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A brief history of the Universe
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94% of photons
travel from the CMB to us 
without scattering*

6% scatter with matter

*path slightly deflected
by gravitational lensing



Neutrinos have mass!
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Cosmic neutrinos?

Neutrino fluxes
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Neutrino thermal equilibrium
★ In a gaseous ensemble of atoms or molecules, thermal equilibrium is 

obtained when the state of the system (# particles at a given energy) 
does not change with time

★ In an expanding universe the temperature is constantly changing and to 
be in equilibrium particles must adjust the energy faster than the time it 
takes to change the temperature, i.e. the interaction rate must be faster 
than the expansion rate of the universe:

★ Neutrinos interact only weakly

★ Interactions with nucleons were negligible when 1 MeV ≤ Tγ≤ 100 MeV 
since the number density of nucleons was << density of relativistic e+e-

★ Interaction rate is Γint~GF
2T5:

‣ at small energies compared to the W mass, the cross section is ~ GFE2

‣ the energy is of the order of the temperature T (relativistic particles)

‣ the number density of relativistic particles is of the order of  T3

�int > H(t)
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Neutrino thermal equilibrium 
★ The expansion rate (radiation dominated universe ρ~T4) is H~Tγ2/MPl

★ The condition for thermal equilibrium: 

★ requires that T≥ 1 MeV (corresponding to t≤1 sec) for MPl=1.2x1019 GeV

★ This coincides with the temperature where light element synthesis occur: 
observation of light elements abundances provide important information 
on v’s as well

★ It also means that neutrino decouple at a temperature slightly higher than 
the electron mass me, so that when e+e- annihilation occurs at T~me/3 the 
Tν is not affected, while Tϒ is heated by a factor (11/4)1/3, since e+e- 

became non-relativistic and their entropy is transferred to photons, so 
that:

★ This prediction is not yet been checked experimentally

T v�dec
� � (MPlG

2
F )�1/3 � 1 MeV

E. Bernardini
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Temperature evolution
★ Since ν’s were relativistic at the point of decoupling, the neutrinos 

temperature after decoupling evolves in time as Tν~R-1

★ Same applies to the photon temperature after e+e- annihilation so 
that the previous ratio is maintained today

★ Therefore, from the measured temperature of the CMBR, we can 
infer the neutrino temperature today:

★ Similarly, it is possible to relate the number density of neutrinos to 
photons’ based on entropy conservation arguments, finding that for 
each neutrino flavor, we have:

★ Inserting today’s measured number density of photons in the CMBR, 
we find:

T 0
⇥ =

� 4
11

⇥1/3
T 0

� = (1.945± 0.001) oK = (1.676± 0.001)� 10�4 eV

n⇥̄ + n⇥ = 3/11� n�

n0
�̄ + n0

� � 112 cm�3

Cosmological data

★ Even though BBN provides interesting bounds on neutrino physics, 
observations of the late-time universe has provided very strong 
constraints on cosmological parameters and neutrino physics too

★ In particular neutrinos affect the growth of cosmic clustering and this 
clustering can be accurately measured combining data from:

‣ Large Scale Structures (LSS)

‣ Cosmic Microwave Background (CMB)

‣ The baryon acoustic peak (BAO)

‣ The Lyman-α forest

‣ Type Ia supernova

E. Bernardini



Cosmic microwave background 
(CMB)
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Planck Satellite (2018)

“primary fluctuations”

Not enough information
from the CMB alone!

Need CMB + low-redshift
tracer of matter



CMB lensing

Simone Ferraro (Berkeley)

11

Paths of CMB photons deflected by matter à create statistical anisotropy
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Paths of CMB photons deflected by matter à create statistical anisotropy
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Paths of CMB photons deflected by matter à create statistical anisotropy
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Large Scale Structures (LSS)
★ The Sloan Digital Sky Survey (SDSS) has 

observed almost 1 million galaxies and 
measured the red-shifts, which results in 
the most detailed map of the Universe

★ Another important survey is the 2dFGRS 
(2 degrees Field Galaxy Redshift Survey)

★ The analysis of large scale structures (comparison of models to 
observational data by constructing the power spectrum of density 
fluctuation P(k), i.e. the variance of the fluctuations in Fourier 
space) allows to study the properties of dark matter and the 
spectrum of primordial density fluctuations and in particular to 
put more stringent bounds on the neutrino mass

SDSS Galaxy map

E. Bernardini
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The Lyman-α forest
★ Lyman-α forest: absorption lines in the spectrum of distant quasars 

due to intermediate hydrogen clouds which absorb the Lyman-α line 
(λα=1215.67 Å)

★ If the quasar is at redshift zq, the Lyman -α emission line has observed 
wavelength λαq=(1+zq)λα

★ Since the absorption clouds are at different redshifts, smaller than zq, 
it is common to observe a “forest” of absorption lines, below the 
Lyman -α emission line of the quasar

★ From the characteristics of the absorption lines it is possible to infer 
the power spectrum of density fluctuations for relatively small λ 

E. Bernardini
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Global fits of cosmological data
★ It is assumed that galaxies 

trace dark matter up to a 
constant factor b (the “bias”) 
which implies that the galaxy 
power spectrum Pg(k) is 
related to the dark matter 
power spectrum PDM(k) by:

★ The bias is extracted from 
fits to the data in the 
framework of specific 
cosmological models

pg(k) = b2PDM (k)

hep-ph/0503257

E. Bernardini
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The small-scale matter power spectrum, k>kfs, is reduced in presence of massive neutrinos: 
On larger scales νs cluster in the same way as cold dark matter 
Free-streaming νs do not cluster  
The growth rate of CDM and baryon fluctuations is reduced

6

release [39, 90] are included. We consider a combina-
tion of the high-` (30  `  2508) TT likelihood, as
well as the low-` (2  `  29) TT likelihood based on
the CMB maps recovered with Commander: we refer to
this combination as PlanckTT . We furthermore include
the Planck polarization data in the low-` (2  `  29)
likelihood, referring to it as lowP . Our baseline model,
consisting of a combination of PlanckTT and lowP, is
referred to as base .

In addition to the above, we also consider the high-`
(30  `  1996) EE and TE likelihood, which we refer
to as highP . In order to ease the comparison of our re-
sults to those previously presented in the literature, we
shall add high-` polarization measurements to our base-
line model separately, referring to the combination of base
and highP as basepol . Due to possible residual system-
atics in the datasets, which are still being analyzed by
the Planck collaboration, the results obtained here with
the inclusion of high-` polarization measurements should
be regarded as less conservative and thus should be in-
terpreted with more caution. For the purpose of clarity,
we have summarized our nomenclature of datasets and
their combinations in Tab. II.

All the measurements described above are analyzed by
means of the publicly available Planck likelihoods [91]. 5

When considering a prior on the optical depth to reion-
ization ⌧ we shall only consider the TT likelihood in
the multipole range 2  `  29. We do so for avoid-
ing double-counting of information, see Sec. III E. Of
course, these likelihoods depend also on a number of nui-
sance parameters, which should be (and are) marginal-
ized over. These nuisance parameters describe, for in-
stance, residual foreground contamination, calibration,
and beam-leakage (see Refs. [39, 91]).

CMB measurements have been complemented with ad-
ditional probes which will help breaking the parameter
degeneracies discussed. These additional datasets in-
clude large-scale structure probes and direct measure-
ments of the Hubble parameter, and will be described in
what follows. We make the conservative choice of not
including lensing potential measurements, despite mea-
suring M⌫ via lensing potential reconstruction is the ex-
pected target of the next-generation CMB experiments.
This choice is dictated by the observation that lensing
potential measurements via reconstruction through the
temperature 4-point function are known to be in tension
with the lensing amplitude as constrained by the CMB
power spectra through the Alens parameter [39] (see also
[92–95] for relevant work).

B. Galaxy power spectrum

Once CMB data is used to fix the other cosmological
parameters, the galaxy power spectrum could in princi-

5 www.cosmos.esa.int/web/planck/pla

ple be the most sensitive cosmological probe of massive
neutrinos among those exploited here. Sub-eV neutri-
nos behave as a hot dark matter component with large
thermal velocities, clustering only on scales below the
neutrino free-streaming wavenumber kfs [24, 26]:

kfs ' 0.018 ⌦1/2
m

✓
M⌫

1eV

◆1/2

h Mpc�1 . (10)

On scales below the free-streaming scale (or, correspond-
ingly, for wavenumbers larger than the free-streaming
wavenumber), neutrinos cannot cluster as their thermal
velocity exceeds the escape velocity of the gravitational
potentials on those scales. Conversely, on scales well
above the free-streaming scale, neutrinos behave as cold
dark matter after the transition to the non-relativistic
regime. Massive neutrinos leave their imprint on the
galaxy power spectrum in several di↵erent ways:

• For wavenumbers k > kfs, the power spectrum in
the linear perturbation regime is subject to a scale-
independent reduction by a factor of (1 � f⌫)2,
where f⌫ ⌘ ⌦⌫/⌦m is defined as the ratio of the
energy content in neutrinos to that in matter [26].

• In addition, the power-spectrum for wavenumbers
k > kfs is further subject to a scale-dependent step-
like suppression, starting at kfs and saturating at
k ⇠ 1 h Mpc�1. This suppression is due to the ab-
sence of neutrino perturbations in the total matter
power spectrum, ultimately due to the fact that
neutrinos do not cluster on scales k > kfs. At
k ⇠ 1 h Mpc�1, the suppression reaches a con-
stant amplitude of �P (k)/P (k) ' �10f⌫ [26] (the
amplitude of the suppression is independent of red-
shift, however see the point below).

• The growth rate of the dark matter perturbations
is reduced from � / a to � / a1�

3
5 f⌫ , due to the

absence of gravitational back-reaction e↵ects from
free-streaming neutrinos. The redshift dependence
of this suppression implies that this e↵ect could be
disentangled from that of a similar suppression in
the primordial power spectrum by measuring the
galaxy power spectrum at several redshifts, which
amounts to measuring the time-dependence of the
neutrino mass e↵ect [26].

• On very large scales (10�3 < k < 10�2), the mat-
ter power spectrum is enhanced by the presence of
massive neutrinos [96].

• As in the case of the EISW e↵ect in the CMB,
the step-like suppression in the matter power spec-
trum carries a non-trivial dependence on the indi-
vidual neutrino masses, as it depends on the time
of the transition to the non-relativistic regime for

each neutrino mass eigenstate [30, 33] (kfs / m
1/2
⌫i ),

and thus is in principle extremely sensitive to the
neutrino mass hierarchy. However, the e↵ect is very

Power suppression 
at small scales

Neutrino mass effect on LSS

Cosmological data: galaxy power spectrum

Modelling of data within likelihood:

Pg
meas(ki ) =

X

j

W (ki , kj)P
g
true(kj)

Power on small scales is a↵ected by free-streaming of neutrinos:

�P(k)

P(k)
⇠ �8f⌫
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6 1. Neutrinos in Cosmology

1.2.3. Effect of
∑

mν on the CMB: Neutrino eigenstates with a mass mi ≪ 0.57eV
become non-relativistic after photon decoupling. They contribute to the non-relativistic
matter budget today, but not at the time of equality or recombination. If we increase the
neutrino mass while keeping fixed the density of baryons and dark matter (ωb and ωc),
the early cosmological evolution remains fixed and independent of the neutrino mass,
until the time of the non-relativistic transition. Thus one might expect that the CMB
temperature and polarisation power spectra are left invariant. This is not true for four
reasons.

First, the neutrino density enhances the total non-relativistic density at late times,
ωm = ωb + ωc + ων , where ων ≡ Ωνh2 is given as a function of the total mass

∑

mν by
Eq. (1.2). The late background evolution impacts the CMB spectrum through the relation
between scales on the last scattering surface and angles on the sky, and through the
late Integrated Sachs-Wolfe (ISW) effect. These two effects depend respectively on the
angular diameter distance to recombination, dA(zrec), and on the redshift of matter-to-Λ
equality. Increasing

∑

mν tends to modify these two quantities. By playing with h and
ΩΛ, it is possible to keep one of them fixed, but not both at the same time. Since the
CMB measures the angular scale of acoustic oscillations with exquisite precision, and
is only loosely sensitive to the late ISW effect due to cosmic variance, we choose in
Fig. 1.2 to play with the Hubble parameter in order to maintain a fixed scale dA(zrec).
With such a choice, an increase in neutrino mass comes together with a decrease in the
late ISW effect explaining the depletion of the CMB spectrum for l ≤ 20. The fact that
both

∑

mν and h enter the expression of dA(zrec) implies that measurements of the
neutrino mass from CMB data are strongly correlated with h. Second, the non-relativistic
transition of neutrinos affects the total pressure-to-density ratio of the universe, and
causes a small variation of the metric fluctuations. If this transition takes place not too
long after photon decoupling, this variation is observable through the early ISW effect
[13,14,4]. It is responsible for the dip seen in Fig. 1.2 for 20 ≤ ℓ ≤ 200. Third, when
the neutrino mass is higher, the CMB spectrum is less affected by the weak lensing effect
induced by the large-scale structure at small redshift. This is due to a decrease in the
matter power spectrum described in the next paragraphs. This reduced lensing effect is
responsible for most of the oscillatory patterns visible in Fig. 1.2 (left plot) for ℓ ≥ 200.
Fourth, the neutrinos with the smallest momenta start to be non-relativistic earlier than
the average ones. The photon perturbation feel this through their gravitational coupling
with neutrinos. This leads to a small enhancement of CTT

l for ℓ ≥ 500, hardly visible on
Fig. 1.2 because it is balanced by the lensing effect.

1.2.4. Effect of
∑

mν on the matter spectrum: The physical effect of neutrinos on
the matter power spectrum is related to their velocity dispersion. Neutrinos free-stream
over large distances without falling into small potential wells. The free-streaming scale is
roughly defined as the distance travel by neutrinos over a Hubble time scale tH = (a/ȧ),
and approximates the scale below which neutrinos remain very smooth. On larger scales,
they cluster in the same way as cold dark matter. The power spectrum of total matter
fluctuations, related to the squared fluctuation δ2tot, gets a negligible contribution from
the neutrino component on small scales, and is reduced by a factor (1 − 2fν), where
fν = ων/ωm. Additionally, on scales below the free-streaming scale, the growth of
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+ non-linear calculations: additional suppression at large k
    see Villaescusa-Navarro et al. 2013

= 0.5%

à 4% suppression minimum!
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CMB
probes this
range

Compare CMB to LSS amplitudes and look for a suppression!
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Dataset a (68% C.L.) c (68% C.L.) d (68% C.L.) M⌫ [eV] (95% C.L.)
CMB ⌘ PlanckTT+lowP < 0.72 [< 0.77]

CMB+Cg
` 1.45± 0.19 2.59± 1.22 0.06

1.50± 0.21 2.97± 1.42 < 0.72 [< 0.77]
CMB+Pgg(k) 1.97± 0.05 �13.76± 4.61 0.06

1.98± 0.08 �14.03± 4.68 < 0.22 [< 0.24]
CMB+Pgg(k)+Cg

` 1.95± 0.05 0.45± 0.87 �13.90± 4.17 0.06

1.95± 0.07 0.48± 0.90 �14.13± 4.02 < 0.19 [< 0.22]

TABLE I: Constraints on the bias parameters a, c, and d, as well as the sum of the three active neutrino masses M⌫ . The
bounds on M⌫ not in square brackets have been obtained imposing a lower bound of M⌫ > 0 eV, i.e. only making use
of cosmological data, whereas the ones in square brackets have been obtained imposing the lower bound set by neutrino
oscillations of M⌫ > 0.06 eV. The CMB dataset denotes measurements of the CMB temperature and large-scale polarization
anisotropy from the Planck satellite 2015 data release. Measurements of the angular cross-power spectrum between CMB
lensing convergence maps from the Planck 2015 data release and galaxies from BOSS DR11 CMASS sample [Cg

` ], as well as
the galaxy power spectrum measured from BOSS DR12 CMASS sample [Pgg(k)], are then added. Rows featuring the symbol
0.06 were obtained fixing the sum of the neutrino masses M⌫ to the minimum value allowed by oscillation data, 0.06 eV.

FIG. 1: One-dimensional marginalized posterior for M⌫ ob-
tained with the baseline CMB dataset (CMB tempera-
ture and large-scale polarization anisotropy, black line), in
combination with the Pgg(k) dataset (galaxy power spec-
trum from the DR12 CMASS sample, blue line), with
the Cg

` dataset (CMB lensing-galaxy overdensity cross-
correlation angular power spectrum, green line), and with
both Pgg(k) and Cg

` (magenta line). We also show the pos-
terior obtained in [10] for the CMB+Pgg(k) dataset with a
scale-independent treatment of the bias (red line).

chini, E. Castorina, E. Sefusatti and S. Saito, JCAP
1403 (2014) 011 [arXiv:1311.0866 [astro-ph.CO]].

[3] T. Okumura, U. Seljak and V. Desjacques, JCAP 1211

(2012) 014 [arXiv:1206.4070 [astro-ph.CO]].
[4] N. Hand, U. Seljak, F. Beutler and Z. Vlah, JCAP 1710

(2017) no.10, 009 [arXiv:1706.02362 [astro-ph.CO]].
[5] C. Modi, M. White and Z. Vlah, JCAP 1708 (2017)

no.08, 009 [arXiv:1706.03173 [astro-ph.CO]].

FIG. 2: 68% and 95% CL allowed regions in the combined
two-dimensional planes for the parameters M⌫ , a and d [the
bias parameter d enters the modeling of Pgg(k) as this is an
auto-correlation measurement, see Eqs. (1) and (4)] together
with their one-dimensional posterior probability distributions.
We considered the combination of the CMB data with the
Pgg(k) galaxy power spectrum data (blue contours), with the
further addition of the Cg

` CMB lensing-galaxy overdensity
cross-correlation angular power spectrum (red contours). In
order to compare these two combination of data, we do not
show the parameter c in the plot as it is not present in the
auto-correlation parameterization [Eq. (4)].

[6] Z. Vlah, U. Seljak, T. Okumura and V. Des-
jacques, JCAP 1310 (2013) 053 [arXiv:1308.6294
[astro-ph.CO]].

[7] E. Giusarma, R. de Putter, S. Ho and O. Mena, Phys.
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chini, E. Castorina, E. Sefusatti and S. Saito, JCAP
1403 (2014) 011 [arXiv:1311.0866 [astro-ph.CO]].

[3] T. Okumura, U. Seljak and V. Desjacques, JCAP 1211

(2012) 014 [arXiv:1206.4070 [astro-ph.CO]].
[4] N. Hand, U. Seljak, F. Beutler and Z. Vlah, JCAP 1710

(2017) no.10, 009 [arXiv:1706.02362 [astro-ph.CO]].
[5] C. Modi, M. White and Z. Vlah, JCAP 1708 (2017)

no.08, 009 [arXiv:1706.03173 [astro-ph.CO]].

FIG. 2: 68% and 95% CL allowed regions in the combined
two-dimensional planes for the parameters M⌫ , a and d [the
bias parameter d enters the modeling of Pgg(k) as this is an
auto-correlation measurement, see Eqs. (1) and (4)] together
with their one-dimensional posterior probability distributions.
We considered the combination of the CMB data with the
Pgg(k) galaxy power spectrum data (blue contours), with the
further addition of the Cg

` CMB lensing-galaxy overdensity
cross-correlation angular power spectrum (red contours). In
order to compare these two combination of data, we do not
show the parameter c in the plot as it is not present in the
auto-correlation parameterization [Eq. (4)].

[6] Z. Vlah, U. Seljak, T. Okumura and V. Des-
jacques, JCAP 1310 (2013) 053 [arXiv:1308.6294
[astro-ph.CO]].

[7] E. Giusarma, R. de Putter, S. Ho and O. Mena, Phys.

0.0 0.3 0.6 0.9 1.2 1.5

M⌫ [eV]

0.0

0.2

0.4

0.6

0.8

1.0

P
/P

m
ax

CMB

+Pgg (k) with bauto(k) = a

+Pgg (k) with bauto(k)

+Ckg
`

with bcross (k)

+Pgg (k)+Ckg
`

with bauto(k) and bcross (k)

E.G., S. Vagnozzi, S. Ho et al. 2018, arXiv:1802.08694

Planck TT+lowP+ShapeDR12 
<0.29 eV (Vagnozzi, EG et al, 2017)

Currently best constraint!
(conservative)

We are not that far from the 
minimum mass allowed

eV



What’s next? Large scale 
structure

Simone Ferraro (Berkeley)
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+ 4-MOST, HSC/PFS, HETDEX,
MSE, …

LSST DESI

Also: 21cm (Chime, HIRAX)

WFIRST

EUCLID

SPHEREx



The CMB landscape – state of 
the art

Simone Ferraro (Berkeley)
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Planck satellite 

SPACE GROUND

+ BALLOON experiments
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The CMB landscape – early 2020s

• 10 Countries
• 40+ institutions
• Key LBL participation

Large Aperture Telescope
one 6 meter in diameter

Small Aperture Telescopes
~four 42 cm refractors

Large frequency coverage (30 – 270 GHz)

Fully funded
6-year program
First light in 2021!



Simone Ferraro (Berkeley)
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The CMB landscape – mid-2020s

• CMB S4: next generation ground based experiment
• Factor of ~10 increase in sensitivity

• Multi-agency effort (DOE & NSF)
• LBL/UCB will play a leading role



Can we improve?

¡ Future surveys will measure the amplitude on the sky to better 
than 0.5% (both CMB and LSS)

¡ We are looking for a 4% suppression (or larger)

¡ So, no problem??

¡ Reionization is the limiting factor in getting measuring the 
amplitude from CMB!

Simone Ferraro (Berkeley)
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CMB and reionization

Simone Ferraro (Berkeley)
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~94% of photons
travel from the CMB to us 
without scattering*

~6% scatter with matter

Optical depth 𝜏 = 
fraction of CMB 
photons that
scatter with matter

CMB actually measures 



Current best measurements

Simone Ferraro (Berkeley)
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Planck 2018

Amplitude

known to 1.5% 

Not limited by surveys, but by
knowledge of 𝜏!



Better 𝜏 measurements?
¡ Measure from the large-scale polarization of the CMB. Not 

accessible by the ground à need to go to space!

¡ Current proposed missions:  LiteBird (UCB/LBL + Jaxa), CORE 
(ESA), PICO (NASA)

¡ New ideas?

Simone Ferraro (Berkeley)
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BACKUP

Simone Ferraro (Berkeley)
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Light relics
¡ Each phase transition/annihilation conserve entropy

Simone Ferraro (Berkeley)
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