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Temperature and polarization 
variations across the microwave sky 
include the fingerprints of quantum 
fluctuations in the early universe.  
Will they reveal physics or new 

physics at unprecedented energy 
scales? 

CMB and Particle Physics 



!  Introduction 
! Stability of main scientific results across the 2013, 2015 and 

intermediate product public deliveries, confirmed by the 2018 
legacy release. 

!  2018: Main Legacy results and improvements in understanding 
and correction of systematics in Polarization.  

!  Issues to be addressed: 
•  Small remaining uncertainties of systematics in polarization  

•  Some 2.0/2.5 σ “anomalies”: lack of power at low ell + minor “curiosities”  

•  3.8 σ tension with “distance ladder” measured H0 
! ………Beyond Planck 
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Planck function 
 2.726 ° K 

06/08/14 

Cosmic Background predicted by Gamow in 1948, and by Ralph Alpher & Robert 
Herman in 1950. Serendipitously observed in 1965 par Arno Penzias and Robert 
Wilson at the Murray Hill Centre (NJ) of the Bell Telephone Laboratories as « A 
source of excess noise in a radio Receiver  ». Joint interpretation article in 
Physical Review by Dicke, Peebles, Roll, Wilkinson…(Princeton). 
 

the cosmic microwave background from space 
Penzias & Wilson  1965, Dicke, Peebles, Roll & Wilkinson 1965 

Predictions of the 
temperature oscillated 
between 5K and tens of K 
Discovery: 3.5 ±1 K 
 

J. Mather et al 
1990 
FIRAS 
experiment 

G. Smoot et al 1992 
DMR experiment 
(COBE) 
 

M. Hauser et al 
1998  
DIRBE 
experiment 
(COBE) 



THE PLANCK SATELLITE 

Planck is the 3rd generation ESA 
satellite devoted to CMB

Ultimate characterization of the 
temperature anisotropies

74 detectors (radiometers and 
bolometers) in 9 frequency bands 
from 30 to 857 GHz

angular resolution between 30’ and 
5’, ΔT/T ~ 2 x 10-6 

Final (legacy) release took place on 
17 July 2018, for data and (most) 
papers. 
 



May	2009:	Launched	from	Kourou	

Mar	2013:		Data	Release	and	Cosmology	Results		
	 	Nominal	Mission	Temperature	data	

	Oct	2013:		Planck	‘Shut	Down’	

		
Feb	2015:		Data	Release	and	Cosmology	Results		

								Full	Mission	Temperature	and	(preliminary)	Polarization	data	

			Jul	2018:		Legacy	Data	&	Paper	Release							9	papers	(+3	to	appear	soon)	

32	papers	

28	papers	

52	papers	/	intermediate	results	



CMB monopole and dipole 

CMB monopole 



The 2018 maps 

Intensity 
Polarization 



UNVEILING	THE	CMB	SKY	

The	ultimate	
measurement	of	

the	CMB	
temperature	
anisotropy	field	



LFI and HFI Solar dipole direction and amplitude  
  

21 August 2018 
J.L. Puget, IAS Orsay 
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Calibration and solar dipole 

1.  the dipole due to the motion of the solar system w.r.t. the CMB has been 
measured with unprecedented accuracy 

2.  it is a very powerful tool for inter-calibration and testing 
3.  we remove the foregrounds and the CMB anisotropies with 4 different methods 
4.  the calibration of each detector is obtained from the orbital dipole (earth motion 

around the sun 
5.  we then measure the solar dipole (direction and amplitude) for a set of galactic 

sky cuts (20 to 90 %) 
6.  finally we compare the results between frequencies    

J.L. Puget, IAS Orsay 



STATISTICAL DESCRIPTION 

  

€ 

ΔT
T
(! γ ) ΔT

T
(! $ γ )

)()()( γγγ ʹ́
Δ

ʹ
ΔΔ !!!

T
T

T
T

T
T

)()()()( γγγγ ʹ́ʹ
Δ

ʹ́
Δ

ʹ
ΔΔ !!!!

T
T

T
T

T
T

T
T

CORRELATION	FUNCTIONS	

...	
α	

from	Inflation	

E-modes:	even	under	parity	

B-modes:	odd	under	parity	

POLARIZATION	

Density	perturbations	->	E-modes	

Gravitational	Waves	->	E-	and	B-modes		



spatial curvature
relative abundance of matter and radiation
distance to the last scattering surface
H0,  Ωm,  Ωk

Primordial power spectrum
late time expansion
As,  ΩΛ

Baryon abundance
Ωb

Photon diffusion length at recombination
Slope of the primordial spectrum
Neff, Ωb, Yp, ns

+ Overall power
As e-2τ

+ low-ell 
polarization
(not shown)
Reionization 
history
τ
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The Planck Legacy in a snapshot 

!  Ultimate Anisotropy Temperature maps at all CMB 
scales 

!  To date, unprecedented  sensitivity Anisotropy 
Polarization  full sky maps 

 
!  And much more……  

N.Mandolesi University of Ferrara and INAF 



T map: 2013 



T map: 2015 



T map: 2018 



2015-2018  
@ 80’ 

In 2018 sources are 
removed 
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PLANCK: POLARIZATION ANISOTROPIES 
 

Temperature smoothed to 5 degrees

Two independent components:
a grad-like (E) and a curl-like (B) mode

Different behaviour under parity



2018 
 Q and U @80’ 
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PLANCK: POLARIZATION ANISOTROPIES 
 



Planck-WMAP(V+W) comparison 

 
 

top: WMAP: V+W band  
at Nside = 512 (30’) 
 
  
 
 
 
 
Bottom: Planck: 
 at Nside = 1024 (10’)  

Stacking	of	polarization	maps	on	intensity	peaks		
Planck	sensitivity	and	resolution	allow	to	show	more	defined	stacking	patterns	than	WMAP.	

T Q U 
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2018 Planck TT 



N.Mandolesi University of Ferrara and INAF 

2018 Planck TE 

Low ell HFI 
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2018 Planck EE 

Low-ell from HFI 
Syncrothron cleaned with 
30 GHz LFI 



Comparison with ground-based 
experiments 

N.Mandolesi University of Ferrara and INAF 



ΛCDM results 2018 (T+Pol+lensing)   

Robust against changes of likelihood, <0.5σ
 (𝜎 is small!) 

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

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

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

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

Mean σ [%] 

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 
τ  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 
σ8 Matter perturbation 
amplitude 0.8111 0.0060 0.7 



ΛCDM results 2018  

From a joint fit 
to Planck                     
temperature, 
polarisation and 
lensing data 



Improved consistency with  
BAO and RSD 

N.Mandolesi University of Ferrara and INAF 



2018 lensing map - MV 

N.Mandolesi University of Ferrara and INAF 



2018 lensing map - TT 

N.Mandolesi University of Ferrara and INAF 



2018 lensing map - Pol.. 

N.Mandolesi University of Ferrara and INAF 





LENSING 
simulated 
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Lensing smooths the peaks 
of the CMB power 
spectrum…
… and introduces non-
gaussianities in the map 
(nonzero 4-point c.f.)



Lensing Potential Power Spectrum  
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amplitude constrained to 2.5 % 

40 σ detection of lensing (T+P) 

Shifts from 2015 explained from different masks 
and SMICA weights 

Polarisation lensing 
detected at 9σ 



Inflation Physics 

N.Mandolesi University of Ferrara and INAF 



 
Are tensor modes required? 
 

Primary parameter r the tensor-to-scalar ratios at k =0.002 Mpc-1 (approximately 
ell<100)  with theoretical prior nt = -r/8   

Planck 2018 + BK14 

A stochastic background of gravitational waves (GW) with a blue tensor tilt can be further 
constrained at much shorter wavelength as those probed by ground-based 
interferometers dedicated to the direct detection of GWs. The LIGO/VIRGO upper bound 
(Abbott et al. 2016) on the GW energy density translates in an upper bound on r on short 
scales. 

Planck 2018 + BK14 + LIGO/VIRGO 
and relaxing nt = -r/8   

r0.002 < 0.064 nt = -r/8   

r0.002 < 0.069 -0.62<nt<0.53 



Beyond Planck 
The OPEN (?) questions 

!  Anomalies at large angular scales 
!  Omega-k and Alens 
!  Tensions between large and small scales 
!  Tensions between low and high redshift 

probes 
 
 
 
 
 

Need for high precision (goal: cosmic 
variance limited) full sky polarization 

maps 
  

N.Mandolesi University of Ferrara and INAF 



Anomalies in the CMB field 

•  At large angles, the CMB field is known to exhibit anomalies: 

•  Lack of power 

•  Hemispherical asymmetry 

•  Even-odd asymmetry 

•  And others… 

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



The Cold Spot and other large-scale 
peaks 

The Cold Spot is an anomalous CMB feature of large area and a very 
negative amplitude, and a large kurtosis at scales of around 5 deg.  
Besides the Cold Spot we are also investigating the multipolar profiles of 
four more large-scale peaks, which have been previously identified 
anomalous features at very large scales (at 10 deg). 

Commander map for T  Cold Spot 



Planck 2018 TT power spectrum 



A Lens issue: a statistical fluke? 
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Camspec  
TT,TE,EE 
(2.1σ) 

Plik 
TT,TE,EE 
(2.8σ) 

+CMB 
lensing 

 
•  Unphysical parameter used for 

consistency check. 

•  Preference for high AL from Planck 
since 2013 (AL expected to be 1) 

•  Not due to lensing: Predicted 4 
points correlation function 
(lensing) is exactly what Planck 
measures 

•  Due to contrast on high ell 
acoustic peaks 
 

•  It could be a statistical 
fluctuation/new physics/
systematics (but no evidence 
so far) 

Amplitude of the lensing potential power 
spectrum. In ΛCDM=1 

Different treatment of systematics in 
polarization (as done in our two likelihoods 
Camspec and Plik) can impact extensions of 
ΛCDM at ~0.5σ level. 



Curvature and Dark Energy 

 
 

�0.10 �0.05 0.00

⌦K

0.3

0.4

0.5

0.6

0.7

⌦
m

TT,TE,EE+lowE

+lensing

+BAO 45

50

55

60

65

H
0

•  Both curvature Ωk<1 and phantom dark 
energy w<-1 can provide larger lensing 
amplitude, thus preferred by TTTEEE 

•  Results between Plik and CAMspec differ 
at ~<0.5σ level. 

•  When adding CMB lensing reconstruction,  
less preference for deviations, further 
tightened by BAO. 

Planck Collaboration: Cosmological parameters

Fig. 29. Constraints on a non-flat universe as a minimal ex-
tension to the base-⇤CDM model. Points show samples from
the Planck TT,TE,EE+lowE chains coloured by the value of
the Hubble parameter and with transparency proportional to the
sample weight. Dashed lines show the corresponding 68 % and
95 % confidence contours that close away from the flat model
(vertical line), while dotted lines are the equivalent contours
from the alternative CamSpec likelihood. The solid dashed line
shows the constraint from adding Planck lensing, which pulls the
result back towards consistency with flat (within 2�). The filled
contour shows the result of also adding BAO data, which makes
the full joint constraint very consistent with a flat universe.

eracy by constraining the tensor amplitude more directly, giving

r0.002 < 0.16,

dns/d ln k = �0.008+0.014
�0.015,

9>=
>;

95 %, TT,TE,EE+lowE
+lensing, (45a)

r0.002 < 0.072,

dns/d ln k = �0.007+0.013
�0.014,

9>=
>;

95 %, TT,TE,EE+lowE
+lensing+BK14+BAO. (45b)

The combination of Planck and BK14 robustly constrain the
tensor ratio to be small, with r0.002 <⇠ 0.07. The implications
for inflation are slightly more model dependent as a result of
degeneracies between ns and additional parameters in extended
⇤CDM models. However, as shown in Table 5, the extensions
of ⇤CDM that we consider in this paper cannot substantially
shift the value of the spectral index when the tensor amplitude is
small, so the overall conclusions are unlikely to change substan-
tially in extended models.

7.3. Spatial curvature

The base-⇤CDM model assumes that the spatial hypersurfaces
are flat, such as would be predicted (to within measurable pre-
cision) by the simplest inflationary models. This is a prediction
that can be tested to high accuracy by the combination of CMB
and BAO data (the CMB alone su↵ers from a geometric degener-
acy, which is weakly broken with the addition of CMB lensing).
This is illustrated in Fig. 29.

The combination of the Planck temperature and polarization
power spectra give

⌦K = �0.056+0.028
�0.018 (68 %, Planck TT+lowE), (46a)

⌦K = �0.044+0.018
�0.015 (68 %, Planck TT,TE,EE+lowE), (46b)

an apparent detection of curvature at well over 2�. The 99 %
probability region for the TT,TE,EE+lowE result is �0.095 <
⌦K < �0.007, with only about 1/10000 samples at ⌦K � 0. This
is not entirely a volume e↵ect, since the best-fit �2 changes by
��2

e↵ = �11 compared to base ⇤CDM when adding the one ad-
ditional curvature parameter. The reasons for the pull towards
negative values of ⌦K are discussed at length in PCP15 and
Sect. 6.2. They 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-` temper-
ature likelihood slightly better if ⌦K < 0. As with the AL > 1
preference, the joint Planck polarization result is not robust at
the approximately 0.5� level to modelling of the polarization
likelihoods, with the CamSpec TT,TE,EE+lowE likelihood giv-
ing ⌦K = �0.037+0.019

�0.014.
Closed models predict substantially higher lensing ampli-

tudes than in ⇤CDM, so combining with the lensing reconstruc-
tion (which is consistent with a flat model) pulls parameters back
into consistency with a spatially flat universe to well within 2�:

⌦K = �0.0106 ± 0.0065 (68 %, TT,TE,EE+lowE
+lensing). (47a)

The constraint can be further sharpened by combining the Planck

data with BAO data; this convincingly breaks the geometric de-
generacy to give

⌦K = 0.0007 ± 0.0019 (68 %, TT,TE,EE+lowE
+lensing+BAO). (47b)

The joint results suggests our Universe is spatially flat to a 1�
accuracy of 0.2 %.

7.4. Dark energy and modified gravity

The late-time accelerated expansion of the Universe (Riess et al.
1998; Perlmutter et al. 1999) is still considered one of the most
mysterious aspects of the standard cosmology. In the base
⇤CDM model the acceleration is driven by a cosmological con-
stant, added into the Einstein equations of General Relativity
(GR, Einstein 1917). Although ⇤CDM fits the data well, ⇤ is
a phenomenological parameter without an underlying theoret-
ical basis to explain its value (though see Weinberg 1987). In
addition, the empirically required value of ⇤ marks our epoch
as a special time in the evolution of the Universe. Attempts have
therefore been made to find a dynamical mechanism that leads
to cosmic acceleration, with evolving background energy densi-
ties close to ⇤CDM. Such dynamics is usually associated with a
fluid (a scalar field) which we refer to as “dark energy” (DE), or
with modifications of GR, which we refer to as “modified grav-
ity” (MG).
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Planck Collaboration: Cosmological parameters

Fig. 30. Marginalized posterior distributions of the (w0,wa)
parameters for various data combinations. The tightest con-
straints come from the combination Planck TT,TE,EE+lowE
+lensing+SNe+BAO and are compatible with ⇤CDM. Using
Planck TT,TE,EE+lowE+lensing alone is considerably less con-
straining and allows for an area in parameter space that cor-
responds to large values of the Hubble constant (as already
discussed in Planck Collaboration XIII 2016 and PDE15). The
dashed lines indicate the point corresponding to the ⇤CDM
model. The parametric equation of state given by Eq. (49) stays
out of the phantom regime (i.e., has w � �1) at all times only in
the (upper-right) unshaded region.

volume of dynamical dark-energy parameter space is allowed,
with contours cut o↵ by our priors (�3 < w0 < 1, �5 < wa < 5,
and 0.4 < h < 1; note that Fig. 30 does not show the com-
plete prior range). However, most of the allowed region of pa-
rameter space corresponds to phantom models with very high
values of H0 (as discussed in PDE15); such models are inconsis-
tent with the late-time evolution constrained by SNe and BAO
data. This is illustrated in Fig. 30 which also shows constraints if
we add BAO/RSD+WL and BAO+SNe to the Planck TT,TE,EE
+lowE+lensing likelihood. The addition of external data sets
narrows the constraints towards the ⇤CDM values of w0 = �1,
wa = 0. The tightest constraints are found for the data combi-
nation Planck TT,TE,EE+lowE+lensing+BAO+SNe; the di↵er-
ence in �2 between the best-fit DE and ⇤CDM models for this
data combination is only ��2 = �1.4 (which is not significant
given the two additional parameters). Numerical constraints for
these data combinations, as well as �2 di↵erences, are presented
in Table 6. It is also apparent that for the simple w0, wa param-
eterization of evolving DE, Planck combined with external data
sets does not allow significantly lower values of S 8 or higher
values of H0 compared to the base-⇤CDM cosmology.

Fixing the evolution parameter wa = 0, we obtain the tight
constraint

w0 = �1.028 ± 0.032 (68 %, Planck TT,TE,EE+lowE
+lensing+SNe+BAO), (50)

Table 6. Marginalized values and 68 % confidence limits for cos-
mological parameters obtained by combining Planck TT,TE,EE
+lowE+lensing with other data sets, assuming the (w0,wa) pa-
rameterization of w(a) given by Eq. (49). The ��2 values for best
fits are computed with respect to the ⇤CDM best fits computed
from the corresponding data set combination.

Parameter Planck+SNe+BAO Planck+BAO/RSD+WL

w0 . . . . . . . . . . . . �0.961 ± 0.077 �0.76 ± 0.20
wa . . . . . . . . . . . . �0.28+0.31

�0.27 �0.72+0.62
�0.54

H0 [ km s�1Mpc�1] 68.34 ± 0.83 66.3 ± 1.8
�8 . . . . . . . . . . . . 0.821 ± 0.011 0.800+0.015

�0.017
S 8 . . . . . . . . . . . . 0.829 ± 0.011 0.832 ± 0.013

��2 . . . . . . . . . . . �1.4 �1.4

and restricting to w0 > �1 (i.e., not allowing phantom equations
of state), we find

w0 < �0.95 (95 %, Planck TT,TE,EE+lowE
+lensing+SNe+BAO). (51)

Here we only quote two significant figures, so that the result
is robust to di↵erences between the Plik and CamSpec likeli-
hoods.

For the remainder of this section, we assume ⇤CDM at the
background level (i.e., w = �1 at all times), but instead turn
our attention to constraining the behaviour of the dark sector
perturbations.

7.4.2. Perturbation parameterization: µ, ⌘

In the types of DE or MG models considered here, changes to
observables only arise via the impact on the geometry of the
Universe. At the level of perturbations, it is then su�cient to
model the impact on the gravitational potentials � and  , or,
equivalently, on two independent combinations of these poten-
tials (e.g., Zhang et al. 2007; Amendola et al. 2008). Following
PDE15 we consider two phenomenological functions, µ and ⌘,
defined as follows.

1. µ(a, k): a modification of the Poisson equation for  ,

k
2 = �µ(a, k) 4⇡Ga

2 ⇥⇢� + 3(⇢ + P)�
⇤
, (52)

where ⇢� = ⇢m�m + ⇢r�r, using comoving fractional density
perturbations �, and where � is the anisotropic stress from
relativistic species (photons and neutrinos).

2. ⌘(a, k): an e↵ective additional anisotropic stress, leading to
a di↵erence between the gravitational potentials � and  ,
defined implicitly through

k
2 ⇥� � ⌘(a, k) 

⇤
= µ(a, k) 12⇡Ga

2(⇢ + P)�. (53)

At late times, � from standard particles is negligible and we
find

⌘(a, k) ⇡ �/ . (54)

These definitions are phenomenological, in the sense that
they are not derived from a theoretical action. However, they

42

Planck Collaboration: Cosmological parameters

Fig. 30. Marginalized posterior distributions of the (w0,wa)
parameters for various data combinations. The tightest con-
straints come from the combination Planck TT,TE,EE+lowE
+lensing+SNe+BAO and are compatible with ⇤CDM. Using
Planck TT,TE,EE+lowE+lensing alone is considerably less con-
straining and allows for an area in parameter space that cor-
responds to large values of the Hubble constant (as already
discussed in Planck Collaboration XIII 2016 and PDE15). The
dashed lines indicate the point corresponding to the ⇤CDM
model. The parametric equation of state given by Eq. (49) stays
out of the phantom regime (i.e., has w � �1) at all times only in
the (upper-right) unshaded region.

volume of dynamical dark-energy parameter space is allowed,
with contours cut o↵ by our priors (�3 < w0 < 1, �5 < wa < 5,
and 0.4 < h < 1; note that Fig. 30 does not show the com-
plete prior range). However, most of the allowed region of pa-
rameter space corresponds to phantom models with very high
values of H0 (as discussed in PDE15); such models are inconsis-
tent with the late-time evolution constrained by SNe and BAO
data. This is illustrated in Fig. 30 which also shows constraints if
we add BAO/RSD+WL and BAO+SNe to the Planck TT,TE,EE
+lowE+lensing likelihood. The addition of external data sets
narrows the constraints towards the ⇤CDM values of w0 = �1,
wa = 0. The tightest constraints are found for the data combi-
nation Planck TT,TE,EE+lowE+lensing+BAO+SNe; the di↵er-
ence in �2 between the best-fit DE and ⇤CDM models for this
data combination is only ��2 = �1.4 (which is not significant
given the two additional parameters). Numerical constraints for
these data combinations, as well as �2 di↵erences, are presented
in Table 6. It is also apparent that for the simple w0, wa param-
eterization of evolving DE, Planck combined with external data
sets does not allow significantly lower values of S 8 or higher
values of H0 compared to the base-⇤CDM cosmology.

Fixing the evolution parameter wa = 0, we obtain the tight
constraint

w0 = �1.028 ± 0.032 (68 %, Planck TT,TE,EE+lowE
+lensing+SNe+BAO), (50)

Table 6. Marginalized values and 68 % confidence limits for cos-
mological parameters obtained by combining Planck TT,TE,EE
+lowE+lensing with other data sets, assuming the (w0,wa) pa-
rameterization of w(a) given by Eq. (49). The ��2 values for best
fits are computed with respect to the ⇤CDM best fits computed
from the corresponding data set combination.

Parameter Planck+SNe+BAO Planck+BAO/RSD+WL

w0 . . . . . . . . . . . . �0.961 ± 0.077 �0.76 ± 0.20
wa . . . . . . . . . . . . �0.28+0.31

�0.27 �0.72+0.62
�0.54

H0 [ km s�1Mpc�1] 68.34 ± 0.83 66.3 ± 1.8
�8 . . . . . . . . . . . . 0.821 ± 0.011 0.800+0.015

�0.017
S 8 . . . . . . . . . . . . 0.829 ± 0.011 0.832 ± 0.013

��2 . . . . . . . . . . . �1.4 �1.4

and restricting to w0 > �1 (i.e., not allowing phantom equations
of state), we find

w0 < �0.95 (95 %, Planck TT,TE,EE+lowE
+lensing+SNe+BAO). (51)

Here we only quote two significant figures, so that the result
is robust to di↵erences between the Plik and CamSpec likeli-
hoods.

For the remainder of this section, we assume ⇤CDM at the
background level (i.e., w = �1 at all times), but instead turn
our attention to constraining the behaviour of the dark sector
perturbations.

7.4.2. Perturbation parameterization: µ, ⌘

In the types of DE or MG models considered here, changes to
observables only arise via the impact on the geometry of the
Universe. At the level of perturbations, it is then su�cient to
model the impact on the gravitational potentials � and  , or,
equivalently, on two independent combinations of these poten-
tials (e.g., Zhang et al. 2007; Amendola et al. 2008). Following
PDE15 we consider two phenomenological functions, µ and ⌘,
defined as follows.

1. µ(a, k): a modification of the Poisson equation for  ,

k
2 = �µ(a, k) 4⇡Ga

2 ⇥⇢� + 3(⇢ + P)�
⇤
, (52)

where ⇢� = ⇢m�m + ⇢r�r, using comoving fractional density
perturbations �, and where � is the anisotropic stress from
relativistic species (photons and neutrinos).

2. ⌘(a, k): an e↵ective additional anisotropic stress, leading to
a di↵erence between the gravitational potentials � and  ,
defined implicitly through

k
2 ⇥� � ⌘(a, k) 

⇤
= µ(a, k) 12⇡Ga

2(⇢ + P)�. (53)

At late times, � from standard particles is negligible and we
find

⌘(a, k) ⇡ �/ . (54)

These definitions are phenomenological, in the sense that
they are not derived from a theoretical action. However, they
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w(a)=-1 

Planck Collaboration: Cosmological parameters

A detailed analysis of the impact of Planck data on
dark energy and modified gravity was presented in a ded-
icated paper that accompanied the 2015 Planck release,
(Planck Collaboration XIV 2016, hereafter PDE15). We refer
the reader to this paper for a review of di↵erent cosmological
models, and for constraints from Planck on its own and in com-
bination with galaxy weak lensing (WL) and redshift space dis-
tortions (RSDs). In PDE15 it was shown that although the base-
⇤CDM model fits Planck data, there were some tensions (at lev-
els as high as 3�) when Planck was combined with RSD and
WL data, even when conservative cuts were applied to exclude
nonlinear scales. However, the addition of Planck lensing data
was found to reduce these tensions. Updated constraints on a
few specific models, using more recent WL data, are presented
in DES Collaboration (2017a).

In this paper, we follow a similar methodology to PDE15,
distinguishing between models that directly a↵ect only the
background (and impact perturbations predominantly through
changes in the expansion rate) and those that directly a↵ect per-
turbations. However, we restrict the analysis to a smaller range
of models here. As in the rest of this paper, we show results
for the baseline Planck TT,TE,EE+lowE+lensing data set and
for combinations with other relevant data sets. Such external
data are particularly useful for constraining DE and MG mod-
els because the largest deviations from ⇤CDM are usually at
late times, which are not well constrained by the CMB power-
spectra and CMB lensing. However, CMB lensing provides im-
portant information that mitigates the preference for AL > 1 seen
in the Planck temperature power spectra (Sect. 6.2), so we ex-
plicitly comment on the impact of CMB lensing wherever rele-
vant. We recall here that the lensing likelihood assumes a fidu-
cial ⇤CDM model, but linear corrections to the fiducial mode
are accounted for self-consistently. PL2018 explicitly tested that
this procedure is unbiased, even when the lensing spectrum dif-
fers from the fiducial spectrum by as much as 20 % (which is
much larger than di↵erences allowed by the CMB lensing data).

We consider the following external data sets:

– SNe + BAO (see Sects. 5.1, 5.2, and 5.4 for discussions
of the data sets and comments on why we do not combine
Planck data with direct measurements of H0);

– RSDs (as described in Sect. 5.3), where we specifically
use BOSS-DR12 data from Alam et al. (2017), adopting the
f�8–H–DM parameterization;

– WL data from DES (as described in Sect. 5.5), except that
here we use the Weyl potential to obtain theoretical predic-
tions for the lensing correlation functions, rather than assum-
ing the matter-sourced Poisson equation to relate the lensing
potential power spectrum to the matter power spectrum.

We calculate all results both fixing and varying the neutrino
mass. Neutrino masses are known to be degenerate with DE and
MG and should be varied consistently when testing such mod-
els (as discussed in Dirian 2017); fixing the neutrino mass to
the minimal value of 0.06 eV (as for our baseline ⇤CDM re-
sults) gives tighter constraints than allowing the neutrino mass
to vary and partly shifts results towards ⇤CDM. These shifts
are usually small, often negligible, and always less than 1� for
marginalized results. We model the small-scale nonlinear power
spectrum using HMcode (Mead et al. 2015, 2016) as in the main
parameter grid of extensions to base-⇤CDM, neglecting any dif-
ferences arising from modified gravity. In using the DES weak-
lensing correlation functions, we exclude scales where nonlin-
ear modelling uncertainties are important, but since the modi-
fied gravity models introduce an additional level of uncertainty,

we also marginalize over the feedback amplitude B with a flat
prior 2  B  4. This parameter was originally introduced to
model baryonic e↵ects on the matter power spectrum and mod-
ifies the halo mass-concentration relation and the shape of the
halo density profile in the HMcode; marginalizing over this pa-
rameter reduces residual sensitivity to nonlinear modelling.

Throughout this section we will adopt the metric given by
the line element

ds
2 = a

2
h
�(1 + 2 )d⌧2 + (1 � 2�)dx

2
i
, (48)

with the speed of light c set to 1. The functions �(⌧, x) and
 (⌧, x) are the gauge-invariant gravitational potentials, which
are very nearly equal at late times in ⇤CDM. For the back-
ground parameterization we use the standard CAMB code, while
for the perturbation parameterization we use the publicly avail-
able code MGCAMB28 (Zhao et al. 2009; Hojjati et al. 2011) inte-
grated into the latest version of CosmoMC. For the e↵ective field
theory (EFT) models of Sect. 7.4.3 we use EFTCAMB29 (Hu et al.
2014; Raveri et al. 2014).

7.4.1. Background parameterization: w0, wa

If the DE is a generic dynamical fluid, its equation of state pa-
rameter w ⌘ p/⇢ will in general be a function of time. Here p

and ⇢ are the spatially-averaged (background) DE pressure and
density.

To test a time-varying equation of state we adopt the func-
tional form

w(a) = w0 + (1 � a)wa , (49)

where w0 and wa are assumed to be constants. In ⇤CDM,
w0 = �1 and wa = 0. We use the parameterized post-Friedmann
(PPF) model of Hu & Sawicki (2007) to explore expansion his-
tories where w crosses �1. The PPF equations are modelled on
the perturbations of quintessence dark energy, i.e., they corre-
spond to a fluid with vanishing anisotropic stress and a rest-
frame speed of sound approximately equal to the speed of light.
Because of the high sound speed, dark-energy density perturba-
tions are suppressed inside the horizon and are irrelevant com-
pared to the matter perturbations, except on the very largest
scales. While this is the standard procedure adopted in the lit-
erature, we should emphasize that a single minimally-coupled
canonical scalar field (quintessence) cannot cross w = �1. Such
a crossing could happen in models with two scalar fields (one of
which would have to be a phantom field with the opposite sign
of the kinetic term); in such models the perturbations remain
close to the quintessence case (see e.g., Kunz & Sapone 2006).
Alternatively, the phantom “barrier” can be crossed with a sound
speed that vanishes in the phantom domain (Creminelli et al.
2009) or in models with additional terms in the action, such as
in kinetic-gravity-braiding (De↵ayet et al. 2010), or with non-
minimal couplings (Amendola 2000; Pettorino & Baccigalupi
2008). These and other modified gravity models, typically also
change the behaviour of the perturbations.

Marginalized contours of the posterior distributions for w0
and wa are shown in Fig. 30. Note that CMB lensing has only
a small e↵ect on the constraints from Planck alone (see the pa-
rameter grid tables in the PLA). Using Planck data alone, a wide

28Available at http://www.sfu.ca/˜aha25/MGCAMB.html

(February 2014 version, but updated to correctly output the power
spectrum of the Weyl potential).

29Available at http://eftcamb.org/ (version 2.0).
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Curvature 

Dark energy equation of state 



Tensions low-high ell ? 

The results of Planck analysis comparing parameters measured from ell=30-1000 with those 
measured from 1000-2500 agree with what published in the Planck papers but are cleaner because 
taking into account of  reduced  foregrounds. Therefore there is nothing anomalous -- the 
parameters shifts are consistent with expectations. There is, however (see previous slides), some 
tension when we add  the low ells from ell=2-30 (LFI).  
This might be just a consequence of the low amplitudes at ell<30 that we have known about since 
WMAP. It's possible that there is new physics that suppresses the low ell multipoles -- but the 
statistical significance is not high. 

N.Mandolesi University of Ferrara and INAF 



Tension: H0 (3.8 sigma) 

Low-High redshift evolution? 
 
New physics or systematics? 

Primordial deuterium abundances allow to 
constrain the sound horizon and this gives 
constraints that agree with the base LCDM 
model. So, if we want to resolve the 
tension between CMB and H_0, we have 
to change the sound horizon while 
preserving BBN and the acoustic peak 
structure of the CMB!!!!!! 

N.Mandolesi University of Ferrara and INAF 



The neutrino legacy of Planck (1) 

(95% CL, TT+lowE) 
 
(95% CL, TT+lowE+lensing 
+BAO) 

•  Effective number of relativistic 
species is consistent with the 
standard expectation Neff = 3.046 

•  Data are consistent with these 
relativistic species behaving as 
free-streaming neutrinos – a 
strong indication that they are 
indeed the SM neutrinos!  

•  A fourth thermalized species 
(Neff=4) is excluded at 3.5 to 6 σ, 
depending on the dataset 

•  A light sterile neutrino species is 
allowed if not thermalized. Still, 
the sterile neutrino interpretation 
of the short-baseline anomalies is 
excluded by Planck 

N.Mandolesi University of Ferrara and INAF 



Mν < 0.44 eV   (95%CL, TT + lowE + lensing) 
 

Mν < 0.13 eV  (95%CL,TT+lowE+lensing+BAO)  
 
 
 

The neutrino legacy of Planck (2) 
•  Tightest constraint from a 

single experiment 
•  First constraint exploiting 

the information encoded in 
the CMB weak lensing 

•  One order of magnitude 
better than present 
kinematic constraints, 
already at the same level 
than future expectations 
for KATRIN 

•  The combined limits from 
Planck and large scale 
structure probes are 
starting to corner the 
inverted hierarchy 
scenario 

N.Mandolesi University of Ferrara and INAF 



Planck exhausted the temperature 
Polarization is the future 

"  The quest for B-modes 
 
"  Full sky E-modes cosmic variance limited 
 
•  Lack of power  
•  Reionization History 
•  Primordial Universe 
•  Neutrinos 

N.Mandolesi University of Ferrara and INAF 
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Beyond Planck: Deal with the 
foregrounds and lensing 
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Planck Legacy: main points 
!  Planck results stable across releases 
!  Polarization now better understood (~0.5 σ systematic 

uncertainty)  

!  Consistency with BAO, SN, RSD, DES lensing (in ΛCDM)  
! Strong 3.8 𝜎 tension with 𝐻0 from distance ladder results 

! Planck value in agreement with inverse distance ladder 
independent of CMB (BAO+D/H+CMB lensing).  

!  Some « anomalies » (low ell lack of power, AL, low-high 
features, etc.), but not more than 2σ − 3σ , no evidence for 
extensions of ΛCDM. Further investigations are needed. 

!   New Physics: ????? 
 

X, COSPAR 2018, July 2018 



 WHAT’S NEXT IN ONE WORD 

The legacy of Planck not only represents the status of the art of full sky 
microwave observations but the path to the future of CMB is: 

 
POLARIZATION 

 
“Foregrounds in polarization” are still very poorly known and this require a deep 
investigation. You will never be sure of a B-mode as long as foregrounds are not 

perfectly known beyond any doubt 
 

TO PERFORM THE BEST POSSIBLE SEPARATION OF THE SKY COMPONENTS 
AS “MANY FREQUENCY CHANNELS” AS POSSIBLE ARE REQUIRED .  

AND THE WIDEST FREQUENCY RANGE IN ORDER TO DISENTANGLE LOW 
FREQUENCY FOREGROUND COMPLEXITY 

 
“Delensing”. On small angular scales B-modes signal are dominated by the lensing. 
The only hope are delensing algorithms which need high resolution to be performant 

 
THE FUTURE OF THE CMB MIGHT BE PROMISING 

BUT 
“COMPLEXITY WILL BE ORDERS OF MAGNITUDE HIGHER” 



 

• Ground 
• Balloon 
• Space 

Experiments Beyond Planck 

N.Mandolesi University of Ferrara and INAF 



Planck Legacy: Conclusions 
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