
    
      Fig. 7. 

      
        [image: thumbnail]
      

      
Comparison between the 2015 and 2018 marginalized ΛCDM parameters. Dotted lines show the 2015 results, replacing the 2015 “lowP” low-ℓ polarization likelihood with the new 2018 “lowE” SimAll likelihood, isolating the impact of the change in the low-ℓ polarization likelihood (and hence the constraints on τ).



    

  
    
      Fig. 10. 
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Comparison of the Planck Plik, ACTPol, and SPTpol TE and EE power spectra. The solid lines show the best-fit base-ΛCDM model for Planck TT,TE,EE+lowE+lensing. The lower panel in each pair of plots shows the residuals relative to this theoretical model. The ACTPol and SPTpol TE and EE spectra are as given in Louis et al. (2017) and Henning et al. (2018), i.e., without adjusting nuisance parameters to fit the Planck theoretical model. The error bars show ±1σ uncertainties.



    

  
    
      Fig. 11. 
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Acoustic-scale distance measurements divided by the corresponding mean distance ratio from Planck TT,TE,EE+lowE+lensing in the base-ΛCDM model. The points, with their 1σ error bars are as follows: green star, 6dFGS (Beutler et al. 2011); magenta square, SDSS MGS (Ross et al. 2015); red triangles, BOSS DR12 (Alam et al. 2017); small blue circles, WiggleZ (as analysed by Kazin et al. 2014); large dark blue triangle, DES (DES Collaboration 2019); cyan cross, DR14 LRG (Bautista et al. 2018); red circle, SDSS quasars (Ata et al. 2018); and orange hexagon, which shows the combined BAO constraints from BOSS DR14 Lyman-α (de Sainte Agathe et al. 2019) and Lyman-α cross-correlation with quasars, as cited in Blomqvist et al. (2019). The green point with magenta dashed line is the 6dFGS and MGS joint analysis result of Carter et al. (2018). All ratios are for the averaged distance DV(z), except for DES and BOSS Lyman-α, where the ratio plotted is DM (results for H(z) are shown separately in Fig. 16). The grey bands show the 68% and 95% confidence ranges allowed for the ratio DV(z)/rdrag by Planck TT,TE,EE+lowE+lensing (bands for DM/rdrag are very similar).
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Distance modulus μ = 5log10(DL)+constant (where DL is the luminosity distance) for supernovae in the Pantheon sample (Scolnic et al. 2018) with 1σ errors, compared to the Planck TT,TE,EE+lowE+lensing ΛCDM best fit. Supernovae that were also in the older Joint Lightcurve Analysis (JLA; Betoule et al. 2014) sample are shown in blue. The peak absolute magnitudes of the SNe, corrected for light-curve shape, colour, and host-galaxy mass correlations (see Eq. (3) of Scolnic et al. 2018), are fixed to an absolute distance scale using the H0 value from the Planck best fit. The lower panel shows the binned errors, with equal numbers of supernovae per redshift bin (except for the two highest redshift bins). The grey bands show the ±1 and ±2σ bounds from the Planck TT,TE,EE+lowE+lensing chains, where each model is calibrated to the best fit, as for the data.



    

  
    
      Fig. 14. 
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Constraints on the growth rate of fluctuations from various redshift surveys in the base-ΛCDM model: dark cyan, 6dFGS and velocities from SNe Ia (Huterer et al. 2017); green, 6dFGRS (Beutler et al. 2012); purple square, SDSS MGS (Howlett et al. 2015); cyan cross, SDSS LRG (Oka et al. 2014); dark red, GAMA (Blake et al. 2013); red, BOSS DR12 (Alam et al. 2017); blue, WiggleZ (Blake et al. 2012); olive, VIPERS (Pezzotta et al. 2017); dark blue, FastSound (Okumura et al. 2016); and orange, BOSS DR14 quasars (Zarrouk et al. 2018). Where measurements are reported in correlation with other variables, we here show the marginalized posterior means and errors. Grey bands show the 68% and 95% confidence ranges allowed by Planck TT,TE,EE+lowE+lensing.



    

  
    
      Fig. 16. 
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Comoving Hubble parameter as a function of redshift. The grey bands show the 68% and 95% confidence ranges allowed by Planck TT,TE,EE+lowE+lensing in the base-ΛCDM model, clearly showing the onset of acceleration around z = 0.6. Red triangles show the BAO measurements from BOSS DR12 (Alam et al. 2017), the green circle is from BOSS DR14 quasars (Zarrouk et al. 2018), the orange dashed point is the constraint from the BOSS DR14 Ly α auto-correlation at z = 2.34 (de Sainte Agathe et al. 2019), and the solid gold point is the joint constraint from the Ly α auto-correlation and cross-correlation with quasars from Blomqvist et al. (2019). All BOSS measurements are used in combination with the Planck base-model measurements of the sound horizon rdrag, and the DR12 points are correlated. The blue point at redshift zero shows the inferred forward-distance-ladder Hubble measurement from Riess et al. (2019).



    

  
    
      Fig. 27. 
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Constraints on the running of the scalar spectral index in the ΛCDM model, using Planck TT,TE,EE+lowE+lensing when marginalizing over r (samples, coloured by the spectral index at k = 0.05 Mpc−1), and the equivalent result when r = 0 (black contours). The Planck data are consistent with zero running, but also allow for significant negative running, which gives a positive tilt ns, 0.002, and hence less power, on large scales (k ≈ 0.002 Mpc−1).



    

  
    
      Fig. 30. 
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Marginalized posterior distributions of the (w0, wa) parameters for various data combinations. The tightest constraints come from the combination Planck TT,TE,EE+lowE+lensing+SNe+BAO and are compatible with ΛCDM. Using Planck TT,TE,EE+lowE+lensing alone is considerably less constraining and allows for an area in parameter space that corresponds 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 ΛCDM 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.



    

  
    
      Fig. 33. 
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Marginalized posterior distribution of [image: equation] that parameterizes the evolution of the Planck mass according to Eq. (57) in the EFT model. We show constraints for Planck TT,TE,EE+lowE+lensing data (solid lines), as well as Planck TT,TE,EE+lowE data without CMB lensing (dashed lines), both alone and in combination with WL+BAO/RSD data. The ΛCDM limit lies at [image: equation] (vertical dashed line).



    

  
    
      Fig. 36. 
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Constraints on additional relativistic particles. Top: evolution of the effective degrees of freedom for Standard Model particle density, g*, as a function of photon temperature in the early Universe. Vertical bands show the approximate temperature of neutrino decoupling and the QCD phase transition, and dashed vertical lines denote some mass scales at which corresponding particles annihilate with their antiparticles, reducing g*. The solid line shows the fit of Borsanyi et al. (2016) plus standard evolution at Tγ <  1  MeV, and the pale blue bands the estimated ±1σ error region from Saikawa & Shirai (2018). Numbers on the right indicate specific values of g* expected from simple degrees of freedom counting. Bottom: expected ΔNeff today for species decoupling from thermal equilibrium as a function of the decoupling temperature, where lines show the prediction from the Borsanyi et al. (2016) fit assuming a single scalar boson (g = 1, blue), bosons with g = 2 (e.g., a massless gauge vector boson, orange), a Weyl fermion with g = 2 (green), or fermions with g = 4 (red). One-tailed 68% and 95% regions excluded by Planck TT,TE,EE+lowE+lensing+BAO are shown in gold; this rules out at 95% significance light thermal relics decoupling after the QCD phase transition (where the theoretical uncertainty on g* is negligible), including specific values indicated on the right axis of ΔNeff = 0.57 and 1 for particles decoupling between muon and positron annihilation. At temperatures well above the top quark mass and electroweak phase transition, g* remains somewhat below the naive 106.75 value expected for all the particles in the Standard Model, giving interesting targets for ΔNeff that may be detectable in future CMB experiments (see e.g. Baumann et al. 2018).



    

  
    
      Fig. 38. 
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Summary of BBN results with Neff = 3.046, using Planck TT,TE,EE+lowE. All bands are 68% credible intervals. The standard BBN predictions computed with PArthENoPE are shown in green (case (b) in the text), while those from PRIMAT are in black dashed lines (case (c)). The blue lines show the PArthENoPE results based on the experimental determination of nuclear rates by Adelberger et al. (2011), instead of the theoretical rate of Marcucci et al. (2016, case (a)).



    

  
    Table A.1. 

Equivalent of Table 2, but using the CamSpec likelihood in place of Plik.




	
	TT+lowE
	TE+lowE
	EE+lowE
	TT,TE,EE+lowE
	TT,TE,EE+lowE+lensing
	TT,TE,EE+lowE+lensing+BAO



	Parameter
	68% limits
	68% limits
	68% limits
	68% limits
	68% limits
	68% limits





	Ωbh2 ……
	0.02214 ± 0.00022
	0.02248 ± 0.00026
	0.0233 ± 0.0012
	0.02229 ± 0.00016
	0.02229 ± 0.00015
	0.02234 ± 0.00014



	Ωch2 ……
	0.1205 ± 0.0021
	0.1169 ± 0.0021
	0.1192 ± 0.0047
	0.1196 ± 0.0014
	0.1197 ± 0.0012
	0.11907 ± 0.00094



	100θMC ……
	1.04084 ± 0.00048
	1.04141 ± 0.00051
	1.03928 ± 0.00087
	1.04088 ± 0.00032
	1.04087 ± 0.00031
	1.04095 ± 0.00030



	τ ……
	0.0521 ± 0.0080
	0.0504 ± 0.0088
	0.0504 ± 0.0088
	0.0528 ± 0.0080
	
[image: equation]
	
[image: equation]



	ln(1010As) ……
	3.039 ± 0.016
	3.031 ± 0.021
	3.058 ± 0.022
	3.039 ± 0.016
	3.041 ± 0.015
	
[image: equation]



	ns ……
	0.9638 ± 0.0058
	0.978 ± 0.011
	0.967 ± 0.014
	0.9658 ± 0.0045
	0.9656 ± 0.0042
	0.9671 ± 0.0038



	




	H0 [km s−1 Mpc−1] ……
	66.98 ± 0.92
	68.72 ± 0.93
	67.9 ± 2.6
	67.41 ± 0.62
	67.39 ± 0.54
	67.66 ± 0.42



	ΩΛ ……
	0.680 ± 0.013
	0.703 ± 0.012
	
[image: equation]
	0.6861 ± 0.0085
	0.6858 ± 0.0074
	0.6897 ± 0.0057



	Ωm ……
	0.320 ± 0.013
	0.297 ± 0.012
	
[image: equation]
	0.3139 ± 0.0085
	0.3142 ± 0.0074
	0.3103 ± 0.0057



	Ωmh2 ……
	0.1432 ± 0.0020
	0.1400 ± 0.0020
	0.1431 ± 0.0038
	0.1426 ± 0.0013
	0.1426 ± 0.0011
	0.14205 ± 0.00090



	Ωmh3 ……
	0.09593 ± 0.00045
	0.09622 ± 0.00054
	
[image: equation]
	0.09610 ± 0.00031
	0.09610 ± 0.00031
	0.09611 ± 0.00031



	σ8 ……
	0.8110 ± 0.0089
	0.799 ± 0.012
	
[image: equation]
	0.8083 ± 0.0076
	0.8091 ± 0.0060
	0.8083 ± 0.0060



	σ8(Ωm/0.3)0.5 ……
	0.837 ± 0.024
	0.795 ± 0.025
	0.825 ± 0.058
	0.827 ± 0.016
	0.828 ± 0.013
	0.822 ± 0.011



	
[image: equation] ……
	0.610 ± 0.012
	0.590 ± 0.013
	0.604 ± 0.028
	0.6050 ± 0.0083
	0.6058 ± 0.0064
	0.6033 ± 0.0057



	zre ……
	
[image: equation]
	
[image: equation]
	
[image: equation]
	
[image: equation]
	7.61 ± 0.75
	7.75 ± 0.73



	109As ……
	2.089 ± 0.034
	2.072 ± 0.042
	2.130 ± 0.046
	2.088 ± 0.034
	
[image: equation]
	
[image: equation]



	109Ase−2τ ……
	1.882 ± 0.014
	1.873 ± 0.019
	1.925 ± 0.024
	1.879 ± 0.011
	1.879 ± 0.011
	1.877 ± 0.011



	Age [Gyr] ……
	13.825 ± 0.037
	13.757 ± 0.039
	13.75 ± 0.14
	13.805 ± 0.025
	13.805 ± 0.023
	13.796 ± 0.020



	z* ……
	1090.26 ± 0.41
	1089.51 ± 0.42
	
[image: equation]
	1089.99 ± 0.28
	1089.99 ± 0.26
	1089.88 ± 0.22



	r* [Mpc] ……
	144.49 ± 0.48
	145.15 ± 0.50
	143.94 ± 0.66
	144.58 ± 0.31
	144.57 ± 0.28
	144.70 ± 0.23



	100θ* ……
	1.04105 ± 0.00047
	1.04158 ± 0.00050
	1.03937 ± 0.00084
	1.04107 ± 0.00031
	1.04106 ± 0.00031
	1.04114 ± 0.00030



	zdrag ……
	1059.43 ± 0.45
	1059.98 ± 0.55
	1061.9 ± 2.3
	1059.73 ± 0.33
	1059.74 ± 0.32
	1059.79 ± 0.32



	rdrag [Mpc] ……
	147.23 ± 0.48
	147.79 ± 0.52
	146.31 ± 0.69
	147.27 ± 0.31
	147.26 ± 0.28
	147.38 ± 0.25



	kD [Mpc−1] ……
	0.14054 ± 0.00052
	0.14021 ± 0.00060
	0.1423 ± 0.0012
	0.14061 ± 0.00034
	0.14063 ± 0.00033
	0.14054 ± 0.00031



	zeq ……
	3408 ± 48
	3331 ± 48
	3405 ± 90
	3392 ± 31
	3393 ± 27
	3379 ± 22



	keq [Mpc−1] ……
	0.01040 ± 0.00015
	0.01017 ± 0.00014
	0.01039 ± 0.00027
	0.010352 ± 0.000095
	0.010355 ± 0.000083
	0.010314 ± 0.000066



	100θs, eq ……
	0.4487 ± 0.0046
	0.4565 ± 0.0047
	0.4492 ± 0.0091
	0.4503 ± 0.0030
	0.4502 ± 0.0026
	0.4515 ± 0.0021



	




	
[image: equation] ……
	30.8 ± 3.0
	
	
	29.8 ± 2.8
	29.7 ± 2.8
	29.5 ± 2.8



	
[image: equation] ……
	107.6 ± 2.0
	
	
	106.9 ± 1.9
	106.9 ± 1.9
	106.8 ± 1.9



	
[image: equation] ……
	33.0 ± 2.1
	
	
	32.2 ± 2.0
	32.2 ± 2.0
	32.0 ± 2.0
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