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After the Big Bang, theexpansioncools
down the Universeup to apoint when it is
neutralized by the formation of Hydrogen

atoms.

Thisperiod is called RECOMBINATION
The Universe becomesoptically thin and
the relic photons froem the: Big Bang -are
free to propagate
Thesephotons are the first light of the
Universecalled CMB
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Isotropic but not completely. Smallanisotropies of the order of f—‘lx are the

imprints of primordial fluctuations generated after inflation which 1grew up forming
the large scale structure we observe in the Universe

The CMBis polarized and the polarization anisotropies carry an additional o e e N i BROEE
information. Polarization is analisedthrough combinations of Q and UStokes 0 el g 55 (S e i
parameters named E and B. ERLNN R T ] NV e

e -

Planck2018polarization maps

AT(Z,7,7) =525 am(Z,7)Yim(R)  Thestatistical properties of the anisotropies depend on both early and late cosmology.
T . Their analysisis done using the angular power spectrawhich contains all the
C = m2m<ﬁlmalm> information if the primordial fluctuations are Gaussian
If not higher order momenta like the bispectrum or trispectrum are nonnegligible and
provide additional probes.
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Outside the causalconnection when CMBwas
generated. Representativeof the initial
conditions after inflation .
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Parameter TT+lowE EE+lowE TE+lowE TT,TE,EE+lowE ;!"T,TE,EE+lowE+lensing X
Q.h? 0.02212+0.00022  0.0240+0.0012  0.02249 +0.00025 0.02236 +0.00015 ,' 0.02237 + 0.00015 5
Q.1 0.1206 = 0.0021 0.1158 + 0.0046 0.1177 £ 0.0020 0.1202 £0.0014 ;  0.1200+ 0.0012 %
1006yc  1.04077 £0.00047  1.03999 +0.00089  1.04139 +0.00049  1.04090 +0.00031 «  1.04092 + 0.00031 '
T 0.0522 = 0.0080 0.0527 + 0.0090 0.0496 + 0.0085 0.0544+00000 0.0544 £ 0.0073 '
In(10'°A,) 3.040 £ 0.016 3.052 £0.022 3.018°00% 3.045+£0016 | 3.044 £ 0.014 i
ny 0.9626 = 0.0057 0.980 + 0.015 0.967 +0.011 0.9649 +0.0044  *  0.9649 + 0.0042 i
H, 66.88 = 0.92 69.9+£2.7 68.44 + 0.91 67.27 + 0.60 Y 61.36+0.54 ./
Q. 0.321 £0.013 0.289°0:03 0.301 +0.012 0.3166 + 0.0084 ', 03153+0.0073 '
oy 0.8118 = 0.0089 0.796 + 0.018 0.793 +0.011 0.8120 + 0.0073 *0.8111 +0.0060 ,*

Table 2. Confidence limits for the cosmological parameters in the base-ACDM model from Planck lempera]ﬁr't:: ﬁél;uization. and
temperature-polarization cross-correlation separately and combined, in combination with the EE measurement at low multipoles.

Planck TT, TE, EE + lowE + lensing is the 2018 baseline (Planck 2018)
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Courtesy of Molinari, Mandolesi, Burigana
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Planckhas performed the final temperature measurementon scaleswhich the CMBdominates. Plancklegacy willl be
one of the stresstests of cosmology for yearsto come.

Polarization is the new fientienr of CMB cosmology with many proposals for future experiments dedicatedto it.
Lower amplitude, lesserknown contamination by astrophysicalsignalsrepresent a big observational and dataanalysis

challengebut it isworth it:
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ResearthActivities
Long tradition in

A CMB science, datanalysis development and optimization of algorithms for theoretical
predictions/estimators/simulations

A Theoretical cosmology

A Cosmologyconference organization (plannedfor 2019 &€oncordancesand challengesin cosmology after
Planck», Sesto]taly - <Cosmocruise2019>Adriatic and AegeanSea )

The CMBactivities obviously stem from the Planckproject (PlanckASIfunding is ending but its science data,
team,8 legacywill continue) and continue inother CMBexperiments in preparation and proposal for future
CMBexperiments.

The expertise in CMBbhysics dataanalysisand sciencanterpretation allows usto contribute to other
experiments which are insinergy with CMB, suchasgalaxy surveysin preparation which will be of key
importance in cosmologyin the next years. Beyond theobvious combination of different measurementsand
likelihoods, cosmologicalinformation is containedin crosscorrelation between CMB andthese galaxy surveys
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Thisis definitely the longest project we have beeninvolved into. With the final Plancklegacyrelease of data andscientific results
to be completed by early next year the funding is almost over but not the scientific work! The exploiting of the full scientific
legacy of Planckwill require yeard

RESPONSABITIFIES

We have been massively involved in th€lanckmission, starting from the PI of the low frequency instrument, RendMandolesi, to
the contribution to the experimental part of the satellite (see alsoVilla, Morgante talk), data analysis, scientific interpretationand
management Herel highlight the main leaderships on the scientific part. We have also contributed to the cosmological results in
power spectrum, likelihood, parameters, isotropy and statistics, nomaussianities

A INFLATION- F. Finélli((colead of Planck20E¥esults. XXl Planck 20i5results. XX, Plandk 20iSBresults. X. Constraints on
inflatiam)

A PARITYWIOLATDIONS. Gruppuse (lead of of PlanckIntermediate ResultsXLIX.Parity-violation constraintstfrompolarization
data)

A  PRINORDMLIVAGNET FE EISL IS Padtati (lead of Plandk 20 results. XIX.Constraints on primoidiall magnetie fields)

Core tieam areacontcosmological models and parameters - F. Firiellii(UFRFlead, 200720133 2815:2018)
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ASI COSNMOS

Project funded by ASI for athree year study on the cosmicmicrowave background.

It is structured in11 node$7 universities, 2 INAF institutes and 2 INFN sections).

Scientific goal isthe study of the physics ofthe early Universe and fundamental physics through the
observations of the microwavesky and the definition of anltalian road map in the field of the CMB research for

the next decade (year$

CMB experiments

We are involved in important international collaborations for future CMB experiments:

A LITEBIRDphaseA1study of JAXA for a satellitededicatedto CMBpolarization

A LSPE: joint balloon ground experiment for CMB polarization on large angular scales
A PRISTINEproposal for an Fmissiondedicatedto CMB highfrequency polarization

A CORE: ESA M@4-L2-M3 proposalsfor a medium-arge size CMBmission

Eudlid

Luca Valenzianas the INAFresponsiblefor Euclid(see! OOE A®IEET 6 O
We are membersof the CMBXC (CMB crossorrelation) and COTHEuclidSWGgFinelli lead of WP4 Initial
conditions). Theseactivities are funded through ASHNAFagreement (PI, Valenziano), INAF premiale MITIC and INAF
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SKA

Members of the SKAcollaborations, participants to PGR (Progetto di Grande Rilevanza) ItalgSud Africa e
PRIN SKAInterest in cosmologyand CMBXC

INFN ((GrilR&\Y)

Members of the project Gr. IVInDark (Inflation, DarkMatter and Large Scalé&tructure, Pl N. Bartolojocal
coordinator within INFN BolognaF. Finelli). Travel funds angostdoc position for foreign researchers
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Planckhasprovided an amazingprecise picture of our Universe which is actually pretty boring, but still, some openguestions
may lead ustowards exciting scenarios One of our objectivesisto pursuethese avenuesand searchfor the answers

How were the initiall conditions?

When reionization started and how did it happen?

What is the origiin of CosniicMagnetism?

There are ClMiBanomalieson large scalesand
what is their nature?

Are there parity violations?
Are there viable alternatives to general relativityy?

The OMBaardts combination and cresseorrelation witlh otiher probes represents one of tihe best laboratories to searchfor
these answers.
Thisis why we are now exploiting; the Plandklegacy data and their combination withh Large ScaleStructure data andwihy we
are making the forecasts for futtire: experiments CMBbut also CMBXLSSWe still Aclh’t hav@answers now but we litesiallyy
building the roadmap and paving the way for the near and far future
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physics «@f the EzanyUdhiverse.

Our Universeaccordingto Planckis:

A Flat (Euclideangeometry) (OmegaKk= 0.9649% 0.0042
at 68 %L ,Planck+ BAO)

A Primordial perturbations follow apower law power
spectrum, ns = 0.9649E 0.0042 at 68 %CL, 8.4 sigma
from scale invariance

B WMAP 9-year B Planck 2015
B Planck 2013 B Planck 2018

A Gaussian .
A Adiabatic L
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Tensor-to-scalar ratio (70.002)

0.05

Planckimproves the bound on the tensor to scalar ratio, i.e.r < 0.10 at 95 %CL

Plandk220 28 ¢esudts( . )Constraints onikfilation
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Natural inflation
Hilltop quartic model
«v attractors
Power-law inflation
R? inflation

V x ¢?
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Vxo

V x (752/3

Low scale SB SUSY
N,=50

N,=60

1.00

at the pivot scale k=0.002 Mpé& Incombination with BK14, thebound tightens

to r <0.064 at 95 % Clheanalysiswith the new data from BICERKeck

collaboration (BK15, P.A.R. Ade et al., 2018) is ongoing
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No physics beyond.ambdaCDMs required at a statistically significant level, however these conclusions ar
mainly based on the Planck instrumental noise level and knowledge of foreground/systematics.

Future CMB polarization data (see for instancelazra Paoletti, Ballardini, Finelli, Shafieloo,Smoot&
Starobinsky2018) or galaxy surveysallardini, Finelli,Fedeli, Moscardini, 2016) will confirm if these
outliers in CMB temperature are explained by deviations from a poweaw in the primordial spectra or are
statistical fluctuations.



CMB -anomalies
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(power anomalies, directional anomalies,

aretypically2Y A #, 8 4 EAOA

| ADQ AO | INCDMmadéti x O Ol
local anomalies). Significance of those b
EO A AAOOAET AACOAA |

A Focus on the lack of power anomaly. This can be naturally described by an early
departure from the inflation era. Such a departure igparameterisedby an
O 38
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fraction (Galactic mask)

Most of the (low) power at large scale is
localised around the Galactic plane, and some
information is contained also in the
polarisation maps
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Gruppuso, Kitazawa, Mandolesi, Natoli, Sagnotti Phys.Dark Universe (2016)
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CMB anomailies

Natale, Gruppuso, Molinari, Natoli, in preparation (2018)

A we have built estimators aimed at testing how Extso
likely it is this low-I behaviourin aNCDM — Commander
model. Considering simulated CMB maps, ®
which possess almost the same power as the
one observed by Planck 2018, and performing
random rotations of those, we find that only 4
out of 1000 show less variance at high Galactic
latitude. ThisisaDT 81 A AEEAAO 1T AOCAET A
frequentist approach and employing an optimal
estimator for the angular power spectrum.

a 20 40 &0 =1u] 100
Percentage

Billi, Gruppusg Mandolesi, Moscardini, Natoli, to be submitted (2018)

E we have built a new onedimensional estimator, E—

namely P, which is capable to take into account e
jointly the TT, TE and EE CMB spectra. For Planck

2015 data this estimator can be fruitfully defined
only up to the multipole 1=6 (inner panel) beyond
which it becomes noise dominated. However P
future CMB polarised measurements, which 0
allow to consider few tens of multipoles at those o i A e
large scales, can tight the empirical distribution -
of this new estimator up to a factor of D30. 0 T "

204

WP!anck
Wig
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0.112

0.104 0.076

FUTURE ODE OBSERVATIONS FROM SPACE HAVE THE
CAPABILITY TO DISCRIMINATE AMONG DIFFERENT MODELS C

0.096 15 0.074
0.088 0.072

0.080 = 0.070 4

REIONIZATION. 0072 A 9 0.068
0064 6 0.066
We Investigate the extended model where the history of reionization as s 0.064
parametrized by two additional extra parameters: an intermediate position in 'R B 0.062
p 3 . 800 0.15 030 045 0.60 0.75 0.90 6).00 0.15 0.30 045 060 0.75 0.90
redshift and the free electron fraction at that redshift. £ (z=1) r(z="T)

Hazra Paoletti, Ballardini, Finelli,Shafieloo, Smoot, Starobinsky 2018

We investigated the capabilities of Planck LiteBIRD(Matsumuraet al. 2014

configuration) and a COR#¥ke (Core Collaboration,Delabrouille et al. 2016) 1.0} | { —60 _ |
experiment to break the degeneraciesof the reionization history with the x| & s
LCDM model and some ats extensions(Hazraet al. 20181, Hazraet al. 201&). 08 2 45
i 0.6 ”g
E 0.4 i |
Our study shows that LiteBIRDand COREaretdbleto as) 3 S5 /\
. . . . ISH /
remove the degem'rm@g)@feiamzati@n par_ameters oo NP °-°O‘A i
witlh COREnmotes sefisitivedalibel curation dOf v e

reionization Hazra Paoletti, Finelli, Smoot 2018



PRINMORDMAIVMAGNET KEERIELDS

Thehypothesisthat the magnetic fields we observetoday on cosmological scalesare seededby primordial fields (PMF9 is
one of the most interesting sincemagnetic fields can begenerated before recombination by severalmechanisms

GRAVITARIONAKEFEECT

PMFssource magnetically-induced cosmological perturbations. Our group hasdone some of thereference works in the
field being the first onesto compute analitically the magnetic sourceterms to cosmological perturbations (Finelli et al.
2008, Paoletti et al. 2009, Paoletti and Finelli 262013 Planck2015ResultsXIX)
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We can use the CMB teonstrain the PMFsamplitude and spectralindex (Paoletti and Finelli 2012013 Planck2015ResultsXIX).
Constraintsfrom current CMB data are ofew nG.

Forecastsfor future experiments will allow to tighten the constraints below the nGlevel (Paoletti et al. Inpreparation).



PMFs may affect also the ionization history leading to signatures on the CMB
anisotropies in temperature and polarization thanks to the dissipation of the fields
around and after recombination Chlubag Paoletti, Finelli, Rubino-Martin 2015,
Paoletti, Chluba Finelli, Rubino-Martin 2018).

This effect is very competitive and it provides very good prospects in the light of

FrECT OEPPMIFSON THESONMNAHONHISTORY

future experiments targeted to e-mode polarization.

| .

Toreally prove the primordial origin of the cosmicmagnetism is necessaryto
have arealizability proof, namely that the fields we constrain at recombination
with the CMB canreally provide the fields we observe now.

We plan a collaboration with F. Vazzato pursue this objective through numerical
simulations with initial conditions set up by theconstraints from CMB.
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Parity violations studies

A Parity violating extensions of the standard model can be tested through
CMBpolarised anisotropies. New coupling terms in the MaxwelLagrangian
produce an effect known as Cosmic Birefringence: the rotation of the
polarisation plane of a photon (also a CMB photon since CMBpslarised).
A rotation is naturally parameterisedby and angle.

isotropic birefringence Planck collaboration, Astron. Astrophysics 596 (2016) A110
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CIMIBXXC

A As for CMB primary intensity and polarization anisotropies, CMB secondary anisotropies are correlated
with the growth of structures at low redshift.

A A contribution to CMB intensity fluctuations (integrated Sachsnolfe) is correlated with the time
change of the gravitational potentials induced by the recent dominance of dark energy.

A Thedeflection of photons along the line of sight due to gravitational instability induces a correlation of
the lensing effect in CMB fluctuations with structure formation (with a main contribution at low
redshifts).
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A The science of CMBXC will have an impulse from future galaxy surveys which will provide a larger
number of counts and will cover a larger redshift volume.

A Euclid and SKA are obviously among these surveys.



What to €xpect front GMBXC fromfutyre-galaxysurveys”

Extensive Fisher forecasts by a joint tomographic analysis using all 2D available power spectra with present
(Planck) and future CMB experiment8dvACTpal S4)vsfuture galaxy surveys (Euclid, LSST, EMU and SKA).

CMBXC contains a lot of cosmological information (maximum S/N around 5 fo2%GforphiGfor the
surveys considered) and its inclusion is important for different cosmological parameters.
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|SWdetectionwith chusters

Future surveys will provide cluster catalogues with a number of objects comparable with galaxy
catalogues currently used for the detection of the ISW signal. By developing the predictions of the auto
and CMB crosgpower spectra of cluster counts we show that the S/N potentially achievable with
clusters is similar to the one of galaxies
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Ballardini, Paoletti, Finelli, Moscardini, Sartoris, Valenziang MNRAS 482 (2019)



Galaxy counts CMB
X-correlation

A The Integrated SachsaNolfe effect
(sensitive to Dark Energy) is
detectable crosscorrelating the
CMB anisotropy pattern maps at
large angular scale with Large
Scale Structure Tracers.

A The signal is weak and therefore it
IS important to have estimators
OEA O AL | OLE [ "GleSisey,
variance, or better to say,
estimators that have the minimum
variance as possible.

A Within Euclid XCMB activity a QML
estimator for the TG APS has been
built an put on test.

Seee.g. Schiavon, F, Finelli, Gruppusa A, Marcos
Caballerg A,Vielva, P,Crittenden, RGBarreiro, RB &
Martinez-Gonzalez E 2012

QML method |

vector, in harmonic space

C, = F;}|[x'Epx — TrINE,]] || Smon 2's

understood

total covariance, in pixel space

1 - id
B, =2C7IP,C™! C=S{C)+N
matrix E, for each multipole oC
ixel space =
e £ ach

1 matrix P in pixel space,
_— -1 -1 related to the Legendre polynomials
F,p==Tr|[C'P,C"'P,]
Fisher matrix, in harmonic space
X map,in pixel space
This estimator is optimal since it is “unbiased and minimum

variance”.They are minimum variance because they saturate the

Fisher-Cramer-Rao inequality (under very general assumptions it is

possible to show that the variance of a given estimator has a lower
bound).

(ét’) =C, unbiased

((CA'L;: - Cf)(éf! - Cf,)) = F;{}, minimum variance
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We study an extended Jordan-BransDicke model of gravity which provides also a solution for dark energy with assocviated
constraints with CMB (Umilta, Ballardini, Finelli, Paoletti 2015; Ballardini, Finelli, Umilta, Paoletti 2016)

We extend our previousconstraints byforecasting the capabilities of the next o 0] = AACT P + Bl o
generation of CMB experiments-AdvACT CORHike, S4+LiteBIRDRBallardini et al. in B CORE + Eucld GC
preparation).

h

Cod ”
0.670 s =

We havealsoidentified and constrained a newisocurvature mode (akind of perturbation
which is not adiabaticandis generated in multifield models of inflation) Ba(l’-lz‘:dini et°;(|’°l|npreg‘°°°2
The modeis not presentin LCDM andepresents a new solution for the initial conditions ' '
in modified gravity.

FullyAnticorrelated  fg4< 0.07

Uncorrelated fiso< 0.31
FullyCorrelated fiso< 0.12
Paoletti, Braglia, Finelli, Ballardini, Umilta 2018 Paoletti, Braglia, Finelli, Ballardini, Umilta 2018



