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Abstract: We review the neutrino science, focusing on its impact on cosmology along with the latest
constraints on its mass and number of species. We also discuss its status as a possible solution to some
of the recent cosmological tensions, such as the Hubble constant or the matter fluctuation parameter.
We end by showing forecasts from next-generation planned or candidate surveys, highlighting their
constraining power, alone or in combination, but also the limitations in determining neutrino mass
distribution among its species.
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1. Introduction

Since their introduction as a solution to the deficit of energy budget in beta decay
processes (cf. Section 2), neutrino particles have been found, due to their non-interacting,
almost-vanishing mass, and relativistic nature, as being suitable to hold roles in many
phenomena in nature, which have made them attract a large interest among the scientific
community. This attention has even grown bigger with the recent discovery of neutrino
oscillations in solar and atmospheric measurements (cf. Section 2.2) as an evidence of
having, though very small, a non-zero mass. Besides the implications on cosmology and
astrophysics as we shall see later (cf. Section 4), this discovery had a consequence on the
level of the standard model (SM) of particles, as it calls for a modification of the latter.
However, the value of their mass has not been well determined yet, and only higher limits
have been derived. Moreover, the sign of the largest mass splitting, the one governing
atmospheric transitions, is still unknown, which leaves open two possibilities for the
neutrino masses ordering, corresponding to what is called the normal hierarchy, in which
the atmospheric splitting is positive, and the inverted hierarchy, in which it is negative.
Other unknowns are still present for the neutrino particle, among them the value of a
possible CP-violating phase in the neutrino-mixing matrix [1], and the Dirac or Majorana
nature of the neutrino, i.e., whether or not the neutrino and its antiparticles are the same
(cf. Section 2).

There are, however, different ways to constrain the absolute total neutrino masses
scale, starting from terrestrial or laboratory experiments, where we can use energy and
momentum conservation to determine the mass of the quantity involved from their kine-
matic effects on the electrons produced in the β decay of nuclei. This could be obtained
practically from monitoring distortions in the energy spectrum produced using either
holmium 163 isotopes, where the decay energy is measured with micro-calorimeters, or
by exploiting the single-β decay of molecular tritium. In that regard, several terrestrial
experiments based on this method have succeeded in reducing uncertainties on the upper
mass limit of neutrinos, e.g., from Σmν < 9.3 eV by Los Alamos’ (1991) experiment [2]
to Mainz (2005) [3] and Troitsk (2011) [4], reaching Σmν < 0.8 (at a 90% confidence) from
combining KATRIN (2019) and (2021) [5] (see references therein for a more exhaustive list).

Another way to measure neutrino masses in the laboratory is to look for a neutrinoless
double-β decay, a rare process only permitted if the neutrino and its antiparticle are the
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same (see Section 2.3 for more details). Until now, experiments that yield the most stringent
limits, such as CUORE (2015) [6], give Σmν in the 0.27–0.76 eV range.

Neutrinos could also be detected when succeeding in observing some astrophysical
cataclysmic events, such as supernova (SN) explosions or mergers between two compact
objects, for instance two neutron stars or a neutron star and a black hole. Such events
usually lead to a compression for high-density volumes so that the proton and electrons
combine and release neutrinos that carry most of the energy of the collapse (Colgate and
White, 1966) [7]. They also play a role in cooling the torus around the central remnant
of a massive neutron star, a black hole, or the nucleosynthesis of heavy nuclei through
r-processes in SN remnants. If the event is monitored in its whole duration, it is possible to
obtain information on the neutrino velocity since its energy could be measured, hence its
mass. Of the main existing or forthcoming experiments that aim at observing very-high-
energy neutrinos from our galaxy, we mention Baikal [8], IceCube [9], ANTARES [10], and
KM3Net [11].

On the cosmological level, the topic of our review, the neutrino is one of the few
components whose contribution to the energy budget changes its contribution with the
Universe’s expansion, from being part of the radiation to that of the matter density, with
implications on the expansion of the background or the growth of large-scale structures
(LSS) (cf. Section 4). It has also the feature of being abundantly present since the Universe’s
early beginning, participating by then to the different phases of its evolution, which allows
us to constrain it by any of the known cosmological observables, such as the cosmic
microwave radiation spectrum (CMB), the imprint left from the early baryonic acoustic
oscillations (BAO) on the galaxy’s distribution, the geometric distance from the light
curve of the supernova or the more direct growth of structure probes, such as the shear
power spectrum from weak-lensed galaxies by matter densities, or the abundance of the
clusters or galaxies (see Section 4 for more details on neutrino effects on the aforementioned
observables). However, being involved in most of the physical processes, its effect could
degenerate with other cosmological parameters, such as, for example, the matter density
parameter’s impact on the growth of structure or the universe’s expansion, along with the
Hubble constant. This could weaken the constraints from a single probe unless we combine
different ones to break the degeneracies and tighten by then the bounds on the neutrino
properties. As an example, Di Valentino (2021) [12], using the latest determinations of the
growth rate parameter, along with CMB and a BAO measurements from galaxy clustering,
set the upper limit to ∑ mν < 0.09 eV at a 95% confidence level (see Section 5 for more details
on the current bounds on neutrino properties). However, with the current observations,
even if we combine most of the available datasets, there will still be room for more than
10% inaccuracy on its mass or number of species (cf. Section 4). That is why the next
generation of surveys, such as Euclid [13], LSST-Rubin [14], WFIRST-Roman [15], SKA [16],
CMB-S4 [17], or DESI [18], with one or even two orders of magnitude higher in terms of the
density of the observations or depth in the redshift, are necessary to reach the evidence for
the mass detection of the number of species beyond the five σ required to claim a discovery.
However, this also might not be sufficient unless we include further surveys that are able
to constrain the last degeneracy that the upcoming surveys could not break, i.e., the optical
depth, which degenerate with the amplitude of the power spectrum or the polarization
present in the corresponding spectrum from CMB and, that by using deeper redshift
surveys, are able to reach the epoch of reionization, such as Litebird [19] or CORE [20],
and are also spanning most of the fraction of the sky to limit to a the maximum the cosmic
variance, with the latter being one of the main limits to the use of large-scale modes in
different-measured power spectrums to further constrain cosmological parameters as well
as neutrino masses. Still, these will act on the total mass of the neutrino species while
the hierarchy or the individual mass of each of the neutrino’s flavors will have to wait
until surveys with a capacity beyond Stage IV to be detected, or else, combining upcoming
surveys with future terrestrial and astrophysical experiments to limit the allowed space of
variation of neutrino masses [21].



Universe 2022, 8, 284 3 of 33

Finally, also from being influential in most of the physical processes, neutrinos have
also been proposed as a solution to two of the present tensions within the ΛCDM model
on the amplitude of matter fluctuations, the σ8 parameter, and the Hubble parameter H0
when determined regarding deep versus local probes. The ΛCDM model is actually the
most successful and the least demanding in a number of parameter models that are able
of describing most of the cosmological observables [22]. Its set of parameters, in the flat
universe case, is essentially consistent with the Hubble constant to describe the expansion of
the universe; the baryonic, dark matter, and dark energy densities involved in the expansion
as well as the growth of the formation of LSS; the amplitude and exponential index of the
power spectrum describing the primordial distribution of overdensities; and finally the
optical depth, an astrophysical parameter describing the period of reionization of the most
abundant element, hydrogen, by the formation of the first stars within larger groups, such
as galaxies and clusters of galaxies. Among the main observables accommodated by the
ΛCDM model, we have the correlations observed in the cosmic microwave background
temperatures, and polarizations, the features of which are shaped by almost all of the
cosmological parameters [23]; distance measurements from the supernovae [24]; angular
distributions of galaxies [25]; and the clustering of galaxies or that of their weak lensing
shear correlations and the abundance of the clusters of galaxies. The latter are one of the
probes involved in the first discrepancies with CMB, the σ8 parameter. Their detections and
masses are determined from measuring X-ray emissions from their gravitationally heated
particles, the thermal Sunyaev–Zel’dovich (tSZ) effect from the distortion of the CMB
spectrum by energy injected from clusters’ hot gases, or from the lensing induced by their
large mass, and their counts are used to constrain σ8 to values found in tension with that
from CMB [26]. As mentioned above, with higher accuracy on the cosmological parameters
bounds, it has been found that a strong discrepancy is present between the value of the
Hubble constant H0 determined from the CMB spectrum versus that obtained from local
measurements of H0 by means of the Cepheid standard candle stars [27]. Many studies
have tried to determine the total neutrino masses necessary to alleviate these tensions by
combining the probes that are subject to the discrepancies. They reached values that could
be interpreted as a total neutrino mass detection [28,29], though not more than at the two
to three σ level, while others used more agnostic approaches, leaving all the parameters,
including the cosmological and the nuisance ones, as being free to vary, and showed that
the total neutrino masses were different from the minimum-preferred allowed value by
solar and atmospheric oscillations or current terrestrial experiments, which is not able to
alleviate the tensions [30,31] (see Section 6 for more on this topic).

In this review, we will mainly focus on cosmological observations as a probe of the
absolute total neutrino masses scale and discuss the implications of constraining the latter
on the determination of the right hierarchy. We will also review constraints on the effective
number of neutrinos, a powerful probe of a wide range beyond the SM model’s physics,
but without exploring further extensions to the dark sector except the sterile neutrino mass
(see [32] for a recent review on the dark radiation sector).

2. Invited Particles to Complement Beta Decay Processes

It all started when W. Pauli postulated the existence of a “neutrino” in 1930 [33] to
explain the deficit in the energy budget in beta decay processes. Since the charge must be
conserved, it was first named a neutron before the latter heavier particle was discovered,
leaving the suffix “ino” or small in Italian to be added by Fermi in 1934. The latter proposed
a first successful theory [34] about the different interactions among the particles involved; a
heavy particle in its “neutron state” transits into its “proton state” with the emission of an
electron and an antineutrino before a more general theory based on weak interactions that
allows a neutron, composed of two down quarks and an up quark, to decay to a proton
composed of a down quark and two up quarks by emission of a virtual W boson, leading
to the creation of an electron and antineutrino, was elaborated by Glashow, Weinberg, and
Abdus Salam in the 1960s [35–37]. Its detection was confirmed much later than Pauli’s
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proposal by Clyde Cowan and Frederick Reines in 1956 [38]. This was mainly due to its
neutrality and very low mass so that it nearly does not interact with other particles to allow
an easy observation. This first detected “kind” of neutrino is released with the electron
lepton and was thus called electron-neutrinos νe; however, another two flavors of neutrinos
exist, which are associated with the more heavy and less stable muon and tau leptons:
the muon νµ and tau neutrinos ντ . For each neutrino, there also exists a corresponding
antiparticle, called an antineutrino, which also has no electric charge but possesses an
opposite helicity (the projection of their spin is antiparallel to their momentum) [39].

2.1. Neutrino in the Standard Model of Particle Physics

The standard model (SM) is a framework based on the quantum field theory that
tries to accommodate phenomenological inputs by means of couplings and interactions
in the associated Lagrangian. Since no mass was detected back then for neutrinos, no
relevant coupling was introduced in the equations that govern the different interactions
between particles, and the SM was formulated with massless neutrinos. Moreover, since
all observed neutrinos are left-handed, if they had mass then, being frame dependent,
a change of helicity could be observed as right-handed. Thus, if they are to have mass,
we should postulate either the existence of a still-undetected right-handed massive, even
less-interacting “sterile” neutrino or the hypothesis that the neutrino and right-handed
antineutrino are the same, called Majorana particles following the latter scientist who
proposed a theory in 1937 for such kind of particles [40].

Since neither of the two aforementioned phenomena were observed, neutrino was
thought to be massless. Nevertheless, in the 1950s, Pontecorvo [41] came up with a theory
where flavors or quantum superpositions could result from a mixing involving more
elementary constituents, which could be either zero-mass eigenstates consistent with the
SM or massive eigenstates that need an extension to SM to be explained.

According to this now standard theory of neutrino oscillations, the observed neutrino
flavors να (α = e, µ, τ) are quantum superpositions of three mass eigenstates νi (i = 1, 2, 3):

|να〉 = ∑
i

U∗αi|νi〉, (1)

where U is the Pontecorvo–Maki–Nakagawa–Sasaka (PMNS)-mixing matrix parameterized
by three mixing angles θ12, θ13, and θ23, and three CP-violating phases: one Dirac, δ, and
two Majorana phases, α21 and α31:

U =




c12c13 s12c13 s13e−iδ

−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13


× diag

(
1, eiα21/2, eiα31/2

)
, (2)

where cij ≡ cos θij and sij ≡ sin θij.

Neutrino eigenstate travel is modeled as a plane wave following:

|νi(L)〉 = e−i(Ei L−~pi ·~x)|νi(0)〉, (3)

expressed in natural units (c = 1, h̄ = 1), where Ei =
√

p2
i + m2

i is the energy of the
mass-eigenstate i, L is the distance traveled equal here in the natural unit to the time since
the start of the propagation, ~pi is the three-dimensional momentum, and ~x is the current
position of the particle relative to its starting position

If massless, eigenstates propagate with the same frequencies, and only the function of
the square of the rest energy with the same speed of light and the flavors stay the same, since
it has not introduced any phase shift in each of the composing eigenstate waves. However,
a discrepancy between the number of electron-neutrinos theoretically emitted and those
detected was found in those emitted from the sun and those in the earth’s atmosphere.
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This has been explained by the fact that the flavor eigenstates are combinations of the
mass eigenstates, where the heavier ones "oscillate" faster compared to the lighter ones,
such as the ones we saw above. This difference in frequencies causes interference between
the corresponding flavor components of each mass eigenstate, the result of which is that
it is possible to observe a neutrino created with a given flavor change its flavor during
its propagation, thus implying a reduced probability of being detected, since the latter in
quantum formalism is equal to the square of the plane wave length of the traveling neutrino.
Therefore, some of the three neutrinos must have mass so that its massive eigenstate waves
would be phase shifted in a way so that it results in a detection of neutrinos of different
flavors from the time of the emission.

Note that since the quantum mechanical phase advances in a periodic fashion, after
some distance the oscillations will regulate quickly and the state will nearly return to
the original mixture as long as the quantum mechanical state maintains coherence. Since
mass differences between neutrino flavors are small in comparison with long coherence
lengths for neutrino oscillations, this microscopic quantum effect becomes observable over
macroscopic distances. That is the reason why it was not earlier detected from small-scale
earth experiments.

2.2. The Discovery of the Need for a Non-Vanishing Mass for the Neutrinos

Although individual experiments, such as the set of solar neutrino experiments,
are consistent with the non-oscillatory mechanisms of neutrino flavor conversion, taken
altogether, the combination of experiments, such as the fact that observations of muon
neutrinos produced in the upper atmosphere by cosmic rays were also consistent with
muon neutrinos changing into tau neutrinos within their travel to the laboratory, implied
the existence of neutrino oscillations. Indeed, starting in 1998, the reactor experiment
KamLAND identified oscillations as the neutrino flavor-conversion mechanism involved
in the solar electron-neutrinos and ruled out alternative mechanisms involving spin-flavor
precession, as well as non-standard neutrino interaction solutions and other more exotic
hypotheses [42]. Similarly, the accelerator experiments such as MINOS also confirmed the
oscillation of atmospheric neutrinos and gave a better determination of the mass-squared
splitting. This led to Nobel prizes for the project’s two lead investigators (Kajita and
McDonald) in 2015 [43,44].

The aforementioned oscillation experiments have measured with unprecedented
accuracy the three mixing angles and the two mass-squared differences relevant for the
solar and atmospheric transitions [45–47], namely the solar splitting ∆m2

sol = ∆m2
21 ≡

m2
2 −m2

1 ' 7.42× 10−5 eV2, and the atmospheric splitting ∆m2
atm = |∆m2

31| ≡ |m2
3 −m2

1| '
2.517× 10−3 eV2.

Only the differences in mass were measured because oscillation experiments are
insensitive to the absolute scale of neutrino masses, which has yet to be determined1.
Moreover, the sign of the largest mass-squared splitting, the one governing atmospheric
transitions, is still unknown. This leaves open two possibilities for the neutrino masses
ordering m1, m2, and m3, corresponding to the two signs of the atmospheric splitting: the
normal hierarchy, in which the atmospheric splitting is positive, and the inverted hierarchy,
in which it is negative. In the first hierarchy, m2 is lighter than m3, while it is heavier in the
“inverted” one (see Figure 1 for an illustration).
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Figure 1. Illustrating the neutrino mass hierarchies. The color shading indicates the fraction |Uαi|2 of
each distinct flavor να, α = e, µ, τ contained in each mass eigenstate νi, i = 1, 2, 3. Reprinted figure
with permission from the authors of [49] by the American Physical Society. All rights reserved.

2.3. Neutrinos’ Mass from Neutrinoless Double-Beta Decay Rate

One consequence of the discovery that neutrinos are not massless, is that when a
neutrino is confirmed as being a Majorana particle, i.e., as previously stated it is its own
antiparticle, it is possible for neutrinoless double-beta decay to occur, since the antineutrino
could thus be absorbed after being emitted, with a rate given by Γ = G|M|2|mββ|2, where
G is the two-body phase-space factor, M is the nuclear matrix element, and mββ is the
effective Majorana mass of the electron-neutrino, the energy of which completes the budget
in this break of the binding process. Thus, measuring the rate of decay will allow additional
information on the absolute neutrino-mass scale. However, the numerous experiments that
have searched for neutrinoless double-beta decay, e.g., Heidelberg–Moscow, 76Ge detectors
(1997–2002); NUMEN (2018) [50]; IGEX, NEMO, and Cuoricino (2003–2008); more recently
the SNO+ experiment (2021) [51]; or COBRA, CUORE, EXO, GERDA, and KamLAND-Zen,
(see reference [52] and references therein) have not succeeded until now to detect it. Future
surveys, such as CUPID, CANDLES, MOON, AMoRE, nEXO, LEGEND, or LUMINEU,
might arrive to do so (see reference [53] and references therein).

3. Neutrino Thermal and Cosmological Density Evolution

The evolution of the abundance and role of neutrinos in cosmology is a direct con-
sequence of the physics described in the previous section but also closely related to the
thermal history of the Universe, which is mainly affected by its expansion following the
Friedman Equation (taken as spatially flat)

H(z)2 = H2
0

[(
Ωcdm + Ωbaryons

)
(1 + z)3 + Ωγ(1 + z)4 + ΩDE +

ρν,tot(z)
ρcrit,0

]
, (4)

where we have introduced the present value of the critical density ρcrit,0 ≡ 3H2
0 /8πG (in

general, we use a subscript 0 to denote the quantities evaluated today), and the present-
day density parameters Ωi = ρi,0/ρcrit,0 (since we will be always referring to the density
parameters today, we omit the subscript 0 in this case). The scalings with (1 + z) come
from the energy densities of non-relativistic matter and the radiation scale with a−3 and
a−4, respectively. In the case of neutrinos, since the parameter of their equation of state is
not constant, as we shall see later, we could not write a simple scaling with the redshift. We
use ρν,tot to denote the total neutrino density, i.e., summed over all mass eigenstates.
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3.1. Neutrino Early-Time History

Throughout the Universe’s history, the neutrino with a small yet non-zero mass, as
established previously from solar and atmospheric observations, will pass from being
relativistic and part of the radiation budget to become non-relativistic and counted as part
of the matter density in the Universe, as Figure 2 illustrates.

photons 

neutrinos 

cdm 

baryons 

Λ 

Figure 2. Evolution of the background energy densities in terms of the fractions Ωi, from Tν = 1
MeV until now, taken from reference [54], for each component of a flat Universe with h = 0.7 and
current density fractions ΩΛ = 0.70, Ωb = 0.05, and Ωcdm = 1−ΩΛ −Ωb −Ων. The three neutrino
masses are m1 = 0 (red thin line), m2 = 0.009 eV, and m3 = 0.05 eV (red thickest line). Notice how
the evolution is similar to the radiation density, especially for the massless neutrinos’ case, and starts
to take the same shape of the matter, which is cold or baryonic at the present time, while remaining
very minor in the energy budget currently.

Thus, at early stages of the cosmological evolution, there exists a sea of neutrinos
resulting from the interactions of the relic photons, the high density of which is a generic
feature of the hot big bang theory. These neutrinos were produced at high temperatures by
frequent weak interactions, and kept in equilibrium until these processes became ineffective
when the rates of reactions became lower than the rate of expansion of the Universe and
the latter cools. The temperature and momentum at the moment of decoupling can be
found by supposing that their distribution is well described by a Fermi–Dirac method with
a Gaussian average

f (p, t) =
1

ep/Tν(t) + 1
, (5)

where Tν(t) is the neutrino temperature and p is its momentum and a total energy density
that is dominated by radiation. The number density nν is thus given by:

nν(Tν) =
g

(2π)3

∫ d3 p
ep/Tν + 1

=
3ζ(3)
4π2 T3

ν , (6)

where ζ(3) is the Riemann zeta function of 3, integrating over the momentum in the last
equality taken into account that g = 2 for neutrinos. Then, by equating the thermally
averaged value of the weak interaction rate Γ(z) = nν〈σνvν〉 ∝ GF

2T5
ν to the Hubble

parameter value, where σν is the cross-section of the electron–neutrino processes, ∝ GF
2T2

ν

with GF is the Fermi constant, nν is the neutrino number density, with the expansion

rate given by the Hubble parameter H = ( 8πρ

3Mp
2 )

1/2
from Friedman dominated by the
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radiation component (with Mp being the Planck mass), and one finds roughly that Tν dec
∼ 1 MeV is consistent with being relativistic. However, shortly after neutrino decoupling,
the temperature drops below the electron mass, favoring e+ e− annihilations into photons,
which are heated by a factor (11/4)1/3 that enters the ratio between the temperatures of
relic photons and neutrinos. The contribution ργ+ν of neutrinos to radiation is then:

ργ+ν = ργ

[
1 +

7
8

(
4
11

)4/3
Neff

]
, (7)

where ργ is the photon density and the parameter Neff ∼ 3.045 accounts for any relativistic
species which might be present at early times. With only three families of active neutrinos
present in the standard model, the extra contribution with respect to the three families
of active neutrinos (Neff > 3) is an exact result of the complete treatment of neutrino
decoupling, which takes into account non-instantaneous decoupling, finite-temperature
QED-radiative corrections, and flavor oscillations [55].

This quantity encapsulates the radiation and neutrino densities that appear in the right-
hand side of the Friedmann equation. In the ultrarelativistic (Tν � m) and non-relativistic
(Tν � m) limits, the energy densities take simple analytic forms:

ρν(Tν) =
g

(2π)3

∫ √
p2 + m2

ep/Tν + 1
d3 p =





7π2

120
T4

ν (Tν � m)

mνnν (Tν � m)
(8)

consistent with the fact that neutrinos behave as pressureless matter, ρν ∝ (1 + z)3, in
the non-relativistic regime, and as radiation, ρν ∝ (1 + z)4, in the ultrarelativistic regime.
These approximations will serve to better understand some of the neutrinos’ effects on
observables that we will discuss later, as they allow us to have an estimation of the redshift
znr, at which neutrinos of a given mass become non-relativistic. This is done, following
the distribution above, by considering that the average momentum of neutrinos at a
temperature Tν, p = 3.15 Tν is taken at the moment of transition from the relativistic to the
non-relativistic regime to be, as seen, 〈p〉 = mν, in light speed c = 1 unit. Then, using the fact
that from Equation (7), Tν(z) = (4/11)1/3T0(1 + z) = 1.68× 10−4(1 + z) eV, with T0 being
present-day cosmic microwave background (CMB) temperature to a good approximation,
one has

1 + znr ' 1900
(mν

eV

)
. (9)

We shall also need to determine the contribution of neutrinos to the matter–radation
cosmological density equality. Given the present bounds on neutrino masses, we know that
equality likely takes place around z ∼ 3400 when neutrinos are relativistic. The radiation
density is then provided by photons and by the relativistic neutrinos (and as such does not
depend on the neutrino mass), plus any other light species present in the early Universe, so
that the redshift of equivalence is given by

1 + zeq =
Ωc + Ωb

Ωγ

[
1 + 7

8

(
4

11

)4/3
Neff

] , (10)

In the standard model, Neff is fixed at ∼3.045. Therefore, the denominator of the
previous equation is fixed. However, a change in ∑ mν modifies the total matter density at
late times. This implies that, in a flat cosmological model, Ωcdm + Ωb has to be modified
accordingly to satisfy the flatness constraint, and thus the numerator is modified as well.
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Given that the present-day neutrino temperature is fixed by measurements of the
CMB temperature and by considerations of entropy conservation, we can, from the above
formulas in Equation (6) write the total density parameter of massive neutrinos as:

Ωνh2 = ∑
i

ρνi ,0/ρcrit,0 =
∑ mν

93.14 eV
. (11)

3.2. Neutrino Late-Time Evolution

We also present here the redshift evolution of some of the quantity functions of neutri-
nos that will further help in the determination of their effects on the formation of structures.
One that is relevant is the velocity dispersion. From the Fermi–Dirac distribution (5), we
find a rough estimate:

〈vthermal, ν〉 ∼ 81(1 + z)
(

eV
mν

)
km s−1. (12)

For values of 1 eV for neutrinos close to present-day constraints, 〈vthermal, ν〉 ∼
100 km s−1 is comparable to the typical value of a galaxy. Thus, neutrinos, in contrast
to cold dark matter that has by definition a vanishing vthermal , have too much thermal
energy to be squeezed into small volumes to hierarchically form the structures we observe
today [56]. However, this only means that neutrinos cannot account for dark matter but
will still leave imprints on structure formation through their escape from matter potential
at a free-streaming scale function of redshift. This is due to the fact that neutrinos possess
large thermal velocities for a considerable part of cosmic history, so they can free stream
out of overdense regions, effectively canceling perturbations on small scales. To obtain that,
we should relate a linear perturbation in the Fourier space δν(k, s) to the neutrino density
at a certain scale and a time variable nν(k, s) [57]. Then, the neutrino number density per
Fourier mode relative to the mean density is obtained by integrating Equation (6) over
momenta p,

n̂ν(k, s)
n̄ν(s)

=
a−3

∫
d3 p f̂ (k, p, s)

a−3
∫

d3 p f0(p)
(13)

= δ(k)− k2
∫ s

si

ds′a2(s′)φ̂(k, s′)(s− s′)F
[

k(s− s′)
mν

]
, (14)

with a, the scale factor = (1 + z)−1 and the potential solution to Poisson equation

φ̂(k, s) = −4πGρ̄m,0δ̂m(k, s)
ak2 . (15)

Using the definition δ̂ν(k, s) ≡ n̂ν(k, s)/n̄ν(s)− δ(k), we obtain for the neutrino density
fluctuations

δ̂ν(k, s) ' 4πGρ̄m,0

∫ s

si

ds′a(s′)δ̂m(k, s′)(s− s′)F
[

k(s− s′)
mν

]
. (16)

which could be recasted after a first-order solution

δ̂ν(k, s) '
k2

fs(s)
k2 δ̂m(k, s). (17)
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Here, kfs is but the free-streaming wave vector, defined as

kfs(s) ≡
√

4πGa(s)ρ̄m,0

c2
ν,0

(18)

' 1.5
√

a(s)Ωm,0

(mν

eV

)
h Mpc−1, (19)

with cν(s) ≡ Tν,0
mνa(s)

√
3ζ(3)

2 ln(2) as the neutrino’s characteristic thermal speed. Thus, large
Fourier modes in the neutrino density fluctuations are suppressed by a factor proportional
to k−2 relative to their CDM counterparts, which will have implications on the observables
obtained from the clustering of large-scale structures, such as galaxies for example.

4. Impact on Observables

Early attempts, precursors of the more specific cosmological implications of neutrino
physics, were first limited to the global impact on the Universe’s history and evolution. In
that regard, Alpher et al. (1953) [58] and Pontecorvo et al. (1961) [59] debated the possibility
that neutrinos’ densities would be comparable with baryonic matter and the implications
of this assumption. However, it was Gershtein and Zeldovith (1966) [60] who made the
first seminal constraint when they derived the upper limit on the density of neutrinos by
demanding that the latter high value does not overclose the Universe, i.e., Ων should be
less than unity, which implies, according to Equation (11), that the sum of the neutrino
masses ∑ mν < 93 eV.

After these first seminal works and since, as we see later, the neutrinos’ impact is
closely related to their cosmological history and evolution, and we shall try to follow the
same chronological order and describe here their influence on observables going from a
high redshift to current ones.

At very-high redshift, close to the very early epoch, three minutes after the "beginning"
of the Universe, neutrinos would have had an impact on the big bang nucleosynthesis
(BBN) process when its density ρν is part of the radiation density, dominating the energy
budget at these times and thus, according to Equation (7), fixes the expansion rate, which
in turn fixes the produced abundances of light elements, in particular that of 4He. The
latter is then confronted with measurements to put constraints on the neutrinos’ relativistic
effective number and models encapsulated in the value of Neff, as denoted in Section 3.

Heading to lower redshifts, we have previously seen that Equation (9) gives approxi-
mately the redshift of transition to the non-relativistic regime, which happens to be close to
the epoch of recombination. However, we see from the influence of neutrinos on perturba-
tions above the free-streaming scale (cf. Equation (17)) that being non-relativistic will thus
have a distinct signature on CMB temperature angular correlations at the recombination
epoch that are not observed by CMB experiments [61], so that we are able, by inserting the
redshift of recombination in Equation (9) around zrec ∼ 1090, to put an upper limit of ∑ mν

< 1 eV on their sum of eigenstate masses.

4.1. Neutrino Effects on the CMB Power Spectrum

Neutrinos will have different effects on the CMB spectrum. We remind that the latter
anisotropies are encoded in the power spectrum2 coefficients C`s, i.e., the coefficients of the
expansion in the Legendre polynomials P`(x) of the two-point angular correlation function
on the angular scales θ = π/`. In the case of the temperature angular fluctuations δT(n̂)

T
in

CMB, it is expressed as:
〈

δT(n̂)
T

δT(n̂′)
T

〉
=

∞

∑
`=0

2`+ 1
4π

CTT
` P`(n̂ · n̂′) . (20)

More theoretically, and to gain some further insights, we describe how temperature
fluctuations measured from the CMB are related to radiation-matter inhomogeneities
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interactions, by the following approximate formula from references [62,63], assuming
recombination happened fast near the surface of the last scattering, a condition allowing to
separate source evolution calculations from geometrical complexity:

δT
T̄

(s)
=

δT
T̄

(s)
∣∣∣∣∣
τ∗

−Φ(τ0) + Φ(τ∗) + [vs. · e]τ∗τ0
+
∫ τ∗

τ0

(Φ′ + Ψ′)dτ, (21)

where the first term of the right-hand side is the temperature anisotropy in the point of the
last scattering surface, the second term comes from the gravitational shift of the photons
traveling along in gravitational potential fluctuations known as the early Sachs–Wolf (SW)
effect. It is followed by the correction to this temperature coming from the conventional
Doppler caused by the velocity of the baryon–photon fluid. The last term is relative to the
integrated Sachs–Wolfe (ISW) effect. It describes how the CMB angular power spectrum
is affected on large scales when passing through varying potentials on its way towards
the observer.

The shape of the observed power spectra is the result of the processes taking place in
the primordial plasma around the time of recombination. Therefore, we observe a series
of peaks and troughs in the temperature power spectrum, corresponding to oscillation
modes that were caught at an extreme of compression or rarefaction (the peaks), or exactly
in phase with the background (the troughs). The typical scale of the oscillations is set by the
sound horizon at the recombination rs(zrec) =

∫ ∞
zrec

cs(z)dz
H(z) , i.e., the distance traveled by an

acoustic wave (cs being the sound speed) from some very early time until zrec, the redshift
of recombination and the presence of baryons, which shifts the zero of the oscillations,
introducing an asymmetry between even and odd peaks. Finally, the peak structure is
further modulated by an exponential suppression, due to the Silk damping of photon
perturbations. The height of the first peak also depends on the redshift of equivalence zeq
Equation (10) (which sets the enhancement in power due to the early SW effect). Thus, the
acoustic peaks hold most the information by their amplitudes and position functions of the
angular separations in the CMB anisotropies.

Different effects related to the neutrinos’ density value, effective number, or their
transition from relativistic to massive particles, are then induced.

From being part of the radiation budget at the recombination epoch, the neutrino will
change the expansion and impact the angular diameter distance (in the flat Universe for
simplicity) to the last scattering surface rA(zrec) =

∫ zrec
0

dz
H(z)(1+z) , controlling the overall

position of the CMB spectrum peaks in multipole space. This is degenerate with the matter
density effect, including that on the slope of the low-` tail of the CMB spectrum, due to
the late-integrated Sachs–Wolfe (ISW) effect, but also with the redshift radiation-matter
equality time zeq that impacts the early SW effect. Figure 3 illustrates some of these effects,
where the model in blue has a smaller zeq with respect to the reference; the models in yellow
and green have a larger θs (s for scattering); in addition, the yellow model also has a smaller
zΛ (redshift of transition to dark energy domination over matter).

We also note another consequence of a change in the neutrino density, coming from
different wavelengths entering at different epochs with changes in their time of travel
following that of the expansion rate function of neutrino density. This impacts the early
SW effect, which would stretch the position of the peaks. More neutrinos also imply
stronger gravitational interactions between photons and free-streaming species before
decoupling, which is important for scales that have just crossed the Hubble scale during
the radiation domination epoch, resulting in a small shift and damping of the acoustic peak
(“baryon drag” effect). This will also affect the “Silk” damping of the CMB anisotropies, as
a higher Neff changes the scale of this damping relative to the scale of the sound horizon at
decoupling, which appears as a shift in the damping envelope of high peaks relative to the
position of the first peak.

More secondary effects would also be generated from the neutrinos, later becoming
non-relativistic and massive when, according to Equation (17), they escape the halo’s po-
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tential and slow the growth of the formation of large-scale structures, thus affecting the
late ISW effect at low ell but also modifying the lensing from the large-scale structures on
the multipoles. We end by a final subtle effect, when neutrinos, becoming non-relativistic,
reduce the time variation of the gravitational potential inside the Hubble radius, affect-
ing the photon temperature through the early SW effect, leading to a depletion in the
temperature spectrum.
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Figure 3. Top: CMB TT power spectra for different values of ∑ mν, taken from reference [64]. The
quantity on the vertical axis is DTT

` ≡ `(`+ 1)CTT
` /2π. The red curve is a cosmological model with

∑ mν = 0.06 eV and all other parameters fixed to the Planck best-fit. The other curves are for models
with ∑ mν = 1.8 eV, in which the curvature is kept vanishing by changing h (green), ΩΛ (yellow), or
Ωch2 (blue). Bottom: Ratio between the models with ∑ mν = 1.8 eV and the reference model.

4.2. Effects of Neutrino on Large-Scale Structure Formation

Before we present the effect of massive neutrinos on large-scale structure formation,
we first mention their impact on the baryonic acoustic oscillation (BAO) signal or the relic
signature of the first peak in CMB, showing in-galaxy clustering through an enhancement
in the amplitude of their angular correlation function of the angular distance rA(z). As
we shall see later, this distance probe at relatively much lower redshift than that of the
epoch of recombination of the CMB (but measured at different times), could, through the
contribution of the neutrino’s density to the angular distance rA(z), break the matter density
or Hubble constant’s total neutrino masses’ degeneracy and thus allow the first peak of
the CMB spectrum to put stronger constraints on the neutrino’s density. Other geometric
measurements such as those coming from the luminosity distance of SNIa can play the
same role, as well as direct measurements of H0 that rely on local distance indicators that
are little or not-at-all dependent on the underlying cosmological model.

We move next to the matter domination epoch, where large-scale structure (LSS)
formation mainly happens. There, the neutrino’s effect would be to mainly suppress
growth rate, while its effect on the matter–radation redshift value will impact the LSS power
spectrum formation, and from changes in the time density waves enter the gravitational
horizon scale.

As an example to the influence of the first effect, we discuss the impact of neutrino
density variation on the LSS power spectrum. Most LSS-related observables have the
power spectrum as one of their ingredients, among them for example, the clustering of
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matter at large scales, a powerful probe of cosmology that can be described in terms of
the two-point correlation function, or, equivalently, of Pm, the power spectrum of matter
density fluctuations:

〈
δm(~k, z)δm(~k′, z)

〉
= Pm(k, z)δ(3)

(
~k−~k′

)
, (22)

where δm(~k, z) is the Fourier transform of the matter density perturbation at redshift z.
Note that, contrarily to the CMB, we are bound to observe at a single redshift (that of
recombination), that the matter power spectrum can, in principle, be measured at different
times in the cosmic history, thus allowing for a tomographic and cross-correlations analysis
resulting in strong constraints in parameters, such as the total neutrino masses, as we
see next.

So, a first consequence of massive neutrino free-streaming is that, below the free-
streaming scale, there is a smaller amount of matter that can cluster. This results in an
overall suppression of the power spectrum at small scales, with respect to the neutrinoless
case. Secondly, similar to what we observed in CMB interactions, subhorizon perturbations
in the non-relativistic (i.e., cold dark matter and baryons) components grow more slowly. In
fact, while in a perfectly matter-dominated Universe the gravitational potential is constant
and the matter perturbation grows linearly with the scale factor δm ∝ a with a = (1 + z)−1,
in a mixed-matter–radation Universe, the gravitational potential decays slowly inside the
horizon. Below the free-streaming scale, neutrinos effectively behave as radiation; then, in
the limit in which the neutrino fraction fν = Ων/Ωm is small, one has for k� kfs

δm(k� kfs) ∝ a1−(3/5) fν , (23)

while δm ∝ a is for k� kfs.
These two effects can be approximated by the ratio Pm(k� kfs, fν)/Pm(k� kfs, fν =

0) ' 1− 8 fν [65]. This is illustrated in Figure 4, where we observe higher depletion with
the increment of the mass of neutrinos while showing also a bigger effect at low masses
with respect to high redshifts. Note that hierarchical neutrinos will each modify the power
spectrum at slightly different free-streaming scales due to their individual masses, which
allow to constrain hierarchy in principle, though it will be very difficult to disentangle
these subtle signatures from the noise and the variance in the data.

As a consequence, we will be able to use an observable at slightly higher redshift than
BAO as a stronger probe to the neutrinos’ mass: the forest of small clustering of matter
detected by the Lyman-α signal that are very sensitive to the free streaming of neutrinos.
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Figure 4. Illustrating the depletion of the linear matter power spectrum (Pk) for different neutrino
masses by showing the residual of the massive neutrinos Pk to the massless ones for different redshifts.
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Another consequence from a larger neutrino mass and less clustering on small scales
is to decrease lensing by affecting the path of the photons coming from distant sources,
since those photons will be deflected by the gravitational potentials along the line of
sight. For CMB, this modifies the anisotropy pattern by mixing photons that come from
different directions. In the temperature and polarization power spectra, the result is that the
peaks and troughs at high `s are sharper. Additionally, lensing, being a non-linear effect,
creates some amount of non-Gaussianity in the anisotropy pattern that can be detected and
measured by looking at higher-order correlations in the CMB, offering another independent
probe through the measured four-point correlation function referred to by the CMB lensing
power spectrum. Neutrino mass is here constrained by its impact on the smoothing of
the latter power spectrum at high `s. The power spectrum of the lensing potential is also
detected from the measurements of the lensing-induced ellipticity of background galaxies
with an effect more constraining than CMB when all the LSS lensing systematics are further
reduced because it can be probed at different epochs, allowing a tomographic fix of the
neutrino masses.

We shall show later the latest constraints from CMB, BAO, SN, and direct measure-
ments of H0 and LSS, each alone or in combination, but we note here that the CMB and
BAO seems to prefer a null or very low value for the neutrinos’ mass in difference with
higher ones coming from structure formation or lensing.

On the non-linear effect, it has been shown by Costanzi et al. [66] and Castorina
et al. [67] that the determination of the non-linear matter power spectrum or the matter
fluctuation parameter σ8 with massive neutrinos agrees with simulations if we only take the
cdm+baryon power spectrum in a halo model approach to construct the non-linear power
spectrum, or if we want to compute σ8. This is shown in Figure 5, where this prescription
falls better within the error bars from simulated haloes than the one with the full power
spectrum.

Finally, of the remaining recent-used probes to constrain neutrino properties, we
mention cosmic voids on which cosmological neutrinos have great influence, since these
are the regions with the highest neutrino-to-dark-matter density ratios.

Figure 5. Illustrating the non-linear effect from massive neutrinos on the halo mass function by com-
paring theoretical HMF for different neutrino masses, with massless neutrinos in red, ∑ mν = 0.3 eV
in green and ∑ mν = 0.6 eV in blue lines, with the outcome of a simulation for the same cosmological
parameters (stars with error bars). Reprinted figure with permission from the authors of [66] by the
IOP Publishing. All rights reserved.

5. Constraints from Current Cosmo Datasets

Here, we present the latest constraints from single or combined probes on the active
neutrino masses, their effective number, as well as bounds on the mass of a possible
additional sterile massive neutrino. Concerning bounds on the latter, if it were to thermalize
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with the same temperature as active neutrinos, then it would be effectively similar to adding
another flavor and Neff would be close to ∼4. However, Neff is usually left free to vary
along with the sterile neutrino mass to allow more general thermalization mechanisms.

5.1. Neutrino Bounds from CMB and Combination with Other Geometrical Probes

We start by bounds from the CMB spectrum data before adding other probes. This is
due to the fact that the CMB temperature-temperature (TT) spectrum, as seen in Section 4,
shows numerous sensitivities in its features coming from the role of neutrinos in the dif-
ferent physical processes involved. This would limit the space of variation of neutrino
proprieties, such as mass or number, since they need to accommodate for different phe-
nomena at once. Though some degeneracies could arise, as the same effects could happen
from varying other cosmological parameters, combining and crisscrossing with the EE
spectrum or CMB lensing, as well as other external additional probes, will first allow to
disentangle the role of each parameter; secondly, by constraining independently some of
the other parameters, it will make the CMB-induced features able of strongly constraining
neutrino properties.

Note that some of these probes are in tension with the CMB TT spectrum, such as
the CMB lensing potential to some extent [23], or more strongly with some other local
observables, such as LSS growth probes [68] on the matter fluctuation parameter σ8, or with
local distance probes, such as Cepheid’s and supernova’s H0 constraints. This could result
in best value shifting or further tightening on the neutrinos mass or effective relativistic
number. However, this should be considered with the high degree of carefulness required
when combining discordant data probes. Thus, this issue will be discussed in the next
Section 6, while here, we present the current bounds in addition to those coming from
works that used these conflicted measurements regardless of the previous warning.

More specifically, the latest release from the Planck mission on CMB correlations
in 2018 [23] yielded ∑ mν < 0.379 at (95% from Planck TT,TE,EE+low T,E), i.e., the full
that we can extract from the data collected with an improvement from ∑ mν < 0.492 at
(95% from Planck TT,TE,EE) in 2015 [69] before adding the low-` polarization spectrum
that helps to constrain τ, the degenerate parameter with the CMB power amplitude, to
reach ∑ mν < 0.241 at (95% from Planck TT,TE,EE+low T,E+lensing)) in the final release in
2018 [23]. The big improvement also comes from the simultaneous addition of the lensing
spectrum bringing further constraints from the neutrino mass effect on the large-scale
lensing structure along our observation line of sight. The effective number of relativistic
neutrinos Neff was constrained to 2.92 ± 0.36 at 95% while combining with BBN, which has
strong constraints on Neff (as we noted in Section 4) and yielded Neff = 3.04 with tighter
bounds of ±0.11 at 95%.

Making use of BAO [23,70] substantially improves this limit to ∑ mν . 0.12 eV (95%,
Planck TT,TE,EE+lowE+lensing+BAO) and yields the number of relativistic neutrinos
Neff = 2.90 ± 0.17 at 95% if left free while Neff < 3.29 ± 0.826 if we additionally consider
a sterile neutrino with the latter mass ms < 0.65 eV. Further adding the latest supernovae
(SNe) luminosity distance probe from Pantheon [24,71] data marginally tightens the bound
to ∑ mν < 0.11 eV (95%, Planck TT,TE,EE+low T,E+lensing+BAO+Pantheon). We then
need an observable where the effect of neutrinos in slowing the growth of structure is
prominent to further tighten our constraints. Using the latest determinations of the growth
rate parameter from RSD, which are a further independent measurement, along with CMB
and a newer BAO data sample DR12 [72], Di Valentino (2021) [12] were able to set the most
constraining bound to date to ∑ mν < 0.09 eV at 95% confidence contours (C.L.), with almost
equal bounds when the number of relativistic particles is set free with ∑ mν < 0.095 eV and
Neff = 3.05 ± 0.33 at 95% C.L.

These two works are in agreement with bounds from the completed and extended
study by the BOSS collaboration [25], which combined the results from the SDSS survey [73],
BAO and redshift-space distortions (RSD), CMB from Planck, Pantheon Type Ia supernovae
(SNe Ia), and the Dark Energy Survey (DES) [74] weak lensing to obtain ∑ mν < 0.11 eV at
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95%, with the DES preferring a higher value of σ8, pushing the limit by one point up, even
with constraints from SN data.

These bounds are not far from those inferred from the Lyman-alpha probe, which
are very sensitive to neutrinos, as seen in Section 4. In their latest release, Yeche et al.
(2017) [75] obtained values for the cosmological parameters, including neutrinos in excellent
agreement with the values derived independently from Planck 2015 CMB data. Combining
BOSS and XQ-100 Lyα power spectra, they constrained the sum of neutrino masses to
∑ mν < 0.8 eV (95% C.L.); when they are combined with CMB data 2015 only, this bound is
tightened to ∑ mν < 0.14 eV (95% C.L.), which is very close to those inferred from the more
recent Planck 2018 combined with BAO.

The above bounds were all on the sum of neutrino masses regardless of the hierarchy
considered. In reference [70], combined Planck cosmic microwave background (CMB)
temperature anisotropies and baryon acoustic oscillations (BAO) data, as well as the
constraints on the optical depth to reionization (τ), show that the two aforementioned
combinations disfavor the IH at∼64% C.L. and∼71% C.L. respectively, while reference [76],
combining acoustic oscillation in the extended baryon oscillation spectroscopic survey
(eBOSS) DR14 quasar sample with the temperature and polarization anisotropies power
spectra of the cosmic microwave background from the Planck 2015 data, as well as low-
redshift observations from the supernovae of type Ia and the local measurement of the
Hubble constant, obtained the 95% confidence level upper limit to be ∑ mν < 0.129 eV
for the degenerate mass hierarchy, ∑ mν < 0.159 eV for the normal mass hierarchy, and
∑ mν < 0.189 eV for the inverted mass hierarchy.

Local measurements of the Hubble parameter, as well as data from the cluster count or
weak lensing, though in discrepancy with CMB data (see Section 6), have been also used to
put constraints on neutrinos mass. Here, we show only the upper bounds obtained, which
are still consistent with a non-detection, and leave results reporting partial mass detection
from similar discrepant probes to Section 6.

As so, Wang et al. (2012) [77] used Hubble measurements in combination with the
latest CMB, WL, BAO, and SNIa back then to provide a total neutrino masses upper limit
of ∑ mν < 0.476 eV (95% C.L.), while Moresco et al. (2012a) [78] used a compilation of
observational Hubble parameter data along with a local measurement of H0 in combination
with CMB WMAP data to put upper limits on the total neutrino masses ∑ mν < 0.24 eV at
68% C.L. and on their effective number Neff = 3.45± 0.33 at 68%, which are both competitive
with Planck releases with BAO bounds at the epoch. They also obtained Neff = 3.45 ± 0.33.
More recently, Di Valentino et al. (2016) [79] used Planck 2015 with BAO, SNIa, and H0
locally, prior and in combination with tSZ cluster count data to find 95% C.L. constraint
of ∑ mν < 0.126 eV. Di Valentino et al. also found ∑ mν < 0.2 eV and Neff < 0.356 when the
two were left free, as well as ms < 0.506 eV and Neff ∼ 3.478 when a sterile neutrino was
additionally considered, similar to Wang et al. (2018) [80], who obtained ∑ mν < 0.196 eV
and Neff = 2.984 ± 0.826, or Guo et al. (2019) [81], with Neff ∼ 3.25 ± 0.15 when left free,
alone, or with massive neutrinos, and an upper limit Neff < 0.357 when varied with a sterile
neutrino with a mass ms < 0.359 eV, while more recently, Feng et al. (2021) [82] used CMB +
BAO + SN + H0 data to reach Neff ∼ 3.54 ± 0.18 and ms < 0.12 eV.

All the above are competitive, even though some are combined with CMB data from
earlier releases of Planck because of the use of discrepant probes in combination.

5.2. Constraining a Neutrino from Its Effect on the Growth of LSS

This is not always the case when combining with cluster counts or weak lensing
correlations probes, where the discrepancy is not as high as with the local Hubble constant
measurements, since this could lead to a loosening of the constraints on ∑ mν with respect
to the combination of only CMB with other probes, because constraints from lensing or
cluster probes push the neutrino masses’ values far from their minimum one. As so,
constraints obtained from DES after the first-year data galaxy clustering and weak lensing
release [83], which initially preferred lower values for σ8 value than the Planck Λ CDM
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best-fit drove the neutrino masses to ∑ mν < 0.14 eV (95%, from Planck TT,TE,EE+low
T,E+lensing+BAO+DES), not far from the recent three-year Dark Energy Survey results [84],
where cosmological constraints from galaxy clustering and weak lensing and their cross-
correlations (DES 3 × 2 pt data) combined with available baryon acoustic oscillations
signals, a redshift-space distortions probe, type Ia supernovae data, and Planck CMB
lensing, yielding ∑ mν < 0.13 eV (95% C.L.). Though additional, more accurate local RSD
data, from the latest release of the SDSS survey [25], along with the previous combination
of Planck, Pantheon SNe, SDSS BAO, and DES 3 × 2 pt data, reduced this value to ∑ mν <
0.11 (95%), it still remained higher than <0.09, the value previously mentioned as being
obtained without DES but with similar other probes in combination.

Constraints could also come from a more in-depth treatment of the cross-correlations
between the aforementioned probes. As so, cross-correlations between Planck 2015 CMB
lensing only, without the TT and EE spectrum, and spectroscopic samples from BOSS, have
been considered in Doux et al. (2017) [85], resulting in an upper limit of ∑ mν < 0.28 eV
(68% C.L.), close to ∑ mν < 0.21 eV (95% C.L.) for Planck 2015 TT + lowP + BAO.

Finally, we mention another novel probe, based on the properties of massive neutrinos,
to slow down the growth of the structures investigated by Ivanov et al. (2019) [86], who
made use of a new full-shape (FS) likelihood for the redshift-space galaxy power spectrum
of the BOSS data based on an improved perturbation theory. It yielded, when combined
with Planck data, an upper limit on the sum of neutrino masses ∑ mν < 0.16 eV, and con-
straints on the effective number of extra relativistic degrees of freedom, Neff = 2.88 ± 0.17.

Below, we compile most of the upper bounds mentioned above in one Figure 6 to better
picture the status and compare the capabilities of the different probes or their combinations
in constraining properties on the neutrino masses.

Figure 6. Total neutrino masses upper bounds at the 95% confidence level from different combinations
of currently available cosmological probes, with (1) taken from the Planck collaboration (2015) [69],
(2) taken from Planck et al. (2018) [23] and (3) from their final release [23], (4) and (5) Vagnozi et al.
(2017) [23,70], (6) Di Valentino et al. (2021) [12], (7) Yeche et al. [75], (8) Wang et al. (2012) [77], (9)
Moresco et al. (2012a) [78], (10) Di Valentino et al. (2016) [79], (11) DES collaboration DR1 (2017) [83],
(12) DES collab. DR3 (2021) [84], (13) BOSS collab. (2020) [25], (14) Doux et al. (2017) [85], and (15)
from Ivanov et al. [86].

6. Neutrinos and Cosmological Tensions

The ΛCDM model has succeeded in accommodating for most of the cosmological
observations (see Section 1 for more details). However, two of its main parameters, the
Hubble constant H0 and the matter fluctuation one σ8, are showing discrepancy when
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inferred using different probes, which seem to be divided mostly between deep ones, such
as the CMB spectrum, versus local ones, such as distance from Cepheids for the Hubble
parameter [87], or cluster counts and weak lensing shear correlations for σ8 (see Section 1
or reference [88] and references therein for more details).

6.1. Neutrinos as Possible Solution to the Cosmological Discrepancies

Due to the fact that they could weakly, within the current constraints, change the
expansion and more strongly suppress the growth, neutrinos were advocated as a possible
solution to ease these tensions. Thus, many have tried to fix one or both discrepancies by
allowing the neutrino mass to vary.

In that regard, starting with the Hubble parameter, we have previously mentioned the
work by Di Valentino et al. (2016) [79], who noticed that adding a prior on H0 significantly
improved the bounds on ∑ mν. We further detail this here, mentioning that the addition of
the H0 = 73 prior was found to have a much larger impact than a H0 = 70 one, suggesting
by converse that an ease of the Hubble tension is possible by more massive neutrinos.
Others investigated whether solving the Hubble tension would require a sizable amount
of extra radiation Neff during recombination. As so, Guo et al. (2019) [81], previously
mentioned in Section 5, found that the ΛCDM + Neff model is favored by the current
observations, and that it can reduce the Hubble tension to be at the 1.87σ level. It also
pointed to many previous studies (see references therein) in which considering extra
relativistic degrees of freedom Neff in the ΛCDM model favors a high value of H0 when
Neff > 3.046. However, these findings will be undermined by the fact that the amount of Neff
is unavoidably constrained by big bang nucleosynthesis (BBN) in the early Universe (see
Section 5). Schöneberg et al. (2019) [89] also reached this conclusion when they combined
BAO, deuterium, and helium data, and found that the Hubble parameter is still in tension
with the SHOES [27] measurements, even after allowing Neff to vary from its fiducial value.

There were also attempts to test the impact of the neutrino mass on the growth of
structure, hence possibly solving the σ8 discrepancy. Dvorkin et al. (2014) [28] tried by
varying neutrino properties to reconcile measurements between the early and late Universe.
They found evidence for Neff different from the standard 3.046 and a one σ detection of a
non-vanishing mass for a sterile neutrino from combining clusters and CMB probes.

The same was suggested by Wyman et al. (2014) [29], where the minimal neutrino
model likelihood, i.e., a vanishing ∆Neff and a null sterile neutrino mass, was found far from
the maximum likelihood when the clusters and CMB probes were combined. Leistedt et al.
(2014) [90] also followed a similar investigation but showed that the tension remained when
they considered extensions to the minimal neutrino model after combining the datasets.
This later result could be due to the fact that, in all schemes, they added a BAO probe,
which strongly constrains the neutrino mass. However, Beutler et al. (2014) [91] used the
Planck temperature power spectrum with BAO from BOSS CMAS, combined with RSD
and weak lensing measurements, to find a 3.4 σ preference for non-zero neutrino masses
with ∑ mν = 0.36 ± 0.1, while when they simultaneously freed ∑ mν and the effective
number of relativistic species, they found that Neff = 3.61 ± 0.35 and ∑ mν = 0.46 ± 0.18 eV.
The reason could be that they overlooked the possible effects of neutrino masses on their
BAO scale determination, since they directly used the ones obtained from an excess of
correlations constructed from the position of galaxies measured with a fiducial close to null
neutrino mass.

At the same time, and staying with attempts involving the growth of LSS probes,
Costanzi et al. (2014) [92] obtained a value, for active massive neutrinos this time, of ∑ mν

∼0.28 ± 0.2 eV (95%) when they combined the CMB spectrum and galaxy clusters counts.
More recently, Emami et al. (2017) [93] found that the clustering amplitude of rich-

ness detected by RedMaPPer algorithm clusters from the Sloan Digital Sky Survey (SDSS)
increases with cluster mass with an excess to the cold dark matter predictions from simula-
tions that could be accounted for by a total neutrino mass of ∑ mν = 0.119 ± 0.034 eV at
68% confidence level.
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Finally, we remind of results in the previous section, showing that the full DES first-
year data, when combined with Planck 2015 release and BAO, favored higher neutrino
masses than Plk15 and BAO alone, relaxing its bound to ∑ mν < 0.14 eV instead of 0.12 eV.
The same was confirmed with the three-year data release (see previous Section 5 for details).

Here, we show additional similar combinations that rather pointed to a neutrino mass
detection, i.e., a maximum likelihood at masses far from the null value. Thus, early CMB
data from Planck + galaxy cluster abundance from the South Pole telescope (SPT) polariza-
tion measurements survey [94] +BAO yielded a detection at 2 σ of ∑ mν ∼ 0.14± 0.08 (68%
C.L.). However, de Haan et al. (2016) [95], while simultaneously freeing ∑ mν and the ef-
fective number of relativistic species, yielded Neff = 3.28 ± 0.20 and ∑ mν = 0.18 ± 0.09 eV.
Moreover and more recently, of all the probes at the pixel map level, as well as spec-
troscopic galaxy samples from the BOSS DR12 and KiDS weak lensing survey [96], the
so-called 13 × 2-point analysis, consisting of a tomographic-combined analysis using a
total of 10 auto- and 36 cross-spherical harmonic power spectra with CMB TT and EE
and CMB lensing measurements from the Planck 2018 data, which was released by Sgier
et al. (2021) [97], almost yielded a detection at ∼2.3 σ with ∑ mν = 0.51 + 0.21 −0.24 eV
(68% C.L.).

6.2. Neutrinos’ Inability to Alleviate the Cosmological Tensions

However, all the above conclusions suggesting that massive neutrinos could solve
the discrepancy should be considered with high carefulness, since they all originated as
the result of combining two or more discrepant probes. This raises the question of the
legitimacy of combining probes to extract tighter bounds in such situations, as so many
works have revisited this subject with different approaches, either testing the ability of
neutrinos to fix the discrepancy or comparing the behavior of the space of parameters’
constraints between each probe alone or by extending the number of parameters when
combining, making the mass observable-calibration parameter, known to degenerate with
σ8 or Ωm, or the luminosity calibration parameter MB, degenerate with H0.

As so, Joudaki et al. (2017) [30] compared σ8 − Ωm likelihood contours obtained using
the CMB power spectrum from Planck 2015 against weak lensing shear correlations from
KiDS mission without combining them, and showed that neutrinos have no ability to fix the
discrepancy, since the two likelihood contours change when allowing massive neutrinos in
the same direction of the degeneracy instead of being orthogonal to it (cf. Figure 7), while
Sakr et al. (2018) [31] and Ilic et al. (2019) [68] tested the impact of massive neutrinos on the
σ8 −Ωm likelihood contours obtained from combining the CMB spectrum from Planck 2015
and the cluster counts detected in the X-ray and tSZ-detected cluster samples, leaving the
mass observable-calibration of the clusters free to vary, showing that the latter likelihood is
insensitive to the mass of neutrinos. Salvati et al. (2018) [98] also combined the tSZ power
spectrum to the CMB spectrum, but they added BAO as an additional constraining tool
for neutrinos and allowed freedom to the tSZ cluster count’s calibration factor around
0.7 < 1− b < 1.0 value. They reached the same conclusion that the mass bias to reconcile
CMB and tSZ probes remains low at (1 − b) ∼ 0.67, even if we allow massive neutrinos.
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Figure 7. Upper panel: Marginalized 68% 95% likelihood contours in the σ8 −Ωm plane with massive
neutrinos from weak lensing from KiDS vs. CMB from Planck mission in comparison with the same
constraints assuming fiducial ΛCDM. Figure reproduced from the work in [30] by the permission of
OUP publishing. All rights reserved, especially not under any license allowing onward reuse. Lower
panel: Marginalized 68% 95% likelihood contours in the σ8 − Ωm plane with massive neutrinos from
X-ray cluster counts vs. CMB from Planck mission in comparison with the same constraints assuming
fiducial ΛCDM taken from reference [31].

This is in agreement with previous precursor studies, e.g., Roncarelli et al. (2015) [99],
who tried to include neutrinos in simulations and detect clusters based on halo finders.
Though they found that the number of detected clusters is reduced with massive neutrinos
and concluded on the ability of neutrinos to fix the discrepancy. However, the effect of
neutrinos on cluster count was almost degenerate with the combination of σ8 and Ωm, i.e.,
the same cluster counts with massive neutrinos obtained with a value of σ8 for a certain
Ωm can be obtained with null-mass neutrinos for a higher value of σ8 and a lower value
of Ωm; thus, neutrino masses can take any value regardless of the σ8 − Ωm combination.
Additionally, Bohringer et al. (2016) [100] found no significant massive neutrino effect on the
σ8 −Ωm likelihood from REFLEX II X-ray cluster counts. They also found in reference [101]
that the change in the cluster mass function determined from the observed cluster X-ray
luminosity distribution from adding neutrinos was smaller than the uncertainties related
to the determination of the cluster mass function.

Finally, we note another "healthy" treatment that is rather suggesting a detection, or
higher neutrino masses, this time, but conducted on CMB data itself when comparing the
consistency of the constraints from effects of lensing on CMB against those from the lensing
power spectrum constructed from the same measurements before combining them. This
could be performed by introducing a consistency parameter AL, scaling the theoretical
expectation for each observable with AL = 1, indicating a full agreement which is usually
set to the unity value because the two observables did not disagree to more than 2 σ.
However, Di Valentino and Melchiorri (2021) [102] found that allowing the AL to vary
suggested neutrino masses from Plk 18 + Plk lensing to be ∑ mν = 0.41 ± ∼0.2 eV at 68%,
consistent with "Planck-independent" combinations, such as Plk lensing with the data
of the CMB Atacama cosmology telescope [103]. ACT-DR4+WMAP+Lensing suggesting
also ∑ mν = 0.6 ± 0.25 eV at 68%, or CMB polarization and temperature correlation mea-
surements from the South Pole telescope [104], with SPT-3G+WMAP+Lensing yielding
∑ mν < 0.37 at 68% level.

7. A Closure from Next-Generation Surveys?

Different upcoming experiments that can potentially be used to improve our con-
straints on the sum of neutrino masses are reviewed below, along with forecasts, with
differences in the degrees of maturity in terms of the theoretical understanding of the
processes involved when analyzing the data and differences in the optimization of the
relevant survey’s mission. Though some experiments are not to be mainly conceived for
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neutrinos mass detection, the latter is nevertheless obtained when the other cosmological
parameters, with similar effects on the observables (see Section 4), are constrained.

We shall follow the same path as when we explored the landscape of current probes
and their constraining power on neutrinos, using instead the next upcoming generation of
the cosmological common or more innovative probes, starting with the future improvement
of CMB spectrum-detection experiments, alone, or combined with the different planned
methods of measuring LSS clustering through electromagnetic observations or lensing,
before finishing with even further proposed novelties. The bounds will be shown at the
68% confidence level unless stated otherwise.

For the CMB future experiments, they could be of a ground-based or space-borne
nature, where the greatest contaminant for the former is the atmospheric noise reducing
the microwave-accessible frequencies. On the other hand, ground-based experiments
benefit from the ability to use a larger collecting area with a very high number of detectors
with respect to the space-borne ones. A key target for them is a better determination
of the current relatively less constrained τ, the uncertainty of which limits the ability to
compare the amplitude of primordial fluctuations from the CMB to the amplitude of matter
perturbations from late-universe probes (cf. Section 4). As an example, the proposed CMB
polarization measurements experiments PIXIE [105], CORE [20], and CLASS [106] would
achieve an almost cosmic-variance-limited (CVL) detection of the reionization optical depth
σCVL(τ) ∼ 0.002. More generally, Allison et al. (2015) [107] and Yu et al. (2018) [108] both
studied the improvements on the total neutrino masses as a function of the increase of the
accuracy on the determination of τ from the combination of probes and the stage of the
experiments. Furthermore, the ability of measuring with high precision the small-scale
polarization will allow us to reconstruct the lensing potential with higher accuracy, enabling
us to break more degeneracies between the cosmological parameters and the neutrino mass
(see [109] for an extensive review on the subject).

Constraints from the galaxy distributions are also planned along with the CMB, de-
spite the effect of neutrinos on the power spectrum becoming smaller with redshift, since
the neutrinos would have less time to delay the growth of CDM+baryons perturbations on
small scales; however, going to higher redshifts will allow a larger survey volume, which
with higher sensitivity and collecting time, will be able to measure small scales sensitive to
neutrinos’ linear- and non-linear-dependent effects. Additionally, tomographic measure-
ments of the late-time universe will be sensitive to the different redshift dependence of the
signatures of massive neutrinos and this will increase the robustness of their mass estimates
from cosmology. The near-planned LSS surveys could be broken down into two categories:
distance constraints (BAO, AP [110], etc.) and constraints from the growth of structures
(the shape and amplitude of the matter power spectrum, RSD [111], etc.). As mentioned,
the two could be also probed by lensing effects, such as strong ones modifying the shape of
the LSS, resulting in distance-constrained or weak ones, for which the measurements of
the galaxy distribution lensing shear serves as the equivalent of a galaxy spectrum usually
detected from collecting lights from emitting sources.

It remains to solve theoretical issues as to the ability of benefiting from all the small
scales. The survey could probe where non-linear or baryonic effects will become promi-
nent with respect to linear and cold dark matter-only physics. Caution about possible
complications such as higher-order biasing and systematic errors in the analysis of high
redshift galaxy clustering that may be non-negligible should also be taken, or else we will
be forced to cut the level of our understanding, losing valuable information. An example
illustrating that is the work of Vagnozzi et al. (2017) [70], who found that the constraining
power of measurements of the full-shape galaxy power spectrum is less powerful than the
BAO signature from the BOSS survey, despite the measurements covering a larger volume
with smaller error bars compared to previous similar measurements due to the conserva-
tive analysis method commonly adopted, which is due to the lack of a good theoretical
understanding of neutrino effects on smaller scales.
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After overcoming these challenges, we can benefit from the extension of the combina-
tion of the actual Stage III to Stage IV upcoming probes. An example would be through
the use of CMB correlations with the accurate cosmological distance and measurements
of galaxy distributions and combinations among them before they are all convolved by
lensing effects. These could also be used as a probe by themselves to obtain similar but
stronger probes than the actual 3 × 2 or 13 × 2 cross-correlations we have seen in Section 5.

Besides, we can obtain further information about the neutrino mass from observations
of the HI distribution in, around, or after the reionization epoch, when the 21 cm line of
radiation is emitted long after the recombination and before the start of the LSS formation.
This will give us information on the relativistic level, as well as exploring matter perturba-
tions at the linear regime on most of the scales, which can be analytically calculated when
they are not affected by non-linearities. Moreover, these futuristic 21 cm surveys will also
map an extremely large volume of the Universe and constrain the growth of structures at
the epoch of reionization, thus limiting the cosmic variance from the former and limiting
the need to account for baryonic feedback for the latter.

At this time, we are expecting Stage-IV next-generation surveys to start delivering
data from the beginning of next year with DESI spectroscopic [18] and eROSITA galaxy
clusters surveys [112], with more to come in short intervals during the next decade. That is
why there have been many attempts to forecast on neutrino constraints benefiting from
different appropriate combinations of the planned surveys to push the limits of the forecast
presented in the survey definition book of each individual mission. This combination is
necessary as, for example, two classes of future CMB mission proposals, CORE or CMB-
S4 [17], cannot achieve alone the necessary sensitivity to claim a detection of ∑ mν = 0.06 eV
at the 3 σ level.

7.1. Review of Forecasts from Next-Generation Surveys on the Mass and Number of
Neutrino Species

We review next some of the forecasts from different studies conducted in the last
decade, and finish with a summary plot at the end.

Audren et al. (2013) [113] made one of the first attempts in 2013 to forecast on
neutrino masses from an Euclid survey trying also to account for uncertainties in the
modeling of the effect of neutrinos on the non-linear galaxy power spectrum with the
assumptions that they increase with the ratio of a given scale to the scale of non-linearity,
which hence increases with wavenumber and decreases with redshift. They found that a
future Euclid-like cosmic shear/galaxy survey would achieve a 1-σ error on ∑ mν close to
0.032 eV/0.025 eV, while assuming instead a 10 times smaller theoretical error decreases
it to σ(∑ mν) = 0.018 eV/0.014 eV. Within the same survey, supposing that the probes in
tension on σ8 could be combined to obtain constraints on the neutrino mass, Cerbolini
et al. (2013) [114] combined information from an Euclid-like cluster number count and
cluster power spectrum along with data from the cosmic microwave background (CMB)
measurements from Planck to obtain σ(∑ mν) = 0.017 eV, while additionally allowing a
free Neff yielded a σ(Neff) = 0.07 and σ(∑ mν) = 0.022 eV. More recently, Chudaykin et
al. (2019) [115] used only galaxy clustering from Euclid but with a complete perturbation
theory model for the galaxy one-loop power spectrum and tree-level bispectrum, to obtain,
in the most optimistic case when combining with Planck lensing data, comparable bounds
with σ(∑ mν) = 0.011 eV.

Moving to CMB-based planned surveys, combining CORE TT,TE,EE,PP, and DESI
BAO yielded an error down to σ(∑ mν) = 0.021 eV, with a ∼3 σ detection in the minimal
mass scenario [20], in the same range as of the case of CMB S4 + DESI BAO [17], where
Abazajian et al. (2016) found that σ(∑ mν) bounds fall in the range of 0.023–0.036 eV, not
far from the previously mentioned Allison et al. (2015) [107], who combined Stage-IV
CMB experiments with DESI BAO to obtain a tighter range (0.015–0.029) after, however,
supposing an improvement on the optical depth measurement.
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Additionally, the DESI collaboration (2016) [18] forecasted on the total neutrino masses,
including all possible probes by the survey, and found using BAO information from DESI
galaxies, quasars, and the Ly-α forest, along with the broadband galaxy power spectrum
and Planck constraints, that σ(∑ mν) = 0.02 eV, while σ(Neff) = 0.062.

These are not far from the Euclid constraints mentioned above but also from LSST-
Rubin survey [14]. The latter will provide multiple probes of the late-time evolution
of the Universe with a single experiment, namely, weak lensing cosmic shear, BAO in
the galaxy power spectrum, an evolution of the mass function of galaxy clusters, and
a compilation of SNIa redshift distances with an expected sensitivity of ∑ mν in the
range σ(∑ mν) = 0.030–0.070 eV. Among the next-generation LSS surveys, we mention
the WFIRST-Roman telescope [15], which will test the late expansion of the Universe with
great accuracy by employing supernovae, weak lensing, BAO, redshift-space distortions
(RSD), and clusters as probes. Thus, from the BAO and broadband measurements of the
matter power spectrum, WFIRST-Roman in combination with a Stage-III CMB experiment
could provide σ(∑ mν) < 0.03 eV [15]. Finally, adding all in an appropriate combination
of WFIRST-Roman, Euclid, LSST-Rubin, and CMB Stage III can achieve almost double or
more precision than each survey alone with σ(∑ mν) < 0.01 eV [15].

Constraints could also come from combining with future wide and deep radio surveys.
Oyama et al. (2016) [116] showed that precise ground-based CMB polarization observations,
such as Simons Array along with a 21 cm line observation, such as the square kilometer
array (SKA) phase one and a baryon acoustic oscillation observation, such as DESI, can
measure, through their effect on the growth of density fluctuation, a non-zero neutrino
mass to ∼0.02 at 95% C.L. Additionally, the combinations can strongly improve errors of
the bounds on the effective number of neutrino species σ(Neff) to ∼0.06–0.09 at 95% C.L.
Finally, by using SKA phase two instead of one, they reached σ(∑ mν) < 0.15 eV.

Sprenger et al. (2019) [117] found with Planck+SKA2 that the total neutrino masses
could be constrained to σ(∑ mν) = 0.012 eV with the baseline model, assuming a realistic
theoretical error, leading to a 5 σ-detection, while additionally allowing a free Neff yields
σ(Neff) ∼ 0.041 and σ(∑ mν) 0.014 eV. Along the same line, Ballardini (2021) [118] fore-
casted using a multi-tracer analysis in order to reduce cosmic variance and combined a
SKA-MID 21 cm intensity map with Stage-IV CMB lensing along with galaxy clustering
from LSST-Rubin, finding that σ(∑ mν) = 0.012 eV. Obuljen et al. (2018) [119] also focused
on radio probes in the redshift range 2.5 < z < 5 through suitable extensions of existing and
upcoming radio surveys, such as CHIME [120], HIRAX [121], and FAST [122], and reached,
when combining with CMB S4 and galaxy clustering from Euclid, σ(∑ mν) = 0.02 eV and a
very competitive constraint on relativistic number of neutrinos, namely σ(Neff) = 0.02.

Tighter constraints could be in principle forecasted to be obtained from combining a
larger set of the available future experiments. One of the early attempts was by Font-Ribera
et al. in 2014 [123], who combined DESI and generally redshift spectroscopically-detected
galaxy surveys (BOSS, HETDEX, eBOSS, Euclid, and WFIRST-Roman), and also included
CMB from (Planck) and weak gravitational lensing (DES and LSST-Rubin) constraints on
redshift surveys to forecast on the sum of neutrino masses reaching a σ(∑ mν) ∼ 0.011 eV,
while additionally allowing that a free Neff would yield σ(Neff) = 0.041 and σ(∑ mν) =
0.013 eV. This was not far from similar constraints from Boyle et al. (2018) [124], who
used the same upcoming probes, forecasting σ(∑ mν) around 0.025 eV, or the previously
mentioned Yu et al. (2018) [108] who combined LSST-Rubin + CMB S4 + DESI but with a
prior on τ to reach σ(∑ mν) = 0.01 eV.

Finally, Brinckmann et al. (2019) [125] tested exhaustively 35 different combinations,
including the above future cosmic microwave background-based ones and large-scale struc-
tures data to set bounds on cosmological parameters and the total neutrino masses under
conservative assumptions when accounting for uncertainties in the modeling of systematics,
removing for galaxy surveys the information coming from highly non-linear scales.
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In particular, they highlighted the performances of the following combinations in
terms of confidence σ metrics, which we present below but with additional corresponding
limits on the neutrino masses and effective number. Subsequently, they showed that:

CORE-M5 and PICO are so sensitive that they would only need to be combined with
the BAO scale data from DESI for a 3 σ detection on ∑ mν with σ(∑ mν) ∼ 0.02, while
additionally allowing that a free Neff yields σ(Neff) ∼ 0.04 and σ(∑ mν) 0.021 eV.

A 3 to 4 σ detection on ∑ mν could be achieved already by Planck or LiteBIRD when
combined with Euclid with σ(∑ mν) ∼ 0.016, while additionally allowing that a free Neff
yields σ(Neff) ∼ 0.078 and σ(∑ mν) 0.021 eV.

LiteBIRD in combination with Euclid and SKA1 intensity mapping reaches the 5 σ
threshold on ∑ mν with σ(∑ mν) ∼ 0.012, while additionally allowing that a free Neff yields
σ(Neff) ∼ 0.074 and σ(∑ mν) 0.017 eV.

CORE-M5 or PICO would also achieve a 5 σ detection on ∑ mν in combination with
Euclid only, with σ(∑ mν) ∼ 0.012, while additionally allowing that a free Neff yields
σ(Neff) ∼ 0.021 and σ(∑ mν) 0.014 eV.

CORE-M5 or PICO would even achieve a 7 σ detection on ∑ mν when SKA1 intensity
mapping data is added, and a 10 σ one if τreio could be further constrained with bounds
from the former on σ(∑ mν) ∼ 0.0083, while additionally allowing that a free Neff yields
σ(Neff) ∼ 0.021 and σ(∑ mν) 0.0099 eV and tighter ones from the latter on σ(∑ mν) ∼
0.0056, while additionally allowing that a free Neff yields σ(Neff) ∼ 0.021 and σ(∑ mν)
0.0078 eV.

This illustrates the benefit towards a precise neutrino mass detection from having a
very accurate independent determination of the optical depth τ from surveys focused on
reionization and the dark ages, such as LiteBIRD and CORE-M5, in comparison with the
only 2 to 3 σ detection achieved by LSS experiments, such as Euclid and SKA, even when
combined with CMB-S4.

This is also in line with the white paper from Dvorkin et al. (2019) [126], in which they
stated that with the current sensitivity of σ(τ) = 0.007, next-generation surveys will result
in an almost 3 σ detection of the minimal mass allowed by oscillation experiments, while a
combination of next-generation CMB and LSS surveys has the potential to reach a nearly 4 σ
detection corresponding to a σ(∑ mν) = 0.014 eV. The later prediction was also emphasized
by Mishra-sharma et al. (2019) [127], projecting that future CMB measurements combined
with late-time measurements of galaxy clustering and cosmic shear from the large synoptic
survey telescope would achieve a 3 σ measurement of the minimal 0.06 eV mass, and 4 σ
with, however, a five-fold-improved measurement of the optical depth to reionization,
obtainable through a large-scale CMB polarization measurement.

This is also similar to Archidiacono et al. (2020) [21], who used future CMB data
with future weak lensing photometric observations (WL), future spectroscopic galaxy
clustering surveys (GC), and neutral hydrogen 21 cm intensity mapping (IM) from CMB-
S4+LiteBIRD+Euclid+SKA1- IM-B2 missions to test three scenarios: “realistic”, “optimistic”,
and “extreme”, with the first using the same assumptions of reference [117]. The optimistic
assumes that the systematic errors are under control, while the extreme assumes that there
is no theoretical uncertainty on the modeling of non-linear clustering on small scales. They
found, when assuming the degenerate approximation, i.e., the fiducial values of each of the
three neutrinos is set to the minimum mass of each hierarchy, a 3 σ detection of the neutrino
mass in the first two cases, while it was more than 5 σ for the last case. Again, a better
determination of τ is crucial and seems to dominate the best bounds on neutrino masses
and effective relativistic numbers since Ansari et al. (2019) [128] or, more recently, Sailer
et al. (2021) [129], even when considering a highly optimistic scenario when combining,
along with the next Stage-IV experiments mentioned above, probes that reach redshifts
z ∼ 2 or above with one order of magnitude higher galaxy-number density and higher
sky coverage, such as SPHEREX [130], MSE [131], HIRAX [121], MegaMapper [132], and
PUMA [133], which could not achieve equal or slightly better than σ(∑ mν) ∼ 0.01 eV and
σ(Neff) ∼ 0.01 without the inclusion of LiteBird experiments.



Universe 2022, 8, 284 25 of 33

7.2. Further Forecasts on Bounds from New Probes on the Mass of Neutrino Number of Species

We finish by reporting on future constraints from less common or newly suggested
probes. Already we have evoked the use of the bispectrum probe by Chudaykin et al.
(2019) [115], who showed that constraints improve when they are combined with the
more common power spectrum probe, or Cerbolini et al. (2013) [114], who combined
information from Euclid-like cluster number counts and the cluster power spectrum along
with data from the cosmic microwave background (CMB) measurements from Planck to
obtain competitive constraints with respect to the above combinations of the different
surveys’ primary probes. We continue with Visbal et al. (2009) [134], who proposed to use
21 cm emissions from residual neutral hydrogen after the epoch of reionization to trace
the cosmological power spectrum of density fluctuations and reached σ(∑ mν) ∼ 0.03 eV
on the neutrino mass. Mueller et al. (2015) [135] introduced a forecast from the scale
dependency of neutrinos on the power spectrum used to determine the mean pairwise
momentum of clusters observed through the kinematic Sunyaev–Zel’dovich (kSZ)3 and
obtained an upper limit on the ∑ mν of 0.11 eV at 68% when combined with Stage-IV
CMB and DESI spectroscopic galaxy survey future missions, a limit that will improve
to 0.033 eV if the averaged optical depth of clusters can be measured with few percent
accuracy. Along the same lines, Madhavacheril et al. (2017) [136] used catalogs of galaxy
clusters produced through the thermal Sunyaev–Zel’dovich (tSZ) effect from future high-
resolution measurements of the cosmic microwave background (CMB) with self-calibrating
mass observables, or those calibrated by measuring the lensing signal around these clusters,
to obtain σ(∑ mν) < 0.01 eV at 68% when combined with BAO from DESI and a prior
on the reionization parameter. This is slightly better then Bolliet et al. (2019) [137], who
forecasted on bounds of neutrino masses using tSZ galaxy clusters and a power spectrum
with `max ∼ 104, along with CMB-S4+DESI-BAO, a 1% accuracy on the mass calibration
and a masking on the heavy clusters to limit contamination with large-scale CMB to reach
σ(∑ mν) ∼ 0.024 at 68%.

As a complementary to galaxy clusters, Sahlen et al. (2019) [138], for minimal normal-
hierarchy neutrino masses, forecasted that Euclid’s clusters and voids, independent of
other data, very ideally could reach uncertainties, such as σ(∑ mν) . 0.01 eV, even when
considering further extensions to ΛCDM, such as w0, the dark energy equation of the
state parameter. Though we do not explore extra extensions to ΛCDM in this review, the
constraints on σ(w0) . 0.003 are so strong from this combination that they do not expect
to change significantly those on the neutrinos’ mass. This is in agreement with Bayer et
al. (2021) [139], who quantified the information content of the non-linear matter power
spectrum, the halo mass function, and the void size function, using the Quijote N-body
simulations. He found that these three statistics exhibit very different degeneracies amongst
the cosmological parameters, and thus the combination of all three probes enables the
breaking of degeneracies, yielding remarkably tight constraints on the marginalized error
of the sum of neutrino masses σ(∑ mν) = 0.018 eV. The former values could be further
improved using independent data from other surveys. As so, the forecast conducted by
Weltman et al. (2018) [140] combining SKA2 voids and Euclid cluster counts showed that
we could reach as low as σ(∑ mν) = 0.002 eV.

Among other new observables, Whitford et al. (2021) [141] are proposing to use mea-
surements of galaxy-peculiar velocities from future LSST-Rubin and DESI spectroscopic
measurements along with a CMB Planck spectrum to obtain σ(∑ mν) = 0.025, while ad-
ditionally allowing a free Neff, which yielded σ(Neff) = 0.07 and σ(∑ mν) = 0.035 eV. The
novelty could come by benefiting from new proxies to the matter density fields. As so,
inspired from the intensity mapping analysis of HI lines’ future observations from the
SKA survey, Dizgah et al. (2021) [142] are proposing to use wide-field ground-based mm-
wavelength surveys of line intensity mapping to measure the auto-power spectra of several
CO rotational lines and the CII fine-structure ones in the redshift range of 0.25 < z < 12, and
those obtained in optimistic cases with very strong σ(∑ mν) < 0.01, while Neff 68% error
reached 0.022 after only combining with the CMB from Planck 2018 data sets.
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Finally, many works [143–146] are forecasting improvements in the constraints on
neutrino masses from the impacts of the gravitational wave (GW) standard future siren
observations, such as the Einstein telescope (ET), the cosmic explorer (CE), or the Taiji
future ground GW detectors. They mostly simulated 1000 GW events that would be
observed after 10 years observation and found improvements of around 20% with respect
to actual bounds.

Below, we compile most of the bounds mentioned above in one Figure 8 to better
picture the status and capabilities of the different upcoming probes or their combinations
in constraining properties on the neutrino mass.

Figure 8. Neutrino uncertainty mass bounds at 68% confidence level from different combinations
of upcoming cosmological experiments, with (1) taken from Cerbolini et al. (2013) [114], (2) and (3)
taken from Audree et al. (2013) [113] and (4) from Di Valentino et al. (2016) [20], (5) Abazajian et al.
(2016) [17], (6) LSST-Rubin collab. (2021) [14], (6) and (7) WFIRST-Roman collab. [15], (8) Oyama et al.
(2016) [116], (9) DESI collaboration (2016) [18], (10) Sprenger et al. (2019) [117], (11) Font-Ribera et al.
in 2014 [123], (12) Brinckmann et al. (2019) [125], (13) Dvorkin et al. (2019) [126], (14) Mishra-sharma
et al. (2019) [127], (15) Mueller et al. (2015) [135], (16) Sahlen et al. (2019) [138], (17) Bayer et al.
(2021) [139], (18) Ballardini (2021) [118], (19) from Whitford et al. (2021) [141], (20) Chudaykin et al.
(2019) [115], (21) Obuljen et al. (2018) [119], (22) Boyle et al. (2018) [124] and Yu et al. (2018) [108],
(23) Dizgah et al. (2021) [142] and (24) from Madhavacheril et al. (2017) [136], and Bolliet et al.
(2019) [137].

8. Discussion and Conclusions

In this paper, we have presented the status of the constraints on the neutrino masses
and the effective number of species obtained from the current, as well as forecasts from
future cosmological probes. After reviewing the impact of the aforementioned neutrino’s
properties on the process involved in the Universe’s background and large-scale structures
formation dynamics, and evolution, we have also discussed the potential of neutrinos
to alleviate the present tensions observed on the Hubble and matter density fluctuations
parameters when determined from local probes against those from deep probes.
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We noted that the total neutrino masses and number of species are strongly constrained
by the combination of the CMB spectrum and are rich in neutrino-sensitive features,
with less deeper distance measurements to break degeneracies with other cosmological
parameters effects, while adding large-scale structure probes, the growth of which are
substantially slowed by neutrino mass and might further lower the upper limit on the
total neutrino masses to one σ from the lowest possible value of 0.06 eV, which was
inferred from terrestrial or astrophysical experiments. We also highlighted that solving
the tensions on the Hubble or the matter fluctuation parameter σ8 between the local
and deep probes of distance or LSS probes would require almost a detection at 2 σ on
the neutrino total mass in certain scenarios, providing that its variation is not further
constrained by other independent probes. However, we also presented some studies that
followed more appropriate approaches to combine discrepant datasets, as is the case with
the aforementioned tensions, and showed that neutrinos are not fundamentally able of
alleviating the tensions, regardless of the additional constraints that further probes might
have brought.

We finally reviewed the different forecasts conducted in view of the advent of the
next-generation Stage-IV surveys (or even beyond) in constraining neutrino properties
and found that we could ultimately go down to below the 10 percent precision necessary
to detect at more than 5 σ the total neutrino masses or its effective number of species,
providing that we combine with probes that can constrain the averaged optical depth, the
only parameter then remaining in degeneracy with neutrino properties, to a few percent
of accuracy.

However, all these experiments, mostly sensitive to the sum of neutrino masses, might
not be able to determine the right neutrino hierarchy if the fiducial mass is high enough,
such as >0.1 or 0.15, as noted by Archidiacono et al. (2021) [21], because correlations
between nuisance and cosmological parameters could mimic the tiny deviations induced
by the hierarchies. We already saw that with MegaMapper [132], though it was more
sensitive than the Stage-IV surveys. Additionally, among the forecasts presented above,
Oyama et al. (2016) [116] tested in addition the ability of future surveys to disentangle
between hierarchies, and showed that they can determine the neutrino mass hierarchy at
95% C.L. only if the total neutrino mass is similar to or smaller than 0.1 eV.

Thus, we have to wait until experiments such as the GAUSS-proposed future mis-
sion [147], which has a very deep flux limit and a very high multiplexing capability allowing
to map unique tracers from redshift 0.5 to 5.0 with limited systematics, and which also has
the power of probe combinations and their cross-correlation within a single experiment,
which will surpass by more than an order of magnitude all currently foreseen Stage-IV
projects hoping to reach the hierarchy detection goal. Beside non-cosmological-based
experiments such as the Deep Underground Neutrino Experiment (DUNE) [148,149] and
the Jiangmen Underground Neutrino Observatory [150], that detailed review is outside the
scope of this review, the complementarity with which could reduce the space of variation of
the neutrino mass, and we could also hope that other experiments, such as PTOLEMY [151],
which is aiming to detect the hypothetical cosmic neutrino background (CNB) with prop-
erties similar to the CMB but with deeper redshifts and neutrino physics as the main
actor, or the futuristic 21 cm surveys (e.g., the fast Fourier transform telescope [152]) map-
ping an extremely large volume of the Universe, at the epoch of reionization, when it
was not affected by non-linearities or baryonic feedback, will enable us to achieve the
aforementioned objectives.
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Notes
1 See [48] for a detailed study on perspectives for neutrino flavor conversions determinations in other astrophysical and cosmologi-

cal environments.
2 the power spectrum being the 3D Fourier transform of the correlation function.
3 similar to the tSZ effect, the kSZ effect is the imprint of galaxy clusters on CMB from peculiar motion and is proportional to the

integrated electron momentum along the line-of-sight.
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