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There are many works to derive constraint on 
neutrino masses from cosmological data.
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There are many works on cosmological constraint 
on neutrino masses. 
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What if some experiment 
detected neutrino mass ?



We need cosmological parameter 
estimation fixing neutrino mass to some 
finite value.

Assuming massless 
neutrinos.

http://lambda.gsfc.nasa.gov/



We need cosmological parameter 
estimation fixing neutrino mass to some 
finite value.

http://lambda.gsfc.nasa.gov/

The Hubble 
constant decreases 
significantly by the 
finite neutrino mass.

mν ∼ 0.5 eV

H0 ∼ 60

H0 = 73.2± 3.1
for massless case.(             )



We assume flat Lambda CDM model (6 parameters) + 
neutrino mass

baryon density
CDM density
Hubble constant
epoch of reionization 
amplitude of fluctuation
a slope for the scalar perturbation

Hubble constant (expansion rate at present): H0

H0 = 100 h km/s/Mpc



neutrino mass (for one generation): mν

We assume three generations and the masses 
are degenerate.

ων =
3 mν

94 eV

neutrino mass density (relative to the critical density)

1 eV corresponds to ων ∼ 0.03

(cf.                              )ωCDM ∼ 0.105



ture (minimum displacement) and then toward minimum tem-
perature (maximum negative displacement). The wave that
causes the region to reach maximum negative displacement ex-
actly at recombination is the fundamental wave of the early uni-
verse. The overtones have wavelengths that are integer fractions
of the fundamental wavelength. Oscillating two, three or more
times as quickly as the fundamental wave, these overtones cause
smaller regions of space to reach maximum displacement, ei-
ther positive or negative, at recombination.

How do cosmologists deduce this pattern from the CMB?
They plot the magnitude of the temperature variations against
the sizes of the hot and cold spots in a graph called a power
spectrum [see box on page 51]. The results show that the re-
gions with the greatest variations subtend about one degree
across the sky, or nearly twice the size of the full moon. (At the
time of recombination, these regions had diameters of about
one million light-years, but because of the 1,000-fold expan-
sion of the universe since then, each region now stretches near-

ly one billion light-years across.) This first and highest peak in
the power spectrum is evidence of the fundamental wave, which
compressed and rarefied the regions of plasma to the maximum
extent at the time of recombination. The subsequent peaks in
the power spectrum represent the temperature variations
caused by the overtones. The series of peaks strongly supports
the theory that inflation triggered all the sound waves at the
same time. If the perturbations had been continuously gener-
ated over time, the power spectrum would not be so harmo-
niously ordered. To return to our pipe analogy, consider the ca-
cophony that would result from blowing into a pipe that has
holes drilled randomly along its length.

The theory of inflation also predicts that the sound waves
should have nearly the same amplitude on all scales. The pow-
er spectrum, however, shows a sharp drop-off in the magnitude
of temperature variations after the third peak. This discrepan-
cy can be explained by the fact that sound waves with short
wavelengths dissipate. Because sound is carried by the collisions
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TIMELINE OF THE UNIVERSE
AS INFLATION EXPANDED the universe, the plasma of photons
and charged particles grew far beyond the horizon (the edge of
the region that a hypothetical viewer after inflation would see
as the universe expands). During the recombination period

about 380,000 years later, the first atoms formed and the
cosmic microwave background (CMB) radiation was emitted.
After another 300 million years, radiation from the first stars
reionized most of the hydrogen and helium. 
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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
coefficient 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 (2.5σ), which decreases to rs = 0.15 (1.3σ)
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 (6.8σ).
The correlation is still present, with rs = 0.45 (4σ), for
Pmin = 12 d. Thus, we conclude that the LMC P-L
relations are a better fit to both samples, regardless of
their abundance difference.

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), affects previously-derived values of H0 by ∼ +3%.
The increase in the coefficient of the metallicity depen-
dence from γ = −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 effect on H0 of ∼ −2%. As a result, the
net effect 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 ΩM − 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 1σ 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 γ = −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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Conclusion

If neutrino mass is detected to be         > 0.3 eV,
it is consistent with people claiming small Hubble 
constant.

~

If not detected, upper bound of  < 0.3 eV is very 
useful because uncertainty of        is one of the 
largest systematic errors for estimating 
cosmological parameters from CMB (most notably 
for Hubble constant).

mν

mν

These correlation between         and          holds if 
we combine CMB data with Supernova and galaxy 
clustering data. 
It is also expected to hold in the Planck era.

H0mν

~


