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Introduction
WMAP (Wilkinson Microwave Anisotropy Probe)

http://map.gsfc.nasa.gov/

First detailed full-sky map of the oldest light 
in the universe
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Cosmological Parameters are 
determined with accuracy <10%



Cosmological Parameters

1. Baryon

2. Matter

3. Hubble

4. Spectral Index

5. Optical Depth

WMAP only,   assuming a flat universe

h = 0.72 ± 0.05

ns = 0.99 ± 0.04

τ = 0.166+0.076
−0.071

ωb ≡ Ωbh
2 = 0.024 ± 0.001

ωm ≡ Ωmh2 = 0.14 ± 0.02

Spergel et al  (2003)



WMAP and Neutrino
CMB Fluctuation (Angular Power Spectrum ) is also 
sensitive to Cosmic Background Neutrinos

WMAP provides useful constraints 
on properties of Cosmic Neutrinos

Neutrino Mass

Number of Neutrino Species

. . . . 



Plan of Talk

1. Introduction

2. WMAP Constraint on Neutrino Mass

3. Limit on Number of Neutrino Species

4. Conclusion



Masses of Neutrinos
Oscillation Experiments (SK, K2K, SNO, 
Kamland)

Tritium Beta Decay

Dobble Beta Decay

Cosmological Constraint

mνe
< 3 eV (PDG2005)
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Effect of Neutrino Mass on CMB

Neutrino becomes non-relativistic at
1 + znr ! 6.2 × 104Ωνh

2

assuming mν1
= mν2

= mν3

recombination
zrec ! 1088

Ων ↗ ⇒ ΩΛ ↘ ⇒ dLS ↘ ⇒ θ ↗
dLS

Last Scattering Surface

compensated by decrease of Hubble 

I. Position of acoustic peaks are changed
znr < zrec

znr > zrec (mν,tot > 1.6 eV, Ωνh2 > 0.017)



neutrino: relativistic        
       non-relativistic

II. Acoustic peaks are enhanced znr > zrec

Faster Decay of 
Gravitational Potential

More forcing of 
acoustic oscillation 0
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WMAP Constraint on Neutrino Mass

WMAP only

∑
mν < 2.0 eV (Ωνh

2
< 0.021)

mν < 0.66 eV
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(      In future                  )
znr > zrec

mν < 0.5 eV

ων ≡ Ωνh
2

minimizing chi2
with 6 cosmological 
parameters

[ Ichikawa, Fukugita, MK
 (2004) ]



III. Gravitational Lensing 

overdense region

CMB photon

Gravitational field distorts the 
paths traveled by CMB photons

Ψ

High resolution maps of 
CMB temperature and 
polarization anisotropies

Deflection angle (d) power spectrum

Line-of-sight projection of the 
gravitational potential 

d = ∇φ

φ = −2

∫
drΨ(rn̂, r)(r − rs)/(rrs)

φ



Massive Neutrino znr < zrec

Changes gravitational potential 
after recombination

Changes deflection angle power spectrum

~aaE into aB and any ~aaB into aE [15], thus generating scalar
B (curl) mode correlations.

Lensing smooths out the features in the two-point
functions, also called angular power spectra, C!!0

l , where
ha!!l"a#!0!l0"i $ C!!0

l "!l% l0"=&2#l!l' 1"( and ! stand
for T, E, or B [6]. As explained later, in our analysis we
use the unlensed power spectra, ~CC!!0

l . The information
from lensing is added through the two-point function of
the lensing potential h$!L"$#!L0"i $ C$$

L "!L%L0"=
&2#L!L' 1"(, which can be inferred from the tempera-
ture and polarization map four-point functions [16].
In Fig. 1 we plot the deflection angle power spectrum,
Cdd

l ) l!l' 1"C$$
l .

We calculate the two-point functions using a publicly
available code, CMBFAST [6], that was modified to include
a scalar field dark energy component, to calculate Cdd

l ,
and to include the effect of massive neutrinos on the
recombination history (through the expansion rate). We
use the Peacock and Dodds prescription to calculate the
nonlinear matter power spectrum [17].

Effect of neutrinos.—The lower panel in Fig. 1 shows
the differences in the power spectra between our fiducial
model and the exact same model but with one of the three
neutrino masses altered from 0–0.1 eV. The error boxes
are those for CMBpol (described below; see Table I). The
Cdd

l are noise dominated at l > 600 for CMBpol.
The signature of a 0.1 eV neutrino in the angular power

spectra, in the absence of lensing, is at the 0.1% level.
Such small masses are only detectable through their
effect on lensing, which comes through their influence

on the gravitational potential. Replacing a massless com-
ponent with a massive one increases the energy density
and therefore the expansion rate, suppressing growth. The
net suppression of the power spectrum is scale dependent
and the relevant length scale is the Jeans length for
neutrinos [18–20], which decreases with time as the
neutrino thermal velocity decreases. This suppression of
growth is ameliorated at scales larger than the Jeans
length at matter-radiation equality, where the neutrinos
can cluster. Neutrinos never cluster at scales smaller than
the Jeans length today. The net result is no effect on large
scales and a suppression of power on small scales, result-
ing in the shape of "Cdd

l =Cdd
l in Fig. 1.

Error forecasting method.—The power spectra we in-
clude in our analysis are ~CCTT

l , ~CCTE
l , ~CCEE

l (unlensed), and
Cdd

l . We do not use the lensed power spectra to avoid the
complication of the correlation in their errors between
different ‘ values and with the error in Cdd

l . Using the
lensed spectra and neglecting these correlations can lead
to overly optimistic forecasts [21]. If we include the
lensed spectra instead of the unlensed ones, the expected
errors on wx and m% for CMBpol (see Table I) shrink by
about 40% and 30%, respectively.

The distortions to the angular power spectra due to a
0.1 eV neutrino and changes of order 10% in wx are very
small. We have taken care to accurately forecast the con-
straints possible in this mass range. First, we make a
Taylor expansion of the power spectra to first order in
all the cosmological parameters. Then, given the ex-
pected experimental errors on the power spectra, the
expected parameter error covariance matrix is easily
calculated.

The Taylor expansion works better and susceptibility to
numerical error is reduced with a careful choice of the
parameters used to span a given model space [2,22–24].
We take our set to be P $ f!m;!b;!%; &s; wx; zri;
k3Pi

!!kf"; ns; n0s; yHeg, with the assumption of a flat uni-
verse. The first three of these are the densities today
(in units of 1:88* 10%29 g=cm3) of cold dark matter
plus baryons, barons, and massive neutrinos. The next
two are the angular size subtended by the sound hori-
zon on the last-scattering surface and the ratio of dark
energy pressure to density. The Thompson scattering
optical depth for CMB photons, ', is parametrized by

FIG. 1 (color online). Top panel: Deflection angle power
spectrum Cdd

l for the fiducial model (m% $ 0). Bottom panel:
100* dCdd

l =dm% * !"m%=Cdd
l " (dark line) and 100*

dCdd
l =dwx * !"wx=Cdd

l " (light line) for "m% $ 0:1 eV and
"wx $ 0:2.

TABLE I. Experimental specifications. We use the unlensed
spectra (~CCTT

l , ~CCTE
l , ~CCEE

l ) only at l < 2000. For $ reconstruction
we use only data with l < lT;E;Bmax .

Experiment lTmax lE;Bmax% (GHz) &b "T "P

Planck 2000 2500 100 9:20 5.5 1
143 7:10 6 11
217 5:00 13 27

SPTpol (fsky $ 0:1) 2000 2500 217 0:90 12 17
CMBpol 2000 2500 217 3:00 1 1.4

P H Y S I C A L R E V I E W L E T T E R S week ending
12 DECEMBER 2003VOLUME 91, NUMBER 24

241301-2 241301-2

mν = 0.1 eV

Planck has a sensitivity 
down to 0.15 eV
[ Kaplinghat (2003) ]



Other Cosmological Effects of mν

Neutrino Free Streaming
Erases density perturbations on small scales
Changes Spectrum of Matter Fluctuations 
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Constraints from CMB and LSS
CMB LSS Other data Limit (eV) Ref.

WMAP+CBI+ACBAR 2dFGRS Lyα 0.71 Spergel et al
(2003)

WMAP+CBI+ACBAR 2dFGRS HST,SNIa 1.01 Hannestad
(2003)

WMAP+Wang comp. 2dFGRS X-ray 0.56+0.30
-0.26

Allen et al
(2003)

WMAP SDSS - 1.7 Tegmark et al
(2003)

WMAP 2dFGRS
+SDSS - 0.75 Barger et al

(2003)

WMAP+ACBAR 2dFGRS
+SDSS - 1.0 Crotty et al

(2004)

WMAP SDSS Bias 0.54 Sejlak et al
(2004)

WMAP - - 2.0 Ichikawa et al
(2004)



Problem in using LSS data

Spectrum of Matter Fluctuations

Galaxy Survey (2dFGRS, SDSS)

However, δm != δgalaxy

P (k)galaxy = b
2
P (k)m b: bias

uncertain

[ only use shape of P(k) ]
For example

Spergel et al mν,tot < 0.71 eV

Tegmark et al mν,tot < 1.7 eV

[ shape & amplitude of P(k) ]

Without information on bias 
stringent constraint cannot be derived 



Sterile Neutrino or New Particles may 
exist 

Hot Universe may begin at MeV scale

Dark Radiation from Extra-Dimension

Number of Neutrino Species N

H2 =
8πG

3
ρ + ρdark

Nν ↗

Nν ↘

Nν ↘ or ↗
e.g. Rundall & Sundrum Model (1999), 
       Shiromizu, Maeda, Sasaki (1999)

Why is N   important?
ν

ν Nν =

ρν

ρν,eq



CBR Constraint on N
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Neutrino masses and the number of neutrino species from WMAP and 2dFGRS

Figure 3. The 68% and 95% confidence contours in the (Ωbh2, Nν) plane for the
WMAP TT and TE data, combined with the 2dFGRS data, the HST data on
H0 and the SN-Ia data on Ωm.

gives χ2/d.o.f. = 1.05 which is entirely compatible with the best fit WMAP value for
the standard ΛCDM model of χ2/d.o.f. = 1.066. We also show constraints for two other
analyses. The first is for WMAP and 2dFGRS data alone and the second for WMAP
data alone. The bounds for the three cases are:

Nν = 4.0+3.0
−2.1 for WMAP + Wang + 2dFGRS + HST + SN-Ia

Nν = 3.1+3.9
−2.8 for WMAP + 2dFGRS

Nν = 2.1+6.7
−2.2 for WMAP only.

These bounds are entirely compatible with those found by Crotty et al [69], and much
tighter than the pre-WMAP constraints.

The constraints derived here are also compatible with what is found by Pierpaoli [70],
where our assumption of spatial flatness was relaxed.

In the lower panels of figure 2 we show the best fit values of H0 and Ωm for a given
value of Nν . The main point to note is that the constraint on Nν is strongly dependent
on H0. This was also found in [49]. With only CMB data and the weak top-hat prior on
H0 the bound on Nν is very weak. Adding the HST Key Project prior on H0 cut away
a significant amount of parameter space at both low and high Nν . Adding the 2dFGRS
and Wang et al data mainly has the effect of shifting the best fit value to higher Nν , but
also cuts away the low Nν values, an effect also seen in [69].

In figure 3 we show constraints on (Ωbh2, Nν) for the full data set described above.
The best fit value for Ωbh2 is 0.0233, which is equivalent to the value found in the WMAP
data analysis. In the two-dimensional plots the 68% and 95% regions are formally defined
by ∆χ2 = 2.30 and 6.17 respectively. Note that this means that the 68% and 95% contours
are not necessarily equivalent to the same confidence level for single parameter estimates.

Journal of Cosmology and Astroparticle Physics 05 (2003) 004 (stacks.iop.org/JCAP/2003/i=05/a=004) 10

! Hannestad (2003)



Pierpaoli(2003)Crotty, Lesgourgues, 
Pastor (2003)

WMAP + Wang comp.+2dF

Nν = 3.5+3.3
−2.1

Nν = 4.3+2.8
−1.7

still produce the primordial abundances of light elements for

a larger baryon asymmetry, in the so-called degenerate BBN

scenario !32". At the same time, the weaker CMB bounds on
#$ are flavor blind !24,33". However, it was recently shown
that for neutrino oscillation parameters in the regions favored

by atmospheric and solar neutrino data flavor equilibrium

between all active neutrino species is established well before

the BBN epoch !34–36". Thus the stringent BBN bounds on
#e apply to all flavors, so that the contribution of a potential
relic neutrino asymmetry to %Neff is limited to very low
values.

III. METHOD

Using the CMBFAST code !37", we computed the cosmo-
logical perturbations !temperature and polarization anisotro-
pies C

l

(T ,E ,TE) , matter power spectrum P(k)] for a grid of

models with the following parameters: baryon density &b

!'bh
2, cold dark matter density &CDM!'CDMh

2, hubble

parameter h, scalar tilt ns , optical depth to reionization ( ,
global normalization—which is not discretized—and of

course an additional contribution from relativistic particles

%Neff . We include corrections to the CMB spectra from

gravitational lensing !38", as computed by CMBFAST. Apart
from %Neff , our set of parameters is the simplest one used by
the WMAP team in their parameter analysis !2", and ac-
counts very well for the first year WMAP data. We restrict

ourselves to a flat universe: since the curvature is known to

be small from the position of the first CMB peak, we adopt

the theoretical prejudice that the universe is exactly flat, as

predicted by inflation, rather than almost flat. Therefore, ')
is equal to 1"(&b#&CDM)/h

2. Allowing for a small curva-

ture could alter our results by a few percent. We also neglect

the possible contribution of gravitational waves and a pos-

sible scale-dependent tilt. A running tilt, in favor of which

the WMAP Collaboration finds some marginal evidence,

would not change our predictions based on WMAP alone,

because the later does not constrain the primordial spectrum

on a wide enough range of scales. However, it could slightly

alter our results based on CMB and LSS data.

Our grid *Fig. 1+ covers the following ranges: 0.019
$&b$0.028, 0.065$&CDM$0.27, 0.5$h$0.9, 0.8$ns

$1.28, 0$($0.5, "3$%Neff$5. We analyze it using an
interpolation and minimization routine developed at LAPTH.

Our code performs a multi-dimensional interpolation for

each value of Cl or P(k) in order to obtain the spectrum at

any arbitrary point, and then, computes the likelihood of the

model. For WMAP, the likelihood is calculated using the

software kindly provided at the NASA web site !39", and
explained in Ref. !40". We will also define a combined like-
lihood including the pre-WMAP CMB data compilation by

Wang et al. !41" *which is still useful for constraining high
multipoles+, and the LSS data derived by Percival et al. !42"
*32 points on wave numbers k$0.15hMpc"1) from the 2dF

redshift survey !43". For these two data sets, we use window
functions and correlation matrices available from Refs.

!44,45". We constrain each free parameter using a Bayesian
approach: the 68% *95%+ confidence limits are defined as the
values for which the marginalized likelihood drops by

exp!"(,0
2"1)/2" (exp!"(,0

2"4)/2"), where ,0
2 is the best chi

square value in the whole parameter space.

FIG. 1. The %Neff likelihood for WMAP# weak h prior *a/
green+, WMAP#strong h prior *b/red+, and the same plus other
CMB experiments and the 2dF redshift survey *c/blue+. The hori-
zontal lines show the 68% *95%+ confidence levels. The step of
%Neff in our grid of models is 0.5.

FIG. 2. The two-dimensional confidence lim-

its on (%Neff ,h), based on CMB and LSS data, at
the 1-- *dark shading/dark blue+ and 2-- *light
shading/light blue+ levels. The superimposed yel-
low stripe shows the HST Key Project measure-

ment of h (1-- level+.

MEASURING THE COSMOLOGICAL BACKGROUND OF . . . PHYSICAL REVIEW D 67, 123005 *2003+

123005-3

WMAP + CBI.+2dF

The neutrino background 3

Figure 1. The marginalized likelihoods for the parameters un-
der consideration. We have assumed here a top–hat prior on H0

corresponding to the 1σ interval allowed by the HST key project
results. The solid line is for a general curvature, the dotted cor-
responds to the flat Universe case. The general curvature tends
to push the constraints on Neff toward higher values. The same
upper limits on Neff are probably due to the upper limit imposed
on H0 (< 80). Notice that zre in the range considered here is not
constrained by the data.

ysis slightly improves the Ωm and ΩΛ determination, but
the errors on Neff are practically unchanged. We conclude
that the strong constraints obtained by Hannestad (2003)
are mainly due to the restriction to a flat Cosmology and
to the artificially small prior assumed on Ωm as a way of
introducing the SN constraint.

In table 1 we plot the correlation matrix for the param-
eters under consideration. Note that Nν is mostly correlated
with Ωdmh2 and Ωk. A better independent estimate of the
redshift of equivalence (typically probing Ωmh), combined
with a better independent measurement of H0, may help in
breaking the degeneracy.

4 CONCLUSIONS

The new CMB data (WMAP and CBI) together with the
matter power spectrum derived by the 2dF galaxy survey
can constrain the effective number of neutrino species much
more precisely than previous experiments. Previous esti-
mates of Neff were derived under the assumption of nul
curvature. Since we don’t have any independent confirma-
tion of the flatness of the Universe other than the CMB
itself, we argue that the curvature should be kept as a free
parameter in the estimation of Neff . We compare the re-
sults derived from the two different hypothesis. Applying a
top hat prior for H0 (64 ≤ H0 ≤ 80), we find for a flat
Universe 1.82 ≤ Neff ≤ 5.74 at 95 per cent C.L., with
a best fit of Neff = 3.70, while with general curvature
2.23 ≤ Neff ≤ 6.13 with a best fit Neff = 4.08 . Allowing

Figure 2. The marginalized likelihoods in the case of a general
cosmology. The short–dashed line only consider CMB+2dF data,
the dotted includes the H0 prior from the HST project, and the
solid also includes SN data. Neff is restricted to be ≤ 6.6 at 95
per cent C.L., and Ωk tends to be negative but is still consistent
with flat. Note the high ns and zre values. The long–dashed line
is obtained adding an hypothetical prior on σ8 with the typical
scaling from clusters and weak lensing.

for general curvature shifts the acceptance range of Neff

toward higher values mainly because the curvature tends to
compensate the effect of Neff on the peak locations in the
CMB power spectrum.

In the case of general curvature, we explored a wider
range in H0 and zre and applied different priors. We find
1.6 ≤ Neff ≤ 7.1 (best fit Neff = 4.31) at 95% C.L. from
CMB and 2dF only, and Neff = 4.08 with 1.9 ≤ Neff ≤

6.62 when the H0 prior from the HST project is included as
a proper Gaussian prior. No significant modifications derive
from the inclusion of the SN constraint.

By looking at the likelihood distribution for each pa-
rameter after marginalization over all the others we conclude
that the inclusion of an extra relativistic component would
suggest a higher expansion rate H0, a higher spectral index
ns and Ωk slightly negative, if compared to the standard
analysis with three neutrinos (Spergel et al. 2003).

We analyze the correlations between the various param-
eters and conclude that Neff is most degenerate with Ωdmh2

and Ωk. We argue that other independent measurements
of the matter power spectrum, like precise determinations
of σ8 from clusters and lensing or probes at smaller scales
from the Ly–α forest, would help in constraining the epoch
of equivalence and therefore would improve the results on
Neff . Moreover, it would greatly improve the constraints
on the large ns now allowed.

c© 0000 RAS, MNRAS 000, 000–000

WMAP+CBI+2dF
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Neutrino masses and the number of neutrino species from WMAP and 2dFGRS

Figure 4. The 68% and 95% confidence contours in the (Ωbh2, Nν) plane for the
same data sets as in figure 3, but with the addition of BBN data. The lined
contours are the 68% and 95% regions for BBN data alone.

It should be noted here that, in addition to an upper bound on Nν , there is also a
3.0σ confidence detection of Nν > 0. This is in concordance with the pre-WMAP data
from which a non-trivial lower bound on Nν could also be derived.

Adding BBN information In the case where all the relativistic energy density contained
in Nν is produced prior to BBN, a BBN constraint can be added to the CMB and LSS
constraint without any problems. In practice we have used abundances of He-4 and D to
make constraints in the (Ωbh2, Nν) plane. We use the following values for the primordial
abundances [71, 72]

D/H = 2.78+0.44
−0.38 × 10−5 (4)

YP = 0.238 ± 0.005. (5)

This calculation is shown in figure 4. In terms of a single parameter constraint on Nν

it is Nν = 2.6+0.4
−0.3 (95 % conf.). Compared to the recent calculation by Abazajian [73] of

a BBN-only constraint of 1.7 ≤ Nν ≤ 3.5 (95 % conf.) this is a significant improvement.
Very interestingly the new limit suggests the possibility that Nν is actually less than
3. This is, for instance, possible in scenarios with extremely low reheating temperature
[74]–[76].

Of course this conclusion is mainly based on the fact that CMB and LSS data
prefer a slightly higher value of Ωbh2 than BBN. It should also be stressed that the
estimates of the primordial abundances could be biased by systematic effects so that the
quoted statistical error bar is not really meaningful. Therefore it is probably premature
to talk of any inconsistency between the Nν = 3 prediction of the standard model
and observations.

Journal of Cosmology and Astroparticle Physics 05 (2003) 004 (stacks.iop.org/JCAP/2003/i=05/a=004) 11
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BBN can impose a stringent limit on Nν

turbed case. The expansion rate itself is given by
the Friedmann equation, which for a flat Universe
is H2 = (8p/3)GNq, where q is the total mass-
energy density. Thus the speed-up factor evolves
as n ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðGNqÞnew=ðGNqÞstd

p
. For the case of a radi-

ation-dominated Universe, we have q / g*T
4,

where g* = 2 + 7/2 + 7Nm/4 counts the relativistic
degrees of freedom in photons, e± pairs, and Nm

neutrino species.

4.1. Constraints on Nm

We first consider the canonical extension of
standard BBN, in which there are Nm effectively
massless (mm $ 1 MeV) neutrino species. The in-
crease in the speed-up factor is

n ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 7dN m=43

p
; ð4Þ

where dNm = Nm & 3. This in turn changes the weak
freezeout temperature and ultimately affects all of
the light elements. Until recently, the effect on
the 4He abundance was the only measurable con-
sequence, but D/H measurements are now suffi-
ciently accurate that D/H also has an important
sensitivity to Nm [32].

For a fixed value of g10 = 6.14 and the He abun-
dance given in (2), we show the likelihood distribu-
tion for Nm by the shaded region in Fig. 2. Also
shown for comparison are the likelihood distribu-

tion based the WMAP value of g using D/H alone,
Yp and D/H, and the result based on BBN alone.
Despite the increased uncertainty in the He abun-
dance, it still provides the strongest constraint on
Nm. D/H is nonetheless becoming competitive in
its ability to set limits on Nm.

Fig. 3a shows the joint limits on g and Nm based
on D and 4He. We see that the 4He contours are
nearly horizontal, which arises from the weak (log-
arithmic) sensitivity of Yp to g, as opposed to a
stronger, linear sensitivity to dNm. Thus 4He by
itself is a poor baryometer but an excellent probe
of non-standard physics. On the other hand, the
D/H contours have a steep slope, indicating a
strong sensitivity to g which is the origin of the
D/H power as a baryometer. The non-vertical nat-
ure of the slope does however indicate a correla-
tion between the D/H sensitivity to g and Nm.
Thus by combining D and 4He we can expect to
arrive at strong constraints on both parameters.
Numerical results appear in Table 1, where we
see that these light elements alone constrain g to
within about 10%, and fix Nm to within about
20%, both at 1r. Note that the contour ellipses
in Fig. 3 have a slight positive tilt, corresponding
to a small positive correlation between g and Nm.

Also appearing in Table 1, we have shown the
95% upper confidence limits placed on the effective
neutrino number, dNm,max, assuming that Nm > 3.0
or dNm > 0.0. The constraints presented suggest a
robust upper bound of 1.6 with 95% confidence.
We next introduce the CMB information on g; this
tests the overall consistency, but as we have al-
ready shown, the agreement is good for the stan-
dard Nm = 3 case. Note that CMB anisotropies
also have some sensitivity to Nm, though this is at
the moment significantly weaker than the light ele-
ment sensitivity. We do not use this additional
information, which would slightly strengthen the
constraints on Nm, but would not affect the g limits
(where the CMB impact is largest) due to the inde-
pendence of the CMB limits on g and Nm [33].

Fig. 3b shows the impact of the CMB on the g
and Nm constraints. We see that the dominant ef-
fect is that the CMB narrows and steepens the
combined contours; this reflects the very tight
CMB constraint on g. Table 1 shows the impact
of the CMB on the g and Nm constraints. The

Fig. 2. The likelihood distribution for Nm based on the WMAP
value of g10 = 6.14 and Yp from Eq. 2 (shaded), WMAP and
D/H (dashed), WMAP and both Yp and D/H (dotted). We
also show the result without the imposing the WMAP value for
g (long dashed).
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Cyburt et al (2005)

Yp = 0.238 ± 0.005

More systematic errors?

Nν ↗ ⇒ Yp ↗

Olive, Skillman (2004)

Yp = 0.249 ± 0.009

Fields, Olive (1998)

Nν = 2.6
+0.4
−0.3

Nν = 3.1 ± 0.7



Summary

WMAP provides a more stringent limit on 
neutrino mass than laboratory experiments

Together with large scale structure data 
improve the limit

WMAP also give a constraint on the number 
of neutrino specie
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