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PLANCK 2018: TEMPERATURE ANISOTROPIES



PLANCK 2018: POLARIZATION ANISOTROPIES



Planck 2018 TT-spectrum

aaaaaaaa



and ... including polarization
Planck 2018



Baseline LCDM results 2018 
(Planck legacy: Temperature+polarization+CMB lensing)

Mean s [%]

Ωbh2 Baryon density 0.02237 0.00015 0.7

Ωch2 DM density 0.1200 0.0012 1

100θ Acoustic scale 1.04092 0.00031 0.03
t Reion. Optical depth 0.0544 0.0073 13
ln(As 1010) Power 
Spectrum amplitude 3.044 0.014 0.7

ns Scalar spectral index 0.9649 0.0042 0.4
H0 Hubble 67.36 0.54 0.8
Ωm Matter density 0.3153 0.0073 2.3
s8 Matter perturbation 
amplitude 0.8111 0.0060 0.7

• Most parameters 
determined at (sub-) 
percent level!

• Best determined parameter 
is the angular scale of 
sound horizon θ to 0.03%.

• t lower and tighter 
due to HFI data at 
large scales.

• ns is 8s away from scale 
invariance (even in 
extended models, always 
>3s)

• Best (indirect) 0.8%
determination of the 
Hubble constant to date.

credits: S. Galli



The cosmological “standard” model

l

Jim Peebles

From: Dicke, Peebles, Roll & Wlikinson 1965



The remarkable success of ΛCDM

Planck collaboration 2018

Open problems of CDM:

• Too big to fail problem

• Missing satellite problem

• Cusp-core problem



The cosmological standard model (as on September 15th 2020) 
is based upon the following ingredients:

• Homogeneous and Isotropic Friedmann-Lemaître-Robertson-Walker Cosmological 
model

• ΛCDM model within GR: i.e. cold dark matter + cosmological constant + baryons,
radiation, 3 light-mass neutrinos species. This successfully explains the present
content of the Universe, its recent phase of accelerated expansion as well as
cosmic structure formation, consistent with CMB temperature anisotropy +
polarization and LSS data

• Inflation in the early Universe: i.e. a phase of accelerated expansion at very early
times (typically 10-33 seconds after the Big Bang, whether or not the initial
singularity ever took place) to explain the homogeneity and isotropy of the
observable Universe, its negligible spatial curvature and to give rise (by quantum
mechanical effects: vacuum oscillations in expanding Universe) the seeds out of
which density fluctuations (and possibly a stochastic GW background) originated.
These initial seeds then grew by gravitational instability to give rise to the LSS we
observe today and to the entire CMB anisotropy pattern. Inflation also gave rise to
all the matter and radiation in the Universe.



Fundamental problems
• FRLW has been very successful in accounting for observational data. 

But needs to be probed vs. alternative models within a larger class 
of solutions of Einstein’s equations.

• Nature of DM. Problems with WIMPS (no direct experimental 
evidence for physics beyond the standard model of particle 
physics): alternatives? Axions, Fuzzy DM, Fluid DM, Unified Dark 
Matter, Mimetic Matter, …

• Nature of DE à GR vs. Modified Gravity and/or dynamical dark 
energy: strong constraints from GW170817 event (cgw=cγ) , but 
many (?) alternative models still alive.

• Which Fundamental physics model behind inflation?



How isotropic is our Universe?



From: Saadeh et al. 2016



How homogeneous is our Universe?

Since the homogeneity 
assumption of FLRW 
models is based upon 
isotropy around all 
comoving observers (at 
the same cosmic epoch), 
we could attempt at 
testing violation of 
homogeneity by testing 
violation of isotropy for 
remote “observers” …
within our past light-cone.
See e.g. Jimenez, 
Maartens et al. 2019 
(using polarization drift)



Conflicting results of the standard 
cosmological model

• Hubble constant controversy: CMB yields 
systematically lower values for H0 compared 
to local measurements (systematics or new 
physics?). Recent measurements using 
calibration from Red Giant branch reduces the 
tension (Freedman et al. 2019).

• Weak gravitational lensing amplitude 
(systematics or new physics?)

• Unexplained CMB anomalies (new physics?)



Hubble Constant tension

Verde, Treu & Riess 2019

Compilation of Hubble constant 
predictions and measurements. The 
top-left panel shows two independent 
predictions based on early-Universe 
data, the middle panel collects late 
Universe measurements, the bottom 
panel shows combinations of the late 
Universe measurements and lists the 
tension with the early Universe 
predictions. There are three variants of 
the local distance ladder method: 
SH0ES=Cepheids, CCHP=TRGB, MIRAS. 
They share some Type Ia Supernovae 
calibrators, thus they are not 
statistically independent, but they do 
come from independent datasets and 
therefore the significance of their 
discrepancy with the early Universe 
prediction is correct. 
Summarizing: the tension is more than 
4 sigmas, less than 6, and it survives 
even after excluding any one method, 
team or source. 



Anomalies in the CMB

l At large angles, the CMB field is known to exhibit anomalies:
• Low variance
• Lack of correlation at scales > 60 degrees
• Quadrupole-octopole alignment
• Hemispherical asymmetry
• Parity (even-odd) asymmetry
• Cold spot

l For temperature, Planck has reached cosmic variance. For polarization, there 
is much room for improvement. 

l The anomalies are at the % or ‰ level. However, when combined, their 
significance is higher (beware that not all of them are statistically 
independent)

l Consistency between WMAP and Planck rules out instrumental effects. 
Foregrounds? Primordial origin?

credits: P. Natoli



We are here

We seek information
about very early times 
and very high energies
E~1016 GeV
... did we get it?

T~1 MeV

Zeq~3500

Zrec~1100



Inflation in the early Universe
• Inflation (Brout et al. 1978; Starobinski 1980; Kazanas 1980; Sato 

1981; Guth 1981; Linde 1982, Albrecht & Steinhardt 1982; etc. ...) 
is an epoch of accelerated expansion in the early Universe ( ~ 10-34 

s after the “Big Bang”) which allows to solve two inconsistencies 
of the standard Big Bang model. 
– horizon: why is the Universe so homogeneous and isotropic on average?
– flatness: why is the Universe spatial curvature so small even ~ 14 billion 

years after the Big Bang?)
• Inflation is based upon the idea that the vacuum energy of a 

quantum scalar field, dubbed the “inflaton”, dominates over other 
forms of energy, hence giving rise to a quasi-exponential (de 
Sitter) expansion:

a(t) ≈ exp(Ht) 
• Note: the latter statement is not mandatory! Only accelerated 

expansion is required!



Inflation predictions
• Quantum vacuum oscillations of the inflaton (or  other scalar 

fields) give rise to classical fluctuations in the energy density, 
which provide the seeds for Cosmic Microwave Background 
(CMB) radiation temperature anisotropies and polarization, as 
well as for the formation of Large-Scale  Structures (LSS) in 
the present Universe. It also gives rise to a yet-undetected 
stochastic background of gravitational waves.

• All the matter and radiation which we see today must have 
been generated after inflation (during “reheating”), since all 
previous forms of matter and radiation have been 
tremendously diluted by the accelerated expansion (“Cosmic 
no-hair conjecture”).   



Testable predictions of inflation

q Cosmological aspects

q Critical density Universe
q Almost scale-invariant and nearly Gaussian, adiabatic 

density fluctuations
q Almost scale-invariant stochastic background of relic 

gravitational waves

q Particle physics aspects

q Nature of the inflaton
q Inflation energy scale



Planck 2018 constraints on 
inflation models

Marginalized joint 68% and 95% CL regions for ns and r0.002 from Planck in combination
with other datasets, vs. theoretical prediction of selected inflation models.



Best fit: Starobinsky model

• A. Starobinski in 1980 proposed a model for 
the Early Universe originally motivated by 
conformal (trace) anomaly. This corresponds 
to the Lagrangian (Jordan frame) 

L = R + R2/6M2

• The corresponding action in the Einstein 
frame  leads to a plateau + an exponential 
branch



Planck Collaboration: Constraints on Inflation

Fig. 3. Comparison of the marginalized probability density of the primary parameters and (�8 ,H0) for the baseline cosmologi-
cal model from Planck TT+lowE+lensing (black curves), TT,TE,EE+lowE+lensing (red curves), and the alternative likelihood
Camspec. For comparison we also display the Planck 2018 TT+lowP+lensing (blue curves) and the corresponding Planck 2015
TT+lowP+lensing (green curves) results.

Cosmological model Parameter Planck TT,TE,EE Planck TT,TE,EE Planck TT,TE,EE
⇤CDM+r +lowEB+lensing +lowE+lensing+BK15 +lowE+lensing+BK15+BAO

r < 0.11 < 0.061 < 0.063
r0.002 < 0.10 < 0.056 < 0.058

ns 0.9659 ± 0.0041 0.9651 ± 0.0041 0.9668 ± 0.0037
r < 0.16 < 0.067 < 0.068

r0.002 < 0.16 < 0.065 < 0.066
+dns/d ln k ns 0.9647 ± 0.0044 0.9639 ± 0.0044 0.9658 ± 0.0040

dns/d ln k �0.0085 ± 0.0073 �0.0069 ± 0.0069 �0.0066 ± 0.0070
r < 0.092 < 0.061 < 0.064

r0.002 < 0.085 < 0.055 < 0.059
+Ne↵ ns 0.9607+0.0086

�0.0084 0.9604 ± 0.0085 0.9660 ± 0.0070
Ne↵ 2.92 ± 0.19 2.93 ± 0.19 3.02 ± 0.17

r < 0.097 < 0.061 < 0.061
r0.002 < 0.091 < 0.056 < 0.056

+m⌫ ns 0.9654 ± 0.0044 0.9649 ± 0.0044 0.9668 ± 0.0036P
m⌫ [eV] < 0.24 < 0.23 < 0.11

r < 0.12 < 0.066 < 0.062
r0.002 < 0.12 < 0.062 < 0.057

+⌦K ns 0.9703+0.0045
�0.0046 0.9697 ± 0.0046 0.9663 ± 0.0044

⌦K �0.012+0.007
�0.006 �0.012+0.006

�0.007 0.0006 ± 0.0019

r < 0.11 < 0.064 < 0.062
r0.002 < 0.10 < 0.059 < 0.057

+w0 ns 0.9675 ± 0.0042 0.9669 ± 0.0042 0.9659 ± 0.0040
w0 �1.58+0.14

�0.34 �1.58+0.14
�0.34 �1.04 ± 0.05

Table 3. Constraints on the tensor-to-scalar ratio r and scalar tilt ns for the ⇤CDM+r model and some important extensions and
di↵erent data sets. For each model we quote 68 % confidence limits on measured parameters and 95 % upper bounds on other
parameters.

in units such that c = 1. For the case of Planck
TT,TE,EE+lowE+lensing+BAO we find

RK > 67 Gpc (open), (23)
RK > 81 Gpc (closed), (24)

both at 95 % confidence. These lengths are considerably greater
than our current (post-inflation) particle horizon, at 13.9 Gpc.

Our tightest constraint, Eq. (21), tells us that our observa-
tions are consistent with spatial flatness, with a precision of

12

Constraints from the CMB: Planck

ns=1 (Harrison Zel’dovich spectrum) excluded at 8.4 sigma!! 

Ø Primordial density perturbations:
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Target of future CMB experiments: r <10-3

Ø Primordial gravitational waves:

Credits: N. Bartolo



3.4 Observational prospects for the next future 57

Figure 3.1: GW spectral energy-density for di�erent values of nT are shown with solid
lines: nT = ≠r/8 (brown), nT = 0.18 (red) and nT = 0.36 (orange). The r value is fixed
at r0.05 = 0.07. It is assumed also TR = 1016 GeV. The coloured bands highlight the
waveband to which each physical observable or experiment is sensitive. Current bounds:
combined analysis of Planck data, BAO and BBN measurements which provides an integral
bound �GW < 3.8 ◊ 10≠6 (black) [118]. The grey dot corresponds to the bound provided by
EPTA [169], the star by the NANOGrav [170] and the square by PPTA [146], assuming nT =
2/3. The aLIGO O1:2015-16 power-law sensitivity curve of the first observing run (yellow)
is also shown [168]. The collected data show a slight worsening of such forecast. Long-
dashed lines are expected power-law sensitivity curves for the following experiments: BBO
(violet) [171,172], LISA configuration L6A5M5N2 (green) [173], aLIGO-adVirgo, O5:2020-22
observing run (magenta) [168], Einstein Telescope (blue) [174]. Plotted upper bounds and
expected sensitivity curves are obtained by the method provided by [172] (see section 5.2),
assuming a power-law signal. See also section 5.1 for the mentioned LISA configurations. All
the bounds and sensitivity curves refer to a confidence level of 95%, a part from the LISA
curves which refer to a signal-to-noise ratio of 10 (see 5.2 to clarify this point).

Such a kind of observatory is planned to reach a sensitivity on the tensor-to-
scalar ratio of about 10≠3. People are also organizing comities and communities
in order to optimize the work that is developing in such directions, such as the
ASI/COSMOS project [181].

• Space-borne experiments have been proposed in order to span a larger multipoles
range and to get data related to several frequency channels to improve the con-
trol of systematic errors and the component separation analysis. We mention, for
example, the Cosmic Origins Explorer mission (COrE) [182], the Polarized Ra-
diation Imaging and Spectroscopy Mission (PRISM) [183] and LiteBIRD [184].

But not only CMB telescopes are under consideration for an improvement of our
current knowledge of primordial GWs, also experiments sensitive to smaller scales are
in development:

• Pulsar timing array experiments are under way, such as PPTA [167], the Euro-

LISA LIGO/VIRGO
CMB

From: Guzzetti, Bartolo, Liguori, Matarrese, ``Gravitational waves from Inflation’’, arXiv:1605.01615 

Prospects for PGWB direct detection 
Complements main road: CMB B-mode polarization (indirect) detection: LiteBIRD



Many primordial (inflationary) models of non-Gaussianity can be represented in 
configuration space by the simple formula (Salopek & Bond 1990; Gangui et al. 
1994; Verde et al. 1999; Komatsu & Spergel 2001)

F = fL + fNL * ( fL
2 - <fL

2>) + gNL * (fL
3 - <fL

2> fL ) + … 

where F is the large-scale gravitational potential (more precisely Φ = 3/5 ζ on 
superhorizon scales, where ζ is the gauge-invariant comoving curvature 
perturbation), fL its linear Gaussian contribution and fNL the dimensionless non-
linearity parameter (or more generally non-linearity function). The percent of non-
Gaussianity in CMB data implied by this model is

NG % ~ 10-5 |fNL|

~ 10-10 |gNL|

< 10-5 from 

CMB & LSS

< 10-5 from CMB & LSS

Primordial non-Gaussianity (PNG)



PNG and bispectrum (shapes)



Bispectrum & PNG: 
theoretical expectations 

• Primordial NG probes fundamental physics during inflation, being sensitive 
to (self-)interactions of fields present during inflation (different 
inflationary models predict different amplitudes and shapes of the 
bispectrum)

• Standard models of slow-roll inflation predict only tiny deviations from 
Gaussianity (Salopek & Bond ‘90; Gangui, Lucchin, Matarrese & 
Mollerach 1995; Acquaviva, Bartolo, Matarrese & Riotto 2003; Maldacena 
2003), arising from non-linear gravitational interactions during inflation. 
Matarrese, Pilo & Rollo (2020) confirm that Maldacena’s “consistency 
relation” (and GR effects on halo bias) are gauge-independent hence 
physical and observable effects.

Planck results are fully consistent with such a prediction!

• PNG can be thought as probing interactions among particles at inflation 
energy scales. E.g. probes string-theory via oscillatory PNG (Arkani-Hamed 
& Maldacena 2015 “Cosmological collider physics”; Silverstein 2017 “The 
dangerous irrelevance of string theory”).



fNL from Planck 2018 bispectrum (KSW)

Planck collaboration 2019



Start from results obtained in the 80’s by 
Grinstein & Wise 1986, Matarrese, Lucchin
& Bonometto 1986, Lucchin, Matarrese & 
Vittorio 1988) giving the general expression 
for the peak 2-point function as a function 
of N-point connected correlation functions 
of the background linear (i.e. Lagrangian) 
mass-density field 

(requires use of path-integral, cluster 
expansion, multinomial theorem and 
asymptotic expansion). 

Clustering of peaks (DM halos) 
of NG density field



Halo bias in NG models
Matarrese & Verde 2008 used clustering of peaks of NG fluctuations

form factor:

factor connecting the smoothed linear overdensity with the primordial potential:

transfer function:
window function defining the radius R of a 
proto-halo of mass M(R):

power-spectrum of a Gaussian
gravitational potential

First proposed by Dalal, Doré, Huterer & Shirokov 2007



The bispectrum could do better than the power-spectrum.
Hence fNL ~ 1 achievable with forthcoming surveys?
Many issues, e.g. full covariance, accurate bias model, GR
effects (Bertacca et al. 2017), survey geometry, estimator
implementation … Still, great potential: 3D vs 2D (CMB).

SPHEREx is a proposed NASA Medium Explorer mission 
designed to:
• constrain the physics of inflation by measuring its 

imprints on the three-dimensional large-scale 
distribution of matter,  

• trace the history of galactic light production through a 
deep multi-band measurement of large-scale clustering, 

• investigate the abundance and composition of water 
and biogenic ices in the early phases of star and 
planetary disk formation. 

SPHEREx will obtain near-infrared 0.75-5.0 um spectra 
every 6" over the entire sky. It implements a simple 
instrument design with a single observing mode to map the 
entire sky four times during its nominal 25-month mission. 
SPHEREx will also have strong scientific synergies with other 
missions and observatories, resulting in a rich legacy archive 
of spectra that will bear on numerous scientific 
investigations.

Searching for PNG with LSS: SPHEREx



PNG and precision cosmology

• PNG is currently the highest precision test of 
Standard Inflation models. 

• With Planck:
– PNG constrained at better than ~ 0.01%
– Flatness constrained at ~ 0.1%
– Isocurvature mode constrained at ~ 1%



Standard inflation

• single scalar field (single clock)
• canonical kinetic term
• slow-roll dynamics
• Bunch-Davies initial vacuum state
• Einstein gravity

predicts tiny (up to O(10-2), or even less??) primordial NG signal

à No presently detectable PNG

Standard inflation still alive … and kicking!



Some open issues about inflation

• Is there a way to distinguish an exactly spatially 
flat cosmological background from an almost 
spatially flat one? (see also Jimenez et al. 2018)

• Is there a way to distinguish an exact 
cosmological constant from an almost constant 
DE?

• Can we go beyond the “quasi-de Sitter” inflation 
paradigm while preserving acceptable scalar and 
tensor perturbation properties?

• Is there a way to distinguish Higgs-inflation from 
Starobinski inflation?



Conclusions

• In spite of the many successes of the standard 
cosmological model, there are some very 
important open problems (e.g. the nature of the 
dark components) and conflicting results.

• In the last 40 years cosmology has been largely 
interconnected with high-energy particle physics. 
It is now time to open our doors to interaction 
with other branches of physics. This can only lead 
to profound and positive implications in the way 
we approach physical cosmology.


