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ABSTRACT

The European Space Agencysancksatellite, 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 dee
high-resolution, all-sky maps in nine frequency bands from 30 to 857 GHz. This paper presents the cosmologicalRtgack which currently
provides our strongest constraints on the parameters of the standard cosmological model and some of the tightest limits available on deviati
from that model. The 6-parameteiICDM model continues to provide an excellent t 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 Wéhckmeasures ve 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 se@temgk the success of theCDM model,

and the connection to lower-redshift probes of structure formation. We also give a comprehensive summary of the major changes introduced
this 2018 release. THelanckdata, 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 learneB|&oaok thission,

and highlight areas ripe for further experimental advances.

Key words. cosmology: observations — cosmology: theory — cosmic background radiation — surveys

1. Introduction its subsequent evolution by mapping the anisotropies in the cos-

This paper, one of a set associated with the 2018 release of nglt%rrﬂgzrgv'\\//lage gizglég,zggdir(,cmy?gfég2'3 & Wilson 1965:

from the Planck' mission, presents the cosmological legacy of. ; X
Planck Planckwas dedicated to studying the early Universe ar(1%(§:IICke et al. 1965), has been a pillar of our cosmological world

view since it was determined to be of cosmological origin.

? Corresponding authors: F. R. Bouchet, e-mbduchet@iap.fr ; The CMB spectrum is the best-measured blackbody in nature
M. White, e-mail:mwhite@berkeley.edu _ (Fixsen 2009), and the absence of spectral distortions places very
! Planck (http://www.esa.int/Planck ) is a project of the Euro- girong constraints on the amount of energy that could have been
pean Space Agency (ESA) with instruments provided by two scientiitiacted into the Universe at epochs later tlzan 2 100 e.g.

- . . I
consortia funded by ESA member states (in particular the lead counggs ) Lo
France and Italy), with contributions from NASA (USA), and telescopeXSen €t al. 1996; Chluba & Sunyaev 2012). This limits the

re ectors provided by a collaboration between ESA and a scienti ¢ cofOperties of decaying or annihilating particles, primordial black
sortium led and funded by Denmark. holes, topological defects, primordial magnetic elds, and other
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exotic physics. Perhaps its largest impact, however, has cofagle 1.Important milestones in thlanckmission.
from CMB anisotropies, the small deviations in intensity and

polarization from point to point on the sky. Date Milestone

The anisotropies in the CMB, rst detected by the Cosmicyoy, 1902 . . . . . .. ESA call for M3 (of Horizon 2000 programme)
Background Explorer (COBE) satellite (Smoot et al. 1992), promay 1993 . . . . . .. Proposals for COBRAS and SAMBA submitted
vide numerous, strong tests of the cosmological paradigm argkp. 1993 . ... ... Selection of COBRAS and SAMBA for assessment
the current best measurements on most of the parameters of deere. 1994 ... .. .. Selection of COBRAS and SAMBA for Phase A
cosmological model (Planck Collaboration XVI 2014; PlanckJul.1996 ... ... .. (Combinedroject selection as M3
Collaboration XIlIl 2016; Planck Collaboration IV 2020). The May 1998 ....... Pre-selection of the instrument consortia _
COBE detection cemented the gravitational instability paradigne?- 1999 ....... Final approval of scienti ¢ payload and consortia
within a cold dark matter (CDM) model (Efstathiou et al. 1992),9am 2001 . ... ... First meeting of the full Planck Collaboration
Ground-based and balloon-borne experiments (e.g., de Bernard)& 22%%11 """" WEZ;%T;:‘;%ZGJ\?:%?;S; phase B
et al. 2000; Balbi et al. 2000; Miller et al. 2002; Macias-Pérez————————— _ VI
et al. 2007) established that the Universe has no signi cant spzf—ep' 2001 . System requirements review

ul.—Oct. 2002 . ... Preliminary design review

tial curvature (Knox & Page 2000; Pierpaoli et al. 2000). The

o . . Dec.2002 ....... Science ground segment (SGS) review
WilkinsonMicrowave Anisotropy Probe (WMAP) showed that an._oct 2004 . ...  Critical design review
the uctuations are predominantly adiabatic (Kogut et al. 2003;3an. 2005 . . . . . . .. Delivery of HFI cryo-quali cation model to ESA
from the phasing of the peaks and polarization) and providegdug. 2006 . . . . . .. Calibration of ight instruments at Orsay and Laben
multiple, simultaneous, tight constraints on cosmological paramsep. 2006 . . . .. .. Delivery of instrument ight models to ESA
eters (Bennett et al. 2003) — a legacy that®tenckmission has  Nov. 2006 . ... ... HFl and LFI mating at Thales in Cannes
continued and enriched (Sect. 3.2). Jan.2007........ Integration completed

Planckwas the third-generation space mission dedicated t§/a" 2007 .. ..... SGS implementation review

measurements of CMB anisotropies. It was a tremendous techEP—APr-2007 ... Quali cation review

nical success, operating in a challenging environment witho%“”'_A“g' 2007...... Final global test at Centre Spatial de Liege
ov.2008 ....... Ground segment readiness review

imerruption over three times the_: initially plar_med mission dura-y, 5009 Flight acceptance review passed

tion, with performance excee_dlng expectations. Currently ou{g rep 2009 . . . . . Planck ies to French Guyana

best measurements of the anisotropy spectra on the scales m@giay 2009 . . . . . Launch

relevant for cosmology come frolanck 02 Jul. 2009
Some milestones in tHélanckmission are listed in Table 1. 59 may 2009

A set of 13 pre-launch papers was published in a special issug aug. 2009

...... Injection intb, orbit
..... Commissioning begins
..... Commissioning ends

of Astronomy and Astrophysics (see Tauber et al. 2010). Fog7 Aug. 2009 . . . . . End of “First light survey”

an overview of the scienti c operations of thelanck mis- 14 Feb.2010 ... .. Start of second all-sky survey

sion see Planck Collaboration | (2014) and the Explanatorg5Jul. 2010 . .. ... First all-sky image released

Supplement (Planck Collaboration 2015, 2018). The rst sefi4Aug.2010 ... .. Start of third all-sky survey o
of scienti ¢ data, the Early Release Compact Source Catg?? Nov. 2010 .. ... End of nominal mission start of extended mission
logue (ERCSC; Planck Collaboration VII 2011), was released? 7% 2011 .. ... Start of fourth all-sky survey

. . Jul.2011 ... ... Start of fth all-sky survey
in January 2011. A set of 26 papers related to aamphysm%ﬁ Jan.2012. ... .. End of cryogenic mission, start of warm phase

foregrounds was published in another special issue of Astrong, ... 5012 LFI starts sixth all-sky survey
omy and Astrophysics (see Planck Collaboration | 2011). Th@g gen. 2012 . . . .. Planckcompletes 1000 days in space
rst cosmological results fronPlanck based mainly on tem- 14 aug. 2013 .. . .. Departure manoeuvre executed

perature maps of the whole sky acquired during the nominal4 oct. 2013 . . . .. Start of end-of-life operations
mission duration of 15.5 months, were reported in 2013 and9 Oct. 2013 . . ... De-orbiting frori,
the data products made available (as “PR1") on EHenck 090ct. 2013 ..... HFI, LFI, and SCS commanded o
Legacy Archive (PLA). These cosmological results were pub-230ct. 2013 ... .. Last command
lished as a series along with further data-processing and astrgeb- 1996 ....... Publication of the "Redbook Rianckscience
physics papers in 2014 (see Planck Collaboration | 2014). Th&n-2005...... .. Bluebook: The Scienti ¢ Programmetanck
rst results from the full mission, including some polariza- 5¢P-2009 - ... Firstlight survey press release

ar.2010 ....... First (of 15) internal data releases

tion data, .Were presented in 2015; .for a summary see P.Ian p.2010 ....... Pre-launch papers, special issue of A&A, Vol. 520
Collaboration | (2016). The raw time-ordered observations;,,'>011 Early release (compact source catalogue)

were releasled to the public in their entirety in February 2015pec. 2011 .. ... .. Early results papers, special issue of A&A, Vol. 536
as part of this secoridlanckdata release (“PR2"), together with mar. 2013 ... .. .. Nominal mission data releasdtemperature, PR1)

associated frequency and component sky maps and higher-levelv. 2014 . . .. ... 2013 results papers, special issue of A&A, Vol. 571
science derivatives. Feb.—Aug. 2015. ... Extended mission data release (PR2)

This paper is part of a nal series of papers from flanck  Sep.2016 ....... 2015 results papers, special issue of A&A, Vol. 594
collaboration, released along with the nal data (“PR37). 1t2018 .......... Thidegacy data release (PR3)

presents an overview of tHelanck mission and the numerous

contributionsPlanckhas made to our understanding of cosmol-

ogy, that is, we consider the cosmological legacilaihck After  were the main focus of tHélanckmission. We then turn to a com-

a broad overview of the useful products derived fre&tanck parison of our results to theoretical models, and the way in which
data, from the maps at nine frequencies to astrophysical comfi® Planckdata con rm and inform those models, before com-
nents and their broad characterization (speci cs of this release peging to a wider range of astrophysical and cosmological data.
detailed in Appendix A), we discuss the CMB anisotropies, whigh discussion of howPlanck has placed constraints on models
of the early and late Universe and the relationship ofRtack

2 http://pla.esac.esa.int data to other cosmological probes precedes a discussion of the
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postPlanck landscape, and nally our conclusions. In appertical). Considering that the uncertainties in the HFI determina-
dices, we include some details of this release, and a more detafled are much lower than those of LFI, we recommend that users
discussion of improvements in the data processing between aldept the HFI determination of the Solar dipole as the most accu-
2015 and 2018 releases. rate one available frorRlanck
In the 2018 maps, the 2015 “nominal” Solar dipole, which
is slightly di erent than the nal best dipole, has been sub-
2. The sky according to  Planck tracted. (The induced quadrupole has also been subtracted from

Details about thePlanck mission and its scientic payload the maps.) This was done in order to produce a consistent data

and performance have been discussed in previous publicatiaﬁgthattis indehper?dent of tge btestld;ate;mination ofttr;e dtipoleh
(Planck Collaboration | 2014; Planck Collaboration |1 2016, arfiprameters, which was made at a later ime separately at eac

references thereinRlanckwas the rst submillimetre mission ndividual frequency. This implies that a very small, residual
to map the entire sky to sub-Jansky sensitivity with angular r. olar dipole is present in all released maps. This can be removed

olution better than 101n this section we describe the calibration’ d€sired using the procedure described in Planck Collaboration
and main properties of the frequency maps (Figs. 1 and 2), dHd2020). ) i . . .

the methods used to separate the sky emission inereintcom-  1he Solar dipole can still be measured with high signal-
ponents. We brie y describe the main foreground componerifsnoise ratio at 545 GHz. The 545 GHz data were not calibrated

before discussing the CMB anisotropies, whose characterizatfshthe orbital dipole, however, but instead on observations of
was the main goal of thelanckmission. Uranus and Neptune (Planck Collaboration 11l 2020). Therefore

the photometric accuracy of this calibration is limited by that of
_ the physical emission model of the planets, to a level of approx-

2.1. The Solar dipole imately 5%. However, the dispersion of the Solar dipole ampli-
We distinguish between two dip0|es related to motion Wane measured in individual 545 GHz detector maps is within 1%

respect to the CMB rest frame. The rst is the “Solar dipole’®f that at lower frequencies. This implies that, in actual fact, the
induced by the motion of the Solar System barycentre withanet model can be calibrated on this measurement more pre-
respect to the CMB. The second is the “orbital dipole”, th&isely than has been assumed so far (Planck Collaboration Int.
is, the modulation of the Solar dipole induced by the orbit&l! 2017). It also means that an improved model can be extended
motion of the satellite around the Solar System barycentre. Tierecalibrate the 857 GHz channel. These improvements have
orbital velocity is known exquisitely well, and hence the induce@Pt been implemented in the 2018 release.
dipole in T=T units; this means that the accuracy of the pre- The amplitude of the dipole provides a constraint for build-
dicted orbital dipole is ultimately limited by the accuracy witling a picture of the local large-scale structure, through the
which we know the temperature of the CMB. In the 2015 dagxpected convergence of bulk- ow measurements for galaxies
release, photometric calibration from 30 to 353 GHz was basdg., Scrimgeour et al. 2016). The new best- t dipole ampli-
on the “orbital dipole”. This allowed us to measure the ampliude is known more precisely than the CMB monopole, and
tude and direction of the “Solar dipole” on the calibrated magyen when we fold in an estimate of systematic uncertainties
of individual detectors, at frequencies where the CMB is thikis now known to about 0.025% (essentially the same as the
dominant signal (70 to 353 GHz). The dipole parameters megaonopole). The dipole amplitude corresponds to v=c =
sured in 2015 were signi cantly more accurate than the previo(l23357 0:00036) 103 or v = (36982 0:11)kms?,
best measurements provided by WMAP (see Table 2). Howewehere we have added in the systematic uncertainties linearly.
comparison of individual detector determinations showed clééthen giving the amplitude of the dipole in temperature units,
indications of the presence of small residual systemati@cts one should also include the uncertaintyTig
(Planck Collaboration Il 2016; Planck Collaboration VIII 2016). The Solar dipole direction lies just inside the little-known
The dipole amplitude and direction showed shifts with postonstellation of Crater (near the boundary with Leo). The error
tion in the focal plane for LFI; for HFI the shifts were associellipse of Plancks dipole direction (a few arcsec in radius, or
ated with frequency, as well as with the Galactic mask and taeound 38%including systematic uncertainties) is so small that it
component-separation method used, indicating the presencésa&mpty in most published astronomical catalogues. We discuss
dipolar and quadrupolar residuals after removal of the dust aheé cosmological implications of the dipole in Sect. 5.1.
CMB anisotropies. The Sun's motion in the CMB frame is not the only rela-
In 2018, both instruments have achieved a signi cant redutive velocity of interest, and indeed from a cosmological per-
tion in the levels of residual systematicexts (especially at the spective more relevant would be the motion of the centre of
largest angular scales where the dipole signals are present) amdGalaxy relative to the CMB or the motion of our group of
in the case of HFI also in the accuracy of photometric calibrgalaxies relative to the CMB. The peculiar motion of the Local
tion. Furthermore, the HFI dust foregroundeet was identi ed Group is well known to have a larger speed than that of the Sun
with large-scale (mostly quadrupolar) spectral energy distribielative to the CMB, due to the roughly anti-coincident direc-
tion changes. Correcting these brought full consistency betweim of our rotation around the Galaxy. It is this larger peculiar
frequencies, as well as for detectors within each frequency banelocity that has been the focus of studies to explain the origin
This has resulted in dramatic improvement in the determinaf the motion in the context of structures in our extragalactic
tion of the 2018 Solar dipole parameters, which are presenteglghbourhood (e.g., Lynden-Bell et al. 1988; Tully et al. 2008).
in Table 2. The independent LFI and HFlI measurements d&stimates of the corrections required to obtain the motion of the
fully consistent with each other and with those of WMAPGalactic centre relative to the CMB and the motion of the centre
and, as described in Planck Collaboration Il (2020) and Planckmass of the Local Group relative to the CMB were given by
Collaboration Il (2020), they are no longer signi cantlyected Kogut et al. (1993), and have seldom been revisited since then.
by systematic eects (in the sense that the results are consistélie summarize more modern determinations in Table 3.
between frequencies, sky fractions, and component-separationFirstly, we take the estimate of the Sun's motion relative
methods used, although the uncertainties are not purely statisthe Local Standard of Rest from Schénrich et al. (2010),
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Fig. 2. Sky polarization in seven poIeHized frequency bandBlafck The rst two columnsshow theQ andU Stokes parameters; tiest column

indicates the polarized intensitly, = = Q? + U2 (although this emphasizes the strength of polarization in noisy regions). In addition to the rich
science that they enable on their own, these maps set the baseline for all future CMB polarization experiments, for example by de ning the mc
cosmologically challenged areas.
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Table 2. COBE, WMAP, LFI, HFI, and combineBlanckmeasurements of the Solar dipole.

Galactic coordinates

Experiment Amplitude [ Kcmg] | [deq] b [deg]
COBE®@ . ... .......... 3358 24 26431 0:20 4805 0:11
WMAP® 3355 8 26399 0:14 4826 0:03
Planck2015 nominal® . ... 33645 2:0 26400 0:03 4824 0:02
LF12018@ . ... .. .. ..... 33641 31 263998 0:.051 48265 0:015
HF12018@ . . ............ 33608 099 264021 0:.011 48253 0:005
Planck2018©@ ........... 33608 0:99 264021 0:011 48253 0:005

Notes. The uncertainties are dominated by systematieats, whose assessment is discussed in Planck Collaboration Il (2020) and Planck
Collaboration 11l (2020).@Kogut et al. (1993), Lineweaver et al. (1996); we have added statistical and systematic uncertainty estimates
linearly. ®Hinshaw et al. (2009Y9The 2015Planck “nominal” Solar dipole was chosen as a plausible combination of the LFI and HFI 2015
measurements to subtract the dipole from the 2018 frequency maps. Térentie compared with the nal determination of the dipole is very
small for most purpose&?Uncertainties include an estimate of systematic errors. In the case of HFI, we have added statistical and systemati
errors linearly.®The current besPlanck determination of the dipole is that of HFI (Planck Collaboration 11l 2020). The central value for the
direction corresponds to RA 167:942 0:007, Dec= 6:944 0:007 (J2000). The uncertainties are the (linear) sum of the statistical and
systematic uncertainties detailed in Planck Collaboration Il (2020). The uncertainty on the amplitude does not include the 0.02% uncertainty c
the temperature of the CMB monopole.

which uses nearby stars, and the estimate of the motion Taple 3.Relative velocities involving the CMB frame, the Galactic cen-
the LSR around the centre of the Milky Way from McMillante: and the Local Group.

(2011), which combines studies of larger-scale Galactic dynam
ics. These can be subtracted from the Solar dipole to give the Relative Speed [ b
velocity of the Galactic centre relative to the CMB, as presented  velocity [kms’] [deg] [deg]
in the fourth line of Table 3.

— (@) . . .
Secondly, we take the estimate of the Sun's velocity relativ<§un CMBE o 36982 0:11 264021 0:011 48253 0:005
to the centre of the _L_ocal Group from Diaz et al. (2014), foundsun-LsSR® ... ... 179 20 48 7 23 4
by averaging velocities of members galaxies (as also perforSR-GC© . .. ... 239 5 90 0
med by several other studies, e.g., Yahil et al. 1977; Courteau &-CMB©@ . . . .. 565 5 26576 0220 2838 0:28
van den Bergh 1999; Mikulizky 2015). This vector can be sub- UN_LG® 299 15 084 36 59 30
tracted from the Solar dipole velocity to derive the velocity of th-.fG_CMB @ 620 15 2719 20 296 14

Local Group relative to the CMB. The value is (62@5) kms*

in a direction (known to abouta CO.Uple of degrees.) th.at Ilgs abQiffies. @Velocity of the Sun relative to the CMBPlanck 2018.

30 above the Galactic plane and is nearly opposite in latitudedg|ocity of the Sun relative to the Local Standard of Rest from

the direction of Galactic rotation. The uncertainty in the Loc&chsnrich et al. (2010), adding statistical and systematic uncertainties.

Group's speed relative to the CMB is almost entirely due to tteRotational velocity of the LSR from McMillan (2011§)Resulting

uncertainty in the speed of the Sun relative to the centre-of-maskcity, using non-relativistic velocity addition and assuming uncorre-

of the Local Group. lated errorst®Velocity of the Sun relative to the Local Group from Diaz
etal. (2014).

2.2. Frequency maps and their properties
larization maps, the largest source of uncertainty is the polar-
tion e ciency (Table 4).
The beams are estimated from planetary observations, and
polarized beam models are combined with the speci ¢ scan-
ning strategy to generate “ective beams,” which describe the
, o relation of maps to the sky (see Planck Collaboration IV 2016;

angular resolution and sensitivity. _ Planck Collaboration VIl 2016). The response in harmonic space

An extensive series of null tests for the consistency

- ; - . known as a window function, and both the mean windows and
e ek Copeicnaon I sefie Mo eror eigenmods are provided n the PLA. Typica

. J X . ncertainties are well below 0.1% for the main CMB channels.
and Planck Collaboration Ill (2020). We nd impressive con-

X . . . _Figures 1 and 2 show views of the sky as seefPlanckin
sistency between the maps. Consistency of absolute Cal'braﬁm@nsity and polarizatiorPlanck usesHEALPix(Gorski et al.

across the nine frequency channels is discussed extensivel (i 5) as its pixelization scheme, with resolution labelled by the
the same papers, and we discuss inter-instrument consist b . SR : 5 y
side Value. INHEALPixthe sphere is divided into 1S, pix-

in Appendix C. Some considerations about the principles fol; N . . ide M
lowed in thePlanck analysis (including a discussion of blind-,els' AtNsige= 2048} WP'Ca' oﬂDIanckm.aps, thel-r mean spacing
ing) are given in Appendix D. For the main CMB channeli§ 17. Each panelin Fig. 1 shows the intensity in on@lzincks
(70—217 GHz) the inter-calibration is at the level of 0.2% (Plandine frequency channels, in Galactic coordinates. In all cases the
Collaboration | 2016). At 100 GHz, the absolute photometrigures are unable to convey both the angular resolution and the

calibration on large scales is an astoundir@P8%. For the HFI dynamic range of th@lanckdata. However, they serve to show

The Low and High Frequency Instruments together contain
an array of 74 detectors in nine bands, covering frequencies
between 25 and 1000 GHz, imaging the whole sky twice pgJy
year with angular resolution between®28d %. Table 4 gives
the main characteristics of titanckfrequency maps, including
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Table 4. Main characteristics dPlanckfrequency maps.

Frequency [GHZz]

Property 30 44 70 100 143 217 353 545 857
Frequency [GHzf® . ... ... ... ... ....... 28.4 44.1 70.4 100 143 217 353 545 857
E ective beam FWHM [arcmin(]o) ............ 32.29 27.94 13.08 9.66 7.22 4.90 4.92 4.67 4.22
Temperature noise level Kovg deg]© .. ... .. .. 25 2.7 35 1.29 0.55 0.78 2.56

[kJysrideg]© ......... 0.78 0.72
Polarization noise level Kcyg deg]© . ... ... .. 35 4.0 5.0 1.96 1.17 1.75 7.31
Dipole-based calibration uncertainty [9] . . . . . . . 0.17 0.12 0.20 0.008 0.021 0.028 0.024 1
Planet submm inter-calibration accuracy [(%} R e i L ::: L e nn i 3
Temperature transfer function uncertainty [%] . . . 0.25 0.11 Ref. Ref. 0.12 0.36 0.78 4.3
Polarization calibration uncertainty [%) . . . . .. .. <0:01% <0:01% <0.01% 1.0 1.0 1.0 T i
Zodiacal emission monopole levelfcms] @ . . . . 0 0 0 0.43 0.94 3.8 340 i e

MJysr i1 . o i H o H o H 0.04 0.12

LFI zero level uncertainty [Kcms] O . ) 0:7 0:7 0:6 T T T i T L
HFI Galactic emission zero level uncertainty [MJyYrd) B i L 0:0008 0:0010 0:0024 0:0067 0:0165 0:0147
HFI CIB monopole assumption [MJysq ® ... .. Q0030 Q0079 0.033  0.13 0.35 0.64
HFI CIB zero level uncertainty [MJyst] O .. . ... i i i 0:0031 0:0057 0:016 0:038 0:066 0:077

Notes.@For LFI channels (30-70 GHz), this is the centre frequency. For HFI channels (100-857 GHz), it is a reference (identi er) frequency.
®Mean FWHM of the elliptical Gaussian t of the ective beam®@Estimates of noise in intensity and polarization scaled taskuming that the

noise is white. These levels are unchanged from 20¥hsolute calibration accuracy obtained using the measurement of the Solar dipeld at

©@The 857 GHz channel retains the 2015 planet calibration, and the accuracy is calculated a posteriori using a model of planet emission (Plar
Collaboration Int. LIl 2017) and the 545 GHz datfFor LFI this is the ratio of 30 and 44 GHz half-ring cross-spectra in the rang&0-850

to that of the 70 GHz cross-spectrum. For HFI it is the upper limit derived from the levels of the rst three CMB acoustic’peaks-1000),

relative to the 100 GHz channé® Additional calibration uncertainty applicable @ andU only. For LFI, the additional uncertainty (based on
simulations) is negligible. For HFI, the dominant inaccuracy is the knowledge of the polarizatmerey, which is currently derived from the
relative levels of the rstthree CMB acoustic peaks (15—-1000), in combination with a prediction of the bestF T-based cosmology. The best
estimates (Planck Collaboration 1l 2020) indicate that a bias should be applied to the maps df.®,And 1.9%, at 100, 143, and 217 GHz,
respectively, with an uncertainty as indicated in this talliéverage contribution of the zodiacal emission to the monopole. As the level of this
emission is dependent on the time of observation, it has been removed from the frequency maps during pfdEssisiaged uncertainty in the

zero levels associated with Galactic emission. The zero levels were set by tting a model of Galactic emission that varies as the cosecant of t
latitude to the maps after CMB subtraction. The levels subtracted were 11594, and 35.7 Kcyg at 30, 44, and 70 GHz, respectivéThe

zero levels of the HFI maps are set by correlating the Galactic emission component to a map ofugeeHii column density, as in Planck
Collaboration VIII (2014). The uncertainties in the estimated zero levels are unchanged sinc& @nte. the Galactic zero level has been set,

the monopole of the Béthermin et al. (2012) CIB model has been added to the frequenc{Titapsstimated uncertainty of the CIB monopole

that has been added to the maps.

z

the major features of the maps and the numerous astrophysi- .8 _ A (A W (R)
cal components that contribute to the signal. Similarly, Fig.¥(2‘am &m - 2¥n(® (Q V) (R) @
shows the polarization properties measurecdPtanckat seven \yhere ,Y-, are the spin-spherical harmonics, which are pro-
frequencies. The CMB component of the maps has a 6% linggjitional to WignerD -functiong. The polarization is de ned
pO|arlzat|0n, thOUghthe fOfegrOUndS exhibit drlng polarlza- through the scalaE and pseudo-sca]ﬂ e|ds’ which are non-
tion levels as a function of frequency. . . local, linear combinations o and U (Zaldarriaga & Seljak

The most prominent feature in the maps is the Galactic plan@9g7; Kamionkowski et al. 1997; Hu & White 1997; Dodelson
steadily brightening to both higher (where Galactic dust dorpoo3). For small patches of sk,andB are simplyQ andU in
inates the emission) and lower (where synchrotron and frege coordinate system de ned by the Fourier transform coordi-
free emission dominate) frequencies. At high Galactic latitudefate’ (Seljak 1997). Alternatively, near a maximum of the polar-
and over much of the sky between 70 and 217 GHz, the sigfaltion the direction of greatest change forlamode is parallel
is dominated by the “primary” CMB anisotropies, which wergy perpendicular to the polarization direction (see Fig. 7).
frozen in at the surface of last scattering and provide the main'when statistical isotropy may be assumed, it demands that
information constraining our cosmological model. ha. aai_be diagonal and depend only driwe write

To be more quantitative, it is useful to introduce two-poird
statistics, in the form of a two-point angular correlation func«’:lTm aTonp =C'" o qfm; 3)
tion, or its harmonic-space counterpart, the angular power SPEfg similarly forT E, EE, BB, etc. We nd it convenientto de ne
trum. We follow the usual convention and perform an harmonic o o
decomposition of the sky maps. T, Q, andU represent the _yy _  ( +1)CX"
intensity and polarizatioh Stokes parameters (in thermody- ~ 2 ’ )

hamic femperature units), then we de ne which we will often refer to as the angular power spectrum. An
. e auto-spectrumD XX indicates the approximate contribution per

am=  dAY. () T(R); 1) logarithmic interval of multipoles centred onto the variance

of the uctuation, that is, the 2-point correlation function at zero

® Planck uses the “COSMO" convention for polarization (cordag. It thus captures the relative importance of various contribu-

responding to the FITS keyword “POLCCONV”), which @rs tijons to the signal as a function of scale.

from the IAU convention often adopted for astrophysical data sets

(Planck Collaboration 2018). 4 See e.g.Wikipedia .
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Figure 3 shows the estimated levels of CMB and residu@bllaboration VIl 2020; Planck Collaboration VIII 2020; Planck
systematics in frequency maps as a function of scale. The pl@llaboration 1X 2020).
show theE-mode power spectrur) B, for all core CMB chan- For this release, the primary objective of the component-
nels at 70, 100, 143, and 217 GHz, and at the adjacent 30 ae@aration process was to obtain the best possible polariza-
350 GHz channels, which are of particular use for understanitth maps. The steps taken to ensure high- delity polarization
ing foregrounds. At the largest scales, the residual systematitaps (especially at 100-353 GHz) are described in detail in
are comparable to the noise level, which is itself close to tidanck Collaboration Il (2020); see also Appendix B. Some of
low level of the reionization bump determined BYanck (see the choices made for the sake of polarization compromised to
Sect. 6.6). This points to the great challenge of this measuseme extent the accuracy of the temperature maps; advice on
ment. At small scales, residual systematiceets are signi - how to use the temperature maps is contained within Planck
cantly smaller than the signal and the noise in the main CMBollaboration Il (2020). Thé&lanck2018 data release does not
channels. This gure summarizes most of the data-processinglude new foreground reconstructions in intensity, since the
work by the Planck collaboration, in the sense that it embodimproved HFI processing regarding bandpass leakage requires
ies the nal quantitative understanding of the measurements arelv methodological developments in other areas that are not yet
their processing. This determines what has to be includedawvailable (see Appendices B.2 and B.4).
faithful end-to-end simulations. Even with these compromises, the foreground maps produced

The all-sky, fully calibrated maps of sky intensity and polaiby Planckin this and the 2015 release are atreasure trove for many
ization, shown in Figs. 1 and 2, together with their detailed instrareas of astrophysics, including the study of the Galactic inter-
mental characterization and simulations, are the main legacystéllar medium (see, e.g., Planck Collaboration XI 2020; Planck
the Planck mission and will be a resource to multiple commu€ollaboration Xll 2020), the cosmic infrared background (CIB;
nities for addressing numerous science questions in decadeBlamck Collaboration XXX 2014), and the Sunyaev-Zel'dovich
come. In the next few sections, we discuss the separation of (6&) e ect (Sunyaev & Zeldovich 1972, 1980). SZ-related
maps into their physical components and then the cosmologisaience results frorRlanckare reported in, for example Planck
consequences that can be derived from the CMB anisotropiesCollaboration XXIl (2016) and Planck Collaboration XXIV

(2016).

2.3. Component separation

. . . . . 2.4. Foregrounds
In addition to the primary anisotropies that are the main focus 9

of the Planck mission, the sky emission contains many othdtlancKs unprecedented sensitivity and frequency coverage have
astrophysical components, which ér by their dependence onenabled dramatic advances in component separation, reducing
frequency as well as their spatial properties. By making measuttee frequency maps into their astrophysical components, as
ments at multiple frequencies, spanning the peak of the CMIBscribed above. These component products, which should be
blackbody spectrum, we are able to characterize the foregroutiasught of as phenomenological rather than being based on ab
and reduce their contamination of the primary CMB anisotropi@stio models, include maps in both temperature and polarization
to unprecedented levels. of: the CMB; the thermal SZ esct; thermal dust and the cosmic-

In order to separate the maps into their contributing signafdrared background; carbon monoxide; synchrotron; free-free;
and to clean the CMB map from foregrounds, we have usadd anomalous microwave emission. They alseatively give
four di erent approaches, as we did in earlier releases (Plamide to catalogues of compact Galactic and extragalactic sources,
Collaboration Xl 2014; Planck Collaboration 1X 2016). The fouincluding polarization information. The maps and catalogues
approaches were initially selected as a representative of a partltawve a wide range of astrophysical uses that we shall not attempt
lar class of algorithm (blind, non-blind, con guration-space, an survey here (but see Appendix A of Planck Collaboration XII
harmonic-space methods). They were also checked with a c&820, for a guide to th&lanck papers dealing with polarized
mon series of map simulations, the last test being blind (and adtuermal emission from dust).
ally used to select a baseline). Combined, they represent most ofAn overview of the frequency dependence of the major com-
the methods proposed in the literature. They are: ponents (free-free emission, synchrotron, and dust) is given in

— Commandera pixel-based parameter and template ttingrig. 4. We rst look at the angular power spectra of these con-
procedure (Eriksen et al. 2008; Planck Collaboration daminants, since this allows us to better judge the foreground

2016); contributions at dierent angular scales in regions actually used
— NILC a needlet-based internal linear combination approafdr the cosmology analysis. Figure 5 shows the angular power
(Basak & Delabrouille 2013); spectra of the sky at 143 GHz, compared to that of the primary
— SEVEMvhich employs template tting (Leach et al. 2008CMB. Outto™ ' 2500 the latter dominates for the key cosmol-
Fernandez-Cobos et al. 2012); and ogy channels. This shows that the Galaxy is fortunately more
— SMICAwhich uses an independent component analysis tadinsparent to the CMB over most angular scales than one might
power spectra (Planck Collaboration 1V 2020). fear based on the examination of Fig. 4. The full angular spectra

In addition we employ th&NILCalgorithm (Remazeilles et al. at all frequencies, including tHEE cross-spectra, can be found
2011) to extract high (electromagnetic) frequency foreground Planck Collaboration V (2020).

Each method produces: CMB maps in Stoke®, andU; The foregrounds can be usefully characterized as Galac-
con dence maps (i.e., masks); anextive beam; and a noisetic or extragalactic, and duse or compact. Compact sources
estimate map, together characterizing the CMB. Thedinces have been obtained by identifying locations with a signi cantly
between the four maps can be used as an estimate of the untigh signal in a narrow band-pass spatial Iter. The Second
tainty in the recovery of the CMB, and is reassuringly smaflanck Catalogue of Compact Sources, presented in Planck
(Planck Collaboration 1V 2020). These CMB maps and accor@ollaboration XXVI (2016), lists compact sources over the
panying simulations are the basic input for all analyses of homemtire sky in each of the nin®lanck frequencies, includ-
geneity, stationarity, and Gaussianity of the CMB elds (Plandkg polarization information. Th@lanck catalogues of sources
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Fig. 3. Estimates of the residual polarization systematieas and noise across the core CMB channels at 70-217 GHz and two adjacent
foreground-monitoring channels at 30 and 353 GHz. The residual systerfatiesde auto-power spectra are compared to that of the CMB
signal after convolution with the beam window function at that frequency (noting that the CMB contribution to the total signal is small in the
foreground-monitoring channels). Thep paneldisplays the 30 and 70 GHz channels of the LFI instrument, with speci ¢ systemagicte
colour-coded in the accompanying legend. Thieldle and lower panelshow the HFI estimates at 100 and 143 GHz, and at 217 and 353 GHz,

respectively.
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ig. 4. Frequency dependence of the main components of the submillimetre sky in tempeeftu@nd polarization right; shown asP =

Q? + U?2). The (vertical) grey bands show tRéanckchannels, with the coloured bands indicating the major signal and foreground components.
For temperature the components are smoothed tantl the widths of the bands show the range for masks with 81-93% sky coverage. For
polarization the smoothing is 4@nd the range is 73-93%. For steep spectra, the rms shown here is dominated by the largest angular scales. B
as shown by Fig. 5, on much smaller angular scales in regions far form the Galactic plane, the foreground signals fall far below the cosmologic
signal (except at the lowestin polarization).

Fig. 5. Angular scale dependence of the main components of the submillimetre sky at 143 GHz in tempefgtanel E-type polarizationrght).

These power spectr®,- = “(* + 1)C-52 ), give approximately the contribution per logarithmic interval to the variance of the sky uctuations.
They are computed within the sky regions retained for the cosmological analysis (57% of the 143 GHz sky for the temperature and 50% fc
polarization, in order to mask the resolved point sources and decrease the Galactic contributions). The grey dots are the values at individ
multipoles, and the large black circles with error bars give their averages and dispersions in bands. The data (corrected for systéshatie e

very well t by a model (cyan curves) that is largely dominated by the CMB uctuation spectra (light blue curves, mostly inside the model), with
a superposition of foreground emission (orange curves) dominated by dust at large scales (red curve), together with a noise contribution (dot
line). We note, however, that foreground emission actually dominates the “reionization bump” at the lowest polarization multipoles. The gre
shaded area shows the area in temperature which is not used for cosmology.

above 100 GHz represent the rst such samples ever, wh#d®11; Planck Collaboration XV 2011; Planck Collaboration
the catalogues at 100 GHz and below represent a signi cdnt. XLV 2016; Planck Collaboration Int. LIV 2018) and
advance over the previous state of the art. The Galactic souricgsared sources (primarily dusty, star-forming galaxies Planck
include cold cores, H regions, and young star-forming regionsCollaboration XV 2011; Planck Collaboration XV12011; Planck
The extragalactic sources (Planck Collaboration Int. VII 2018ollaboration Int. XXVII 2015), with a special sub-population
Planck Collaboration XXVI 2016) can be characterized in freletected via the SZ ect (Planck Collaboration XXVII 2016).
quency as radio (primarily quasars, blazars, and radio gal&he Planck SZ catalogue contained 1653 detections, of which
ies Planck Collaboration Xl 2011; Planck Collaboration XIV1203 were con rmed, massive galaxy clusters with identi ed
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counterparts in external data sets. It was the rst SZ catalogiegal intensity, namely an emissivity index of aboub3 and a
with more than 1000 con rmed clusters. Maps of theulie SZ temperature of about 20 K). The power spectrum analyses pre-
e ect have also been obtained, which are somewhat sensitieated in Planck Collaboration Int. XXX (2016) led to three
to the outskirts of clusters (Planck Collaboration Int. XXXVIlunexpected results: a positiveE correlation; CB8' 0:5CEE
2016). Finally, Planck Collaboration Int. XXXIX (2016) pro-for 40<" < 600; and a non-negativ& B signal from Galac-
vides a list of 2151 high-frequency sources (called the “PH#t dust emission. Several studies (Clark et al. 2015; Planck
catalogue, see also Planck Collaboration Int. XXVII 2015%ollaboration Int. XXXVIII 2016; Ghosh et al. 2017) have
selected over 26% of the sky using a combination of subm#hown that both the observdctE correlation and the asymme-
limetre colours. These are likely to lie at high redshif&(2), the try betweerE- andB-mode amplitudes for dust polarization can
majority being over-densities of star-forming galaxies (includinge accounted for by the preferred alignment between the la-
a population of proto-clusters), with a small fraction representimgentary structure of the duse ISM and the orientation of the
some of the brightest submillimetre gravitational lenses discawagnetic eld inferred from the polarization angle (while the non-
ered so far (Cafiameras et al. 2015). A discussion of how sourzesoT B correlation is also related to the fact that the Milky Way
are treated (e.g., masked or modelled) for the main cosmolagynot parity invariant). Planck Collaboration Int. L (2017) fur-
analysis can be found in Planck Collaboration IV (2020), Plantier demonstrated that the frequency spectral index of the emis-
Collaboration V (2020), Planck Collaboration VIII (2020). sion varies across the sky. We discuss this important foreground
Planck detects many types of diise foregrounds, which component further in Planck Collaboration 1V (2020), Planck
must be modelled or removed in order to study the primary CMBollaboration XI (2020), and Planck Collaboration XII (2020).
anisotropies. The separation of the dée emission into com-  Planckproduced the rstwell-calibrated, all-sky maps across
ponent maps is described in Planck Collaboration IX (201@he frequencies relevant for CMB anisotropies. The dramatic
At frequencies below 50 GHz, the total intensity is dominatddcrease in our understanding of the submillimetre sky has wide
by free-free (bremsstrahlung from electron-ion collisions), sytegacy value. For cosmology, perhaps the most important lesson
chrotron, and spinning dust emission, while polarization is the realization that there are no “holes” in which one can see
dominated by synchrotron emission from relativistic cosmi8 modes comparable to the signal from a tensor-to-scalar ratio
ray electrons spiralling in the Galactic magnetic eld (e.gr, 10 2 without component separation. At this level, foreground
Planck Collaboration XXV 2016). At higher frequencies (aboveontamination comes from both low frequencies (synchrotron)
100 GHz) the total intensity is dominated by thermal dust emiand high frequencies (dust), with neither component being negli-
sion from our Galaxy (extending to high Galactic latitudes argible. In this component-separation-dominated regime, wide fre-
sometimes referred to as “cirrus”) at low and the cosmic quency coverage, such as attainedtgnck will be essential.
infrared background (CIB; primarily unresolved, dusty, star-
forming galaxies) at high (Planck Collaboration XXX 2014).
Only the former contribution is signi cantly polarized. There i
also a small contribution from free-free and synchrotron emisigure 6 shows the maps of CMB anisotropies on which we base
sion near 100 GHz. our analyses of the statistical character of these uctuations
Above 70GHz, polarized thermal emission from dse, The component with the highest signal-to-noise ratitNj9s
interstellar, Galactic dust is the main foreground for CMB polathe temperature anisotropy. As shown laRtanckhas measured
ization. Grain sizes are thought to range from microns to thatbre than a million harmonic modes of the temperature map
large molecules, with the grains made primarily of carbon, silivith a signal-to-noise greater than unity.
con, and oxygen. The dust is made up ofafient components  The (linear) polarization signal is shown in the middle panel
with di erent polarization properties, and has a complex matith a relatively low angular resolution of 50 increase legi-
phology. bility. The polarization signal, shown by rods of varying length
Planckhas already determined that there are no dust-free wimd orientatiofy, is smaller in amplitude than the temperature
dows on the sky at the level relevant for future CMB experimentsignal. It is dominated b modes generated by Thomson scat-
so measuring and understanding this important foreground sigwraing in the last-scattering surface of the anisotropic temper-
will be a major component of all future CMB polarization experature eld. Unlike the temperatureRlancks measurement of
iments. ThePlanck results show that prBlanck dust models the polarization is limited by noise. The small-scale polariza-
were too simplistic, and suggest that more accurate models, whiel pattern and its relationship to temperature anisotropies can
include the insights fronfPlanck will take many years to fully be appreciated in Fig. 7, which displays a 1010 patch in
develop. HoweverRlanckobservations already provide us withthe vicinity of the south ecliptic pole and a zoom into the cen-
unprecedented data to describe, at least on a statistical basisyr#iez5 2.5 patch. In these gures, the polarization is super-
turbulent component of the Galactic magnetic eld and its inteimposed on the temperature anisotropies (shown in the back-
play withthe structure of interstellar matter on scales ranging fraground). It is clear that the two elds are correlated, as expected
a fraction of a parsec to 100 pc (Planck Collaboration Int. XI¥ the standard model (Sect. 4.1). This is directly visualized in
2015). The data show that the interstellar magnetic elds haw¥y. 8 by stacking the polarization pattern around hot spots of the
a coherent orientation with respect to density structures, aligned
with lamentary structures in the duse interstellar medium, and® Galactic and extragalactic foregrounds have been removed from the
mainly perpendicular in star forming molecular clouds (PlandRaps. Cosmological parameter constraints are mostly based on a like-
Collaboration Int. XXXI1 2016; Planck Collaboration Int. XXXV lihood analysis of the angular (cross-)power spectra of the frequency
2016). This result is far from being clearly understood, but it majaPs: which are analysed with a model of the foreground spectra

signal the importance of magnetic elds in the formation of struc¥0Se parameters are treated as nuisance parameters, together with
other parameters characterizing uncertainties of instrumental origin.

tures in the m.ters.te”ar medium. . 5 The orientation is computed in the local tangent plane with respect

The polarization power spectra of dust are well describgglihe |ocal meridian, and then rotated so that the meridian would be
by power laws, withC==°°/ * 242 002 and frequency depen-vertical, i.e., the rods are shown in the plane of the page with the north
dence given by a modi ed blackbody (similar to that for th@ointing to the top of the page.

52‘5‘ CMB anisotropy maps
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Fig. 6. PlanckCMB sky. Top panel 2018SMICAemperature mapMiddle panel polarization eld as rods of varying length superimposed on the
temperature map, with both smoothed to Bhis smoothing is done for visibility purposes; the enlarged region presented in Fig. 7 shows that the
Planckpolarization map is still dominated by signal at much smaller scales. Both CMB maps have been masked and inpainted in regions whe
residuals from foreground emission are expected to be substantial. This mask, mostly around the Galactic plane, is delineated by a grey line
the full resolution temperature mapottom panelPlancklensing map (derived from , that is, theE mode of the lensing de ection angle),

speci cally a minimum variance, Wiener Itered, map obtained from both temperature and polarization information; the unmasked area cover
80.7% of the sky, which is larger than that used for cosmology.

temperature anisotropy map. It reveals that the pattern is mirrbion of CMB photons by the gravitational potentials associated
symmetric, that is, it is predominantly modes, as expected.with large-scale structure subtly modies the sign&knck
This trace of the dynamics of acoustic perturbations at the laftserves. By measuring the impact of this CMB lensing on
scattering surface behaves precisely accordingly@®M pre- such wide-area but high-angular-resolution sky m&asnckis
dictions (simulated in the right panel). able to measure the lensing potential over much of the sky
Most of the signal seen in the rst two maps of Fig. 6 is dom®Planck Collaboration XVII 2014; Planck Collaboration XV
inated by processes occurring At 10°. However, the de ec- 2016; Planck Collaboration VIII 2020). This is shown in the
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Fig. 8. StackedQ, image around temperature hot spots selected above
the null threshold ( = 0) in the SMICAsky map. The quantity,

(and its partnelJ;, introduced in Kamionkowski et al. 1997) is a trans-
formed version of the Stokes paramet@sndU, whereQ, measures

the tangential-radial component of the polarization relative to the cen-
tre andU, measures the polarization a#5 relative to a radial vector.
Left panel observed data, amight panel ensemble average of CMB-
only maps for the ducial cosmology. The axes are in degrees, and the
image units are K. The black solid lines show the polarization direc-
tions for stacked andU, with lengths proportional to the polarization
amplitudeP. From Planck Collaboration XVI (2016).

Collaboration 1X 2020), although there are a number of poten-
tial deviations (or “anomalies”) to which we shall return in
Sect. 5.6. This is in accord with the predictions of the simplest
models of in ation, and indeed provides strong constraints on
many in ationary models (see Sect. 5 and Planck Collaboration
X 2020). Such models also imply that the information content
in the CMB comes from its statistical properties, rather than the
precise locations of individual features, and that those properties
are statistically isotropic. Since a Gaussian eld can be entirely
described by its mean and correlation function, and since the
mean is zero by de nition for the anisotropies, essentially all of
the cosmologically-relevantinformation in the CMB anisotropies
resides in their correlation functions or power spectra. This allows
a huge compression, with concomitant increase/lvt $e 1.16
billion pixels in the 23 maps can be compressed toHiGh-SN
multipoles. As we will see later, theCDM model allows even
more dramatic compression: only six numbers describe around
10° worth of power spectrum detection.

2.6. CMB angular power spectra
2.6.1. CMB intensity and polarization spectra

The foreground-subtracted, frequency-averaged, cross-half-

missionT T, TE, andEE spectra are plotted in Fig. 9, together
Fig. 7. Enlargement of part of th@lanck 2018 CMB polarization With the Commandepower spectrum at multipoles< 30. The
map. The coloured background shows the temperature anisotropy ajdire also shows the best-t baseCDM theoretical spectrum
smoothed to the same scale as the polarization eld, enabling usto visted to the combined temperature, polarization, and lensing
alize the correlation between the two eldlop map10 10 patch (ata.
centred on the south ecliptic pole, smoothed with &RWHM Gaus- Figure 9 clearly illustrates thalanck has determined the
slan (tpe gata azr_e natively .‘3%"‘?]30'”“0”)('1'.30“0.”“ panelfurther expan-  onqylar power spectrum of the primary temperature anisotropies
sionofa2s 2.5 region in the same direction. to high precision across all the physically relevant scales. In this

sensePlanckbrings to an end an era in CMB studies that was
bottom panel of Fig. 6 and provides sensitivity to the loweppened by the rst detection of these anisotropies by COBE in
redshift Universe and a powerful test of the gravitational instd992 (Smoot et al. 1992). At the same tinRdanck has made
bility paradigm. important measurements of the polarization power spectra and

The primary use of CMB maps is to study their statistinaps ofthe eects of gravitational lensing. Improvementsinthese

cal properties. It turns out that the primary CMB anisotropigaeasurements will be the focus of the eld in coming years.
(formed at the last-scattering epoch) are extremely close to The impressive agreement between theDM model and
Gaussian-distributed (Planck Collaboration VII 2020; Plandke Planckdata will be the subject of later sections. For now let
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Fig. 9. Planck CMB power spectra. These are foreground-subtracted, frequency-averaged, cross-half-mission angular power spectra for tempe
ture ¢op), the temperature-polarization cross-spectrond(le), the E mode of polarizationk{ottom lef}, and the lensing potentiab¢ttom righj.

Within CDM these spectra contain the majority of the cosmological information availableRtantk and the blue lines show the best- tting
model. The uncertainties of tiieT spectrum are dominated by sampling variance, rather than by noise or foreground residuals, at all scales belov
about™ = 1800 — a scale at which the CMB information is essentially exhausted within the framework o€ model. TheT E spectrum

is about as constraining as thd one, while theEE spectrum still has a sizeable contribution from noise. The lensing spectrum represents the
highest signal-to-noise ratio detection of CMB lensing to date, exceedingi4® 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 attlmlinear at high'. In all panels,

the blue line is the best- Planck2018 model, based on the combinationldf, T E, andEE.

us focus on a number of ways of characterizing the informatiaile cosmological information (Scott et al. 2016) if we assume

obtained in the spectra of Fig. 9. that the anisotropies are purely Gaussian (and hence ignore
One way of assessing the constraining power containedaith non-Gaussian information coming from lensing, the CIB,

a particular measurement of CMB anisotropies is to determiaess-correlations with other probes, etc.). Translating thi S

the e ective number ofa,, modes that have been measuredhto inferences about cosmology or particular parameters is not

This is equivalent to estimating 2 times the square of the totdtaightforward, since it needs to take into account how the

SIN in the power spectra, a measure that contains all the avajpectra respond to changes in parameters and in particular to
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degeneracies; however, the raw numbers are still instructive. Fable 5. Peaks of the CMB angular power spectia, as determined
the Planck2013TT power spectrum, the number was 826 00@y Planck

(rounded to the nearest 1000, including theeets of instru-
mental noise, cosmic variance, and masking). The 2015

. ; ; Extremum Multipole Amplitude [K?]

data increased this value to 1114 000, wite and EE adding
a further 60000 and 96 000 modes, respectively (where these TT power spectrum
were from the basic likelihood, with a conservative sky fraction). Peakl .... 226 06 5733 39
Based on the 2018 data the numbers are now 1430 00D Tor Trough 1 418 11 1713 20
64 000 forT E, 109 000 forEE, and also 3000 for (the lens- Peak2..... 538 13 2586 23
ing spectrum). For comparison, the equivalent number of modes Trough 2 67% 12 1799 14
from the nal WMAP TT power spectrum is 150 000. Peak3 .... 808 1.0 2518 17

Planck thus represents a 900detection of power (for the Trough 3 1001 18 1049 9
sake of simplicity, we do not include the correlations of the Peak4..... 1148 23 1227 9
covariance in this calculation; doing so would increase these Trough 4 1290 18 747 5
numbers by about 10—20%). This increases even further if oneis ~ Peak5 ... 1448 16 799 5
less conservative and includes more sky, along with more com- Trough 5 1628 211 399 3
plicated foreground modelling. Peak6..... 1779 3 378 3

The acoustic peaks in tH2-s reveal the underlying physics Trough 6 1919 4 249 3
of oscillating sound waves in the coupled photon-baryon uid, Peak7..... 2075 8 227 6
driven by gravitational potential perturbations. One can easily Trough 7 2241 24 120 6
see the fundamental mode (which reaches a density and temper- TE power spectrum
ature maximum as the Universe recombines) af20, and then Troughl.. 140 11 467 14
the rst harmonic, the second harmonic, and so on. It is natural Peak1.. 302 08 1171 1.9
to treat the positions of the individual peaks in the power spectra ~ Trough 2 .. 471 07 741 15
as empirical information that becomes part of the canon of facts Peak 2. 598 09 278 16
now known about our Universe. Trough 3. 742 0:8 1280 15

Fitting for the positions and amplitudes of features in the Peak 3 .. 912 08 590 16
band powers is a topic with a long history, with approaches  Trough4.. 1075 12 791 16
becoming more sophisticated as the delity of the data has Peak4 .. 1228 17 35 17
improved (e.g., Scott & White 1994; Hancock et al. 1997; Knox Trough5 .. 1377 2:8 600 1.9
& Page 2000; de Bernardis et al. 2002; Bond et al. 2003; Page Peak 5 .. 1532 22 89 15
et al. 2003; Durrer et al. 2003; Readhead et al. 2004; Jones etal. Trough6 .. 16974 59 272 23
2006; Hinshaw et al. 2007; Corasaniti & Melchiorri 2008; Pryke Peak6 .. 1859 62 10 24
et al. 2009). We follow the approach (with small drences) EE power spectrum
described in Planck Collaboration | (2016), tting Gaussians to Peak1..... 145 3 111 0:04
the peaks im T andEE, but parabolas to the peaksTiE. For Trough 1 199 54 079 0.08
TT we remove a featureless damping tail (using extreme lens- ~ Peak2..... 398 10 2145 031
ing) in order to t the higher- region (starting with trough 3) Trough 2 5220 11 718 029
We also tthe rst peak inCEE with a Gaussian directly. Our Peak3..... 69@ 12 381 06
numerical values, presented in in Table 5, are consistent with Trough 3 8318 11 126 04
previous estimates, but with increased precisRlanckdetects Peak4 .... 993 18 426 08
18 peaks (with still only marginal detection of the eightir Trough 4 1158 26 120 11
peak) and 17 troughs, for a total of 35 power spectra extrema ___ Peak5..... 1298 43 315 1.3

(36 iftheC. peak is included).
We shall use the rich structure of the anisotropy spec-
tra, described above, to constrain cosmological models in latgrdergoes multiple de ections during its travel, this “secondary”
sections. anisotropy is enhanced over naive expectations and turns out to
be one of the most important secondary signals we measure.
This “gravitational lensing” of CMB photons by large-scale
structures along their path has severakes (see e.g., Lewis
The photons that we see as the CMB must traverse almost éhé&hallinor 2006; Hanson et al. 2010, for reviews). One is
entire observable Universe on their way to us. During this joue slightly smooth the peak and trough structure of the CMB
ney they have their wavelengths stretched by the cosmologipaver spectra and the damping tail (this is fully accounted
expansion and their paths de ected by the gravitational potefier by the numerical codes when deriving the parameter con-
tials associated with inhomogeneities in the Universe (Blanchaigaints on a model; Seljak 1996). Anothereet is to trans-
& Schneider 1987). The lensing-induced de ections are of ordé&arm some of the polarizatiok modes intoB modes, adding
2° to 3, coherent over patches 20 3 across, and arise pri-to the potentially pre-existingd-mode contribution from pri-
marily from structures at redshifts of 0.5-10. Since each photarordial tensor uctuations (Zaldarriaga & Seljak 1998). These
distortions couple adjacentmodes, which would otherwise be

7 In Planck Collaboration | (2016), peak 4 did not have this featu!‘énCorre'ated.'f the initial uctuations were statlstlcglly homo-
removed before tting, which explains the large discrepancy betwe§§neous. This can then be used to obtain an estimator of the
our values here. Furthermore we nd that the marginal detection &nsing potential by cross-correlating CMB maps E, B) and

peak 8 in Planck Collaboration | (2016) has become slightly pooréteir derivatives, with appropriate weightings (Hu & Okamoto
(even although in general the constraints have improved). 2002; Hirata & Seljak 2003). These lensing measurements

2.6.2. CMB lensing spectrum
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Fig. 10.Lensing stacking on CIB peaks. This gure rst appeared as Fig. 4 of Planck Collaboration XVIII (2014), a paper devoted to studying the
gravitational lensing-infrared background correlation. It shows temperature maps of siZeat 88§ GHz stacked on the 20 000 brightest peaks

(left columr), troughs ¢entre columjy and random map locationsght columr). The stacked (averaged) temperature maps are in K. The arrows
indicate the lensing de ection angle deduced from the gradient of the band-pass lItered lensing potential map stacked on the same peaks. T
longest arrow corresponds to a de ection 8B86which is only a fraction of the total de ection angle because of our Itering. This stacking allows

us to visualize in real space the lensing of the CMB by the potential wells traced by galaxies that generate the CIB. This vividly demonstrates th
our lensing map, albeit noisy, is well correlated with a highacer; it also warrants using the CIB as a lensing potential tracer at smaller scales
(and in other experiments).

provide sensitivity to parameters thatext the late-time expan-lensing pipeline over the 2013 and 2015 analyses (Planck
sion, the geometry, or the clustering of matter, and can be cro€silaboration VIII 2020), including a polarization-only lens-
correlated with large-scale structure surveys in a variety of waiyg reconstruction, as a demonstration of consistency and a cross-
(see Sect. 6.2). check on the paradigm. In addition to the lensing measured from
The lensing de ections are usually written as the gradiefit the CMB channels, Planck Collaboration VII1 (2020) also presents
a “lensing potential,” =r (fi), which is a measure of the inte-ajointanalysis of lensing reconstruction and the CIB, as probed by
grated mass distribution back to the surface of last scattering: our highest frequency channels. The CIB is a higracer of the
z ! density eld that is around 80% correlated with the CMB lensing
(A= 2 d ——  w( A (5) potential. Figure 10 shows the lensing de ection inferred from our
0 lensing maps, stacked on the 20 000 brightest peaks and deepest

where  is the comoving distance to the surface of last scatteriigughs in the CIB. One can clearly see the high degree of correla-
and  is the (Weyl) potential, which probes the matter througfion and the expected convergence and divergence patterns around
Poisson's equation. For this reason the nearly all-sky lensifger and under-densities. Having a high signal-to-noise ratio, the
map shown in Fig. 6 provides a remarkable view of (essential/B map provides a good estimate of the lensing modes on small
all of the matter in the Universe, as traced by photons travéfales and the best picture we have at present of the lensing poten-
ling through 138 Gyr of cosmic history. At 40 , this is the tial. Finally, Planck Collaboration VIl (2020) demonstrates that
largest area, and highest signi cance, detection of weak lefi8e smoothing eect of lensing on the CMB acoustic peaks can be
ing to date and constrains the amplitude of large-scale structa@grected, with “delensing” removing approximately 50% of the
power to 35% (Planck Collaboration VIII 2020). The highesg ect. The ability to delens the CMB will grow in importance as
SN per mode is achieved nebr 60, where the signal-to-noisewe move into a future of low-noise observations where lensing-
ratio perL is close to unity (we follow the standard conventiofnduced power becomes dominant.
and uselL rather than™ for lensing multipoles). This drops by  The lensing potential power spectrum provides additional
about a factor of 2 by. = 200, though there is still some powelinformation on the lowz Universe, and thus an alternative route
out beyond. = 1000. to constraining cosmological parameters and a means of breaking
Planckwas the rst experiment to measure the lensing powelegeneracies that act the primary anisotropies. The reduction
spectrum to higher accuracy than it could be theoretically pligrthe uncertainty of the eects of reionization aorded by the new
dicted from measurements of the anisotropies. This represenfg" polarization data (see Sect. 3.2) leads to a reduction in the

turning point, where lensing measurements start to meaningfyllycertainty on the power spectrum normalization when using pri-
impact parameter constraints. In the future, lensing will play 8Rary anisotropies alone. The constraints on the amplitude from
increasingly important role in CMB experiments — a future thiie hrimary anisotropies are thus tighter, and this reduces the

Planckhas ushered in. impact of the lensing upon parameter shifts. However, lensing still

In addition to enhancements of data processing into ma ; ; ;
the nal data release includes several Fi)mprovemgents in tReY> an important role and provides a consistency che_ck on the
overall picture. For example, the best-determined combination of

8 The CMB literature and the galaxy lensing literatureatiin the sign Parameters from CMB lensing iss 2% which is now deter-
of andof . We follow the CMB convention here. mined to 3.5% (689 0:020; 68% CL). Combining this with
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Table 6. 6-parameter CDM model that best ts the combination of Table 7. Parameter con dence limits frorRlanck CMB temperature,
data fromPlanck CMB temperature and polarization power spectrpolarization, and lensing power spectra, and with the inclusion of BAO
(including lensing reconstruction), with and without BAO data (sedata.

text).
Parameter Planckalone Planck+ BAO
Parameter Planckalone Planck+ BAO o Q02237 0:00015 002242 0:00014
N | (0022383 0022447 N L -01200 050012 011933 0500091
el 2011 011923 100wc - 104092 000031 104101 0:00029
100wmc. .o 1%3‘2239 183;2810 In(10°A) . . .. 3044 0.014 3047 0014
In(lOlOAs) """"" 30448 30480 Ng v v 09649 0:0042 09665 0:0038
n 06605 006824 Hoo o ooooee e 6736 054 6766 0:42
R 1 - 1 ........... 06847 0:0073 06889 0:0056
Ho[kms *Mpc -] .. 67:32 6770 Mo 03153 0:0073 03111 0:0056
.............. %6842 06894 mh? . 01430 0:0011 014240 0:00087
Mo 3158 03106 mh® . 009633 0:00030 009635 0:00030
mh? oo 01431 01424 B 08111 0:0060 08102 0:0060
mh® 00964 00964 g( m=0:3)°5. . 0:832 0013 0825 0011
Bttt @120 08110 Zie oo 767 073 782 071
g( m=0:3)%° ... .. 08331 08253 Age [Gyr] . ... 13797 0:023 13787 0:020
Zie e oo %8 7:90 r Mpc] ..... 14443 0:26 14457 0:22
AgelGyr]......... 137971 137839 100 ........ 104110 0:00031 104119 0:00029
Fdrag [MPC] - . . . 14709 0:26 14757 0:22
Notes.A number of convenient derived parameters are also given in theZe 3402 26 3387 21
lower part of the table. These best ts can di by small amounts from 4o w7
the central values of the con dence limits in Table 7. keq[Mpc 7] ... 0:010384 0:000081 010339 0:000063
K ooeemenees 0:0096 0:0061 Q0007 0:0019
) ) . . o mi[ev]..... < 0:241 <0:120
the baryon density from big-bang nucleosynthe5|§ (BBN) and dIS-Ne ......... 289+036 2:99°234
tance measurements from baryon acoustic oscillations (BAOs)r <0101 < 0:106
allows us to place competitive constraints @y - m, andHo indi- S : :
vidually (Planck Collaboration VIII 2020). Notes.The rst set of rows gives 68% limits for the baseeDM model,

Our baseline lensing likelihood is based onfag ' 70%, while the second set gives 68% constraints on a number of derived
foreground-cleaned combination of the high-frequency mapgrameters (as obtained from the constraints on the parameters used
The usable range of multipoles extends fram 8 to L =400. to specify the base-CDM model). The third set below the double line
Multipoles below this are adversely acted by a large and gives 95% limits for some 1-parameter extensions to t6®M model.
uncertain mean- eld correction (Planck Collaboration VIIMore details can be found in Planck Collaboration IV (2020).

2020). Although the lensing maps are providedLte 4096,

the data above. =400 do not pass some null tests (Planck . )

Collaboration VIII 2020) and thus are regarded as le§30odel tested and the basic framework establisRémhickpro-
reliable. MultipolesL 60 become increasingly noise domivides the strongest constraints on the six parameters that specify
nated, but some residual signal is present even at verylhigﬁhe model (Table.s 6 and 7). Indeed, of these six parameters all
which can be of use in cross-correlation or stacking analyses.Put one — the optical depth —are now known to sub-percent pre-

In addition to the power-spectrum band powers and covagision (for ns this claim depends upon the conventional choice
ance, we have released temperature-based, polarization-bd&édns= 1 represents scale-invariance).
and joint temperature- and polarization-based convergence
maps, plus the simulations, response functions, and masks ngg-
essary to use them for cosmological science. We also release the
joint CIB map, the likelihood, and parameter chains. A complete list of the assumptions underlying th€ DM model

is not the goal of this section, but below we list several of the
major assumptions.
3. The CDM model Al Physics is the same throughout the observable Universe.

Probably the most striking characteristic to emerge from the la82 General Relativity (GR) is an adequate description of

few decades of cosmological research is the almost unreason- gravity. ] ) o

able e ectiveness of the minimal 6-parameteEDM model in A3 On large scales the Universe is statistically the same every-

accounting for cosmological observations over many decades Where (initially an assumption, or “principle”, but now

in length scale and across more than 10 Gyr of cosmic time. strongly implied by the near isotropy of the CMB).

Though many of the ingredients of the model remain highly my#4 The Universe was once much hotter and denser and has

terious from a fundamental physics point of viewz DM is one been expanding since early times.

of our most successful phenomenological models. As we wili5 There are ve basic cosmological constituents:

discuss later, it provides a stunning tto an ensemble of cosmo- (a) Dark energy that behaves just like the energy density of

logical observations on scales ranging from Mpc to the Hubble the vacuum.

scale, and from the present day to the epoch of last scattering. (b) Dark matter that is pressureless (for the purposes of
The CDM model rests upon a number of assumptions, forming structure), stable, and interacts with normal mat-

many of which can be directly tested witanckdata. With the ter only gravitationally.

Assumptions underlying CDM

Al, page 17 of 56



A&A 641, Al (2020)

(c) Regular atomic matter that behaves just like it does on Figure 9 shows the measured angular power spectra from
Earth. Planck with the blue line representing the best-tCDM
(d) The photons we observe as the CMB. model. Beginning with theT T spectrum, one can see three
(e) Neutrinos that are almost massless (again for structusgions, separated by two characteristic scales. On scales larger
formation) and stream like non-interacting, relativistithan the Hubble scale at last scattering ([gwhe almost scale-
particles at the time of recombination. invariant spectrum is a pristine imprint of the initial conditions.
A6 The curvature of space is very small. On degree angular scales the almost harmonic sequence of power
A7 Variations in density were laid down everywhere at earijaxima represents the peaks and troughs in density and temper-
times, and are Gaussian, adiabatic, and nearly scale invatitre of the baryon-photon uid as it oscillates in the gravita-
ant (i.e., proportionally in all constituents and with similational potentials prior to recombination. On scales smaller than
amplitudes as a function of scale) as predicted by in atiorthe geometric meaf of the Hubble scale and the mean free
A8 The observable Universe has “trivial” topology (i.e., likgpath, photon diusion during the epoch of recombination erases
R3). In particular it is not periodic or multiply connected. the uctuations. A similar behaviour is seen in the polarization
With these assumptions it is possible to predict a widgectra, without the low-plateau and with sharper peaks that
range of observations with a very small number of pararare sourced primarily by the quadrupole anisotropy generated
eters. The observed fact that the uctuations in temperatuwtaring last scattering. Not visible by eye, but included in the cal-
and polarization in the CMB are small makes the calculatia@ulation, are slight changes to the primordial signal due to grav-
of CMB observables an exercise in linear perturbation theatgtional lensing by large-scale structure along the line of sight.
(see Peacock 1999; Dodelson 2003; Mukhanov 2005; Peter & Figure 9 nicely illustrates the three conditions that make
Uzan 2009 and Lyth & Liddle 2009 for textbook treatments, arttie CMB such a powerful cosmological probe: (i) exquisite
Partridge 1995 and Peebles et al. 2009 for historical discussiomsg¢asurements with well controlled and understood systematic
The evolution of the perturbations in each species can be carrors; (ii) a reliable and computationally tractable framework
puted to high accuracy using a “Boltzmann code” once the initif@r statistical inference and well understood statistical errors;
conditions, constituents, and ionization history are speci ed. Tla@d (iii) a rich phenomenology predicted by a precise theoret-
initial conditions are part of our assumptions. The highart of ical model, allowing simultaneous and tight constraints on key
the ionization history can be computed to high accuracy givparameters.
the assumptions above (see, e.g., extensive discussion and refeffhe best determined parameter is(for which yc is a
ences in Planck Collaboration Int. XLVIl 2016). Thus one neegsoxy), which is constrained to better thai®8% by the peak
to specify only the values of the constituents and the gvart and trough positions. Since is determined by the positions of
of the ionization history. the extrema, not their amplitudes, the measurement is extremely
stable and only weakly dependent upon the model details. One
of the impressive consistency checks of the paradigm is that
determined from the temperature power spectrum matches

To fully prescribe the CDM model we need to specify itsto high precision those determined from the polarization power
parameters. Adopting the convention that the Hubble parans@ectrum and from the cross-spectrum between temperature and
ter today isHy = 100hkms *Mpc !, we take these to be: thepolarization. This limits the fraction of the perturbations that
density of CDM,! . = .h?; the density of baryond,, = Wwere not adiabatic in nature. The angular scale of the acoustic
ph? (consisting of hydrogen, and helium with mass fractipn oscillations measures the ratio of the (comoving) angular diam-
obtained from standard BBN); the amplitud&, and spectral gfer distange t0p|618t scattering and the sound horizgg, =
index, ns, of a power-law spectrum of adiabatic perturbations;csdt = d="3(1+3 ,= ), with the conformal time.
a proxy (wmc; Eg. (6) of Planck Collaboration XVI 2014) for Within the CDM model,rqag depends on the sound speed and
the angular scale of the acoustic oscillations,and the optical the Hubble scale at last scattering, which is primarily determined
depth to Thomson scattering from reionization,The best-t by the baryon and matter densities. The angular-diameter dis-
model and constraints on these parameters are given in Tablésnge depends primarily upon the late-time evolution and geome-
and 7. try, and within CDM this translates into a dependencehand
We assume that the radiation is made up of photons (a$ @ Since! , (which changes the mass loading of the photon-
blackbody withT = 2:7260 K, Fixsen 2009) and neutrinos withbaryon uid and hence the ratio of gravity to pressure) is well
= Ne (7=8)(4=11=® and N, = 3:046 (Mangano et al. constrained €1%) by the relative amplitudes of the acoustic
2002). The neutrinos are assumed to have very low masgssaks, the measurement provides a very tight constraint in
which we approximate as a single eigenstate with= 0:06 eV. the 2-dimensional ,—h subspace:
Other parameters can be derived from these and the assumptions

3.2. Planck's constraints on CDM parameters

that we already spelled out. For example, sipcgj 1, we h3=0:09633 0:00029 (68% CL) (6)
have =1 ,,and tht_e redshift_of equality can b(_a found from
+ = ¢+ p(assuming neutrinos are relativisticz 10°, The direction orthogonal to the,h® line is less well con-

as required by the current data). A list of derived parametefigained. Changes in nh? a ect the damping scale and the
and their relation to the base parameters can be found in Plaggkount by which the gravitational potentials are determined
Collaboration XIV (2016) or Tables 6 and 7. Further discussi®jy the CDM (which does not take part directly in the acous-
of how the parameters act the anisotropy spectra can be foungc oscillations), as opposed to the amount determined by the
in the aforementioned textbooks or in Planck Collaboration XIMaryon-photon uid. This alters the relative heights of the peaks,
(2016) and Planck Collaboration Int. LI (2017).

10 The di usion scale is the mean free path times the square root of
9 A newer evaluation giveN, = 3:045 (de Salas & Pastor 2016). Thethe number of scatterings. Since photons trave], &caierScales as

di erence is negligible for our purposes, so we keep the older numhares the Hubble time divided by the mean free pathNéﬁner mip IS

for consistency with previous results. the geometric mean of the Hubble scale ang.
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allowing a sub-percent-level measurement of botih? andh,
and hence constraints on, and
Changes in the primordial spectral index, yield a corre-
sponding change in the observed CMB power spectrum. Increas-
ing ns, with the amplitude xed at the pivot poink = ky =
0:05 Mpc !, increases power at> 500 while decreasing power
at” < 500, since modes witk = kg project onto angular scales
close to' = 500. Given the large lever arm Bfanck measuring
three decades in wavenumber, we can isolate this tilt precisely
and have shown that it departs from scale invariance at more
than 8 .
Finally, reionization in the late Universe ( 10) recou-
ples the CMB photons to the matter eld (but not as tightly as
before recombination, since the matter density has dropped by
six orders of magnitude in the intervening period). Scattering of
photons o electrons in the ionized intergalactic medium sup-
presses the power in the primary anisotropies on scales smaller
than the Hubble scale at reionization ¥ 10) by e 2, only
weakly generating new anisotropies. More importantly for our
ability to measure, the scattering of photons during this period
generates additional polarization on large scales (set by the angle
subtended by the Hubble scale at reionization), whose amplitude
scales a€FE/ 2. The combination of high sensitivity with all-
sky coverage allowBlanckto measure this large-angle signal in
order to constrain and limits the redshift of reionization &9
at the 95% con dence level.
To demonstrate the impressive advances in the eld, we
show in Figs. 11 and 12 the evolution of constraints on some
of the parameters of the bas€€DM model and its most com-
mon extensions, in Fig. 13 the improvement in statistical weiglfiig. 11. Evolution of CMB constraints on assumptions and parameters
and in Figs. 14 and 15 the improvements in a number of extelescribing “early Universe physics,” speci cally the amount of primor-
sions. Figure 11 focusses on parameters describing “the e#l#}: local non-Gaussianityf(. ), the tensor-to-scalar ratio){ and the
Universe”, while Fig. 12 presents late-time and derived parafioPe of the primordial power spectrum).
eters. In order to avoid too many arbitrary choices, we have

opted to plot only CMB constraints and have started the higne way of seeing how the continuing high-quality ts of the

torical development with the pre-WMAP compilations of Wanghodel and improvements in the data have re ned our knowledge
etal. (2003) and Bond et al. (2003) The values for WMAP al}ﬂ these key parameters.

Planck are taken from the LAMBDA archivé and the PLA, Particularly impressive in Fig. 13 are the improvements in

respectively. measurement of the densities,, and! p,, and the present-day
The top two panels of Fig. 11 indicate non-detections of nogxpansion rateh, each now measured at over 100These
Gaussianity and primordial tensor models, respectively, wifarameters are key to de ning both the evolution of the back-
dramatically improved precision. The last panel shows how t found Cosmo|ogy and the Shape of the matter power Spectrum
primordial power spectrum is now convincingly known to depatfescribing large-scale structure. The dramatic improvements
from scale invariancen = 1), with more power at large scalés visible in Fig. 13 translate directly into improvements in our
than a scale-invariant spectrum. TRéanck data demonstrate apijlity to convert redshift into times or distances, to measure vol-
this departure from scale invariance in a way that is robust §ithes and number densities, and to characterize the cosmic web
single-parameter extensions of the bas€DM model. within which all astrophysical objects (e.g., galaxies) form and
Figure 12 shows a dramatic shrinking of the error bars e®olve.
the late-time parameters, a reduction that becomes even morerinally we emphasize the large step forward taken with
impressive considering that they are all being constrained simiile Planck data by showing in Fig. 14 how the constraints on
taneously. Except for the optical depth, the parameters are1.-parameter extensions taCDM have improved in going from
simultaneously known with percent-level precision. pre-WMAP to Planck For pre-WMAP, we have included the
Another view of the dramatic increase in precision on theﬁﬂnt constraints from the BOOMERANG, MAXIMA, DASI,
key parameters describing our Universe is shown in Fig. 13. H&¥§A, and CBI experiments (Netter eld et al. 2002; Hanany et al.
we present, for a selection of parameters, how the “statisticglo0; Halverson et al. 2002; Scott et al. 2003; Pearson et al.
weight” has improved over time. We use the inverse variance 2003). Prior to WMAP, there were few meaningful constraints
each parameter (marginalised over all of the others and normgi-extended models, even those with only one additional param-
ized to unity for the lasPlanckpoint) as a proxy for statistical eter. The situation improved with the WMAP measurements,
weight. While other choices could be defended, this providpgt many extensions remained highly unconstrained. With the
advent ofPlanck most of these 1-parameter extensions are now
11 hitp:/lambda.gsfc.nasa.gov highly constrained, and become even more so if additional data
12 This is the direction predicted by the simplest models of in atior@r€ added.
which invoke a scalar eld slowly rolling down an almost at potential, ~ Figure 15 provides a derent view of this same improve-
with longer wavelength modes exiting the Hubble scale earlier. ment, extending farther back to COBE (a data set of three
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Fig. 13. Increase in the “statistical weight” (i.e.=12, where for

each parameter comes from marginalising over the rest of the set) for
a selection of CDM parameters as a function of time. The bars rep-
resent the same divisions as in Figs. 11 and 12: pre-WMAP (green);
WMAP1, WMAP3, WMAP5, WMAP7, and WMAP9 (blue shades);
and Planck13, Planck15, and Planck18 (red shades).

bands from™ = 2-26; Bennett et al. 1996) supplemented by
a Planck prior on the optical depth = 0:055 0:009. It
shows the impressive increase of the guye of merit, de ned by
FoM 2 = det Cov ,h% ch? ; Agns ::: , for various mod-

els and data sets, relative to COBE. The relative reduction of the
allowed parameter space volume is impressive for all models.
For CDM, the 6-dimensional space has decreased in volume
by about 18° in the 26 years since the initial discovery. For the
11-dimensional models that we also consider here, the reduction
is a million times larger.

3.3. Planck's tests of CDM assumptions

One of the strongest pieces of evidence for the universality
of physics (pointAl in Sect. 3.1) comes from the agreement
between the baryon density,,, as measured by the CMB and
through consideration of BBN. The inference from the CMB
relies on the acoustic physics of the primordial plasma before
400 000yr. The inference from BBN depends upon modelling
nuclear physics in the rst 3mins after the big bang, calibrated
by laboratory measurements here on Earth. The comparison
invokes all of the known forces of nature: strong and weak
nuclear, electromagnetic, and gravity. The level of agreement is
remarkable, as shown in Fig. 16.

The connection between cosmology and GR (pARjtgoes
back to the founding of both subjects in the early part of the
20th century. GR has been extensively tested on the scale of
the Solar System (e.g., Will 2006). The recent direct detection
of gravitational waves (Abbott et al. 2016) provides a further
con rmation of the theory in the strong gravitational elds of
merging black holes. The detection of an optical counterpart
(Abbott et al. 2017a) provides stringent limits on the speed of
propagation of gravitational waves and thus on modi ed grav-
ity theories (Lombriser & Taylor 2016; Creminelli & Vernizzi
2017; Ezquiaga & Zumalacarregui 2017; Sakstein & Jain 2017;
Baker et al. 2017; Crisostomi & Koyama 2018; Amendola et al.
2018a). By contrast, constraints on modi cations of gravity on

Fig. 12. Evolution of CMB constraints on parameters describing “Ialjv,@rge scales are weaker, although complementary because they

time physics,” speci cally the matter density 4 wh?), the baryon 2aPPly to an entirely dierent regime. _

density { ,  ,h?), the acoustic scale (), the normalization of the ~ The structure of the peaks in the anisotropy power spectra
(linear theory) matter power spectrumgj, the dimensionless Hubble depends upon the gravity-driven oscillations of a relativistic uid,
constantlj), and the Thomson optical depth ( and as such is sensitive to departures from the predictions of GR.
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Fig. 14. Successive reductions in the allowed parameter space for various one-parameter extensuiigl tdrom pre-WMAP (the MAXIMA,

DASI, BOOMERANG, VSA, and DASI experiments) ®lanck Each row corresponds to a speci ¢ extended model. The contours display the
68% and 95% con dence limits for the extra parameter versus ve other b&®eM parameters. The dotted lines indicate theDM best- t
parameters or xed default values of the extended parameters.
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Fig. 16. Primordial helium ¥p) and deuteriumypp) abundances as a

function of baryon density! (,), from Planck Collaboration IV (2020),

det Cov ph% ch?;; Agng::: for various models and data agssumingN, = 3:046. The shaded, horizontal bands show the 68% CL

sets, relative to COBE. This shows the relative improvement withh the measured values from Aver et al. (2015) and Cooke et al. (2018).

respect to the anisotropy discovery experiment, COBE (with rst resulfhe red vertical band is the 68% CL on, from the CDM model t

in 1992). For COBE, we have additionally (anachronistically) assumesithe Plancktemperature and polarization data, while the other bands

aPlanckprior on the optical depth:055 0:009. The relative reduction show the predictions from the theory of nucleosynthesis (including

of the allowed phase space volume is impressive for all models, wiihcertainties in nuclear reaction rates and neutron lifetime; see Planck

even greater shrinkage in volume for higher-dimensional model exteellaboration IV 2020 for more details). The excellent agreement on

sions. For CDM, the improvement is more than *OFor the largest the inferred value of , from processes in the rst 3mins of the Uni-

model spaces, having four or ve additional dimensions compared verse's history with that from the CMB at 380 000 years after the big
CDM, this improvement is more than ¥0n 26 years, corresponding bang is one of our best demonstrations of the universality of the laws of

to a 6-month doubling time, three times faster than Moore's Law! Thishysics.

is one reason why the study of the CMB has allowed us to address more

and more ambitious questions with time, a feature that is expected to

continue with future experiments. objects such as galaxies probe only the time-time component

(). It is this fact that accounts for the famous “factor of 2”

Indeed, most modi cations of gravity take as a starting point thaf Einstein's prediction for the bending of light by the Sun, as

GR be restored in the early Universe, precisely in order to avqigsted in the eclipse expedition of 1919. For this reason, a com-

modifying the predictions of CMB anisotropies (Jain & Khourparison of the two measures provides a useful check of GR

2010; Joyce etal. 2015, 2016; Amendola et al. 2018b). on cosmological scales. The fact that th€DM model pro-

In the presence of inhomogeneity, the metric of spacgides a good t to a wide range of auto- and cross-correlations
time is perturbed from its Friedmann form. It is common tpSect. 4) suggests that GR passes this test. Pullen et al. (2016)
parametrize the deviations to the time-time and space-spae@ Singh et al. (2018) quanti ed this expectation by cross-
components by two potentials (often denotecand , where correlating lowz galaxies with thé’lancklensing maps, nding

is the Newtonian potential while represents the Generalconsistency with the predictions of GR on tens of Mpc scales,
Relativistic e ect of the bending of space by gravity). Generg|ithough with intriguing tension on very large scales. Finally,
Relativity predicts that, in the absence of anisotropic stressesthe large-scale gravitational potentials are predicted to decay
and should be equal in magnitude (Peacock 1999; DodelsgAce the expansion of the Universe begins to accelerate, lead-
2003; Lyth & Liddle 2009). ThePlanckdata alone can place ajng to an additional source of anisotropy: the integrated Sachs-
constraint on the deviation of the two metric potentials from thgiolfe (ISW) e ect (Sachs & Wolfe 1967). Here the blueshift of
GR prediction at the last-scattering surface. Assuming that thigotons falling into a potential is not precisely cancelled by the
modi cation to the potentials is scale independent, the ratio eddshift upon climbing out due to the evolution of the potential
the potentials (in units of the GR predictiGhis during traversalPlancks measurements of the ISW ect are

consistent with expectations (Planck Collaboration XIX 2014;
sip = 1:004 0:007  (68% CL) (7) Pranck Collaboration XxI 201((5).
This shows that gravity is behaving in the early Universe exactly The low level of the relative uctuations in the CMB
as predicted by General Relativity, and is one of the tightest cdifovides some of our strongest evidence for the statistical
straints on the behaviour of the potentials at such early epocHdmogeneity and isotropy of the Universe (pok&), and the

At late times, direct constraints on modi cations to GRMpressive t of the CDM model predictions to the observa-
on cosmological scales are weakBtanck has also served antions relies on all of the above assumptions. _
important role in these constraints by providing an all-sky map The blackbody nature of the CMB is the best evidence that
of lensing, which can be compared to dynamical measurem Universe was once hot and dense (paif}. Further evi-
at relatively recent epochs. Gravitational lensing measures flgnce comes from the wiggles we see in the angular power
combination of and , while the motions of non-relativistic Spectrm, which arise due to acoustic oscillations in the baryon-

h i photon plasma. This implies that the Universe was hot enough
13 Speci cally we de ne g throughk? sip =12 Ga&( +p) , toionize hydrogen and dense enough to support acoustic oscil-
where is the anisotropic stress. lations without excessive dissipation.

ﬁig.h15. Successive improvemleonts of the gure of merit FeM
1=2
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The constituents of the Universe (poids) have been ssed extensively in Planck Collaboration Int. LI (2017), Planck
described previously. Within the CDM paradigm the CMB Collaboration V (2020), and Planck Collaboration IV (2020) and
allows measurements to be made of the total density of theserefer the reader to those papers and to Appendix B for details.
components to high precision. We shall return to pokisand A discussion of HFI-LFI consistency is given in Appendix C.
A7 when we discuss the impact Blanck on studies of in a- While some mild tensions exist, overall the data are highly con-
tion and fundamental physics. Here we simply highlight hogistent. One of the newest consistency checks that is made avail-
the CMB spectra provide strong evidence that the uctuatiomble by the latedPlanckdata is a comparison of the temperature
from which all structure grows were laid down at very earlgnd polarization power spectra.
times. The combination of the regular, oscillatory structure of That the CMB sky be linearly polarized is a direct conse-
the CMB peaks and the relative phases of the temperature gnénce of the existence of the anisotropies and the polarization
polarization spectra implies that the perturbations responsible fiependence of Thomson scattering, which itself traces back to
CMB anisotropies were “primordial” and “apparently acausakBlectromagnetic gauge invariance (for a pedagogical review see
(Coulson et al. 1994; Crittenden & Turok 1995; Hu & WhiteHu & White 1997). Since the origin of the temperature and polar-
1996a; Hu et al. 1997; Spergel & Zaldarriaga 1997)zBy1100 ization spectra are so closely intertwined, we can use them as
the uctuations were all in their growing mode, and there ia test of internal consistency. In fact we nd that tRé&anck
no evidence for “active sources” during this period (e.g., costeasured T, TE, andEE CMB power spectra are completely
mic strings or textures, whose motion generates anisotropiesnsistent with each other under the assumptions GDM
see Planck Collaboration XXV 2014). Importantly, there wer@lanck Collaboration V 2020; Planck Collaboration IV 2020).
uctuations in spatial curvature on scales larger than the Hubblbe same CDM models that t the temperature provide good
length at last scattering. ts to the polarization data and vice versa. Figure 17 shows the

Two of the most signi cant properties of dark energy, fodi erence between thET, TE, or EE spectra we measure and
cosmology, are that it be spatially nearly constant and ortlye spectra predicted by theCDM model that best ts the other
recently relevant. Section 5.5, as well as Planck Collaboratitwo. The di erences are completely consistent with expectations
XIV (2016) and discus®lancKs constraints on these proper-given our noise and sky coverage. Not surprisingly, tli&DM
ties. To give just one example, the combinatiorPtdinckdata model parameters that best t each subset of the spectra are con-
with other, lower-redshift data sets demands that the dark-enesigtent. We see small shifts in the parameters as more data are
contribution must rise from less than 10% of the total to nearbdded, with the size of the shifts consistent with our expec-
70% of the total within just the lagtfold of expansion and the tations. The comparison of the temperature, polarization, and
contribution from any “early” dark energy must be highly subensing spectra may provide some indication that the
dominant. The constraints on DM decays and neutrino massamperature-only results have uctuated “high” in some param-
are dealt with in Sects. 5.3 and 5.4. eters (e.g., g) and that adding more data has brought us closer

In addition, thePlanck maps provide the highest quality,to the mean. We will see similar behaviour when we consider
full-sky view of the surface of last scattering that we have, artde distance scale as probed by BAO (Sect. 6.3), and discuss this
as such allow us to place extremely tight constraints on depfurther in Sect. 4.3.
tures from a globally isotropic cosmology with trivial topology  External consistency checks come from comparing the
(pointA8; Planck Collaboration XVIII 2016). Searches for cubi®lanckangular power spectra to those measured by other exper-
toroidal or slab topologies yield no detection, with a scale belaments. No single experiment can matelancks sky coverage
the diameter of the last-scattering surface. and angular resolution, but we can compare to multiple exper-
iments in order to test our data. A comparison of Blanck
power spectrum measurements with those of other, contempo-
rary, experiments is given in Fig. 18: the WMAP data are taken
The Planck data constrain the parameters of the baskom Bennett et al. (2013); the ACT and ACTpol data are from
6-parameter, CDM model with high precision, without the Das et al. (2014), Louis et al. (2017), and Sherwin et al. (2017);
need for any external data sets. With the model tested and cthve SPT and SPTpol data are from George et al. (2015), Keisler
strained, it can then be used to make predictions for a hostedfal. (2015), Story et al. (2015), and Henning et al. (2018);
other astrophysical measurements. Despite its apparent simglie- PolarBear data are from POLARBEAR Collaboration et al.
ity, the model — with thePlanckconstrained parameters — ha§2017); and BICEP/Keck data are from BICEP2 and Keck
proven to be extremely successful in describing a wide rangefofay Collaborations et al. (2015, 2016). Whidanck domi-
cosmological data across four orders of magnitude in scale araes the primary temperature anisotropy measurements and the
13:8 Gyr of cosmic history. E-mode polarization measurements up'td 10°, the other

In this section we describe the extent to which the predictiorgperiments' higher angular resolution and sensitivity provide
of this model are in accord with other data sets and point dugtter measurementsof secondary anisotropies (at higp as
where there are tensions. well asB-mode polarization. A next generation of experiments,
soon to be elded, will also improve updplanckKs lensing mea-
surement. Visually, the impression in Fig. 18 is one of concor-
4.1. The CMB sky dance in all of theyspectra.p ’

Planckis not the rst experiment to measure CMB anisotropies, The comparison of the lower-resolution and noisier
nor will it be the last. So we begin our discussion of concordan¥éMAP data tPlanckhas been discussed in some detail in Planck
by assessing the degree to which efient measurements of theCollaboration XVI (2014) and Planck Collaboration XIII (2016).

CMB sky by di erent experiments agree. Our focus will be omhe agreement is excellent, multipole by multipole, for the
the most recent and powerful experiments, since these proviggguencies in common, up until the WMAP data become signi -
the most stringent tests. cantly a ected by noise. The agreement between the best- tting

Internal consistency checks and jackknife tests, includ-
ing splits by spatial and electromagnetic frequency, are disétiThoughPlanckstill contributes here as a source of calibration.

4. Cosmic concordance
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Fig. 17.Conditional residuals for the co-add&d (top pane), EE (middle), andT E (botton) power spectra. The blue points show theatience
between the co-added spectra and the 2018 b&ieM spectra, with the points at more than @oloured pink. The black lines show the drence
between the conditional prediction of the spectrum and the base model. The prediction for a given spectrum is performed (within the framewo
of base CDM) conditional on the two others, e.g., in th@p pane] the TT prediction is conditioned on both theE and EE data. The solid
and dashed blue lines show th& and 2 contours of the prediction (around the black line), corresponding to the diagonal of the block of
the conditional covariance computed from the 2018 covariance matrix and data. Probabilities to exceed (PTES) are computedefenties di
between the data and its conditional prediction using the conditional covariance for each panel. We see that any pair of spectra predicts the tt
one well (assuming thatCDM is a good model), bringing support to the consistency of the temperature and polarization measurements within
CDM. This is particularly true at low and intermediate multipoles (whHdeackis cosmic-variance limited), where the conditionals successfully
predict the deviations of the co-added spectra from the theoretical B2B®4 spectra.

CDMmodelsisalsoquite good, once externaldata (suchasBAO) Planck Collaboration Int. LI (2017) further investigated the
are introduced to break the degeneracies that the WMAP datadikcrepancy in CDM parameters betwedplanckand WMAP
not have su cientdynamic range to break internally. For examplalone. They found that when one carefully compares lalata
the constraint$ , = 0:1398 0:0023,Hy, = 6814 0:73, to full-" data, the dierences are not as large as they might
and g = 0:82 0:18 are obtained from WMAP plus BAO, naively appear to be (with probabilities to exceed of order
wheread , = 0:14240 0:00087,Hy = 67:66 0:42,and 10%). When the lever arm of the data is reduced by only using
g = 0:8102 0:0060 come fronPlanckplus BAO. the larger angular scales< 800), cosmological parameters are
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Fig. 18. Compilation of recent CMB angular power spectrum measurements from which most cosmological inferences atdprampanel
power spectra of the temperature d@anode andB-mode polarization signals, the next panel the cross-correlation spectrum bétveeett,
while lower panel lensing de ection power spectrum. Deérent colours correspond to dirent experiments, each retaining its original binning.
For Planck ACTPol, and SPTpol, thE E points with large error bars are not plotted (to avoid clutter). The dashed line shows the b&DM
model to thePlancktemperature, polarization, and lensing data. See text for details and references.
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more strongly aected by the low- de cit (Sect. 5.6), that is, that lenses the CMB anisotropieszat 0:5-10 has the right

the apparent lack of power at 30 compared to CDM expec- amplitude given the size of the anisotropies and the constituents
tations. To decrease power at 30, the best- tns increases, inferred from the acoustic oscillations. Between the epoch of last
Ase 2 is then lowered to reduce power a&500, and! ,, scattering az' 1100 and and the epoch corresponding to the
decreases to compensate the induced change of power begleak of the lensing kernet ( 2-3), the uctuations in the mat-

*' 500, while! y increases to reduce the amplitude of the seter density are predicted to grow in amplitude by nearly three
ond peak (which was raised by the decreadenjh The Hubble orders of magnitude. Since for much of this time the Universe is
constant is in turn pulled higher to keep the angular size of theatter dominated and the uctuations are in the linear regime,
horizon unchanged. In tHelanckdata, the impact of the low- GR predicts the amount of growth at the percent level, allowing
de cit was much reduced by the presence of the higlata. As a precision test of the theory. In fact, the comparison can be done
we saw above, if BAO data are combined with the WMAP data such high accuracy that it is best phrased as a sca#lingpf

(to reduce the geometric distance degeneracy, wherein a chahgetheoretical prediction — taking into account the distributed
in physical scale can be traded against a change in distagcgcts of lensing, etc. We ndy = 0:997 0:031, which

to last scattering in order to hold the angular scale xed) thgovides a stunning con rmation of the gravitational instabil-
parameters shift towards tRéanckpreferred values (see Planckiy paradigm, and also allows us to constrain constituents of the
Collaboration Int. LI 2017, for further comparison). Universe that do not cluster on small scales (such as massive

At the other end of the spectrum we can compareiack  neytrinos; see Sect. 5.3) and so reduce the small-scale power
data to data with higher angular resolution and highi&f om  spectrum. Future, more precise, measurements of CMB lensing
ACTPol (Louis et al. 2017) and SPTpol (Henning et al. 2018) provide strong constraints on neutrino masses, extra rela-
but only over a limited area. The ACTPol results of Louis et &lyistic degrees of freedom, and early dark energy.

(2017), from 100 defof sky, are consistent with the CDM Also shown in Fig. 19 are measurements of the matter power
model tto Planck Similarly, Hou et al. (2018) nd no evidence spectrum inferred from galaxy clustering and the Lforest.

for systematic errors in either SPT Bfanckwhen comparing The former represents a measurement at0, although it has
temperature power spectra computed from the same area of gkyuncertain amplitude because of galaxy bias. In plotting the
Aylor et al. (2017) and Planck Collaboration IV (2020) comspss galaxy clustering points, we have accounted for galaxy
pare the parameters for the bas€DM model between SPT andpjas assuming the phenomenological bias model of Reid et al.
Planck Again, restricting to the same patch of sky the agreemqpb10). Speci cally, we have t this model to thelanckbest- t
between the experiments is quite good. Fienck TEandEE  cosmology, yieldingby; a;; a,g = f1:23;0:56, 0:35gat a pivot
spectra are compatible with the SHE and EE spectra over wave-number ok = 0:2hMpc . The agreement on the shape
the multipole range well-constrained BYanck though there are of the power spectrum &' 0:1hMpc %, between the galaxy
hints of some dierences at higher multipoles (with limited stasurveys atz' 0 and the predictions of CDM constrained by
tistical power, in a regime where foregrounds are large). Howtanck at z' 10%, is a validation of the paradigm of gravita-
ever, the CDM model that best ts th&lanckdata is formally - tional instability in a Universe with predominantly CDM. The
inconsistent with the SPTE + EE data. These issues are dismeasurements inferred from the Lyforest are presented at
cussed in more detail in Planck Collaboration IV (2020). It wily = 0 using a scale- and redshift-dependent relation between
be interesting to see how this discrepancy develops, and whethgr 1D and 3D Ly power spectra, coupled with the mea-
it provides evidence for physics beyon€DM or is due to sys- syred 3D ux power spectrum of Ly absorption. The former
tematic or statistical errors in the modelling of the d_ata. _ was computed by means of hydrodynamical simulations, for a

In summary, once foreground models and calibrations aggicial model corresponding to the best t values of Palanque-
taken into account, and allowing for mild inaccuracies in thgelabrouille et al. (2015); the latter was obtained byedenti-
covariance matrices, the level of agreement betweerrdnt ating the corresponding 1D power spectrum using the method of
CMB experiments is excellent. Chartrand (2011). The measurements of Lgre at higher red-
shift (2< z< 3) than galaxy clustering and probe smaller scales,
but are more model-dependent.

Intermediate in redshift between the galaxy clustering and
Within the gravitational instability paradigm, the anisotropielsy forest data are cosmic shear measurements and redshift-
that we see in the CMB form the seeds for the large-scale strgpace distortions (Hamilton et al. 1998; Weinberg et al. 2013).
ture that we observe more locally. It is thus interesting to aslere we plot the results from the Dark Energy Survey Y1
whether these love-measurements of inhomogeneity are consisaeasurements (Troxel et al. 2017), which are currently the
tent with what would be expected to arise from the anisotropig®st constraining cosmic shear measurements. They show good
seen byPlanck agreement with the matter power spectrum inferred fraddDM

Figure 19 shows inferences of the matter uctuation specenstrained toPlanck Had we used earlier data from, for
trum from a wide range of dierent cosmological probes, cov-example, KiDS (Hildebrandt et al. 2017) it would have looked
ering three orders of magnitude in scale and much of cosngjgite similar. These points depend upon the non-linear matter
history. The level of agreement, assuming thEDM model, power spectrum, and we have used the method of Tegmark &
is quite remarkable. That structure grows through gravitationghldarriaga (2002) based on the tting function of Peacock &
instability in a dark-matter-dominated Universe seems wédodds (1996) to deconvolve the non-lineaeets, which yields
established, and the power of the model to explain a wide rargmstraints sensitive to larger scales than would would other-
of di erent phenomena is impressive. However, the tremendaevise appear. The nuisance parameters have been xed for the
statistical power of th®lanckdata, and modern probes of largepurposes of this plot. (More detail of the calculations involved
scale structure, is such that we can perform much more detailegroducing Fig. 19 can be found in Chabanier et al. in prep.)
comparisons than this. Bearing in mind all of these caveats, the good agreement across

One consistency check, which we can make internal to there than three decades in wavenumber in Fig. 19 is quite
Planck data set, is to check whether the large-scale structusgnarkable.

4.2. Large-scale structure
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Fig. 19.Linear-theory matter power spectrum¢at 0) inferred from di erent cosmological probes (the dotted line shows the impact of non-linear
clustering az = 0). The broad agreement of the model (black line) with such a disparate compilation of data, spanning 14 Gyr in time and thret
decades in scale, is an impressive testament to the explanatory pow€Ddfl. Earlier versions of similar plots can be found in, for example,
White et al. (1994), Scott et al. (1995), Tegmark & Zaldarriaga (2002), and Tegmark et al. (2004). A comparison with those papers shows that tl
evolution of the eld in the last two decades has been dramatic, widDM continuing to provide a good t on these scales.

Figure 20 shows the rateof growth, f g, determined from  CDM model predicts (Planck Collaboration XVI 2014; Planck
redshift-space distortions over the rangefx 1:6, compared to Collaboration XIIl 2016; Planck Collaboration 1V 2020). While
the predictions of CDM tto Planck Though the current con- at face value it might seem like this smoothing is the sign of
straints from redshift surveys have limited statistical power, tlee excess amplitude of gravitational lensing, it is also possi-
agreement is quite good over the entire redshift range. In phle to t these features through non-lensing relate@@s (see
ticular, there is little evidence that the amplitude of uctuationBlanck Collaboration Int. LI 2017, for discussion). The prefer-
in the late Universe determined from these measurements is ®rsze for these features is driven almost entirely by the CMB
tematically lower than predicted. spectra and not by the lensing reconstruction, which is consistent

We shall discuss in Sect. 6 cross-correlations of CMB lenaith theoretical expectations. The peak smoothing features are
ing with other tracers and the distance scale inferred from baryat statistically highly signi cant (2-3), and could just be sta-
acoustic oscillations (BAO). In general there is very good agreéstical uctuations in the data. Further, the level of signi cance
ment between the predictions of th€ DM model and the mea- depends upon choices made about the calibration of the polar-
surements. If there is new physics beyond ba&DM, then ization channels, the sky fraction, and other analysis choices, as
its signatures are very weak on large scales and at early tindiscussed further in Planck Collaboration IV (2020). This dis-
where the calculations are best understood. crepancy may indicate that the best- t parameters from the pri-
mary CMB have uctuated from their true values by a fewin
4.3. Discord which case the combination arded by multiple probes may be

"~ a more faithful measure.
While there are many measurements that are consistent with theWe will discuss distance measurements using BAO in
predictions of the CDM model tted to Planck there are also Sect. 6.3. There we will see (Fig. 27) that the inferred angular
some areas of discordance. diameter distance ta' 2 from the auto- and cross-correlation

Within thePlanckdata themselves we nd a preference for af Ly measurements by the Baryon Oscillation Spectroscopic
larger smoothing of the power spectrum at small scales than Swvey (BOSS) is discrepant with theCDM predictions t to

Planckat about 3 (Bautista et al. 2017; du Mas des Bourboux
15 Conventionally one de nes as the logarithmic growth rate of the €t @. 2017). Within the CDM family, parameter changes that

density perturbation, that is,f = dIn =dIna. Multiplying this by the Would improve agreement with the Lydistances are highly dis-
normalization, g, converts it to a growth rate perén favoured byPlanckand the more accurate, lower-redshift BAO
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Fig. 21. Compilation of measurements bk, since 2000, based on the
Fig. 20. Constraints on the growth rate of uctuationfs, g, as a func- historical data assembled by J. Huchra for the NASA-HST Key Project
tion of redshift, compared to the predictions of th€DM model con- onthe I_Extragalactic Distance Scale. The additional points since 2010 are
strained byPlanck (from Planck Collaboration IV 2020). Thé ¢ from Riessetal. (2011, 2016, 2018a,b), Freedman et al. (2012), Rathna
measurements are: dark cyan, 6dFGS and velocities from SNeKlgnaretal. (2015), Bonvinetal. (2017), and Dhawan et al. (2018). Blue
(Huterer et al. 2017); green, 6dFGRS (Beutler et al. 2012); purglscles show “traditional” measures bf, while cyan and red squares
square, SDSS MGS (Howlett et al. 2015); cyan cross, SDSS LRG (GiW Ho inferred from ts to CMB data from WMAP (Bennett et al.
et al. 2014); dark red, GAMA (Blake et al. 2013); red, BOSS DR12011; Hinshaw etal. 2013) aflanck The magenta diamond shows the
(Alam et al. 2017); blue, WiggleZ (Blake et al. 2012); olive, V|pER§tar_1dard sire_n measurement fror_n Abbott et al. (2017b). Inferences from
(Pezzotta et al. 2017); dark blue, FastSound (Okumura et al. 201§ inverse distance ladder are discussed in the text and Fig. 22. We note
and orange, BOSS DR14 quasars (Zarrouk et al. 2018). The agreerﬁ@hgremendous increase in precision with_time, driven_ by improvements
between the love measures and theCDM prediction is very good, in methods and in data, and the narrowing of theedénce between
indicating that the model (constrained by observations in the highhigh” and “low” values ofHo.
Universe) correctly predicts the rate of growth of large-scale structure

observed in the nearby Universe. There is also tension at the very lowest redshifts. One of the
notable impacts of th€lanck data has been a downward shift
measurements. Even within an extended class of models, itnighe value ofHy compared with some earlier results (Fig. 21;
very di cultto tthe combination of comoving angular diam-plotted using the compilation of J. Huchfathough the shift is
eter distanceDy;, and Hubble distancd)y, inferred from the small compared to earlier versions of théy‘discrepancy”). The
Ly data (Aubourg et al. 2015). This mild tension could be ttgame downward shift iklg is seen if WMAP data are combined
result of either a statistical uctuation or as yet unrealized sygith BAO, which serves to break the geometric degeneracy that
tematics in the Ly measurements. However the size of the digmits the WMAP data alone (leading td, = 68:14 0:73). A
crepancy highlights the importance of future measurementssinilar shift is also seen if BAO data are combined with infer-
these redshifts. ences about ,, from BBN and just the acoustic scale measured
At lower redshift, some measures of the amplitude of clugy WMAP or Planck (Planck Collaboration IV 2020), or from
tering prefer lower values thanCDM normalized toPlanck Plancklens_,mg plus BAO mverse-dlstance-ladd_er results (Planck
In particular the Kéhlinger et al. (2017) analysis of the KiD$ollaboration VIl 2020, Table 3). Another view of this ten-
cosmic-shear-only results constraBs g( m=0:3)%° to be sionis shown in Fig. 22 (as discussed in more detail in Planck
0:651 0:058 (which was shifted upwards to7g2 0:034 in Collaboration IV 2020), which demonstrates how robustly the
an alternative analysis by Troxel et al. 2018). When combinétyerse-distance-ladder constraints prefer lowky than the
with galaxy data the results are7@2 0:035 or 0800 0:028 mMmeasurements of Riess et al. (2018a,b, 2019).

(Joudaki et al. 2018; van Uitert et al. 2018). The preferred Itis worth revisiting how the inference of a “low, comes
value fromPlanck plus BAO is 0825 0:011, which is 2  about from CMB data. Recall that the well measuredelates

higher, 15 higher, 23 higher, or basically consistent withthe sound horizon and the distance to last scattering. E®M

these results. The recent DES results (DES Collaboration etthis becomes a tight constraint onmh® (Eq. (6)). An increase

2018) are consistent with botRlanck and the earlier lensing Of ! m decreases the sound horizon approximately g%,

results Sg = 0:782 0:024, when analysed with the same xed€quiring the distance to last scattering to decrease by the same

neutrino mass assumption Bfanck (Planck Collaboration IV amount. This digtance is an integralpf(2) out toz* 1100,

2020). While these data are in only modest tension with théth'’ H?(z) / ! ,, (1+2°% 1 +h? for the dominant con-

Planck best- t cosmology, they are consistent with each othefibution fromz  zeq Thush must decrease in order for the

and both pull to lowe6g, which would lead to an increased sigdistance to last scattering not to decrease too much.

ni cance in a joint analysis. The combination of absolute BAO distances calibrated to
Some estimates of the amplitude inferred from the abuptanck with relative SNe distances at overlapping redshifts,

dance of rich clusters of galaxies also imply a lower The

most di cult issue with these inferences is the dependence ®©Myajlable at https://www.cfa.harvard.edu/~dfabricant/

the calibration of the mass-observable relation, wHtnck  huchra/hubble.plot.dat

itself can shed little light on. We discuss these observations flir4we have neglected the impact of massive neutrinos in this expression

ther in Sect. 6.4. for simplicity, though they are properly included in our analyses.

Al, page 28 of 56



Planck CollaborationPlanck2018 results. I.

Finally, there are possible tensions on galactic and sub-
galactic scales, where the inner pro les of dark-matter halos and
the abundance, orbital properties, and structure of satellites in
the Milky Way and Andromeda provide a new avenue for test-
ing CDM. The comparison of theory and observation in this
regime is quite complex and de nitive statements are hard to
make at this juncture; however, the eld is evolving rapidly both
observationally and theoretically. The challenges and possible
resolutions are reviewed in Bullock & Boylan-Kolchin (2017).

5. Planck and fundamental physics
5.1. Large scales and the dipole

We have already discussed the best estimate of the dipole pat-
tern on the sky, with the usual interpretation that it derives from
Doppler boosting of the CMB monopole, with an amplitude of
_ _ _ ] To. In the standard picture there is an “intrinsic” dipole of order
Fig. 22. Inverse-distance-ladder constraintsidpand » in  CDM 105 expected, although this is unobservable (as well as being a
(for mgfodeta”i S‘?etpla”iﬁ Cg!"";bora“o” dl\é_iOZ(?).t_The glrett_en rfg't fhall fraction of the extrinsic, velocity-induced dipole). However,
uses constrain's on the distance-reashiit retation relaive 1o has been discussed previously in the literature (e.g., Turner
sound horizon at the drag epoch. The sound horizon has been 91: Zibin & Scott 2008), there is also the possibility of an

strained here using a conservative priot gf= 0:0222 0:005, based 7 < AN ; .
on Cooke et al. (2018) and standard BBN. AddPignck CMB lens-  Intrinsicisocurvature contribution to the observed dipole. In addi-

ing gives the grey contours, which pull to lowels and . The red tion to the usual temperature dipole (i.e., the 1 anisotropy pat-
contours show instead the addition of a highly conservative prior &) on the sky, four separateects appear at second order in
100 mc = 1:0409 0:0006, which provides similaH, constraints to namely: an inferred frequency-dependent quadrupole; aninferred
the full CMB data set, but is potentially more robust. The blue barfeequency-dependent dipolar modulation of the CMB sky, alter-
shows the CDM ts to the full CMB data set. The horizontal grey jng the power on all scales according to a dipole pattern; a shift in
bands show the measurement of Riess et al. (2019) for comparison.the monopole temperature; and aberration of the CMB sky. The
rsttwo e ects are independent of the source of the CMB dipole
and therefore cannot be used to distinguish an intrinsic dipole
allows us to extrapolate the distance scale from moderate réfdm a boost. The third eectis unobservable. The lastect nor-
shifts toz = 0. This signi cantly reduces the sensitivity of infer-mally only appears in the presence of a boost. However, aberra-
ences orHy to uncertainties in the dark energy model, but stition is completely degenerate with b 1 lensing mode; in other
results in a consistemidy value (Planck Collaboration 1V 2020). words, a very large-scale gravitational potential uctuation can
The decrease in the inferred valuettf has resulted in ten- shift the photon directions in a dipole pattern on the sky. There-
sion with some locally derived values (e.g., Riess et al. 2018ye, while the detection of aberration is consistent with interpret-
as described in detail in Planck Collaboration IV (2020) aridg the CMB dipole as arising from a boost, the case against an
our earlier papers. In making this comparison it is important totrinsic dipole is not de nitive (though quite compelling, since
realize that while the CMB results are very stable toatent it would otherwise require an isocurvature mode on the largest
analysis choices and data séf,is not directly measured from scales, despite the fact that the uctuations are consistent with
the highz data, but rather inferred via a model. One possibilityeing entirely adiabatic on all other scales).
is thus that the discrepancy between the results indicates a fail-In Planck Collaboration XXVII (2014), we performed the
ure of the CDM model. Unfortunately no simple, 1-parameteirst experimental veri cations of the modulation and aberration
extension of the model alleviates the tension between the meaects, nding the former to be consistent with the prediction
surements. From the agreement betweerPthackinferred dis- from the CMB dipole and the latter to be consistent with the
tance scale and that measured by BAO and SNe, it seems thegrpretation of the dipole coming from a boost (barring any
any discrepancy should either be localized to quite Zawthat large sources of ah =1 lensing mode). This required treat-
CDM is not correctly predicting the sound horizon at the lasing the signal as being a frequency-dependent coupling between
scattering and decoupling epochs. It is quite dilt to change adjacent modes. Given that aberration and modulatiore
these quantities without changing other, well measured, featutigsly shift the power spectra in the angular scale and amplitude
of the CMB (see, e.g., Eisenstein & White 2004), so if the dislirections, respectively, one also needs to consider whether these
crepancy is due to new physics, it must act in a complex manrtgvosting e ects, combined with masking part of the sky, can give
The more prosaic explanation is that there are under-appreciaayg signi cant di erences between tH&lanckderived cosmo-
systematics in one or all of the data sets. Alternatively, this codtahical results and those that would come from an unboosted
represent a statistical uctuation: there are six dimensions s$ky. Here the largest potential ect comes from aberration; for
the CDM parameter space, and many other derived-parameddull-sky CMB map it would average out, but for tRéanckdata
directions, and hence large uctuations in some direction occtlte need to mask the Galaxy (in an asymmetric way) biases
relatively often. It is presently unclear what combination of stat a level estimated conservatively to be less thdn @Planck
tistical uctuations, a posteriori statistics, systematic uncertaiollaboration IV 2020; agreeing with more detailed calculations
ties, and genuinely new physics is responsible for any of thg Jeong et al. 2014). The bias can hence safely be ignored for
tensions seen in today's data combinations. Until this discreplanck
ancy is better understood we expect that this will continue to be The second-order quadrupole signal (sometimes called
a fruitful area of research. the “kinematic quadrupole”) also has a frequency-dependent
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Table 8.1n ationary “scorecard,” comparing the predictions of the simtable. First, the combination &flanckdata with lower-redshift
plest in ationary models with observations. data on acoustic oscillations (measured in the distribution of
galaxies) tightly constrains the spatial hypersurfaces to be at
( k =0:0007 0:0019, 68% CL). In the standard interpretation,

Prediction Measurement . g

this suggests that the duration of the slow-roll phase was not ne
A spatially at universe k = 0:0007 0:0019 tuned.
with anearly scale-invariant (red) The primordial power spectrum shows no signi cant devia-
spectrum of density perturbations, ns = 0:967 0:004 tions from a power law (e.g., Fig. 24). That the simple, power-
which is almost a power law, - redInk = 0:0042 0:0067  |aw form for the primordial power spectrum continues to provide
dominated by scalar perturbations, Faooz < 0:065 a good tto the data is quite impressive when one considers the
which are Gaussian fw = 09 51 degree to which our constraints have improved. Figure 25 shows
and adiabatic, 1= 0:00013 0:00037 the reconstructed primordial power spectrum, starting from the
with negligible topological defects f <001 COBE likelihood described in Bennett et al. (1996), through

Notes.In all cases, the tightest observational limits come fi@lanc “pre-WMAP” (from the product of the previous likelihood with
sometimes in combinati%n with other data sets (as describedkin {HQSG from MAXIMA, DASI, BOOMERANG, VSA, and DAS;
text). Here we quote symmetric, 68% CL uncertainties or 95% uppegnany etal. 2000; Halverson et al. 2002; Netter eld et al. 2002;
limits on each quantity, taken from Planck Collaboration XI (2016§cott et al. 2003; Pearson et al. 2003), to “WMAP” (from the
Planck Collaboration IV (2020), Planck Collaboration IX (2020), an@-year, nal release), and tlanck Even within the results from
Planck Collaboration X (2020). All quantities have their usual meaflanck the weak signi cance of any possible features in our ear-
ings, with ; the amplitude of an isocurvature component to thiger releases has decreased even further.
uctuations and thg topplogical defect limit referring speci cally to  \Within the context of in ationary models, this implies that
g‘glngb;’(fgttﬁe‘;zz’:e";)sm”95 (see Table 8 of Planck Collaboration #{e i aton potential was featureless and relatively at. The

’ : power law is “tilted” away from scale invariancesE 1), as

expected for an in aton rolling “down” a potentiaRlanckwas

spectrum, as discussed by Kamionkowski & Knox (2003). Thike rst experiment able to show that , 1 in a way that was
signal was already apparent in @rences between the 2013 anebbust to changes in the underlying theoretical model. In fact the
2015Planckdata releases, arising from the drent treatment of CMB constraints on the scalar spectral index have improved by
the expected dipole-related quadrupole in these two data releasdssut two orders of magnitude since the initial COBE measure-
(see Planck Collaboration IX 2016; Planck Collaboration Xtent. Additionally, we see no evidence for isocurvature modes,
2016); however, no estimate has been made of the amplitwiggesting at most one (relevant) dynamical degree of freedom,
of the signature, just a check that it is broadly consistent witimd no “curvaton” behaviour once the modes were shifted out-
expectation. side the horizon.

Planck has dramatically reduced the upper limits on
non-Gaussianity (Planck Collaboration XXIV 2014; Planck
Collaboration XVII 2016; Planck Collaboration IX 2020),

A key ingredient of the standard cosmological model is thegain suggesting a featureless in aton potential, tightly limit-
presence of small, seed uctuations in the very early Universag the possibility of higher-order couplings of the in aton eld,
which are ampli ed by gravitational instability to form all of theand ruling out a number of string-inspired models (e.g., Burgess
structure we see in the Universe today. Some of the rst obset-al. 2013). The constraints on non-Gaussianity from the CMB
vations of CMB anisotropies gave strong support to an eahwve improved by two orders of magnitude from the early limits
Universe origin for the uctuations, through the coherence afuring the rst decade of the millennium (Spergel et al. 2007;
the acoustic peaks in the power spectrum and the phasing of fleenatsu et al. 2009). While consistent with the simplest models
temperature and polarization anisotropies (Coulson et al. 1984sed upon slow roll of a single degree of freedom, these limits
Crittenden & Turok 1995; Hu & White 1996a; Hu et al. 1997have improved so dramatically that wide classes of previously
Spergel & Zaldarriaga 1997). In the most popular models,alowed models are now excluded. The models that best t the
period of quasi-exponential expansion in the very early UniverBéanckdata are those in which any multi- eld dynamics present
pushes quantum uctuations outside the Hubble volume, whatees not do much during the crucial epochs of horizon exit, and
they become classical perturbations in the gravitational potdar which the motion in eld space is sub-Planckian.

tials and density of the Universe (Lyth & Liddle 2009). This With Planckwe have shown that scalar modes dominate the
highly parsimonious explanation, using the inevitable quantusmisotropies in the CMB by an order of magnitude (compared
“noise” as the source of all of the observed structure, is onetoftensor modes; Fig. 23). With current CMB experiments, we
the key pieces of the “cosmo-micro” connecti®anckhas dra- are probing the class of in ationary models for which 1 ng,
matically improved upon this early legacy by rmly establishingxcluding the popular monomial potentiat® 2 and * that
essentially all of the major predictions of in ation (see Table 8jgrise in chaotic in ation at more than the 99% CL. The com-
while tightly constraining many speci ¢ popular models of in a-bination ofns< 1 andr 1 suggests that the uctuations were
tion. Whatever the true origin of the primordial uctuations turnproduced near a “special point” in the in aton potential (i.e.,
out to be, it must share these features with models of in ationV®' 0 whileV%, 0), and that the space of models with “convex”

The comparison of thd’lanck measurements with mod-potentials is severely limited. Models with concave potentials,
els of in ation is discussed in detail in Planck Collaboratiomften predicting (1 ns)?, are consistent with thelanckdata
XXIlI (2014), Planck Collaboration XX (2016), and Planclkand include a variety of supersymmetry- or string-inspired mod-
Collaboration X (2020). As summarized in Table Blanck els with exponential potentials. It will require dramatic increases
provides very strong support for the in ationary paradigm, and sensitivity, systematics control, and foreground mitigation to
at the same time tightly constrains the space of allowed in @robe this class of models. Detection of tensor modes from
tionary models (Fig. 23). There are several points to note in ttree wide class of models with (1 ng)?, or sub-Planckian

5.2. In ation physics and constraints
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Fig. 23.Limits on the tensor-to-scalar ratigyoo,, as a function ofs in the CDM model at 95% CL, fronPlanckalone (grey area), or including
BICEP2Keck data 2014 (red) and BAO (blue). Constraints assume negligible running of the in ationary consistency relation, and the lines shov
the predictions of a number of models as a function of the numbefaltls, N,, until the end of in ation. This can be compared with the middle
panel in the top row of Fig. 14, which gives a temporal perspective.

eld evolution, remains out of reach with current or near-futuring the late-time expansion history and the shape of the matter
technologies. power spectrum. In the observationally relevant range, increas-
ing neutrino masses increases the expansion rate 4t chang-
ing the distance-redshift relation at laav Since neutrinos free
stream, while contributing to the background expansion, the mat-
As a dramatic illustration of the “cosmo-micro” connectionter power spectrunpis suppressed on small scales. To hold
Planckis able to provide strong constraints on the properties ofd, an increase in m needs to be accompanied by changes
relic neutrinos and additional light particles. To discuss this fuir other parameters that suppress large-scale power. The overall
ther, we begin by presenting the constraints on the masses of oediect is thus a broad suppression of the matter power spectrum at
nary (“active”) neutrinos, and then turn to discussing other lighted CMB amplitude.Planckhas moved us into a new regime,
particles. As we will see, the lower limits on neutrino masses frowhere the neutrino mass constraints come not from their small
oscillation experiments, combined with the upper limits frora ect on the primary anisotropies, but from the measurement
Planck leave only a narrow window at a valum( ' 0:1eV) of the late-time gotentials through gravitational lensing. Current
that cries out for explanation in fundamental physics. upper limits on'. m correspond to ai®(1%) suppression of

The detection of Solar and atmospheric neutrino oscillpewer on sub-degree scales (unfortunatelgnckis not sensi-
tions proves that neutrinos are massive, with at least two spedieg to mass splittings between the neutrinos).
being non-relativistic by the present day. In the normal hierarchy Even tighter constraints can be obtained when combining
(my . M < ng) the sum of;,the neutrino masses must be largPfanck data with lower-rgdshift probes, in particular those that
than006eV( = h?' m=9304eV' 0:0006), while in measureH(2). Increasing m while holding the angular scale
the inverted scenariaorg & my ) the lower limit is Q1 eV. of the acoustic peaks xed reduces the expansion rate atzlow
Planckdata provide strong upper limits on ghe sum of the ne¢and increases it at high). For xed  this lowers the Hubble
trino masses, of the same order, thus requiring ' 0:1eV. constant and increases the distance'to0:5-1, which is tightly

The cosmological eects of neutrinos are covered inconstrained by BAO. It is a testament to the incredible precision
several reviews, for example, Lesgourgues et al. (2018f,modern cosmological observations that neutrino masses can
Patterson (2015), Archidiacono et al. (2017), and Lattanzi I8e constrained through such tinyects on the late-time expan-
Gerbino (2017), to which the reader is referred for more detaion history.
For masse®(0:1 eV), the neutrinos are still relativistic at recom-  With the improvement in the low-data of this nalPlanck
bination and the eects on the anisotropy spectrum are smalklease, which helps break degeneracies witand , the neu-
(and primarily near the rst acoustic peak, due to the evoldrino mass limits have improved. Unlike in earlier years, all three
tion of the potentials near recombination, known as the “eamdy ects of massive neutrinos — changes in the distanegdan
ISW e ect”). The largest impact of massive neutrinos is in altethe smoothing of the temperature and polarization spectra, and

5.3. Neutrino physics and constraints
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Fig. 24.Primordial (scalar curvature) power spectrum, reconstructed by usifijahek2018 TTTEEE lowE+lensing likelihood. This was done

by sampling the parameters of an extend€&@DM model, where the initial power spectrum was described with a varying number of movable spline
nodes (from one to nine), rather than assumed to be a power law. The nal reconstrbetitmm( right ploj is obtained by marginalising, i.e.,
weighting each of the nine reconstructions by its own evidence. With two nagfeke(), the departure from scale invariance with 1*  0:035

is nicely recovered. With three nodes the uncertainties at I¢gue to the small number of modes) and higfdue to noise) becomes visible.

With a larger numbers of nodes, anomalies may be captured, and the most visible departure from a pure power law re ects the well-known pow
decitat™ ' 20-30. However, the evidence-weighted plmdtfom right panélshows that the evidence for such a spectral feature is actually not
very signi cant. In Planck Collaboration XX (2016), this spectrum was reconstructed using three additional methods, with similar conclusions.

in the shape of the lensing spectrum — contribute to the constraint As well as neutrino mass, the CMB also gives sensitivity to
in mutually reinforcing ways. Thus the combination of acoustithe number of types of neutrino. The density of non-photon radi-
oscillations in the early and late Universe with the gravitationation in the Universe is usually parametrized by ar@&ive neu-
de ections of light across cosmic time provide a tight constraititino number
on the sum of the neutrino masses: la=g
7 4
X rad= g =7 Ne ()]
m <0:12eV  (95% CL) (8) 8 11
specifying the energy density when the species are relativistic, in
This implies that the inverted mass hierarchy is beginning to t®ms of the neutrino temperature, assuming that three avours
disfavoured by robust, cosmological data. of neutrinos instantaneously decoupled. In the standard model
For this (very restricted) range of neutrino masses the impa&¢t ' 3:045-3.046 (Mangano et al. 2002; de Salas & Pastor
on other cosmological parameters is small, but not complet@§16). As withm , at Planck sensitivity the best constraints on
negligible given the precision of the existing constraints. As didl. come from the distance scale. Increadiyg at xed acous-
cussed in detail in Planck Collaboration Xl (2016), includindgic scale ( ) and xed zyq increases the expansion rate before
m as an additional parameter can change the allowed valuesemfombination. This changes the sound horizon (approximately
m, h, and g. However, all of the changes are correlated, dmearly with the age at recombination) and the scale of pho-
large areas of parameter space are still excluded. In particutan di usion (approximately as the square root of the age). The
one needs to include massive neutrinos and one other paracwgnbination allows us to constrain additional relativistic species
ter (e.g.,Ne ) in order to simultaneously have low values of (e.g., Hu & White 1996b). A tighter constraint is obtained if
and high values ofi. Low values of g also go with higher val- we include BAO data. The increaseMz (at xed andzeg)
ues of , and lower values oh, so neutrinos do not er a increases the expansion rate at loas well. Although the sound
solution to the discrepancy with some (but not all) of the wedlorizon at the end of the baryon drag epaghy, also decreases,
lensing or cluster count data (see, e.g., the discussion in Platttkcombination oPlanck-BAO data still provides a strong con-
Collaboration 1V 2020). straint: Ne =3:01 0:35 (95% CL). Imposing the constraint
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the surface of last scattering, through itseets on the propa-
gation of CMB photons (i.e., gravitational lensing). Inferences
from the detailed shape of the power spectrum imply that the
dark matter must be stable, cold, and dark; moreover, if they are
thermally produced then the dark matter particles must also be
massive.

If dark matter annihilates in the early Universe, and there
iS signi cant energy in the post-decay shower at keV scales,
then secondary particles can ionize or heat the primordial gas
and change the recombination history (see Sect 6.6 of Planck
Collaboration XIll 2016). This can dramatically alter the CMB
anisotropies (Chen & Kamionkowski 2004; Padmanabhan &
Finkbeiner 2005)Planckis sensitive to energy injection over
the range 600 z. 10° (Finkbeiner et al. 2012), and the ects
of DM annihilation can be relatively well modelled by a single
parameter that encodes the dependence on DM particle proper-
ties. Since the main eect of DM annihilation is to increase the
duration of last scattering and enhance the ionization fraction
at low z, a precise measurement of polarization is particularly
important. For this reason tl&anckdata provide some of our
tightest constraints on the energy release per unit volume and
thus DM annihilation. For example, they exclude a low mass
(m < 44 GeV) thermal relic annihilating inte'e pairs.

Fig. 25.Temporal evolution of constraints on the reconstructed primor-

dial power spectrum. Using the same methodology as in Fig. 24, ; ;
compare the (marginalisedlanck 2018 reconstruction with versionsg%' Dark energy and modi ed gravity

based on earlier likelihoods (see text). Of the many unexplained ingredients in our phenomenological
CDM model, the cosmological constant)(may be the most
. mysterious. We currently lack any compelling explanation for its
Ne  3:046, the 95% CL upper limitonNe = Ne 3046 \ge ora natural mechanism to produce it. In addition, the mod-
is 0:3. This mildly disfavours any I|ght_, thermal relics fchat frozg—‘é|S that tthe data all predict that the present epoch represents a
out after the quantum chromodynamics phase transition (Whiclyecial time” in the history of the Universe. Two alternatives to
predicts Ne = 0:3 per degree of freedom). the introduction of a cosmological constant are to promote
The combination of robust cosmological probes has grow\yynamical eld (or set of elds) that have an ectively nega-
su ciently constraining that we are also able to provide |Imltt'ﬁ!e pressure to drive accelerated expansion (dark energy), or to

on additional massless relics, on top of the three active neuffjpify GR so that accelerated expansion can be achieved with a
nos. Even allowing for non-minimal neutrino masdes, < 3:29  «gtandard” stress-energy tensor (i.e., modi ed gravity).

(95% CL; Planck Collaboration IV 2020) thus excluding one  pjanck in combination with other probes, enables tests of

thermalized sterile neutrino at the 3evel. _ _ dark energy and modi ed gravity on the scales where linear

The above summary shows thalanck provides evidence theory is most applicable, which tend to be the most theoreti-
for a cosmic neutrino background at very high signi cancea|ly robust. In fact, many constraints on dark energy and mod-
Since the neutrinos make up a non-negligible fraction of thed gravity in cosmology depend upon the CMB anisotropies
total energy density near recombination’( 0:1 o), the CMB i crucial ways. Planck Collaboration XIV (2016) and Planck
is highly sensitive to their properties, and in particular to the@ollaboration IV (2020) discuss thlanck constraints on dark
anisotropies (Hu et al. 1995; Hu 1998; Trotta & Melchiorrenergy and modi ed gravity in detail. The CMB is sensitive
2005). ThePlanck data provide compelling constraints on theo these ingredients through theirects on the expansion his-
neutrino anisotropy for the rst time, showing that both theory, the evolution of the metric perturbations, lensing, and the
speed of sound in the neutrino reference frame and the ngtbwth-rate of structure. Since in most models dark energy or
trino anisotropic stress are consistent with standard predigedi cations to gravity are late-time phenomena, the strongest
tions,c2 = c2. = 1=3 (to within 2% and 10% respectively,constraints come from combining tRéanckdata with other data
Planck Collaboration XIlII 2016); this limits non-standard neusets; however, the CMB lensing measuredrignck also pro-
trino interactions. vides some sensitivity. In fa®lancklensing provided the rst
CMB-only evidence for dark energy (Planck Collaboration VI
2020).

The background evolution can be constrained by
Since COBE rst measured the amplitude of the anisotropiesRlianckt BAO+SNe (see, Planck Collaboration 1V 2020, which
the surface of last scattering (Smoot et al. 1992), the explagantains details on the particular data used). This provides a
tion of the observed large-scale structure in the Universe throdghg enough lever arm in redshift that the geometric degeneracy
gravitational instability has required the presence of dark matietargely broken. Gravitational dynamics can be probed through
(Efstathiou et al. 1992). Indeed, the evolution of the gravitation@rowth of structure” probes, such as redshift-space distortions.
potentials and the stabilizing in uence of dark matter allow uEhe Weyl potential can also be probed through weak lensing of
to measure the CDM density to around 1% from the shapetbe CMB or galaxy weak lensing.
the peaks in the power spectruflanck has gone further and  The combination oPlancktBAO+SNe data is compatible
allowed us to map, in projection, all of the dark matter back twith CDM, and for simple models tightly constrains the dark

5.4. Dark matter
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energy equation of statey p= (e.g.,w = 1:028 0:032 Wolfe 1967) or arising from foregrounds such as the S&a or

if it is constant). For more exible parameterizations, a rangée CIB. Nevertheless, when such tests are restricted to the largest
of equations of state remains allowed. Such a range in equatimmgular scales (< 70, say), some apparently 2—3ignals begin

of state, however, does not translate into a large uncertaintytégrappear, and these have been called “CMB anomalies.” Specif-
other parameters such ag, or g. In fact, the posterior volume ically, it has been found that the temperature anisotropies at the
in thewpw,CDM model (where the equation of state of the darkargest scales exhibit a dipolar asymmetry of power, show a pref-
energy componentis = wp+[1 a]w,) is not much larger than erence for odd parity modes, and contain a large cold spot in the
for CDM. Interestingly, the region that is opened up by intrasouthern hemisphere. The existence of these signals is not in dis-
ducing new degrees of freedom for the dark-energy evolutipate. They appear in both WMAP aidlanck which have quite

is not the region of reducedg preferred by the low= probes di erent systematics, and moreover all of Blanckresults are
appearing to exhibit tension witRlanck (some cosmic shearrobust with respect to the choice of component-separated CMB
measurements and some analyses of the counts of rich clagp. Thus these “anomalies” must be regarded as features of the
ters; Sect. 4.3). Thus evolving dark energy does not signi cant§MB temperature sky. The main question then is whether such
impact the tension between those measurement® amtk signals are unusual enough for physical explanations to be sought,

The combination of the relative distance scale measureelyond merely being excursions in Gaussian random skies. This
by SNe with the absolute distance scale determined frassue of “a posteriori” statistics is complicated by the fact that for
CMB+BAO requires that the dark energy density be subdorthese scales the measurements are essentially cosmic-variance-
inant at redshifts beyond 1. In most models, the dark-energyited, thus new measurements of the relevant modes will not
density becomes irrelevant abogk 2, and early dark energy change the signi cance of the anomalies.
and coupled DE models are now strongly constrained. For This nal release oflanckdata then represents a major new
example, the dark-energy density at early times must be belopportunity, since it contains our rst comprehensive attempt
0:02 it (95% CL), even if it only plays a role below=50 at assessing the isotropy of the Universe via an analysis of
(Planck Collaboration XII 2016). the full-missionPlanck polarization data. This was not possi-

The observed late-time acceleration of the cosmic expansigia in earlier releases, due to residual large-scale systematics that
could be due to modi cations of GR instead of an additionakquired high-pass Itering of the CMB polarization maps. Prob-
component of the energy density (e.g., recent reviews by Jairing independent information on the sky, the large-angular-scale
Khoury 2010 and Joyce et al. 2015, 2016). However, at presgolarization gives us a rare opportunity to study some of these
there are no compelling models of modi ed gravity that explaianomalies; however, inferences are hindered by the fact that
cosmic acceleration while being compatible with the observiire signal-to-noise ratio in thielanckpolarization data is lower
tional constraints, thus most explorations have tended to focusthan in temperature, at large scales the signal is very small (see
generic parameterizations of possible deviations from GR. Heiy. 9), and theE modes are only partially correlated with tem-
example, within the subclass of scalar-tensor theories, the largerature. The degree to which we expect a signature of vari-
scale behaviour can be ectively captured by two free functionsous claimed anomalies to appear in the polarization is therefore
of scale and time. somewhat model dependent.

On very large scales and at late times, cosmological observa-planck Collaboration VII (2020) attempts a comprehensive
tions probe the two metric potentialsand  (Sect. 3), or some analysis of the statistics of the polarization signal from large to
combinations of them. In Planck Collaboration XIV (2016), angmall angular scales, using either maps of the Stokes parame-
Planck Collaboration 1V (2020), those potentials were allowagrs Q andU) or the E-mode signal. While these studies are
to vary away from their GR values in time, holding the spatigimited by residual systematics, a series of null tests applied to
dependence xed at the GR expectation. No evidence was fouR@d maps indicate that these issues do not dominate the analy-
for modi cations to GR, although once the relationship betweesjs on intermediate and large angular scales (i.e., 400). In
the matter components and the metric potentials is freed, lowsi regime, there is no unambiguous detection of cosmological
values of mand g are allowed by the data. non-Gaussianity, or of anomalies corresponding to those seen

Overall, thePlanckdata support the basic model with a span temperature. Notably, the stacking of CMB polarization sig-
tially and temporally constant dark-energy density (i.e., a cosmgals centred on the positions of temperature hot and cold spots
logical constant) that is just now coming to dominate the energyhibits excellent agreement with the expectations of t6®M
density of the Universe. The constraints, however, are relativelysmological model. However it will require future, more sensi-
weak compared to similar tests of General Relativity on Sol@e, polarization observations to fully test the models that have
System scales. Future observations will be required to provig€en advanced to explain the anomalies.
stringent constraints on the plethora of models that are currently |t is worth stressing that none of these so-called anoma-
consistent with the data. lies are strongly inconsistent with the assumption of statistical
isotropy and Gaussianity, once one marginalises over a set of
similar tests. It would nevertheless be premature to completely
dismiss all the CMB anomalies as simple uctuations of a pure
For almost all the most importarRlanck results, statistical CDM cosmology, since if any of the anomalies have a primor-
isotropy and Gaussianity of the CMB anisotropies are implicitiial origin, then their large-scale nature would suggest an expla-
assumed. This is reasonable, since when these assumptiongaatien rooted in fundamental physics. Thus it is worth exploring
tested on our CMB sky they seem to hold up well (see Plangky models that might explain an anomaly (or even better,
Collaboration VIl 2020, as well as Planck Collaboration IX 202fhultiple anomalies) naturally, or with very few free parame-
and Planck Collaboration X 2020, and the earlier papers Plarteks. Given a theoretical prediction, new probes of independent
Collaboration XXIII 2014 and Planck Collaboration XVI 2016)modes on similar scales (obtained through more sensitive polar-
That is, no signi cant signals of statistical anisotropy or norization measurements, lensing, Lyor 21 cm studies for exam-
Gaussianity appear, apart from those predicted 8M itself ple) would increase the signi cance of existing anomalies and
(such as lensing and the integrated Sachs-Wolxg Sachs & allow us to develop novel probes of early Universe physics. So

5.6. Isotropy and statistics; anomalies
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far the simplest models explaining a single anomaly are not
favoured over CDM (see Planck Collaboration X 2020, and
references therein). Further investigation of these anomalies will
need to proceed on a case-by-case basis, and will be the subject
of future work.

6. Planck and structure formation

By cementing the gravitational instability paradigm and accu-
rately measuring the initial conditions and parameters deter-
mining the subsequent growth of structuéanckprovides the
framework within which to discuss the formation and evolu-
tion of large-scale structure and galaxies, black holes, and other
astrophysical objects.
With Planck we have tightly constrained the densities of
radiation, matter, and baryons, as well as the amplitude and
shape of the uctuations in the linear phase over three decadfég 26. Top matter power spectrum (including non-linear corrections
in length scale. Our knowledge of the physical conditions atging the tting form of Takahashi et al. 2012) at redshifts 0 and 2, pre-

large-scale structure at= 10° is better than our knowledge ofdicted by the CDM model with a single massive neutrino abe eV
such quantities az=0. It is for this reason that “CMB pri- (dashed curve) or allowing the neutrino mass to oat (dotted curve).

; . Bottom fractional error in each power spectrum, compared to the aver-
ors” have become an integral part of current and future ¢

loaical inf o | loaical . Je plotted above, due to the remaining uncertainties in the cosmolog-
mological inference; indeed almost no cosmological experimgl| narameters. Uncertainty in the evolution of the scale factor at late

interprets their data without adding the existing constraints froffes (due to dark energy) leads to an additional uncertainty in the over-
Planck all amplitude, coherent across scales, which is not shown here. With

current BAO and SNe data the uncertainty in the growth fea® to

= i 0, 04 |

6.1. The normalization and shape of P(k) 2=01s 8% (or 16% in power).
In cosmology we frequently refer to standard candles (objett® power spectrum is predicted at the few percent level up to
of known luminosity) or standard rulers (objects of known sizelf.' 1 Mpc * (beyond which eects from astrophysical processes
However, the CMB has provided us with a “calibrated, standagdch as stellar and AGN feedback become important, for exam-
uctuation spectrum,” from which we can accurately computple White 2004; Zhan & Knox 2004; Chisari et al. 2018). If
how big a sample has to be in order to be “fair,” how manye include dark energy with a time-varying equation of state
objects constitute a “dense” sample, how strong clustering will the model, then the power spectrumzat 2 is only mildly
be for objects of various sizes, and the abundance of dark-magtescted, but we introduce an extra uncertainty in the amplitude
halos as a function of mass and epoch. By constraining the ust P(k;z = 0) at around the 16% level. The dominant uncer-
tuations in regions of a given volume or for halos of a given masainty is in the amplitude, leaving the shape almost invariant.
it provides gquantitative answers to questions about how well a J¢ie fact that the constrained model predicts the spectrum to
of objects in a sampled region embodies the average propertig;h exquisite accuracy provides a stable platform for inferences
and the relative importance of sampling variance and shot noigbout the lower-redshift evolution and a target for tests of GR,
Here we discuss tests enabled by this calibrated spectrumthe expansion history, and the contents of the Universe.
the next subsections we will explore lensing cross-correlations The main feature visible in Figs. 19 and 26 is the peak at
(Sect. 6.2) and discuss the acoustic features in the matter poker10 2Mpc *. The location of this peak is $étoy the Hubble
spectrum (BAO) that can be used as a standard ruler (Sect. Gs8ale at matter-radiation equality, which is now extremely well
Since the growth of structure depends sensitively on the prafetermined by th@lanckdata:z.q = 3387 21. Along with the

erties of the objects that cluster strongly (e.g., dark matter) agghplitude ofP(k), this scalekeq = (0:01034 0:00006) Mpc?,

on those that do not (e.g., neutrinos and dark energy), as welkags the characteristic volume of the Universe that needs to be
on our theory of gravity (i.e., GR), studies of clustering addreggrveyed in order for a sample to be considered a “fair” repre-
many of the most fundamental questions in cosmology. sentation of the Universal average.

In Sect. 4.2 we showed that the shape of the matter power The amplitude of the spectrum and its evolution sets the
spectrum predicted by CDM t to the Planckdata is in excel- |eve| of clustering in the Universe and, indirectly, the halo mass
lent agreement with measurements at lon@tig. 19). Figure 26 function. A population of objects whose number density times
shows another aspect of this, highlighting the evolutioP@®. |arge-scale bias squared is less than the inverse peak power (i.e.,
Within the  CDM paradigm the late-time matter power speq2n P L ) will always be in the shot-noise limited regime,
trum is very well predicted once the initial uctuation spectruma¢ is it will be a “sparse” tracer of large-scale structure. This
and matter contents are known. In f&{k) is sensitive t0 COM- oo that such a population cannot measure the large-scale
binations of parameters that are generally well measured by (i€, ~t.re on a mode-by-mode basis (although it can be used to

CMB, so the nal uncertainty is small. Figure 26 shows the noRyeermine the statistics of large-scale structure by averaging over

linear matter power spectrum, over three decades in wavenyfiv independent modes) on anv scale. For example. such a
ber, as predicted by CDM tto Planck We display the results y P ) y ' pie.

W'th. and without \./arlatlonsllmn , since this is one of the best-is Modes that are smaller than the Hubble scale during radiation dom-
motivated extensions that impacts the matter power spectryftion, k > ke, have their growth slowed because uctuations in the
We show results a = 2, before dark energy becomes an apprgominant radiation component (which contribute the most to the poten-
ciable fraction of the total energy density, and at the presejals) are stabilized by pressure and oscillate, rather than growing in
epoch ¢ = 0). In physical units (i.e., Mpé rather tharnMpc )  amplitude.
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population can be used to meas&&), or in cross-correlations,
but it will not be a good choice for density- eld reconstruction
or mapping the cosmic web. When a sample becomes “dense”
is less clear, but roughly speaking it occurs when the number
density (timesb?) becomes larger than the matter power spec-
trum at the non-linear scale. Surveys of such objects are dom-
inated by sample variance on all linear scales (Feldman et al.
1994).

Future galaxy, quasar, and CMB surveys will consti(k)
ever more tightly. One immediate goal of such surveys is to look
for the suppression of small-scale power imparted by massive
neutrinos (Sect. 5.3) or warm dark matter. More ambitious sur-
veys may be able to detect any running of the spectral index,
or extra relativistic degrees of freedom. If we can improve our
knowledge of star and galaxy formation, the well-determined
power spectrum a 1 may enable forward modelling to the
reionization epoch (Sect. 6.6), which can be probed by 21 cm

surveys and next-generation CMB experiments. Fig. 27. Redshift-distance relation measured by BAO surveys, com-
pared to the predictions of theCDM model constrained biPlanck

The grey band centred at unity shows thé and 2 con dence
regions for thePlanck prediction, given the remaining uncertainties
Lensing provides us with both a map of all of the matter it the parameters. This is a percent-level prediction of the distance
the Universe and a persuasive cross-check on our cosmologf¢gle: The BAO points are: 6dFGS, green star (Beutler et al. 2011);

model. There are three main ways in which lensing contributezo>> MGS, purple square (Ross et al. 2015); BOSS DR12, red tri-

- - - . . angles (Alam et al. 2017); WiggleZ, blue circles (Kazin et al. 2014);
-t provides bette.r constraints Of‘.the baS|(_: parameters;  gpgg quasars, red circle (Ata et al. 2018); and BOSS, lygllow cross
— it tests the gravitational instability paradigm and constralr@amista etal. 2017).

modi cations to GR on very large scales; and
— it allows for cross-correlations, to provide more information.
We have already discussed the rst two points. TRianck above to become ever more compelling. While current and next
lensing maps have also been used in a wide variety of croggneration experiments are expected to signi cantly improve
correlation studies, for a number of purposes. Since the lefgnsing maps on small scales, fkancklensing maps are likely
ing signal comes from an already well-probed redshift range aigdremain our best tracers of the lowensing modes for some
comes from largely linear modes, it allows us to determine thigne. In addition, the higher-frequency channelsPtdnckwill
bias of cosmological objects and place constraints on their ré@t be surpassed for many years, and they contain valuable
shift distribution. information on foregrounds that will impact temperature-based
Starting with the 2013 data, thelanck team has cross- lensing reconstruction for at least another decade. While contam-
correlated the lensing maps with large-scale structure tracedigting signals such as our galaxy, the Sunyaev-Zeldovieite
radio, optical, and IR surveys (Planck Collaboration XVII 2014from groups and clusters, or the cosmic infrared background
Other studies have correlated tRéanck maps with: mid-IR from dusty, star-forming galaxies remain a cause for concern,
selected quasars at 1 (Geach et al. 2013; DiPompeo et alone may also view them as valuable signals to be extracted. To
2015, 2016); optical galaxies from SDSS-III (Pullen et al. 201#)is end, cross-correlations will enhance the legacy value of the
Giusarma et al. 2018; Singh et al. 2018; Doux et al. 2017), CFHPfanckdata.
(Omori & Holder 2015), and DES (Giannantonio et al. 2016);
galaxies from 2MASS, WISE, and SuperCOSMOS (Bianchi
& Reichardt 2018; Raghunathan et al. 2017; Peacock & Bilic
2018); the Ly forest (Doux et al. 2016); and highsubmil- Planckhas now mapped 18 acoustic peaks and an almost equal
limetre galaxies fronHerschelATLAS (Bianchini et al. 2015). number of troughs (i T, T E, andE E together), which form an
Cross-correlations with unresolved sources include dusty stalmost harmonic series of features in the temperature and polar-
forming galaxies (Planck Collaboration XVIII 2014) and thézation power spectra (Table 5). The peaks arise from gravity-
-ray sky fromFermiLAT (Fornengo et al. 2015; Feng et aldriven acoustic oscillations in the baryon-photon uid prior to
2017). In fact,Planck even has sucient sensitivity to detect recombination. The non-trivial contribution of the baryons to the
the lensing signal on the scale of individual dark-matter haltstal matter content implies that an analogous series of peaks
(Planck Collaboration XXIV 2016). is also visible in the matter power spectrum, leading to a spe-
Not only have thélancklensing maps been cross-correlatedial scale that is xed in comoving coordinates as the Uni-
with tracers of the density eld, but also with other measures wérse evolves (Peebles & Yu 1970; Sunyaev & Zeldovich 1970;
lensing, in particular cosmic shear surveys (Liu & Hill 2015Doroshkevich et al. 1978). Measurement of this scale at low
Kirk et al. 2016; Harnois-Déraps et al. 2016, 2017; Miyatakedshifts, for example in large galaxy redshift surveys or in
et al. 2017; Singh et al. 2017). These two independent measuhesabsorption lines imprinted by intergalactic gas in the spec-
of the gravitational potentials from large-scale structure promiga of highz quasars, provides a “standard ruler” for constrain-
signi cant complementarity, and the comparison may aid syistg the expansion history of the Univet8e Since the scale
tematic error mitigation in future surveys. Such studies with the
Plancklensing maps provide a strong proof of principle. 19 piscussions of the physics of BAO can be found in Eisenstein &
As large-scale structure surveys push to high redshift oveli (1998) and Meiksin et al. (1999). For con guration space, see
large fractions of the sky, we expect the synergies describEidenstein et al. (2007). A more recent review is Weinberg et al. (2013).

6.2. Lensing cross-correlations

E;S. Baryon acoustic oscillations (BAO)
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Fig. 28.Constraints (at 68% and 95% CL) on the comoving angular diameter distapg¢ed Hubble parameteHy( at the three central redshifts
of the BOSS DR12 analysis (Alam et al. 2017). The green points show samples freatio& T T+lowE chains, while the red points include the
high-" polarization and lensing data. As more data are added there is a shift towards slightl{Dlgwad highet, in better agreement with the
BAO results. This is also true for adding polarization and lensing separately (not shown).

(approximately 150 Mpc) is so large, it is nearly immune tter agreement with the BAO results. This is also true for adding
astrophysical processing and non-linear evolution. The majmwlarization and lensing separately (not shown).

obstacle to measuring the feature in the IpWhiverse is that The real power of the BAO data becomes apparent, how-
very large volumes need to be surveyed in order to obtaireger, when we open up the parameter space bey@idM. One
robust detection. It is convenient that the same acoustic ploéthe key degeneracies that enters in these extended parameter
nomena that give rise to the key features in the angular povepaces is the angular scaling (often called the “geometric dis-
spectra also give a signature that can break one of tla@ce degeneracy”), which means that changes in the parame-
few remaining (near-)degeneracies between CMB-determirteds that hold the angular diameter distance to the surface of
parameters, namely the angular distance degeneracy. last scattering xed® are only weakly constrained. By provid-

Measurements of the BAO feature currently span the retlg a low-redshift distance determination, the BAO measure-
shift range G< z< 2:5, using either galaxies or the Lyforest as ments largely break this degeneracy. One example is presented
tracers. A comparison of the (angle-averaged) distance-redshiffig. 29, which shows the constraints in thg— « plane.
relation inferred from a number of BAO measurements, to tiith only the primary CMB information, the geometric degen-
distance scale predicted byCDM constrained byPlanck is eracy allows a wide range of solutions. Including CMB lensing
shown in Fig. 27. The agreement is excellent. The uncertaintytightens this somewhat, but the highly precise BAO distances
the prediction, from the remaining spread in the model paratreak the degeneracy almost entirely (a similaea happens
eters, is at the percent level for all redshifts. The BAO data amith massive neutrinos, as discussed in Sect. 5.3). It is worthy
approaching comparable precision, especially the BOSS DRifaote that the constraint onk has improved by two orders of
data (Alam et al. 2017). Acoustic oscillations in the high- angagnitude in under two decades.
low-z Universe give a consistent, percent-level determination of Looking at this from the point of view of BAO surveys,
the distance scale within theCDM paradigm. While we do Planck xes rgragto 0:2% (for base CDM), allowing line-of-
not show it, the distances inferred from high-redshift Type Bight BAO measurements to be translated into measurei¢zf
SNe also provide a consistent distance-redshift relation. In fagt an absolute scale, which is limited only by our uncertainty
the combination of CMB, BAO, and SNe distances allows us &pout the highe Universe:
establish an “inverse distance ladder,” in which distances in the Lo
range 2 < z< 2 are calibrated to the physmal scale provided br)éragh _M = (101056 0:036) Mpc (68% CL)  (10)
the CMB atz' 1100, rather than being bootstrapped up from 0:3
z' 0tolarger redshifts.

The BAO method also provides measures of distances al
the line of sight, that is, of the Hubble parameter. The cur-
rent best measurements of the BAO feature comes from BOSS
(Dawson et al. 2013), which has surveyed7I8pc of the 6.4. Clusters and SZ effects
low-z Universe and 150 Gpof thez' 2:5 Universe to provide
highly signi cant detections of the acoustic feature. Figure ZE
shows the comparison in tH&y—H space, and we see that theZ
agreement is excellent. The thin contours show Bianck

CDM predictions, where the geometric degeneracy is evide

This allows BAO experiments to provide a direct measure of the
ansion rate in physical units.

lanck has had a signi cant impact on the study of galaxy
usters using the Sunyaev—Zeldovicheet (SZ; Sunyaev &
eldovich 1972, 1980; see Carlstrom et al. 2002 for a review).
This has contributed t®lancks cosmological legacy, through

1 < el e & statistical properties of tHélanckSZ catalogues and maps,
Mo(\glnng]]oilgncgotnhsltsamqteianeiISdggrtighgﬁgglr?%g?nﬁgnscr?c:wzgr?:g%% well as observations of individual objects. Examples of the
from the Planck TT+lowE chains, while the red points include mer include studies of cluster scaling relations and pro les

the high- polarization and lensing data. As more data are add®dor more generally combinations which charrgg, and the distance
there is a shift towards slightly lowéd,, and highe, in bet- soastohold xed.
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Fig. 31. Planck clusters in the redshift-masg; Msqg) plane, where
Msqg indicates the mass interior to a radius where the mean enclosed
density is 500 times the critical density. The red dots show 87 newly

Fig. 29. Constraints on spatial curvature frddanckalone or in com- .
bination with BAO data. The vertical dashed line indicates a spatiag/entl ed clusters from thePlanck 2015 SZ catalogue paper (Planck

. o . X . NS ollaboration XXVII 2016). Blue lines show completeness contours, at

at Unlverse,_whlch is quite consistent with the cqmblnatlon of all o 0, 50 and 20% (from the top).

the observations (solid, purple lled contour). Points are coloured by’

the value of the Hubble constant (colour bar), dashed lines show the 68

and 95% con dence contours from the ducial likelihood, while dotton rmed clusters with identi ed counterparts in external data

ted lines show those from the alternati@anSpeclikelinood as an gets |t was the rst SZ catalogue with more than 1000 con-

indication of the systematic uncertainty. rmed clusters. New detections, relative to the 2013 catalogue,
are shown in the redshift-mass plane in Fig. 31; these can be seen
to t well with the completeness contours of the new survey.

The legacy catalogue enabled the subset of clusters that were
used as a sample for cosmology constraints to be substantially
increased compared with the number used in 2013, with 439 clus-
ters included in 2015 versus 189 in 2013. A key constraint that
emerges from the 2015 cosmology sample (Planck Collaboration
XXIV 2016) is the result for gversus r, shown in Fig. 32. The
coloured contours in that gure refer to dérent ways of treating
the crucial scaling between the measured cluster Compton dis-
tortion parameterysqo, and the cluster mash|sqo (both de ned
within a radius where the mean enclosed density is 500 times the
critical density). This is a complex procedure, in which numer-

Fig. 30. Left Planck SZ map of the candidate cluster PLCKOYS possible systematic and statistical errors have to be taken into
G266.6 27.3.Right XMM-Newtorimage of the central region. account, and is at the heart of any attempt to use cluster abun-
dance data for cosmology. Ti¥anckdata themselves provide
only weak constraints on this scaling, so external data are typi-
(Planck Collaboration X 2011; Planck Collaboration XI 20116ally required. Anadditional uncertainty comes fromthe choice of
Planck Collaboration XII 2011; Planck Collaboration Int. 1Imass function,” that s, the function that predicts the abundance
2013; Planck Collaboration Int. V 2013; Planck Collaboratiofif clusters of di erent mass for varying cosmological parameters.
Int. XI 2013), while an early example of the latter was a study dhis is generally derived from ts of dark-matter halo abundances
the physics of gas in the Coma cluster (Planck Collaboration I§t.numerical simulations, ideally accounting for theeets of the
X 2013). Another example was the discovery of an exceptionafiaryonic component. .
luminous and massive clusterzit 1 via its SZ e ect, an object  In the 2013 results paper (Planck Collaboration XX 2014),
which was veri ed in follow-upXMM-Newtorobservations (see the scaling was carried out by using an X-ray-de ned version
Planck Collaboration IX 2011; Planck Collaboration Int. | 20128f the Compton parametefsqo (called Yx) as an intermediary,
Planck Collaboration Int. IV 2013). Figure 30 shows fanck and using the/x—Ms relation, assumed known up to some so-
SZ map and itsXMM-Newtoncon rmation, with both images called mass bias factor (b), in order to calibrate th¥oo Msoo
suggesting a surprisingly relaxed cluster for this epoch (Plan@tation in the cosmological sample. Leaving aside other factors,
Collaboration XXVI 2011). More generally, théMM-Newton the relation found was of the form
follow up of clusters inPlancks rst SZ catalogue (Planck .
CoIIaborl?a\tion XXIX 2014) was very successfuﬁl wit§1 51 nev?/(sool (1 B)Msod] (11)
clusters con rmed, spanning the redshift range 0.09 to 0.9dth ' 1:8. The factor (1 b) arises from an expected miscal-
(Planck Collaboration Int. IV 2013). ibration of the local sample used to calibrate the X-ray relation,
The SZ legacy catalogue in Planck Collaboration XXVItue to deviation of the clusters from the assumption of hydro-
(2016) built on the earlier versions (Planck Collaboration Vitatic equilibrium, but also encompasses other systematic errors.
2011; Planck Collaboration XXIX 2014; Planck Collaboratiovarious values of (1 b) were considered in the 2013 results
XXXII 2015). It contains 1653 detections, of which 1203 arpaper, some motivated from simulations, and the analysis was
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Fig. 33. Region of the southern sky reconstructed in the thermal Sz
Comptony parameter. The results from two @rent reconstruction
Fig. 32. Probabilities in the (., g) plane for di erent versions methods are shown.
of the scaling relations between Compton distortion parameter and
cluster mass. Here “WTG” is Weighing the Giants, “CCCP” is the Cana-
dian Cluster Comparison Project, “CMBIlens” refers to the CMB lengshe Giants” programme, Medezinski et al. (2018) use a Hyper
ing method as analysed by Melin & Bartlett (2015) and re-analysed By,prime-Cam weak-lensing sample of \Ranck clusters to
Zubeldia & Challinor (2019). Blue contours are constraints from CMifer 1 b = 0:80 0:14, Penna-Lima et al. (2017) use weak-
anisotropies. lensing masses from the Cluster Lensing And Supernova survey
with Hubble to infer 1 b = 0:75 0:10, while Sereno et al.
(2017) use CFHTLenS and RCSLenS to infertd= 0:60 0:16

carried out assuming a baseline of (Ib) varying over the range } :
[0:7;1:0] with a at prior. This yielded an equivalent to Fig. 32,gogt(ta?ﬁ]?noz;?gglsog%;lrjl_)l_as;reng;e (and provide a summary of other

which showed quite strong discrepancy between the con dence . . .
q g pancy The situation overall, therefore, is not yet wholly clear. In

contours for g and , coming from thePlanck primordial . ; . .
CMB results, and those from the SZ cluster analysis. It wRgrticular, are the residual discrepancies caused by uncorrected
’ Systematics or remaining biases in the astrophysical assumptions

possible to reconcile the two, but only by moving (1b) to d simulati th h hint of thi
lower values than suggested by numerical simulations. Spec"flr—‘ simulations, or are tney perhaps a hint ot something more
important, such as the rst signs of new physics?

cally, asking for agreement between tlanckprimordial CMB As well as building up a catalogue of individual SZ clus-

results and SZ cluster counts, yielded a “measurement” ob1 - iol K f the C
of 0:59 0:05, de nitely lower that the 10 to 20% bias away frorrt?/resr' ;L'esv\?ﬁ;‘: slfytq'msv?ag p”r‘ggecr’] tet dein Fﬂ?ﬁ(ﬁ“’gg‘ﬁrggﬁgﬂon
h i ilibri iously f imulations. L X

ydrostatic equilibrium expected previously from simu atlonSh>éXI (2014), updated in Planck Collaboration XXII (2016), and

In the Planck2018 results shown in Fig. 32, we see that t 13l Rlanckorod i the PLA. A Sub-redi Fthi
situation has alleviated somewhat, in that for some versions ofvallable as &lanckproduct via the PLA. A sub-region of this
is shown in Fig. 33, and illustrates the combination of indi-

the procedure to establish the scaling relation between obse X : : X
P g vidual clusters (plus possible dise SZ eect regions) that is

SZ value and mass, there isextively no discrepancy with the *.*. ) g
visible. An important question is whether the power spectrum of

primordial CMB values of g and . In particular, the mass * : ;
scaling implied by the “Weighing the Giants” programme (VOHMS map agrees with the conclusions from the catalogue-based

der Linden et al. 2014), based on the availability of high-qualifi‘f"ﬂl}ls'S discussed above. :

gravitational shear information for 22 clusters from fianck Figure 34 shows power spectra derived from the all-gky
2013 cosmology sample, gives (h) = 0:688 0:072, and there- map for a division into components consisting of clustered CIB,
fore little evidence of any tension with primary CMB results. olffrared sources, radio sources, and a thgrmal SZ model. We
the other hand, we see that some alternative methods do still §j@@ Se€ that overall a quite reasonable t is obtained. One can
some tension. The violet contours of Fig. 32 refer to a mass cAlIEN Use the SZ spectrum to set constraints grand g, and
bration carried out using lensing of the CMB itself by the clustef9mpare these with the main CMB values, as above. Again th|§
(Melin & Bartlett 2015), which nds H1 b) = 0:99 0:19 (the will depend on gssumptlons about mass bias, angzsthe .result is
CMB lensing method constrains the reciprocal of the quantifSt expressed in terms of the combinatig{ »=0:3) -3¥}VIth
found from the shear measurements). Since this implies a sn#alMass bias of (1 b) = 0:8, a result of g( n=0:3)"" =
hydrostatic-equilibrium bias, then it follows that there is a fairl:78" 303 is obtained, while with (1 b) = 0:6, the result
large discrepancy between the results in thg;( g) plane using is g( m=0:3)*® = 0:86*858%. For the Planck CMB aniso-

this method, and the CMB anisotropy values. In contrast a recénaipy value of ,,=0:3156 (usingTTTEEE-lowP, as in Planck
reanalysis of the CMB lensing data by Zubeldia & Challino€ollaboration XXVII 2016), the former result givesg=0:76,
(2019), shown as the red contours in Fig. 32, implies no such dighile the latter gives g=0:86. Recently Horowitz & Seljak
crepancy. Other recent determinations show a similar diversit017) have re-analysed the thermal SZ power spectrum, includ-
For example, Applegate et al. (2016) nd consistency betwearg the e ects of feedback and the tri-spectrum contribution to
hydrostatic and weak-lensing mass measurements of massive uncertainties, nding g = 0:81*5%21 (" ,=0:3)%* when x-
dynamically relaxed clusters, Okabe & Smith (2016) obtain difag other parameters to their central values. This is in excellent
ferent mass measurements for some clusters than the “Weighaggeement with the results of the anisotropy analysis.
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by placing us at the centre of a giant void (e.g., Fig. 13 in Planck
Collaboration Int. XIIl 2014).

In Planck Collaboration Int. XXXVII (2016), searches were
carried out for the kinetic SZ ects around the positions
of galaxies from the “Central Galaxy Catalogue,” which are
expected to be the central galaxies of their dark-matter halos.
This provided evidence for unbound dise gas at twice the
mean virial radius of halos, supporting the idea that the majority
of baryons lie outside this radius; however, the speci ¢ correla-
tions found between SZ and velocity elds suggest that the gas
both inside and outside the central galaxy host halos is comoving
with the overall matter ows.

A further statistical use of th®lanck data for investigat-
ing the kSZ eect is to determine the excess kSZ variance at
the positions of clusters (Planck Collaboration Int. LIl 2018,
see also Hill et al. 2016) compared to random positions. Inter-
preted as a velocity dispersion the resultyé = (120 70)

Fig. 34. Thermal SZ power spectrum frolanckdata. Black points 12 e : .
with errors show theC spectrum formed from the all-sky map of 10%(km's )2, which is consistent with results from other large-

Planck Collaboration XXII (2016). Blue, green, and cyan lines represe?ﬁale structure studies (e.g., Scrimge_qu'r etal. 2016)'
a set of physically motivated foregrounds, with red being the best-t Sz Planckmaps do not have the sensitivity or resolution to mea-
model from that paper. sure individual kSZ cluster signals, but nevertheless, the all-sky

nature of thePlanck observations, coupled with the redshift-
independence of the SZ signal, have enabled statistical insights
Another important contribution to cluster physics front0 be gained on the thermal contents of cluster gas and the homo-

Planckhas been work on the average density pro le in clustergeneity of the Universe on large scales. Future CMB observa-
Planck Collaboration Int. V (2013) showed that by stackin@ns with higher resolution and lower noise will be able to mine
individual clusters, the resolution and sensitivity Bfanck €ven more information from studies like these.

allowed the construction of an average pro le out to a radius

of 3 Rsgg giving for the rst time a quantitative descrip- . : :

tion of the thermal pressure distribution in the outer regions 875 Cosmic infrared background anisotropies

clusters. Using ts to a generalized pro le, this study showedhe high-frequency channels dflanck have enabled very
that the average pressure pro le is slightly atter than mogirecise measurements of anisotropy in the cosmic infrared
predictions from numerical simulations, indicating the need fbackground (CIB). Discovered in 1996 (Puget et al. 1996), the
more detailed modelling of baryonic physics in cluster outskirt€1B is the cumulative far-IR emission from all galaxies through-
The gas fraction values found appeared to converge well to thé cosmic history, containing an equal amount of energy as
expected cosmological value df.s = ph*= mh?> = 0:156 from direct starlight (Dwek et al. 1998; Dole et al. 2006; Hill
(using values from Planck Collaboration XIII 2016 for the samet al. 2018) and implying a considerable amount of star forma-
TTTEEE-lowP combination as above). tion in dust-enshrouded galaxies (e.g., Gispert et al. 2000).

A further area of SZ studies wheRdanck has contributed Since dusty star-forming galaxies trace large-scale structure,
signi cantly is the kinetic SZ eect, where peculiar velocitiesone expects anisotropy in the CIB (Knox et al. 2001), and these
of material encountered by CMB photons on their way to ubeoretical expectations were con rmed by early measurements
result in a frequency-independent shift of the CMB spectruthagache & Puget 2000; Matsuhara et al. 2000; Lagache et al.
to a slightly di erent temperature. In Planck Collaboration In2007; Grossan & Smoot 2007; Viero et al. 2009). Compared
Xl (2014), searches were carried out for evidence of largee these early detectionBlanck (andHersche) provide greater
scale bulk ows in the Universe, including those on very largeky area, lower systematics, and longer wavelengths (and thus
scales for which there had previously been some suggestiona imore favourable ratio of CIB signal over Galactic dust con-
the literature, most prominently a dipole signakin0:1 clusters tamination). The anisotropy measurements have been presented
claimed by Kashlinsky et al. (2008) and Atrio-Barandela (2013n Amblard et al. (2011), Planck Collaboration XVIII (2011),
Planck Collaboration Int. XIll (2014) found tight constraintd/iero et al. (2013), and Planck Collaboration XXIX (2014),
on such dipoles by carefully tting to Itered multi-frequencyand modelled by Shang et al. (2012), Béthermin et al. (2013),
Planck maps at the positions of known clusters, constraininighacker et al. (2013), and Maniyar et al. (2018). The models
bulk ows to be below 250 km s (at 95% con dence). Planck imply that the mass of the “typical” dark matter halo contributing
Collaboration Int. XIIl (2014) also describes how results simildo the CIB atz= 2 is logMp=M ) = 12.77'*5128 (Maniyar et al.
to those seen in the Kashlinsky et al. (2008) and Atrio-Barand€@18). Such modelling predicts that dusty star-forming galax-
(2013) studies can be found when performing the same ariak at high redshift are highly biased. The cosmic abundance of
ysis steps, but suggests that this approach is non-optimal @ogt is gust = (1 8) 10 8 for z' 0-3 (Thacker et al. 2013;
that the apparent signal should be attributed to residuals (mo&shmidt et al. 2015). This implies that the dust-to-stellar-mass
of CMB origin) in the Itered map rather than to the clusterstatio increases from about 0.2%zat 0 to 1% atz' 2. The mod-
peculiar motion.Plancks lack of a kSZ dipole shows that theelling of Maniyar et al. (2018) implies that obscured star forma-
Universe is not more inhomogeneous on gigaparsec scales thamdominates unobscured up to at lezst, with obscured and
expected in the CDM model. In addition, the lack of a strongunobscured contributions becoming comparable=<b.
kSZ monopole signal (from outward ows), provides extremely As described in Sect. 2.6.2, the large-scale structure traced
stringent constraints on those inhomogeneous cosmolodiysdusty galaxies lenses the primary CMB anisotropies. Since
that attempt to explain the apparent cosmic acceleratithe CIB probes the structure at intermediate redshift, the two are
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with the shape of the low-bump encoding information about
how the Universe reionized. This measurement is very demand-
ing, since the expected level of tlilemode polarization power
spectrum at low multipoles ( 10) is only a few times 1¢ K?2,

lower by more than two orders of magnitude than the level of the
temperature anisotropy power spectrum. For such weak signals,
the di culty is not only to have enough detector sensitivity, but
also to reduce and control both instrumental systematects

and foreground residuals to very low levels. Our best estimate
(Planck Collaboration 1V 2020) is

Z 4 2
x (1+ 2)<dz
nu(0) rc o W Xe(2) (12)

0:056 0:007 (13)

Fig. 35.Polarization angular power spectruMEE, for di erent optical Where 7 is the Thomson scattering cross-secting(0) is the

depths, , running from = 0:04 to Q07 in steps of 0.01. The thick number density of hydrogen nuclei today axdis the ionized

black line shows the ducial value = 0:056, while the grey shading fractior?!. At low the measurement becomes very diilt.

shows the 1 sample variance band fd,, = 0:67. Indeed for the low values of currently favoured, the CMB can-
not give tight constraints on details of the reionization process,
although early reionization models are disfavoured.

highly correlated (Song et al. 2003; Holder et al. 2013; Planck On _smalle_r scales, reionizatio_n generates CMB tempera-
Collaboration XVIIl 2014: Planck Collaboration VIl 2020). IntUr€ anisotropies through the kinetic Sunyaev—Zeldovich (kSz)
Planck Collaboration VIII (2020) we present a joint analysis ¢ €¢t that is, thghDgplpkler s|h|f_t of photons slcattenﬂgejec— |
lensing reconstruction and the CIB, with the latter providing offons moving with bulk velocities. Currently we have only

best current picture of the lensing modes on small scales. ~ UPPer limits on the kSZ eect arising from the Universe during
reionization, which suggest that reionization happened relatively

quickly.

6.6. Reionization Given the extreme diculty of the measurement, and the

trend of measured values to drop with time (Fig. 12) as mea-

The CMB spectra of Fig. 18 provide the critical context fogu ement uncertainties have decreased, it is encouraging that

our understanding of reionization. The presence of a seriesp_(f nck provides another channel for constraining Though
acoustic peaks in the angular power spectra of the CMB indi, o "o del dependent, the lensing of the CMB provides an
cates that the Universe was dense and ionized at early times Fﬂ%pendent consistent’ measurement .giVithin CDM the

then underwent a rapid transition to being (largely) neutral é : ; : -
, . ; . LS . ak of the posterior from lensing peaks at slightly higher val-
z' 1100. This neutral period lasted for a signi cant time. Hages than Eq. (13). but is consistent at thé llevel.

this transition not occurred, or lasted only a short time, multiple
scatterings would have erased the anisotropies on scales sm
than the Hubble scale (e.g., Efstathiou et al. 1988). The prese

8;%2?22?3}?3‘3\%2;@@;&2 ?gr\:}/fé;geggﬁu;:oat#\il:nsdéé_ Collaboration IV 2020). This is consistent with suggestions from
ond transition is known as “reionization ”%nd is dften referreo'[her probes (Becker et al. 2015; Bouwens et al. 2015; McQuinn
’ 9016; Mesinger 2016), as shown in Fig. 36. Tlanckresults

to as the end of the dark ages. strongly reduce the need for a signi cant contribution of Lyman

The picture described above is consistent with n”mer%i%gtinuum emission at early times. Non-standard early galax-

observations (see, e.g., Furlanetto et al. 2006; Becker etal. 201%; .~ . . ;
Bouwens et al. 2015: McQuinn 2016: and Mesinger 2016 f{)c{n or signi cantly evolving escape and clumping factors are no

X . . . ger required, nor do thelanckresults require any emission
reviews) which can be used to constrain the sources of reioniga " . h-redshift ¢ = 10-15) galaxies
tion and the manner in which the process occurred. By providing 9 9 y

X ; The lower optical depth measured Btanck in concert
a measurement of the (integrated) optical depth to Thomson s¢at; ; - ; : )
tering, , and constraints on the kinetic SZext, the CMB can With the rapidly declining abundance of bright galaxies mea

provide limits on the epoch and duration of the reionization prsured in UV luminosity functions at high redshift (€.g., Planck

cess that are highly complementary to those obtained from ot 'o{llaboration IV (2020) and Oesch et al. 2018) is consistent
probes (Planck Collaboration Int. XLVII 2016). h this simple, galaxy-driven scenario. Indeed an extrapola-

| tl | dels. ultraviolet phot f tion of the measured UV LFs to galaxies in halos above the

_'h currently popurar modets, ultraviolet photons Irom masy,, ;. cooling thresholdI{;; > 10* K) provides enough photons
sive stars in relatively low mass early galaxies reionize hydrgs oionize the Universe by 6 if the escape fraction of ionizing
gen progressively throughout the Universe betweeri2 and

z' 6, while quasars take over to reionize helium fram6 to photons isfesc' 0:1 (Bouwens et al. 2015).
z' 2. The combination of measurements indirectly constraigs
the nature of the sources driving reionization, and hence the fg

i fearly st d valaxies. Th tob fi Egincludes singly ionized helium. In principlejs a mass-weighted
mation of early siars and galaxies. fne current observatons p%l ntity, whereas the porosity often used in reionization studies is a

towards a “late and fast” reionization period, though with coRgume-weighted quantity. For a homogeneous Universe the distinction
siderable uncertainty. is irrelevant, but it could be important 2t 6-10 when structure is well

The amplitude of the large-scale anisotropies in polarizatiggveloped. Nevertheless, the distinction is not relevant for inferences
is particularly sensitive to the value of(CEE /  2; Fig. 35), based on low- CMB anisotropy.

'rrhe latest results con rm that reionization occurred rather
?Al% leaving little room for any signi cant ionization at high
Heshift (the optical depth from> 15 is less than 1%; Planck

To be more speci ¢, this neglects the residuafrom recombination,

Al, page 41 of 56



A&A 641, Al (2020)

play a key role. Advances in detector technology and in process-
ing power will enable much higher-sensitivity observations of
the CMB thanPlanck was able to provide. Given th&tlanck

has e ectively mined the information in the primary tempera-
ture anisotropies, the focus of CMB research is now shifting
to studies of polarization and secondaryeets such as CMB
lensing.

Many of the lessons learn&drom Planckremain relevant in
this postPlancklandscape. Wide frequency coverage and excel-
lent control of systematic eects are prerequisites, but these must
be coupled with a thorough modelling of the instrument, detailed
simulations, and a sophisticated andagent analysis pipeline.
ThePlanckexperience was that detailed simulations were invalu-
able, but required an enormousagt and needed attention from
an early stage. Redundant methods for critical steps, including
: . _ . reconciling areas of disagreement, was important for veri ca-
Fig. 36. Free electron fractionx,(2), constrained fronPlanck using jnn of the nal results. The understanding of the data and the

the “FlexKnots” method of Planck Collaboration IV (2020) and Millea . £ 1h . loselv i ined .
& Bouchet (2018), along with astrophysical constraints, as tabulatedGiraction of the core science were closely intertwined, requir-

Bouwens et al. (2015), updated to include Greig et al. (2017), Bafiadidd large, integrated data-processing pipelines. Calibration, map-
& Venemans (2018), Mason et al. (2018), and Davies et al. (2018). making, component separation, and analysis needed to be treated
as a single, tightly-coupled problem.

Measurements of redshifted 21 cm radiation promise to pro- The Planck2018 papers, including this one, represent the

. . . . al word from the Planck collaboration, but do not mark the
vide a complementary view to the one provided by the intef d of developments dflanckproducts. The activity leading to

alactic medium, galaxy, and Thomson-scattering constrain 0 . X . X .
9 9 y 9 EP? release was circumscribed by time and funding constraints,

_The recent, claimed detect_ion of a Iarger-than-expected feaé@ by perfection of the data products. We expect that contribu-
In the sky-averaged (that is, global) 21cm signal by EDG ns from individuals, both within and external to tRéanck

(Bowman et al. 2018) would require a colder IGM than mo i : ) i
models predict, or some other change in the conditions atigtgollaboration, will continue to build upon tti@ancklegacy and
Since many mechanisms for explaining the signal would althat thePIanckdgta will prove invaluable for a wide range of
generate some ionization at highthe low optical depth mea- future cosmological studies.

sured byPlanckserves to limit candidates. Future observations

of this global signal, and the uctuations in the backgrounqa_ Conclusions

will be able to shed further light on this apparent discrepancy,

and provide constraints that are complementary to those commginck was the third-generation space mission dedicated to

from the CMB. measurement of CMB anisotropies. It delivered on its promise
to provide a measurement of the primary CMB temperature
7. Post- Planck landscape anisotropies between the Hubble scale and the damping scale

_ to fundamental limits, and provides some of our most important
Planck was designed to measure the CMB temperatuggnstraints on models of cosmology and fundamental physics.
anisotropies to fundamental limits over the range of scalgfe Plancktemperature auto-spectrum is cosmic variance lim-
de ned by the Hubble radius and the dision damping scale. jted to* * 1600. In this respecBlanckhas ended a phase in pri-
It achieved this through a combination of instrument deS|gﬁ)ary temperature anisotropy studies that was opened by COBE
experimental optimization, sophisticated and iterative instrir1992.
ment modelling, and analysiBlanckyaIidat_ed the standard COS-  The study of the CMB has been central to the story of cos-
mological model ( CDM) and provided simultaneous, precisgno|ogy since its discovery provided some of the earliest evi-
measurements of its key parameters, as well as tight constrajiilice " for the hot-big-bang model of an expanding Universe.
on possible extensions. However, multiple questions remain. 'ﬁiﬁlding upon a legacy of earlier experiments and decades of

example:. ) . . theoretical developmen®lanck has now measured the prop-
— What is the _mech%nlsm for the generation of uctuations igrties of the Universe to percent-level delity and tested our
the early Universe” cosmological model to high precisioRlanck data provide the

— Ifitis in ation, as we suspect, what is the in aton, whalgyrongest evidence we have that dark matter cannot be entirely
determines the initial state, and how does in ation end?  paryonic (luminous or dark) and that the observed uctuations

— How did baryogenesis occur and whyis ! ¢? were laid down at very early times, proportionally in all of the

— Whatis the dark matter? , constituents of the Universe.

— Are there additional, light, relic particles? . One of the major scientic legacies dPlanck has been

— What is causing the accelerated expansion of the Unive{se st and highly constrain theCDM model. The in ation-
today? . . ary CDM model was rst developed in the 1980s (Peebles

— How did the Universe reionize? . 1984; Vittorio & Silk 1985) and rose to prominence during

— How do astrophysical objects form and evolve in the COSMffe 1990s (Efstathiou et al. 1990; Ostriker & Steinhardt 1995;

web? e :
Absent a breakthrough in our theoretical understanding, tﬁ'reauss & Turner 1995; Liddle et al. 1996). The discovery of the

route forward on all of these questions is improved measuf@-A report may be found alttps://www.cosmos.esa.int/web/
ments, in which further observations of CMB anisotropies wiilanck/lessons-learned
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accelerated expansion of the Universe at the end of that decaideck Collaboration and a list of its members, including the technical or sci-
(Riess et al. 1998; Perlmutter et al. 1999), and the measugeli c activities in which they have been involved, can be founchtap://

; ; \/m/w.cosmos.esa.int/web/planck/planck-collaboration . In addition,
ment of the acoustic peaks soon after (de Bernardis et we'thank Soléne Chabanier and Nathalie Palanque-Delabrouille for computing

2000; Balbi et al. 2000; Miller et al. 2002), cemented it as thﬁ_e Ly forestconstraints we have used in Fig. 19 and Inigo Zubeldia for prepar-
“standard model” of cosmology. In the three decades sinceng Fig. 32.

was rst developed, the quality and quantity of cosmological

data have exploded. The model has weathered all of these chal-

lenges, and remains our best (phenomenological) descriptiorRefferences

the Universe. _ _ . Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2016, Phys. Rev. Lett., 116, 061102
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regard. The CDM model, with parameters xed by prielanck Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2017b, Nature, 551, 85
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Appendix A: The 2018 release — A map of the estimated lensing potential and several types of
lensing components (Sz, CIB, afdnodes).

— A map of the SZ eect, i.e., the Comptopparameter.

— A suite of simulations, including noise and the CMB only,
the ducial sky and processed noise, and the CMB run
through the four component-separation pipelines.

— A likelihood code and data package used for testing cosmo-

A.1. Papers in the 2018 release

Table A.1.Plancklegacy release (i.e., “2018 results”) set of papers.

l. Overview and the cosmological legacy®ianck(this paper) logical models against thelanckdata.

I. Low Frequency Instrument data processing — Markov chain Monte Carlo samples used in determining the
Il High Frequency Instrument data processing cosmological parameters froRlanckdata.

IV. Di use component separation All of these are linked to thé&lanck Explanatory Supplement

V. Power spectra and likelihoods (Planck Collaboration 2018). The current data release does
VI. Cosmological parameters not include single-bolometer maps, which limits our ability to
VII.  Isotropy and statistics of the CMB robustly perform foreground separation; thus our temperature
VIIl.  Gravitational lensing foreground results do not supersede the corresponding 2015
IX. Constraints on primordial non-Gaussianity products.

X. Constraints on in ation

XI. Polarized dust foregrounds

Xll.  Galactic astrophysics using polarized dust emission Appendix B: Changes for the 2018 release

The 2018 release uses the same raw, full-mission data as the
The characteristics, processing, and analysis oPtaackdata, 2015 release, but with Impr oved data_ processing an_d analysis
%gcedures. Here we describe the major re nements in the pro-

as well as a number of scienti ¢ results, are described in a ser! sina. and discuss where further improvements mayv still be
of papers released with the data. The titles of the papers beﬁ?ar? e 9 P Y

with “Planck2018 results”, followed by the speci c titles given
in Table A.1.
While this is the last release of the Planck Collaboration, thafl. 2018 LFI processing improvements

does not mean we have reached the point at which no signi carﬁt , o

improvements would be possible. Time was simply up. In partitN€ mostimportant change to the LFI pipeline for the 2018 data
ular we believe that the frequency maps can be improved, furthgiease concerns the calibration approach. For the 2015 release,
reducing systematic ect residuals, which would in turn permitt e main calibration source for LFI was tRéanckorbital dipole

the production of improved component maps, likelihoods, a§@nvolved with a model of the 4beam response, properly
their scienti ¢ implications. weighted according to the bandpass of each single radiometer

(see Planck Collaboration V 2016 for details).
The 2018 calibration procedure (see Planck Collaboration I
A.2. Data products in the 2018 release 2020) includes Galactic emission along with the CMB dipole in
Wg calibration model. Indeed a detailed analysis of the 2015 data
demonstrated that the Galactic contribution could be important,
especially near dipole minima. The new approach is iterative

tive beam window functions for temperature and poIarizgnd involves all of the calibration, mapmaking, and component-

tion detector assemblies for both auto- and cross-spectra. fﬁgaranon steps. Schematically: )
RIMO also contains beam error eigenmodes and their covafi- takeTsyy to be the best- tPlanck2015 astrophysical model
ance matrices. (Planck Collaboration X 2016), which includes the CMB,

— Cleaned and calibrated data time-lines for each LFI detector. Synchrotron, free-free, thermal and spinning dust, and CO

— Cleaned and calibratedEALpix data rings for each HFI emissions fortem_peratur_e, as well as the CMB, synchrotron,
detector. and thermal dust in polarization;

— Maps of the Sky at nine frequencies in temperature argj estimate the calibration fact@, inCIUdi_ng i_n the Galactic
seven frequencies in polarization. Additional products serve Model both the temperature and polarization components of
to quantify the characteristics of the maps to a level adequate the sky, as well as the Solar and orbital dipoles;
for the science results being presented, including noise mags, @PPly gains and construct frequency maps;
masks, and instrument characteristics, as well as bandpads-determine a new astrophysical model from the frequency
leakage-correction maps and gain templates for LFI, and Maps usingCommande(including only LFI frequencies);
simulated CO bias maps for HFI. 5. iterate steps (2) to (4).

— E ective beams for LFI and HFI. This approach is quite demanding computationally, and each

— High-resolution maps of the CMB sky, in temperaturiteration typically requires one week to complete. In practice, the
and polarization, from a variety of dérent component- iterative process was stopped after four iterations, by which point
separation approaches, including an SZ-free CMB map fraynod convergence had been achieved. This approach worked
SMICAand CMB maps at several frequencies frBEVEM well at 30 and 44 GHz but failed at 70 GHz. This is because for

— A low-resolution CMB map used in the lowdikelihood, the foreground modelling the 30- and 44 GHz channels is signal-
with an associated set of foreground maps (in polarizatioddminated, while the 70 GHz channel is noise dominated, result-
and characterization of products. ing in a diverging process (with the algorithm partly calibrating

— Filtered maps of polarized uctuations in thermal dust anoh noise rather than signal).
synchrotron emission, and thermal dust temperatures in tem- Another, more minor change in the LFI DPC pipeline is
perature and polarization. a revision of the agging procedure. This resulted in more

The 2018 distribution of released products, freely accessible
the PLA interface, contains the following items.
— A reduced instrument model (RIMO), containing these-
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conservative criteria, which discarded additional samples, esgaency band is also induced by the temporal variations them-
cially in the rst 200 operational days. selves, and fully accounted for by the uncertainties in the ADC
non-linearity correction. The systematicexts in relative cal-
ibration revealed by the Solar dipole between the “a” versus
“b” detectors within polarization-sensitive bolometers (PSBSs)
The raw HFI data for this 2018 release are identical to those@jfthe same frequency seen in 2015 (Planck Collaboration VIil
the Planck 2015 release (see Planck Collaboration VIII 20163016) are no longer detectable in the 2018 release (see Planck
with one exception, namely that approximately 22 days of dét®llaboration 11l 2020 for details).
were dropped from the analyses. These data were taken in theThe introduction of these sky-extracted systematieet
nal days of HFI observations at a time of increasing Soldtarameters led to a major improvement in null tests, as can be
activity and of some HFI end-of-life changes in the cryogenieen in Planck Collaboration Il (2020) for the lower frequency
chain operations. These 22 days correspond to 1000 rings, &@4B channels (100 to 217 GHz), especially at large scales.
which the data were acted signi cantly more than in any ear-However, for 353 GHz the ADC non-linearity is not the dom-
lier period of similar length during the mission, as revealed gant systematic eect. The very long time constants (around
the statistics of th€ at low multipoles { = 3 to 20). This last 30s) of the bolometers (which primarily act the dipoles and
period is the farthest outlier of the 27 blocks of 1000 rings.  for which a correction was already implemented in 2015) also
The main dierences in the data processing are the udeect other low harmonics of the spin frequency. This system-
of a new map-making and calibration algorithm cal@oll . atic e ect dominates the low multipoles of the power spec-
A rst version of this algorithm was introduced in Planckira at 353 GHz. It was detected through ®Roll destriper at
Collaboration Int. XLVI (2016), which used the very low353 GHz; however, the correction introduced is not very accu-
multipoles from HFI to extract the parameterSRoll is based rate, and leaves artefacts that are still detectable in odd-even sur-
on a generalized polarization destriper that uses the redundayy null tests.
in the data to extract a number of instrumental systemateze ~ These main improvements introduced in the 2018 HFI data
parameters directly from the sky data, for example parametéﬁ,‘@ase with respect to 2015 are described in detail in Planck
associated with intensity-to-polarization leakage. The spectf@llaboration I1l (2020).
transmissions or bandpasses of the HFI band lters were mea-
sured on the ground, but with insicient accuracy for the IegacyB 3. Simulations
mapmaking. Bandpass mismatch between two detectors sensi-
tive to orthogonal polarizations results in a “leakage” of tent the level of precision reached IBlanck the best method for
perature foreground signals (with a @rent spectral energy conveying our knowledge of the maps in relation to the sky emis-
distribution from the CMB). into polarization. This ect is sion is through end-to-end simulations of the sky observations
taken into account in the map-making. In the 2015 release wawed data processing. Since these simulations are the best char-
used bandpass-mismatch cagents computed from the groundacterization of the statistical properties of the data that we have,
measurements. IBRoll these are obtained from the sky dataye have made available to the community detailed simulations
using foreground-map templates from the previous releaseofdhe full focal plane; these are called the “FFP” series, the ones
derive relative values of the coeients between detectors, andised in 2018 being “FFP10.”
taking advantage of the redundancy of polarization measure- We have used detailed instrumental simulations to esti-
ments of the same sky pixel. This brings signi cant improvenate the level of residual systematiceets (see Fig. 3), and
ments, as demonstrated by the end-to-end simulations and bydeeide which of these needed to be included in the full end-
reduction of the systematic ects in null tests. The power of theto-end simulations. Each FFP10 simulation comprises a single
SRoll map-making was tested a posteriori, after the maps weérgucial’ realization (CMB, astrophysical foregrounds, and
frozen, by using as input templates for the CO lines two mapsise), together with separate Monte Carlo (MC) realizations of
of the Taurus molecular cloud in tHéCO and'*CO molecules. the CMB and noise. To mimic thelanckdata as closely as pos-
After the recovery of the relative response cagents and the sible, the simulations use the actual pointing, data ags, detec-
reconstruction of all-sky maps of the CO foregrounds, thet®m bandpasses, beams, and noise properties of the mission. For
maps were tested on other radio-astronomy data at high latitudbe, ducial realization, maps were made of the total observation
and showed a signi cant improvement over the 2015 maps. (CMB, foregrounds, and noise) at each frequency. In addition,
Similarly, CMB calibration errors between detectors sensihaps were made of each component separately, of subsets of
tive to orthogonal polarization states will also induce spuriowetectors at each frequency, and of half-ring and single-survey
polarization. Changes in detector response over time can be ns#dsets of the data. The noise and CMB MC realization-sets
sured using the large-amplitude CMB dipole signals, averagiedlude all detectors, as well as subsets of detectors (so-called
over short periods during the mission, and show larger variatidiidetSets”) at each frequency, and full and half-Ahdata sets
of the response with time than expected. Moreover, the ndor each detector combination.
linear part of the analogue-to-digital-converter (ADC) response
was not known with su cient accuracy. To mitigate this, appar- .
ent gain variations per optimized time periods were extractedfr MaP analysis improvements
SRoll using redundancy in the surveys over the mission, leaphe improvements summarized in Appendices B.1 and B.2
ing to better maps than when corrections for non-linearity of theinslate directly into lower instrumental systematics in the cor-
ADCs were performed in the time-ordered data. responding derived sky maps (Planck Collaboration Il 2020;
The improved measurement of the CMB Solar dipole di$anck Collaboration [l 2020), and thereby more robust
cussed in Sect. 2 allows us to perform an extremely accurate
check of the calibration error through end-to-end simulations. A half-ring is the co-added data of either the rst or second half
In turn this shows that the dispersion between the full-missiogFeach stable pointing period; see Planck Collaboration Il (2014) and
averaged photometric calibration of bolometers within a fr@anck Collaboration VI (2014).

B.2. 2018 HFI processing improvements
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component-separation (Planck Collaboration IV 2020) and likeels that are particularly strongly aected by speci c instru-
lihood (Planck Collaboration V 2020) results. For the purpose®ental systematic errors, such as bandpass-mismatch or far-
of CMB temperature reconstruction, these updates have a sitielobe contamination. (See Planck Collaboration X 2016 for
atively minor practical impact, due to the very high signakn example of such analysis based on the 2015 measurements.)
to-noise ratio of thePlanck temperature observations, wheré&or these reasons, we do not provide an updated, comprehen-
already thePlanck 2015 temperature products had residuaiveCommandebased foreground model in intensity in the 2018
errors signi cantly below the limit set by cosmic variance forelease, but instead suggest continued usage of the correspond-
nearly all cosmologically relevant angular scales. ing 2015 model. We consider the 2015 thermal dust model to be
The same does not hold true for polarization reconstructianore robust than the new model also ®NILC However, for
In this casePlancKs sensitivity corresponds roughly to a signalCMB temperature extraction purposes these issues are of minor
to-noise ratio of unity or less for the (unbinned) CMBmode concern, since the accuracy of this process only depends on the
power spectrum, and a fraction thereof for tBenode recon- sum of the foregrounds, and not on each individual component.
struction. At the same time the astrophysical foreground sigred shown in Planck Collaboration 1V (2020), the CMB temper-
from polarized thermal dust and synchrotron emission is brightgure maps derived from tidanck2018 frequency products are
than theE-mode signal by more than an order of magnitude abnsistent with the corresponding 2015 temperature maps.
frequencies below 40 GHz and above 200 GHz, and comparable
to it even in the foreground minimum around 70-100 GHz (s
Fig. 4). The greatest gains deriving from tRe&anck 2018 pro-
cessing are therefore observed in terms of more robust polarizge likelihoods have seen many changes and improvements since
tion component-separation and likelihood products, in particul2015, as listed and discussed in detail in Planck Collaboration
on large angular scales. V (2020) for the CMB spectra, and Planck Collaboration VIII
Starting with the CMB component-separation products, thig020) for lensing.
is immediately highlighted by the fact that the cleari®elnck As in 2013 and 2015, the cosmological constraints are
2018 CMB polarization maps include information at all angwbtained using an approximate likelihood. Brent mathemat-
lar scales, from =2 to 3000 (Planck Collaboration IV 2020).jcal approximations and derent data-selection choices are
In comparison, the corresponding 2015 products were high-paseded at dierent scales to correctly evaluate the likelihood.
ltered below " =40 in order to remove obvious instrumentafor this reason, the overadlancklikelihood is formed using a
contamination (Planck Collaboration IX 2016). Furthermore, fgfybridization of di erent approximations, neglecting the corre-
the rsttime the new CMB polarization maps appear statisticallgtions between the derent parts of the likelihood. The impact
consistent with detailed end-to-end CMB-plus-noise simulatiogsthis hybrid approach has been extensively discussed in the lit-
(see Appendix B.3) on large angular scales, in terms of powgature (e.g., Efstathiou 2006; Planck Collaboration XI 2016. In
spectra and basic higher-order statistics. the following, we only discuss the speci ¢ improvements and
However, it is critical to note that while the new maps arghanges for each part of this hybrid approach.
consistent with end-to-end simulations, they aot consistent The 2018 baseline hybridization scheme relies on &wdi
with naive white noise simulations. TH¥ancknoise properties ent data mix than in 2015. In 2015, residual unresolved sys-
are complicated and spatially correlated, both because of intii@ématics and a conservative approach led us to recommend the
sic 1=f noise and transfer function ects, and because of gainuse of theCommandearge-scaleT T map, the LFI large-scale
uctuations coupled to the actual sky signal, in particular via theolarization maps, and the small-scale HFI temperature maps,
bright CMB dipole. In the current release, we therefore provigghile the reconstructed lensing map was only used in some spe-
1000 CMB realizations processed through the full end-to-esflc analyses and the small-scale, HFI polarization maps were
analysis pipeline, as well as 300 noise simulations per data spléed in a preliminary manner. In 2018, the baseline data for cos-
Detailed scienti ¢ analyses of thelanck2018 CMB products mology now consist of th€ommanddarge-scalél T map, the
should be accompanied with a corresponding analysis of theg®! |arge-scale polarization maps (using thE andBB spectra
simulations. only), the HFI small-scale temperature and polarization maps,
Similar improvements are observed in terms of polarizethd the lensing reconstruction map. The LFI large-scale polar-
foreground products. Indeed, tiidanck 2018 maps representization map is now used for cross-validation and some speci ¢
the rst reduction of thePlanck data that allows even prelimi- analyses. These changes provide a very signi cant improvement
nary estimation of the spectral index of thermal dust emissigh the constraining power of tiélanckdata, as seen for exam-
location-by-location on a degree smoothing scale. Such anglje in Fig. 13.
ses are in general highly sensitive to the presence of large-scaleThe likelihoods used are labelled by the data that go into
systematics, since they simultaneously depend on all angulggm, as described in Planck Collaboration V (2020) and Planck
scales. The fact that no obvious instrumental artefacts are seegdflaboration 1V (2020). For exampl&T, TE,EE+lowE uses
the polarized thermal dust spectral index map derived from th& combination of temperature afdmode polarization auto-
Planck 2018 observations (see Fig. 29 in Planck Collaboratigpectra with thd E cross-correlation at highand theT TandEE

IV 2020) provides evidence for a high degree of internal consispectra at low computed fronCommandeandSimall respec-
tency between the 143, 217, and 353 GHz frequency channelgvely.

For reconstructing temperature foregrounds Rleack2018
data release is not an improvement, due to the lack of singles )
bolometer sky maps (see Sect. 3.1.2 of Planck Collaborati%gr?]ilkelﬁﬁg%%Scale temperature and the Commander
Il 2020 for details). First, this strongly limits our ability to
model and extract CO line emission, which in turn alsees The framework ofth€ommandaomponent-separation method,
the robustness of other correlated components, including théescribed in Planck Collaboration IV (2020), allows for a joint
mal dust, free-free, spinning dust, and synchrotron emissi@ayesian sampling of an explicit parametric model that includes
Second, it also precludes the possibility of removing single chaseth the cosmological CMB signal and non-cosmological

%6.5. CMB power spectra and likelihood improvements
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astrophysical signals, such as thermal dust, CO, and losimulations computed for derent input cosmologies that fall
frequency foregrounds. Its results are used in twadint ways close to the observed value. Planck Collaboration V (2020)
in the 2018 hybrid likelihood. presents a very thorough validation of this method, exploring the
1. The samples from the Bayesian exploration are reusedvémiations of the likelihood when changing masks, foreground-
build a foreground-marginalised, large-scale temperatu@eaning methods, data cuts, using part WMAP or LFI data, etc.
only likelihood approximation, as is described in Plancko give a avour of the robustness of the approximated likeli-

Collaboration Xl (2016). This forms the large-scalel hood, and the delity of our simulations, we display in Fig. B.1

part of the hybrid likelihood, as in 2013. the distribution of QML synthetic spectra measured from our
2. The Commandeiforeground-cleaned temperature map isnd-to-end simulations for an input= 0:05, and compare this

used with the LFI large-scale polarization maps to build theith the observedt E spectrum.

TE part of the large-scale alternative polarized likelihood. The TE spectrum measured in a similar way also shows

The map is also used to buildleE-based likelihood approx- decent statistical agreement with our simulations, but fails some

imation with the HFI data, but its statistical characterizatioof our null tests (Planck Collaboration V 2020). Furthermore,

is shown to be too poor to build a large-sc@lE likelihood. our simulation-based likelihood estimation makes it very -di
While the Commandemethodology has not changed signi -cult to accurately take into accouhE EEandTE TT cor-
cantly since the 2015 release, we have modi ed our choice m@lations. FofT E this is particularly important, to avoid double
data cuts and accordingly the model. In order to produce a robestinting the constraining power of the temperature and polar-
and conservative product for the 2018 release, we removed itegion maps; however, it is much less of an issue&; which
dependency on external data, namely, the WMAP and Haslaas a much lower correlation withT. For these reasons we do
408 MHz data sets (Bennett et al. 2013; Haslam et al. 198@pt include the estimated, lowT E spectrum in the likelihood.
While the HFI data processing has been greatly improved $imilar work was performed with thBB spectrum, but at the
terms of the number of systematicexts that are resolved onlevel of sensitivity of the HFI data, it is compatible with a null
large scales, it no longer produces individual bolometer maps sipectrum.

2015, we used the slightly derent bandpasses of the drent
individual bolometers and external data to constrain a more cog— 3L le LFI polarizati dits likelihood

plex data model (in temperature). Because of the focus on po p-3. Large-scale polarization and its likelihood use

ization systematics, this is not possible with the 2018 data. F®s we did in 2015, we produce a full TEB likelihood using a
this reason, the usable sky fraction ffommandehas shrunk pixel-based approach based on themmandeand LFI polar-
from 94% to 86%. Nevertheless, large-scale agreement betwgeiion maps. Given the lower sensitivity of LFI, this likelihood
the di erent foreground-cleaned maps has improved compatgshroximation has an overall lower constraining power on the
to 2015, and in particular for th&MICAmap used for some reionization fraction than the HFI-based one, with a roughly 3
speci ¢ applications (such as lensing or higher-order momegiétermination of = 0:063 0:020. Nevertheless, the 2018 ver-
estimation). sion of the LFI-based likelihood can be used when probing the
TEB correlations, which may be important for speci ¢ cosmo-
logical tests.

This pixel-based, low-approximation was already used in
Following the work presented in Planck Collaboration Int. XLVR015, but has been improved and made more robust. Thanks
(2016), and building on the improvements described in Appeto-the improvements in the LFI data processing and simulation
dices B.2-B.4, the level of residual systematics present in thipelines, the sky fraction retained for the cosmological analysis
large-scale HFI polarization data is now low enough that thes been increased from 46% to 66%, and the second and fourth
100 GHz and 143 GHz maps can be used to build a large-scsitg surveys, which were excluded from the 2015 likelihood, are
EE likelihood. This likelihood allows for a roughly 6 deter- now included. Robustness of the likelihood approximation has
mination of the reionization parameter, with = 0:0506 been further tested on dérent sky fractions, as well as through
0:0086, using only the low-HFI polarized data along with the comparison with WMAP and HFI data.

Commandef T large-scale likelihood, and tting jointly for
and the amplitude of scalar uctuations. } ot

The large-scale HFI polarization likelihood is based on con?isiieﬁrrgﬂgscale temperature and polarization HF
parison between the cross-spectrum of the foreground-cleaned
100 GHz and 143 GHz polarization maps and very detailed, efidie methodology of the small-scale temperature and polariza-
to-end simulations of the HFI data. Due to our inability to accuion likelihood approximation has not changed since 2015, and
rately account for ADC non-linearity, our modelling of the pixetemains very close to that of 2013. We continue to describe the
covariance matrix is not sucient and prevents us from using sstatistical properties of the data with a Gaussian approximation.
more classical pixel-based likelihood approximation, as we 8fge are still using cross-half-mission spectra of the 100, 143,
for LFI. In more detail, cleaned CMB maps at 100 GHz anand 217 GHz channel maps, masking the highly foreground-
143 GHz are obtained by tting for the dust and synchrotrosontaminated sky regions (due to Galactic contamination and,
contamination (using the 353 GHz and 30 GHz maps, respét-the case of temperature, point sources). The masks have
tively, as templates). The maps are further masked to aveiot changed since 2015. We are also discarding some of the
the highly contaminated regions, retaining 50% of the sky. Epectrum multipoles that have a low signal-to-noise ratio or
reduce the level of scatter and correlation induced by the makigh foreground contamination. Compared to 2015, we have
the power spectra are estimated using the quadratic-maximumproved both the data and their characterization to a level where
likelihood (QML) method. The likelihood is computed bywe can now lift the reservations we had in 2015 on the usage of
forming the product of the probabilities of each of the QMithe polarized small-scale dataE andEE) for cosmology.
power-spectrum multipoles, ignoringto-" correlations. This On the data side, as described in Appendices B.2 and B.4,
probability is estimated by counting the number of end-to-emdost of the eort has translated into a decrease of the level

B.5.2. Large-scale HFI polarization and the Simall likelihood
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Fig. B.1. Empirical distributions for the 100 143 GHzEE cross-spectra, for every multipole up'te= 31. The distributions in blue are derived

from 300 noise-plus-systematics simulations, combined with 1000 signal realizations wi@t05. The power actually observed in HFI data is
indicated by the red lines, showing that, at large scales, these data are well described by the end-to-end simulations. Equally consistent plots
BB, TE, TB, andEB, as well as all the corresponding PTES, are given in Planck Collaboration Il (2020).

of systematics at large scales in polarization. This also haat tell whether this dierence is a statistical uctuation or a
some impact on the small-scale polarization likelihood, the mdaint sign of residual systematics projecting onto the polariza-
important being a reduced level of noise in the 143 GMHand tion e ciency estimates. We evaluate theset of either enforc-
U maps (by about 12%). ing the EE-based polarization eciency estimation o E (the
On the modelling side, the main improvements have been g called “map-based” calibration model), which we retain for
correction of the so-called “beam leakage,” and a better determin baseline, or letting thEE and T E spectra have a derent
nation of the polarization eciencies of our detectors. These tw@ ective calibration (the so-called “spectrum-based” calibration
re nements have alarge ect on the consistency of the dirent model), which we use in an alternative likelihood implementa-
TE and EE cross-spectra, as shown in Fig. B.2. Disagreemeian. The two di erent calibration models translate into0:5
between the polarized cross-spectra in 2015 was the reasorpaemeter shifts, which gives us an estimate of the level of pos-
did not recommend the use of the polarized data for cosmolaogjple residual systematics in the polarization analysis.
applications. With the new analysis, there is no longer such a Numerous other improvement have also been applied to
limitation. the high- likelihood. Beam corrections have been computed
In detail, di erences between the beams, gains, polarizpeci cally for each of the dierent masks used in tempera-
tion e ciencies, and polarization angles of the elient data ture and polarization, and we have tightened our estimate of the
streams that enter the computation d@@&r U map are sources beams and beam-leakage uncertainties, includimgts that we
of temperature-to-polarization leakage. In 2015 we could ontgglected in previous analyses. We have signi cantly improved
evaluate those ects a posteriori, with a cosmology-dependetihe quality of the residual Galactic contamination estimation
model. In 2018, following the methodology presented in Hivoand correction in the likelihood. Finally, we have also improved
et al. (2017), we can propagate the known characteristics (frtime estimation of the level of residual correlated noise in the
measurements made on the ground) of theedint detectors spectra. We now include two, very small correlated-noise cor-
and compute beam-leakage templates for each cross-spectrections, namely sub-pixel noise (due to the centroid of data
We tested the delity of the templates against simulations asdmples falling in a pixel being derent from the pixel centre) and
estimated their residual uncertainty. Correcting for beam leak-correlated-noise component in the auto-frequdBEyspectra
age results in the large improvement of fhe inter-frequency thatwas observed in the high delity end-to-end simulations (see
comparisons displayed in Fig. B.2. Appendix B.3). Allthese re nements, while increasing the robust-
Temperature-to-polarization leakage corrections have nass of the likelihood approximation, have a much smaller impact
small e ect on theEE cross-spectra disagreement. Corret¢han the beam-leakage and polarizationegency corrections.
tions to the estimated polarization eiencies of the detec-  With these improvements, the highf T, TE, andEE CMB
tors are the source of the improvement displayed in tipewer spectra are found to be in good agreement with each other
bottom panel of Fig. B.2. Null tests performed on highly dusin the context of a common CDM model, as demonstrated by
contaminated regions in the high-frequency polarized channtile conditional predictions displayed in Fig. 17.
(mainly 353 GHz, but also 217 GHz) have led us to revise
upwards our previous estimate of th.e polari_zatiomhsncy B.5.5. Lensing likelihood
uncertainty by a factor of 5 to 10. Polarization-eiency assess-
ments performed using frequency-channel cross-spectra, with2018, the CMB power spectra (that already contain some
or without cosmology priors, as described in Planck Collaboraiformation on lensing) are complemented by the lensing power
tion 111 (2020) and Planck Collaboration V (2020) translate intepectrum measured using the reconstructed lensiegtemap
percent-level corrections that need to be applied to the polarigdect. 2.6.2). In 2013 and 2015, a lensing-power-spectrum-
tion e ciencies of the 100, 143, and 217 GHz channels. based likelihood was already provided, but it was only used for
While the 100 and 217 GHz polarization-eiency measure- some speci ¢ cosmological applications. It is now systemati-
ments are relatively stable, we nd a 2discrepancy between cally added into the baseline hybrid likelihood mix.
the estimates performed at 143 GHz, depending on whether theThe lensing estimation pipeline has been signi cantly imp-
estimation is made on tHeE or T E spectra. This dierence is roved compared to 2015. Lensing maps are reconstructed from
somewhat worrisome, since the 143 GHz channel dominates theSMICA2018 foreground-cleaned maps, using only a combi-
cosmological constraints in polarization. At this time, we camation of the high-frequency maps. We now use inverse-noise
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Fig. B.2. Inter-frequency null tests of CMB E and EE power spectra. Each sub-panel shows theeginces between two foreground-cleaned
cross-spectra at derent frequencies (horizontal minus vertical). We show the full spectra comparisons here, even though the likelihood discard
some of these data (according to the multipole range). The two lines in each panel correspond to the 2015 data and nuisance model (purple)
the 2018 one (orange); for each case, foreground and nuisance cleaning is performed at the spectrum level, as is done for the likelihood, us
the best- t nuisance parameters from the baseline t for each release. The PTE values quoted in each sub-panel correspond to the 2018 data |
nuisance model) for the full range presented in the plot and with 100 at binning. There is impressive improvement in the 2015-2018
agreement in the inter-frequency spectra, in particul@rfip due in large part to the beam-leakage corrections.

weighting for polarization-only band powers to improve thl S The improved lIters for polarization reconstruction allow
in reconstruction, a new mask to reduce point-source contamina-to perform a polarization-only lensing reconstruction, as
tion, and a better model of the multiplicative bias. a demonstration of consistency, and a cross-check on the
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paradigm. The robustness of the measurement pipeline has also
been checked in numerous new ways, extending greatly the
already quite thorough validation suite from 2013 and 2015.
In particular, SZ and CIB leakage ects are checked, dér-

ent Galactic masks are used to measure the impact of any resid-
ual Galactic contamination in th®eMICAmaps, and alternative
masks and data cuts (surveys, half missions, etc.) are used to
check for any scanning-dependent feature in the lensing recon-
struction maps.

Thanks to our extensive validation suite, we have managed
to increase the range of lensing multipoles usable for cosmolog-
ical constraints, reducing the lower limit froln=40 to L= 8.

This helps to constrain some speci ¢ cosmological models. Mul-
tipoles below this are adversely ected by a large and uncer-
tain mean- eld correction (Planck Collaboration VIII 2020).
The upper limit,L = 400, remains unchanged from our earlier
releases, although data are provided to much smaller scales.

Appendix C: HFI-LFI consistency

Having two instruments on-boaRlancko ers the possibility of
cross-checks between two renderings of the sky that are indepen-
dent across detection technologies, processing pipelines, and to a
large extent people, sharing only the satellite platform and scan-
ning strategy. Such tests were performed in detail folrtamck
2013 and 2015 data releases (Planck Collaboration XXXI 2014;
Planck Collaboration | 2016). Here we show a subset of such
tests for thePlanck2018 release.
Figure C.1 compares the LFI 70 GHz and the HFI 100 GHz
maps in selected regions of the sky, when both are expressed
in thermodynamic temperature units and smoothed to a com-
mon resolution of 1% Frequency-dierence (upper-right) maps
demonstrate excellent consistency of the measured CMB
anisotropies, and reveal dise foregrounds and point sources.
The expected noise level is estimated (lower-left) by theedi
ence of 70 GHz half-ring, and 100 GHz half-mission elience
maps, each of which is a good noise estimate of the respective
signal maps.
The top four panels of Fig. C.1 show an enlargement of the
north ecliptic pole region, which was scanned Bianck most
frequently and is thus one of the least noisy parts of the sky. One
can see in the dierence map positive dust and CO emission, and
negative free-free and synchrotron emission (because the lower
frequency channel is subtracted from the higher frequency one).
Note the large Cygnus region in the Galactic plane. The four be{y. c.1. HFI and LFI maps and dierencesTop north ecliptic pole
tom panels are focused on the south Galactic pole region, wiggion. The four panels arapper-leff 70 GHz;lower-right, 100 GHz;
the same layout as for the top four panels. This a region withper-right 100 GHz 70 GHz; andlower-left di erence of 70 GHz
fairly reduced foreground emission; still, the haze of dust in thelf-ring and 100 GHz half-mission dérence maps. The frequency dif-
top right corner of the dierence map is clearly visible. We noteference map demonstrates excellent visual consistency of the measured
the large, negative CMB uctuation in the upper left of the 7OCMB. anlsotrop.ltles, and reveals dise forggrounds and. point sources,
and 100 GHz frequency maps, called the “Cold Spot” anomafPeci cally positive dust and CO emission and negative free-free and

o . - nchrotron emission. Note the large Cygnus region in the Galactic
which is rendered in the_ same Way'by LFl and H.Fl'. Similar tes ane.Bottom south Galactic pole region, with the same 4-panel layout
on the full sky, the entire equatorial, south ecliptic, and nor

. . . ; for the top part. We note the dust haze in the upper right part of the
Galactic pole regions, do not reveal any worrisome instrumenial o rence panel and the large, negative CMB uctuation indpper

features. o . . left of the 70 and 100 GHz frequency maps, called the Cold Spot.
One can make a more quantitative comparison by using power

spectra in low foreground regions, masking 40% of the sky by

combining Galaxy and point-source frequency-speci ¢ masksin, and show the error on the mean as an estimate of the binned
Figure C.2 compares binned cross-power spectra from the 70 apoder uncertainty (inclusive of cosmic variance within each bin).
100 GHz channels. The plotted noise spectra are the auto-spdeétna70 and 100 GHz, the spectra are corrected for multiplicative
of the respective dierence maps. Also shown is the raw specalibration o sets with respect to the 143 GHz spectrum used as
trum at 143 GHz, a channel whose noise is negligible at theseducial for this check; the osets are 0.997 for 70 GHz, and
angular scales (the noise spectrum is plotted, but it lies along the01 for 100 GHz, very small corrections that indicate excel-
x-axis). We display the average poweér (2° + 1)C:) in each lentcalibration oPlanckfrequency maps, combined with a small
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Fig. C.2.Power spectra of 70, 100, and 143 GHz maps evaluated after masking approximately 40% offbg skyss-spectra of half-ring maps

at 70 GHz and half-mission maps at 100 and 143 GHz, as well as the spectra of the bediade maps, which illustrate the noise content of the
data. Binned 143 GHz raw cross-spectrum values indicate the bin centres; the other spectral values are spread in the bins for clarity (see fur
details in text) Bottom power ratios of the same spectra. The drop in the values of some ratigs}80 is due to uncorrected dise foreground
emission that gets brighter at 143 GHz outside the masked part of the Galaxy. A50 there is excellent consistency of all three spectra. One
can see that at the top of the rst acoustic peak riéa220 they are consistent at the level of a fet0 3.
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amount of residual power from Poisson-distributed, undetecteairger e ects mask smaller ects, and combinations of ects
pointsources@/?' 4:5 104 K? andC!®' 1:75 104 K?). may be particularly hard to recognize.
This simple procedure is enough to bring the three spectra into An important tool for detecting systematic errors in astro-
good agreement. The plot also shows the best- t model as derivezimical measurements is redundancy in the observations them-
by Planck multi-component likelihood ts with many nuisanceselves, that is, multiple observations of the same part of the
parameters, including an optimal determination of calibration askly?*. Each of these redundancies provides null tests of the data,
various correction factors that become increasingly importantiabther words, dierences between two observations of the same
higher multipoles. In thé range shown, the best tis traced wellsky that should be zero within the noise. A common, and initially
by the 143 GHz raw spectrum. almost inevitable, cause of null-test failures is poor knowledge
The bottom panel of Fig. C.2 shows the corresponding powafrthe noise. Other causes of null-test failures can sometimes be
ratio. The drop in the values of some ratios at 150 is due to identi ed (e.g., Solar ares), and acted data removed from fur-
uncorrected diuse foreground emission that becomes brightdrer processing. The removal process can be speci ed with strict
at 143 GHz outside the masked region of the Galaxy. The neadsiteria that are applied without reference to theieet on nal
70 and 100 GHz spectra indeed do not display such a drop. Fesults (such as cosmological parameters), that is, “blind”; this
the whole™ > 150 range, there is excellent consistency of the always done ifPlanckdata processing.
143 and 100 GHz spectra. The LFI 70 GHz spectrum becomes Null tests are necessary, but not stient, in revealing prob-
noisy at” > 600 and because of that we display it only up teems in the data. For one thing, any systematic error that&s
800. Nevertheless, we note the remarkable consistency (atdheof the data, such as overall calibration errors, has nece
level of afew 10 3) of all three spectra around the rst acoustion null tests. Equally important, and much harder to address, are
peak near ' 220. systematic eects that are too small or too distributed for detec-
Of course, such checks are too coarse to be directly usen in the timeline data, but that cause problems when concen-
ful for cosmology, which requires that we account for muctrated in further processing. These can be dilt to identify,
smaller contributions than are visible by eye. Indeed, for anaspecially in combination, although some can be predicted from
yses of isotropy and statistics of the CMB, one needs to resoratpriori understanding of the instruments and mission. Neverthe-
component separation and simulations, while for cosmologidess, an exhaustive search is impossible — there are simply too
parameters one needs a likelihood analysis that directly accountmy possibilities. Instead, one must search all intermediate and
for the degeneracies between CMB and nuisance parametersvain nal data products (i.e., the parts of phase space where sys-
astrophysical and instrumental origin. However, the comparisaesnatic errors really matter) for problems. Such searches cannot
described here have the virtue of simplicity and provide a dirdm technically “blind”, as indeed their value lies in the sensitivity
visual test of consistency. of results to speci ¢ systematics. In practice, however, they are
e ectively blind, for two reasons. First, no one can look at a map
of the sky or an angular power spectrum and know the values
o of cosmological parameters that will t them. Secofdancks
Appendix D: Blinding results are complex, rather than just a few numbers, and with

We end with an appendix addressing some of the principles tRHEh complexity investigator bias is inherently less of a problem
were followed in thé’lanckanalysis. In particular we address théhan with simple outcomes. However, when apparent problems
extenttowhich “blinding” (see, e.g., Klein & Roodman 2005) wagre found, by whatever method, the cause of the problem must
used in the production of results frdPanck We include this dis- be traced back to an instrumental or observational origin before
cussion here because the question has often come up, not lea@®fifective action can be taken with any sense of certainty.
the context of parameter tensions with other data sets. Still, the dangers of removing sky signal from the data along
The goal of blind analysis is the avoidance of biase¥th some known but partly degenerate systematic are real. In
and errors introduced by investigators. The general prinde end, the mostimportant tool both for nding systematics and
ple is to shield relevant results from the view of investigdor demonstrating that the processing of the data does not remove
tors until analytical methods have been decided, implement@é Pias the signals being investigated is simulations. While sim-
debugged, and completed. Various techniques, such as “noisitggtions including complex astrophysics and space-borne detec-
“biasing,” “cell scrambling,” “seeding,” and “item scrambling”tors cannot approach the level of realism encountered in particle

(e.g., Maccoun & Perlmutter 2015) have proven to be useful PRysics experiments (which imposes fundamental limitations on
many situations. how blinding can be performed), they have progressed dramati-
ForPlanck and indeed all CMB experiments' the importanc@a”y over the lifetime oPlanck As has been described in detail
of the goal of blind analysis can hardly be overstated, and a quhmany PlanckCollaboration papers, simulations have been an

titative demonstration is required that the goal has been me€gsential tool in the analysis Bfanckdata.

a speci ed level. The methods of analysis used must also sat-

isfy another di cult requirement, that of extracting cosmolog?* Of course one must take into account the changing nature of the sky
ical and astrophysical information from the data to a level @kelf, whether from variable objects (e.g., essentially everything, but
10 6,10 7, or even 108 of the input signal level. The ultimateon varying timescales), moving objects (e.g., planets), or things that
limits to this signal extraction are set by some combination ¥&ry with location and direction (e.g., the zodiacal light). Fortunately for
instrument noise, noise in the sky signals themselves, the sépB measurements, the CMB itself changes only on a cosmological
atonof signlsfom varous sources (especall fhe CMB roffE=Ca, 510 sty chavaee vt chmcersic il depend o
Galac_tlc and eXtragal.aCt'C foregrour!ds), and Instrument_al S¥2ed as a fundamental calibrator (in particular, the “orbital dipole”).
tematic errors, which in general are time-dependent and incl

. . gnckincorporates observational redundancy on multiple timescales,
transients. All of these must be determined from the data thefsm 1-min rotations of the spacecraft, with the spin axis xed for many

selves, in a process of disentanglement, identi cation, and mgtations, to the approximately 6-month repeat coverage of the sky (with
igation, starting from the largest and most easily identi ablge angle of attack on a given piece of sky alternating each time), to the
e ects, and moving down to the smallest and most degeneratect 1-year repeat coverage of the sky.
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