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Cosmology can provide information on the absolute scale of neutrino masses, complementary

to the results of tritium beta decay and neutrinoless double beta decay experiments. We show

how the analysis of data on cosmological observables, such as the anisotropies of the cosmic

microwave background or the distribution of large-scale structure, combined with other experi-

mental results, provides an upper bound on the sum of neutrino masses. We also discuss how

future cosmological experiments are expected to be sensitive to neutrino masses well into the

sub-eV range.
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1. Massive neutrinos as dark matter

Neutrinos are very abundant in the Universe, in number only slightly smaller than that of
relic photons. After being created in earlier epochs, relic neutrinos influence various cosmological
stages, playing an important role that has been used to derive bounds on non-standard neutrino
properties, alternative to the limits from terrestrial neutrino experiments (see e.g. [1] for an exten-
sive review on many aspects of neutrino cosmology). The idea of neutrinos as dark matter (DM)
particles has been widely discussed since the 1970s, since there are two facts in their favour: they
definitely exist and eV neutrino masses produce a contribution of order unity to the present energy
density of the Universe, which in terms of its critical value ρc is Ων = ρν/ρc = Mν/(93.2h2 eV)

(where h ≡ H0/(100 km s−1 Mpc−1) is the present value of the Hubble parameter and Mν ≡ ∑i mνi

is the total neutrino mass). Thus one easily finds an upper limit on the masses (some tens of eV)
by imposing the very conservative bound Ων < 1.

The background of relic massive neutrinos affects the evolution of cosmological perturbations
in a particular way: it erases the density contrasts on wavelengths smaller than a mass-dependent
free-streaming scale. This damping of the density fluctuations on small scales is characteristic of
hot dark matter (HDM) particles. In a Universe dominated by HDM, large objects such as super-
clusters of galaxies form first, while smaller structures like clusters and galaxies form via a frag-
mentation process (a top-down scenario). However, within the presently favoured ΛCDM model,
dominated at late times by dark energy and where the main matter component is pressureless, there
is no need for a significant contribution of HDM. Therefore, from an analysis of the available cos-
mological data one can find how large the neutrino contribution can be and translate it into an upper
bound on the values of the neutrino masses. This bound is important because presently we have ex-
perimental evidences of flavour neutrino oscillations, which are sensitive to the squared mass differ-
ences between the three neutrino mass states m1,2,3: allowed ranges are |∆m2

31| = (2.2+1.1
−0.8)×10−3

eV2 and ∆m2
21 = (8.1+1.0

−0.9)× 10−5 eV2 (see e.g. [2] and references therein), which lead to two
possible neutrino mass schemes, depending on the sign of ∆m2

31. For very small values of the light-
est neutrino mass, the mass states follow a hierarchical scenario with minimal values of the sum
Mν ' 0.05(0.1) eV in the normal (inverted) case, while for masses much larger than the differences
all neutrinos share in practice the same mass m0 ' Mν/3 (mass degenerate region).

Cosmology is at first order sensitive to the total mass if all neutrino states have the same num-
ber density, providing information on m0 but blind to neutrino mixing angles or possible CP violat-
ing phases. Instead, tritium decay and neutrinoless double beta decay [4] experiments are sensitive
to ∑i |Uei|

2m2
i and mee ≡ |∑iU

2
eimi|, respectively (U is the 3×3 neutrino mixing matrix). Presently,

from tritium beta decay one finds m0 < 2.2 eV (95% CL), a bound expected to be improved by the
KATRIN project to reach 0.3−0.35 eV [5]. We also have results on mee from neutrinoless double
beta decay experiments, which give upper bounds in the range 0.3−1.6 eV and a claim of positive
evidence for mee [6]. However, these results suffer from the uncertainties in the calculations of the
corresponding nuclear matrix elements.

2. Current cosmological bounds on neutrino masses

For neutrino masses of order eV, the free-streaming effect can be detectable in the linear matter
power spectrum, reconstructed from galaxy redshift surveys. Massive neutrinos have also a smaller
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Ref. Bound (eV) Data (in addition to WMAP)

PRD 71 (2005) 043001 2.0 –
PRD 69 (2004) 103501 1.7 SDSS-gal

astro-ph/0507583 1.2 other CMB, 2dF-gal
PRD 69 (2004) 123007 1.0 ACBAR, 2dF-gal, SDSS-gal

JCAP 05 (2003) 004 1.0 other CMB, (pre-WMAP), 2dF-gal, HST, SNIa
MNRAS 353 (2004) 747 0.96 VSA, 2dF-gal

PLB 595 (2004) 55 0.75 other CMB (pre-WMAP), 2dF-gal, SDSS-gal, HST
APJS 148 (2003) 175 0.68 ACBAR, CBI, 2dF-gal, 2dF-bias, Lyα

astro-ph/0507503 0.48 other CMB, 2dF-gal, SDSS-gal, bias
PRD 70 (2005) 113003 0.47 other CMB, 2dF-gal, HST, SNIa, Lyα
PRD 71 (2005) 103515 0.42 SDSS-gal, SNIa, SDSS-bias, Lyα

Table 1: Upper bounds on the total neutrino mass Mν (eV, 95% CL) from recent analyses of different sets
of cosmological data. See the text for details.

background effect: different values of the neutrino density fraction Ων have to be compensated
by small changes to the other components, modifying some characteristic times and scales in the
history of the Universe, like the time of equality between matter and radiation, or the size of the
Hubble radius at photon decoupling. Although neutrino masses influence only slightly the spectrum
of the anisotropies of Cosmic Microwave Background (CMB) radiation, it is crucial to combine
CMB and large-scale structure (LSS) observations, as well as other cosmological observations,
in order to measure the neutrino mass, because CMB data give independent constraints on the
cosmological parameters, and partially removes the parameter degeneracies.

We show in Table 1 a summary of recent results from analyses of cosmological data, which
emphasizes the fact that a single cosmological bound on neutrino masses does not exist. Assum-
ing that the relic neutrinos are standard, the limits depend on the underlying model (the set of
cosmological parameters) and the cosmological data used. The data include results from CMB
experiments (WMAP, ACBAR, DASI, VSA, CBI, Boomerang and others) and different LSS data:
the shape of the matter power spectrum on large scales as found from galaxy-galaxy correlation
data from galaxy redshift surveys such as 2dFGRS or SDSS (referred as 2dF/SDSS-gal in the ta-
ble), the bias (normalization of the matter power spectrum) or the matter power spectrum on small
scales inferred from the Lyman-α forest. In addition, other cosmological data can be incorporated
via priors on parameters such as h (HST) or Ωm (SNIa data). For details, see the discussion in [7].

These results in Table 1 tell us that current cosmological data probe the region of neutrino
masses where the 3 neutrino states are degenerate, with a mass Mν/3. This mass region is con-
servatively bounded to values below approximately 1 eV from CMB results combined only with
galaxy clustering data from 2dF and/or SDSS (unnormalized matter power spectrum). The addition
of further data leads to an improvement of the bounds, which reach the lowest values 0.42-0.68 eV
when data from Lyman-α are included or the bias is fixed.

Note that these impressive cosmological bounds on neutrino masses may change if additional
cosmological parameters, beyond those included in the minimal ΛCDM, are allowed. This could
be the case whenever a new parameter degeneracy with the neutrino masses arises. This is the case
when the radiation content of the Universe (parametrized via the effective number of neutrinos Neff)
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is enhanced: the extra radiation partially compensates the effect of neutrino masses, leading to a
less stringent bound on Mν [7, 8] (see e.g. Fig. 1 in [7]). For instance, when one considers a model
with four instead of three species of massive neutrinos (as suggested by the LSND experiment,
where a fourth sterile neutrino is required with mass of O(eV) [2]), the upper bound found from
CMB and 2dF/SDSS-gal is relaxed from 0.8 to 1.2 eV when one of the states is much heavier than
the others. Recently a degeneracy between neutrino masses and the parameter w, that characterizes
the equation of state of the dark energy component X (PX = wρX ), was studied in [9]. For values
w < −1, in the so-called phantom energy regime, it was shown that the neutrino mass bound can
be relaxed to Mν < 1.48 eV (95% C.L.), compared with Mν < 0.65 eV for w = −1.

3. Future sensitivities to neutrino masses from cosmological observations

Future CMB data from WMAP and Planck, combined with LSS data from larger galaxy sur-
veys will enhance the cosmological sensitivity to neutrino masses. The pioneering calculation in
ref. [10] found that the combination of Planck and SDSS data will push the bound on Mν to approx-
imately 0.3 eV (see also [11]). An updated forecast analysis gave 0.21 eV for Planck+SDSS, that
could be improved to 0.13 eV with future data from CMBpol (a very preliminary project of a future
CMB satellite with better sensitivity to CMB polarization). Other cosmological probes of neutrino
masses could reach better sensitivities in the next future. In particular one can probe the mass
distribution of the Universe using either the weak gravitational lensing of background galaxies by
intervening matter [12] or the distortions of CMB temperature and polarization spectra caused by
gravitational lensing [13]. These two methods, alone or combined [14], are potentially sensitive to
masses 0.05-0.1 eV, i.e. possibly down to the minimum values expected in the hierarchical neutrino
schemes, in particular in the inverted case.
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