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Introduction to cosmology
The Universe originates from a hot Big Bang. 

The primordial plasma in thermodynamic 
equilibrium cools with the expansion of the 
Universe. It passes through the phase of 

decoupling, in which the Universe becomes 
transparent to the motion of photons, and the 
phase of recombination, where electrons and 

protons combine into hydrogen atoms. 

The Cosmic Microwave Background (CMB) is the 
radiation coming from the recombination, emitted 

about 13 billion years ago, just 400,000 years after 
the Big Bang. 

The CMB provides an unexcelled probe of the early 
Universe and today it is a black body a temperature 

T=2.726K.



An important tool of research in cosmology is the angular power spectrum of CMB 
temperature anisotropies.

Planck collaboration, 2018

Introduction to CMB



DATA

Cosmological parameters: 
(Ωbh2 , Ωmh2 , h , ns , τ, Σmν )

PARAMETER 
CONSTRAINTS

Theoretical model

Introduction to CMB



● Frequency range of 30GHz to 857GHz;
● Orbit around L2;
● Composed by 2 instruments:

➔ LFI → 1.5 meters telescope; array of 22 differential receivers that measure the 
signal from the sky comparing with a black body at 4.5K.

➔ HFI → array of 52 bolometers cooled to 0.1K.

Planck satellite experiment



We can extract 4 independent angular spectra 
from the CMB:

• Temperature

• Cross Temperature Polarization

• Polarization type E (density fluctuations)

• Polarization type B (gravity waves)

Planck satellite experiment



Planck satellite experiment

Planck 2018, Aghanim et al., arXiv:1807.06209 [astro-ph.CO]



Polarization spectra

The theoretical spectra in light blues are 
computed from the best-fit base-LCDM 
theoretical spectrum fit to the Planck 
TT,TE,EE+lowE+lensing likelihood. 

Residuals with respect to this theoretical 
model are shown in the lower panel in 

each plot.

Planck satellite experiment

Planck 2018, Aghanim et al., 
arXiv:1807.06209 [astro-ph.CO]



CMB constraints

Constraints on parameters of the base-LCDM model from the separate Planck EE, TE, and TT 
high-l spectra combined with low-l polarization (lowE), and, in the case of EE also with BAO, 

compared to the joint result using Planck TT,TE,EE+lowE.

Planck 2018, Aghanim et al., arXiv:1807.06209 [astro-ph.CO]



The precision measurements of the CMB polarization spectra have the potential to constrain 
cosmological parameters to higher accuracy than measurements of the temperature spectra 

because the acoustic peaks are narrower in polarization and unresolved foreground 
contributions at high multipoles are much lower in polarization than in temperature.

2018 Planck results are perfectly in agreement with the standard ΛCDM 
cosmological model.

CMB constraints

Planck 2018, Aghanim et al., arXiv:1807.06209 [astro-ph.CO]



• large dark blue triangle, DES (DES Collaboration arXiv:1712.06209); 
• cyan cross, DR14 LRG (Bautista et al. arXiv:1712.08064); 
• red circle, SDSS quasars (Ata et al. arXiv:1705.06373); 
• orange hexagon, BOSS Lyman-α (du Mas des Bourboux et al. arXiv:1708.02225). 
• The green point with magenta dashed line is the 6dFGS and MGS joint analysis result of 

Carter et al. arXiv:1803.01746. 
All ratios are for the averaged distance DV(z), except for DES and BOSS Lyman-α, where the 
ratio plotted is DM. The grey bands show the 68% and 95% confidence ranges allowed for the 
ratio DV(z)=rdrag by Planck TT,TE,EE+lowE+lensing.

BAO
Acoustic-scale distance measurements 
divided by the corresponding mean 
distance ratio from Planck 
TT,TE,EE+lowE+lensing in the base-
LCDM model. The points, with their 1 error 
bars are as follows: 
• green star, 6dFGS (Beutler et al. 2011, 

MNRAS, 416, 3017);
• magenta square, SDSS MGS (Ross et al. 

2015, MNRAS, 449, 835); 
• red triangles, BOSS DR12 (Alam et al. 2017, 

MNRAS, 470, 2617); 
• small blue circles, WiggleZ (as analysed 

by Kazin et al. 2014, MNRAS, 441, 3524);
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Planck 2018, Aghanim et al., arXiv:1807.06209 [astro-ph.CO]
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However, anomalies and tensions between Planck and other 
cosmological probes are present well above the 3 standard deviations. 
These discrepancies, already hinted in previous Planck data releases, 

have persisted and strengthened despite several years of accurate 
analyses. 

Recently, the Royal Astronomical Society awarded Planck their Group 
Achievement Award with the citation "(Planck) has now ushered in an 
era of tension cosmology.", clearly indicating that these tensions have 

reached such a level of statistical significance that the understanding of 
their physical nature is of utmost importance for modern cosmology. 

If not due to systematics, the current anomalies could represent a crisis 
for the standard cosmological model and their experimental 

confirmation can bring a revolution in our current ideas of the structure 
and evolution of the Universe.
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The most famous anomalies and tensions are:

• H0 with local measurements
• S8 with cosmic shear data
• Alens internal anomaly
• Curvature of the universe

Since the Planck constraints are model dependent, we can 
try to expand the cosmological scenario and see which 
extensions work in solving the tensions between the 
cosmological probes.
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Di Valentino et al. in preparation

The H0 tension

We have two different blocks 
giving estimates of the Hubble 
constant in tension with each 

other:

• CMB: WMAP, Planck, 
ground based telescopes.

• Local measurements and 
Strong lensing: HST, 
SH0ES, H0LiCOW.



Di Valentino et al. Phys.Rev. D93 (2016) no.8, 083527

The H0 value is very important for 
the determination of the total 

neutrino mass, that together with 
the neutrino effective number is a 
quantity the can be constrained by 
the CMB data, in combination with 

other cosmological probes.

In fact, there exist a very important 
negative correlation between the 
Hubble constant and the sum of 

the neutrino masses.
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The H0 tension at more than 3σ
CMB: in this case the cosmological constraints are obtained by assuming a 
cosmological model and are therefore model dependent. Moreover these bounds are 
also affected by the degeneracy between the parameters that induce similar effects on 
the observables. Therefore the Planck constraints can change when modifying the 
assumptions of the underlying cosmological model. 

H0 = 67.27 ± 0.60 Km/s/Mpc in ΛCDM

Local measurements: the 2016 estimate of the Hubble constant is based on the 
combination of three different geometric distance calibrations of Cepheids,

H0 = 73.24 ± 1.74 Km/s/Mpc

Or the 2018 parallax measurements of 7 long-period (> 10 days) Milky Way Cepheids 
using astrometry from spatial scanning of WFC3 on HST.

H0 = 73.48 ± 1.66 Km/s/Mpc

Planck 2018, Aghanim et al., arXiv:1807.06209 [astro-ph.CO]

Riess et al. Astrophys.J. 826, no. 1, 56 (2016)

Riess et al. Astrophys.J. 855, 136 (2018)
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The H0 tension at more than 4σ
CMB:    H0 = 67.27 ± 0.60 Km/s/Mpc in ΛCDM

Local measurements:   H0 = 73.48 ± 1.66 Km/s/Mpc
Planck 2018, Aghanim et al., arXiv:1807.06209 [astro-ph.CO]

Riess et al. Astrophys.J. 855, 136 (2018)

Strong Lensing:    H0 = 72.5 +2.1 -2.3 Km/s/Mpc https://shsuyu.github.io/H0LiCOW/site/

Birrer et al. Mon.Not.Roy.Astron.Soc. 484 (2019) 4726
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Riess et al. arXiv:1903.07603 [astro-ph.CO]

Recently has been improved the H0 measurements using Hubble Space 
Telescope observations of 70 long-period Cepheids in the Large Magellanic 

Cloud. 

The tension becomes of 4.4σ between local measurements of H0 and the 
value predicted from Planck in ΛCDM.

The H0 tension at more than 4σ

https://arxiv.org/abs/1903.07603


Changing the dark energy equation of state w, we are changing the expansion 
rate of the Universe:

w introduces a geometrical degeneracy with the Hubble constant that will be 
unconstrained using the CMB data only, resulting in agreement with Riess+18.

We have in 2018 w = -1.58+0.52-0.41 with H0 > 69.9 km/s/Mpc at 95% cl. 

Planck data prefer a phantom dark energy, with an energy component with w < −1, 
for which the density increases with time in an expanding universe that will end in a 

Big Rip. A phantom dark energy violates the energy condition ρ ≥ |p|, that means that 
the matter could move faster than light and a comoving observer measure a negative 
energy density, and the Hamiltonian could have vacuum instabilities due to a negative 

kinetic energy. 
Anyway, there exist models that expect an effective energy density with a phantom 

equation of state without showing the problems before.

The Dark energy equation of state



When the rate of the weak interaction reactions, which keep neutrinos in 
equilibrium with the primordial plasma, becomes smaller than the expansion 

rate of the Universe, neutrinos decouple at a temperature of about:

After neutrinos decoupling, photons are heated by electrons-positrons 
annihilation. After the end of this process, the ratio between the temperatures of 
photons and neutrinos will be fixed, despite the temperature decreases with the 

expansion of the Universe. We expect today a Cosmic Neutrino Background 
(CNB) at a temperature:

With a number density of:
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The Neutrino effective number



The relativistic neutrinos contribute to the present energy density of the Universe:

We can introduce the effective number of relativistic degrees of freedom:

The expected value is Neff = 3.046, if we assume standard electroweak 
interactions and three active massless neutrinos. The 0.046 takes into account 

effects for the non-instantaneous neutrino decoupling and neutrino flavour 
oscillations (Mangano et al. hep-ph/0506164). 

The Neutrino effective number



If we measure a Neff>3.046, we are in presence of extra radiation. 
This extra radiation, essentially, increases the expansion rate H: 

and it decreases the sound 
horizon at recombination,

and the diffusion distance 
(damping scale):

CMB acoustic peaks are 
shifted and smeared 

The Neutrino effective number



The Neutrino effective number

This implies that at the time of 
decoupling the radiation is still a 
subdominant component and the 

gravitational potential is still slowly 
decreasing. 

This shows up as an enhancement 
of the early Integrated Sachs Wolfe 

(ISW) effect that increases the 
CMB perturbation peaks at l ∼ 200.

Archidiacono et al. Adv.High Energy Phys. 2013 (2013) 191047 

Varying Neff changes the time of the matter radiation equivalence: a higher radiation 
content due to the presence of additional relativistic species leads to a delay in zeq:



The Neutrino effective number
If we compare the Planck 2015 constraint on 
Neff at 68% cl

with the new Planck 2018 bound, 

we see that the neutrino effective number is 
now very well constrained. 
The main reason for this good accuracy is 
due to the lack of the early integrated Sachs 
Wolfe effect in polarization data. The 
inclusion of polarization helps in determining 
the amplitude of the eISW and Neff. H0 
passes from 68.0 ± 2.8 Km/s/Mpc (2015) to 
66.4 ± 1.4 Km/s/Mpc (2018), and the tension 
with Riess+18 increases from 1.7σ to 3.2σ 
also varying Neff. 

Planck collaboration, 2015

Planck collaboration, 2018



Τhe S8 tension at about 2.4 sigma level is present between the Planck 
data in the ΛCDM scenario and the cosmic shear data.

S8 tension



Joudaki et al, arXiv:1601.05786

Τhe S8 tension at about 2.4 sigma level is present between the Planck 
data in the ΛCDM scenario and the cosmic shear data from the 

CFHTLenS survey and KiDS-450.

Hildebrandt et al., arXiv:1606.05338. 

S8 tension

http://lanl.arxiv.org/abs/1601.05786


While there is no tension with DES galaxy lensing, a tension at about 2.5 sigma level is 
present for the DES results that include galaxy clustering.

Planck 2018, Aghanim et al., arXiv:1807.06209 [astro-ph.CO]

S8 tension



If the total neutrino mass is of the order of 1 eV, neutrinos are 
radiation at the time of equality, and non-relativistic matter today. 

We expect the transition to the non-relativistic regime after the time of 
the photon decoupling.

When neutrinos are relativistic, will contribute to the radiation content 
of the universe, through the effective number of relativistic degrees of 
freedom Neff.

When they become non-relativistic, will only cluster at scales larger 
than their free streaming scale, suppressing therefore structure 
formation at small scales, and affecting the large scale structures.

Sum of active neutrino masses



Because the shape of the CMB spectrum is related mainly to the physical 
evolution before recombination, the effect of the neutrino mass, can 
appear through a modified background evolution and some secondary 
anisotropy corrections. 

Varying their total mass we vary: 

The redshift of the matter-to-radiation equality zeq; 

The amount of matter density today.

Sum of active neutrino masses



The impact on the CMB will be: 
● The changing of the position and amplitude of the peaks; 
● The slope of the low-l tail of the spectrum, due to the late ISW effect; 
● The damping of the high-l tail, due to the lensing effect.

Sum of active neutrino masses



Sum of active neutrino masses
Σmν=0 eV

Σmν=0.3 eV

Σmν=0.6 eV

Σmν=0.9 eV



The shape of the matter power spectrum is the key observable for 
constraining the neutrino masses with cosmological methods. 

This is defined as the two-point correlation function of the non-
relativistic matter fluctuation in Fourier space: 

Sum of active neutrino masses



Imposing a flat Universe

Σmν=0 eV

Σmν=0.3 eV

Σmν=0.6 eV

Σmν=0.9 eV

Sum of active neutrino masses



Total neutrino mass
Planck 2018, Aghanim et al., arXiv:1807.06209 [astro-ph.CO]

From Planck 2018 we have a very important upper limit on the total neutrino mass.
However, the inclusion of additional low redshift probes is mandatory in order to 

sharpen the CMB neutrino bounds.



Total neutrino mass
Planck 2018, Aghanim et al., arXiv:1807.06209 [astro-ph.CO]

The most stringent bound is obtained when adding the BAO data that are 
directly sensitive to the free-streaming nature of neutrinos. 

Moreover, the geometrical information they provide helps breaking 
degeneracies among cosmological parameters.



When varying also Neff, the bounds on the total neutrino mass doesn’t change and 
the neutrino effective number is totally consistent with its standard value 3.046. The 
bounds remain very close to the bounds we have in 7-parameter models, showing 

that the data clearly differentiate between the physical effects generated by the 
addition of these two parameters.

Anyway, there is still the possibility to have some relic components.

CMB constraints on the neutrino 
effective number and the total 

neutrino mass

Planck 2018, Aghanim et al., arXiv:1807.06209 [astro-ph.CO]



The sterile neutrino

Thermally distributed

The main candidate is a sterile neutrino. 
With the CMB we can only constrain the effective sterile neutrino mass, but fixing the 

model, we can infer also the physical mass of the particle. 
The relationship between Neff and meff is model dependent.

Produced via the mechanism described by 
Dodelson & Widrow, 1994, PRL, 72,17.

For low ΔNeff the physical mass can therefore become large and in that case the 
particles behave as cold dark matter.

For this reason in Planck are excluded all the sterile neutrino mass <10eV.



The sterile neutrino

The physical mass for thermally-produced sterile neutrinos is constant along the grey 
lines labelled by the mass in eV, while the equivalent result for sterile neutrinos 

produced via the Dodelson-Widrow mechanism is shown by the adjacent thinner 
lines. The dark grey shaded region shows the part of parameter space excluded by 

the default prior mthermal sterile < 10 eV.

Contribution 
of the sterile 
neutrino 
when it is 
massless.

Contribution of 
the sterile 
neutrino when it 
is massive.

Planck 2018, Aghanim et al., 
arXiv:1807.06209 [astro-ph.CO]



The sterile neutrino

Contribution 
of the sterile 
neutrino 
when it is 
massless.

Contribution of 
the sterile 
neutrino when it 
is massive.

Planck 2018, Aghanim et al., 
arXiv:1807.06209 [astro-ph.CO]

One thermalized sterile neutrino with ΔNeff = 1 is excluded at about 6σ irrespective of its 
mass. The presence of a light thermalized sterile neutrino is in strong contradiction with 
cosmological data, and that the production of sterile neutrinos possibly explaining the 
neutrino short baseline (SBL) anomaly would need to be suppressed by some non-
standard interactions (Archidiacono et al. 2016, JCAP, 1608, 067; Chu et al. 2015, JCAP, 1510, 011), low-

temperature reheating (de Salas et al. 2015, Phys. Rev., D92, 123534), or another special mechanism.



The S8 tension

Di Valentino and Bridle, Symmetry 10 (2018) no.11, 585 

The CMB and cosmic shear datasets, in 
tension in the standard LCDM model, are 
still in tension adding massive neutrinos.

In fact, adding the massive neutrinos 
there is a shift towards lower values of 

the clustering parameter σ8, but the 
direction of the degeneracy is parallel to 
the bounds from the cosmic shear data.



The CMB and cosmic shear datasets, in 
tension in the standard LCDM model, are 
still in tension adding massive neutrinos.

When the total neutrino mass is varying, 
we see a shift of the S8 parameter not 
only for the Planck bounds, but also for 
the cosmic shear ones, so the tension is 

the same as in the LCDM model.

A possibility for relieving the tension is 
the inclusion of the additional scaling 

parameter on the CMB lensing amplitude 
Alens. We find that this can put in 

agreement the Planck 2015 with the 
cosmic shear data. 

The S8 tension

Di Valentino and Bridle, Symmetry 10 (2018) no.11, 585 



9,6,3,1,0=LA

The lensing amplitude 

The gravitational effects of 
intervening dark matter 

fluctuations bend the path of 
CMB light on its way from 
the early universe to the 
Planck telescope. This 
“gravitational lensing” 

distorts our image of the 
CMB.

The lensing amplitude AL parameterizes the rescaling of the 
lensing potential ϕ(n), then the power spectrum of the 

lensing field: 

The gravitational lensing deflects the photon path by a 
quantity defined by the gradient of the lensing potential ϕ(n), 

integrated along the line of sight n, remapping the 
temperature field. 



The CMB lensing 

A simulated patch of CMB sky – before dark matter lensing



The CMB lensing 

A simulated patch of CMB sky – after dark matter lensing



Its effect on the power spectrum is the 
smoothing of the acoustic peaks, 

increasing AL. 

Interesting consistency checks is if the 
amplitude of the smoothing effect in the

CMB power spectra matches the 
theoretical expectation AL = 1 and 

whether the amplitude of the 
smoothing is consistent with that 

measured by the lensing 
reconstruction.

If AL =1 then the theory is correct, 
otherwise we have a new physics or 

systematics.
Calabrese et al., Phys. Rev. D, 77, 123531

9,6,3,1,0=LA

The lensing amplitude 



Planck 2018, Aghanim et al., arXiv:1807.06209 [astro-ph.CO]

The lensing amplitude 

The Planck lensing-reconstruction power
spectrum is consistent with the amplitude 

expected for LCDM models that fit the 
CMB spectra, so the Planck lensing 

measurement is compatible with AL = 1.

However, the distributions of AL inferred 
from the CMB power spectra alone 

indicate a preference for AL > 1. 

The joint combined likelihood shifts the 
value preferred by the TT data 

downwards towards AL = 1, but the error 
also shrinks, increasing the significance 

of AL> 1 to 2.8σ.

The preference for high AL is not just a 
volume effect in the full parameter 

space, with the best fit improved by 
Δχ2~9 when adding AL for TT+lowE and 

10 for TTTEEE+lowE.



CMB lensing-potential power spectrum, as measured by Planck. The solid line 
shows the best CDM fit to the conservative points alone, and the dot-dashed line 

shows the prediction from the best fit to the Planck CMB power spectra alone. The 
dashed line shows the prediction from the best fit to the CMB power spectra when 
the lensing amplitude AL is also varied (AL = 1.19 for the best-fit model), and this is 
clearly inconsistent with the lensing reconstruction, since it lies above almost all of 

the measured data points.

Lensing reconstruction
Planck 2018, Aghanim et al., arXiv:1807.06209 [astro-ph.CO]



Massive neutrinos

Massive neutrinos practically do not form structure!  

More massive is the neutrino less structure we have -> less CMB lensing.



The Planck data shows a preference for Alens>1 and the reason is unknown: 
systematics or new physics? 

In any case, to be conservative, we need to take into account this wrong amount of 
lensing for constraining those parameters that modify the damping tail.

For example, when Alens is free to vary, because of their correlation, the bounds on the 
total neutrino mass are strongly weakened, up to a factor of ∼2.

As a consequence, in these cases there is no more the preference for the normal 
ordering we have in the LCDM scenario. 

AL affects the total neutrino mass constraints

Capozzi et al., Phys. Rev. D 95, 096014 (2017), arXiv:1703.04471



Addison et al., Astrophys.J. 818 (2016) no.2, 132

Marginalized 68.3% confidence ΛCDM parameter constraints from fits to the l < 1000 
and l ≥ 1000 Planck TT 2015 spectra, fixing τ at different values. Tension at the > 2σ 

level is apparent in Ωch2 and derived parameters, including H0, Ωm, and σ8.

Internal inconsistency



Addison et al., Astrophys.J. 818 (2016) no.2, 132

Internal inconsistency solved with AL

Marginalized 68.3% confidence ΛCDM parameter constraints from fits to the l < 1000 
and l ≥ 1000 Planck TT 2015 spectra, fixing AL at different values. Increasing AL 

smooths out the high order acoustic peaks, improving the agreement between the two 
multipole ranges. 



Planck 2018, Aghanim et al., arXiv:1807.06209 [astro-ph.CO]

Internal inconsistency 2018

LCDM 68% marginalized parameter constraints for l=[2-801] (points marked with a 
cross), l>802 (points marked with a circle), and l>802 + lensing (points marked with a 

star). Correcting for the lensing, all the results from high multipoles are in better 
consistency with the results from lower multipoles. 

Dotted error bars are the results from l=[30-801], without the large-scaleTT likelihood, 
showing that l< 30 pulls the low-multipole parameters further from the joint result.



The ΛCDM model assumes that the universe is specially flat. The combination of the 
Planck temperature and polarization power spectra give

a detection of curvature at well over 2σ. 
This is not entirely a volume effect, since the best-fit Δχ2 changes by -11 compared to 

base ΛCDM when adding the one additional curvature parameter. 
The reasons for the pull towards negative values of ΩK are essentially the same as 

those that lead to the preference for AL > 1, although slightly exacerbated in the case of 
curvature, since the low multipoles also fit the low-temperature likelihood slightly better 

if ΩK < 0. 
Closed models predict substantially higher lensing amplitudes than in ΛCDM, so 

combining with the lensing reconstruction (which is consistent with a flat model) pulls 
parameters back into consistency with a spatially flat universe to well within 2σ:

Curvature

Planck 2018, Aghanim et al., arXiv:1807.06209 [astro-ph.CO]



Curvature

Αdding BAO data, filled contours, convincingly breaks the geometric degeneracy giving 
a joint constraint very consistent with a flat universe.

Planck 2018, Aghanim et al., arXiv:1807.06209 [astro-ph.CO]
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What happens if we vary all the parameters together?



In the past twenty years, measurements of the CMB anisotropy angular power 
spectrum have witnessed one of the most impressive technological advances in 

experimental physics. 

Following the first detection of CMB temperature anisotropies at large angular scales by 
the COBE satellite in 1992, passing through balloon-borne experiments such as 

BOOMERanG, MAXIMA, the WMAP satellite, and ground-based experiments as DASI, 
ACT and SPT, we have now a cosmic-variance limited measurements made by the 

Planck experiment.
Despite this impressive progress on the experimental side, the constraints on 

cosmological parameters are still presented under the assumption of a simple ΛCDM 
model, based on the variation of just 6 cosmological parameters. 

While this model still provides a good fit to the data, it is the same model used, for 
example, in the analysis of the BOOMERanG 1998 data, i.e. twenty years ago. 

While this ”minimal” approach is justified by the good fit to the data that the ΛCDM 
provides, some of the assumptions or simplifications made in the 6 parameters 

approach are indeed not anymore fully justified and risk an oversimplification of the 
physics that drives the evolution of the Universe.

Measuring the CMB 



Beyond six parameters: extending ΛCDM  

• The total neutrino mass is fixed arbitrary to 0.06eV. However, we know that neutrinos must 
have masses and that current cosmological datasets are sensitive to variations in the 
absolute neutrino mass scale of order ∼ 100 meV. 

• The cosmological constant offers difficulties in any theoretical interpretation. Therefore it 
seems reasonable to incorporate in the analysis a possible dynamical dark energy 
component. This is certainly plausible, and indeed fixing the dark energy equation of state 
to −1 is not favoured by any theoretical argument. Moreover, while both matter and radiation 
evolve rapidly, Lambda is assumed not to change with time, so its recent appearance in the 
standard cosmological model implies an extreme fine-tuning of initial conditions. This fine-
tuning is known as the coincidence problem.

• Most inflationary models predict a sizable contribution of gravitational waves. Given the 
progress made in the search for B-mode polarization, it is an opportune moment to allow 
any such contribution to be directly constrained by the data, without assuming a null 
contribution as in the 6-parameter model. 

• A similar argument can be made for the running of the scalar spectral index. 

• The effective number of relativistic degrees of freedom could be easily different from the 
standard expected value of 3.046. 

• We need to take into account the anomalous value for the lensing amplitude Alens. While 
this parameter is purely phenomenological, one should clearly consider it and check if the 
cosmology obtained is consistent with other datasets. 



Beyond six parameters: extending ΛCDM  

Cosmological constraints are usually derived under the assumption 
of a 6 parameters ΛCDM theoretical framework or simple one-

parameter extensions.  
In Di Valentino, Melchiorri and Silk, Phys.Rev. D92 (2015) no.12, 121302, arXiv:1507.06646 we 

presented, for the first time, cosmological constraints in a 
significantly extended scenario, varying up to 12 cosmological 

parameters simultaneously, including: 

• the sum of neutrino masses,  

• the dark energy equation of state,  

• the gravitational waves background, 

• the running of the spectral index of primordial perturbations, 

• the neutrino effective number, 

• the angular power spectrum lensing amplitude, Alens.  

http://arxiv.org/abs/arXiv:1507.06646


Beyond six parameters: extending ΛCDM  

Di Valentino, Melchiorri and Silk, Phys.Rev. D92 (2015) no.12, 121302, arXiv:1507.06646

In this Table we show for comparison the constraints obtained assuming the standard, 6 
parameters in ΛCDM, and in our extended 12 parameters space.

6 parameters in ΛCDM

12 parameters space

Constraints at 95% cl.

http://arxiv.org/abs/arXiv:1507.06646


Beyond six parameters: extending ΛCDM  

Di Valentino, Melchiorri and Silk, Phys.Rev. D92 (2015) no.12, 121302, arXiv:1507.06646

The significant increase in the number of parameters produces, as expected, a 
relaxation in the constraints on the 6 ΛCDM parameters. We find impressive that 

despite the increase in the number of the parameters, some of the constraints on key 
parameters are relaxed but not significantly altered. The cold dark matter ansatz 

remains robust and the baryon density is compatible with BBN predictions. 
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Beyond six parameters: extending ΛCDM  

We find a relaxed value for the Hubble constant, with respect to the one derived under 
the assumption of ΛCDM. The main reason for this relaxation is the inclusion in the 

analysis of the dark energy equation of state w, that introduces a geometrical 
degeneracy with the matter density and the Hubble constant. In this way, we can solve 

the existing tensions with the direct measurements.
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Beyond six parameters: extending ΛCDM  

We find a relaxed and lower value for the clustering parameter, respect to the one 
derived under the assumption of ΛCDM.
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Beyond six parameters: extending ΛCDM  

In this way, we can solve the existing S8 tensions at 2.4σ with the CFHTlenS and 
KiDS-450 cosmic shear surveys. 
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Beyond six parameters: extending ΛCDM  

The only notable exception is the angular power spectrum lensing amplitude, Alens that 
is larger than the expected value at more than two standard deviations even when 

combining the Planck data with BAO and supernovae type Ia external datasets. 
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Beyond six parameters: extending ΛCDM  

We see no evidence for ”new physics”: we just have (weaker) upper limits on the 
neutrino mass, the running of the spectral index is compatible with zero, the dark 

energy equation of state is compatible with w = −1, and the neutrino effective number 
is remarkably close to the standard value Neff = 3.046. 
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Towards a new concordance model 

Since now datasets are fully compatible, we combined the Planck data with R16 
(H0=73.24 +/- 1.74 Km/s/Mpc), and we found a phantom-like dark energy component 
with an equation of state w<−1 at about two standard deviations. On the other hand, 

the neutrino effective number is fully compatible with standard expectations. 
Di Valentino, Melchiorri and Silk, Phys.Lett. B761 (2016) 242-246, arXiv:1606.00634
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Conclusions:
2018 Planck results are perfectly in agreement with the standard ΛCDM 

cosmological model.
However, anomalies and tensions between Planck and other cosmological probes 
are present well above the 3 standard deviations that can bias the cosmological 

constraints. 
Probably small, unresolved systematics can be easily present in all the datasets.

If we perform a combined analysis of Planck and R16 in an extended parameter 
space, varying simultaneously 12 cosmological parameters, since in this scenario 

a higher value of H0 is naturally allowed, we found that the tension is reduced 
with Neff in very good agreement with the standard expectations, H0 = 73.5 ± 2.9 

km/s/Mpc at 68% c.l., and w<-1 at about 2 sigma. Moreover, this extended 
scenario is also fully compatible with cosmic shear data.

We still don’t have a new concordance model, but we can consider the very 
extended scenario as the more conservative one for deriving the cosmological 

constraints.

The new generation of experiments will be decisive in solving all these issues.
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