 100 km sec21 Mpc21) are pos-
sible while still satisfying the adopted abundance constra
from primordial nucleosynthesis.

A stronger constraint, however, on lepton asymme
comes from the power spectrum of fluctuations in the cos
microwave background~CMB! which we now address in the
present paper. We apply a likelihood analysis of neutrin
degenerate models to the combined latest BOOMERA
@26#, DASI @27# and MAXIMA-1 @28# results. We note, how-
ever, that a recent analysis@29# of the implications of neu-
trino oscillations derived from a combination of the atm
spheric, and solar neutrino constraints implies much tigh
limits on degeneracy for all neutrino flavors. If neutrino o
cillation parameters are in the range of the large mix
angle solution then an upper limit ofujn i

u&0.07 applies to all
©2002 The American Physical Society04-1
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neutrino flavors. The limits derived here do not assume
particular model for neutrino mixing, and should be taken
independent of, and complementary to, those constraints

The implications of the CMB data for neutrino-degener
cosmologies have been noted in a number of recent pa
@16–23#. The constraints on the effective number of relat
istic particles can also arise in other contexts, such as cos
quintessence@30,31#. The present work, however, differ
from those in several respects. For one, we consider the m
recent combined data sets, not just the first year BOOME
ANG data as in@16,17# and generate a marginalized likel
hood function for the neutrino degeneracy and other cos
logical parameters. Many of the existing studies ha
marginalized over a more limited set of cosmological para
eters. For example, in@19# only Vbh

2 and and neutrino de
generacy were marginalized to set limits while other cosm
logical parameters were set to various fixed values. In@17#,
for example, no likelihood analysis was made. In@16# a like-
lihood analysis was made but without window functions.

For the present work we use the updatedRADPACK pack-
age@32# described below which includes all relevant windo
functions. Another difference between our analysis and o
works is that our marginalization utilizes a global minimu
search algorithm@33# rather than a discrete grid of cosm
logical parameters. Marginalizing parameters for each fi
value of one parameter requires at least 1000 model calc
tions to get 1024 accuracy for thex2 minima even by using
this algorithm. Nevertheless, in this way we are sure to id
tify the true marginalized likelihood functions.

The most similar recent likelihood analysis to that d
scribed here is in the work of@21#. Our analysis differs from
@21# in several respects. In the present work we make us
our deduced new family of baryon densities and lep
asymmetries allowed by BBN to assign weak top-hat pri
on the derived likelihood functions. This differs from that
@21# in which separate Gaussian likelihood functions we
evaluated for the nucleosynthesis constraints and the C
A total likelihood function was then defined by marginalizin
over the product of these two functions. We prefer o
method because the uncertainties in the BBN constraints
dominated by systematic errors. Systematic errors are
equivalent to random Gaussian errors. We thus prefer w
top-hat priors as a more realistic representation of the
tematic errors in the BBN constraints.

One other important difference is that we adopt a stro
Gaussian prior ofh50.7260.08 based upon the Hubble Ke
Project results@34#. In @21# a weak top-hat prior ofh50.65
60.20 was adopted. As noted above, another difference
tween the present work and all previous results is that
consider carefully the change in background neutrino te
peratures as a function of degeneracy. Although this i
small effect for low degeneracies, it can slightly affect t
upper limits.

III. NEUTRINO-DEGENERATE BBN

Neutrino degeneracy affects BBN in two ways. The inc
sion of a small amount of electronne degeneracy resets th
equilibrium neutron to proton ratio at weak-reaction free
12350
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eout ton/p5exp$2Dm/T2jne
%. This can cause a reductio

in the primordial helium abundance. Indeed, it has been
gued@35,36# that the apparent conflict between the low h
lium abundance inferred from HII regions of metal poor g
axies and the low Lyman-a deuterium abundance may eve
require ne degeneracy for its resolution. The prese
deuterium-absorption limits onVbh2'0.02060.002 (2s)
requires a large primordial helium abundance ofYp*0.25
and substantial destruction of primordial7Li in stars. These
conditions tax even the most generous adopted limits fr
observed light-element abundances@37#. Thus, a modifica-
tion of BBN which allows for large values ofVbh2 while
still satisfying the constraints from light-element abundan
is worth investigating. Such conditions are easily satisfied
neutrino-degenerate models.

The inclusion of eithernm or nt degeneracy on the othe
hand only enhances the background energy density
therefore the universal expansion rate. During the radia
dominated epoch, relativistic neutrinos contribute a la
fraction of the mass energy. Thus, even a small modifica
of the neutrino energy density can significantly affect t
expansion.

The energy densityrn due to degenerate neutrinos~or any
other fermions! are described by the usual Fermi-Dirac d
tribution functionsf n5@exp(E/Tn2jn)11#21, where the neu-
trino degeneracy parameter is defined byjn[mn /Tn , and
mn is the neutrino chemical potential. Thus, we have

rn1rn̄5
1

2p2E
0

`

dp p2En„f n~p!1 f n̄~p!…, ~1!

where p denotes the magnitude of the 3-momentum, a
En5Ap21mn

2, with mn the neutrino mass. Here an
throughout the paper we use natural units (\5c5kB51).

For the present discussion it is sufficient to only consid
massless neutrinos.~Possible limits on neutrino-degenera
models with massive neutrinos are considered in@18#.! The
energy density in massless neutrinos becomes

rn1rn̄5
7

8

p2

15 (
i

Tn i

4 F11
15

7
S jn i

p
D 4

1
30

7
S jn i

p
D 2G , ~2!

from which it is clear that degeneracy in any neutrino spec
tends to increase the energy density. The associated incre
expansion rate tends to increase the neutrino decoupling
perature. This causes an increase in the primordial hel
and other light-element abundances.

Sincejnm
andjnt

primarily affect the expansion rate, the
are roughly interchangeable as far as their effects on nuc
synthesis or the CMB are concerned. Furthermore, it n
seems likely@38# that the mixing parameters fornm andnt
involve a large mixing angle and smalldm2. In this case it is
plausible that the muon and tau neutrinos were interc
verted in the early universe and would therefore obt
nearly an identical degeneracy parameter if an asymm
exists. Thus, we adopt a conservative model in which them
andt neutrinos are equally degenerate,ujnm

u5ujnt
u[jnm,t

.

4-2
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As shown in@24#, for each value ofjnm,t
there is a unique

range ofjne
and Vbh

2 which satisfies the combined deut
rium and primordial helium constraints. The allowed fam
of neutrino-degenerate models employed in this work
summarized in Fig. 1.

This figure differs slightly from the family of allowed
solutions given in@24# in that we have adopted the new
D/H constraint from@39# @i.e., D/H53.0(60.4)31025# and
slightly different limits on the primordial helium abundanc
(0.228<Yp<0.248). In the limit of the standard nondege
erate big bang (jnm,t

5jne
50) our limits onVbh

2 reduce to

those of @40,41#, i.e., Vbh
250.02160.002. The allowed

shaded regions in Fig. 1 will be adopted as weak top-
priors in the CMB likelihood analysis described belo
These regions include both the uncertainties from the ab
dance constraints described above and the uncertaintie
the BBN model predictions@42#.

IV. CMB POWER SPECTRUM

Having defined the family of allowed priors from BBN
we can now do a likelihood search for optimum cosmolo
cal parameters which fit the CMB data. Several recent wo

FIG. 1. Allowed values ofVbh2 and jne
for which the con-

straints from light-element abundances are satisfied as a functio
jnm,t

.
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@12–16# have explained how neutrino degeneracy can d
matically alter the power spectrum of the CMB. For massl
neutrinos it can be shown@15# that the only effect of neutrino
degeneracy is to increase the background pressure and
ergy density of relativistic particles. The essence of this c
straint is that degenerate neutrinos increase the energy
sity in radiation at the time of photon decoupling and de
the time of matter-radiation energy-density equality. Th
mainly causes an increase in the amplitude of the first aco
tic peak in the CMB power spectrum atl'200. For example,
based upon ax2 analysis@13# of 19 experimental points and
window functions, it was concluded in@15# that jn<6 for a
single degenerate neutrino species with anVL50 cosmol-
ogy.

However, in the existing CMB constraint calculation
@12–23# only small degeneracy parameters with the stand
relic neutrino temperatures were studied in the derived c
straint. Hence, the possible effect of a diminished relic n
trino temperature at high degeneracy needs to be conside
To investigate this we have done calculations of the CM
power spectrum, DT25 l ( l 11)Cl /2p based upon the
CMBFAST code of Seljak and Zaldarriago@43#. We have ex-
plicitly modified this code to account for the contribution
massless degenerate neutrinos with varying relic neut
temperaturesTn i

for each species@24#.
The experimental uncertainties are non-Gaussian, but

be well represented by an offset log-normal distribution@32#.
As in @27# we have evaluated thex2 goodness of fit for a
range of theoretical power spectraCl as follows: We define
the goodness of fit by

x25(
i , j

~Zi
t2Z̄i

d!Mi j
Z ~Zj

t2Zj
d!1xcal

2 , ~3!

where separate summation over the different data sets is
plied. For each set of binned power dataZi

d we utilize the
published off-set log-normal data from the three data set

Zi
d[ ln~Di1xi ! ~4!

where Di is the measured band power. The correspond
binned theoretical power spectra are

Zi
t[ lnF(

l
e i~Wil / l !~Cl1xi !G , ~5!

where thee i are the published calibration uncertainties tak
to be 8%, for MAXIMA-1 and DASI, and 20% for
BOOMERANG. Window functionsWil for the three data
sets are available on the world wide web. The error matrix
simply

Mi j
Z 5Mi j ~Di1xi !~D j1xj ! ~6!

whereMi j is the weight matrix for the band powersDi . The
effect of the calibration uncertainty on the goodness of fi
obtained from

of
4-3
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xcal
2 5(

i

~e i21!2

s i
2 , ~7!

wheres i is the experimental uncertainty. The totalx2 evalu-
ated in this way can be converted@27,46# into a likelihood
function for each parameterx marginalized over the remain
ing parameter setyW :

L~x!5E Pprior~x,yW !exp~2x2/2!dyW . ~8!

In neutrino-degenerate models which satisfy the c
straints from primordial nucleosynthesis@24#, increasing the
neutrino-degeneracy must be accompanied by a comme
rate increase in baryon density. Fits to the CMB power sp
trum for large degeneracy@24#, therefore show a suppressio
of the second acoustic peak due to baryon drag@12#.

Indeed, such suppression of the second acoustic p
seemed to be present in the first reported power spectra b
upon the balloon-based CMB sky maps from t
BOOMERANG @44# and MAXIMA-1 @28# Collaborations.
This remains true for the likelihood analysis based up
MAXIMA-1 data @45# which indicatesVbh250.03020.010

10.018

(2s). However, in the most recent data sets fro
BOOMERANG @26# and DASI @27# the second peak ha
become much better defined. Both the BOOMERANG a
DASI data sets now implyVbh250.02220.003

10.004 (1s) (h10

56.0020.81
11.10). This value is close to the value implied by th

cosmic deuterium abundance in high-redshift Lymana
clouds observed along the line of sight to background q
sars@40,41# Vbh250.02060.001 (1s) (h1055.4660.27).
Hence, the newer data imply at most a marginal requirem
for a larger baryon density or neutrino degeneracy. Inde
these new data tighten constraints on the possibility of
generate cosmological neutrinos. In the present paper we
plore the new limits on possible neutrino degeneracy imp
by the combined data sets and our BBN constraints.

V. RESULTS

We limit our consideration to flatV tot5VM1VL51
cosmological models with ionization parametert50. This is
sufficient for our purposes since the likelihood functions
deduced are not expected to be much different ifV tot or t
are varied~cf. @26#!. This is becauset and the spectrum tiltn
are nearly degenerate parameters, i.e., changing on
equivalent to changing the other. Moreover,V tot is generally
tightly constrained to be near unity anyway.

There are then nine parameters over which we margi
ize. These are (Vbh2,jnm,t

,jne
,VL ,h,n,e i). We utilize a

strong Gaussian prior forh50.7260.08 and for the calibra-
tion uncertaintiese i as listed above. Also, as noted above,
adopt weak top-hat priors when marginalizing overVbh2

andjne
designated by the shaded regions of Fig. 1 for e

value ofjnm,t
. In @22# it has been argued that without som

priors onVM ~through flatness,h, etc.! it is difficult to place
bounds on the amount of relativistic matter. Hence,
model constraints adopted here are probably required
12350
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break the parameter degeneracy between relativistic and
relativistic matter. Ultimately, however, high resolution sk
maps such as the Planck mission will be able to determ
separately the amounts of relativistic and nonrelativistic m
ter.

Figure 2 illustrates one of the main results of this stu
Shown are contours of constantDx2 in the jnm,t

vs n plane

for three values of the cosmological constant~i.e., VL

50.65, 0.75, and 0.8! and for fixedh50.75 as noted. For
VL<0.75, a minimum inx2 develops for values ofjnm,t

'1 –2. Indeed, for a simple 2 parameter search with fix
values,VL50.75 andh50.75, neutrino degeneracy is pre
ferred at the level of more than 3s over a nondegenerat
model. For smaller values ofVL , this minimum for
neutrino-degenerate models becomes even more pronoun

A second minimum also develops for higher degener
(jnm,t

'11.4) as noted in@24#. This is due to the large chang
in particle degrees of freedom for neutrinos which decou
just above the QCD transition. However, the goodness o
is so poor (Dx2>500) that it would not be apparent in th
contours drawn on Fig. 2. Hence, this large-degeneracy

FIG. 2. Contours of constant goodness of fitDx2 in thejnm,t
vs

n plane for three differentVL and h50.75 values as indicated
Note the well developed minimum forjnm,t

'1 –2 andVL<0.75.
4-4
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FIG. 3. Marginalized likelihood distribution functions forjnm,t
, VL , and the spectrum tiltn as labeled.
c-

ns

on

is
t

lim-
lution is definitely ruled out by the current CMB power spe
trum.

Figure 3 shows the marginalized likelihood distributio
for three of the cosmological parameters (jnm,t

,VL ,n! con-

sidered here. For the present study the likelihood functi
for jne

, Vbh2 and VM are related to these sincejne
and

Vbh2 are functions ofjnm,t
andVM512VL . From Fig. 3
12350
s

we deduce optimum values ofVL50.7420.11
10.08 and n50.93

60.02. A slight preference for finite neutrino degeneracy
evidentjnm,t

51.021.0(0.5s)
10.8(1s) . This preference, however, is no

particularly significant. For now, the data mainly imply (2s)
upper limits on neutrino degeneracy ofjnm,t

<2.1. This value

implies upper limits ofjne
<0.30 andVbh

2<0.030 from Fig.
1. For a single large-degeneracy neutrino species, these
4-5
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its becomeujnm
u or ujnt

u51.421.4(0.5s)
11.1(1s) with a 2s upper limit

of jnm,t
<2.5.

Our results are slightly more stringent than the resu
from @21# who found an equivalent single species upper lim
based upon the CMB data alone ofjnm

or jnt
,2.9. This is at

first surprising given that we have adopted weak top-hat~in-
stead of Gaussian! priors for the BBN constraint. We hav
traced the main reason for the more stringent upper lim
derived here to our adoption of a strong Gaussian prior oh.
A larger neutrino degeneracy is possible if larger values oh
are permitted. Figure 4 shows contours of constantDx2 in
the H0 vs n plane forVL50.75 models withjnm,t

50, 1.0

and 1.5 as labeled. This illustrates the sensitivity of the
generate solution to the assumed prior forh. If weaker priors
on h are adopted, or if new larger values ofh in the upper
range of the present Key-Project uncertainty are ever de
mined, the neutrino-degenerate models could beco
strongly preferred over the nondegenerate models.
jnm,t

50 nondegenerate solution is only the preferred m

mum, for all values ofVL , whenh<0.70. This is consisten
with the results of@45,46#.

FIG. 4. Contours of constant goodness of fitDx2 in theH0 vs n
plane forVL50.75 and neutrino degeneracy parametersjnm,t

50.,
1.0, and 1.5 as labeled.
12350
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Figure 5 shows some optimum model power spec
compared with the combined data sets. The solid l
shows our optimum degenerate model for whi
(V b h2,jnm,t

,jne
,VL ,h,n)5(0.021,1.0,0.09,0.74,0.74,0.93

For this parameter set we obtain a totalx2529.8 for 29
degrees of freedom implying a nearly perfect fit. For co
parison, the dotted line shows the best nondegenerate (jnm,t

5jne
50) model @(Vbh2,VL ,h,n)5(0.021,0.62,0.62,1.0)

~dotted line!# from @26#. For illustration we also show the
large-degeneracy minimum @(Vbh2,jnm,t

,jne
,VL ,h,n)

5(0.052,11.4,0.74,0.45,0.80,0.72)~dot-dashed line!#.

VI. CONCLUSIONS

In neutrino-degenerate models the larger baryon den
associated with the observed low deuterium abundance
be more easily accommodated than in nondegenerate m
els. Moreover, neutrino-degenerate models provide a slig
improved goodness of fit for the latest CMB power spec
from BOOMERANG, DASI, and MAXIMA-1.

Using cosmological models consistent with the co
straints from light-element abundances as a function of
neutrino degeneracy parameterjnm,t

, we have shown that a
slight maximum in the likelihood function forms fo

FIG. 5. Fits to the power spectrum of fluctuations in the CM
The solid line shows the best neutrino-degenerate fit (jnm,t

51.0).
The dotted line shows a best nondegenerate (jnm,t

5jne
50) model.

For illustration, the dot-dashed line also shows the large-degene
minimum (jnm,t

511.4).
4-6
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neutrino-degenerate models withjnm,t
'1. However, the im-

provement over the nondegenerate models is only at the l
of about 0.5s. Although this minimum is not particularly
statistically significant for the present data set and assu
priors, it could become much more pronounced should la
values ofh and/or smaller values ofVL ever be established
near their current 1s limits.

The present data place 2s limits for two identical large-
degeneracy neutrino species ofjnm,t

<2.1, which implies

jne
<0.30. For only one species with large degeneracy,

limit becomesujnm
u or ujnt

u<2.5. This is slightly more re-
strictive than the limits deduced in other studies.

Finally, we remark that, since neutrino degeneracy is n
limited to such small values, the present work has es
lished that the effects of the changing neutrino decoup
c

,

12350
el

ed
er

e

w
b-
g

temperature with increased degeneracy has little eff
Hence, previous studies which neglected this effect are
tified.
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