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New CMBR data and the cosmic neutrino background
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~Received 17 May 2001; published 4 September 2001!

New precision cosmic microwave background radiation~CMBR! anisotropy data are beginning to constrain
physics beyond the standard model, for example, in the form of additional light particle species. These
constraints are complementary to what can be obtained from big bang nucleosynthesis considerations because
they apply to much later times. We derive a constraint on the equivalent number of neutrino species,Nn , from
the presently available data. Specifically we analyze two different CMBR data sets to test the robustness of our
results. Analyzing only CMBR data yields an upper bound ofNn&17 ~95% confidence!. Adding large scale
structure~LSS! data from the PSC-z survey tightens the upper bound slightly. However, the addition of LSS
data gives a nontriviallower bound ofNn>1.5/2.5~95% confidence! for the two data sets. This is the first
independent indication of the presence of the cosmological neutrino background which is predicted by the
standard model, and seen in big bang nucleosynthesis. The valueNn50 is disfavored at 3s and 4s for the two
data sets respectively.

DOI: 10.1103/PhysRevD.64.083002 PACS number~s!: 98.70.Vc, 14.60.St, 13.35.Hb
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I. INTRODUCTION

Precision measurements of the anisotropy in the cos
microwave background radiation~CMBR! have recently be-
gun to probe cosmology with a high precision. The measu
ments have delivered remarkably strong support for inflat
for the standard inflationary paradigm, i.e., a flat geome
and a initial fluctuation power spectrum which is close
scale invariant. Because of the high precision of the curr
measurement, it is also possible to probe various other
rameters of the standard model. In the present paper
study the current limits on the relativistic energy density d
ing recombination. The energy density is usually para
etrized in terms ofNn , the equivalent number of standa
model neutrino species:

Nn[
r

rn0

. ~1!

The standard model prediction isNn.3.04, where 0.04
comes from the fact that neutrinos are not completely dec
pled during the electron-positron annihilation in the ea
universe@1#.

Big bang nucleosynthesis~BBN! considerations give the
bound@2#

2<Nn,BBN<4 ~95% confidence!. ~2!

A bound on this parameter was previously derived fro
CMBR data@3–6#. However, it was pointed out by Knelle
et al. @7# that the bound is quite sensitive to assumptio
about other cosmological parameters.

In the present paper we discuss in detail degeneracies
tween Nn and various other cosmological parameters, p
ticularly the Hubble parameterH0. Using two different com-
piled data sets, we derive bounds onNn . We then go on to
discuss the influence of including data from large scale st
ture surveys. It turns out that including large scale struct
~LSS! data significantly narrows the allowed region forNn .
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Apart from providing a fairly robust upper limit onNn ,
the main result of the present paper is that the cosmic n
trino background has been detected at more than the 3s level
~i.e., Nn50 is disallowed at the 99.7% level!. The presence
of the neutrino background is also detected by big bang
cleosynthesis data@see Eq.~2!#. However, this is the first
independent cosmological detection. The standard mo
valueNn53 is in all cases within 2s of the maximum of the
likelihood function, so there is no evidence for deviatio
from the standard model in the present data.

II. CMBR DATA ANALYSIS

Several data sets of high precision are now publicly av
able. In addition to the COBE@8# data for smalll there are
data from Boomerang@9#, MAXIMA @10#, DASI @11#, and
several other experiments@12,13#. Wang, Tegmark, and Zal
darriaga@12# ~WTZ! compiled a combined data set from a
these available data, including calibration errors. In orde
test the robustness of our results, we do the analysis ofNn

for two different data sets. The first is the combined data
WTZ. The other consists of the Cosmic Background E
plorer ~COBE! and Boomerang data, including the quot
calibration error of Boomerang@9#. This second data se
avoids possible systematics in the compiled data set. H
ever, the final result forNn is practically the same for both
data sets.

The CMBR fluctuations are usually described in terms
the power spectrum, which is again expressed in terms oCl
coefficients asl ( l 11)Cl , where

Cl[^ualmu2&. ~3!

Thealm coefficients are given in terms of the actual tempe
ture fluctuations as

T~u,f!5(
lm

almYlm~u,f!. ~4!
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TABLE I. The different priors used in the analysis.

prior type Vm Vbh2 h n t Q b

‘‘weak’’ Vb-1 0.008 - 0.040 0.4-0.9 0.66-1.34 0-1 free -
BBN1H0 Vb-1 0.02060.002 0.7260.08 0.66-1.34 0-1 free -
BBN1H01LSS Vb-1 0.02060.002 0.7260.08 0.66-1.34 0-1 free free
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l
is

t

ion
n

-

th

al
s

an
in

o
ib

in
o

ul
r

a

ith
In-
pe-

o
er
fits.

ttle

on

ce
nt

ter
aller

the

m,

ales
er
iza-
ion
ave
vey
ht-

pa-
seen
Given a set of experimental measurements, the likelih
function is

L~Q!}expS 2
1

2
x†@C~Q!21#xD , ~5!

whereQ5(V,Vb ,H0 ,n,t, . . . ) is avector describing the
given point in parameter space.x is a vector containing al
the data points, andC(Q) is the data covariance matrix. Th
applies when the errors are Gaussian. If we also assume
the errors are uncorrelated, this can be reduced to the sim
expressionL}e2x2/2, where

x25 (
i 51

Nmax ~Cl ,obs2Cl ,theory! i
2

s~Cl ! i
2

~6!

is a x2 statistic, andNmax is the number of power spectrum
data points@14#. In the present paper we use Eq.~6! for
calculatingx2.

The procedure is then to calculate the likelihood funct
over the space of cosmological parameters. The o
dimensional likelihood function forNn is obtained by keep-
ing Nn fixed and maximizingL over the remaining param
eter space.

As free parameters in the likelihood analysis we use
matter densityVm , the baryon densityVb , the Hubble pa-
rameterH0, the scalar spectral indexn, the optical depth to
reionizationt, and the overall normalizationQ of the data.
When large scale structure constraints are included we
useb, the normalization of the matter power spectrum, a
free parameter. This means that we treatQ andb as free and
uncorrelated parameters. This is very conservative,
eliminates any possible systematics involved in determin
the bias parameter. We constrain the analysis to flat (Vm
1VL51) models, and we assume that the tensor mode c
tribution is negligible. These assumptions are compat
with analyses of the present data@12#, and relaxing them do
not have a large effect on the final results. For maximiz
the likelihood function we use a simulated annealing meth
as described in Ref.@15#.

A. Priors

As shown by Knelleret al. @7#, different priors can sig-
nificantly bias the derived confidence interval forNn . We
therefore test the effect of different priors on the final res
Table I shows the different priors used. In the ‘‘weak’’ prio
the only important constraint is that 0.4<h<0.9 @h
[H0 /(100 km s21 Mpc21)#. For the H01BBN prior we
use the constraintH057268 km s21 Mpc21 from the HST
Hubble key project@16# ~the constraint is added assuming
08300
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Gaussian distribution! and the constraintVbh250.020
60.002 from BBN @17#. Finally, in the H01BBN1LSS
case, we add data from the PSC-z survey@18# to the data
analysis.

The neutrino density is to some extent degenerate w
other parameters, particularly with the Hubble parameter.
creasing the Hubble parameter allows for more neutrino s
cies. In the same manner, decreasingn or Vbh2 allows for
more relativistic energy density. However,Nn is only slightly
degenerate with these parameters.

In Fig. 1 we show the likelihood functions for the tw
different data sets, assuming different priors. In the low
panels we show values of other parameters for the best
From this, it is evident that with only a weak prior onH0, a
largeNn can be compensated for by increasingH0. As soon
as the HST Hubble key project prior onH0 is added, the
large values ofNn are no longer allowed.

From this figure it can also be seen that there is very li
degeneracy betweenNn and n,Vbh2. Furthermore, the
present data are entirely compatible with the BBN prior
Vbh2 ~as can also be seen in Fig. 1!. Therefore, adding the
BBN prior does not significantly change the analysis.

In Table II, the best fit values and the 95% confiden
limits on Nn are shown for the two data sets, for differe
priors. Adding the priorh50.7260.08 from the HST key
project gives a 2s upper limit of Nn<17 for the COBE
1Boomerang data set, andNn<17.5 for the WTZ data set.

B. LSS data

Adding relativistic energy density also affects the mat
power spectrum because the growth factor on scales sm
than the horizon is decreased~see, e.g., Ref.@19#!. In Figs. 2
and 3 we show the CMBR and matter power spectra for
best fit models with differentNn to the WTZ1PSC-z data
sets.

ChangingNn clearly also changes the matter spectru
especially on scales of 0.01–0.1h Mpc21. This fact can be
used together with the CMBR data to constrainNn .

Note that on even smaller scales, data from the Ly-a for-
est @20# can also be used. However, the very smallest sc
are not so sensitive toNn because the shape of the pow
spectrum is not changed by adding radiation. The normal
tion is changed, but since we treat the overall normalizat
of the power spectrum as a free parameter, this will not h
any effect. We therefore only use data from the PSC-z sur
to give the LSS constraints. Adding the LSS data again tig
ens the constraint. The likelihood functions and best fit
rameter values when LSS data are included can also be
in Fig. 1. The 2s upper limits are nowNn<17 for the
2-2
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FIG. 1. The top panels show the likelihoo
functions for the two different data sets, includin
different priors. The full lines are for the ‘‘weak’
prior, the dotted lines for theH01Vbh2 prior,
and the dashed lines for theH01Vbh21LSS
prior. The lower panels show values ofH0 ,Vbh2,
andn for the best fit models. Horizontal full lines
show the HST key project limit onH0 and the
BBN prior on Vbh2.
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(COBE)1Boomerang data set andNn<14 for the WTZ
data set.

For the WTZ data the upper bound is lowered from 17
to 14 by adding LSS data. The effect can be seen in Fig
and 3, for the model withNn514. Although this model can
provide a very good fit to CMBR data, the shape of t
matter spectrum becomes too shallow to obtain a decen

Very interestingly there is now also a non-trivial low
bound onNn which is Nn>2.5 for the COBE1Boomerang
data set andNn>1.5 for the WTZ data set.Nn50 is incon-
sistent with the data at roughly 4s for COBE1Boomerang,
and 3s for WTZ. Indeed this result can be taken as the fi
real detection of the cosmological neutrino background
late epochs. From BBN considerations one already has
resultNn*2 @2#. However, there is now an independent co
firmation of the presence of relativistic energy density ot
than photons. Since the CMBR is only sensitive to radiat

TABLE II. Best fit values and 2s ~95%! limits on Nn for dif-
ferent priors and the two different data sets.

prior type WTZ COBE1Boomerang

‘‘weak’’ 828
111 727

117

BBN1H0 827
19.5 424

113

BBN1H01LSS 624.5
18 926.5

18
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and not to the specific content, it is impossible to tell wheth
this radiation stems from the neutrinos as predicted by
standard model, or from other light particles. However, t
standard resultNn53.04 is in all cases compatible with th
data at the 2s level.

The incompatibility ofNn50 with data can also be see
in Figs. 2 and 3. Although a good fit to LSS data can
obtained, the fit to CMBR data is very poor. This is main
because the first peak is too low due to the absence of
early integrated Sachs-Wolfe effect@21#.

FIG. 2. CMBR power spectra for the best fits to the WT
1LSS data, forNn50 ~full line!, 7 ~dashed line!, and 14~dotted
line!. The data points are from the WTZ compiled data set.
2-3
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III. DISCUSSION

We have calculated bounds on the relativistic energy d
sity present during recombination from the present CM
and LSS data. The new data give a robust upper boun
Nn<17, but, perhaps more interesting, also give alower
bound of Nn>1.5/2.5 for the two different data sets an
lyzed. Both bounds are interesting and nontrivial. Althou

FIG. 3. Matter power spectra for the best fits to the WT
1LSS data, forNn50 ~full line!, 7 ~dashed line!, and 14~dotted
line!. The normalization is arbitrary and the data points are from
PSC-z survey.
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the upper bound is much weaker than the boundNn<4
found from BBN, it applies to any type of relativistic energ
density. The BBN bound can be avoided by putting some
the extra energy density in electron neutrinos, because t
directly influence the neutron-proton conversion proces
prior to BBN @4–6,22#. The CMBR directly probes the en
ergy density and is insensitive to the flavor. The two co
straints should therefore be seen as complementary. Fur
more, if there are massive particles decaying after BBN,
prior to recombination, the light decay products will add
the radiation density during recombination, but not duri
BBN. This is the case in some decaying neutrino scena
@19,23#, as well as in some scenarios with large extra dim
sions@24#.

The lower limit on Nn is highly interesting, because
provides the first strong indication of relativistic energy de
sity other than photons around the epoch of recombinat
The valueNn50 is strongly disfavored by the data, devia
ing from the best fit by 3s for the WTZ1LSS data set and
4s for the COBE1Boomerang1LSS data.

Finally, although a central value higher thanNn53 seems
to be preferred in the data, the standard model valueNn

53.04 is compatible with the present data at the 2s level.
This means that there is no significant indication of no
standard physics contributing toNn at the recombination
epoch.
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