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ABSTRACT

This paper presents cosmological results based on full-mig¥emck observations of temperature and polarization anisotropies of the cosmic
microwave background (CMB) radiation. Our results are in very good agreement with the 2013 analysBlaftgk@ominal-mission tempera-
ture data, but with increased precision. The temperature and polarization power spectra are consistent with the standard spatially- at 6-paran
CDM cosmology with a power-law spectrum of adiabatic scalar perturbations (denoted B&#d in this paper). From thélancktempera-
ture data combined witRlancklensing, for this cosmology we nd a Hubble constadg, = (67:8 0:9) km s *Mpc !, a matter density parameter
m = 0:308 0:012, and a tilted scalar spectral index with= 0:968 0:006, consistent with the 2013 analysis. Note that in this abstract we quote
68 % con dence limits on measured parameters and 95 % upper limits on other parameters. We present the rst results of polarization meas
ments with the Low Frequency Instrument at large angular scales. Combined wRhatiektemperature and lensing data, these measurements
give a reionization optical depth of= 0:066 0:016, corresponding to a reionization redshifzgf= 8:8'17. These results are consistent with
those from WMAP polarization measurements cleaned for dust emission using 353-GHz polarization maps from the High Frequency Instrum
We nd no evidence for any departure from bas€DM in the neutrino sector of the theory; for example, combirftt@nck observations with
other astrophysical datawe md. = 3:15 0:23 for the e ective number of relativisticpjegrees of freedom, consistent with the Malue 3:046
of the Standard Model of particle physics. The sum of neutrino masses is constrained to 0:23 eV. The spatial curvature of our Universe is
found to be very close to zero, withkj < 0:005. Adding a tensor component as a single-parameter extension to 6&¥d we nd an upper
limit on the tensor-to-scalar ratio o, < 0:11, consistent with thBlanck2013 results and consistent with tBemode polarization constraints
from a joint analysis of BICEPXeck Array andPlanck(BKP) data. Adding the BKB-mode data to our analysis leads to a tighter constraint of
reooz < 0:09 and disfavours in ationary models with\& ) / 2 potential. The addition dPlanckpolarization data leads to strong constraints on
deviations from a purely adiabatic spectrum of uctuations. We nd no evidence for any contribution from isocurvature perturbations or from co:s
mic defects. Combininglanckdata with other astrophysical data, including Type la supernovae, the equation of state of dark energy is constrain
tow= 1:006 0:045, consistent with the expected value for a cosmological constant. The standard big bang nucleosynthesis predictions for
helium and deuterium abundances for the beg¥ldnckbase CDM cosmology are in excellent agreement with observations. We also analyse
constraints on annihilating dark matter and on possible deviations from the standard recombination history. In neither case do we nd no evide
for new physics. Th&lanckresults for base CDM are in good agreement with baryon acoustic oscillation data and with the JLA sample of Type
la supernovae. However, as in the 2013 analysis, the amplitude of the uctuation spectrum is found to be higher than inferred from some analy
of rich cluster counts and weak gravitational lensing. We show that these tensions cannot easily be resolved with simple modi cations of the b
CDM cosmology. Apart from these tensions, the ba8®M cosmology provides an excellent description of fi@nck CMB observations and
many other astrophysical data sets.

arXiv:1502.01589v3 [astro-ph.CO] 17 Jun 2016
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1. Introduction most noticeable in the rst sky survey. Various tests were pre-
L . sented in PCP13 that suggested that this systematic caused only
The cosmic microwave background (CMB) radiationees an  gmga|| shifts to cosmological parameters. Further analyses, based
extremely'p.owerful way of testing the origin of uctuations angyp, the full mission data from the HFI (29 months, 4.8 sky sur-
of constraining the matter content, geometry, and late-time ey sy are consistent with this conclusion (see Sect. 3). In addi-
lution of the Universe. Following the discovery of amsotrople(gon, we discovered a minor error in the beam transfer functions
in the CMB by the COBE satellite (Smoot et al. 1992), groungy,jieq to the 2013 217-GHz spectra, which had negligible im-
based, sub-orbital experiments and notably the WMAP satellfg .t o the scienti ¢ results. Another feature of flanckdata,
(Bennett et al. 2003, 2013) have mapped the CMB anisotropigs; fy|ly understood at the time of the 2013 data release, was a
with mpreasmgly high precision, providing a wealth of new ino.g o4 Calibration o set (in power) betweeRlanckand WMAP
formation on cosmology. . o (reported in PCP13, see also Planck Collaboration XXXI 2014).
_ Planck is the third-generation space mission, followas discussed in Appendix A of PCP13, the 20R&inck and
ing COBE and WMAP, dedicated to measurements of thgmAP power spectra agree to high precision if this multiplica-
CMB anisotropies. The rst cosmological results frdmanck tive factor is taken into account and it has no signi cant im-
were reported in a series of papers (for an overview Sggct on cosmological parameters apart from a rescaling of the
Planck Collaboration | 2014, and references therein) togethghplitude of the primordial uctuation spectrum. The reasons
with a public release of the rst 15.5 months of temperaturgy the 2013 calibration osets are now largely understood and
data (which we will refer to as the nominal mission datajp the 2015 release the calibrations of b&anckinstruments
Constraints on cosmological parameters frBfanck were re- and WMAP are consistent to within abou@6 in power (see
ported in Planck Collaboration XVI (2014)The Planck 2013  pjanck Collaboration | 2016, for further details). In addition, the
analysis showed that the temperature power spectrum fr@nck beams have been characterized more accurately in the
Planckwas remarkably consistent with a spatially alCDM 2015 data release and there have been minor modi cations to
cosmology speci ed by six parameters, which we will refer tghe |ow-level data processing.
as the base CDM model. However, the cosmological param-  The |ayout of this paper is as follows. Section 2 summarizes
eters of this model were found to be in tension, typically gf number of small changes to the parameter estimation method-
the 23 level, with some other astronomical measurementgiogy since PCP13. The full mission temperature and polariza-
most notably direct estimates of the Hubble constant (Riess etigjn power spectra are presented in Sect. 3. The rst subsection
2011), the matter density determined from distant supernov@gct. 3.1) discusses the changes in the cosmological parameters
(Conley etal. 2011; Rest et al. 2014), and estimates of the a@ithe base CDM cosmology compared to those presented in
plitude of the uctuation spectrum from weak gravitationabp13, Section 3.2 presents an assessment of the impact of fore-
lensing (Heymans et al. 2013; Mandelbaum et al. 2013) and #@und cleaning (using the 545-GHz maps) on the cosmological
abundance of rich clusters of galaxies (Planck Collaboration rameters of the baseCDM model. The power spectra and
2014; Benson et al. 2013; Hassel eld et al. 2013). As reported il3sociated likelihoods are presented in Sect. 3.3. This subsec-
the revised version of PCP13, and discussed further in Sectign also discusses the internal consistency ofRhenck TT,
some of these tensions have been resolved with the acquisition@f andeE spectra. The agreement BE andEE with the TT
more astrophysical data, while other new tensions have emerggsbctra provides an important additional test of the accuracy of
The primary goal of this paper is to present the results frogur foreground corrections to tHeT spectra at high multipoles.
the full Planckmission, including a rst analysis of thelanck PCP13 used the WMAP polarization likelihood at low mul-
polarization data. In addition, this paper introduces some re nipoles to constrain the reionization optical depth parameter
ments in data analysis and addresses thects of small in- The 2015 analysis replaces the WMAP likelihood with polar-
strumental systematics discovered (or better understood) Sif&Rion data from thePlanck Low Frequency Instrument (LFI,
PCP13 appeared. Planck Collaboration 11 2016). The impact of this change @
The Planck 2013 data were not entirely free of systematigliscussed in Sect. 3.4, which also presents an alternative (and
e ects. ThePlanckinstruments and analysis chains are contompetitive) constraint on based on combining thBlanck
plex and our understanding of systematics has improved SincE spectrum with the power spectrum of the lensing poten-
PCP13. The most important of these was the incomplete gd measured bylanck We also compare the LFI polarization
moval of line-like features in the power spectrum of the timesonstraints with the WMAP polarization data cleaned with the
ordered data, caused by interference of the 4-K cooler electrgnanckHFI 353-GHz maps.
ics with the bolometer readout electronics. This resulted in cor- Section 4 compares thianckpower spectra with the power
related systematics across detectors, leading to a small dip dpectra from high-resolution ground-based CMB data from the
the power spectra at multipoles 1800 at 217 GHz, which is Atacama Cosmology Telescope (ACT, Das et al. 2014) and the
South Pole Telescope (SPT, George et al. 2015). This section
Corresponding author: G. Efstathiaipe @ast.cam.ac.uk applies a Gibbs sampling technique to sample over foreground
Planck (http://www.esa.int/Planck ) is a project of the and other nuisance parameters to recover the underlying
European Space Agency (ESA) with instruments provided by two s¢iMB power spectrum at high multipoles (Dunkley et al. 2013;
enti ¢ consortia funded by ESA member states and led by Principglglabrese et al. 2013). Unlike PCP13, in which we combined the
Investigators from France and lItaly, telescope re ectors providgflelihoods of the high-resolution experiments with tanck
through a collaboration between ESA and a scienti ¢ consortium | mperature likelihood, in this paper we use the high-resolution
and funded by Denmark, and additional contributions from NASexperiments mainly to' check the consistency of the damping

(USA). g :
“This paper refers extensively to the earlier 2031&@nck cosmo- tail in the Planckpower spectrum at multipoles2000.

logical parameters paper and CMB power spectra and likelihood paper S€ction 5 introduces  additional ~ data, including
(Planck Collaboration XVI 2014; Planck Collaboration XV 2014). T¢he Planck lensing likelihood (described in detail in
simplify the presentation, these papers will henceforth be referred toRlgnck Collaboration XV 2016) and other astrophysical data
PCP13 and PPL13, respectively. sets. As in PCP13, we are highly selective in the astrophysical
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data sets that we combine witlanck As mentioned above, the 2014; Flauger et al. 2014). The situation is now clearer fol-
main purpose of this paper is to describe whatPtenckdata lowing the joint analysis of BICEP2, Keck Array, and
have to say about cosmology. It is not our purpose to presentRianck data (BICEPZKeck Array and Planck Collaborations
exhaustive discussion of what happens wherPllaackdata are 2015, hereafter BKP); this increases the signal-to-noise ratio on
combined with a wide range of astrophysical data. This can pelarized dust emission primarily by directly cross-correlating
done by others, using the publicly releag@ldnck likelihood. the BICEP2 and Keck Array data at 150 GHz with fRkanck
Nevertheless, some cosmological parameter combinations podarization data at 353 GHz. The results of BKP give a 95%
highly degenerate using CMB power spectrum measuremeunfgper limit on the tensor-to-scalar ratio nfgs < 0:12, with
alone, the most severe being the geometrical degeneracy thmatstatistically signi cant evidence for a primordial gravitational
opens up when spatial curvature is allowed to vary. Baryavave signal. Section 6.2 presents a brief discussion of this result
acoustic oscillation (BAO) measurements are a particulaynd how it ts in with the indirect constraints anderived from
important astrophysical data set. Since BAO surveys involtiee Planck2015 data.
a simple geometrical measurement, these data are less proneur conclusions are summarized in Sect. 7.
to systematic errors than most other astrophysical data. As in
PCP13, BAO measurements are used as a primary astrophys-
ical data set in combination witRlanck to break parameter 2. Model, parameters, and methodology
degeneracies. It is worth mentioning explicitly our approach to
interpreting tensions betwedplanck and other astrophysical The notation, de nitions and methodology used in this paper
data sets. Tensions may be indicators of new physics beydaigely follow those described in PCP13, and so will not be re-
that assumed in the bas€DM model. However, they may alsopeated here. For completeness, we list some derived parameters
be caused by systematic errors in the data. Our primary géhinterestin Sect. 2.2. We have made a small number of modi-
is to reportwhether the Planck data support any evidence fogations to the methodology, as described in Sect. 2.1. We have
new physicslf evidence for new physics is driven primarily byalso made some minor changes to the model of unresolved fore-
astrophysical data, but not Blanck then the emphasis mustgrounds and nuisance parameters used in the ‘higtelihood.
necessarily shift to establishing whether the astrophysical dataese are described in detail in Planck Collaboration XI (2016),
are free of systematics. This type of assessment is beyond lthié to make this paper more self-contained, these changes are
scope of this paper, but sets a course for future research. ~ summarized in Sect. 2.3.

Extensions to the baseCDM cosmology are discussed in
Sect. 6, which explores a large grid of possibilities. In additio,
to these models, we also explore constraints on big bang nu-

cleosynthesis, dark matter annihilation, cosmic defects, and §ge adopt the same general methodology as described in PCP13,
partures from the standard recombination history. As in PCP1gith small modi cations. Our main results are now based on the
we nd no convincing evidence for a departure from the basensed CMB power spectra computed with the updated January
CDM model. As far as we can tell, a simple in ationary modepo15 version of theamly Boltzmann code (Lewis et al. 2000),
with a slightly tilted, purely adiabatic, scalar uctuation specand parameter constraints are based on the January 2015 version

trum ts the Planck data and most other precision astrophysf CosmoMGLewis & Bridle 2002; Lewis 2013). Changes in
ical data. There are some anomalies in this picture, includyur physical modelling are as follows.

ing the poor t to the CMB temperature uctuation spectrum
at low multipoles, as reported by WMAP (Bennett et al. 2003) For each model in which the fraction of baryonic mass in
andin PCP_13, suggestions of de_partures from statistical isotropy helium Yp is not varied independently of other parameters,
at low multipoles (as reviewed in Planck Collaboration XXIII it is now set from the big bang nucleosynthesis (BBN) pre-
2014; Planck Collaboration XVI 2016), and hints of a discrep- diction by interpolation from a recent tting formula based
ancy with the amplitude of the matter uctuation spectrum at on results from thePArthENoPEBBN code (Pisanti et al.
low redshifts (see Sect. 5.5). However, none of these anomalies2008). We now use a xed ducial neutron decay constant
are of decisive statistical signi cance at this stage. of ,=8803s, and also account for the small drence be-
One of the most interesting developments since the ap- tween the mass-fraction rati and the nucleon-based frac-
pearance of PCP13 was the detection by the BICEP2 teamtion YEBN. These modi cations result in changes of about
of a B-mode polarization anisotropy (BICEP2 Collaboration 1% to the inferred value ofp compared to PCP13, giving
2014), apparently in conict with the 95% upper limit best-t valuesYp  0:2453 (YEBN 0:2467) in CDM.
on the tensor-to-scalar ratidpe < 0:11° reported in See Sect. 6.5 for a detailed discussion of the impact of un-
PCP13. Clearly, the detection dd-mode signal from pri- certainties arising from variations of, and nuclear reac-
mordial gravitational waves would have profound conse- tion rates; however, these uncertainties have minimal impact
quences for cosmology and in ationary theory. However, a on our main results. Section 6.5 also corrects a small error
number of studies, in particular an analysis Rianck 353- arising from how the dierence betweehl, = 3:046 and
GHz polarization data, suggested that polarized dust emis- N, = 3 was handled in the BBN tting formula.
sion might contribute a signi cant part of the BICEP2 sig- We have corrected a missing source term in the dark energy
nal (Planck Collaboration Int. XXX 2016; Mortonson & Seljak  modelling forw, 1. The correction of this error has very
little impact on our science results, since it is only important
for values ofw far from 1.

. Theoretical model

3The subscript om refers to the pivot scale in Mpt used to de-

ne the tensor-to-scalar ratio. Fétlanckwe usually quoteq.og, since
a pivot scale of @02 Mpc ! is close to the scale at which there is some To model the small-scale matter power spectrum, we use the

sensitivity to tensor modes in the large-angle temperature power spec- Nalofit — approach (Smith et al. 2003), with the updates of
trum. For a scalar spectrum with no running and a scalar spectral index 1akahashi et al. (2012), as in PCP13, but with revised tting
of ng = 0:965,rg0s 1:12rp002 for smallr. Forr  0:1, assuming the
in ationary consistency relation, we have instegagds  1:08rq.002- 4http://camb.info
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parameters for massive neutrino modeld/e also now in- the shot noise from Poisson uctuations in the number den-
clude thehalofit  corrections when calculating the lensed sity of point sources;
CMB power spectra. the power due to clustering of point sources (loosely referred

) ] ) to as the CIB component);
As in PCP13 we adopt a Bayesian framework for testing 3 thermal Sunyaev-Zeldovich (tSZ) component;
theoretical models. Tests using the pro le likelihood method, 3 kinetic Sunyaev-Zeldovich (kSZ) component;
described in Planck Collaboration Int. XVI (2014), show excel- the cross-correlation between tSZ and CIB.
lent agreement for the mean values of the cosmological pa-
rameters and their errors, for both the baseDM model and | addition, the likelihood includes a number of other nui-
its N extension. Tests have also been carried out using @gnce parameters, such as relative calibrations between frequen-

class Boltzmann code (Lesgourgues 2011) and Mente (jes and beam eigenmode amplitudes. We use the same tem-
Python MCMC code (Audren et al. 2013) in place cdmband p|ates for the tSZ, kSZ, and t82IB cross-correlation as in the

CosmoM@espectively. Again, for at models we nd excellent2013 papers. However, we have made a number of changes to the
agreement with the baseline choices used in this paper. CIB modelling and the priors adopted for the SZeets, which
we now describe in detalil.

2.2. Derived parameters

Our base parameters are de ned as in PCP13, and we also cafg-1- CIB
late the same derived parameters. In addition we now Compute: o 2013 papers, the CIB anisotropies were modelled as a

the helium nucleon fraction de ned BYEEN  4nuey,; power law: |
where standard BBN is assumed, the mid-value deuterium L s — ACIB ©oree
ratio predicted by BBNypp  10°np=ny, using a t from D. = AT, 3000 1)

the PAthENoPEBBN code (Pisanti et al. 2008);

the comoving wavenumber of the perturbation mode thafanckdata alone provide a constraint 1% ,, - and very weak

entered the Hubble radius at matter-radiation equalify constraints on the CIB amplitudes at lower frequencies. PCP13
where this redshift is calculated approximating all neutringgported typical values OASE - =(29 6) K?and ©B =

as relativistic at that time, i.ekeq  &(Zeq)H(Zeq); 0:40 0:15, tted over the range 500 ¢ 2500. The addition
the comoving angular diameter distance to last scattering,the ACT and SPT data ( highL ) led to solutions with steeper
Da(z); ) _ values of ¢g, closer to (8, suggesting that the CIB component
the angular scale of the sound horizon at matter-radiatiqis not well t by a power law.

equality, seq  Is(Zeg)=Da(2 ), Wherers is the sound hori-  pjanckresults on the CIB, using Has a tracer of Galactic
zon andz is the redshift of last scattering; o dust, are discussed in detail in Planck Collaboration XXX
the amplitude of the CMB power spectrubn (' + (2014). In that paper, a model with 1-halo and 2-halo con-

1)C=2 in _KZ’ for® = 40, 220, 810, 1520, and 2000; {ripytions was developed that provides an accurate description
the primordial spectral index of the curvature perturbations the Planckand IRAS CIB spectra from 217 GHz through to
at wavenumbek = 0:002 Mpc !, Nso002 (@s in PCP13, our 3000 GHz. At high multipoles, > 3000, the halo-model spectra
default pivot scale i& = 0:05 Mpc *, so thains  Nsoos); are reasonably well approximated by power laws, with a slope
parameter combinations close to those probed by galaxy ang,  0:8 (though see Sect. 4). At multipoles in the range
CMB lensing (and other external data), speci cally ° 500< ‘ < 2000, corresponding to the transition from the 2-halo
and g s " ) term dominating the clustering power to the 1-halo term domi-
various quantities reported by BAO and redshift-space digating, the Planck Collaboration XXX (2014) templates have a
tortion measurements, as described in Sects. 5.2 and 5.5.dhallower slope, consistent with the results of PCP13. The am-
plitudes of these templates‘at 3000 are
2.3. Changes to the foreground model
° ° . 517 217 = 636 K AL 217 = 1915 K%

Unresolved foregrounds contribute to the temperature power CB o L2 B oaa L2

spectrum and must be modelled to extract accurate cosmolog- a3 143 = 59 K% Argo 100 = 1:4 K= (2)

ical parameters. PPL13 and PCP13 used a parametric approach

to modelling foregrounds, similar to the approach adopted in thte thatin PCP13, the CIB amplitude of the 1437 spectrum

analysis of the SPT and ACT experiments (Reichardt et al. 2019as characterized by a correlation cagent

Dunkley et al. 2013). The unresolved foregrounds are described

by a set of power spectrum templates together with nuisance pa- ACIB e q CIB__ACB . 3)
rameters, which are sampled via MCMC along with the cosmo- 143 217~ "143 217 17 21777143 143

logical parameter$.The components of the extragalactic fore-

ground model consist of: The combinedPlanckt+highL solutions in PCP13 always give a

high correlation coe cient with a 95 % lower limit of &5 >
SResults for neutrino models with galaxy and CMB lensing along:g5 consistent with the model of Eq. (2), which It
use thecambJan 2015 version dfialofit  to avoid problems at large 1 m’ the 2015 analysis, we use the Planyck Collaboration XXX
m; Other results use the previous (April 20hdofit  version. (2014) templates, xing the relative amplitudes at 10000
Our treatment of Galactic dust emission alsoets from that used a%ﬂg 143, and 143 217 to the amplitude of the 217 217

in PPL13 and PCP13. Here we describe changes to the extragal . . . .
model and our treatment of errors in tRéanck absolute calibration, spectrum. Thus, the géB model used in this paper is speci ed by

deferring a discussion of Galactic dust modelling in temperature aR@ly one amplitudefA;;7 ,,,, which is assigned a uniform prior
polarization to Sect. 3. in the range 0 200 K2.
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In PCP13 we solved for the CIB amplitudes the CMB 2.3.3. Absolute Planck calibration

e ective frequenciesf 217 and 143 GHz, and so we include . .
au i ; B ClB qn PCP13, we treated the calibrations of the 100 and 217-GHz
colour corrections in the amplltudeélg17 ,17@NdALZ | 5 (there h Is relati . hi
was no CIB component in the 100100 spectrum). In the 2015 channels relative to 143 GHZ. as nuisance parameters. This was
n approximate way of dealing with small érences in rela-

Planckanalysis, we do not include a colour term since we de n@ librati b i d hiah multiool
CIB o be theactual CIB amplitude measured in thidanck tive calibrations between derent detectors at high multipoles,

217-8V1z band. This is higher by a factor of abotgdcom- Caused by bolometer time-transfer function corrections and in-

pared to the amplitude at the CMB ective frequency of the €rmediate and far sidelobes of tianck beams. In other
Planck217-GHz band. This should be borne in mind by readefrds, we approximated theseets as a purely multiplicative

ina 2015 and 2013 CIB litud lamck  correction to the power spectra over the multipole ranges0
comparing an 8 amplitudes measureglajc 2500. The absolute calibration of the 2(Rfa&nckpower spectra

was therefore xed, by construction, to the absolute calibration
2.3.2. Thermal and kinetic SZ amplitudes of the 143-5 bolometer. Any error in the absolute calibration of
this reference bolometer was not propagated into errors on cos-
In the 2013 papers we assumed template shapes for the therim@bgical parameters. For the 20Pfanck likelihoods we use
(tSZ) and kinetic (kSZ) spectra characterized by two amplitudeg identical relative calibration scheme between 100, 143, and
A'SZ and A%, de ned in equations (26) and (27) of PCP13217 GHz, but we now include an absolute calibration parame-
These amplitudes were assigned uniform priors in the range@r y,, at the map level, for the 143-GHz reference frequency.
10( K)? . We used the Trac etal. (2011) kSZ template spegve adopt a Gaussian prior g centred on unity with a (con-
trum and the = 0:5tSZ template from Efstathiou & Migliaccio servative) dispersion of:P5%. This overall calibration uncer-
(2012). We adopt the same templates for the 2@1&nck tainty is then propagated through to cosmological parameters
analysis, since, for example, the tSZ template is actuallysach asAs and . A discussion of the consistency of the abso-
good match to the results from the recent numerical simulgte calibrations across the niféanckfrequency bands is given
tions of McCarthy et al. (2014). In addition, we previously inin Planck Collaboration | (2016).
cluded a template from Addison et al. (2012) to model the cross-
correlation between the CIB and tSZ emission from clusters of
galaxies. The amplitude of this template was characterized 8y Constraints on the parameters of the base
a dimensionless correlation coeient, 52 '8, which was as- CDM cosmology from  Planck
signed a uniform prior in the range 0 1. The three parameters
ASZ ASZ and 12 CB | gre not well constrained blanck 3.1. Changes in the base CDM parameters compared to
alone. Even when combined with ACT and SPT, the three pa- the 2013 data release

rameters are highly correlated with each other. Marginalizi L .
over 12 CB Reichardt et al. (2012) nd that SPT spectra Cor?]gne principal conclusion of PCP13 was the excellent agreement

strain the linear combination of the base CDM model with the temperature power spectra

measured byPlanck In this subsection, we compare the param-

. Sz ) eters of the base CDM model reported in PCP13 with those

A®C+ 155A = (92 1:3) K= (4) measured from the full-mission 2015 data. Here we restrict the

comparison to the high multipole temperatufer] likelihood

The slight di erences in the coecients compared to the formula(P!us low- polarization), postponing a discussion of the and

tive frequencies used to de ne titanckamplitudesAkSZ and  the 2013 and 2015 analyses are as follows.

ASZ, An investigation of the 201Blanck+highL solutions show

a similar degeneracy direction, which is almost independent @) There have been a number of changes to the low-level

cosmology, even for extensions to the baeDM model: Planckdata processing, as discussed in Planck Collaboration I
(2016) and Planck Collaboration VII (2016). These include:
ASZ = ASZ 4+ 16 AS? = (94 1:4) K2 (5) changes to the ltering applied to remove 4-K cooler lines

from the time-ordered data (TOD); changes to the deglitching
algorithm used to correct the TOD for cosmic ray hits; improved
‘absolute calibration based on the spacecraft orbital dipole and
. . . . . more accurate models of the beams, accounting for the interme-
analysis, we impose a conservative Gaussian PrioARSt &S jiate and far sidelobes. These revisions largely eliminate the cal-
de ned in Eq. (5), with a mean of:9 K* and a dispersion ibration di erence betweelRlanck2013 and WMAP reported in

3 K? (i.e., somewhat broader than the dispersion measured : ;
) ' ; ; C= P13 and Planck Collaboration XXXI (2014), leading to up-
Reichardt et al. 2012). The purpose of imposing this prioAgh ward shifts of the HFI and LFPIanckpowér spez:tra of agprox-p

is tohpr?Velnt the para}meteﬁész andA'S? frorrln wagiderir;(g dinto imately 2.0 % and 1.7 %, respectively. In addition, the mapmak-
unphysical regions of parameter space when uBllagckdata i\, seq for 2015 data processing utilizes polarization destrip-

H H H Z CIB H
alone. We retain the uniform prior of [0,1] fofZ €. As this ing for the polarized HFI detectors (Planck Collaboration VIII
paper was being written, results from the complete 2546d 16).

SPT-SZ survey area appeared (George et al. 2015). These are
consistent with Eq. (5) and in addition constrain the correla-
tion parameter to low values's* ©B = 0:113'0%7 The looser (2) The 2013 papers used WMAP polarization measurements
priors on these parameters adopted in this paper are, howe{ennett et al. 2013) at multipolés 23 to constrain the optical

su cient to eliminate any signi cant sensitivity of cosmologi-depth parameter, this likelihood was denoted WP in the 2013
cal parameters derived froRlanckto the modelling of the SZ papers. In the 2015 analysis, the WMAP polarization likelihood
components. is replaced by ®@lanckpolarization likelihood constructed from

for Planck-WP+highL, which is very close to the degener
acy direction (Eq. 4) measured by SPT. In the 2(Rl&nck
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Table 1. Parameters of the baseCDM cosmology (as de ned in PCP13) determined from the publicly released nominal-mission
CamSpebetSet likelihood [2013N(DS)] and the 2013 full-missiBamSpebetSet and cross-yearly (Y1Y2) likelihoods with the
extended sky coverage [2013F(DS) and 2013F(CY)]. These three likelihoods are combined with the WMAP polarization likelihot
to constrain . The column labelled 2015F(CHM) lists parameters f@anSpecross-half-mission likelihood constructed from

the 2015 maps using similar sky coverage to the 2013F(CY) likelihood (but greater sky coverage at 217 GHzmd doint
source masks, as discussed in the text). The column labelled 2015F (@) (ists parameters for thielik cross-half-mission
likelihood that uses identical sky coverage to @@mSpetikelihood. The 2015 temperature likelihoods are combined with the
PlancklowP likelihood to constrain. The last two columns list the deviations of thék parameters from those of the nominal-
mission and th€amSpel015(CHM) likelihoods. To help refer to speci ¢ columns, we have numbered the rst six explicitly. The
high- likelihoods used here include onlyT spectraHy is given in the usual units of km$Mpc .

[1] Parameter [2] 2013N(DS) [3] 2013F(DS) [4]12013F(CY)  [5]2015F(CHM)  [6] 2015F(CHRIK() (12] [6)= g (5] [6)= 5
100Me « o vove e 104131 0:00063 104126 0:00047 104121 0:00048 104094 0:00048 104086 0:00048 071 Q17
ph2. . 002205 0:00028 002234 0:00023 002230 0:00023 002225 0:00023 002222 0:00023 0:61 013
2 01199 0:0027 01189 00022 01188 0:0022 01194 0:0022 01199 0:0022 000 0:23
Ho o oo 6B 12 678 1.0 678 1.0 6748 0:98 6726 0:98 003 022
Mo oo @603 00073 09665 0.0062 09655 0.0062 09682 0:0062 09652 0:0062 0:67 048
Mo e @15 0:017 0308 0:013 0308 0:013 0313 0013 0316 0:014 0:06 0:23
B oo @829 0:012 0831 0:011 0828 0:012 0829 0:015 0830 0:015 0:08 0:07
............. @89 0:013 0096 0:013 0094 0:013 Q079 0:019 Q078 0:019 085 005
1PAL2 ... 1836 0:013 1833 0:011 1831 0:011 1875 0:014 1881 0:014 3:46 0:42

low-resolution maps o andU polarization measured by LFI atthe sky computed using a Blackwell-Rao estimatorl the likeli-
70 GHz, foreground cleaned using the LFI 30-GHz and HFI 35860d at higher multipoles £50 2500) was constructed from
GHz maps as polarized synchrotron and dust templates, resposs-spectra over the frequency range 100 217 GHz using the
tively, as described in Planck Collaboration XI (2016). After €amSpecoftware (Planck Collaboration XV 2014), which is
comprehensive analysis of survey-to-survey null tests, we foubdsed on the methodology developed in Efstathiou (2004) and
possible low-level residual systematics in Surveys 2 and Bistathiou (2006). At each of thelanck HFI frequencies, the
likely related to the unfavourable alignment of the CMB dipolsky is observed by a number of detectors. For example, at
in those two surveys (for details see Planck Collaboration2ll7 GHz the sky is observed by four unpolarized spider-web
2016). We therefore conservatively use only six of the eighblometers (SWBs) and eight polarization sensitive bolometers
LFI 70-GHz full-sky surveys, excluding Surveys 2 and 4, Th@PSBs). The TOD from the 12 bolometers can be combined to
foreground-cleaned LFI 70-GHz polarization maps are used oygpduce a single map at 217 GHz for any given period of time.
46 % of the sky, together with the temperature map from tféhus, we can produce 217-GHz maps for individual sky surveys
Commandecomponent-separation algorithm over 94 % of th@enoted S1, S2, S3, etc.), or by year (Y1, Y2), or split by half-
sky (see Planck Collaboration IX 2016, for further details), tmission (HM1, HM2). We can also produce a temperature map
form a low- Plancktemperaturgpolarization pixel-based like- from each SWB and a temperature and polarization map from
lihood that extends up to multipole= 29. Use of the polariza- quadruplets of PSBs. For example, at 217 GHz we produce four
tion information in this likelihood is denoted as lowP in thistemperature and two temperattipolarization maps. We refer
paper The optical depth inferred from the lowP likelihood conte these maps as detectors-set maps (or DetSets for short);
bined with thePlanck T Tlikelihood is typically 0:07, and note that the DetSet maps can also be produced for any arbitrary
is about 1 lower than the typical values of 0:09 inferred time period. The high multipole likelihood used in the 2013 pa-
from the WMAP polarization likelihood (see Sect. 3.4) used ipers was computed by cross-correlating HFI DetSet maps for
the 2013 papers. As discussed in Sect. 3.4 (and in more dettad nominal Planckmission extending over 15.5 month&or

in Planck Collaboration XI 2016) the LFI 70-GHz and WMAPthe 2015 papers we use the full-missilanckdata, extending
polarization maps are consistent when both are cleaned with tver 29 months for the HFI and 48 months for the LFI. In the
HFI 353-GHz polarization maps. Planck 2015 analysis, we have produced cross-year and cross-
half-mission likelihoods in addition to a DetSet likelihood. The
baseline 201Plancktemperature-polarization likelihood is also

a hybrid, matching the high-multipole likelihood‘at 30 to the
Planckpixel-based likelihood at lower multipoles.

(3) In the 2013 papers, thelancktemperature likelihood was
a hybrid: over the multipole range=2 49, the likelihood
was based on th€ommandealgorithm applied to 87 % of

7Thr9ughout this paper, we adopt.the_ following Iabe!s for Iikeli(4) The sky coverage used in the 200amSpetikelihood was
hoods: (i))Planck TT denotes the combination of tAeT likelihood at intentionally conservative, retaining ectively 49 % of the sky
multipoles' 30 and a low- temperature-only likelihood based oN2t 100 GHz and 31 % of tf’le sky at 143 and 217 GHhis was

the CMB map recovered witommander(ii) Planck TT+lowP fur- d ¢ that on th t K logical
ther includes th@lanckpolarization data in the lowdikelihood, as de- dON€ to ensure that on the rst exposureRdinckcosmologica

scribed in the main text; (iii) labels such BEnckTE+lowP denote the esults to the community, corrections for Galactic dust emission
TE likelihood at* 30 plus the polarization-only component of theVere demonstrably small and had negligible impact on cosmo-
map-based low-Plancklikelihood; and (iv)Planck TT, TE,EE+lowP . o o
denotes the combination of the likelihood‘at 30 usingTT, TE, Although we analysed &lanck full-mission temperature likeli-
andEE spectra and the lowtemperaturepolarization likelihood. We hood extensively, prior to the release of the 2013 papers.
make occasional use of combinations of the polarization likelihoods at *These quantities are explicitly the apodizecketive 5, calcu-

30 and the temperatureolarization data at low; which we denote lated as the average of the square of the apodized mask values (see
with labels such aRlanck TE+lowT,P. Eq. 10).
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