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Cosmological observations are a powerful probe of neutrinproperties, and in particular
of their mass. In this review, we rst discuss the role of neutnos in shaping the
cosmological evolution at both the background and perturb&ion level, and describe their
effects on cosmological observables such as the cosmic mi@wave background and the
distribution of matter at large scale. We then present the ste of the art concerning the
constraints on neutrino masses from those observables, andlso review the prospects
for future experiments. We also brie y discuss the prospec for determining the neutrino
hierarchy from cosmology, the complementarity with labor@ry experiments, and the
constraints on neutrino properties beyond their mass.
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1. INTRODUCTION

Flavor oscillation experiments have by now rmly establistieat neutrinos have a mass. Current
experiments measure with great accuracy the three mixingeangs well as the two mass-squared
splittings between the three active neutrinos. In the framewof the standard model (SM) of
particle physics neutrinos are massless, and consequentiytaoix, since it is not possible to build
a mass term for them using the particle content of the SM. Tloeegf avor oscillations represent
the only laboratory evidence for physics beyond the SM. Seuskaowns in the neutrino sector
still remain, con rming these particles as being the mostséle within the SM. In particular, the
absolute scale of neutrino masses has yet to be determine@oMer, the sign of the largest mass
squared splitting, the one governing atmospheric transgiois still unknown. This leaves open
two possibilities for the neutrino mass ordering, correspimgdo the two signs of the atmospheric
splitting: the normal hierarchy, in which the atmospheric #plig is positive, and the inverted
hierarchy, in which it is negative. Other unknowns are thkseaf a possible CP-violating phase in
the neutrino mixing matrix, and the Dirac or Majorana natuoéneutrinos.

There are di erent ways of measuring the absolute neutrinesnscale. One is to use kinematic
e ects, for example by measuring the energy spectrum of elestgroduced in the -decay
of nuclei, looking for the distortions due to the nite neutro mass. This approach has the
advantage of being very robust and providing model-independesults, as it basically relies only
on energy conservation. Present constraints on the e eatiass of the electron neutrinm
(an incoherent sum of the mass eigenvalues, weighted wihetaments of the mixing matrix)
arem < 2.05eV from the Troitsk ] experiment, andm < 2.3eV from the Mainz ]
experiment, at the 95% CL. The KATRIN spectrometg}, that will start its science run in
2018, is expected to improve the sensitivity by an order of rtaga. Another way to measure
neutrino masses in the laboratory is to look for neutrinale®uble decay (02 in short) of
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nuclei, a rare process that is allowed only if neutrinos aresimple extensions, that currently represents our best anglgm
Majorana particles4]. The prospects for detection of neutrino description of the Universe that is compatible with observagion
mass with 02 searches are very promising: current constraintsThis model is based on General Relativity (with the assumption
for the e ective Majorana mass of the electron neutrinlb , a  of a homogeneous and isotropic Universe at large scales) and
coherensum of the mass eigenvalues, weighted with the elements the SM of particle physics, with the addition of massive
of the mixing matrix, are inthen < 0.1 0.4eV ballpark neutrinos, complemented with a mechanism for the generation o
(see section 9 for more details). There are a few shortcasningprimordial perturbations, i.e., the in ationary paradigm. Véh
however. First of all, there is some amount of model dependenccosmological data are interpreted in this framework, theynpoi
one has to assume that neutrinos are Majorana particles tg stato the following picture: our Universe is spatially at and is
and even if this is, in some sense, a natural and very appealipgesently composed by baryons%% of the total density), dark
scenario from the theoretical point of view—as it could explai matter ( 25%), and an even more elusive component called dark
the smallness of neutrino massésJ|—we have at the moment energy ( 70%), that behaves like a cosmological constant, and is
no indication that this is really the case. Moreover, infegi responsible for the present accelerated expansion, plus photons
the neutrino mass from a (non-)observation of ® requires (a few parts in 18 and light neutrinos. The constraints from
the implicit assumption that the mass mechanism is the onlyPlanck cited above imply that, in the framework of tB&€DM
contribution to the amplitude of the process, i.e., that no@th model, neutrinos can contribute 1% to the present energy dgnsit
physics beyond the SM that violates lepton number is at playat most. The structures that we observe today have evoloead fr
Another issue is that the amplitude of the process also dependsliabatic, nearly scale-invariant initial conditions. Exbough
on nuclear matrix elements, that are known only with limited this model is very successful, barring some intriguing tart f
accuracy, introducing an additional layer of uncertaintythe the moment still mild (at the 2 level) discrepancies between
interpretation of experimental results. Finally, given timt observational probes, this dependence should be borne in mind
is a coherent superposition of the mass eigenvalues, it cauld I©n the other hand, such a healthy approach should not, in our
that the values of the Majorana phases arrange to ntake  opinion, be substituted with its contrary, i.e., a completstiist
vanishingly small. toward cosmological constraints. A pragmatic approach to this
The third avenue to measure neutrino masses, and in fagiroblem is to test the robustness of our inferences concerning
the topic of this review, is to use cosmological observationsieutrino properties against di erent assumptions, by exploring
As we shall discuss in more detail in the following, theextensions ofth@ CDM model. This has been in fact done quite
presence of a cosmic background of relic neutrinos BCis extensively in the literature, and we will take care, towhelend
a robust prediction of the standard cosmological model]]  of the review, to report results obtained in extended models.
Even though a direct detection is extremely di cult and stil Another advantage of cosmological observations is that they
lacking, (but experiments aiming at this are currently underare able to probe neutrino properties beyond their mass. A well-
development, like the PTOLEMY experimeitl]), nevertheless known example is the e ective number of neutrinos, basically a
cosmological observations are in agreement with this ptedic  measure of the energy density in relativistic species in thly ea
The relic neutrinos a ect the cosmological evolution, both a Universe, that is a powerful probe of a wide range of beyond the
the background and perturbation level, so that cosmologicadM model physics (in fact, not necessarily related to neas)n
observables can be used to constrain the neutrino propertieBpr example, it could probe the existence of an additional,
and in particular their mass (see e.dlp[12, 13 for excellent light sterile mass eigenstate, as well as the physics of neutrin
reviews on this topic). In fact, cosmology currently représen decoupling, or the presence of lepton asymmetries generated in
the most sensitive probe of neutrino masses. The obsenstiothe early Universe. Cosmology can also be used to constrain the
of cosmic microwave background (CMB) anisotropies fromexistence of non-standard neutrino interactions, possikhated
the Planck satellite, without the addition of any externaltal to the mechanism of mass generation. Even though they are not
constrain the sum of neutrino masses already at the 0.6 edf levthe focus of this review, we will brie y touch some of thespexds
[14], which is basically the same as the KATRIN sensitivityin the nal sections of the review.
Combinations of di erent datasets yield even stronger ligit Cosmological data have reached a very good level of
at the same level or better than the ones fron20 searches, maturity over the last decades. Measurements of the CMB
although a direct comparison is not immediate, due to theanisotropies from the Planck satellite have put the tightest
fact that di erent quantities are probed, and also due to theconstraints ever on cosmological parameters from a single
theoretical assumptions involved in the interpretation ofttbo experiment [L4], dramatically improving the constraints from the
kinds of data. Future-generation experiments will likely &éav predecessor satellite WMARY. From the ground, the Atacama
the capability to detect neutrino masses, and to disentangl€osmology Telescope (ACT) polarization-sensitive receiver and
the hierarchy, provided that systematics e ects can be kepghe South Pole Telescope (SPT) have been measuring with
under control—and that our theoretical understanding ofeth incredible accuracy CMB anisotropies at the smallest scales
Universe is correct, of course! Concerning this last poing thin temperature and polarizationlp, 17]. At degree and sub-
drawback of cosmological measurements of neutrino mass ardegree scales, the BICEP/Keck collaboratiog [L9 and the
other properties, is that they are somehow model dependenPOLARBEAR telescope?(] are looking at the faint CMB
Inferences from cosmological observations are made in th#-mode” signal, containing information about both the gar
framework of a model—the so-call8dCDM model—, and of its  stages of the Universg@rimordial B-modes) and the late time
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evolution (ensing B-modes). The Cosmology Large Angularthe neutrino hierarchy. In section 9, we will brie y go thrgh
Scale Surveyor (CLASS)] is working at mapping the CMB the complementarity between cosmology and laboratory searches
polarization eld over 70% of the sky. The SPIDER balloonin the quest for constraining neutrino properties. Finally,
[27) successfully completed its rst ight and is in preparation section 10 o ers a summary of the additional information abou
for the second launch likely at the end of 2018. In additionneutrino properties beyond their mass scale that we can extrac
to CMB data, complementary information can be obtained byfrom cosmological observables. We derive our conclusions i
looking at the large-scale structure of the Universe. The SDSection 11. The impatient reader can access the summary of
I1I-BOSS galaxy survey has recently released its last reeasmrrent and future limits fromTables 4.

of data pJ. Extended catalogs of galaxy clusters have been

completed from several surveys (see exy] &nd references 2. NOTATION AND PRELIMINARIES

therein). In addition, weak lensing surveys (Canada-Feanc . .

Hawaii Telescope Lensing Survegd Kilo-Degree Survey 2.1.Basic Equations

[26], Dark Energy SurveyZ[7]) are mature enough to provide Inferences from cosmological observations are made urfuer t
constraints on cosmological parameters that are competititte ~ assumption that the Universe is homogeneous and isotropic, and
those from other observables. They also allow to test thditsal @s such it is well-described, in the context of general inatgt

of the standard cosmological paradigm by comparing result8y @ Friedmann-Lemaitre-Robertson-Walker (FLRW) metric.
obtained from high-redshift observables to those comiranfr Small deviations from homogeneity and isotropy are modeled as
measurements of the low-redshift universe. perturbations over of a FLRW background.

The current scenario is just a taste of the constraining power [InaFLRW Universe, expansion is described by the Friedmann
of cosmological observables that will be available withrieeet ~ €quatior? for the Hubble parameteiti:
generation of experiments, that will be taking measureménts 8 G
the next decade. Future CMB missions—including Advanced H(a)2 D— (@ = (1)
ACTPol 29, SPT-3G P9, CMB Stage-IV B0, Simons 3 a
Observatory, Simons Array $1], CORE B7, LiteBIRD 33,  \yhereGis the gravitational constank parameterizes the spatial
PIXIE [34—will test the Universe over a wide range of scaleg,,ryaturé, a is the cosmic scale factor and theis the total

with unprecedented accuracy. The same accuracy will enallgerqy density. This is given by the sum of the energy deasitie

the reconstruction of the weak lensing signal from the CMB¢ the various components of the cosmic uid.

maps _down to t_h_e smallest scales gnq wi_th high sensi@ivity, Considering cold dark matterd), baryons B), photons ( ),
providing an additional probe of the distribution and evoloti 5, energyDE), and massive neutrinos ), and introducing the

of structures in the universe. On the other hand, the neWeqshift 1C 2D a L, the Friedmann equation can be recast as:
generation of large-scale-structure surveys—includiregDark

Energy Spectroscopic Instrumeist], the Large Synoptic Survey
Telescoped6], Euclid [37], and the Wide Frequency InfraRed H(2)?D H3 .« ;C+,/(1C2°3C+ (1C2*C

Spectroscopic Telescop8g—uwill also probe the late-time #
universe with the ultimate goal of shedding light on the kEgg 30w ) w0t(2)
unknown of our times, namely the nature of dark energy anddar C+pe(1C2) C.x(1C2°C W :
I
matter. '
The aim of this review is to provide the state of the art of the @

current knowledge of neutrino masses from cosmological psob
and give an overview of future prospects. The review is organiz

as follows: in section 2, we outline the framework of thiseay . n
. : : . o ) we use a subscript 0 to denote quantities evaluated todayl), an
introducing some useful notation and brie y reviewing thadics . i .

the present-day density parameters D o= cit0 (Since we

of neutrino cosmo_logy. Section 3 IS devoted_ to discusshagy f -will be always referring to the density parameters today, we omi
a broad perspective, cosmological e ects induced by masswge subscript 0 in this case). The scalings withQ1z) come

neutrinos. In section 4, we will describe in detail how the e ” -

. . ) . from the fact that the energy densities of non-relativistiatter

introduced in section 3 a ect cosmological observableshag L o3 4 . )
and radiation scale witla ° and a “, respectively. For DE, in

the CMB anisotropies, large-scale structures and cosmalbgic” .. . oo
. . . . writing Equation (2) we have left open the possibility for an
distances. Sections 5 and 6 present a detailed collectioneof t_ . . .
- arbitrary (albeit constant) equation-of-state parametenn the
current and future limits or6 m from the measurements of the : . . .
. . . . case of neutrinos, since the parameter of their equationatkest
cosmological observables discussed in section 4, mosiyede . . . . o
. . . is not constant, we could not write a simple scaling with ratish
in the context of the3 CDM cosmological model. Constraints . I . .
. . . . . . although this is possible in limiting regimes (see sectio. 2\&
derived in more extended scenarios are summarized in Se¢tio

Section 8 brie y deals with the issue of whether cosmoldgicause tot 10 denote the total neutrino density, i.e., summed over

probes are able to provide information not only @&m , but all mass eigenstates. Finally, we have de ned a “curvatmsity

also on its distribution among the mass eigenstates, ib@uta

where we have introduced the present value of the criticasidgn
required for at spatial geometry it o 3H§:8 G (in general,

2Al throughout this review, we takeD IND kg D 1.
3We choose not to rescalleto make it equal to 1 for an open or closed Universe,
Lhttps://simonsobservatory.org so that we are left with the freedom to rescale the scale factor @g@yunity.
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parameter , D K:HS. From Equation (2) evaluatedaD 0  matter uctuations due to neutrino free-streaming is set thye

itis clear thaghe density parameters, including curvatsagisfy — causal horizon at the time neutrinos become non-relatigjgtnd

the constrain ;* ; D 1. so on. Moreover, since today we see those scales through their
Let us also introduce some extra notation and jargon that wilprojection on the sky, what we observe is actually a comtnati

be useful in the following. We will usen, to refer to the total of the scale itself and the distance to the object that we are

density of non-relativistic matter today. Thus, this in geal observing. We nd then useful also to recall some notionstegla

includes dark matter, baryons, and those neutrinos spebias t to cosmological distances. The comoving distandsetween us

are heavy enough to be non-relativistic today. In such a way wand an object at redshittis

have thats ,, C* pg D 1in a at Universe (ore , C * pg D

1 - cingeneral), since the present density of photons and other z dpo

relativistic species is negligible. Since many times we aui¢Ho 0 @

consider the density of matter that is non-relativistic #tthe

redshifts that are probed by cosmological observablesdaek  gng thisisalsoequaltq — (z). The comoving angular diameter

matter and baryons but not neutrinos, we also introducgn,  distanceda(2) is given by

with obvious meaning. When we consider dark energy in the

z

(2D (5)

form of a cosmological constantv(D 1) we use 3 in place o op=
of « pe to make this fact clear. Finally, we also use the physical sin
density parameters;  « jh?, with h being the present value of da(z) D P K )

the Hubble parameter in units of 100 km$Mpc 1.
As we shall discuss in more detail in the following,gg that

cosmological observables often carry the imprint of partcul

length scales, related to speci c physical e ects. For thisoaa z dAp

we recall some de nitions that will be useful in the followirithe o H@

causal horizonyat timet is de ned as the distance traveled by a

photon from the Big Bangt(D 0) until timet. Thisis givenby: e angular size of an object is related to its comoving linear

Z, 4t Z, 42 size through D =da(2). This justi es the de nition of an
— el (3) object of known linear size asstandard rulerfor cosmology.

o a9 2 H@) In fact, knowing , we can use a measure ofto getda and

o . o make inferences on the cosmological parameters that determin
Note that this is actually theomovingcausal horizon; in the o\ aiue through the integral in Equation (6).

following, unless otherwise noted, we will always use CONV A oither measure of distance is given by the luminosity

distances. We also note that the comoving horizon is equajigianced, (2), that relates the observed UR to the intrinsic
to the conformal time (t) (de ned throughdt D ad and luminosity L of an object at redshitt:

(t D 0) D 0).Ina Friedmann Universe (i.e., one composed
only by matter and radiation), the physical causal horizon is r—
proportional, by a factor of order unity, to the Hubble length d.(2) L D (1C 2)da(2). (8)
du(t)  H(t) L For this reason, we shall sometimes indulge in 4 F

the habit of calling the latter the Hubble horizon, even tighu ) )
this is, technically, a misnomer. Similarly to what happened for the angular diameter distance,

A related quantity is the sound horizar(t), i.e., the distance this allows to usestandard candlesobjects of known intrinsic
traveled in a certain time by an acoustic wave in the baryonluminosity—as a mean to infer the values of cosmological
photon plasma. The expression fayis very similar to the one Parameters, after their ux has been measured.
for the causal horizon, just with the speed of light (equal ta 1

z

da(2 D (2D fore D O. @)

rh(t) D

our units) replaced by the speed of sourdn the plasma: 2.2. Neutrino Mass Parameters
7 7 According to the standard theory of neutrino oscillatiortee
Ueg(t9 0 1« observed neutrino avors ( D e , ) are quantum
rs(t) D ) d 2 H@ d2’ (4) superpositions of three mass eigenstatdsD 1, 2, 3):
— X
The speed of sound is given loy D 1:p 3(1CR), withR D j iD U,jii, 9

(b C p)Hp C ) being the baryon-to-photon momentum i
density ratio. WheB the baryon dﬁn_sity isrpggligible refatto
the photonsgs' 1= 3andrs' rp= 3D = 3. where U is the Pontecorvo-Maki-Nakagawa-Sasaka (PMNS)
Imprints on the cosmological observables of several physicalixing matrix. The PMNS matrix is parameterized by three
processes usually depend on the value of those scales at samiging angles 12, 13, 23, and three CP-violating phases: one
particular time. For example, the spacing of acoustic peaks iDirac, , and two Majorana phasesp; and 31. The Majorana
the CMB spectrum is reminiscent of the sound horizon at thephases are non-zero only if neutrinos are Majorana particles.
time of hydrogen recombination; the suppression of smallesca They do not a ect oscillation phenomena, but enter lepton
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number-violating processes like ® decay. The actual form of 2.3. The Standard Cosmological Model

the PMNS matrix is: Our best description of the Universe is currently provided by
2 3 the spatially at3 CDM model with adiabatic, nearly scale-
C12C13 S19C13 size | invariant initial conditions for scalar perturbations. Witthe
UD § . . z exception of some mild (at the 2 level) discrepancies that
S12023  Clo38E  Clok3 S1o%smE 9343 will be discussed in the part devoted to observational limills, a
S1993  C1o0aSiz€ Co%3  SiosSizd GsCis the available data can be t in this model, that in its simplest
) Lo i i (“base”) version is described by just six parameters. In treeba
diag 1,€ »7, & #= (10) " 3 cDM model, the Universe is spatially at( D 0), and the
. matter and radiation content is provided by cold dark matter,
wheregj  cos jandsj  sin j. baryons, photons, and neutrinos, while dark energy is in thenfor

In addition to the elements of the mixing matrix, the other ¢ o cosmological constant(D  1). The energy density of
parameters of the neutrino sector are the mass eigenvalies ,n,onsis xed by measurements of the CMB temperature, while
(i D 1,2, 3). Oscillation experiments have measured with o trinos are assumed to be very light, usually xing the sum
unprecedented accuracy the three mixing angles and the t\/\& the masses t6 m D 0.06eV, the minimum value allowed
mass squared di erences relevant for the solar and atmospherby oscillation experiments. In this way, the energy density of

transitions, namely the solar splittingmZ, D 1 mj, ~ m3 neutrinos is also xed at all stages of the cosmological eiaiut
mi ' 7.6 10 °eV? and the atmospheric splitting M3, D (see section 2.5). From Equation (2), and taking into actoun
jlmgj j mj mij' 25 10 %eV?(seeeg.F-41]fora the atness constraint, it is clear then that the background
global tof the neutrino mixing parameters and mass splitt))g  eyolution in such a model is described by three parameters,
We know, because of matter e ects in the Sun, that, of the twgg, examplé h, !¢ and!p, with » 3 given by 1« . The
eigenstates involved, the one with the smaller mass haatthedt  jnjtjal scalar uctuations are adiabatic and have a powavla
electron fraction. By convention, we identify this with eigstate nearly scale invariant, spectrum, that is thus parameterized b
“1,” so that the solar splitting is positive. On the other hameét 0 parameters, an amplitud®s and a logarithime slopes 1
do not know the sign of the atmospheric mass splitting, so thigith ng D 1 thus corresponding to scale invariance). Finally,
leaves open two possibilities: the normal hierarchy (NH), i@he the optical depth to reionization parameterizes the ionization
1 m21 > 0 andmg < my < mg, or the inverted hierarchy, where history of the Universe.
1mg; < Oandmz < mg < my. This simple, yet very successful, model can be extended in
Oscillation experiments are unfortunately insensitive b@t geyeral ways. The extension that we will be most interested i
absolute scale of neutrino masses. In this review, we wilhipai given the topic of this review, is a one-parameter extension
focus on cosmological observations as a probe of the absolyig which the sum of neutrino masses is considered as a free
neutrino mass scale. To a very good approximation, cosm(ﬂbgicparameter. We call this seven-parameter mo@€DM+6 m .
observables are mainly sensitive to the sum of neutrino B®RSSThis is also in some sense the best-motivated extension of
6 m , de ned simply as 3 CDM, as we actually know from oscillation experiments that
X neutrinos have a mass, and fromdecay experiments that this
6m m. (11) can be as large as 2 eV. In addition to this minimal extension,
i we will also discuss how relaxing some of the assumptions of the
. 3 CDM model a ects estimates of the neutrino mass. Among the
Absolute neutrino masses can also be probed by laboratopyssipilities that we will consider, there are those of varyie
expenment_s. These will be r_eV|eV\_/ed in more deta|l_|n seddion . rvature ¢ ), the equation-of-state parameter of dark energy
where their complementarity with cosmology will be also(w), or the density of radiation in the early Universdq , de ned
discussed. For the moment, we just recall the de nition o th , section 2.5).
mass paramete.rs probed by laboratory experiments. The e ective There are many relevant extensions to $€DM model that
(electron) neutrino mass however we will not consider here (or just mention brie y). The
(- most important one concerns the possibility of non-vanishing
X P tensor perturbations, i.e., primordial gravitational wayvésat,
m D A JUeil = m ’ 12) detected, would provide a smoking gun for in ation. This
: scenario is parameterized through an additional paramekes, t

. . . . nsor-to-scalar rati@. In the following, we will alw. m
can be constrained by kinematic measurements like thostg sor-to-scalar ratio. In the following, we aways assume

exploiting the decay of nuclei. The e ective Majorana mass of D Ot l; ﬂny case, tt:]“s assutmpftmntwnl noz ? ect the estlrgatefs
the electron neutrinan reported here, as the e ect of nite neutrino mass and o

tensor modes on the cosmological observables are quite clistin
Similarly, we will not consider the possibility of non-adialcat

X
m D  UZm , (13)
i 4In the analysis of CMB data, the angle subtended by the soundzdworat
) ) recombination is normally used in place bf as it is measured directly by CMB
can instead be probed by searching foR0 decay. observations, see section 4.1.
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initial perturbations, nor of more complicated initial speatfor
the scalar perturbations, including those with a possible iingn
of the scalar spectral index, although we report a compilatibn o
relevant references in section 7 for the reader's converien

2.4. Short Thermal History

Given that cosmological observables carry the imprint of
di erent epochs in the history of the Universe, we nd it
useful to shortly recall some relevant events taking placendu
the expansion history, and their relation to the cosmologica
parameters. For our purposes, it is enough to start when the
temperature of the Universe wab 1MeV, i.e., around
the time of Big Bang Nucleosynthesis (BBN) and neutrino
decoupling. At these early times (109, since matter and
radiation densities scale asCl1z)3 and (1C z)4, respectively, the
Universe is radiation-dominated.

AtT 1MeV (@ 109, the active neutrinos decouple from
the rest of the cosmological plasma. Before this time, neosri
were kept in equilibrium by weak interactions with electrons
and positrons, that were in turn coupled electromagnetidally
the photon bath. After this time, the neutrino mean free path
becomes much larger the the Hubble length, so they essgntial
move along geodesics, i.e., they free-stream. Shortly afte
neutrino decouple, electrons and positrons in the Universe
annihilate, heating the photon-electron-baryon plasma, ,and
to a much lesser extent, the neutrino themselves (in se@ibn
we shall discuss in more detail the neutrino thermal hisjory
After this time, the Universe can essentially be thought as
composed of photons, electrons, protons and neutrons (either
free, or, after BBN, bound together into the light nuclei),
neutrinos, dark matter, and dark energy.

Soon after,al 0.1 MeV, primordial nucleosynthesis starts,
and nuclear reactions bind nucleons into light nuclei. Afte
this time, nearly all of the baryons in the Universe are in the
form of H and *He nuclei, with small traces ¢H and "Li.

The yields of light elements strongly depend on the density
of baryons, on the density and energy spectrum of electron
neutrinos and antineutrinos (as those set the equilibrium of
the nuclear reactions) and on the total radiation densitg (a
this sets the expansion rate at the time of nucleosynthesis).
As said above, at early times (higfthe Universe is radiation-
dominated, given that the radiation-to-matter density icat
like (1 C z). However, the radiation density decreases faster
than that of matter, and, at some redshifg, the matter and
radiation contents of the Universe will be equaj(zeg) D

2.

decoupling of radiation from matter. This is the time at which
the CMB radiation is emitted. After decoupling, the CMB
photons undergo last interactions with residual free eles:
Finally, the CMB photons emerge from this last scattering
surface and free-stream until the present time (with some
caveats, see below). Most of the features that we observe in
the CMB anisotropy pattern are created at this time. Given
the current estimates of cosmological parameters;
1,090 [L4]. Note that in fact the temperature at recombination
is basically xed by thermodynamics, so once the present
CMB temperature is determined through observatiang; D

T(z D zec)=T(z D 0) depends very weakly on the other
cosmological parameters.

Even if photons decoupled from matter shortly after
recombination, the large photon-to-baryon ratio keeps
baryons coupled to the photon bath for some time after that.
The drag epoclagragis the time at which baryons stop feeling
the photon drag. A good t to numerical results in a CDM
cosmology is given by Eisenstein and Hi]

D 1,291 (1cClp)* [1Chy(! cC! p)],
1C 0.659( ¢ C ! ,)0-828

by D 0.313(C!p) %491C0.607(.C! )¢,
by D 0.238( C ! )22

Zdrag

(14)

Given the current estimates of cosmological parameters,
Zgrag' 1,060 [L4.

For a long time after recombination, the Universe stays
transparent to radiation. These are the so-called “dark .Ages
However, in the late history of the Universe, the neutral
hydrogen gets ionized again due to UV emission of the
rst stars, that puts an end to the dark ages. This is called
the reionization epoch. After reionization, the CMB photons
are scattered again by the free electrons. Given the current
estimates of cosmological parametefrs, 8[43.

At some point during the recent history of the Universe,
that we denote withes , the energy content of the Universe
starts to be dominated by the dark energy component. The
end of matter domination, and the beginning of this DE
domination is set by pe(zzs) D m(z3). For a cosmological
constant v D 1), 1C zz D (v 3=* m)¥S. Given the
current estimates of cosmological parameters, ' 0.3
[14]. Around this time, the cosmological expansion becomes
accelerated.

5. Evolution of Cosmic Neutrinos

r(zeg). This is called the epoch of matter-radiation equality,In this section, we discuss the thermal history of cosmic
that marks the beginning of the matter-dominated era in theneutrinos.

history of the Universe. From the scaling of the two densjties
itis easy to see thallzegg D « m=(+ Ce )inaUniverse with
massless neutrinos (so that their density always scal€ag1
see section 2.5 for further discussion on this point). Givies t
current estimates of cosmological parametegg, ' 3,400
[14].
At T

As anticipated above, in the early Universe neutrinos are

kept in equilibrium with the cosmological plasma by weak
interactions. The two competing factors that determine if
equilibrium holds are the expansion rate, given by the Hubble
parameterH(z), and the interaction rat®(z) D nh vi, where
n is the number density of particles, is the interaction cross
0.3 eV, electrons and nuclei combine to form neutralsection, andv is the velocity of particles (brackets indicate a

hydrogen and helium, that are transparent to radiation. Thisthermal average). In fact, neutrino interactions beconmeweak

recombination epoch thus roughly corresponds to the time oto keep them in equilibrium onced <

H. The left-hand
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side of this inequality is set by the standard model of pagticl The number densityn of a single neutrino species (including
physics, as the interaction rate at a given temperature onlgoth neutrinos and their antiparticles) is thus given by:
depends on the cross-section for weak interactions, and,thus 7
ultimately, on the value of the Fermi constanty(  GZT?). g d®p 3 (3).3
The right-hand side is instead set through Equation (2) bg th n(T)b 2)» &Tc1 4°2 T (16)
total radiation density (the only relevant component at such
early times)H? D (8 G=3)( C ). Inthe framework of the where (3) is the Riemann zeta function of 3, and in the
minimal 3 CDM model, once the present CMB temperature islast equality we have taken into account th@t D 2 for
measured, the radiation density at any given temperaturgésl.  neutrinos. This corresponds to a present-day density of roughl
Thus the temperature of neutrino decoupling, de ned through 113 particlescm?.
O(T ged D H(T ged does not depend on any free parameter The energy density of a single neutrino species is instead
in the theory. A quite straightforward calculation showsath
T dec’ 1MeV [44.

While they are in equilibrium, the phase-space distribution
f(p) of neutrinos is a Fermi-Dirac distributioh

g z p7p20m2 ;

()0 555 g o dP 17)

This is the quantity that appears, among other things, in tiy@ti

1 hand side of the Friedmann equation (summed over all mass
f(p. ) D eT Oy’ (15) eigenstates). In the ultrarelativisti€ ( m) and non-relativistic
(T m) limits, the energy density takes simple analytic forms:
where it has been taken into account thatTat& 1MeV, the 8
active neutrinos are certainly ultrarelativistic (i.€., m )and 2 7—2T4 (UR)
thusE(p) ' p. The distribution does not depend on the spatial (T)p _ 120 (18)
coordinatek, nor on the direction of momentung) due to the z mn (NR)

homogeneity and isotropy of the Universe. Before decoupling,
the neutrino temperaturd is the common temperature of all
the species in the cosmological plasma, that we denote galtgric
with T, so thatT D T. We recall that the temperature of the
plasma evolves according @fgeaT D const., whergy s counts

the e ective number of relativistic degrees of freedom theg a

reIe\_/ant for entrolpyzﬂré]l]. hil ) | \aii measurements of the CMB temperature and by considerations
Since decoupling happens while neutrinos are ultrarelaibyist ¢ entropy conservation, it is clear from the above formulas

it can be shown that, as a consequence of the Liouville the,orerﬁOW the present energy density of neutrinos depends only on
the shape of the distribution function is preserved by theOne free parameter, namely the sum of neutrino masses

expansion. In other words, the distribution function stilak the de ned in Equation (11). Ingroducing the total density paratee
form Equation (15), with an e ective temperatufle (z) (thatfor ¢ 2 ssive neutrinos 0= aito, one easily nds from

the sake of simplicity we will continue to refer to as the nexar Equation (16):
temperature) that scales like ! (i.e.,.aT D const). We stress that

this means that, when computing integrals over the distribut . D 6m
function, one still neglects the mass term in the exponeiwofitthe 93.14eV

Fermi-Dirac function, even at times when neutrinos are adi where we have already included the e ects of non-instantaseo

non-relativistic. neutrino decoupling, see below. In the instantaneous dedogpl
Shortly after neutrino decouple, electrons and positrons 0 decouping, . . P
L ) approximation, the quantity at denominator would be 94.2 eV.
annihilate and transfer their entropy to the rest of the plasma - Lo
. . ; On the other hand, the neutrino energy density in the early
but not to neutrinos. In other words, while the neutrino

temperature scales like * the photon temperature scales like Universe only depends on the neutrino temperature, and thus it
P ' P P is completely xed in the framework of the CDM model. Using

1, 1=8 . )
a 'gs ", and thus decreases slightly more slowly dutfig@ 0 tact that for photons D ( 2=15)T4, together with the

annihilation, wheng s is decreasing. In fact, applying entropy relationship between the photon and neutrino temperature® o

conservation one nds that the ratio between the neutrino ., \rite for the total density in relativistic species in thelg
and photon temperatures after electron-positron annihilatien |jierse. afteee annihilation:

T =T D (4=11)"3. The photon temperature has been precisely

These scalings are consistent with the fact that one expects
neutrinos to behave as pressureless mattet, (1C z)3, in the
non-relativistic regime, and as radiation, / (1 C 2)4, in the
ultrarelativistic regime.

Given that the present-day neutrino temperature is xed by

(19)

determined by measuring the frequency spectrum of the CMB 7 4 #

radiation: Tog D (2.725 0.002) K {5, 46|, so that the present c D 1C 3 11 N (20)
temperature of relic neutrinos should Ge o' 1.95K' 1.68

10 “eV.

whereN is the number of neutrino families. In the framework
5\We are assuming a vanishing chemical potential for neutrinos atideutrinos, ~ Of the standard model of particle physics, considering the activ
i.e., a vanishing lepton asymmetry. neutrinos, one hadl D 3. However, the above formula slightly
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underestimates the total density at early times; the ma&soa is  This relation can be used to show e.g., that neutrinos witissna
that neutrinos are still weakly coupled to the plasma wiea m . 0.6eV turn non-relativistic around or after recombination
annihilation occurs, so that they share a small part of theamt  In the following, when discussing the e ect of neutrino masses
transfer. Moreover, nite temperature QED radiative coriiects on the CMB anisotropies, we will assume that this is the case.
and avor oscillations also play a role. This introduces non-Note however that the actual statistical analyses from which
thermal distortions at the subpercent level in the neutrimeesgy  bounds on neutrino masses are derived do not make such an
spectrum; the integrated e ect is that at early times the coredin assumption. We also note that, given the current measuresment
energy densities of the three neutrino species are not gxacibf the neutrino mass di erences, only the lightest mass estpte
equal to 3 , with given by the upper row of Equation can still be relativistic today. Thus at least two out of theee
(18), but instead are given by (3.04¢ [12, 47]. A recent active neutrinos become non-relativistic before the présere.
improved calculation, including the full collision intedsafor We conclude this section with a clari cation on the role
both the diagonal and o -diagonal elements of the neutrinoof neutrinos in determining the redshift of matter-radiati
density matrix, has re ned this value to (3.045 [4§. ltisthen  equality. Given the present bounds on neutrino masses, werkno
customary to introduce an e ective number of neutrino faredi  that equality likely takes place when neutrino are relatigist

Ne and rewrite the energy density at early times as: In fact, observations of the CMB anisotropies constraig '
" # 3,400, so that neutrinos with mass ' 1.8eV, just below the
7 4 %3 current bound from tritium beta-decay, turn non-relativis at
c D 1C s 11 Ne . (21)  equality. Thus, for masses su ciently below the tritium b,

the total density of matter at those times is proportionat tg-p,.

The radiation density is instead provided by photons and by
In this review, we will consideN, D 3.046 as the “standard” tne relativistic neutrinos (and as such does not depend on the
value of this parameter in thé CDM model, and not the more  neytrino mass), plus any other light species present in theyearl

precise value found in de Salas and Pasté}, [since most of the  pjverse. So the redshift of equivalence is given by
literature still makes use of the former value. This doesmake

any di erence, however, from the practical point of view, given e :Coeyp ) 1.Cly )

the sensitivity of present and next-generation instruments 1CzqD A 7 4 43 =D Yo~ 7 4 43 v
It is also customary to consider extensions of the minimal © 1Cg o Ne PolCs o Ne

3 CDM model in which one allows for the presence of additional (24)

light species in the early Universe (“dark radiation”). In ghi

kind of extension, the total radiation density of the Univers Where the last equality makes it clear that, in the framewdtkhe

is still given by the right-hand side of Equation (21), whereminimal 3 CDM model, the redshift of equivalence only depends
now howevelN, has become a free parameter. In other wordspn the quantity! C ! p,, sinceN, is xed and! is determined
Equation (21) becomesdg nition for N , that is, just a way to through observations (it is basically the CMB energy density)
express the total energy density in radiation. The e ect on the

expansion history of this additional radiation componentda 3. COSMOLOGICAL EFFECTS OF

taken into account by the substitution NEUTRINO MASSES
" #
| 7 4 The impact of neutrino masses—and in general of neutrino
- . 1C 8 11 INe (22) properties—on the cosmological evolution can be divided io tw

broad categoriesbackgrounde ects, and perturbatione ects.
The former class refers to modi cations in the expansion higto
i.e., in changes to the evolution of the FLRW background. The
latter class refers instead to modi cations in the evoluatiof
perturbations in the gravitational potentials and in the di ere
components of the cosmological uid. We shall now briey
review both classes; we refer the reader who is interested in
more detailed analysis to the excellent review by Lesgousnees
Pastor [L3.

To start, we shall consider a spatially at Universe, i.e.,
k D 0, in which dark energy is in the form of a cosmological
constant (v D 1) and there are no extra radiation components
(Ne D 3.046). Let us also consider a particular realization of
this scenario, that we refer to as our reference model, irctvhi
the sum of neutrino masses is very small; for de niteness, we
can think thaté m is equal to the minimum value allowed by
m oscillation measurement§ m D 0.06eV (see section 8 for
=Y, (23)  further details). When needed, we will take the other parareet

in the rhs of the Hubble equation (2), with Ng Ne
3.046. Note that this substitution fully captures the e ecttloé
additional species only if this is exactly massless, and usit |
very light (as in the case of a light massive sterile neutrfoo
example—see section 10).

Itis often useful, to understand some of the e ects that we will
discuss in the following, to have a feeling for the time atchhi
neutrinos of a given mass become non-relativistic, or, kitig
the other way around, for the mass of a neutrino that becomes
non-relativistic at a given redshift. The average momentoim
neutrinos at a temperaturé istpi D 3.157 . We take as the
moment of transition from the relativistic to the non-relaistic
regime the time whertpi D m . Then, using the fact that
T (2) D (4=11To(1C 2) D 1.68 10 *(1C 2)eV, one has

1Czy" 1,900
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as xedtotheir3 CDM best- tvalues from Planck 2018f]. Our  expect for example the angle subtended by the sound horizon at
aim is to understand what happens when we change the value mfcombination, s D rs(zec)=da(zrec) to become larger when we
6 m . Increasing the sum of neutrino masses will increase increase6 m . We conclude this part of the discussion that in
I D+ h?according toFEquation (19). Remember that the sunthis case the redshift of equaligg does not change, sindg,cc
of the density parameters ; » j D 1; this constraint can be recast is being kept constant, and neutrinos contribute to the réidia
in the form: density at early times (see discussion at the end of the previou
section).
1cC!1p,Cl3C! C! Cly DK (25) If we instead choose to pursue the second option, i.e., we keep
hande 3 constant while lowering «p, we are again changing
Since! is constrained by observations, afd. is zero by the expansion history, but this time on a dierent range of
assumption, we have four degrees of freedom that we can usergyshifts. In fact, when neutrinos are non-relativisticetRHS of
compensate for the changelin, namely: increase, or decrease Equation (26) is unchanged, because the changes in the presen
any of! ¢, !, or! 3. For the moment, for simplicity, we will not  day densities of neutrinos and non-relativistic matter petfy
distinguish between baryons and cold dark matter, pretegdin compensate; this continues to hold as long as both densitigs sc
that as non-relativistic components they have the same e ecis (1C z)3, i.e., roughly foz < z,;. On the other hand, at > z,,
on cosmological observables. This is of course not the base, the neutrino density is the same as in the reference modelewh
we will come back to this later. Then we are left with threethe matter density is smaller, $6(z) is smaller as well. Finally,
independent degrees of freedom that we can use to compensaifien the Universe is radiation dominated, the two models shar
for the change i : h, ! pc, and! 3. We prefer to use 3 again the same expansion history. Then in this scenario we
in place of! 3, so that in the end our parameter basis for thischange the expansion history, decreasigfor z,, . z .
discussion will beh, ! cp, * 3 . Zeq- The sound horizon at recombination increases, and so does
The rst option, increasing the present value of the Hubblethe angular diameter distance, so one cannot immediategsgu
constant while keeping 3 and ! pcc constant has the e ect how their ratio varies. However, a direct numerical caltiola
of making the Hubble parameter at any given redshift afteshows that, starting from the Planck best-t model, the net
neutrinos become non-relativistic larger with respect teth e ect is to increase s, meaning that the sound horizon will
reference model. This can be understood by looking at Equati syptend a larger angular scale on the sky when increases.

(2), that we rewrite here in this particular case For what concerns instead the redshift of matter-radiation
equality, it is immediate to see that it decreases proportigna
H(z)2 D HCZJ e cCep/(1C z)3C . (1Cc2* to ! cp, i.e., equality happens later in the model with
largeré m .
tot(2) Finally, whene 3 is decreased, the main e ect is to delay the

Ces3C (26)

onset of acceleration and make the matter-dominated ert las
longer. This has some e ect on the evolution of perturbations,
With respect to the reference model, the rst two terms in theas we shall see in the following. For what concerns the expansion
RHS are unchanged, while the third increases becagse xed  history, since the model under consideration and the refeeen
but his larger. The last term does not dependiofbecause the model only di erin the neutrino mass and in the DE density, they
factor H(Z) in front of the square brackets cancel the one in theare identical when neutrinos are relativistic and DE is nélgleg
critical density) but yet increases becauseD 6 m n is larger i.e., atz > zy. Forz < z,, instead, starting as usual from
as long as neutrinos are in the non-relativistic regime. @a t Equation (26) one nds, with some little algebra, thid{(z) is
other hand, before neutrino become non-relativistic, is the  always larger in the model with smallers and larger6 m . As
same in the two models, and the change in theh? term is  in the previous case, botl3 andda at recombination vary in the
irrelevant, because the DE density is only important at vewy | same direction (decreasing in this case); the net e ect isnaga
redshifts. So we can conclude thatat z,, the two models that sbecomes larger with m . Also, since the matter density at
share the same expansion history, while Zor z,, the model early timesis not changing in this case, the redshift of egjeivce
with “large” neutrino mass is always expanding faster (lakje is the same in the two models.

crit,0

or equivalently, is always younger, at those redshifts.ehms We now comment brie y about! ,. One could choose to
of the length scales and of the distance measures introdinced modify ! ,, in place of! ¢ in order to compensate for the change
section 2.1, it is easily seen that the causal and sounddregiat in ! . From the point of view of the background expansion,

both equality and recombination (as well as at the drag epocH)oth choices are equivalent, since the baryon and cold dark
are unchanged, because the expansion history betwedh matter density only enter through their sutnycc in the RHS

1 andz ' 1z, is unchanged. On the other hand, distancesof Equation (26). However, changing the baryon density also
between us and objects at any redshift—for example, the angulproduces some peculiar e ects, mainly related to the fact that (
diameter distance to recombination—are always smallen thait determines the BBN yields, and (ii) it a ects the evolutioh

in the reference model, becaust is always larger between photon perturbations prior to recombination. Thus, the density

z ' zy andz D 0.H increases with the extra neutrino of baryons is quite well constrained by the observed abunelanc
density, so this e ect increases with larger neutrino magaad  of light elements and by the relative ratio between the hisigh
moreover,z,, also gets larger for larger masses). Given this, wedd and even peaks in the CMB, (see section 4.1) and there is
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little room for changing it without spoiling the agreementtivi  particular importance for estimates of neutrino masses, iss®
observations. the distortions of the shape of distant galaxies due to lengmg
Let us now turn to discuss the e ects on the evolutionreconstruct the intervening matter distribution.
of perturbations. Given that we have observational access
to the uctuations in the radiation and matter elds, it is 4. COSMOLOGICAL OBSERVABLES
useful to discuss separately these two components. The photon
perturbations are sensitive to time variations in the gratiinal  In this section we review the various cosmological obsersable
potentials along the line of sight from us up to the last-and explain how the e ects described in the previous section
scattering surface; this is the so-calletegrated Sachs-Wolfe propagate to the observables.
(ISW) e ect. The gravitational potentials are constant in alyr . .
matter-dominated Universe, so that the observed ISW gets #-1. CMB Anisotropies
early contribution right after recombination, when the iation ~ The CMB consists of polarized photons that, for the most part,
component is not yet negligible, and a late contribution, whe have been free-streaming from the time of recombinationhie t
the dark energy density begins to be important. Coming backRresent time. The pattern of anisotropies in both temperature
to our previous discussion, it is clear to see how delaying thé-€., intensity) and polarization thus encodes a wealth of
time of equality will increase the amount of early ISW, whileinformation about the early Universe, down @ D Zec
anticipating dark energy domination will increase the lagan,  1,100. Moreover, given that the propagation of photons from
and viceversa. For what concerns matter inhomogeneitiesta decoupling to the present time is also a ected by the cosmic
e ect is again related to the time of matter-radiation equali €nvironment, the CMB also has some sensitivity to physies<at
Changingzeq a ects the growth of perturbations, since most of Zec. TWO relevant examples for the topic under consideration
the growth happens during the matter dominated era. Apart fromare the CMB sensitivity to the redshift of reionization (basa
that, a very peculiar e ect s related to the clustering propestof — the CMB photons are re-scattered by the new population of free
neutrinos. In fact, while neutrinos are relativistic, tteypd tofree ~ €lectrons) and to the integrated matter distribution alohg tine
streamout of overdense regions, damping out all perturbations?f sight (because clustering at low redshifts modi es thedgsics
below the horizon scale. The net e ect is that neutrino clustg ~ With respect to an unperturbed FLRW Universe, resulting in a
is suppressed below a certain critical scale, the free-singam gravitational lensing of the CMB, see next section). Howeter
scale, that corresponds to the size of the horizon at the tiftlkes  CMB sensitivity to these processes is limited due to the faat th
nonrelativistic transition. If the transition happens dugmatter ~ these are integrated e ects.
domination, this is given by: The information in the CMB anisotropies is encoded in the
power spectrum coe cientsClT, i.e., the coe cients of the
' 1= 2 1 expansion in Legendre polynomials of the two-point correlatio
k' 0.018 1eVv hMpc ~. (27)  function. In the case of the temperature angular uctuations
1 T(Q=T:
On the contrary, above the free-streaming scale neutrihaoster
as dark matter and baryons do. Thus, increasing the neutrino 1T(9 1 T(6) D *2c 1C]'Tp(m & 28)
mass and consequently the neutrino energy density will sugpres T T ‘Do 4 '
small-scale matter uctuations relative to the large ssalewill
also make small-scale perturbations in the other componentSor Gaussian uctuations, all the information contained tine
grow slower, since neutrino do not source the gravitationabnisotropies can be compressed without loss in the two-point
potentials at those scales. It should also be noted that #®- fr function, or equivalently in its harmonic counterpart, the pemw
streaming scale depends itself on the neutrino mass—spdlgi ca spectrum. A similar expression holds for the polarization eld
heavier neutrinos will become non-relativistic earlier atiee  and for its cross-correlation with temperature. In detail eth
free-streaming scale will be correspondingly smaller. Meego polarization eld can be decomposed into two independent
there is actually a free-streaming scale for each neutypeeies, components, known ag (parity-even and curl-free) an&
each depending on the individual neutrino mass. In principle(parity-odd and divergence-free) modes. Given that, it icle
one could think to go beyond observing just the small-scal¢hat we can build a total of six spect@X with X, Y D T, E, B;
suppression and try to access instead the scales around the ndrowever, if parity is not violated in the early Universe, thiB
relativistic transition(s), in order to get more leveragetbe mass and EB correlations are bound to vanish. Let us also recall
and perhaps also on the mass splitting. We shall see howevertimat, in linear perturbation theoryB modes are not sourced
the following that this is not the case. by scalar uctuations. Thus, in the framework of the stardiar
The suppression of matter uctuations due to neutrino in ationary paradigm, primordialB modes can only be sourced
free-streaming also a ects the path of photons coming fromin the presence of tensor modes, i.e., gravitational waves.
distant sources, since those photons will be de ected by the The shape of the observed power spectra is the result of
gravitational potentials along the line of sight, resultilmga the processes taking place in the primordial plasma around
gravitational lensing e ect. This is relevant for the CMB, &s ithe time of recombination. In brief, in the early Universe,
modi es the anisotropy pattern by mixing photons that come standing, temporally coherent acoustic waves set in the cduple
from di erent directions. Another application of this e ect, of baryon-photon uid, as a result of the opposite action of gravity
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and radiation pressure4f]. Once the photons decouple after the new scatterings e ectively destroying the informatidyoat
hydrogen recombination, the waves are “frozen” and thus wéhe uctuation pattern at recombination, at the scales tha¢ a
observe a series of peaks and throughs in the temperature powiaside the horizon at reionization. Reionization also getesa
spectrum, corresponding to oscillation modes that were caagh the large-scale peak in the polarization spectra, describedeab
an extreme of compression or rarefaction (the peaks), or gxactMeasuring the power spectra gives a precise determination of all
in phase with the background (the throughs). The typical scaléhese parameters: simplifying a little bit, the overall anydlé
of the oscillations is set by the sound horizon at recombiprat and slope giveA¢e 2 and ns (the latter especially if we can
rs(zeg), 1.€., the distance traveled by an acoustic wave frormeasure a large range of scales), the ratio of the peak heigtits
some very early time until recombination, see Equation e  the amount of small-scale damping !x,, while the position and
position of the rst peak in the CMB spectrum is set by the valueheight of the rst peak x sandzgg and thush and! pcc. The
of this quantity and corresponds to a perturbation wavenumbepolarization spectra further help in that they are sensitive to
that had exactly the time to fully compress once. The secondirectly, allowing to break thég degeneracy, and that the
peak corresponds to the mode with half the wavelength, that hageaks in polarization are sharper and thus allow, in principle,
exactly the time to go through one full cycle of compressiod an for a better determination of their positiorb[]. It is clear that
rarefaction, and so on. Thus, smaller scales (larger muéig)o adding one more degree of freedom to this picture, for example
than the rst peak correspond to scales that could go beyondonsidering curvature, the equation of state parameter ok da
one full compression, while larger scales (smaller multigole energy, or the neutrino mass as a free parameter, will intcedu
did not have the time to do so. In fact, scales much above thparameter degeneracies and degrade the constraints.
sound horizon are e ectively frozen to their initial condiins, Coming to massive neutrinos, as we have discussed in section
provided by in ation. This picture is complicated a little bit by 3, there is a combination of the following e ects whém ,
the presence of baryons, that shift the zero of the oscillationand consequently , is increased, gepending on how we are
introducing an asymmetry between even and odd peaks. Finallghanging the other parameters to keeg« ; D 1: (i) an increase
the peak structure is further modulated by an exponentiain g; (ii) a smallerzeq and thus a longer radiation-dominated
suppression, due to the Silk damping of photon perturbationsra; (iii) a delay of the time of dark energy domination. These
(further related to the fact that the tight coupling approxir@t  changes will in turn result in: (i) a shift towards the left dfet
breaks down at very small scales). This description alscsHold  position of the peaks; (ii) an increased height of the rst peak,
polarization pertubations, with some di erences, like thetfdat  that is set by the amount of early ISW; (iii) less power at the
the polarization perturbations have opposite phase with respetargest scales, due to the smaller amount of late ISW. A more
to temperature perturbations. quantitative assessment of these e ects can be obtained using

As noted above, the large-scale temperature uctuatiors, th a Boltzmann code, like CAMBS5[] or CLASS (7], to get a
have entered the horizon very late and did not have time tdheoretical prediction for the CMB power spectra in presence
evolve, trace the power spectrum of primordial uctuations,of massive neutrinos. These are shownFigure 1L In the left
supposedly generated during in ation. On the contrary, sincepanel we plot the unlensed CMB temperature power spectra for a
there are no primordial polarization uctuations, but thoseea reference model witf m D 0.06eV [ ' 6.4 10 %) (the
instead generated at the time of recombination and thenragaiother parameters are xed to their best- t values from Planck
at the time of reionization, the polarization spectra at large2015) and for three models witbtm D 1.8eV{ 5 1.9
scales are expected to vanish, with the exception of the &dcal 10 2), where eithemh, ! ¢, or* 3 are changed to keep ;* | D
reionization peak. 1. We consider three degenerate neutrinos with D 0.6eV

We can now understand how the CMB power spectra ar@ach, so that they become non-relativistic around recoratm.
shaped by the cosmological parameters, in a minimal modéVe also show the ratio between these spectra and the reference
with xed neutrino mass. The overall amplitude and slope ofspectrum in the right panel of the same gure.
the spectra are determined b4 and ng, since these set the  These imprints are in principle detectable in the CMB,
initial conditions for the evolution of perturbations. Theelght  especially the rst two, since the position and height of the
of the rst peak strongly depends on the redshift of equivakenc rst peak are very well measured; much less so the redshift
Zeq (that sets the enhancement in power due to the early ISWpf DE domination, due to the large cosmic variance at small
while its position is determined by the anglesubtended by the "'s. However, following the above discussion, it is quite @éasy
sound horizon at recombination. As we have discussed beforeonvince oneself that these e ects can be pretty much canceled
Zeq and g are in turn set by the values of the backgrounddue to parameter degeneracies. In fact, simplifying agaittle li
densities and of the Hubble constant. The baryon densitihier  bit, in standard3 CDM we use the very precise determinations
a ects the relative heights of odd and even peaks, and also th## the height and position of the rst peak to determing and
amount of damping at small scales, through its e ect on thezeq, and from them! ¢, and h. In an extension with massive
Silk scale. The ratio of the densities of matter and dark gyer neutrinos, we still have the same determination gfand zeg,
xes the redshift of dark energy domination and the amount ofbut we have to use them to x three parameters, namelyy,
enhancement of large-scale power due to the late ISW. Fjnalllg, and! , so that the system is underdetermined. One could
the optical depth at reionization induces an overall power argue that the amount of late ISW, as measured by the large-
suppression, proportional te 2 , in all spectra, at all but the scale power, could be used to break this degeneracy, as it would
largest scales. This can be easily understood as the e ect mfovide a further constraint on the matter density (given that
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FIGURE 1 | (Top) CMB TT power spectra for different values 06 m . The quantity on the vertical axis ioIT (cC l)CTT=2 . The red curve is a cosmological
model with6 m D 0.06 eV and all other parameters xed to the Planck best- t. Theother curves are for models with6 m D 1.8 eV, in which the curvature is kept
vanishing by changingh (green),» 3 (yellow, always below the green apart from the lowests), or ! ¢ (blue). The model in blue has a smallezeq with respect to the
reference; the models in yellow and green have a larges; in addition, the yellow model also has a smallezs . (Bottom) Ratio between the models with

6 m D 1.8eV and the reference model.

the DE density is xed by the atness condition). Unfortundfe we allow the spatial curvature or the equation of state of dark
measurements of the large-scale CMB power are plagued by lageergy to vary 13. In any case, the degeneracy betwaemnd
uncertainties, due to cosmic variance, so they are of it ! p is not completely exact, so that the unlensed CMB still has
in solving this degeneracy. Given the experimental unceties, some degree of sensitivity to neutrinos that were relafiviat
then, it is clear that, when trying to t a theory to the data, recombination. For example, the Planck 2013 temperature data,
there will be a strong degeneracy direction corresponding tin combination with high-resolution observations from AGhd
models having the sames and zeq, and thus with identical SPT, were able to constrahm < 1.1eV after marginalizing
predictions for the rst peak, and slightly di erent values of, over the e ects of lensing3.

with very low statistical weight due to the large uncertast

in the corresponding region of the spectrum. In other words,4.1.1. Secondary Anisotropies and the CMB Lensing

the e ects of neutrino masses will be e ectively “buried” in As observed above, in addition to the features that are geedr
the small- plateau, where experimental uncertainties are largeat recombination, the so-callegrimary anisotropiesthe CMB
The situation is even worse in extended models, for example #ipectra also carry the imprint of e ects that are generated @lon
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the line of sight. We have already given an example of one séthesuch as Cosmic Infrared Background (CIB) maps, therefore
secondary anisotropiefien we have mentioned the re-scatteringleading to an “external” reconstructiorbf] (opposite to the

of photons over free electrons at low redshift, that createSnternal” reconstruction performed with the use of CMB-based
the distinctive “reionization bump” in the low-region of the only estimators$7, 5§)).

polarization spectra. Another important secondary anisotrapy The lensing power spectrum basically carries information
the gravitational lensing of the CMB (se€®/] 55]): photon paths about the integrated distribution of matter along the liné o
are distorted by the presence of matter inhomogeneitiesgpiba  sight. Given the peculiar e ect of neutrino free-streaming on
line of sight. In the context of General Relativity, the detiea  the evolution of matter uctuations, CMB lensing o ers an

angle for a CMB photon is important handle for estimates of neutrino masses. Since a
b larger neutrino mass implies a larger neutrino density and les
fi ) clustering on small scales, because of neutrino freersireg the
D 2 ————r9(n, o ) (29) . ) .
0 fk( k() overall e ect of larger neutrino masses is to decrease lgnsin

the temperature and polarization power spectra, the resultas th
where is the comoving distance to the last scattering surfacehe peaks and throughs at higls are sharper. Concerning the
fk( ) is the angular-diameter distance (Equation 6) thoughtshape of the lensing power spectrum, for light massive neusrino
as a function of the comoving distanc®, is the gravitational the net e ect is a rescaling of power at intermediate and small

potential, o is the conformal time at which the photon was scales (see e.gq9). Thus, the lensing power spectrum is a
along the directiom. If we then de ne the lensing potential as  powerful tool for constraining m and will probably drive even
Z better constraints o® m in the future. In fact, it is almost free
(9 d fic( ) 9( n, o ), (30) from systematics coming from poorly understood astrophylsica
0 fk( k() e ects, it directly probes the (integral over the line of siglithe)

distribution of the total matter uctuations (as opposed to wha

itis straightforward to see that the de ection angle is tmadjent galaxy surveys do, as we will see in the next section) at ¢hates

of the Iens_ing potent_ial, Dr . Fr_om the harmonic expansion are stillin the linear regime.

of the lensing potential, we can build an angular power specfrum Given a cosmological model, it is quite straightforwardngsi

as< 'm g > “ommC . The lensing power spectrum again CAMB or CLASS, to get a theoretical prediction for the

C. istherefore proportional to the integral along the line oftsig  lensing power spectrum, as well as for the lensing BB power

of the power spectrum of the gravitational potential, whichin ~ spectrum. Note that non-linear corrections (see next sechion

turn can be expressed in terms of the power spectrum of mattdurther details) to the lensing potential are important in $hi

uctuations P, (see the next section for its de nition). case to get accurate large-scale BB spectrum coe cieénfs [
The net e ect of lensing on the CMB is that photons Additional corrections that take into account modi catigrio the

coming from di erent directions are mixed, somehow “blurgh ~ CMB photon emission angle due to lensing can further modify

the anisotropy pattern. This e ect is mainly sourced bythe large-scale lensing BB spectruij|

inhomogeneities at < 5 and has a typical angular scale 0f%2.5

In the power spectra, this translates in a several percent levdl2. Large Scale Structures

smoothing of the primary peak structuré & 1,000), while the 4.2.1. Clustering

lensing e ect becomes dominant at & 3,000. We stress that The clustering of matter at large scales is another powerfb@r

lensing only alters the spatial distribution of CMB uctuatis, of cosmology. The clustering can be described in terms of the

while leaving the total variance unchanged. Lensing, baing two-point correlation function, or, equivalently, of the pew

non-linear e ect, creates some amount of non-gaussianitshen  spectrum of matter density uctuations:

anisotropy pattern. Thus, other than through its indirect etec D E

on the .temperatur.e and pqlarlzatlon power spectra (i.e., on the & 2) m(® 2 D Pn(k2) ®k R, 31)

two-point correlation functions), lensing can be detectetta

measured by looking at higher-order correlations, in park

at the four-point correlation function. In fact, in such a wity ~where m(E 2) is the Fourier transform of the matter density

has been possib|e to direcﬂy measure the power Spec@um perturbation at redshiftz. Note that, Contrarily to the CMB,

of the lensing potential . Another consequence of the non- that we are bound to observe at a single redshift (that of

linear nature of lensing is that it is able to source “spurlfous fecombination), the matter power spectrum can, in principle, be

B modes by converting some of the power Ehpolarization, measured at di erent times in the cosmic history, thus allog/in

thus e ectively creating® polarization also in the absence of a for a tomographic analysis.

primordial component of this kind. The latter e ect represents As for the CMB, the large-scale (smals) part of the

an additional tool to enable the reconstruction of the lewsi Power spectrum traces the primordial uctuations generated

potential, especially for future CMB surveys. An alternativeduring in ation, while smaller scales re ect the processing

reconstruction technique is based on the possibility to sros taking place after a given perturbation wavenumber enters the

correlate the CMB Signa| with tracers of |arge-sca|e stmestu horizon. A relevant distinction in this regard is whether a
given mode enters the horizon before or after matter-radiat

6We are assuming that the lensing eld is isotropic. equality. Since subhorizon perturbations grow faster dgrin
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matter domination, the matter power spectrum shows a turningcan cluster. This results in an overall suppression of the power
point at a characteristic scale, corresponding to the horiabn spectrum at small scales, with respect to the neutrinoless. cas
Zeq. Given that perturbations grow less e ciently also during DE Secondly, subhorizon perturbations in the non-relatisti.e.,
domination, increasings produces a suppression in the power cold dark matter and baryons) components grow more slowly.
spectrum. Also, increasinlg will make the horizon at a given In fact, while in a perfectly matter-dominated Universe, the
redshift smaller; so the modethat is entering the horizon at that gravitational potential is constant and the matter perturbati
redshift will be larger. grows linearly with the scale factog, / a, in a mixed matter-
Varying the sum of neutrino masses has some indirect e ectsadiation Universe the gravitational potential decays sjowl
on the shape of matter power spectrum, related to inducedhside the horizon. Below the free-streaming scale, neasi
changes in background quantities, similarly to what happens ectively behave as radiation; then in the limit in which the
for the CMB. As explained in section 3, increas®ign while  neutrino fractionf D ¢ =e¢ issmall, one has fdt k¢
keeping the Universe at has to be compensated by changing
(a combination of)! y, * 3, or h. This will in turn result in
a shift of the turning point and/or in a change in the global
normalization of the spectrum. This can be seenFigure 2,
where we show the matter power spectra for the same modelghile , / afork k. These two e ects can be qualitatively
considered when discussing the background e ects of neatrinunderstood as follows: if one considers a volume with lineze si
masses on the CMB. well below the free-streaming scale, this region will reslem
As it is for the CMB, these e ects can be partly canceled Universe with a smaller , and a larger radiation-to-matter
due to parameter degeneracies. Neutrinos, however, havealsfraction than the “actual” (i.e., averaged over a very large
peculiar e ect on the evolution of matter perturbations. Thgs i volume) values. This yields a smaller overall normalizatibthe
due to the fact that neutrinos possess large thermal vedscitr ~ spectrum, as well as a larger radiation damping; the two e ects
a considerable part of the cosmic history, so they can fremast  combine to damp the matter perturbations inside the regiom. S
out of overdense regions, e ectively canceling perturbation looking again at the full power spectrum, the net e ect is that, i
small scales. In particular, one can de ne the free-stregminthe presence of free-streaming neutrinos, power at smalesdsl
length at timet as the distance that neutrinos can travel fromsuppressed with respect to the case of no neutrinog.[At0, the
decoupling untilt. The comoving free-streaming length reaches ect saturates ak ' 1h Mpc !, where a useful approximation
a maximum at the time of the non-relativistic transition. iBh isPn(k,f )=Pn(k,f D 0)' 1 8f [61].

mk ki) / at G (32)

corresponds to a critical wavenumbégs, given in equation It is useful to stress that sindeis linear in6 m , we have the
(27) for transitions happening during matter-domination,@te  somehow counterintuitive result that the e ects of freeestming
which perturbations in the neutrino component are erased. are more evident foheaviey and thus colder, neutrinos. The

A rst consequence of neutrino free-streaming is that, velo reason is simply that the asymptotic suppression of the spectrum
the free-streaming scale, there is a smaller amount of météé  depends only on the total energy density of neutrinos, as

104 L
1000
3
g
. 400
10 -
1. P M | P | P | 1
10~ 0.001 0.010 0.100 1
k [Mpc™']
FIGURE 2 | Total matter power spectrumPp, for the same models shown inFigure 1.
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this determines the di erent amount of non-relativistic mat  of galaxies is measured, allowing to measure the two-point

between small and large scales. correlation function and to obtain an estimate of the power
Until now, we have somehow ignored the role of baryons inspectrum of galaxieBy(k, z). Since in this case one is measuring

shaping the matter power spectrum. In fact, on scales that entéhe distribution of luminous matter only, and not of all mait

the horizon afterzy,g the baryons are e ectively collisionless (including dark matter), this does not necessarily coireciglith

and behave exactly like cold dark matter. On the other handhe quantity for which we have a theoretical prediction,,i.e.

baryon perturbations at smaller scales, entering the harizoPy,; in other words, galaxies are a biased tracer of the matter

beforezgrag exhibit acoustic oscillations due to the coupling with distribution. To take this into account, one relates the two

photons. This causes the appearance of an oscillatory structugeantities through a bials(k, z):

in the matter power spectrum. These wigglesRp(k), that

go under the name obaryon acoustic oscillatioBAQ), have Py(k, 2) D b*(k, 2)Pm(k, 2). (34)

a characteristic frequency, related to the value of the doun o ) )

horizon at zgag Thus they can serve as a standard ruler and he bias is in general a function of both redshift and scale.

can be used very e ectively in order to constrain the expansiofi It IS approximated as a scale-independent factor, then the
history. presence of the bias only amounts to an overall rescaling of

In more detail, the acoustic oscillations that set up in theth® matter power spectrum (at a given redshift). In this case,
primordial Universe produce a sharp feature in the two-point®N€ marginalizes over the amplitude of the matter spectrum,
correlation function of luminous matter at the scale of the® Ctively only using the information contained in its shape. A
sound horizon evaluated at the drag epock(zq) rg; this scale-independent bias is considered to be a §afe approxmaﬂqn
sharp feature translates in (damped) oscillations in therfou for the largest scalt_es: as an gxample, for Luminous Red Gglames
transform of the two-point correlation function, i.e., the wer ~ Sampled at an e cient redshift of 0.5 (roughly corresponding
spectrum. Measuring the BAO feature at redshifallows in (O the CMASS sample of the SDSS 1lIl-BOSS survey), a scale-
principle to separately constrain the combinatida(z)=rg, for  independentbias is a good approximation ugkto 0.2h Mpc !
measurements in the transverse direction with respect tditiee  [661- On the other hand, scale-dependent features are expected
of sight, orrgH(z) for measurements along the line of sight. to appea_r on smaller scales: In this case, the bias can still
An isotropic analysis instead measures, approximately, ttie ra be described using a few “nuisance” parameters, that are then

between the combination marginalized over. In any case the exact functional form of
the bias function, the range of scales considered, as well as
zdﬁ(z) 1= prior assumptions on the bias parameters, are delicate issues
dv(2) D H@ : (33)  that should be treated carefully. An additional complicatio

arises from the fact that massive neutrinos themselvesdadu
called the volume-averaged distance, and the sound horigon Scale-dependent feature in the bias parameter, due to the-scal
Given that the value of the sound horizon is well constrainedi®Pendent growth of structures in cosmologies with massive
by CMB observations, measuring the BAO features, possibly 8Utrinos b7, 6g. _ . _
di erent redshifts, allows to directly constrain the expaorsi It has to be mentioned that, at any given redshift, there
history, as probed by the evolution of the angular diametefXiSts @ certain scaley. below which the density contrast

distance da(z) and of the Hubble functionH(z), or of approaches the limit 1. In this regime, the evolutiqn
their averagedy (2). In particular, it is straightforward to see of cosmic structures cannot be completely captured by a linear

that BAO measurements put tight constraints on they theory of perturbations. The modeling of structures in the
Horg plane, along a dierent degeneracy direction that it isnon-linear regime relies on numerical N-body simulationgth
instead probed by CMBER, 63. Therefore, when estimating must take into account the astrophysical and hydrodynamical
neutrino masses, the addition of BAO constraints to CMB datd"0cesses at play at those scales. The level of complexity of N-
helps breaking the parameter degeneracies discussed in th@dy simulations has been increasing over the years, so that
previous section, yielding in general tighter constraintstbis the physical processes included in the _S|mulat|ons and theé na
quantity. results are much closer to the observations than they usee to b
The linear matter power spectrum for a given cosmologicaftt e beginning. Recent examples are given by the MassiveNusS
model can be computed using a Boltzmann solver. Howeve[rﬁgl suite, based on the Gadget-2 codé][modi ed to include
comparison with observations is complicated by the non-lineaf€ € €Cts of massive neutrinos, the DEMNUnI suitél{/J,
evolution of cosmic structures. Note that both CAMB andth€ TianNu simulation f4-76], the BAHAMAS project [ 7], the
CLASS are able to handle non-linearities in the evolutior€volution simulations {8, and the nuCONCEPT simulations
of cosmological perturbations with the inclusion of non- [79 (see also 3% for a method combining the particle and
linear corrections from the Halo t model §4 calibrated over uid descriptions)’. Nevertheless, the uncertainties related to the
numerical simulations. In particular, for cosmological nessl non-linear evolution of cosmological structures are still legh

with massive neutrinos, the preferred prescription is dethife - — , ) )
Prescriptions for the matter power spectrum in the non-linear regimeaise

Bird etal. 55] . . . provided by the Halo t model 5, the Coyote Universe emulato8]], the semi-
From the observational point of viewm(k, z) can be probed analytical approach of PINOCCHIO8]], and additional methods referenced in
in di erent ways. In galaxy surveys, the 3-D spatial distribat  Rizzo et al.$2.
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than those a ecting the linear theory, therefore reducingth 4.2.2. Cluster Abundances

constraining power coming from the inclusion of those scale§ he variation of the number of galaxy clusters of a certainsnas

in cosmological analysis. In fact, the conservative chofaeot M with redshift dN(z, M)=dz is also a valid source of information

including measurements g > ky_ is usually made when about the evolution of the late time Universe (see e&f} for

performing cosmological analyses. Itis easy to understaatdt  a review). The expected number of clusters to be observed in a

higher redshifts, a wider range of scales is still in thedimegime.  given redshift window is an integral over the redshift bintbé
Additional probes of,, are measurements of Lyman¢Ly )  quantity

forests and 21-cm uctuations (see e.g33[84] for reviews). dN z z dN
Although they are promising avenues since they can probe the & D do d™m OCW (35)

matter distribution at higher redshifts and smaller scatlean
those usually accessible with typical galaxy samples, thiéyasg  wheree is the solid angleQis the so-called completeness of the
to reach the level of maturity required to take full advargag survey (a measure of the probability that the survey will dete

of their constraining power. The observation of high-redshi clyster of a given madd at a given redshifz) and gT"/‘l(z, M) is

(z  2)quasars and in particular the measurement of their uxthe mass function giving the number of clusters per unit volume
provides a powerful tool for cosmological studies. Indee@, thThe latter can be predicted once a cosmological model has been
absorption of the Ly emission from quasars by the intervening speci ed. The quantity in Equation (35) is thus directly seivei
intergalactic medium—an observational feature known a6 “L to the matter density , and to the current amplitude of matter
forest’—constitutes a tracer of the total matter densityd@t  overdensities, usually parametrized in terms gfthe variance of
higher redshifts and smaller scales than those usually jprobénatter uctuations within a sphere of 8 *Mpc. As a result, this

by galaxy surveys. Similarly to what is done for galaxy samplgsrobe can be highly bene cial for putting bounds 6m .

one can compute a correlation function of the measured ux Extended catalogs of galaxy clusters have been published in
variation, or equivalently its power spectruRy . The latter is  the last decade by the Atacama Cosmology Telescope (ACT)
again proportional to the totaPy, via a bias parametdsiy . The [86, 87], the South Pole Telescope (SPBH[ and the Planck

Ly bias factor is in general di erent from the galaxy bias, ag24 collaborations. CMB experiments are in fact able to perform
each tracer of the underlying total matter distribution ésits  searches for galaxy clusters by looking for the thermal Semy

its own characteristics. The Lyforest is ideally a powerful Zzeldovich (SZ) e ect, the characteristic upward shift in fuemcy
cosmological tool, being able to access high redshiftsefte®,  of the CMB signal induced by the inverse-Compton scattering of
at xed scalek, the physics governing the Lyspectrum is much  CMB photons o the hot gas in clusters. The redshift of cluster
closer to the linear regime than that related to the galaxygow candidates is identi ed with follow-up observations, whas
spectrum. Furthermore, the redshift window probed by Lig  their mass is usually inferred with X-ray observations ogren
complementary to that probed by traditional galaxy surveysiecently, calibrated through weak lensing. Regardless of how
in a sense that at higher redshift the relative impact of darkt is calibrated, the determination of the cluster mass is the
energy on the cosmic inventory is much smaller. However, gargest source of uncertainty for the cluster count anajydi
reliable description of the astrophysics at play in the intéagéc  to possibly imprecise assumptions about the dynamical state of
medium is essential for deriving the theoretical model fbet the cluster and/or survey systematics. A common way to fieo

Ly absorption features along the line of sight. This descriptionthe uncertainties related to the mass calibration is todduice a

heavily depends on hydrodynamical simulations that repra&uc mass bias parameter that relates the true cluster mass to tae ma
the behavior of baryonic gas and on poorly known details of thenferred with observations.

reionization history. In addition, uncertainties in the e¢bry of

non-linear physics of the intergalactic medium at smallesaan 4.2.3. Weak Lensing

play a non-negligible role. The weak gravitational lensing e ect is the de ection of tlghit
Finally, another tracer of the total matter uctuations is emitted by a source galaxy caused by the foreground largje-sc

represented by uctuations in the 21-cm signal. The 21-cnelin mass distribution (lens). The shape of the source galaxyetbes

is due to the forbidden transition of neutral hydrogen (HI) appears as distorted, i.e., it acquires an apparent ellipti€Hg.

between the two hyper ne levels of the ground state (spin ip)cosmic shear is the weak lensing e ect of all the galaxiesgalon

of the hydrogen atom. The observational technique resides ithe line of sight (see e.g8q for a review). Weak lensing surveys

the possibility to measure the brightness temperature ngdaty 0 er the possibility to directly test the distribution of inteening

the CMB temperature. Fluctuations in the 21-cm brightness argnatter at low redshifts, thus providing a powerful tool to

related to uctuations in HI (or equivalently to the fractionf  investigate the late-time evolution of the Universe. By etating

free electronscg), which in turn trace the matter uctuations. the apparent shapes of source galaxies at di erent redshifts, on

Therefore, one can infePy, observationally by measuring the can compute the shear eld (©z) as a function of the angular

power spectrum of 21-cm uctuationB»1 cm. Apart from the  position®@and redshiftz. The shear eld is usually decomposed

technological challenges associated with the detectiothef in two components: the curl-freB-modes and the divergence-

21-cm signal, the main source of systematics come from thiseeB-modes. It can be shown that, in absence of systematics, the

di culties to separate the faint 21-cm signal from the much B-modes are expected to vanish, whereas the power spectrum of

brighter foreground contamination, mostly due to synchiart  the E-modes is equivalent to the lensing power spectr@m .

emission from our own galaxy. The integrated lensing potential has been de ned in Equation
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(30) for a source located at recombination. The correspogdincompensated by a change in the value of the Hubble constant
expression for a source at a generic redshifian be obtained Hgp. Therefore, it is clear that any direct measurementHaf
simply by substituting  with the comoving distance of the can be highly bene cial for putting bounds of m . Direct
source. measurements only rely on local distance indicators (ieglshift

Thus, the power spectrum of the lensing potential—which iz 1), therefore they are little or not-at-all sensitive to chas
due to intervening matter along the line of sight—is rec@eer in the underlying cosmological model. In contrast, indirec
from the measurements of the lensing-induced ellipticity ofestimates from high-redshift probes, such as primary CMB, can
background galaxies; in a similar way, the lensing powesu er from model dependency.
spectrum is recovered from the redistribution of CMB photons Direct measurements oHp are based on the geometric
due to the forming structures along the line of sight. As weéda distance calibration of nearby Cepheids luminosity-period
seen in section 4.1.1, the spectrum of the lensing potential isrelation and the subsequent calibration of SNIa over Cepheid
function of the matter power spectrum integrated along theslin observed in the same SNla galaxy hosts (see €§.,ahd
of sight. Therefore, it carries information about the dibtrition  references therein). The goal is to connect the precise gemmet
and growth of structures, representing a powerful tool fordistances measured in the nearby Universe (usually reféoed
constraining6 m . It should be mentioned that the observed as “anchors”) with the distant SNla magnitude-redshiftatein
shear signal ons is a biased tracer of the true sheage. This in order to extract the estimate dflp. The main systematics
e ect, mostly due to noise in the pixels when galaxy ellipticityare of course related to the calibration procedure. Further
is measured, is usually taken into account by introducing amprovements on the precision of direct measurementd@ére
multiplicative biasm that relates yue and ohs obs D (L C  expected to come once the precise parallaxes measurements from
m) yue C ¢, wherecis the additional noise bia®{]. the Gaia satellite will be availabi].

In addition, the shear signal can be cross-correlated with th  Local measurements éfp are not directly sensitive t6 m .
angular distribution of foreground (lens) galaxies (thecatled Besides, their results, in combination with cosmological psb
galaxy-shearor galaxy-galaxy lensingross-correlation). This can break the degeneracy between cosmological parameters and
cross-correlation is a powerful way to overcome the limga improve constraints orb m . The main example is in fact the
induced in the galaxy-galaxy auto-correlation by the urmkmo possibility to break the strong (inverse) degeneracy beatike
galaxy bias. Indeed, the galaxy-galaxy lensing is basiaall and6 m that a ects CMB constraints.
cross-correlation between the galaxy eld and the total terat Indirect estimates oHp can be obtained from CMB and
uctuation eld. Measurements of the galaxy-galaxy lensingss BAO measurements. We have already seen in section 4 that the
spectrum can therefore help determine the form of the bias.  position and amplitude of the rst acoustic peak in the CMB

Cosmological constraints from weak lensing surveys aenoft spectrum depends oHg in combination with other parameters.
summarized in terms of bounds ony, and g. As an additional In addition, we shall mention that, once the BAO are calilbcat
probe of the large-scale structure in the Universe, weakgnsi with the precise determination af; from CMB, measurements
can be pro tably used to constradm . of da=rq and Hry (or dy=rq) yields bounds onHg that are

competitive with CMB estimates and direct measurements.

. We nally mention an additional independent measurement
4.3. Supernovae la and Direct of Ho. The gravitational wave (GW) signal emitted by merging
Measurements of the Hubble Constant compact objects in combination with the observation of an
Measurements of the distance-redshift relation of Superadaa electromagnetic counterpart has been proposed as a standard
(SNla) have provided the compelling evidence of the accelérat siren [95, 96. The GW waveform reconstruction allows for
Universe P1, 92). SNIa are produced in binary stellar systemsa determination of the luminosity distance to the source.
in which one of the stars is a white dwarf. Accreting matterPrecise determinations of the source localization can Head
from its companion, the white dwarf explodes once it reachepercent accuracy in the luminosity distance estimation. The
the Chandrasekhar mass limit. Therefore, SNla are standambservation of the electromagnetic counterpart of the GW
candles, because their absolute magnitude can be theahgtic event is then essential to determine the redshift to the seur
inferred from models of stellar evolution. A comparison beem The full combination of distance-redshift pair can nally be
the absolute magnitude and the apparent luminosity yields aemployed to constrairHp. In the absence of the detection of
estimate of their luminosity distanad (z). The expected value an electromagnetic counterpart, methods to infer the refishi
of d_ in turn depends on the underlying cosmological model.of the source of the GW signal have been proposed (see
The constraints coming from SNla in the,, <3 plane e.g.,P7).
are orthogonal to those obtained from CMB. As a result, the
combination of the two probes is extremely e cient in breakin .
the degeneracy between the two parameters. For this reasitm, S 4-4. Summary of the Effects of Neutrino
are very useful for constraining models of dark energy and/oMasses
arbitrary curvature. Nonetheless, constraintstom canbenet Before movingto reportthe current observational constrajme
from the use of SNla data, thanks to the improved bounds @n ~ nd it useful to summarize the constraining power of di erent

As already discussed, the e ect of light massive neutrinososmological observables with respect to the neutrino mass.
on the background evolution of the Universe can be alsd@he discussion is somehow qualitative, also given the tegkt
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complexity of the cosmological models. The purpose is also
underline the importance of combining di erent cosmological
probes.

We start from the CMB. For the present discussion, it ig
useful to consider separately the information coming frone th
unlensed CMB (i.e., the primary CMB plus all the secondar
e ects with the exclusion of lensing) and that coming from the
weak lensing of CMB photons. For what concerns the former, th
sensitivity of the unlensed CMB to neutrino masses is someho
limited. This is mainly due to a geometrical degeneracy betw
hand! thanks to which one can simultaneously change the tw
parameters (decreasimgand increasing ) to keep sconstant,
thus preserving the position of the rst peak, with only limited
changes to other parts of the spectrum (especially changegin t
low-" region, where the sensitivity is limited by cosmic varignce
induced by variations ir 3). The height of the rst peak is
preserved by keeping. xed. Having access to the information
contained in the CMB lensing, either through its e ect on the
temperature and polarization power spectra, or through a direc
estimation of the lensing power spectrum, helps becd&use
also a ects the matter distribution and then the amplitude of
the lensing potential at small scales. This helps breaking th
degeneracy described above.

To illustrate this point, in the upper panel &igure 3we show
the parameter correlations derived by an analysis of the Rlanc
observations of the temperature, over a wide range of sca
and large-scale polarization anisotropies. We remembertthisit
dataset contains some information about lensing througk th
high-" part of the temperature power spectrum. The negative
degeneracy betwedhm andHy is particularly evident. Given
that! cand! ,, are both measured quite well from the CMB, this
also translates into a strong degeneracy with D (! C ! ,)=h?
ande 3 D1 < 5. Among the other parameters, one can notice
mild correlations withAsand . These are due to the small-scale
e ects related to the increased lensing in models with layer .
The overall amplitude of the spectruke 2 is very precisely
determined by CMB observations. On the other hand, the lepsin
amplitude depends 0Agbut not on . So, the lensing amplitude
can be kept constant by increasing badthand! . At this point

has to be increased as well to preserve the scalar amplitu
Ae 2.

Geometric measurements, like those coming from BAO
SNia, or direct measurements éfp, greatly help solving the
geometrical degeneracy betweldp and 6 m . This is evident
in the lower panel ofFigure 3 where we show parameter
correlations from an analysis of the same dataset as abdkie w
the addition of BAO data, if one compares thegd, 6 m ) square
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FIGURE 3 | Correlation matrices of a selection of cosmological paranters for

the combinations of Planck TT+lowP(Upper) and Planck TTClowPCBAO

d Lower) . See section 5.1 for the description of these datasets. The arker the

olor shade, the stronger the degeneracy between the corrgsonding

parameter pair. In both panels, the third row and the third caeimn correspond

, to the correlation coef cients between6 m and the remaining cosmological
parameters. From the comparison between the two panels, isiclear that the
inclusion of BAO data helps reduce the degeneracy between pameters (see
e.g., the correlation betweené m and Hg, ¢ 3); in a few cases, in fact, the

. inclusion of BAO reverts the degeneracy (see e.g., the cori@ion between

I 6m and ng).

with the corresponding square in the upper panel. Measurements

of large scale structures, and especially those that aretlgire
sensitive to the total matter distribution at small scalese

We have focused our attention to ttf82CDM+6 m model.

very helpful, in that on the one hand they allow to further In extended dark energy models (as well as modied gravity
constraine 1, Ag, andngand thus reduce degeneracies with thesenodels), for example for arbitrary equations of state of thekda
parameters; on the other hand, they allow to probe the regimenergy uid, the degeneracy betweém ande 3 is ampli ed.

in which neutrino free-streaming is important. Finally, & also
clear that a precise measurement ofrom a CMB experiment
that is sensitive to the large-scale polarization (meanhag it
can access a large fraction of the sky) will be highly beag ci

Both massive neutrinos and dark energy-modi ed gravity & ec

the late time evolution of the Universe, so that the indivitua

e ects on cosmological observables (mostly structures) aan b
reciprocally canceled.
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5. CURRENT OBSERVATIONAL imprecise knowledge of the instrument (see e.§08F117 for
CONSTRAINTS ON 6 m a sample list of references).
The tightest constraints o m from a single experiment

In this section we report current constraints odim from  come from the measurements of the Planck sateliitg. [In the
cosmological and astrophysical observations. These @nir context of a one-parameter extension of  h€ DM cosmological
are also summarized iffable 1 for the reader's convenience. model, the state of the art after the 2015 data release was as
Unless otherwise stated, the results are obtained in thedveonk  follows. The combination of the measurements of the CMB
of a minimal one-parameter extension of tt82CDM model temperature anisotropies up to the multipole * 2,500
with varying neutrino mass, dubbe2ICDMC6 m , inwhichthe (hereafter, “Planck TT”) and the large scale( 30) polarization
three mass eigenstates are degenematd) 6 m =3). Given the anisotropies (hereafter “lowP”) leads to an upper bound of
sensitivity of current experiments, the degenerate approtiotna 6m < 0.72eV at 95% CL. The inclusion of the small scale
is appropriate. See section 8 for a more detailed discussionisn t (© 30) polarization measurements (which we globally label
point. as “Planck TE,EE”") provides a tighter upper boundéah <

0.49eV at 95% CL. This latter bound should be regarded as less

conservative, as a small level of residual systematics stilild
5.1. CMB a ect the small scale polarization data.
CMB observations are probably the most mature cosmological The Planck collaboration also provides the most signi cant
measurements. The frequency spectrum is known with gregheasurements of the CMB lensing potential power spectrum
accuracy 46]. Measurements of the power spectrum of CMBfor the multipole range 40< L < 400 (labeled as “lensing”)
anisotropies in temperature are cosmic-variance limited ﬂOW[llq. When this dataset is included in the analysis, the
to very small scales ( 1,500) and the quality of current 9504 CL constraints of6 m become:6m < 0.68eV for
CMB data in polarization is already good enough to tightenpjagnck TTClowPClensing and6 m < 0.59eV for Planck
constraints on cosmological parametetg,[16, 17, 19, 2(]. The TT,TE,EElowPClensing [L4. When combining the lensing
next generation of CMB experiments will further improve our reconstruction data from Planck with the measurements of the
knowledge of CMB polarization anisotropiegl] 30-33. The  cMB power spectra, it should be kept in mind that CMB power
main systematics involved in CMB measurements are due tgpectra as measured by Planck prefer a slightly higher lensing
foreground contamination (atmospheric, galactic, exttageéc),  amplitude than that estimated with the lensing reconstructias
calibration uncertainties and spurious e ects induced by arg result, the bounds 06 m obtained by their combination have
less weight for smaller values 6fm than the corresponding
bounds obtained from CMB power spectra only. Nevertheless,
higher values 06 m are still disfavored.

In 2016, new estimates of the reionization optical depth
have been published by the Planck collaboratidf],[ obtained
Dataset 6m [eV] References from the analysis of the high-frequency CMB maps, in 2015
still a ected by unexplained systematics e ects at large scale

TABLE 1 | Constraints on6 m from different combination of current
cosmological data.

Planck TiClowP <0.72 4] The estimated 68% credible interval for coming from the
Planck TTClowPClensing <059 (4l EE only low- datais D 0.055 0.009. This estimate is
Planck TT,TE,EElowP <0.49 [14] lower than the corresponding interval obtained in 2015 from
Planck TTCSimLow <0.59 4] the analysis of the low-frequency maps D 0.067 0.023),
Planck TT,TE,EEIowPCBAOCFS <0.25 23] though the two estimates are well in agreement with each other
Planck TTClowPCBAO <0.19 (98] The lower value of has an impact on the constraints on
Planck TT,TE,EElowPCBAO <0.15 (98] 6 m , due to the degeneracy between the optical depth and the
Planck TTClowPCFS <0.30 (98] amplitude of primordial perturbationsAs, as they together x
Planck TTClowPCBAOCJLA <0.25 [27] the normalization amplitudéise 2 . A lower implies a lower
Planck TTClowPCBAOCJLACWL <0.29 [27] Ag and thus a lower lensing amplitude, leaving less room for
Planck TT,TE,EEBAOCSZ <0.20 (24] large values o6 m (that would further reduce lensing). If the
Planck TTClowPCLy -FS <0.14 [99] “lowP” dataset is replaced by the new estimate ¢fabeled as

" 1 37 0 1
Bounds given in this table are 95% CL. SimLow”), the 95% CL bounds improve as follovesm <

BAOCFS for row 5 are from SDSS BOSS DR123]. BAO data for rows no. 6-7 are from ~ 0.59 €V for Planck TCSimLow andé m < 0.34 eV for Planck
6dFGS [100], WiggleZ 01], SDSS BOSS DR11 LOWZ and SDSS BOSS DR11 CMASS  TT,TE,EEE SimLow K3.
[102] (see P8 for details). FS for row no. 8 is from SDSS BOSS DR12 CMASS(3] (see

[98] for details). BAO for row no. 9-10 are from 6dFGSIP0], SDSS MGS [L04], BOSS
DR12 [23] (see R7] for details). BAO data for row no. 11 are from 6dFGS1P0], SDSS 52 Large_scale StrUCture Data

MGS [104], BOSS LOWZ DR11 and BOSS CMASS DR111p2] (see [L4] for details).  Although the CMB is an extremely powerful dataset, multiple
JLA for row no. 9-10 is the catalog of luminosity distance measureemts from the Joint degeneraC|eS between Cosmo'ogK:a' parameters limit the
Lightcurve Analysis 105, 106]. WL for row no. 10 is the combination of galaxy, shear and constraining power on6m from CMB onIy as seen in
galaxy-galaxy lensing spectra from DES YearR[]. SZ in row no. 11 is the SZ cluster X ’

count dataset from Ade et al. P4]. Ly -FS in the last row is the Ly power spectrum section 4.4. Measurements of the large scale structure$ ¢a8S

measurement from BOSS [07]. help solving these degeneracies. LSS surveys map thewdistib
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and clustering properties of matter at later times (or equewdly When using the FS measurements, it has to be noted that
at lower redshift) than those accessible with CMB data and arthe constraining power of this dataset is highly reduced i€ on
directly sensitive to cosmological parameters that CMB date ¢ considers that (1) the majority of information encoded ineth
only constrain indirectly, such as the total matter abundan FS usually comes from the small-scale region of the power
at late times (see e.g114 for a review). In this section, we spectrum, where the still imprecisely known non-linearitieaypl
gather constraints o6 m from di erent LSS probes alone and a non-negligible role; (2) the exact shape and scale-depeerden

in combination with CMB data. of the biasb between the observed galaxy clustering and the
underlying total matter distribution is still debated. Thévee,
5.2.1. Baryon Acoustic Oscillations and the Full it is useful to disentangle BAO and FS measurements, to gauge
Shape of the Matter Power Spectrum from the the relative importance of the two in constrainigm . For
Clustering of Galaxies a thorough comparison between the constraining power of the

BAO measurements, obtained by mapping the distribution ofwo datasets, we refer the reader to Vagnozzi et & (see
matter at relatively low redshiftsz( < 3) if compared to also [L16 117 for analyses using older data), where the authors
the redshifts relevant for CMB, constrain the geometry offocus onrecent BAO and FS measurements. Here, we summatrize
the expanding Universe, providing estimates of the comovinghe conclusion of the papetThe analysis method commonly
angular diameter distanai (z) and the Hubble parameted(z)  adopted [for FS measurements] results in their constraining
at di erent redshifts (or an angle-averaged combination bét power still being less powerful than that of the extracted BAO
two parametersgy(z) D [z (2)=H(2)]¥® ). Therefore, BAO signal.”
constrain cosmological parameters which are relevant fer th
late-time history of the Universe, helping break the degengra 5.2.2. Weak Lensing
between those parameters afich . The most recent weak lensing datasets have been released by
BAO extraction techniques rely on the ability to localize th the Kilo-Degree Survey (KiDS2§, 11§) and the Dark Energy
peak of the two-point correlation function of some tracer oéth Survey (DESZ7, 119). It is interesting to note that all of the
baryon density, or equivalently the locations of the acoystaks aforementioned datasets provide results in terms of cosmcdbgi
in the matter power spectrum, thus neglecting the informationparameters which are slightly in tension with the correspodin
coming from the broad-band shape of the matter power spectrunestimates coming from CMB data (which we remind is a high-
itself. In principle, the full shape (FS) of the matter powerredshift probe). In particular, the values ofy, and § D
spectrum is a valuable source of information about clustgrin g(® m=0.3f-%inferred from weak lensing data are lower than the
properties of the di erent constituents of the Universe and thei best t obtained with CMB data. The signi cance of this tension
reciprocal interactions. In particular, full shape measuratee is at 2 level for KiDS and more than 1level for the 1-D
of the power spectrum also provide estimates of the growttnarginalized constraints on , and S for DES (even though a
of structures at low redshifts through the anisotropies indd more careful measure of the consistency between the two datase
by the redshift-space distortions (RSD), usually encodechén t in the full parameter space provides “substantial” evidence fo
parameterf(z) g(z), wheref(2) is the logarithmic growth rate consistency, see Abbott et &l.7] for details).
and g(2) is the normalization amplitude of uctuations at a  Weak lensing data tend to favor higher valuessah than
given redshift in terms of rms uctuations in a8 1 Mpc sphere. those constrained by CMB power spectrum data. In fact, lower
In 2016, the nal galaxy clustering data from the Baryonvalues of ; and S imply a reduced clustering amplitude, an
Oscillation Spectroscopic Survey (BOSS) were released, tas gaect that can be obtained by increasing the sum of neutrino
of the Sloan Digital Sky Survey (SDSS¥.IIJoint consensus masses. In Abbott et al2f], the combination of DES shear,
constraints onda(z), H(2), and f(2) g(z) from BAO and FS galaxy and galaxy-shear spectra with PlanciCTowP and other
measurements at three dierent e ective redshiftg.( D  cosmological datasets in agreement with CMB results (iAQ B
0.38,0.51,0.61) are employed to derive constraint§ on®in  from 6dFGS [0(, SDSS DR MGS [104, and BOSS DR12
combination with Planck TT,TE,EE+ lowR . The 95% upper [23], and luminosity distances from the Joint Lightcurve Anadysi
boundisé m < 0.16 eV. When relaxing the constraining power (JLA) of distant SNIaJ05 106) yields an upper bound at 95%
coming from CMB weak lensing (through the rescaling of theCL on the sum of the neutrino masses 6m < 0.29eV,
lensing potential with the lensing amplitud& ) and the RSD almost 20% higher than the corresponding bound obtained
(through the rescaling of thé g parameter with the amplitude dropping DES data@m < 0.245eV). Interestingly enough,
As ), the bound degrades up ®m < 0.25eV. the DES collaboration shows that a marginal improvement & th
agreement between DES and Planck data is obtained when the
8Recently, the DES collaboration has reported a 4% measurement of thiang sum of the neutrino masses is xed to the minimal mass allowed

diameter distance from the distribution of galaxies to redshifoz1 [119.  PY Oscillation experiment§ m D 0.06eV.

Cosmological constraints are derived in €DM framework, withé m  xed to To conclude this section, we also report the upper bound on
the minimal value of 0.06 eV. Therefore, no boundstom have been extracted 6 m obtained by weak lensing only data from the tomographic
from the BAC measurements from DES yet. weak lensing power spectrum as measured by the KiDS

9Note that the authors follow the assumption that all the mass is aisieonly .
one of three neutrino species, i.exy D 6 m , my3 D 0eV, instead of the more collaboration Eq They foundém < 3.3eVandém <

widely used fully-degenerate approximationrof D 6 m =3,i D 1,2,3foreach 4-5€V at 95% CL depending on the number of redshift bins
of the three neutrino species. retained in the analysis. These bounds are signi cantly beva
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than the constraints coming from CMB only data. Neverthelesq127 reported constraints o m from the combination of the
they come from independent cosmological measurements armmhe-dimensional (i.e., angle-averaged) Lpower spectra from
are still tighter than the constraints coming from kinenmati the SDSS IlI-BOSS collaboration and from the VLT/XSHOOTER

measurements of decay. legacy survey (XQ- 100). When the power spectra are used
alone [complemented with a Gaussian prior odp D
5.2.3. Cluster Counts (67.3 1.0)kmsMpc 1], the authors obtaire m < 0.8eV

An additional low-redshift observable is represented byt 95% CL. The bounds dramatically improvegon < 0.14eV

measurements of the number of galaxy clusters as a functiomhen CMB power spectrum data from Planck CTlowP are

of their mass at dierent redshifts. Cluster number countsadded to the analysis. The tightest bound 6ém from Ly

provide a tool to infer the present value of the matter densitypower spectrum comes from Palanque-Delabrouille etlal7]

e m and the clustering amplitudeg, to be compared with the with6 m < 0.12 eV from Planck TClowP in combination with

equivalent quantities probed at higher redshift by the prisnar the Ly ux power spectrum from BOSS-DR12. Interestingly

CMB anisotropies. enough, in both analyses, the limit set by IGPlanck TTClowP
Depending on the prior imposed on the mass bias, clustedoes not further improve when the Lyspectra are combined

counts tend to prefer lower values efy, and g than the instead with the full set of CMB data from Planck, including

corresponding values obtained with primary CMB. The tensiorsmall-scale CMB polarization (Planck TT,TEEBwP), and

between the two datasets can be as high as &7 the lowest with BAO data from 6dFGS, SDSS MGS, BOSS-DR11.

value of the mass bias as quanti ed by the Planck collabmnati  The BAO signal can be also extracted from the Ispectrum

in 2015 p4]. Again, this preference for less power in the(see [23 for a pivotal study), providing estimates of the

matter distribution favors higher values of the sum of thecomoving angular diameter distanek(z) and of the Hubble

neutrino masses. Indeed, the Planck collaboration repditd [ parameterH(z) at redshiftz ' 2. Recently, the SDSS 11I-BOSS

an upper bound oft m < 0.20eV at 95% CL when Planck DR12 collaboration reported measurements of the BAO signal

TT,TE,EElowPCBAO is combined with the SZ cluster count atz D 2.33 from Ly forest P9. The estimated values @i

dataset (with a prior on the mass bias (i) D 0.780 0.092from andH are in agreement with 8 CDM model (even though a

the gravitational shear measurements of the Canadian Clustslight tension with Planck primary CMB is present), although

Comparison Project, CCCP1PQ), to be compared with the their precision is smaller than the precision obtained withegst

corresponding 95% upper boureim < 0.17 eV without the derived BAO measurements. Therefore, at present, the impact

SZ cluster count dataset{]. of Ly -BAO data on simple extensions of ti3eCDM model is
Recently, Salvati et al.1721 updated constraints on minimal.

cosmological parameters, includiigm , from the SZ clusters We conclude that it is a conservative choice to take the

in the Planck SZ catalog, considering cluster count aloneonstraints coming from Ly with some caution (a similar

and in combination with the angular power spectrum of SZcomment applies to constraints coming from aggressive aealys

sources. A comparison with bounds coming from primary CMBof the broadband shape of the matter power spectrum from

anisotropies is also performed. The combination of the two Sgalaxy surveys), until this probe will reach the level of miagu

probes (complemented with BAO measurements fratid to  comparable with other traditional cosmological probes.

x the underlying cosmology) con rms the discrepancy iy,

and g at the level of 2.1 and provides an independent upper

limit on the sum of the neutrino masses 6fm < 1.47ev 9.3. Local Measurements of the Hubble

at 95% CL. When combined with primary CMB, the bound Constant and Supernovae la

reduces td6 m < 0.18eV. This bound is slightly higher than The most recent estimate of the Hubble constant has been

6m < 0.12eV found by Vagnozzi et aR{] in absence of SZ reported in Riess et al9F. The authors improved over their

data, as we should expect due to the aforementioned tensi@revious measurement dflp from 3.3 to 2.4% thanks to an

between SZ and primary CMB estimates of matter density anthcreased sample of reliable SNla in nearby galaxies calibrat

power. over Cepheids. Their nal estimate, based on the combinatibn
three di erent anchors, itHg D (73.24 1.74)kmsIMpc 1,
5.2.4. Lyman- Forests 3.2 higher than the indirect estimate ofg from Planck

Like all the datasets that probe the clustering of matter ovef TCSimLow (3.4 higher than Planck TT,TE,EESimLow) in
cosmological distances, the Lypower spectrum is sensitive the context of a3 CDM cosmology withé m D 0.06eV.

to 6 m primarily through the power suppression induced by Previous analyses from the same authors also pointed t®2a
massive neutrinos at small scales. The Lspectrum alone tension between direct measurementsigfand indirect estimate
can constrain6 m at the level of 1 eV (see e.gL0[]). The from primary CMB anisotropies from Planck (although sé&&{]
constraining power of the Ly spectrum is evident when it for a re-analysis of the same dataset which slightly redunes t
is combined with CMB data. In this case, the Lylata are discrepancy to within 1 agreement). A discussion about the
used for setting the overall normalization of the spectrumpossible reasons behind this discrepancy and ways to alleviate
through their sensitivity toe ,, and g, whereas the CMB it invoking non-standard cosmological scenarios are beydrd t
xes the underlying cosmological parameters and helps brea&cope of this work. We refer the reader to the dedicated works
degeneracies betweeny,, g, and6 m . Recently, Yeche et al. [62, 125 124 for further reading.
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Since the Hubble constant and the sum of neutrino MasSSEBBLE 2 | Expected sensitivity oné m  from different combination of future
are anti-correlated, given the tension between the two psdbe cosmological data.
is clear that the combination of direct measurement$igfwith

i Dataset 6 m )[meV] References

CMB data leads to a preference for smaller value8 of with

respect to CMB-only constraints. Indeed, several author® hatore TT,7E,EE,PP 44 132]
pointed out the tight constraints o6 m for such a combination. sa4 177EEE PP 73 0]
As an example, Vagnozzi et abd showed that constraints on core TT.7E,EE,PRDESI 21 132]
6 m canbeastighta8m < 0.148eV at 95% CL when Planck s4 11 1e EE PP CDESI 23 BO]
TTClowPCBAO are complemented with a Gaussian prior onss 17 1e EE,PP CDESI 15 )
Ho equal to the estimate of the Hubble constant in Riess et abjanck cMBCLSST-sheaf 30 36]
[99, to be compared withem < 0.186eV from Planck pianckcEuclid-ES 20 133]
TTClowPCBAO only. When lowP is replaced by a Gaussianige-in cvs 30 [38]

prioron compatible with the new estimates from SimLow, thesgacTPolcWFIRST
numbers change t6 m < 0.115eVém < 0.151eV) with BAOCFS
(without) the Hg prior. Stage-lll 8 [38]
For the sake of completeness, we shall also mentigfMBCWFIRSTEUCIACLSST
that independent estimates dflp from BAO measurements aThe combination assumes a Gaussian prior on D 0.06  0.01 roughly corresponding
conducted by the SDSS IlII-BOSS DR12 collaboratiom the new estimate from Aghanim et al.43].
[23] are in agreement with CMB estimates (see a|§2][ :Thecombilnationassumes ()D0.00Zarﬁd r?oliselevelof2.5!< arcmin. .
for a recen_t_ dISCU_SSIOI"I). See als_o Abbott et -31271 CE:)Vra?u:ieu;?(Ii\'/\zLu-eem DO0eV and marginalizing over dynamical dark energy, arbitrary
for an additional 'ndependent estimate OHO with a Unless otherwise stated, the sensitivity (6 m ) is forecasted assuming a standard
combination of clustering and weak lensing measurementssmological model with 6m D 0.06eV. DESI refers to the simulated DESI-BAO
from DES-Y1 with BAO and BBN data. A discussion dataset based on expected experimental performances3s] (see B0, 132] for details).
. . . FS refers to the use of the (simulated) measurements of the full shape of theatter power
about the combination of dierent measurements d’ﬁo spectrum. The last line implies the use of CMB lensing, Euclid and WFIRSo calibrate
from cosmological probes and local measurements ige muttiplicative bias in the shear measurements from LSSB).
also reported in Abbott et al. 127, Vega-Ferrero et al.
[129.
Finally, we report that a standard siren measuremeitghas
been performed after the detection of the neutron star-nentr 6-1. CMB Surveys: CORE and CMB
star merger GW1708171p3-131. The Hubble constant has Stage-I1V
been constrained ado D 70.0°3%°kms *Mpc ! at 68% CL. The tightest bounds o6 m from a single CMB experiment
The accuracy of this determination is not comparable with theare those from the Planck satellite, reported in section 5.1.
precise estimates of direct measurements and other cosimalog As already explained, this sensitivity mostly comes from the
constraints. However, the standard siren approach represenaébility to (1) detect, at the level of CMB power spectrum,
an additional independent estimate &fp and appears as a the smoothing e ect of gravitational lensing of CMB photons,
promising avenue as more GW events with electromagnetiand, (2) directly reconstruct the lensing power spectrum ftsel
counterparts are detected. These e ects arise at small angular scales (higher multipoles
Concerning the inclusion of SNla, the bounds from Planck’), therefore it is crucial to observe this region of the power
TTClowP improve from6m < 0.72eV to6m <  spectrum with high accuracy in order to improve the sensitivity
0.33eV at 95% CL when data from the Joint Lightcurveon 6 m . Improved measurements of the polarization power
Analysis [L05 104 are included®. The most relevant systematics spectra at all scales are also important to break degeneracies
that aect SNla measurements are related to the way ibetween cosmological parameters. The main example is the e ect
which SNla light curves are standardized, with issues mostthat a better estimate of the reionization optical deptlrom
arising from photometric calibrations and lightcurve ttth the large scale polarization spectrum hasém . Concerning
procedures. the lensing power spectrum, this is internally reconstructed
by the Planck collaboration with high statistical signi azn
up to intermediate scales. However, the full power of this
6. CONSTRAINTS ON 6 m FROM FUTURE probe will be de nitively unveiled when better measurements
SURVEYS of polarization maps are available, enabling reconstruction
from E-B estimators with lower variance and up to smaller
In this section, we will discuss the expected improvementhén t scales$7].
constraints or6 m from the upcoming generation of CMBand A detailled summary of the expected sensitivity to
LSS surveys. These constraints are also summaridedia 2for  cosmological parameters, including m , of all pre-2020
the reader's convenience. and post-2020 CMB missions can be found in Errard et34.
As relevant examples, in this section we focus on two classes
0Bounds from the Planck Legacy Archive: https:/iwiki.cosmasie  Of future (post 2020) CMB experiments: a space mission and a
planckpla2015/index.php/Cosmological_Parameters ground based telescope.
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Recently, a proposal for a future CMB space mission has Neither of the two classes of future CMB mission proposals
been submitted to the European Space Agency (ESA) ican achieve alone the necessary sensitivity to claim a datedti
response to a call for medium-size mission proposals (M5). Thé m D 0.06 eV at the 3- level. Nevertheless, we will see in the
mission, named Cosmic ORIigin Explorer (CORE), is designedext section that the combination of future CMB missions with
to have 19 frequency channels in the range 6800 GHz for future galaxy surveys could possibly lead to the rst detactf
simultaneously solving for CMB and foreground signals, dagu neutrino masses from cosmology.
resolution in the range 2 18 depending on the frequency
channel and aggregate sensitivity of B arcmin [37 (for  6.2. Future LSS Surveys: DESI, Euclid,
comparison, the Planck satellite has 9 frequency channels [nSST, WFIRST

the range 30 900 GHz, angular resolution in the rang€ 5 |mproved performances from future galaxy surveys with respect
3P and the most sensitive channel shows a temperature Noisg the current status can be achieved by mapping a larger volume
of 0.55 K deg at 143 GHz 1[39). This experimental setup of the sky, therefore increasing the number of samples oleserv
would enable to constraié m D (0.072352) eV at 68% CL  and going deeper in redshift. In this section, we will brieguiew
assuming &8 CDM model with a ducial value of the sum of the expected performances of the main Stage-IV LSS surveys.
the neutrino masseém D 0.06 eV, for the combination of The successor to SDSS |1I-BOSS survey will be the ground_
CORE TT,TE,EE,PP (temperature and E-polarization auto angased Dark Energy Spectroscopic Instrumt@ntDESI). It is
cross spectraand lensing power spectrum RBJ[ Thisroughly  designed to operate for 5 years and cover roughly a 14,060 deg
corresponds to a sensitivity o6 m )  0.044 eV (note thatthe gsyrvey area. The extension in redshift is expected to be up to
target threshold for a 3 detection in the minimal mass scenario 7z p 1 for Luminous Red Galaxies (LR@)D 1.7 for Emission
is (6m ) D 0.020eV; for comparison, a simulated Planck-likeL_jne Galaxies (ELG) ardD 3.5 for Ly forests, for a total of over
experiment could only put an upper limit dm < 0.315eV 20 million galaxy and quasar redshifts. With these numHBES|
at 68% CL for the same model). Other than to the capabilityyill improve over the BOSS survey by an order of magnitude
of measuring with high precision the small scale polarizationn poth volume covered and number of objects observed. It can
(also in order to reconstruct the lensing potential), part bist  achieve a 3.49% and 4.78% determination of the BAO signal
hlgh SensitiVity also comes from the improved limits that aacross dA:rd) and a|0ng Hrd) the |ine-of-sight, respective]y, at
science mission like CORE can put oncompared to Planck, z p 1.85, and 16% and 9% determination of the same quantities
CORE would achieve an almost cosmic-variance-limited (CVL}t the highest redshift achievable with L§orestz D 3.55 B3).
detection of the reionization optical depth¢vi( ) * 0.002]. Even in the most conservative scenario when DESI BAO only
A roadmap towards a Stage-IV (S4) generation of CMRj e without including information from the broadband ahe
ground-based experimeritshas been also developing]. The  of the matter power spectrum and Lyforests) are combined
goal is to set a de nitive CMB experiment with 250,000 \ith future CMB experiments, the sensitivity dhm greatly
detectors surveying half of the sky, with angular resolut@d  jmproves. It goes down to (6m ) D 0.021eV for CORE
1° 2%and a sensitivity of KK arcmin at 150 GHz. The greatest TT TE EE, PEDESI BAO, forecastinga 3 detection of6 m
contaminant for a ground-based experiment is the atmospherif, the minimal mass scenaridB7. In the case of SBDESI BAO
noise, which highly reduces the accessible frequencieSNG [30, (6m)is in the range [0.023 0.036]eV ( or [0.020
observations to a total of four windows, roughly 35, 90, 1509 032] eV) with a prior of D 0.06 0.01 (or D 0.060 0.006,
and 250 GHz. The main advantages with respect to a spacgme expected sensitivity from Planck-HFI3d) and fsxy D 0.40,
borne mission are a larger collecting area with an incrediblyjepending on the S4 angular resolution and noise level. F8r a 1
higher number of detectors (for a comparison, the COREesolution and a noise level lower than 2& arcmin, (6 m )
proposal accounts for a total of 2,100 detectdrd,[the Planck  could be further improved with a better measurement afown
satellite has 74 detectoradd) and subsequent suppression g the level of (6 m ) < 0.015 eV, that would guarantee-a4
of experimental noise. At large scales, the Stage-IV targgktection of6 m in the minimal mass scenario.
is the recombination bump at > 20. The reduced sky  The DESI mission will be complementary to the science
fraction accessible from ground, foreground contaminat@and goals of the Large Synoptic Survey Telestd(leSST), a Stage-
atmospheric noise are the main issues that limit the possibili | ground-based optical telescope. The main science elds in
to target also the range < 20. Therefore, it is likely that S4 \yhich LSST will mostly operate ar&f: “Inventory of the
would be complemented by balloon-based and satellite-baseghlar System, Mapping the Milky Way, Exploring the Transient
measurements at the largest scales. As a result, foreoaSid f Qptical Sky, and Probing Dark Energy and Dark Matt&Hese
relies on external measurements af The sensitivity (6 m ) goals will be achieved by surveying 80,000 deg area (2/3
of & TT,TE,EE,PP complemented with a Gaussian prior on thef which in a “deep-wide-fast’ survey mode) over 10 years, in
optical depth of D 0.06 0.01 (roughly corresponding to the sjx bands (igrizy), with incredible angular resolution ( 0.7,
latest estimate from Planck-HFH{]) is in the range [0.073  producing measurements of roughly 10 billion stars and gatax
0.110] eV, depending on the angular resolution and noiselleverhanks to its peculiar observational strategy, LSST will v
for fsy D 40% (. multiple probes of the late-time evolution of the Universe with

http:/idesi.lbl.gov
Uhttps://cmb-s4.org Bhttps://www.Isst.org
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a single experiment, namely, weak lensing cosmic shear, BA&hd broadband measurements of the matter power spectrum,
in the galaxy power spectrum, evolution of the mass functiotWFIRST in combination with a Stage-11l CMB experiment could
of galaxy clusters, and a compilation of SNla redshift-dises. provide (6 m )< 0.03eV BE|.
The expected sensitivity dhm [36] is in the range (6 m ) D We want to conclude this section by pointing out that
[0.030 0.070]eV, depending on the ducial value 6fm the aforementioned missions will be extremely powerful if
assumed when performing forecas&nid D [0 0.66]eV). combined together. Indeed, they are quite complementary
Larger ducial values for the mass yield better sensitivithese [137. A signi cant example concerning the improvement of
numbers include a marginalization over the uncertaintiesiing  constraints on massive neutrinos is the combination of hé# t
from an extended cosmological scenario, where a number @reviously discussed surveys with the lensing reconstruction
relativistic species di erent than 3.046, a non-zero curva@and from CMB. The cross correlation of weak lensing (optical), CMB
a dynamical dark energy component are allowed. They also takensing power spectrum and galaxy clustering (spectroscopic)
into account the combination of the three-dimensional casm can highly reduce the systematics a ecting each single probe,
shear eld as measured by a LSST-like survey with Planek-likin particular the multiplicative bias in cosmic shedr3d. For
CMB data and can be improved by a factor of 2 if either BAOexample, a combination of WFIRST, Euclid, LSST, and CMB

r SNIa measurements are also considered, whereas a fdctorStage-Ill can achieve(6 m ) < 0.01eV Bg. Another example

2 degradation could come from systematic e ects. Interegjin is the calibration of the cluster mass for SZ cluster countyses.
enough, the observational strategy of LSST (large and deé@jhis calibration can be performed through optical surveyshsuc
survey) could provide the necessary sensitivity to exploee thas LSST or through CMB lensing calibration, with comparable
faint e ects that the distinct neutrino mass eigenstateseham results. In Madhavacheril et al139, the authors show that
cosmological probes. This is a highly debated topic and we reféensing-calibrated SZ cluster counts can provide a deteatio
the reader to section 8 for related discussion. the minimal neutrino mas§ m at> 3 level, also in extended

Synergy between these large ground-based observatodes amsmological scenarios.

future space missions is expected. We consider here the ESA
Euclid satellité* and the NASA Wide Field Infrared Survey 6.3. 21-cm Surveys
Telescop® (WFIRST) as representative space-borne mission$n this section, we will briey comment about the possibility
Euclid will be a wide- eld satellite that operates with imagi to use 21-cm survey data to constrabm . We refer the
and spectroscopic instruments for 6 years and covers roughlgader to the relevant papers for further readings. Measurésnen
15,000 degjin the optical and near-infrared bands, observing aof the 21-cm signal such as those expected from the Square
billion galaxies and measuringL00 million galaxy redshifts[].  Kilometer Array’ (SKA) and the Canadian Hydrogen Intensity
The redshift depth will be upta 2 for galaxy clustering and Mapping Experimeni® (CHIME) can shed light on the Epoch of
up toz 3 for cosmic shear. The combination of the galaxyReionization, including a better determination of the reipation
power spectrum measured with Euclid and primary CMB fromoptical depth . In addition, they map the distribution of neutral
Planck is expected to giv§6 m ) D 0.04 eV; ifinstead the weak hydrogen in the Universe, a tracer of the underlying matter
lensing dataset produced by Euclid is considered in comhinat distribution. Therefore, constraints o6 m can benet from
with primary CMB, we expect (6 m ) D 0.05eV [33. Both  21-cm measurements in two ways: by breaking the degeneracy
combinations provide a 1 evidence in the minimal mass between6 m and (see e.g.,14d, where the authors report
scenario. Some authors have also pointed out that weak Ignsin (6 m ) D 0.012 eV for a combination of COREEuclid lensing
data as measured by Euclid could discriminate between tbe twand FE a prior on  compatible with expectations from future
neutrino hierarchies if the true value &m is small enough 21-cm surveys); by detecting the e ect@m on the evolution
(i.e., far enough from the degenerate region of the neutrirass ~ of matter perturbations (see e.gl/[+143).
spectrum), seel3 and references theretf

WFIRST is an infrared telescope with a primary mirror as7, CONSTRAINTS ON 6 m IN EXTENDED

wide as the Hubble Space Telescope's primary (2.4 m) and W&OSMOLOGICAL SCENARIOS
operate for 6 years3f. The primary instrument on board, the

Wide Field Instrument, will be able to operate both in imagingThe constraints reported so far apply to the simple one-parameter
and spectroscopic mode, observing a billion galaxies. Thgtension of the standard cosmological mo@&CDM C 6 m .
instrumental characteristics of WFIRST will more than double\yhen derived in the context of more complicated scenarios,
the surface galaxy density measured by Euclid. With thispset g,ch as models that allow arbitrary curvature and/or non-
WFIRST will test the late expansion of the Universe with greagiandard dark energy models and/or modi ed gravity sceosri
accuracy employing supernovae, weak lensing, BAO, redshiffc constraints or6 m are expected in general to degrade
space distortions (RSD), and clusters as probes. From the BA@Ithough tighter constraints ofs m can be also possible in
particular extended scenarios) with respect to those obtained
in a 3CDM C 6m cosmology. This eect is due to the
multiple degeneracies arising between cosmological paraseter

Uhttps://www.euclid-ec.org

Bhttps://w rst.gsfc.nasa.gov

18Note that the speci cs of the Euclid mission have changed sihedime when
[133 was published. The new speci cs are not publicly available, howéwer t http://skatelescope.org
Euclid collaboration is expected to release updated forecasts iretirefuture. 18https://chime-experiment.ca
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that describe the cosmological model under scrutiny. Inesth TABLE 3| Constraints on6 m from different extensions to the3 CDM model for
words, when more degrees of freedom are available—in tefms #e indicated datasets.

cosmological parameters that are not xed by the model—, more, .nsionto 3 com 6m [mev] Dataset

variables can be tuned in order to adapt the theoretical model

to the data. For example, CMB data measure with incrediblecbmc ém <254 Planck TTClowP+lensing+BAC
accuracy the location (expressed by the angular size of tls&bmcem c- g <368 Planck TTClowPClensing+BAGH
horizon at recombination g) and amplitude (basically driven 3cbmcem cw <372 Planck

by the exact value afeq) of the rst acoustic peak. Therefore, TTClowPClensingCBAO?

we want to preserve this feature in any cosmological mode$.CDMC6m C Ne <323 Planck

As explained beforeh, « ,, and6 m can be varied together TTClowPClensingCBAG?

in order to do this. Adding other degrees of freedom, like3CPMC6m CA <413 Planck

TTClowPClensingCBAO?
CDMC 6m 62 16 CORE TT,TE,EE,PEBAO [132]

curvature or evolving dark energy, allows for even moredoee,
thus making the degeneracy worse. Of course, the additio

of dierent cosmological data, which are usually sensitige t3CPMC6mM €=k 68 2 CORE TT,TE,EE,PRBAO [152]
di erent combinations of the aforementioned parameters, jg8 COMCEm Cw 480%; CORETT.TE,EE,PEBAO [157]
extremely helpful in tightening the constraints dhm (and, 3CPMC6mM CNer 68717 CORE TT,TE,EE,PRBAC [132]
in general, on any other cosmological parameter) in complex CPMC6ém € Yue 62 16 CORE TT.TE,EE,PRBAOC [137]
scenarios. 3CDMCém Cr 60°15 CORE TT,TE,EE,PEBAO [132]

In more detail, constraints on the sum of neutrind MasSeSym the Planck 2015 Explanatory Supplement Wik,
are particularly sensitive to the so-called “geometric degacy.” « is the curvature density parameter, w is the (constant) equation of state pararter
This term refers to the possibility of adjusting the paramsterfor the dark energy, Nt i§ the number -Of relativistic species at recombination, Ais the
in order to keep constant the angle subtended by the sounfly e 0% seals o e o aner it e e S pouet | Yo
horizon at last scattering, that controls the position of theconstraints from the full grid of results from the Planck collaboration (seexefor details).
rst peak of the CMB anisotropy spectrum. The degeneracy iSAO data are from 6dFGS, SDSS MGS, BOSS LOWZ DR11, and BOSS CMASS DR11
worsened in models with a Varying curvature densit)( or (see [L4] for detalls). Lowgr section: Forecasted 68% CL cgnstraints from Di Va!entiret

. . al. [132]. BAO refers to simulated data for DESI and Euclid surveys. The duciatodel

parameter of the equation of state of dark enevg)Constralnts adopted for the analysis is the followingé m D 0.06eV, k DO,wD 1, Nes D 3.046,
on the expansion history, like those provided by BAO or by po0.24,rbo.
direct measurements of the Hubble constant, are particylarl
helpful in breaking the geometric degeneracy. In principleg on
could also expect a degeneracy between the e ective number of
degrees of freedomle and 6 m , but for a di erent reason: obtained with the same statistical techniques used foBtG®M
both parameters can be varied in order to keep constant themodel. We see that the constraints are degraded by 30% in
redshift of matter-radiation equality. However, this cam thone  models with varyingNe , by 50% in models with varying g
only at the expense of changing the CMB damping scale (se& w, and by 65% in models with varyingy, . This information
section 10 for further details). High-resolution measuesits of  is also conveyed, for an easier visual comparisorkigure 4,
the CMB anisotropies are therefore a key to partially break thevhere we show the sum of neutrino masses as a function of
degeneracy. Finally, a non-standard relation between thtten the massmiigy; of the lightest eigenstate. The green and red
density distribution and the lensing potential can be modddgd curves are for normal and inverted hierarchy, respectivélg.
introducing a phenomenological paramet&r, which modulates show 95% constraints o m for di erent models and dataset
the amplitude of the lensing signal44. Most of the current combinations as horizontal lines. In the lower sectiorTable 3
constraining power of CMB experiments dhm comes from we instead report a similar comparison, based on the expected
CMB lensing. Therefore, it is clear that in models with varyingsensitivities of future CMB and LSS probé&sj. The pattern is
AL the limits on neutrino masses are strongly degraded. Howevevery similar to that observed for present data, although dgtl
it should also be noted thaf is usually introduced as a be noted that the increased precision of future experiments wil
proxy for instrumental systematics; if considered as an alctu allow to further reduce the degeneracies. In particulas found
physical parameter, its value is xed by general relativity tdhat the constraints or6 m are degraded by 30% in models
beA D 1. with varyinge x or w, and not degraded at all in models with

To make the discussion more quantitative, we see how thigaryingNe (models with varyingp| have not been considered in
applies to the constraints obtained with present data and ®iturDi Valentino et al. [L37).
data. In Table 3 we report a comparison of the constraints The cases reported ifable 3hardly exhaust all the possible,
on 6m for some extensions of th8 CDM model. In the well-motivated extensions to th8 CDM C 6 m model. To
upper part of the table, we report constraints obtained from themake a few examples of more complicated extensions, without
PlanckTTClowPClensingC BAO dataset combination, described the aim of being complete, the interplay between in ationary
in section 5.1. These are taken from the full grid of resultparameters and the neutrino sector has been investigated in
made available by the Planck collaborafidrand have been Gerbino et al. {45 and Di Valentino et al. 1 44. In Di Valentino
et al. [L47~149 “extended parameter spaces” are considered, in
19The full grid can be downloaded from the Planck Legacy Archive. which 12 parameters, includirgm , are varied simultaneously.
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It has been a long-standing issue whether or not cosmological
probes are sensitive to the neutrino mass hierarchy. In ppiegi
i we expect physical e ects on cosmological observables due to
,,,,, Planck, ACDM+2m, ___  / the choice of the neutrino hierarchy. Individual neutrinpecies
< 050 Dlanck + BAG. ACDMEm_0 that carry a slightly_di erent individual mass exh?bi_t a sl_1|itjy
o, f--- I AERERERY sl K di erent free-streaming scalkss: depending on their individual
g Planck + BAO, ACDM+Zm, __ e mass, neutrinos can nish suppressing the matter power at
W ’ di erent epochs, leaving three distinct “kinks” in the matter
power spectrum. As a consequence, the weak lensing e ects on
0-10 NH ;;y},,/' the CMB a}nd on high redshift galaxie; can be slightly. a ected
0.05 b by the choice of the hierarchy. In practice, all of these digmes
0.001 0.005 0.010 0.050 0.100 0.500 are at the level of permille e ects on the matter and CMB power
Might [€V] spectra, well below the current sensitivitybf.
Given the current sensitivity (roughlgm < 0.2eV at
FIGURE 4 | Sum of neutrino massesé m as a function of the massmiigy of 95% CL), it is then a legitimate assumption to approximate the
the lightest neutrino eigenstate, for normal (green) or ievted (red) hierarchy. mass spectrum as perfectly degenerate O 6 m =3) when
The h‘oriz.ontal dashed lines show 95% CL upper Iimits for défent dataset performing analysis of cosmological data. Very recently,rsdave
combinations, from top to bott(_)m: PlanckTTClowP in the3 CDMC 6 m authors investigated the possibility that such an approxiorati
model, PlanckTTClowPCBAO in the3CDMC 6 m C « g model, . ) K ) i R
PlanckTTClowPCBAO in the3 CDMC 6 m  model. could fail reproducing the physical behavior of massive neosi

when observed with the high sensitivity of future cosmological
surveys 132 145 157 159. In addition, the issue of whether
future surveys could unravel the unknown hierarchy has been
Neutrino-dark matter interactions are discussed in Di Valeo  addressed by several groug8[158-167. We refer the reader

et al. [150, while low-reheating scenarios are studied in deto the relevant papers for a thorough discussion of these sssue
Salas et al.151. Finally, constraints or6 m in the context of Here, we summarize the main results: (1) the sensitivity of
cosmological models with time-varying dark energy are\dsti  future experiments will not be enough to clearly separate the
for example in Lorenz et al.1p] and Yang et al. 153. e ects of di erent choices of the neutrino hierarchfor a given
Neutrino masses in interacting dark energy-dark matter misd value of6 m ; therefore the fully-degenerate approximation is
and in extended neutrino models (including neutrino visitps  still a viable way to model the neutrino mass spectrum in the
anisotropic stress and lepton asymmetry) have instead beentext of cosmological analysis; (2) the possibility to riyea
considered in Kumar and Nune4 $4 and in Nunes and Bonilla  identify the neutrino hierarchy with future cosmological pregb

[159. is related to the capability of measurifgn < 0.1eV at high
statistical signi cance, in order to exclude the IH scenalids

8. COSMOLOGY AND THE NEUTRINO clear that the possibility to do this strongly depends on theetr

MASS HIERARCHY value of6 m : the closer it is tas mN" D 0.06 eV, the larger

will be the statistical signi cance by which we can exclude IH.

Cosmology is mostly sensitive to the total energy density irThIS IS true |nd§pendently O,f whether we approach the issue
neutrinos, directly proportional to the sum of the neutrino from a frequentist or Bayesian perspective. In the latter case
masse§ m My C mp C M. We can expressm in the two however, since a detection of the hierarchy would be driven by
hierarchies as a function of the lightest eigenstaign, (either volume e ects, this posits the question of what is the correct

my or mg) and of the squared mass di erencesn2, and1 m2.; prior choice for 6 m . The issue is extensively discussed in
1= q 12 13 Gerbino et al. {59, Simpson et al. 163, Schwetz et al.1[64,

q Caldwell et al. 169, Long et al. 64, and Hannestad and Tram
6 mN? D mijgn; C mﬁghtc 1m2, [167.
¢ CiL g (36)
6m™ D mign C i ME e C11 e 9. COMPLEMENTARITY WITH
c q M2, CilmZ§C 1m2, 37) LABORATORY SEARCHES

Cosmological observables are ideal probes of the neutrino
When stating that oscillation experiments are insensitvéhte  absolute mass scale, though they are not the only probeshigil
absolute mass scale, one refers to the fact that the valwgsaf  In fact, laboratory avenues such as kinematic measurements
is not accessible with oscillation data. Whegn D 0eV, one in  -decay experiments (see e.gl6f]) and neutrino-less
obtains6 mNH ' 0.06eV andé m'™ ' 0.1eV. Therefore, double- decay (02 ) searches (see e.gl6p 170) provide
for each hierarchy, a minimum mass scenario exists in whickkomplementary pieces of information to those brought by
6 m 600. cosmology.
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Kinematic measurements are carried on with-decay events, regardless of the neutrino nature and the lepton-neimb
experiments mostly involving®H. The shape of the decay violation mechanism.
spectrum close to the end point is sensitive to the (electron) We report here some of the more recent limits on
neutrino mass and can be parametrized in terms of constraints from 0 2 searches. Constraints are reported as a range of 90%
the electron neutrino e ective ma&3de ned in Equation (12). CL upper limits, due to the uncertainty on the nuclear matrix
The current best limits oom . come from the Troitzk and Mainz elements. We also specify the isotope used in each experiment.
experiments, withm < 2.05eV [Jandm < 2.3eV P]lat The current bounds aren < 0.120 0.270eV from Gerda
95% CL. The new generatioi -decay experiment KATRIN Phase-Il (6Ge) [173 174, m < 0.061 0.165eV from
(Karlsruhe Tritium Neutrindl) is expected either to reach a KamLAND-Zen [179 (}3%Xe),m < 0.147 0.398eV from
sensitivity ofm < 0.2eV at 90% CL, an order of magnitude EXO-200 {36Xe) [17§, m < 0.140 0.400eV from CUORE
improvement with respect to current sensitivities, or to dete (13°Te) [177. The next generation ® experiments, such
the neutrino mass if it is higher tham D 0.35eV. Note that as LEGEND, SuperNEMO, CUPID, SO KamLAND2-Zen,
a detection of non-zero neutrino mass in KATRIN would imply nEXO, NEXT, PANDAX-1II, aims to cover the entire region of
6 m & 1leV,andwouldthenbe intension with the cosmologicallH, reaching a 3 discovery sensitivity fom of 20 meV or
constraints obtained in the framework of tBe&CDM model. This  better, roughly an order of magnitude improvement with resdpec
could point to the necessity of revising the standard cosmickl  to the current limits (seel[7g for a more detailed discussion and
model, although it should be noted that none of the simple onefor a full list of references).
parameter extensions reportediable 3could accommodate for As outlined above, laboratory searches and cosmology
such a value. are sensitive to di erent combinations of neutrino mixing

Future improvements in kinematic measurements involvegparameters and individual masses. Therefore, it makes sense
technological challenges, since KATRIN reaches the expetahe to compare their performances in terms of constraints on the
limitations imposed to an experiment with spectrometers. Fatu neutrino mass scale. Itis also bene cial to combine theszelt
prospects are represented by the possibility of calorimetriprobes of the mass scale, in order to overcome the limitations
measurements of®®Ho (HOLMES experiment 171) and of each single probe and increase the overall sensitivity to the
measurements of théH decay spectrum via relativistic shift neutrino masses4, 165 179. This is possible because, once
in the cyclotron frequency of the electrons emitted in thethe elements of the mixing matrix are known, specifying one of
decay (Project8 experiméit [174). Although the bounds three mass parameters among ( m , 6 m ), together with
coming from -decay experiments are very loose compared tthe solar and atmospheric mass splittings, uniquely deteesin
bounds from cosmology, nevertheless they are appealing éor thhe other two. Oscillation experiments measure precisely the
reason that they represent model-independent constrainthien values of the mixing angles and of the squared mass di erences
neutrino mass scale, only relying on kinematic measuresient with an ambiguity on the sign of m?ﬂ, so that these parameters

0 2 decay is a rare process that is allowed only if neutrinosan be simply xed to their best-t values, given the larger
are Majorana particles. A detection of ® events thus would uncertainties on the absolute mass parameters. The valdeof t
solve the issue related to the nature of neutrinos, whetheyt Dirac phase, on the other hand, is known with lesser precision,
are Dirac or Majorana particles. Searches fa2 Odirectly probe and the Majorana phases, relevant for the interpretation of
the number of 02 events, which is related to the half life 0 2 searches, are not probed at all by oscillation experiments.
T1= of the isotope involved in the decay. The half life canHowever this ignorance can be folded into the analysis using
be translated in limits on the Majorana mass (de ned in  standard statistical techniques. Finally, the relatiotween the
Equation 13) once a nuclear model has been speci ed. In pmcticmass parameters also depends on the mass hierarchy. This can
a bound onT1= is re ected in a range of bounds om , due be taken into account either by performing di erent analyses f
to the large uncertainties associated with the exact modelinNH and IH, or by marginalizing over the hierarchy itself (see
of the nuclear matrix elements. Additional complications aree.g., [59).
due to model dependencies: when translating boundsTes Combining the di erent probes of the absolute mass scale,
to bounds onm , a mechanism responsible for the 2 with the support of oscillation results, leads to some intergsti
decay has to be speci ed. This is usually the exchange of lighbnsiderations. First of all, basically all of the inforioat
Majorana neutrinos, though alternative mechanisms coudd bon the absolute mass scale comes from cosmology a2d O
responsible for the lepton number violation that not nece#gar searches. This conrms the naive expectation that can be
allow a direct connection betweel— and m . Finally, it made by comparing the sensitivity of the dierent probes.
can be shown that in the case of NH, disruptive interferencédowever, we recall again that the robust limits am from
between mixing parameters could prevent a detection &f 0 kinematic experiments represent an invaluable test for the
consistency of the more model-dependent constraints coming
from cosmology and @ decay experiments. At the moment,
= - _ ‘ ~ cosmology still provides most of the information on the nentr

IFhag to be noticed that the observaplg whicldecay expenmentg arelsensmve masses, although the Sensitivity of20 experiments is rapidly

toism<, rather thanm . Nevertheless, it is useful to quote constraints in terms of . . .
m to facilitate the comparison with results from other probes. approachlng .th‘r_it O,f Cosmomg'(_:al O_bservatlons' A s.ummary of
21 https:/iwww.katrin.kit.edu the current limits is reported in Figure 3 of Gerbino et al.
2http:/lwww.project8.org/index.html [159. To better illustrate the complementarity of cosmology
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FIGURE 6 | The same asFigure 5, but for future cosmological observations
and 0 2 experiments. Note that in this gure we show 95% upper limits ér
both m  and mjigh, assuming that the true values of both quantities are
much smaller that the corresponding experimental sensitities. The horizontal
yellow band labeled “Future 02 " is the union of the regions that contain the
95% upper limits for LEGEND 1K, CUPID, and nEXO, assuming 5 yesof live
time. The vertical dashed lines correspond to 95% upper lirt8 on 6 m . From
right to left: CORE TT, TE, EE, PP in tha CDMC 6 m model, CORE TT, TE,
EE, PPC the DESI and EUCLID BAO in th@ CDMC 6 m C « x model,
CORE TT, TE, EE, PR the DESI and EUCLID BAO in th@ CDMC 6 m
model. The vertical lines shown in the plot assume normal hiarchy.

FIGURE 5 | Majorana massm  of the electron neutrino as a function of the
mass Miight of the lightest neutrino eigenstate, for normal (green) onverted
(red) hierarchy. The lled regions correspond to the unceriaty related to the
CP-violating phases. The horizontal dashed lines show 95%uzrent upper
limits from 0 2 searches. In particular, we show the tightest and loosest liits
among those reported in the text, namely the most stringentrbm
KamLAND-Zen (labeled “KamLAND-Zen, optimistic NME”), anthe less
stringent from CUORE (labeled “CUORE, pessimistic NME”) NIE refers to the
uncertainty related to the nuclear matrix elements. We alsshow vertical
dashed lines corresponding to 95% upper limits or6 m from cosmological
observations, translated to upper limits ormyigp using the information from
oscillation experiments. In particular we show different el and dataset
combinations, from right to left: PlanckTTlowP in the3 CDMC 6 m model,
PlanckTTClowPCBAO in the3 CDMC 6 m C « i model, crucially on the possibility of reducing the uncertainty oneth
PlanckTTClowPCBAO in the3 CDMC 6 m model. The vertical lines shown in nuclear matrix elements for the @ isotopesl In fact, provided
the plot assume normal hierarchy, but the difference with # case of inverted that neutrinos are Majorana particles and that the Ieading
hierarchy is very small on the scale of the plot. . . . .
mechanism responsible for the decay is a mass mechanism, the
combination of cosmological probes and measurements
could not only lead to a detection of the mass scale, but could
also solve the hierarchy dilemma and provide useful infororati

about (at least one of) the Majorana phases$-181].

and 0 2 searches, we show iRigure 5 how they constrain,
together with oscillation experiments, the allowed spacehim t
(m , mjgnt) plane. In more detail, we show the region in that
plane that is singled out by oscillation experiments, for naim
and inverted hierarchy. The width of the allowed regioncés 10, CONSTRAINTS ON Neg¢t

the uncertainties on the CP-violating phases. We show ctirren

upper 95% bounds omn  from 0 2 searches as horizontal Until now, we have focused on the capability of cosmological
lines, and current 95% bounds omygn; from cosmology as observations to constrain neutrino masses. However, asdot
vertical lines. These are translated from the boundé om using in the introduction, cosmology is also a powerful probe of other
information from oscillation experiments and assuming n@&m neutrino properties. The main example is without any doubt the
hierarchy. Assuming inverted hierarchy would however make e ective number of neutrino familiéalso called e ective number
barely noticeable di erence on the scale of the plot. It candmns of relativistic degrees of freedom), , de ned in Equation (21).
that in general cosmological observations are more coimstig ~ As it is clear from its de nition,Ne is simply a measure of the
than 0 2 searches. total cosmological density during the radiation-dominatera.

In the future, however, one can expect that the constrainingMore precisely, it represents the density in relativistic species,
power of these two probes will be roughly equivalent. This caother than photons, normalized to the energy density of a
be seen inFigure 6 where, similarly toFigure 5 we show the massless neutrino that decouples well before electron-positro
allowed space in ther( , mjgn) plane for future cosmological annihilation (that, we remember, is not actually the casey. A
and 02 probes. As shown in Gerbino et all49, the explained in section 2.5, the standard framework, in which
constraining power of 02 searches fo8 m would also depend photons and active neutrinos are the only relativistic degree
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of freedom present, and neutrino interactions follow the SM ofon the CMB spectrum is that the rst peak is enhanced due to
particle physics, predictsle D 3.046 after electron-positron the larger early ISW, and all the peaks are moved to the right.
annihilation [12, 47, 49]. However, as we have already learned, these e ects can bdarance

Given its meaning, it is clear that a deviation from theby acting on other parameters. There is however a more subtle
expected value dflg can hint to a broad class of e ects—in and peculiar e ect ofNg , that is related to gwe_scale g_SiIk
fact, all those e ects that change the density of light speciedamping. The damping scale roughly scales=asH, i.e., as t,
in the early Universe. Those e ects are not necessarily @lateas expected for a random walk process. Then the ratio between
to neutrino physics, as the de nition oNg in terms of the the angle subtended by the sound horizon and that subtended
number of relativistic degrees of freedom suggests. Fanpbea by the damping length scales like 1=H 2 D H 17 Since ¢
the existence of a Goldstone boson that decouples well befoie xed by the position of the rst peak, this means that, when
the QCD phase transition would appear as an increased numbarcreasing\, , the damping length is projected on larger angular
of degrees of freedom, with Ng Ne 3.046 D 0.027 scales, or, equivalently, that damping at a given scale isrldrg
[187. Speaking however about changedin that are somehow conclusion the net e ect is to lower the damping tail of the CMB
related to neutrino physics, the most notable example is priypabspectrum. This e ect is di cult to mimic with other parameters,
the existence of one (or more) additional, sterile lightegigtate, at least in the standard framework. The damping length also
produced through some mechanism in the early Universe. Imlepends on the density of baryons, so in principle one could think
such a situation, one would hawd, > 3.046, as well as an of changing this to compensate for the e ect NE ; however,
additional contribution to6 m . Note that a light sterile neutrino the baryon density is very well determined by the ratio of the
would not necessarily contribute withNe D 1, as it does not heights of the rst and second peak, so that it is in practicedxe
share the same temperature as the active neutrinos. One possibility, in extended models, is to vary the fraction of

In this section we will focus on cosmological constraints onprimordial helium. Since the mean free path of photons depends
sterile neutrinos. However, for completeness, we mentioeva f on the number of free electrons, and helium recombines fijgh
other examples of scenarios in whidhNg can possibly be before hydrogen, changing the helium-to-hydrogen ratitee
di erent from zero. One is the presence of primordial leptonthe Silk scale. However, this requires the assumption of non-
asymmetries, related to the presence of a non-vanishing tlam standard BBN, since, in the framework of standard BBN, the
potential in the neutrino distribution function, Equation1g). helium fraction is xed by! , and Ng themselves, so it is not
Constraints on the allowed amount of lepton asymmetrya free parameter.
obtained taking into account the e ect of neutrino oscillatis We rst review constraints oNe in a simple one-parameter
have been reported in Castorina et dI8[J using CMB and BBN extension of3 CDM, in which Ne is left free to vary, and
data. Another possibility is the so-called low-reheatingrezio  the mass of active neutrinos is kept xed to the minimum
[157, 184 189, in which the latest reheating episode of thevalue allowed by oscillations. This case can be considerdtbas t
Universe happens just before BBN, at temperatures of the ordemost agnostic, in some sense, in which one does not make any
of a few MeV, so that neutrinos do not have time to thermalizenypothesis on the new physics that is changhg (and thus
completely. Inthis case, one hadle 0. Finally, non-standard on any other e ects this new physics might produce). Moreover,
interactions between neutrino and electrons can modify thene can think of these as limits for a very light (massless)lest
time of neutrino decoupling 184, so that the entropy transfer neutrino. Finally, constrainingNe is a robustness check for
from €“e annihilation andN, are di erent with respect to the standard3 CDM model. In fact, measuringle D 3.046
the standard picture. We note that the e ects related to thesevithin the experimental uncertainty can be seen as a greaessc
new scenarios are often more complicated that just a chang# the standard cosmological model. It can be regarded as an
in Ne : for example, both in the case of lepton asymmetriesndirect detection of the CB, or, at least, of some component
and low reheating, the neutrino distribution function isahged who has the same density, within errors, as we would expect
in a non-trivial way, a ecting also the other moments of the for the three active neutrinds. From PlanckT TlowP, one gets
distribution (like the number density, the average velpcétc.). N D 3.13 0.32; adding BAO givede D 3.15 0.23 [L4].
Finally, to mention a possibility that is not related to chasg Both measurements, with a precision 0of10%, are in excellent
in Ne , cosmology can also probe the free-streaming nature aigreement with the standard prediction. Moreover, according
neutrinos, for example by looking for the e ects of non-standla these resultsl Ne D 1 is excluded at least at the Jevel.
interactions among neutrinoslB719Q, or between neutrinos Using also information about the full shape of the matter power
and dark matter 1 91-193. spectrum, the BOSS collaboration ntlg D 3.03 0.18 p3.

Let us brie y recall howNg is constrained by cosmological We note that adding information from direct measurements of
observations 194. Increasing Ne will make the Universe the Hubble constantresults in larger valuedNaf (Ne D 3.41
expand faster (largét) during the radiation-dominated era, and 0.22 from Planck TT,TE,EHowPClensingZBAOCJLACH),,
thus be younger at any given redshift. Then the comoving sounsee p3); this is due to the tension with the value &fy that
horizon at recombination will be smaller, going likeH, while is inferred from the CMB, that is alleviated in models with
the angular diameter distance to recombination stays aomst
becausé is unchanged af_ter gquallty, SO thaﬂ.s S.ma”er' AISO, 23The fact that, when probed, there is no hint for deviations frone tfiree-
for xed matter content, this will make the radiation-dométed  syreaming behavior should strengthen our belief that we are reallgralgy the
era last longer. Recalling our discussion in section 4.1etbet  C B.
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largerNg . The next generation of cosmological experiments willFABLE 4 | Constraints onNef (at 68% CL) from different combinations of
improve these constraints by roughly one order of magnitudegesmological data.
getting close to the theoretical threshold dN, D 0.027

X o i . X Dataset Bounds References

discussed at the beginning of this section, corresponding to

Goldstone boson decoupling before the QCD phase transitiorrianck TIClowP Ne D 3.13  0.32 [14]
Moreover, it will be possible to conrm the e ects of non- pjanck TTClowPCBAO Nef D 3.15 0.23 [14]
instantaneous decoupling, since future sensitivities WidMato  pjanck TTClowPCBAOCFS Negf D 3.03 0.18 23]
distinguish, at the 1- level, betweelNe D 3 andN, D

3.046. The combination of CORE TT,TE,EE,PP will put arfORE TTTEEEPP 1 Ngft < 0.040 [132]
upper bound at 68% CL of No < 0.040 on the presence CORE TTTEEEPP Nef D 3.045 0.041  [132]
of extra masslessn(  0.01eV) speciéd[137 in addition to ~ S4 TTTE,EEPP (Nef) D 0.027 [30]
the three active neutrino families. The CORE collaboratiotspu CORE TT,TE,EE,PEDESI BAQCEuclid BAG* 1 Nefr < 0.038 [132]

limits also on the scenario in which the three active neudsn CORE TT,TE,EE,PEDESI BAGCEuclid BAD® Negt D 3.046  0.039  [132]
have a_ xed te_mpergture' bu'[. their energy denSIty IS rescalegI'he constrain applies to the scenario of extra light relics in addition to the e massive
as (\I._a —3.046?‘4. _Thls scenario can account for an enhan(_:edneutrino families, .., N 3.046.

neutrino density (ifNe > 3.046) and reduced neutrino density >The constrain applies to the scenario of three massive neutrinos with ergy density
(if Ne < 3.046 as for examp|e in the case of |0W_reheatingscaled byl Mfi,i.g., Neff can be either lower or greater than 3.04§. . .
scenarios). In this case, CORE TT,TE,EE,PP yMAdQ 3.045 dlztehcogltz)lnleon(;n()ciudes delensed CMB spectra and a Gaussian prior on the optita
0.041. Forecasts from S4 show that, in order to get CloSETE0 t ypper part: current 68% CL constraints on Ng. BAO in row no. 2 are from 6dFGS {00],
threshold of1 N D 0.027, a sensitivity of IK arcmin and SDSSMGS[104], BOSS LOWZ DR11 and BOSS CMASS DR111D2] (see [L4] for details).
fsky > 50% are needed for é) beam size :{q E cient de- BAO and FS (full shape measurements) in row no. 3 are from BOSS DR123i]: ‘nger

| . ill helo i the limits ofN. - delensed spectra part: forecasts for future cosmological surveys. Unless otherwise stated, ehsensitivity on
epsmg wi elp |mpr0v§ e - ; p Neft is forecasted assuming a standard cosmological model with B D 3.046 and also
will have sharper acoustic peaks, allowing to constidin N0t marginalizing oves m . DESI and Euclid BAO refer to the simulated BAO datasets based
0n|y through the impact on the Silk scale, but also through theon expected experimental performancesd5, 37] (see [L32] for details).

phase shift in the acoustic peaks9f. Finally, having access

to a larger sky fraction—and therefore to a larger number of

modes observed—uwill be bene cial for constraintsidg [30.  production scenario197; see also Merle et al194). De ning
We conclude this summary about future limits by noticing tha an e ective massn€ by mimicking Equation 19, i.e.,

the inclusion of LSS data, such as BAO measurements from

DESI and Euclid, provides only little improvements with regpec me
to CMB-only constraints (e.g., from CORE TT,TE,EECHFESI S
BAOCEuclid BAO,1 Ne < 0.038 at 68% CL for extra massless o )
speciesanle D 3.046 0.039 for three neutrinos with rescaled the actual massns of the sterile is related to the e ective
energy density]32). For a summary of current and future limits Parameters by:

on N , we refer toTable 4

93.14 eV, (38)

Let us now come to the case of a massive sterile neutrino. . p (T<T ) 3m§ D LN, 3=4m§ (thermal) (39)
A sterile neutrino would contribute both tdNe and to ! 1o 1 e
Its e ect on the cosmological observables will thus be related msD ¢ "mg D 1N, "mg (DW). (40)

to changes in these two quantities, as explained through this
review. In fact, in principle, we should specify the full formtloé  Planck data are consistent with no sterile neutrinos: the 95%
distribution function of the sterile neutrino, and its e esttould allowed region in parameter spaceNg < 3.7,m < 0.52 eV
not be fully parameterized throughle and! . Fortunately, from PlanckTTC lowP C lensingC BAO. However, it should
one has that, when the distribution function is proportional t be noted that they do not exclude a sterile neutrino, provided
a Fermi-Dirac distribution, all the e ects on the perturbatio its contribution to the total energy density is small enough.
evolution of a light fermion can be mapped into two parameterdight sterile neutrino has been proposed as an explanationef th
[199: its energy density in the relativistic limit (and thus its anomalies observed in short-baseline (SBL) experimentg(gee
contribution toNg ) and its energy density in the non-relativistic [199 and references therein). However, a sterile neutrino with
limit (and thus its density parameter, let us denote it withthe massrs ' 1 eV) and coupling required to explain reactor
! ¢ to distinguish it from the active neutrinos). This covers anomalies would rapidly thermalize in the early Universe (see
several physically interesting cases, namely those of destere.g., P0Q 201])) and lead tol N¢ D 1, strongly at variance with
neutrino that either (i) has a thermal distribution with aitbary ~ cosmological constraints (excluded at more than 99% conagen
temperatureTs, or (i) is distributed proportionally to the active considering the above combination of Planck and BAO data).
neutrinos, but with a suppression factor (this corresponds We conclude this section by quoting the forecasts for future
to the Dodelson-Widrow (DW) prediction for the non-resonant cosmological probes. In the context o88CDM C 6 m model
with 6m? D 0.06eV andnd D 0eV, the combination of
24This constraint has been obtained in the context @M C 6 m cosmology, CORE TT,TE,EE,PP with BAO measurements from DESI and
with6 m? D 0.06eV. Euclid will providel Ne < 0.054 andng < 0.035eV137.
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11. SUMMARY species at recombination to b D 3.13 0.32 at 68% CL.
The inclusion of LSS data further tightens the constraints to

The absolute scale of neutrino masses is one of the maiy, D 3.03 0.18 at 68% CL. These results exclude the presence

open questions in physics to date. Measuring the neutringf an additional thermalized species at more than Bvel.
mass could shed light on the mechanism of mass generatiogosmological data are also consistent with no sterile neustino
possibly related to new physics at a high energy scale. From thus no new physics in the neutrino sector is presently reglire
experimental point of view, neutrino masses can be probed ify interpret cosmological data. The standard picture will éstéd

the laboratory, with - and double -decay experiments, and more thoroughly by future experiments, that will allow to peb
with cosmological observations. In fact, cosmology is @& thto an unprecedented level the physics of neutrino decoupling.
moment the most sensitive probe of neutrino masses. Uppein example would be the possibility to constrain non-standard
limits from cosmology on the sum of neutrino masses areeutrino-electron interactions. Future cosmological probé w
possibly based on combinations of di erent observables. Resulalso possibly reach the sensitivity necessary to detecteat-th
from the CMB alone can be regarded as very robust: these |evel, the increase in the number of degrees of freedom due

are of the order of6 m

< 0.7eV (95% CL). The addition to a Goldstone boson that decouples well before the QCD phase

of geometrical measurements, like those provided by BAO-transition.

also very robust—brings down this limit t6 m

< 0.2eV

(95% CL). More aggressive analyses can get the bound veey clgs U THOR CONTRIBUTIONS
to the minimum value allowed by oscillation experiments irth

case of inverted hierarchy, but are based on observatioesevh Both authors listed have made a substantial, direct and

control of systematics is more di cult and thus should be &k

intellectual contribution to the work, and approved it for

with caution. It should also be borne in mind that cosmolagic publication.
inferences of neutrino masses are somehow model dependent.
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