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[Tristram et al. A&A (2023)] 
astro-ph/2309.10034

https://arxiv.org/abs/2309.10034
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• about 10% more data  

➡ improved sensitivity in Temperature and Polarization 

• PLANCK detectors were sensitive to one polarization direction and PLANCK scanning strategy 
did not allow for polarization reconstruction for each detector independently  

➡ need to combine detectors with different polarization orientation 

• Any flux mismatch between detectors create spurious polarization signal through well known 
I-to-P leakage. 
In particular : ADC non-linearity, bandpass mismatch, calibration mismatch, …



PLANCK Release 4

• Processing applied consistently over the whole 9 PLANCK frequencies  
(from 30 GHz to 857 GHz) 

• NPIPE map-making includes templates for  

- systematic effects  
(time transfer-function, ADC non-linearities, Far Side Lobes, bandpass-mismatch) 

- sky-asynchronous signals (orbital dipole, zodiacal light) 

• Provide frequency maps 
- cleaner: less residuals (compared to PR3) at the price of a non-zero transfer function at 

large scale in polarization 
- more accurate: less noise (compared to PR3) 
- no residuals from template resolution mismatch (as visible in PR3) 

• Provide independent split-maps  
- PR3: time-split (half-mission or half-ring) ➡ correlated 
- PR4: detector-split (detset) ➡ independent  

• Provide low-resolution maps with pixel-pixel noise covariance  
estimates across all PLANCK frequencies

NPIPE processing

NEW

NEW

NEW

[Planck Collaboration Int. LVII (2020)]
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PLANCK Release 4

Commander CMB Q and U maps 
(large scale, 5º smoothing)

CMB polarized maps
Planck Collaboration: NPIPE processing

QComm2015 UComm

QComm2018 UComm

Fig. 59. Comparison of large-scale CMB Q and U maps from, top to bottom: Commander Planck 2015; Commander Planck 2018;
SEVEM Planck 2018; Commander NPIPE; and SEVEM NPIPE. Note that the large-scale Planck 2015 CMB map in the top row was
never publicly released, due to the high level of residual systematic e↵ects. The grey region corresponds to the Planck 2018 common
component-separation mask (Planck Collaboration IV 2019). All maps are smoothed to a common angular resolution of 5� FWHM.
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Planck Collaboration: NPIPE processing

QCommNPIPE UComm

Fig. 59. Comparison of large-scale CMB Q and U maps from, top to bottom: Commander Planck 2015; Commander Planck 2018;
SEVEM Planck 2018; Commander NPIPE; and SEVEM NPIPE. Note that the large-scale Planck 2015 CMB map in the top row was
never publicly released, due to the high level of residual systematic e↵ects. The grey region corresponds to the Planck 2018 common
component-separation mask (Planck Collaboration IV 2019). All maps are smoothed to a common angular resolution of 5� FWHM.
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[Planck Collaboration Int. LVII (2020)]
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PLANCK Release 4

• 600 consistent simulations (frequency and split maps) - 36 TB 

• Inputs 
- including instrumental noise (consistent with data-split differences) 
- including models for systematics (ADC non-linearity) 
- random CMB with 4pi beam convolution 
- foreground sky model based on Commander PLANCK solution 

• Allow for 
1. accurate effective description of the noise and covariance of the maps 

(including noise, instrumental systematics, foreground residuals) 

2. estimation of the transfer function of the PLANCK processing

NPIPE simulations

NEW

a realistic simulation set is essential to properly assess 
uncertainties especially at large angular scales

Planck Collaboration: NPIPE processing

QOutput

Fig. 71. Comparison of end-to-end reconstructed (top row) and input (middle row) NPIPE simulations for the Stokes Q and U CMB
maps. The bottom row shows the di↵erence between the output and input sky maps. All maps are smoothed to a common angular
resolution of 2� FWHM.
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[Planck Collaboration Int. LVII (2020)]
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PLANCK PR4 likelihoods
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Planck likelihoods are splits in two parts due to different 
statistical assomptions

large scales (low ℓ) small scales (high ℓ)

•  lowT: Commander 
[Planck Collaboration V 2020] 

Bayesian posterior Gibbs sampling that 
combines astrophysical component 
separation and likelihood estimation

•  Hillipop: TT, TE, EE, TTTEEE 
[Tristram et al. 2023] 

Gaussian likelihood based on cross-
spectra from frequency maps on 75% 
of the sky, including models for the 
foreground residuals

[Tristram+ (2023)]

ℓ = 2-30 ℓ = 30-2500

•  lowE(B): Lollipop 
[Tristram et al. 2022] 

Hamimeche&Lewis likelihood based on 
cross-spectra between CMB clean maps 
on 50% of the sky



Lollipop
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sky fraction 50%

xQML 
[https://gitlab.in2p3.fr/xQML]

PR4 power-spectra

https://gitlab.in2p3.fr/xQML


Lollipop

r0.05 < 0.042 BICEP2/Keck 2018
r0.05 < 0.069 Planck EB (2020)

1% of the sky 
50% of the sky

r0.05 < 0.032 (Planck + BK18)
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τ = 0.0580 ± 0.0062

Reionization optical depth  
(scattering of photons by free electrons)

Tensor-to-scalar ratio & Reionization

Finkelstein 19

Galaxies become more efficient producers of ionizing photons
at higher redshifts and fainter magnitudes

Faintest galaxies (MUV > −15) dominate the ionizing
emissivity

[Tristram et al. A&A 647, A128 (2021)] 
[Tristram et al. PRD 105, 083524 (2022)]

[Tristram et al. PRD 105, 083524 (2022)]



Hillipop
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PR4 power-spectra

2 maps per frequencies at 100, 143 and 217 GHz 
15 cross-spectra at 6 cross-frequencies 

[Tristram+ (2023)]

xpol 
[https://gitlab.in2p3.fr/tristram/xpol]

https://gitlab.in2p3.fr/tristram/xpol


An accurate foreground model

- Galactic dust 
- cosmic infrared background (CIB) 
- thermal (tSZ) and kinetic (kSZ) Sunyaev-Zeldovich components 
- Poisson-distributed point sources from radio and infrared star-forming galaxies 
- the correlation between CIB and the tSZ effect (tSZ×CIB)

An accurate masking

- our Galaxy 
- point sources 
- nearby extended galaxies (e.g. M31)

M. Tristram PLANCK PR4 cosmology

[Tristram+ (2023)]

Hillipop
PR4 TT-TE-EE likelihood

11



Hillipop
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PR4 CMB power-spectra



• 6 parameters 

-3 for the primordial matter spectra 

    

- 1 expansion rate            (in practice sound horizon      ) 

-2 parameters for densities 

- reionization 

• hypothesis

!s(k) = As ( k
k0 )

ns−1

- 3 neutrinos  
- standard neutrinos with low mass 

                             

Neff = 3.044

∑ mν = 0.06 eV

H0

�bh2 �ch2

�

- flat Universe  
- No running  
- no tensor 

Ωk = 0
dns/d ln k = 0
r = 0

θs

M. Tristram PLANCK PR4 cosmology

ΛCDM cosmology
model

13



ΛCDM cosmology
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parameters
[Tristram+ (2023)]



ΛCDM cosmology
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TT, TE, EE
[Tristram+ (2023)]



• Good consistency between the PR4 and PR3 power spectra, which 
translates to very good agreement on cosmological parameters as well.  

• Lower noise of the NPIPE maps + improvement in polarization signal provides tighter 
parameter constraints, with more than 10% improvement for ΛCDM parameters 
in TTTEEE

M. Tristram PLANCK PR4 cosmology 16

[Planck 2018 Results. VI. (2020)] 
[Rosenberg, Gratton, Efstathiou, MNRAS, 517, 4620 (2022)] 

[Tristram+ (2023)]

ΛCDM cosmology
Comparison with PR3 and CamSpec

PR4PR4 improvement wrt  
Planck 2018



ΛCDM cosmology

• DES 

• Planck
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S8 = 0.819 ± 0.014 (PR4 TTTEEE)

S8 = 0.834 ± 0.016 (PR3 TTTEEE)

S8 = 0.782 ± 0.019 (DES-Y3)

growth of structures

reduced from 2.1σ to 1.5σ



ΛCDM extensions
Alens
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   (TTTEEE) 
   (TTTEEE+lensing)

Alens = 1.039 ± 0.052
Alens = 1.037 ± 0.037

[Tristram+ (2023)]

no tension



ΛCDM extensions

[Tristram+ (2023)]

curvature !K 
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   (TTTEEE) 
   (TTTEEE+lensing+BAO)

ΩK = − 0.012 ± 0.010
ΩK = 0.0000 ± 0.0016



ΛCDM extensions

[Tristram+ (2023)]

Sum of neutrino masses, ∑mν
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   (95% CL, TTTEEE) 
   (95% CL, TTTEEE+lensing) 

   (95% CL, TTTEEE+lensing+BAO)

∑ mν < 0.39
∑ mν < 0.26
∑ mν < 0.11

3.2 Review of Neutrino Cosmology 47

where cij ⌘ cos ✓ij and sij ⌘ sin ✓ij . The phases � (⌘ �CP ) and ↵1, ↵2 are Dirac–type and Majorana–type
CP violating phases, respectively.

Figure 13. Cartoon illustrating the two distinct neutrino mass hierarchies. The colors indicate the fraction
of each distinct flavor contained in each mass eigenstate.

Experiments have measured the three mixing angles of UPMNS and the two mass splittings, �m
2
21 (the

“solar” mass splitting) and �m
2
32 (the “atmospheric” mass splitting), but fundamental aspects of neutrino

mass and mixing are yet to be settled. These include:

• measuring the absolute mass scale,

• determining the mass ordering (see Fig. 13),

• searching for Lepton number violation (i.e., determining whether neutrinos are Majorana particles)
and

• observing CP violation (measuring �CP ).

Exploring these goals is the focus of current and upcoming neutrino experiments. CMB-S4 will measureP
m⌫ with su�cient sensitivity to be relevant to these open issues. Most unambiguously,

P
m⌫ determines

the absolute mass scale of neutrinos. In some circumstances, this may also determine the mass ordering.
These goals are complementary to the program for lab-based neutrino measurements, as we will discuss in
Section 3.4.

3.2.2 Thermal History of the Early Universe

Cosmological measurements of
P

m⌫ rely on our detailed understanding of thermal history of the Universe,
particularly the origin of the cosmic neutrino background. In this section, we will give a sketch of the thermal
history of the standard hot big bang universe when the temperature of the plasma was falling from about
1011 K to about 108 K following Section 3.1 of [275]. For other reviews see [276, 277]. During this era, there
are two events of particular interest: neutrinos decoupled from the rest of the plasma, and a short time later

CMB-S4 Science Book

CMB+lensing+BAO
CMB+lensing

CMB

Neutrino Physics Neutrino mass from Cosmology
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Figure 5: Allowed values of the total neutrino mass as a function of the lightest state within the
3� regions of the mixing parameters in eq. (21). Blue dotted (red solid) lines correspond to normal
(inverted) hierarchy for neutrino masses, where m0 = m1 (m0 = m3).

the 0⌫2� process is mediated by a light neutrino, the results from neutrinoless double beta decay
experiments are converted into an upper bound or a measurement of the e↵ective mass m��

m�� = |c
2
12c

2
13m1 + s

2
12c

2
13m2 e

i�2 + s
2
13m3 e

i�3 | , (22)

where �1,2 are the two Majorana phases that appear in lepton-number-violating processes. An impor-
tant issue for 0⌫2� results is related to the uncertainties on the corresponding nuclear matrix elements.
For more details and the current experimental results, see [47].

Beta decay experiments, which involve only the kinematics of electrons, are in principle the best
strategy for measuring directly the neutrino mass [48]. The current limits from tritium beta decay
apply only to the range of degenerate neutrino masses, so that m� ' m0, where

m� = (c212c
2
13m

2
1 + s

2
12c

2
13m

2
2 + s

2
13m

2
3)

1/2
, (23)

is the relevant parameter for beta decay experiments. The bound at 95% CL is m0 < 2.05 � 2.3 eV
from the Troitsk and Mainz experiments, respectively. This value is expected to be improved by the
KATRIN project to reach a discovery potential for 0.3� 0.35 eV masses (or a sensitivity of 0.2 eV at
90% CL). Taking into account this upper bound and the minimal values of the total neutrino mass in
the normal (inverted) hierarchy, the sum of neutrino masses is restricted to the approximate range

0.06 (0.1) eV .
X

i

mi . 6 eV (24)

As we discuss in the next sections, cosmology is at first order sensitive to the total neutrino massP
⌘

P
imi if all states have the same number density, providing information on m0 but blind to

14

better sensitivity but 
looser constraint due to Alens closer to 1

   (95% CL, TTTEEE, PR3)∑ mν < 0.26
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reduced w0 tension from 2.6σ to 1.7σ

PRELIMINARY 

[courtesy Stéphane Ilic]

ΛCDM extensions
Dark Energy

DESI (+ CMB PR3) DESI + CMB PR3/PR4

w0 = − 0.51+0.32
−0.29

wa = − 1.49+0.78
−0.89

w0 = − 0.45+0.34
−0.21

wa = − 1.79+0.48
−1.0

DESI BAO + CMB(PR3-Plik) 
DESI BAO + CMB(PR4-Hillipop)

DESI BAO + CMB(PR3-Plik) DESI BAO + CMB(PR4-Hillipop)



Conclusions: use PR4 !

• PR4 final PLANCK maps 

- cleaner (less systematics) 
- more sensitive (less noisy) 
- split-maps not correlated 

• NPIPE sims 

- consistent with the data 
- allow for TF and variance estimation 
- include uncertainties from systematics  

(both instrumental and astrophysical) 

• CMB likelihoods (Lollipop & Hillipop) 

- Cosmology consistent with the PR3 and with CamSpec 
- about 10% improvement in most of ΛCDM parameters 
- give the tightest constraints from Planck CMB today 
- no deviation from standard ΛCDM

Planck Collaboration: NPIPE processing

QCommNPIPE

Fig. 59. Comparison of large-scale CMB Q and U maps from, top to bottom: Commander Planck 2015; Commander Planck 2018;
SEVEM Planck 2018; Commander NPIPE; and SEVEM NPIPE. Note that the large-scale Planck 2015 CMB map in the top row was
never publicly released, due to the high level of residual systematic e↵ects. The grey region corresponds to the Planck 2018 common
component-separation mask (Planck Collaboration IV 2019). All maps are smoothed to a common angular resolution of 5� FWHM.
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Planck Collaboration: NPIPE processing
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Fig. 59. Comparison of large-scale CMB Q and U maps from, top to bottom: Commander Planck 2015; Commander Planck 2018;
SEVEM Planck 2018; Commander NPIPE; and SEVEM NPIPE. Note that the large-scale Planck 2015 CMB map in the top row was
never publicly released, due to the high level of residual systematic e↵ects. The grey region corresponds to the Planck 2018 common
component-separation mask (Planck Collaboration IV 2019). All maps are smoothed to a common angular resolution of 5� FWHM.
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Planck Collaboration: NPIPE processing

QOutput

Fig. 71. Comparison of end-to-end reconstructed (top row) and input (middle row) NPIPE simulations for the Stokes Q and U CMB
maps. The bottom row shows the di↵erence between the output and input sky maps. All maps are smoothed to a common angular
resolution of 2� FWHM.
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Alens = 1.039 ± 0.052
ΩK = − 0.012 ± 0.010

https://github.com/planck-npipe

AVAILABLE FOR COBAYA AND MONTEPYTHON

https://github.com/planck-npipe
https://github.com/planck-npipe
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Science with PR4...

• ΛCDM with CMB 
- [Tristram et al., A&A (2023)] Cosmological parameters derived from the final Planck data release (PR4) 
- [Rosenberg et al., MNRAS 517 4620 (2022)] CMB power spectra and cosmological parameters from Planck PR4 with 

CamSpec 

• Lensing 
- [Carron, Mirmelstein, Lewis, JCAP 2022 039 (2022)] CMB lensing from Planck PR4 maps 

• Cosmic Birefringence 
- [Diego-Palazuelos et al., PRL 128 091302 (2022)] Cosmic Birefringence from Planck Public Release 4 

• Inflation 
- [Galloni et al., PRD submitted, 2405.04455 (2024)] constraints on tensor perturbations from cosmological data: a 

comparative analysis from Bayesian and frequentist perspectives 
- [Campeti et al., JCAP 2022 039 (2022)] New constraints on axion-gauge field dynamics during inflation from Planck and 

BICEP/Keck data sets 
- [Galloni et al., JCAP 2023 062 (2022)] Updated constraints on amplitude and tilt of the tensor primordial spectrum 
- [Tristram et al., PRD 105 083524 (2022)] Improved limits on the tensor-to-scalar ratio using BICEP and Planck 

• Sunyaev-Zeldovich 
- [Tanimura et al., MNRAS 509 300 (2022)] Constraining cosmology with a new all-sky y-map from the Planck PR4 data 
- [Chandran, Remazeilles, Barreiro, MNRAS 526 4 (2023)] An updated and improved tSZ y-map from Planck PR4 data 

• Cross-correlation 
- [Carron, Lewis, Fabbian, PRD 106 103507 (2022)] Planck ISW-lensing likelihood and the CMB temperature
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and many others...


