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G. Maggio44, D. Maino34,46,50, N. Mandolesi42,32, A. Mangilli8, A. Marcos-Caballero64, M. Maris44, P. G. Martin7, M. Martinelli99,
E. Martı́nez-González64, S. Matarrese31,65,39, N. Mauri48, J. D. McEwen76, P. D. Meerburg69,11,100, P. R. Meinhold29, A. Melchiorri33,51,

A. Mennella34,46, M. Migliaccio93,52, M. Millea28,89,57, S. Mitra53,66, M.-A. Miville-Deschênes1,56, D. Molinari32,42,49, A. Moneti57, L. Montier98,8,
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ABSTRACT
The European Space Agency’s Planck satellite, which was dedicated to studying the early Universe and its subsequent evolution, was launched
on 14 May 2009. It scanned the microwave and submillimetre sky continuously between 12 August 2009 and 23 October 2013, producing deep,
high-resolution, all-sky maps in nine frequency bands from 30 to 857 GHz. This paper presents the cosmological legacy of Planck, which currently
provides our strongest constraints on the parameters of the standard cosmological model and some of the tightest limits available on deviations
from that model. The 6-parameter ⇤CDM model continues to provide an excellent fit to the cosmic microwave background data at high and low
redshift, describing the cosmological information in over a billion map pixels with just six parameters. With 18 peaks in the temperature and
polarization angular power spectra constrained well, Planck measures five of the six parameters to better than 1 % (simultaneously), with the
best-determined parameter (✓⇤) now known to 0.03 %. We describe the multi-component sky as seen by Planck, the success of the ⇤CDM model,
and the connection to lower-redshift probes of structure formation. We also give a comprehensive summary of the major changes introduced in
this 2018 release. The Planck data, alone and in combination with other probes, provide stringent constraints on our models of the early Universe
and the large-scale structure within which all astrophysical objects form and evolve. We discuss some lessons learned from the Planck mission,
and highlight areas ripe for further experimental advances.
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Planck Collaboration: The cosmological legacy of Planck
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Fig. 6. Planck CMB sky. The top panel shows the 2018 SMICA temperature map. The middle panel shows the polarization field
as rods of varying length superimposed on the temperature map, with both smoothed to 5�. This smoothing is done for visibility
purposes; the enlarged region presented in Fig. 7 shows that the Planck polarization map is still dominated by signal at much smaller
scales. Both CMB maps have been masked and inpainted in regions where residuals from foreground emission are expected to be
substantial. This mask, mostly around the Galactic plane, is delineated by a grey line in the full resolution temperature map. The
bottom panel shows the Planck lensing map (derived from r�, that is, the E mode of the lensing deflection angle), specifically a
minimum variance, Wiener filtered, map obtained from both temperature and polarization information; the unmasked area covers
80.7 % of the sky, which is larger than that used for cosmology.
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Fig. 9. Planck CMB power spectra. These are foreground-subtracted, frequency-averaged, cross-half-mission angular power spectra
for temperature (top), the temperature-polarization cross-spectrum (middle), the E mode of polarization (bottom left), and the
lensing potential (bottom right). Within ⇤CDM these spectra contain the majority of the cosmological information available from
Planck, and the blue lines show the best-fitting model. The uncertainties of the TT spectrum are dominated by sampling variance,
rather than by noise or foreground residuals, at all scales below about ` = 1800 – a scale at which the CMB information is essentially
exhausted within the framework of the ⇤CDM model. The T E spectrum is about as constraining as the TT one, while the EE

spectrum still has a sizeable contribution from noise. The lensing spectrum represents the highest signal-to-noise ratio detection
of CMB lensing to date, exceeding 40�. The anisotropy power spectra use a standard binning scheme (which changes abruptly at
` = 30), but are plotted here with a multipole axis that goes smoothly from logarithmic at low ` to linear at high `. In all panels, the
blue line is the best-fit Planck 2018 model, based on the combination of TT , T E, and EE.

15



5

Figure 1. ACT DR6 and Planck PR3 (Planck Collaboration 2020b) combined TT (top), EE (middle), and TE (bottom) power
spectra. The gray lines show the joint ACT and Planck (P-ACT) !CDM best-fit power spectra. For plotting purposes we have
subtracted the best-fit foreground power spectra. The full ACT multi-frequency spectra extend to ω = 8500. The !CDM model
provides an excellent fit to both data sets.
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ABSTRACT

We present power spectra of the cosmic microwave background (CMB) anisotropy in temperature
and polarization, measured from the Data Release 6 maps made from Atacama Cosmology Telescope
(ACT) data. These cover 19,000 deg2 of sky in bands centered at 98, 150 and 220 GHz, with white
noise levels three times lower than Planck in polarization. We find that the ACT angular power
spectra estimated over 10,000 deg2, and measured to arcminute scales in TT, TE and EE, are well
fit by the sum of CMB and foregrounds, where the CMB spectra are described by the !CDM model.
Combining ACT with larger-scale Planck data, the joint P-ACT dataset provides tight limits on the
ingredients, expansion rate, and initial conditions of the universe. We find similar constraining power,
and consistent results, from either the Planck power spectra or from ACT combined with WMAP

data, as well as from either temperature or polarization in the joint P-ACT dataset. When combined
with CMB lensing from ACT and Planck, and baryon acoustic oscillation data from the Dark Energy
Spectroscopic Instrument (DESI Y1), we measure a baryon density of ”bh2 = 0.0226± 0.0001, a cold
dark matter density of ”ch2 = 0.118 ± 0.001, a Hubble constant of H0 = 68.22 ± 0.36 km/s/Mpc, a
spectral index of ns = 0.974 ± 0.003, and an amplitude of density fluctuations of ω8 = 0.813 ± 0.005.
We find no evidence for excess lensing in the power spectrum, and no departure from spatial flatness.
The contribution from Sunyaev-Zel’dovich (SZ) anisotropy is detected at high significance; we find
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