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Outline
• Brief introduction to CMB
• Planck mission main aspects and products
• Extragalactic astrophysics … and using them for 

cosmology
• Methods - an example: sky pixelization
• Methods: separating CMB from foregrounds
• CMB maps and power spectrum from Planck
• Cosmological parameters & DM, DE, neutrinos …
• Polarization with Planck & B-modes
• Microwave sky complexity
• Future of CMB anisotropy missions
• Future of CMB spectrum
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cMb

Dust
Repro

c

Adapted from de Zotti & Burigana 1992,
Highlights of Astronomy, 9, 265 Multifrequency view of cosmic backgrounds
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Cosmic Microwave Background Radiation

Anisotropies Map of CMB 
anisotropies 

Angular power 
spectrum

Polarization

P 2 = Q 2 + U 2

Main contribution:

Thomson Scattering of radiation 
with quadrupole anisotropy 
generates linear polarization

Spectrum

Photon distribution function
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LFI PI N. Mandolesi, HFI PI J.L. Puget

Evolution of 
CMB space

missions since
discovery

GHz
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The ESA mission to map the 
Cosmic Microwave 

Background
To image the temperature 
and polarisation 
anisotropies of the Cosmic 
Microwave Background 
(CMB), over the whole sky, 
with an uncertainty on the 
temperature limited by 
“natural causes”
(foreground fluctuations, 
cosmic variance) rather than 
intrinsic or
systematic 
detector 
noises, and
an angular resolution ~ 5 
arcmin.
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Planck is composed by two instruments: 

vThe Low Frequency Instrument (LFI)

based on EMT receivers and

vThe High Frequency Instrument (HFI)

based on bolometers

@ focal plane of a1.5 m Gregorian telescope

LFI

HFI
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PLANCK HAS BEEN SUCCESSFULLY 
LAUNCHED ON THE 14 OF MAY 2009, 

TOGETHER WITH HERSCHEL, ON ARIANE 5
VECTOR

Is acquired data since the 15 August 2009,

In January 2012 HFI was switched off and since
then Planck was in LFI only mode

Planck switch-off: 23 October 2013
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Survey ≥ 5: 
cycloid phase shifted by 90 deg.

During LFI only phase (surveys 6-8): 
scanning strategy combines 
standard mode with deep annuli 
on calibration sources to improve 
the quality of calibration and 
systematic effect control.

Planck 
Scanning 
Strategy
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Planck final performance in temperature & polarization
Average sensitivity, δT/T, per FWHM2 resolution element (FWHM in arcmin) and white noise (per 
frequency channel for LFI and per detector for HFI) in 1 sec of  integration (NET, in μK ·√s) in CMB 
temperature units. Acronyms: DT = detector technology, N of R (or B) = number of radiometers (or 
bolometers), EB = effective bandwidth (in GHz). At 100 GHz all bolometers are polarized, thus the 
temperature measure is derived combining data from polarized bolometers.
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HOW TO EXTRACT INFORMATION FROM THE MEASUREMENTS
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Classical ZLE:

Separated in “time domain”, 
for now simply exploiting
differences in surveys
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Frequency maps! Real and fundamental measure / product of Planck
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Planck polarization frequency maps: 
synchrotron & dust components
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Planck 2015 data release

• Timelines for each detector at 30, 44, 70, 353, 545 and 858 GHz and for 
the unpolarized bolometers at 100, 143, 217 GHz

• Maps of the sky at 9 freqs in temp, and at 30, 44, 70, 353 GHz in pol
• Four high-res maps of the CMB sky in T (Commander, NILC, SEVEM, 

SMICA)
• Four high-pass filtered maps of the CMB sky in pol
• A low-res CMB T map (Commander)
• Maps of thermal dust, CIB, CO, synchrotron, free-free, spinning dust 

temperature emission
• Maps of synchrotron and dust polarized emission
• Map of the estimated lensing potential
• Map of the SZ Compton parameter
• MC chains used for cosmological parameter estimation
• Planck catalogue of compact sources
• Planck catalogue of SZ sources
• Planck catalogue of galactic cold clumps
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Planck Products à PLA
http://pla.esac.esa.int/pla/
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Planck Products à PLA
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PCCS: Characteristics
30 GHz
143 GHz
857 GHz

Many of the Planck PCCS sources can be associated with stars with dust shells, 
stellar cores, radio galaxies, blazars, infrared luminous galaxies and Galactic
interstellar medium features. 
As expected, the high frequency channels (545 and 857 GHz) are dominated (> 90 %) 
by dusty galaxies and the low frequency ones are dominated (> 95 %) by synchrotron
sources. 

Distribution of the sources from the PCCS2. Distribution of the sources in the 143 
and 857 PCCS2E. 
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Galaxies and AGN evolution: Planck observations à models
Microwave/mm/sub-mm surveys are crucial because in these bands we can study:
- Transition between radio (synchrotron/free-free) and dust emission occurrs
- break (νM) of emission of jets related to compactness (rM≈pc) of emission region: 

FSRQs:  νM ≅ 10-100 GHz – BL Lacs :  νM >100 GHz 
à Multifrequency studies can not miss information in this range

Tucci et al. 2001 model

: the most complete all-sky catalog in the microwaves
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Extragalactic sources in polarization

Distribution of the polarized
sources in the lowest
channels of the PCCS2.

30 GHz
44 GHz
70 GHz

From Tucci & Toffolatti 2012
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Planck	2013	results.	XXX.	
Cosmic infrared	background	
measurements	and	implications
for star	formation

Marginalized constraints to the rate of star formation (SFR) obtained from the extended halo model
In Planck 2013 results. XXX (solid red line; limits at ±1σ & ±2σ: orange regions). 

Comparison with averaged values computed from two different break (dashed lines).
Violet values: density of obtained from the model of cross-correlation of CIB with CMB lensing

(from Planck 2013 results. XVIII. The gravitational lensing-infrared background correlation).

The analysis of the sub-mm/far-IR background provides
integrated information on star formation even

where/when optical/UV signals are masked by dust
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Mollweide projection with the Galactic plane horizontal and the Milky Way centre
in the middle, of the 1653 Planck clusters and candidates across the sky, 1203 
confirmed by external data. Planck 2015 results. XXVII.

Distribution of
raw detections
of clusters with
SZ effect
from Planck
(deleted IR 
flagged
candidates in red
and retained IR 
flagged detections
in green)
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27

30 
GHz

[Planck Collaboration. 
Planck 2013 results. 
XXIX. The Planck 
catalogue of Sunyaev-
Zeldovich sources. A&A 
571, A29, 2014]

y=8x10-5

y=2x10-4
v=1000 km.s-1

A secondary anisotropy: the 
thermal Sunyaev-Zel’dovich effect

Courtesy
M. Roman
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27

44 GHz

v=1000 km.s-1

[Planck Collaboration. 
Planck 2013 results. 
XXIX. The Planck 
catalogue of Sunyaev-
Zeldovich sources. A&A 
571, A29, 2014]

y=8x10-5

y=2x10-4

A secondary anisotropy: the 
thermal Sunyaev-Zel’dovich effect
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27

70 
GHz

v=1000 km.s-1

[Planck Collaboration. 
Planck 2013 results. 
XXIX. The Planck 
catalogue of Sunyaev-
Zeldovich sources. A&A 
571, A29, 2014]

y=8x10-5

y=2x10-4

A secondary anisotropy: the 
thermal Sunyaev-Zel’dovich effect
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27

100 
GHz

v=1000 km.s-1

[Planck Collaboration. 
Planck 2013 results. 
XXIX. The Planck 
catalogue of Sunyaev-
Zeldovich sources. A&A 
571, A29, 2014]

y=8x10-5

y=2x10-4

A secondary anisotropy: the 
thermal Sunyaev-Zel’dovich effect
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27

143 
GHz

v=1000 km.s-1

[Planck Collaboration. 
Planck 2013 results. 
XXIX. The Planck 
catalogue of Sunyaev-
Zeldovich sources. A&A 
571, A29, 2014]

y=8x10-5

y=2x10-4

A secondary anisotropy: the 
thermal Sunyaev-Zel’dovich effect
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27

217 
GHz

v=1000 km.s-1

[Planck Collaboration. 
Planck 2013 results. 
XXIX. The Planck 
catalogue of Sunyaev-
Zeldovich sources. A&A 
571, A29, 2014]

y=8x10-5

y=2x10-4

A secondary anisotropy: the 
thermal Sunyaev-Zel’dovich effect
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27

353 
GHz

v=1000 km.s-1

[Planck Collaboration. 
Planck 2013 results. 
XXIX. The Planck 
catalogue of Sunyaev-
Zeldovich sources. A&A 
571, A29, 2014]

y=8x10-5

y=2x10-4

A secondary anisotropy: the 
thermal Sunyaev-Zel’dovich effect
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27

545 
GHz

v=1000 km.s-1

[Planck Collaboration. 
Planck 2013 results. 
XXIX. The Planck 
catalogue of Sunyaev-
Zeldovich sources. A&A 
571, A29, 2014]

y=8x10-5

y=2x10-4

A secondary anisotropy: the 
thermal Sunyaev-Zel’dovich effect
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857 
GHz

v=1000 km.s-1

[Planck Collaboration. 
Planck 2013 results. 
XXIX. The Planck 
catalogue of Sunyaev-
Zeldovich sources. A&A 
571, A29, 2014]

y=8x10-5

y=2x10-4

A secondary anisotropy: the 
thermal Sunyaev-Zel’dovich effect
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The Sunyaev-Zeldovich effect allows to study intergalactic
medium gas at relatively lower densities than those accessible
to X rays

Distribution in z of clusters at different masses from various
CMB experiments. From Planck 2015 results. XXVII. 

The Second Planck Catalogue of Sunyaev-Zeldovich Sources

Planck all-sky maps of the Comptonization
parameter derived with two different methods.
From Planck 2015 results XXII. 
A map of the thermal Sunyaev-Zeldovich effect
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Cluster model

Scaling relations

Mass function
redshift, mass

Selection function
SZ observables

depends on cosmology
depends on instrument

dN

dzdq
=

Z
d⌦mask

Z
dM500

dN

dzdM500d⌦
P [q|q̄m(M500, z, l, b)]

Courtesy M. Roman

Distribution of clusters in redshift z and and q=S/N

P = distribution of q
given the mean predicted
by the model for a cluster 
of mass M500 and redshift
z located at
Galactic coordinates (l,b).
M500 mass within r500
(where 500 times critical
density)
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Some cosmological implications

From cluster counts (Planck 2015 results. XXIV):

ücosmological parameters for ΛCDM model 

üextension from ΛCDM

2015
baseline
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Methods.
Example I: 

sky pixelization
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COBE sky cube scheme
(Chan & O’Neill 1976; O’Neill & Laubsher 1976)

The “(ex)standard” COBE-cube 
pixelisation (“good” equal-area 
conditions, hierarchic) satisfies two
simple symmetry properties: 
1) if θk∈ {θi} , then also −θk∈ {θi} 
2) if φk∈ {φj} then also (φk +π) ∈ {φj}

à It allows to divide by four the 
computational time for generating
maps using spherical harmonic
expansion, because the temperature 
anisotropy can be computed in four
points of the sky at the same time. 

In spite of this, generating maps
was extremely time consuming!

1. The sphere is inscribed in a cube, whose faces are pixelized with a regular square
grid.
2. The points are mapped radially onto the sphere.
3. The points are shifted around slightly, to give all pixels approximately equal area.
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Icosahedron pixelization scheme
(M. Tegmark 1996)

1. The sphere is inscribed in an icosahedron
(instead of a cube), whose faces are pixelized with 
a regular triangular (instead of a square) grid.
2. The points are mapped radially onto the sphere.
3. The points are shifted around slightly, to give all
pixels approximately equal area.

“Moment of inerzia” of pixels is
minimum
à Very good from the pixel 

geometry point of view

à But again: generating maps
was extremely time 
consuming!
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Link between
spherical harmonic expansion and FFT

Muciaccia et al. (1997) 

A really huge change in map generation and analysis! 
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HEALPix (K. Gorski 1997 à K. Gorski et al. 2005)

Hierarchical, Equal Area, and iso-Latitude Pixelation of the sphere

• Great idea!
• Combining/ 

ingesting link 
between
spherical
harmonic
expansion and 
FFT into
suitable sky
pixelization

• Implemented
with many
facilities/tools!
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IGLOO; GLESP
R.G. Crittenden 1998; A.G. Doroshkevich et al. 2009-2011

Euclid survey projection into HEALPix
Courtesy T. Trombetti & C.B. 2016
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Methods.
Example II: 

separating CMB 
from foregrounds
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4 methods applied to Planck maps:

1. SEVEM, in real space. It is based construction foreground template typically
based on of Planck maps at highest & lowest frequencies. They are subtracted to
maps at central frequencies, where CMB dominates, through suitable coefficients
minimizing the variance of each difference map in the considered. à cleaned 
maps of CMB at various frequencies à they are typicaly combined in pairs in 
harmonic space à final CMB cleaned.

2. NILC (Needlet Internal Linear Combination), data are first remapped in localized 
domains in both real and harmonic space, needlets à production of solutions of 
minimum variance in each space à recombination of them à CMB map in original 
domain. The methods allows localized and scale dependent, and improved the fit
to space and angular size varying foregrouds. 

Separation of diffuse foreground
in temperature - I
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3. Commander, based on a-priori knowledge of foreground components
characterized by parameters to be reconstructed with bayesian methods in 
real space independently for each resolution element. 
2 steps: low resolution fit of parameters to describe foreground frequency 
scaling & high resolution fit of CMB & foreground amplitudes based on 
previous step output.à control of space variations of foreground properties.
Also, noise full covariance matrix is propagated in the first step. 
The method is also ingested in the construction of Planck likelihood.

4. SMICA, general parametrization of mixing coefficients of various
components in the harmonic or needlet domain. CMB can be obtained under 
various assumptions, e.g. minimum variance,  parametrization & fitting. 
The first worked better on simulated data in temperature.

Separation of diffuse foreground
in temperature - II



C. Burigana – Varenna 6/7/2017

Masks

Sky coverage 77.6 % Sky coverage 77.4 %

From Planck Coll. 2015, Pap. IX 
Diffuse component separation: CMB maps
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Planck Galactic foreground
components in temperature

from freq.

maps
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CMB power very different in E & B modes à advantageous for separation 
to operate in harmonic domain (NILC & SMICA) to specialize methods to 
E & B modes separation indipendently. 
input maps Q, U à maps of E & B 
Differently, COMMANDER & SEVEM work in real space & perform

separation directly & indipendently in Q & U.

In Planck release 2014, E & B are official products. 
COMMANDER & SEVEM apply a post-processing to obtain E & B. 
Constrained impainting is adopted to fill non relevant for CMB areas &   
E & B maps are reconstructed through all-sky decomposition. 

Separation of diffuse foreground
in polarization - I
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Galactic dust emission
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CMB products & analysis - I
CMB Stokes, T, Q & U maps with 4 methods
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Consistency of
CMB map from
the 4 methods

Cross-verifications
also with

cosmological
parameter
estimation, 

higher statistics
(ex. for non-

Gaussianity),
cross-check on  

different masks &  
different fractions of

satellite data

CMB products & analysis - II
In T:

² Level of
discrepancies & 

morphology similar
to 2013 

² Large differences
on the Galactic plane

² @ high |b|, 
differences are due to

strong, localized
sources, or residal
dipole differences

betwen maps

Q & U
(Commander

& SEVEM )
(NILC & 
SMICA)

Solutions
closest to
each other
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CMB maps and power
spectrum from Planck

Cosmological parameters & 
DM, DE, neutrinos …
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The CMB seen by Planck & its cosmological implications

2015
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Planck 2015 
all-sky
CMB 

polarization
maps
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Planck CMB map & multipole components = 2, 3, 4

Units:     K CMB = 
Eq. Therm.Temp.
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multipole components = 5, 6, 7, 8

Units:     K CMB = 
Eq. Therm.Temp.
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multipole components = 9, 10, 11 & Planck CMB map

Units:     K CMB = 
Eq. Therm.Temp.
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Large scales
Planck results: flat-decoupled-Bianchi model?

There is an elephant
in the room? J

Omogeneous but anisotropic
Generalization of the standard model generated by 3-parameter Lie
groups: Bianchi IX (closed) vs Bianchi VIIh (open) 

Biaxial symmetric Bianchi IX
à “squashed 3-sphere” Universe
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Geometry
of the 
Universe
with CMB 
anisotropy
at about
1 deg
resolution
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Gravitational
lensing
of CMB

CMB photons are almost
unperturbed in their journey from the 

last scattering surface … but not
completely … LENSING EFFECT 

MATTER DISTRIBUTION DEFLECTS 
THE LIGHT PATH LENSING THE CMB 

PHOTONS

The effect is similar to a
de-focusing of the maps

PLANCK 2013-2015 HAS A 25-40 σ
DETECTION OF CMB LENSING
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APS DEPENDENCE ON
COSMOLOGICAL PARAMETERS

Baryon Density à height difference 
between even and odd peaks

DM Density à
amplitude of the 

peaks

Theta à first peak 
position

Optical depth à smooths peaks

Spectral index tilts
the spectrum

(strong @ small scales)

Planck: a single experiment
spanning a wide multipole range!

Large scales: outside horizon
@ recombination – only gravity Intermediate scales: photon-baryon fluid acoustic

oscillations - DM potential well vs radiation pressure

Small scales: 
suppression by
Silk damping -

Secondary anisotropies

1° Peak gives
horizon scale @ 
recombination
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Planck 2015 APS

From Planck 2015 results. XX.  
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Current status: CMB & foregrounds in terms of APS 

% at 
APS
level

From Mandolesi et al. 2017
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Non-Gaussianity … mainly through

(1) Multiple fields (local models, 
non-linearities develop outside horizon)

(2) Non-canonical kinetic term of quantum 
fields (higher derivative interactions; 
Dirac-Born-Infeld, K-inflation)

(3)  Non-vacuum initial conditions
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PLANCK COSMOLOGICAL PARAMETERS

The CMB anisotropy angular power spectrum shape and amplitude is strongly
dependent on the underlying cosmological model.

Cosmological models are characterized by cosmological parameters

STANDARD VANILLA MODEL PARAMETERS

•Baryon Density  today

•Dark Matter Density today

•Horizon @REC Angular Diameter Distance

•Optical depth for reionization

•Cosmological perturbation tilt P(k) = As kn

•Cosmological perturbation amplitude
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Some more information on parameter definition - I 
• Evolution of cosmic scale factor a=1/(1+z)

H2 = [(da/dt)/a] 2 = [da / (a2 dη)] 2  = (8πG/3) [ρM/a3  +ρR/a4 +ρν(a) +ρΛ+ρK/a2 ]
where dη=dt/a, t =time, η=conformal time

• Ratio of energy densities relative to the total:

Ωi=3ρi/(8πGH0
2) ;  H0 = H(@ t=today) = Hubble constant,

h=H0/[100Km/s/Mpc]        1/H0   related to the age of the Universe
for example:  t0= (2/3)/H0 for a simple Einstein-de Sitter model

• ρΛ= 3Λ/(8πG) ; ρK= 3K/(8πG)  (K=0,+1,-1)
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• Thomson optical depth due to reionization
(integral from the raising of ionization fraction after “quiescent phase” 
following recombination up to current epoch)

• Redshift of last-scattering, z★, such that optical depth to Thomson 
scattering from z = 0 to z = z★ is unity, assuming no reionization

§ Angular scale of the sound horizon at last-scattering

where with

§ Typically 100×θ★ is given

Some more information on parameter definition - II 
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PLANCK COSMOLOGICAL PARAMETERS: ΛCDM model

2015 Release

Main difference with respect to previous release in τ 
now polarization comes from Planck
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First	luminous sources
in	the	Universe:

cosmological reionization
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Planck TT

+lensing

+lensing+BAO

Planck TT+lowP

Planck TT+lowP+WP

Planck TT+lowP+BAO

More accurate CMB polarization measurements will allow reionization
history reconstruction “beyond the τ approximation” with both “blind” 
methods”  (e.g. principal component method, reconstruction of χe in z bins) 
and estimation (e.g. with MCMC methods) of physical / phenomenological
reionization model parameters.

WP	(WMAP	9) reanalysedwith Planck	dust emissionmaps
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Before Planck

Types of energy
densities

& 
Universe age
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Robustness ns - r
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N.B.: polarization still not fully explored à
improvements expected for the last release

Initial conditions of the Universe

Primordial perturbations
spectrum

Spectral index of
primordial perturbation:
limits on running

Gaussian
perturbations

Euclidean geometry

Isocurvature 
perturbations

Planck 2015 results XVII: 
Constraints on primordial
non-Gaussianity

Planck 2015 results XX: Constraints on inflation
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Neutrinos with CMB & Planck

• Neutrinos with a mass ≈ 0.001−1 eV contribute to the radiation 
density at the time of equality and to the non-relativistic     matter 
density today à affect primary CMB spectrum 
à Integrated Sachs-Wolfe effect (@ early & late times) &/or change 
in angular diameter distance to the last scattering surface
à constraints on neutrino mass from CMB data

• With Planck: precise analysis of intermediate/high multipoles    
à dominant effect is gravitational lensing.  
Increasing the neutrino mass suppresses clustering on scales
smaller than the size of the horizon at the time of the NR 
transition, suppressing the lensing potential.
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Comparison
with Katrin

Planck 2015
(95% CL) 
limits on 
neutrino
masses

& 

Neff
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Nature of Dark	Energy

Planck 2015 results XIII: Cosmological parameters

Planck 2015 results XIV:Dark Energy and Modified Gravity

“Early Dark Energy”

LambdaCDM compatible with data
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TT + lowP + RSD

TT + lowP + WL + RSD
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Fundamental physics constants

Δα/α0 = 0.25 (0.32) 10-9

α/α0=0.9936±0.0043
(68%; Planck+WP)

In laboratory on ground:

Planck 2013 results XXVI: Cosmological parameters

Planck Intermediate results XXIV: Constraints on 
variation of fundamental constants

Li, Wu & Chen 2013, Phys Rev. D 88, 084053

With
Planck 2013

data
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Polarization with Planck
& 

B-modes
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Polarization with Planck: 
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CMB polarization with Planck
E & B – 30% binning, fsky=74%

B-mode: 
“smoking gun of inflation” 
energy scale
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Planck first results on 
dust polarized emission:

High observed
degree of polarization
(P/I)obs up to 18% 

Crucial for understanding 
the nature of B-mode 
polarization signal

Dust essentially 
everywhere
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v Fundamental conclusion: 
dust is detected at high significance,
r < 0.12 at 95% CL.
○ Multi-component likelihood gives         
σ(r) ~ 0.035 à very direct constraint on 
tensors!
○ No significant evidence for r > 0. 
Currently r = 0 and r = 0.1 are at equal
likelihood. 
○ There may yet be a gravitational wave  
signal, but if there is it must be 
considerably smaller than the full signal.
v We have checked the stability of the 
analysis under variations of the data 
selection and other details. 
○ Most variations make little difference. 
There is some difference in the results
depending onwhether BICEP2 or Keck
data is used but this is shown to be within
noise fluctuation.
BICEP2 / Keck Array VI: … Adding 95 GHz
Data From Keck Array, arXiv:1510.09217:
combining with Planck analysis of CMB 
temperature and other evidence yields
r 0.05 < 0.07 at 95% CL. 
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Microwave sky complexity
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rms fluctuations in T & P: CMB vs foregrounds
Change of paradigm from Planck maps

Planck in T: 81-93% sky 
coverage - 1°FWHM
c.f. common mask 78%

75-85% sky coverage
WMAP 9 Microwave sky 

complexity: more 
relevant components! 
Many parameters!
Synch: 2 +
Dust: 3 (* 2 ?)
FF: 2 (EM,Te)
Spinning dust: 
3loc+1glob
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Classical ZLE - Separated in “time domain”, 
for now simply exploiting differences in surveys

ZLE: first piece 
of the game

KBOE ?
far, cold, large 
dust grains

Imprints @ 
large scales?

mm signal 
from KBOE?  

Low 
quadrupole?  

Correlation 
function?

Secondary 
components?
KBOE?

&

Maris et al. 2011
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All-sky	maps	of	Galactic	polarized	synchrotron	emission	
at	radio	(1.4	GHz;	from	Burigana	et	al.	‘06)										&																						mm	(30	GHz)	from	Planck

Relativistic cosmic ray electrons spiralling in	the	Galactic magnetic field
à Galactic synchrotron emission

Significant depolarization appearing in	a	wide	region around the	Galactic center	
in	the	radio,	much less relevant in	the	microwaves

Synchrotron emission in polarization: radio vs mm
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From Planck Coll. 2015, X

Synchrotron emission 
characterization

In frequency     
SED 

EE & BB 
ß APS

From Planck Coll. 2015, XXV

In angular correlation

Relevance for e.g.:
• cosmic ray physics
• Galaxy 3D models
• Galactic magnetic fields

Trend anticipated 
from radio surveys 
(Platania et al. 2003) 
and WMAP 
(Bennett et al. 2003)
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AME – spinning dust
all-sky diffuse component

CMB, dust and free-free killed ILC 
combination

Rising spectrum between 30 & 44 GHz
AME with high-frequency peak

Planck Int. XV (2014)

Planck Commander model 
has 2 AME components:

ü Main component has variable peak 
with prior centred on 19 GHz

ü “High frequency” component with 
peak 30 GHz

Ø Still too low for some regions 
(Oph, California Nebula)

q AME flexibility forces us to use 
fixed template for synchrotron 
spectrum, despite plausible  
evidence for spectral variability

QUIJOTE (10-18 GHz), C-BASS (5 GHz) 
S-PASS (2.3 GHz) 
GMIMS (300 -1800 MHz) for synchrotron
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Haze with Planck

Galactic Haze at 30 and 44 GHz, from Planck

v The Galactic Haze is seen to be distributed around the Galactic Centre

v Its spectrum is similar to that of synchrotron emission

v However, compared to the synchrotron emission seen elsewhere in the Milky Way, 
the Galactic Haze has a 'harder' spectrum, meaning that its emission does not
decline as rapidly with increasing frequency
v Diffuse synchrotron emission is interpreted as radiation from highly energetic
electrons that have been accelerated in shocks created by supernova explosions
v Several explanations: enhanced supernova rates, galactic winds and even
annihilation of dark-matter particles ... but none of them have been confirmed
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Impact of residuals & subdominant components / 
features complexity in dominant components

Estimate 
of AME, 

assuming
pol. degree

of 2% 

Residual
from dust

starting from 
353 GHz for
an error in 
beta_dust

of 0.01
Residual 

from synch
starting from 

30 GHz for
an error in 

slope of 0.02

Galaxy @ 70 GHz Sources @ 100 GHz 
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General remarks
• The analysis of the Planck nine frequency channels reveals the 

complexity of the mm sky
• At the sensitivity level of Planck, only two astrophysical diffuse 

components are significantly polarized, namely the synchrotron and 
thermal dust emissions

• On the other hand, the recent limits set on primordial B-modes
derived combining data from Planck and BICEP2-Keck array call for
à a new generation of precise polarization measurements for 
detecting and characterizing primordial B-modes

• Particularly for low values of the tensor-to-scalar ratio, r, they
– a very large number of receivers
– frequency channels necessary for the accurate treatment of

(even subdominant) foreground emissions
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Future of CMB 
anisotropy missions
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CMB missions proposals to ESA – I: 
B-Pol, COrE

(medium-size (M) missions)  
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CMB missions proposals
to ESA – II: 

PRISM (Large mission ideas) 
COrE+ (M mission)
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CMB missions proposals
to ESA – III: 

now:
ESA M5 à CORE
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Perspectives from ground - I

Courtesy K.Ganga
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Courtesy K.GangaPerspectives from

ground - II

Stompor
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Ex.: CLASS @ Chile
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M. Hazumi
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Courtesy M. Hazumi

N.B.: success of delensing largely
depends on combination of

LiteBIRD & CMB-S4 
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Courtesy
P. de Bernardis

The European view to future CMB mission: selfconsistent experiment,
B-modes … but not only J à scientific return even for extremely low r

“All” 
goals
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CORE (ESA M5 Call) channels and sensitivity

J. Delabrouille et al. 
arXiv:1706.04516
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CORE scanning strategy & typical sensitivity map

Aimed at optimizing
polarization reconstruction
through many different
beam orientationsJ. Delabrouille et al. 

arXiv:1706.04516
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Future CMB - Ex: cosmological parameters with CORE

From E. Di Valentino et al. arXiv:1612.00021
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ns – r ; improvement from COrE

Courtesy M. Bucher

Characterization of
tensor
perturbations, ex.: 
in single field or 
slow-roll inflation:
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From Trombetti & Burigana, 2012, JMP, 3, 1918

Reionization beyond simple tau-approximation
Extension to all modes – EE & BB modes
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Y map gives us lots of clusters
Courtesy E. Komatsu
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Detection limits for a diffraction-limited survey
In total intensity:

Given current 
sensitivities, 
confusion dominates 
detection limits

à Angular 
resolution critical

Planck HFI worse 
than diffraction 
limited

Improvements
expected even with 
smaller telescope 
but
diffraction-limited
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Effect of CORE detection limit 
for extragalactic source counts

v Extragalactic radio-sources almost dominated 
by blazars, that is also dominating population in 
gamma-rays 

v Planck data crucial to characterize their 
synchrotron peak and understanding their 
physics (Giommi et al. 2012)

v Galaxies with active star formation
Ø starlight absorbed by circumstellar dust grains and re-emitted         

in far-IR/sub-mm 
Ø CORE will fill gap between Planck flux limit and Herschel flux range, 

a gap where 
ü cosmological evolution appears and thus  particularly 

important for evolutionary models 
ü it is easier to identify extreme cases of flux gravitational 

amplification

Extracted from
Massardi et al. 2016
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Predicted counts in polarization for a 1m telescope

Courtesy J. Gonzalez-Nuevo 
& M. Lopez-Caniego

Complete samples in polarization
are currently limited to:

ü some tens of radio-sources
(microwaves/mm)

ü negligible number (sub-mm) 

COrE-M5 high sensitivity in 
polarization open a new window

Simulations for COrE-M5 
suggest:

v detection of:                
thousands of sources in its
whole frequency range

v for the first time:         
hundreds of galaxies with 
intense star formation with            
polarized signal by dust grains

àUnique information on:

Ø their magnetic fields
Ø unknown origin of tight 

correlation between
IR and radio luminosities
of these objects
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Future of CMB spectrum
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CMB spectrum: current status 
T0 = 2.725 

± 0.002 °K
Mather, J.C., 
et al., 1999, 
ApJ, 512, 511

λ>1cm: typical error > 0.1 K

FIRAS 
measures:
typical error

±0.0001 K
Measures of CMB spectrum
(collected by 
C. Burigana & R.Salvaterra, 
1999, arXiv:0206350)

TRIS, ground experiment
Gervasi, M., et al. 2008, 

ApJ, 688, 24

ARCADE 2, balloon
Fixsen, D.J., et al. 2011, 
ApJ, 734, id. 5

Crucial for free-free distortions
Where Bose-Einstein like
distortions are more prominent
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BIG

BANG

z

today

zthermalization zBE zrecombinationz

Superposition of black bodies

where

Primordial distortions
Bose-Einstein like

with µ function of x

+ Free-free distortions

Late distortions Related (mainly) to the reionization history of the universe 

CMB distortions @ different cosmic times

µ ~1.4 Δε/εi
y ~ (1/4) Δε/εi

Late distortions

Intermediate distortions

Blackbody Photoshpere

Current accurate & general numerical codes, able to ingest many kinds of
source terms: KYPRIX: P. Procopio & C. Burigana 2009, A&A, 507, 1243; 
CosmoTherm: J. Chluba & R.A. Sunyaev, 2012, MNRAS, 419, 1294

Zeldovich & 
Sunyaev
1969; 
Illarionov & 
Sunyaev
1974; 
Danese & de 
Zotti 1977; 
Burigana et
al. 1991; Hu
& Silk 1993
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To firmly observe such small 
distortions the Galactic and 
extragalactic foreground
contribution should be 
accurately modelled and 
subtracted.

CMB distorted spectra as functions of the wavelength λ (in cm) in the
presence of a late energy injection with ∆ε/εi ≃ 4y = 5 × 10−6 plus an
early/intermediate energy injection with ∆ε/εi = 5 × 10−6 occurring at the “time”
Comptonization parameter yh = 5, 1, 0.01 (from the bottom to the top; in the
figure the cases at yh = 5 – when the relaxation to a Bose-Einstein modified
spectrum with a dimensionless chemical potential given, in the limit of small
distortions, by μ ≃ 1.4∆ε/εi is achieved – and at yh = 1 are extremely similar at
short wavelengths; solid lines) and plus a free-free distortion with yB = 10−6

(dashes). From Burigana et al. ‘04.

Bose-Einstein

Comptonization

Free-free

Middle age
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Ideas of the future of CMB spectrum from space
v The current limits on CMB spectral distortions and energy dissipation

processes in the plasma, |∆ε/εi|≤10−4, are mainly set by the NASA
COBE/FIRAS experiment.

v High accuracy CMB spectrum experiments from space, like DIMES at λ ≥ 1
cm (Kogut 1996) and FIRAS II at λ ≤ 1 cm (Fixsen & Mather 2002), have been
proposed to constrain (or probably detect) energy exchanges 10–100 times
smaller than the FIRAS upper limits possibly generated by heating (but also
by cooling) mechanisms at different cosmic epochs.

v These perspectives have been recently renewed:
q in the context of a new CMB space mission like PIXIE (Kogut et al. 2011)

proposed to NASA
q in the possible inclusion of spectrum measures in the context of a

polarization dedicated CMB space mission, of high sensitivity and up to
arcmin resolution, like PRISM proposed to ESA in 2013

q exploting differential approaches in anisotropy missions (CORE)
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Adiabatic cooling (BE condensation)
vs perturbation dissipation

Sketch of fractional rate of energy release 
due to Silk damping and free streaming for 
different initial power spectra. 
Also shown for comparison is the rate of 
energy loss due to adiabatic cooling of 
baryonic matter.

µ ~1.4 Δε/εi as 
a function of
spectral index ns
(without running)

Energy injection in μ 
distortions during 
5 × 104 < z < 2 × 106

for different initial
power spectra
without running
compared with
energy losses due to
Bose-Einstein
condensation.

From Khatri et al. 2012

Chluba et al. 2012: 
also amplitude 
unknown
@ small scales à
larger range of µ
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“Exotic” spectral distortions

Danese & Burigana ’94, 
Lecture Notes Phys., 429, 28

Rx= (3/8)(gf/Χ)
g! is the number of states per momentum mode and X is the effective
number of relativistic interacting species at the decay epoch
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Summary of CMB spectral distortions in intensity

Low freqs.
Ground experiments, 

DIMES, ARCADE 2, 
SKA & its precursors

High freqs. 
FIRAS II, Pixie, PRISM

From PRISM studies

Free-Free excess: 
short dashes

Compt. decrement: solid, y=5×10-7

Extreme model (Oh ‘99)

Typical minimal reionizaton FF 
signal (Trombetti & CB 2014)

Free-Free: modest
but not negligible
impact for CMB
space missions,
main target for
ground-based
observations.
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Courtesy G. de Zotti
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Dipole spectrum: CMB distortions and CIB

v Without absolute calibration, but with only accurate relative & interfrequency
calibration CORE will have the chance to detect CIB & reonization (& others?) 
distortions through low multipole pattern

à Global & (almost) model independent constraints on energy dissipations

Original idea by Danese & de Zotti 1981; 
rediscussed in 2016 by de Zotti et al. and Balashev et al. Courtesy T. Trombetti & C.B. 2016
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From dipole to higher multipoles

Courtesy
T. Trombetti 
& C.B. 2016 Compute full effect à maps

Harmonic expansion à
Computations of all multipole components
at each frequency for each type of signal
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Angular power spectrum of the 
dipole map difference between
distorted spectra and current

blackbody spectrum
vs 

CORE (black) & LiteBIRD (red)
white noise power spectrum

From Burigana, Carvalho, Trombetti et al.
arXiv:1704.05764

Great hopes from PIXIE absolute
spectrum measurements (Kogut

et al. 2011) to constrain
(or detect) energy exchanges

1000 times smaller than
the FIRAS upper limits
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Recovery dipole amplitude

Courtesy G. De Gasperis, 
A. Buzzelli, N. Vittorio 
2016

From Burigana, Carvalho, 
Trombetti et al.

arXiv:1704.05764

Scaling with sampling of 
dipole recovery uncertainty
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From Burigana, Carvalho, Trombetti et al.
arXiv:1704.05764
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Hierarchy of issues vs type of signal
• From a wide set of simulations with 

different residual levels

à following hierarchy

Calibration Foregrounds
Bose-Einstein CIB

Comptonization Comptonization
CIB Bose-Einstein

Decreasing
relevance
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Free-free distortions from cosmological reionization vs SKA

Courtesy T. Trombetti 2015
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Courtesy T. Trombetti 2015

Radiosource confusion noise – I
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Courtesy T. Trombetti 2015

Radiosource confusion noise – II
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21cm require removal of foreground at a few x 10-3 level

filtering

suppression

From Schneider et al. 2008, MNRAS, 384, 1525

Temperatures:[kinetic, CMB, spin 
(21 cm)]

From Geil et al et al. 2017 (Mesinger et al 2016)

PIP XLVII, 2016

Reionization:
synergy 

CMB-21cm
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Conclusion - I
• Planck legacy will set the scene for many years
• Time is appropriate for new CMB missions/projects,                        

from both scientific expertise and technological development
• CMB science (“primary” & “secondary”) essential for early

Universe and cosmic evolution
• Competition/synergy between ground & space projects

• While achieving Higgs/Starobinsky limit (r～ 0.004) is
the minimum goal of a future CMB polarization mission …

• for “ultimate” polarization mission targeted to characterize, 
not only detect B-modes down to r ≅ 10-3 , or even lower,

• other key scietific goals are “automatically” assured
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v Astrophysical foregrounds: limitation & opportunity

v We need to map & understand them with high accuracy in order to 
properly extract CMB maps and spectrum
vThis is crucial in polarization and for B-modes for low r values 
vThis is crucial for spectral distortions

v Microwave sky complexity calls for many frequency channels                        
(e.g. 15 or more in about one decade in frequency, for polarization),                                               
related to the global number of foreground parameters 

v Spectrum is currently as anisotropy before COBE/DMR
v à A new window!
v Huge synergy with radio observations in particular for reionization

Conclusion - II
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v Legacy science of a future CMB mission 
potentially immense, e.g.:

Ø all-sky à essential for Galactic studies, extragalactic samples, 
high-z studies, rare phenomena

Ø polarization: even Planck is only at the beginning 
(ex.: 2 Galactic components, about 102 sources)

Ø products: mapping all Solar System & Galactic components, 
identify fine features, producing sample of thousands of galaxies

Ø cross-product: “absolute” calibration à legacy data for calibrating 
ground observations 

•

Conclusion - III
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Thanks for the attention!


