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Tritium beta decay experiments:

Cosmological bounds:

Spergel et al.
[WMAP collaboration]

WMAP1
+2dFGRS m! < 0.2 eV

Tegmark et al.
[SDSS collaboration]

WMAP1
+SDSS 

(main sample)
m! < 0.6 eV

Ichikawa, 
Fukugita & 
Kawasaki

WMAP1 m! < 0.7 eV

(3.8 eV for WMAP only) ?

Introduction

Our results are confirmed by : Hannestad, hep-ph/0602058
               Lesgourgues & Pastor, astro-ph/0603494

m!e < 2 eV
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Effect of neutrino masses on CMB power spectrum

NOTE: when we vary neutrino mass, we fix 
CDM density and keep flatness.



1. Horizontal shift (to smaller multipoles)

m! !

!!h2 =
!

m!

94.1 eV
1eV corresponds to  

!!h2 ! 0.03

2. Relative enhancement of 2nd or higher peaks w.r.t 1st peak

m! ! 0.6 eV[Only for                         ]

The epoch of recombination zrec ~ 1088 ~ 0.3 eV

Massive neutrinos become nonrelativistic before the 
epoch of recombination if m! ! 0.6 eV

But this effect is absorbed by decreasing the Hubble constant.

Characteristic signals imprinted in acoustic peaks.

makes the distance to the last scattering 
surface smaller.
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We assume flat Lambda CDM model (6 parameters) 
+ neutrino mass

baryon density

CDM density

Hubble constant

amplitude of fluctuation

epoch of reionization 

a slope for the scalar perturbation

Hubble constant (expansion rate at present): H0

H0 = 100 h km/s/Mpc



WMAP3 (full data)

WMAP3 (w/o polarisation)

WMAP1

 KI, Fukugita & Kawasaki, PRD71 043001 (2005)

Fukugita, KI, Kawasaki & Lahav, PRD74 027302 (2006)
analysis!2 (We minimised over 6 other 

LCDM cosmological parameters)

~95% CL limit
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WMAP3 limit (95%CL) : 

m! < 0.7 eV



WMAP3 limit (95%CL) : m! < 0.7 eV

Not improved from WMAP1 limit.

WMAP1 has measured 1st and 2nd peaks 
well and the massive neutrino signal for >0.6 
eV has been already rejected.

The polarization data does not improve neutrino mass 
constraint much.

Again, 1st and 2nd peaks in CMB TT power 
spectrum already provide sufficient 
information to constrain neutrino mass.



Conclusion for WMAP alone limit

We follow up our previous study on constraining 
neutrino masses from WMAP 1st year data.  We obtain 
3rd year data limit (95% CL):                      , not 
improved from the previous one as anticipated. 

m! < 0.7 eV

This limit is quite robust:

1) Obtained from CMB data of WMAP,  the cleanest 
cosmological data.
2) Using only single data set and avoiding to combine 
different data sets with different systematic errors. 
3) Does not suffer from not-well-controlled issues of 
non-linearity or biasing which appear in e.g. galaxy 
clustering analysis.

We have to combine other data sets in order to push the limit 
lower. But proper understanding of systematic errors involved 
in them is required.



m! !
H0 !m! !H0 degeneracy
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P-L relation: Udalski et al. (1999), Sandage et al. (2004),
and Tammann et al. (2003). We tested the null hypoth-
esis by computing the Spearman rank-order correlation
coe!cient rs for each choice of P-L relation. For compar-
ison, we carried out the same exercise for the outer field
sample and the P-L relations of Udalski et al. Figure 22
shows the result of these tests.

The LMC P-L relations are a good fit to the samples of
both fields. There is a small correlation for the inner field
with rs = 0.2 (2.5!), which decreases to rs = 0.15 (1.3!)
if we use Pmin = 12 d as in §4.2. The application of the
Milky-Way P-L relations of Tammann et al. (2003) to
the inner field sample yields a distribution that deviates
noticeably from the null hypothesis, with rs = 0.6 (6.8!).
The correlation is still present, with rs = 0.45 (4!), for
Pmin = 12 d. Thus, we conclude that the LMC P-L
relations are a better fit to both samples, regardless of
their abundance di"erence.

4.6. Implications for H0 and w

Since the mean abundance of LMC Cepheids (12 +
log[O/H] = 8.5 dex) lies within the range spanned
by our sample of variables (Fig. 18) we have mea-
sured !µ0(NGC4258 - LMC)= 10.88 ± 0.04r ±
0.05s mag (§4.3). Combined with the maser distance
modulus to NGC 4258, we infer the distance modulus of
the LMC to be µ0(LMC) = 18.41 ± 0.10r ± 0.13s mag.
This corresponds to a distance of D(LMC) = 48.1 ±
2.3r ± 2.9s kpc, which is in excellent agreement with the
value of 48.3 ± 1.4 kpc derived from eclipsing binaries
(see Case II in Table 8 of Fitzpatrick et al. 2003). Im-
portantly, both distance estimates are mainly geometric,
independent of each other, and do not rely on any “stan-
dard candles”.

We note that in the near future, there will be four
galaxies with “geometric distances” that can serve as
absolute calibrators for the Cepheid Distance Scale: the
Large Magellanic Cloud (with multiple DEB distances,
see Fitzpatrick et al. 2003, and references therein),
Messier 31 (with a DEB distance by Ribas et al. 2005),
Messier 33 (with a DEB distance by Bonanos et al. 2006)
and NGC4258 (with the maser distance by Humphreys
et al., in prep.). Thus, we can expect a significant re-
duction in the uncertainty of the “first rung” of the Ex-
tragalactic Distance Scale, which has been a dominant
source of uncertainty in recent determinations of H0.

The implied decrease in the distance to the LMC de-
rived in this paper, relative to the adopted value of
D = 50.1 ± 2.3 kpc (Freedman et al. 2001; Saha et al.
2001), a"ects previously-derived values of H0 by ! +3%.
The increase in the coe!cient of the metallicity depen-
dence from " = "0.2±0.2 mag dex!1 (adopted by Freed-
man et al. 2001) to "0.29±0.09r±0.05s mag dex!1 (§4.3)
has an opposite e"ect on H0 of ! "2%. As a result, the
net e"ect on the calibration of secondary distance indi-
cators is mitigated. Table 8 shows a re-calculation of the
peak absolute V magnitude of type Ia SNe recently de-
termined by Riess et al. (2005), which changes only by
-0.03 mag to M0

V = "19.14 ± 0.06 mag. The resulting
value of H0 is 74± 3r ± 6s km s!1 Mpc!1.

Recently, Spergel et al. (2006) presented a determi-
nation of cosmological parameters based on 3 years of
WMAP observations. CMB observations cannot provide
strong constraints on the value of H0 on their own, due to

degeneracies in parameter space (Tegmark et al. 2004).
Figure 23 shows the degeneracy in the #M " w plane.
The addition of an independent of H0 from Cepheids
significantly reduces that degeneracy (Hu 2005).

We calculated the improvement due to a prior on H0
(solid contours of Fig. 23) by resampling the Monte Carlo
Markov Chains kindly made available by the WMAP
team, using Eq. B4 of Lewis & Bridle (2002). We also
calculated marginalized probability distributions for w
for increasingly more accurate priors on H0. The results,
which are shown in Figure 24, indicate that a 5% prior
on H0 would reduce the 1! uncertainty in w to ±0.1. As
shown by Spergel et al., the combination of CMB data
with more than one prior (e.g., Cepheids, type Ia SNe
and large-scale structure) can further refine the measure-
ment of w.

A determination of H0 to 5% (see Table 7) is a con-
servative goal for the near term. It will require the re-
estimation of a maser distance to NGC 4258 (Humphreys
et al., in prep.), the analysis of follow-up observations of
the Cepheids discovered in this paper with other HST in-
struments (Bersier et al., in prep.; Macri et al., in prep.),
and the inclusion in the Cepheid sample of longer-period
(40 d < P <90 d) variables discovered with GMOS on
Gemini North (Macri & Smith, in prep.).

Further improvement on the accuracy of H0, down to
1%, may be obtained through maser distances to a large
number of galaxies in the Hubble flow, which could be
discovered with the Square Kilometer Array and its pro-
totypes (Greenhill 2004).

5. CONCLUSIONS

The five main results presented in this paper are the
following:
1. We discovered 281 Cepheid variables in two fields lo-
cated within the galaxy NGC 4258, with accurately cali-
brated BVI photometry in twelve epochs per band.
2. We determined a relative distance modulus between
NGC 4258 and the Large Magellanic Cloud, based on
Cepheid variables, of $µ0 = 10.88± 0.04r ± 0.05s mag.
3. We determined a relative distance modulus between
these two galaxies, based on the Tip of the Red Giant
Branch method, of $µ0,TRGB = 10.87± 0.04r mag.
4. We measured a metallicity dependence of the Cepheid
distance scale of " = "0.29± 0.09r ± 0.05s mag dex!1.
5. Our observations are best fit with P-L relations that do
not invoke changes in slope as a function of abundance.

We thank the Telescope Allocation Committee of the
Hubble Space Telescope for granting telescope time for
this project in Cycle 12. We were partially supported by
HST Grant HST-GO-09810, provided by NASA through
a grant from the Space Telescope Science Institute, which
is operated by the Association of Universities for Re-
search in Astronomy, Incorporated, under NASA con-
tract NAS5-26555. Support for L.M.M. was provided by
NASA through Hubble Fellowship grant HST-HF-01153
from the Space Telescope Science Institute and by the
National Science Foundation through a Goldberg Fellow-
ship from the National Optical Astronomy Observatory.

Some of the data presented in this paper were obtained
from the Multimission Archive at the Space Telescope
Science Institute (MAST). We acknowledge the use of
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KATRIN: from 2010 to 2015~16
“a neutrino mass of 0.35 eV could be determined with 5 sigma.”



Conclusion

WMAP3 limit (95%CL) : m! < 0.7 eV

Degeneracy between          and           .m! H0

Uncertainty of          is one of the largest 

systematic errors for estimating cosmological 

parameters from CMB.

m!

If neutrino mass is detected to be           > 0.3 eV, 

it would be more consistent with the people claiming 

a small Hubble constant < 65.

m!


