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ABSTRACT

This paper presents cosmological results based on full-missionPlanckobservations of temperature and polarization anisotropies of the cosmic
microwave background (CMB) radiation. Our results are in very good agreement with the 2013 analysis of thePlancknominal-mission tempera-
ture data, but with increased precision. The temperature and polarization power spectra are consistent with the standard spatially-�at 6-parameter
� CDM cosmology with a power-law spectrum of adiabatic scalar perturbations (denoted �base� CDM� in this paper). From thePlancktempera-
ture data combined withPlancklensing, for this cosmology we �nd a Hubble constant,H0 = (67:8� 0:9) km s� 1Mpc� 1, a matter density parameter

 m = 0:308� 0:012, and a tilted scalar spectral index withns = 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 measure-
ments with the Low Frequency Instrument at large angular scales. Combined with thePlancktemperature and lensing data, these measurements
give a reionization optical depth of� = 0:066 � 0:016, corresponding to a reionization redshift ofzre = 8:8+1:7

� 1:4. These results are consistent with
those from WMAP polarization measurements cleaned for dust emission using 353-GHz polarization maps from the High Frequency Instrument.
We �nd no evidence for any departure from base� CDM in the neutrino sector of the theory; for example, combiningPlanckobservations with
other astrophysical data we �ndNe� = 3:15� 0:23 for the e� ective number of relativistic degrees of freedom, consistent with the valueNe� = 3:046
of the Standard Model of particle physics. The sum of neutrino masses is constrained to

P
m� < 0:23 eV. The spatial curvature of our Universe is

found to be very close to zero, withj
 K j < 0:005. Adding a tensor component as a single-parameter extension to base� CDM we �nd an upper
limit on the tensor-to-scalar ratio ofr0:002 < 0:11, consistent with thePlanck2013 results and consistent with theB-mode polarization constraints
from a joint analysis of BICEP2,Keck Array, andPlanck(BKP) data. Adding the BKPB-mode data to our analysis leads to a tighter constraint of
r0:002 < 0:09 and disfavours in�ationary models with aV(� ) / � 2 potential. The addition ofPlanckpolarization 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 cos-
mic defects. CombiningPlanckdata with other astrophysical data, including Type Ia supernovae, the equation of state of dark energy is constrained
to w = � 1:006� 0:045, consistent with the expected value for a cosmological constant. The standard big bang nucleosynthesis predictions for the
helium and deuterium abundances for the best-�tPlanckbase� 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 evidence
for new physics. ThePlanckresults for base� CDM are in good agreement with baryon acoustic oscillation data and with the JLA sample of Type
Ia supernovae. However, as in the 2013 analysis, the amplitude of the �uctuation spectrum is found to be higher than inferred from some analyses
of rich cluster counts and weak gravitational lensing. We show that these tensions cannot easily be resolved with simple modi�cations of the base
� CDM cosmology. Apart from these tensions, the base� CDM cosmology provides an excellent description of thePlanckCMB observations and
many other astrophysical data sets.

Key words. Cosmology: observations � Cosmology: theory � cosmic microwave background � cosmological parameters 1
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1. Introduction

The cosmic microwave background (CMB) radiation o� ers an
extremely powerful way of testing the origin of �uctuations and
of constraining the matter content, geometry, and late-time evo-
lution of the Universe. Following the discovery of anisotropies
in the CMB by the COBE satellite (Smoot et al. 1992), ground-
based, sub-orbital experiments and notably the WMAP satellite
(Bennett et al. 2003, 2013) have mapped the CMB anisotropies
with increasingly high precision, providing a wealth of new in-
formation on cosmology.

Planck1 is the third-generation space mission, follow-
ing COBE and WMAP, dedicated to measurements of the
CMB anisotropies. The �rst cosmological results fromPlanck
were reported in a series of papers (for an overview see
Planck Collaboration I 2014, and references therein) together
with a public release of the �rst 15.5 months of temperature
data (which we will refer to as the nominal mission data).
Constraints on cosmological parameters fromPlanck were re-
ported in Planck Collaboration XVI (2014).2 The Planck 2013
analysis showed that the temperature power spectrum from
Planck was remarkably consistent with a spatially �at� CDM
cosmology speci�ed by six parameters, which we will refer to
as the base� CDM model. However, the cosmological param-
eters of this model were found to be in tension, typically at
the 2�3 � level, with some other astronomical measurements,
most notably direct estimates of the Hubble constant (Riess et al.
2011), the matter density determined from distant supernovae
(Conley et al. 2011; Rest et al. 2014), and estimates of the am-
plitude of the �uctuation spectrum from weak gravitational
lensing (Heymans et al. 2013; Mandelbaum et al. 2013) and the
abundance of rich clusters of galaxies (Planck Collaboration XX
2014; Benson et al. 2013; Hassel�eld et al. 2013). As reported in
the revised version of PCP13, and discussed further in Sect. 5,
some of these tensions have been resolved with the acquisition of
more astrophysical data, while other new tensions have emerged.

The primary goal of this paper is to present the results from
the full Planckmission, including a �rst analysis of thePlanck
polarization data. In addition, this paper introduces some re�ne-
ments in data analysis and addresses the e� ects of small in-
strumental systematics discovered (or better understood) since
PCP13 appeared.

The Planck 2013 data were not entirely free of systematic
e� ects. ThePlanck instruments and analysis chains are com-
plex and our understanding of systematics has improved since
PCP13. The most important of these was the incomplete re-
moval of line-like features in the power spectrum of the time-
ordered data, caused by interference of the 4-K cooler electron-
ics with the bolometer readout electronics. This resulted in cor-
related systematics across detectors, leading to a small �dip� in
the power spectra at multipoles‘ � 1800 at 217 GHz, which is

� Corresponding author: G. Efstathiou,gpe@ast.cam.ac.uk
1Planck (http://www.esa.int/Planck ) is a project of the

European Space Agency (ESA) with instruments provided by two sci-
enti�c consortia funded by ESA member states and led by Principal
Investigators from France and Italy, telescope re�ectors provided
through a collaboration between ESA and a scienti�c consortium led
and funded by Denmark, and additional contributions from NASA
(USA).

2This paper refers extensively to the earlier 2013Planck cosmo-
logical parameters paper and CMB power spectra and likelihood paper
(Planck Collaboration XVI 2014; Planck Collaboration XV 2014). To
simplify the presentation, these papers will henceforth be referred to as
PCP13 and PPL13, respectively.

most noticeable in the �rst sky survey. Various tests were pre-
sented in PCP13 that suggested that this systematic caused only
small shifts to cosmological parameters. Further analyses, based
on the full mission data from the HFI (29 months, 4.8 sky sur-
veys) are consistent with this conclusion (see Sect. 3). In addi-
tion, we discovered a minor error in the beam transfer functions
applied to the 2013 217-GHz spectra, which had negligible im-
pact on the scienti�c results. Another feature of thePlanckdata,
not fully understood at the time of the 2013 data release, was a
2:6 % calibration o� set (in power) betweenPlanckand WMAP
(reported in PCP13, see also Planck Collaboration XXXI 2014).
As discussed in Appendix A of PCP13, the 2013Planck and
WMAP power spectra agree to high precision if this multiplica-
tive factor is taken into account and it has no signi�cant im-
pact on cosmological parameters apart from a rescaling of the
amplitude of the primordial �uctuation spectrum. The reasons
for the 2013 calibration o� sets are now largely understood and
in the 2015 release the calibrations of bothPlanck instruments
and WMAP are consistent to within about 0:3 % in power (see
Planck Collaboration I 2016, for further details). In addition, the
Planck beams have been characterized more accurately in the
2015 data release and there have been minor modi�cations to
the low-level data processing.

The layout of this paper is as follows. Section 2 summarizes
a number of small changes to the parameter estimation method-
ology since PCP13. The full mission temperature and polariza-
tion power spectra are presented in Sect. 3. The �rst subsection
(Sect. 3.1) discusses the changes in the cosmological parameters
of the base� CDM cosmology compared to those presented in
2013. Section 3.2 presents an assessment of the impact of fore-
ground cleaning (using the 545-GHz maps) on the cosmological
parameters of the base� CDM model. The power spectra and
associated likelihoods are presented in Sect. 3.3. This subsec-
tion also discusses the internal consistency of thePlanck TT,
T E, andEE spectra. The agreement ofT E andEE with theTT
spectra provides an important additional test of the accuracy of
our foreground corrections to theTT spectra at high multipoles.

PCP13 used the WMAP polarization likelihood at low mul-
tipoles to constrain the reionization optical depth parameter� .
The 2015 analysis replaces the WMAP likelihood with polar-
ization data from thePlanck Low Frequency Instrument (LFI,
Planck Collaboration II 2016). The impact of this change on� is
discussed in Sect. 3.4, which also presents an alternative (and
competitive) constraint on� based on combining thePlanck
TT spectrum with the power spectrum of the lensing poten-
tial measured byPlanck. We also compare the LFI polarization
constraints with the WMAP polarization data cleaned with the
PlanckHFI 353-GHz maps.

Section 4 compares thePlanckpower spectra with the power
spectra from high-resolution ground-based CMB data from the
Atacama Cosmology Telescope (ACT, Das et al. 2014) and the
South Pole Telescope (SPT, George et al. 2015). This section
applies a Gibbs sampling technique to sample over foreground
and other �nuisance� parameters to recover the underlying
CMB power spectrum at high multipoles (Dunkley et al. 2013;
Calabrese et al. 2013). Unlike PCP13, in which we combined the
likelihoods of the high-resolution experiments with thePlanck
temperature likelihood, in this paper we use the high-resolution
experiments mainly to check the consistency of the �damping
tail� in the Planckpower spectrum at multipoles>� 2000.

Section 5 introduces additional data, including
the Planck lensing likelihood (described in detail in
Planck Collaboration XV 2016) and other astrophysical data
sets. As in PCP13, we are highly selective in the astrophysical

gpe@ast.cam.ac.uk
http://www.esa.int/Planck
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data sets that we combine withPlanck. As mentioned above, the
main purpose of this paper is to describe what thePlanckdata
have to say about cosmology. It is not our purpose to present an
exhaustive discussion of what happens when thePlanckdata are
combined with a wide range of astrophysical data. This can be
done by others, using the publicly releasedPlanck likelihood.
Nevertheless, some cosmological parameter combinations are
highly degenerate using CMB power spectrum measurements
alone, the most severe being the �geometrical degeneracy� that
opens up when spatial curvature is allowed to vary. Baryon
acoustic oscillation (BAO) measurements are a particularly
important astrophysical data set. Since BAO surveys involve
a simple geometrical measurement, these data are less prone
to systematic errors than most other astrophysical data. As in
PCP13, BAO measurements are used as a primary astrophys-
ical data set in combination withPlanck to break parameter
degeneracies. It is worth mentioning explicitly our approach to
interpreting tensions betweenPlanck and other astrophysical
data sets. Tensions may be indicators of new physics beyond
that assumed in the base� CDM model. However, they may also
be caused by systematic errors in the data. Our primary goal
is to reportwhether the Planck data support any evidence for
new physics.If evidence for new physics is driven primarily by
astrophysical data, but not byPlanck, then the emphasis must
necessarily shift to establishing whether the astrophysical data
are free of systematics. This type of assessment is beyond the
scope of this paper, but sets a course for future research.

Extensions to the base� CDM cosmology are discussed in
Sect. 6, which explores a large grid of possibilities. In addition
to these models, we also explore constraints on big bang nu-
cleosynthesis, dark matter annihilation, cosmic defects, and de-
partures from the standard recombination history. As in PCP13,
we �nd no convincing evidence for a departure from the base
� CDM model. As far as we can tell, a simple in�ationary model
with a slightly tilted, purely adiabatic, scalar �uctuation spec-
trum �ts the Planck data and most other precision astrophys-
ical data. There are some �anomalies� in this picture, includ-
ing the poor �t to the CMB temperature �uctuation spectrum
at low multipoles, as reported by WMAP (Bennett et al. 2003)
and in PCP13, suggestions of departures from statistical isotropy
at low multipoles (as reviewed in Planck Collaboration XXIII
2014; Planck Collaboration XVI 2016), and hints of a discrep-
ancy with the amplitude of the matter �uctuation spectrum at
low redshifts (see Sect. 5.5). However, none of these anomalies
are of decisive statistical signi�cance at this stage.

One of the most interesting developments since the ap-
pearance of PCP13 was the detection by the BICEP2 team
of a B-mode polarization anisotropy (BICEP2 Collaboration
2014), apparently in con�ict with the 95 % upper limit
on the tensor-to-scalar ratio,r0:002 < 0:11,3 reported in
PCP13. Clearly, the detection ofB-mode signal from pri-
mordial gravitational waves would have profound conse-
quences for cosmology and in�ationary theory. However, a
number of studies, in particular an analysis ofPlanck 353-
GHz polarization data, suggested that polarized dust emis-
sion might contribute a signi�cant part of the BICEP2 sig-
nal (Planck Collaboration Int. XXX 2016; Mortonson & Seljak

3The subscript onr refers to the pivot scale in Mpc� 1 used to de-
�ne the tensor-to-scalar ratio. ForPlanckwe usually quoter0:002, since
a pivot scale of 0:002 Mpc� 1 is close to the scale at which there is some
sensitivity to tensor modes in the large-angle temperature power spec-
trum. For a scalar spectrum with no running and a scalar spectral index
of ns = 0:965,r0:05 � 1:12r0:002 for small r. For r � 0:1, assuming the
in�ationary consistency relation, we have insteadr0:05 � 1:08r0:002.

2014; Flauger et al. 2014). The situation is now clearer fol-
lowing the joint analysis of BICEP2, Keck Array, and
Planck data (BICEP2/Keck Array and Planck Collaborations
2015, hereafter BKP); this increases the signal-to-noise ratio on
polarized dust emission primarily by directly cross-correlating
the BICEP2 and Keck Array data at 150 GHz with thePlanck
polarization data at 353 GHz. The results of BKP give a 95 %
upper limit on the tensor-to-scalar ratio ofr0:05 < 0:12, with
no statistically signi�cant evidence for a primordial gravitational
wave signal. Section 6.2 presents a brief discussion of this result
and how it �ts in with the indirect constraints onr derived from
thePlanck2015 data.

Our conclusions are summarized in Sect. 7.

2. Model, parameters, and methodology

The notation, de�nitions and methodology used in this paper
largely follow those described in PCP13, and so will not be re-
peated here. For completeness, we list some derived parameters
of interest in Sect. 2.2. We have made a small number of modi-
�cations to the methodology, as described in Sect. 2.1. We have
also made some minor changes to the model of unresolved fore-
grounds and nuisance parameters used in the high-‘ likelihood.
These are described in detail in Planck Collaboration XI (2016),
but to make this paper more self-contained, these changes are
summarized in Sect. 2.3.

2.1. Theoretical model

We adopt the same general methodology as described in PCP13,
with small modi�cations. Our main results are now based on the
lensed CMB power spectra computed with the updated January
2015 version of thecamb4 Boltzmann code (Lewis et al. 2000),
and parameter constraints are based on the January 2015 version
of CosmoMC(Lewis & Bridle 2002; Lewis 2013). Changes in
our physical modelling are as follows.

� For each model in which the fraction of baryonic mass in
helium YP is not varied independently of other parameters,
it is now set from the big bang nucleosynthesis (BBN) pre-
diction by interpolation from a recent �tting formula based
on results from thePArthENoPEBBN code (Pisanti et al.
2008). We now use a �xed �ducial neutron decay constant
of � n = 880:3 s, and also account for the small di� erence be-
tween the mass-fraction ratioYP and the nucleon-based frac-
tion YBBN

P . These modi�cations result in changes of about
1 % to the inferred value ofYP compared to PCP13, giving
best-�t valuesYP � 0:2453 (YBBN

P � 0:2467) in � CDM.
See Sect. 6.5 for a detailed discussion of the impact of un-
certainties arising from variations of� n and nuclear reac-
tion rates; however, these uncertainties have minimal impact
on our main results. Section 6.5 also corrects a small error
arising from how the di� erence betweenNe� = 3:046 and
Ne� = 3 was handled in the BBN �tting formula.

� We have corrected a missing source term in the dark energy
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.

� To model the small-scale matter power spectrum, we use the
halofit approach (Smith et al. 2003), with the updates of
Takahashi et al. (2012), as in PCP13, but with revised �tting

4http://camb.info

3
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parameters for massive neutrino models.5 We also now in-
clude thehalofit corrections when calculating the lensed
CMB power spectra.

As in PCP13 we adopt a Bayesian framework for testing
theoretical models. Tests using the �pro�le likelihood� method,
described in Planck Collaboration Int. XVI (2014), show excel-
lent agreement for the mean values of the cosmological pa-
rameters and their errors, for both the base� CDM model and
its Ne� extension. Tests have also been carried out using the
class Boltzmann code (Lesgourgues 2011) and theMonte
Python MCMC code (Audren et al. 2013) in place ofcamband
CosmoMC, respectively. Again, for �at models we �nd excellent
agreement with the baseline choices used in this paper.

2.2. Derived parameters

Our base parameters are de�ned as in PCP13, and we also calcu-
late the same derived parameters. In addition we now compute:

� the helium nucleon fraction de�ned byYBBN
P � 4nHe=nb;

� where standard BBN is assumed, the mid-value deuterium
ratio predicted by BBN,yDP � 105nD=nH, using a �t from
thePArthENoPEBBN code (Pisanti et al. 2008);

� the comoving wavenumber of the perturbation mode that
entered the Hubble radius at matter-radiation equalityzeq,
where this redshift is calculated approximating all neutrinos
as relativistic at that time, i.e.,keq � a(zeq)H(zeq);

� the comoving angular diameter distance to last scattering,
DA(z� );

� the angular scale of the sound horizon at matter-radiation
equality, � s;eq � rs(zeq)=DA(z� ), wherers is the sound hori-
zon andz� is the redshift of last scattering;

� the amplitude of the CMB power spectrumD ‘ � ‘ (‘ +
1)C‘ =2� in � K2, for ‘ = 40, 220, 810, 1520, and 2000;

� the primordial spectral index of the curvature perturbations
at wavenumberk = 0:002 Mpc� 1, ns;0:002 (as in PCP13, our
default pivot scale isk = 0:05 Mpc� 1, so thatns � ns;0:05);

� parameter combinations close to those probed by galaxy and
CMB lensing (and other external data), speci�cally� 8
 0:5

m
and� 8
 0:25

m ;
� various quantities reported by BAO and redshift-space dis-

tortion measurements, as described in Sects. 5.2 and 5.5.1.

2.3. Changes to the foreground model

Unresolved foregrounds contribute to the temperature power
spectrum and must be modelled to extract accurate cosmolog-
ical parameters. PPL13 and PCP13 used a parametric approach
to modelling foregrounds, similar to the approach adopted in the
analysis of the SPT and ACT experiments (Reichardt et al. 2012;
Dunkley et al. 2013). The unresolved foregrounds are described
by a set of power spectrum templates together with nuisance pa-
rameters, which are sampled via MCMC along with the cosmo-
logical parameters.6 The components of the extragalactic fore-
ground model consist of:

5Results for neutrino models with galaxy and CMB lensing alone
use thecambJan 2015 version ofhalofit to avoid problems at large

 m; other results use the previous (April 2014)halofit version.

6Our treatment of Galactic dust emission also di� ers from that used
in PPL13 and PCP13. Here we describe changes to the extragalactic
model and our treatment of errors in thePlanck absolute calibration,
deferring a discussion of Galactic dust modelling in temperature and
polarization to Sect. 3.

� the shot noise from Poisson �uctuations in the number den-
sity of point sources;

� the power due to clustering of point sources (loosely referred
to as the CIB component);

� a thermal Sunyaev-Zeldovich (tSZ) component;
� a kinetic Sunyaev-Zeldovich (kSZ) component;
� the cross-correlation between tSZ and CIB.

In addition, the likelihood includes a number of other nui-
sance parameters, such as relative calibrations between frequen-
cies, and beam eigenmode amplitudes. We use the same tem-
plates for the tSZ, kSZ, and tSZ/CIB cross-correlation as in the
2013 papers. However, we have made a number of changes to the
CIB modelling and the priors adopted for the SZ e� ects, which
we now describe in detail.

2.3.1. CIB

In the 2013 papers, the CIB anisotropies were modelled as a
power law:

D � 1� � 2
‘ = ACIB

� 1� � 2

 
‘

3000

! 
 CIB

: (1)

Planckdata alone provide a constraint onACIB
217� 217 and very weak

constraints on the CIB amplitudes at lower frequencies. PCP13
reported typical values ofACIB

217� 217 = (29 � 6) � K2 and 
 CIB =
0:40 � 0:15, �tted over the range 500� ‘ � 2500. The addition
of the ACT and SPT data (�highL�) led to solutions with steeper
values of
 CIB, closer to 0:8, suggesting that the CIB component
was not well �t by a power law.

Planck results on the CIB, using Hi as a tracer of Galactic
dust, are discussed in detail in Planck Collaboration XXX
(2014). In that paper, a model with 1-halo and 2-halo con-
tributions was developed that provides an accurate description
of the Planckand IRAS CIB spectra from 217 GHz through to
3000 GHz. At high multipoles,‘ >� 3000, the halo-model spectra
are reasonably well approximated by power laws, with a slope

 CIB � 0:8 (though see Sect. 4). At multipoles in the range
500<� ‘ <� 2000, corresponding to the transition from the 2-halo
term dominating the clustering power to the 1-halo term domi-
nating, the Planck Collaboration XXX (2014) templates have a
shallower slope, consistent with the results of PCP13. The am-
plitudes of these templates at‘ = 3000 are

ACIB
217� 217 = 63:6 � K2; ACIB

143� 217 = 19:1; � K2;

ACIB
143� 143 = 5:9 � K2; ACIB

100� 100 = 1:4 � K2: (2)

Note that in PCP13, the CIB amplitude of the 143� 217 spectrum
was characterized by a correlation coe� cient

ACIB
143� 217 = rCIB

143� 217

q
ACIB

217� 217A
CIB
143� 143: (3)

The combinedPlanck+highL solutions in PCP13 always give a
high correlation coe� cient with a 95 % lower limit ofrCIB

143� 217
>�

0:85, consistent with the model of Eq. (2), which hasrCIB
143� 217 �

1. In the 2015 analysis, we use the Planck Collaboration XXX
(2014) templates, �xing the relative amplitudes at 100� 100,
143 � 143, and 143� 217 to the amplitude of the 217� 217
spectrum. Thus, the CIB model used in this paper is speci�ed by
only one amplitude,ACIB

217� 217, which is assigned a uniform prior
in the range 0�200� K2.
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In PCP13 we solved for the CIB amplitudesat the CMB
e� ective frequenciesof 217 and 143 GHz, and so we included
colour corrections in the amplitudesACIB

217� 217 andACIB
143� 143 (there

was no CIB component in the 100� 100 spectrum). In the 2015
Planckanalysis, we do not include a colour term since we de�ne
ACIB

217� 217 to be theactualCIB amplitude measured in thePlanck
217-GHz band. This is higher by a factor of about 1:33 com-
pared to the amplitude at the CMB e� ective frequency of the
Planck217-GHz band. This should be borne in mind by readers
comparing 2015 and 2013 CIB amplitudes measured byPlanck.

2.3.2. Thermal and kinetic SZ amplitudes

In the 2013 papers we assumed template shapes for the thermal
(tSZ) and kinetic (kSZ) spectra characterized by two amplitudes,
AtSZ and AkSZ, de�ned in equations (26) and (27) of PCP13.
These amplitudes were assigned uniform priors in the range 0�
10 (� K)2 . We used the Trac et al. (2011) kSZ template spec-
trum and the� = 0:5 tSZ template from Efstathiou & Migliaccio
(2012). We adopt the same templates for the 2015Planck
analysis, since, for example, the tSZ template is actually a
good match to the results from the recent numerical simula-
tions of McCarthy et al. (2014). In addition, we previously in-
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 by
a dimensionless correlation coe� cient, � tSZ� CIB, which was as-
signed a uniform prior in the range 0�1. The three parameters
AtSZ, AkSZ, and � tSZ� CIB, are not well constrained byPlanck
alone. Even when combined with ACT and SPT, the three pa-
rameters are highly correlated with each other. Marginalizing
over � tSZ� CIB, Reichardt et al. (2012) �nd that SPT spectra con-
strain the linear combination

AkSZ + 1:55AtSZ = (9:2 � 1:3) � K2: (4)

The slight di� erences in the coe� cients compared to the formula
given in Reichardt et al. (2012) come from the di� erent e� ec-
tive frequencies used to de�ne thePlanckamplitudesAkSZ and
AtSZ. An investigation of the 2013Planck+highL solutions show
a similar degeneracy direction, which is almost independent of
cosmology, even for extensions to the base� CDM model:

ASZ = AkSZ + 1:6AtSZ = (9:4 � 1:4) � K2 (5)

for Planck+WP+highL, which is very close to the degener-
acy direction (Eq. 4) measured by SPT. In the 2015Planck
analysis, we impose a conservative Gaussian prior forASZ, as
de�ned in Eq. (5), with a mean of 9:5 � K2 and a dispersion
3� K2 (i.e., somewhat broader than the dispersion measured by
Reichardt et al. 2012). The purpose of imposing this prior onASZ

is to prevent the parametersAkSZ andAtSZ from wandering into
unphysical regions of parameter space when usingPlanckdata
alone. We retain the uniform prior of [0,1] for� tSZ� CIB. As this
paper was being written, results from the complete 2540 deg2

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,� tSZ� CIB = 0:113+0:057

� 0:054. The looser
priors on these parameters adopted in this paper are, however,
su� cient to eliminate any signi�cant sensitivity of cosmologi-
cal parameters derived fromPlanck to the modelling of the SZ
components.

2.3.3. Absolute Planck calibration

In PCP13, we treated the calibrations of the 100 and 217-GHz
channels relative to 143 GHz as nuisance parameters. This was
an approximate way of dealing with small di� erences in rela-
tive calibrations between di� erent detectors at high multipoles,
caused by bolometer time-transfer function corrections and in-
termediate and far sidelobes of thePlanck beams. In other
words, we approximated these e� ects as a purely multiplicative
correction to the power spectra over the multipole range‘ = 50�
2500. The absolute calibration of the 2013Planckpower spectra
was therefore �xed, by construction, to the absolute calibration
of the 143-5 bolometer. Any error in the absolute calibration of
this reference bolometer was not propagated into errors on cos-
mological parameters. For the 2015Planck likelihoods we use
an identical relative calibration scheme between 100, 143, and
217 GHz, but we now include an absolute calibration parame-
ter yp, at the map level, for the 143-GHz reference frequency.
We adopt a Gaussian prior onyp centred on unity with a (con-
servative) dispersion of 0:25 %. This overall calibration uncer-
tainty is then propagated through to cosmological parameters
such asAs and� 8. A discussion of the consistency of the abso-
lute calibrations across the ninePlanckfrequency bands is given
in Planck Collaboration I (2016).

3. Constraints on the parameters of the base
� CDM cosmology from Planck

3.1. Changes in the base � CDM parameters compared to
the 2013 data release

The principal conclusion of PCP13 was the excellent agreement
of the base� CDM model with the temperature power spectra
measured byPlanck. In this subsection, we compare the param-
eters of the base� CDM model reported in PCP13 with those
measured from the full-mission 2015 data. Here we restrict the
comparison to the high multipole temperature (TT) likelihood
(plus low-‘ polarization), postponing a discussion of theT E and
EE likelihood blocks to Sect. 3.2. The main di� erences between
the 2013 and 2015 analyses are as follows.

(1) There have been a number of changes to the low-level
Planckdata processing, as discussed in Planck Collaboration II
(2016) and Planck Collaboration VII (2016). These include:
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-
diate and far sidelobes. These revisions largely eliminate the cal-
ibration di� erence betweenPlanck-2013 and WMAP reported in
PCP13 and Planck Collaboration XXXI (2014), leading to up-
ward shifts of the HFI and LFIPlanckpower spectra of approx-
imately 2.0 % and 1.7 %, respectively. In addition, the mapmak-
ing used for 2015 data processing utilizes �polarization destrip-
ing� for the polarized HFI detectors (Planck Collaboration VIII
2016).

(2) The 2013 papers used WMAP polarization measurements
(Bennett et al. 2013) at multipoles‘ � 23 to constrain the optical
depth parameter� ; this likelihood was denoted �WP� in the 2013
papers. In the 2015 analysis, the WMAP polarization likelihood
is replaced by aPlanckpolarization likelihood constructed from
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Table 1.Parameters of the base� CDM cosmology (as de�ned in PCP13) determined from the publicly released nominal-mission
CamSpecDetSet likelihood [2013N(DS)] and the 2013 full-missionCamSpecDetSet and cross-yearly (Y1� Y2) likelihoods with the
extended sky coverage [2013F(DS) and 2013F(CY)]. These three likelihoods are combined with the WMAP polarization likelihood
to constrain� . The column labelled 2015F(CHM) lists parameters for aCamSpeccross-half-mission likelihood constructed from
the 2015 maps using similar sky coverage to the 2013F(CY) likelihood (but greater sky coverage at 217 GHz and di� erent point
source masks, as discussed in the text). The column labelled 2015F(CHM) (Plik ) lists parameters for thePlik cross-half-mission
likelihood that uses identical sky coverage to theCamSpeclikelihood. The 2015 temperature likelihoods are combined with the
PlancklowP likelihood to constrain� . The last two columns list the deviations of thePlik parameters from those of the nominal-
mission and theCamSpec2015(CHM) likelihoods. To help refer to speci�c columns, we have numbered the �rst six explicitly. The
high-‘ likelihoods used here include onlyTT spectra.H0 is given in the usual units of km s� 1 Mpc� 1.

[1] Parameter [2] 2013N(DS) [3] 2013F(DS) [4] 2013F(CY) [5] 2015F(CHM) [6] 2015F(CHM) (Plik ) ([2] � [6])=� [6] ([5] � [6])=� [5]

100� MC . . . . . . . . . 1:04131� 0:00063 1:04126� 0:00047 1:04121� 0:00048 1:04094� 0:00048 1:04086� 0:00048 0:71 0:17

 bh2 . . . . . . . . . . . 0:02205� 0:00028 0:02234� 0:00023 0:02230� 0:00023 0:02225� 0:00023 0:02222� 0:00023 � 0:61 0:13

 ch2 . . . . . . . . . . . 0:1199� 0:0027 0:1189� 0:0022 0:1188� 0:0022 0:1194� 0:0022 0:1199� 0:0022 0:00 � 0:23
H0 . . . . . . . . . . . . 67:3 � 1:2 67:8 � 1:0 67:8 � 1:0 67:48 � 0:98 67:26 � 0:98 0:03 0:22
ns . . . . . . . . . . . . 0:9603� 0:0073 0:9665� 0:0062 0:9655� 0:0062 0:9682� 0:0062 0:9652� 0:0062 � 0:67 0:48

 m . . . . . . . . . . . . 0:315� 0:017 0:308� 0:013 0:308� 0:013 0:313� 0:013 0:316� 0:014 � 0:06 � 0:23
� 8 . . . . . . . . . . . . 0:829� 0:012 0:831� 0:011 0:828� 0:012 0:829� 0:015 0:830� 0:015 � 0:08 � 0:07
� . . . . . . . . . . . . . 0:089� 0:013 0:096� 0:013 0:094� 0:013 0:079� 0:019 0:078� 0:019 0:85 0:05
109Ase� 2� . . . . . . . . 1:836� 0:013 1:833� 0:011 1:831� 0:011 1:875� 0:014 1:881� 0:014 � 3:46 � 0:42

low-resolution maps ofQ andU polarization measured by LFI at
70 GHz, foreground cleaned using the LFI 30-GHz and HFI 353-
GHz maps as polarized synchrotron and dust templates, respec-
tively, as described in Planck Collaboration XI (2016). After a
comprehensive analysis of survey-to-survey null tests, we found
possible low-level residual systematics in Surveys 2 and 4,
likely related to the unfavourable alignment of the CMB dipole
in those two surveys (for details see Planck Collaboration II
2016). We therefore conservatively use only six of the eight
LFI 70-GHz full-sky surveys, excluding Surveys 2 and 4, The
foreground-cleaned LFI 70-GHz polarization maps are used over
46 % of the sky, together with the temperature map from the
Commandercomponent-separation algorithm over 94 % of the
sky (see Planck Collaboration IX 2016, for further details), to
form a low-‘ Plancktemperature+polarization pixel-based like-
lihood that extends up to multipole‘ = 29. Use of the polariza-
tion information in this likelihood is denoted as �lowP� in this
paper The optical depth inferred from the lowP likelihood com-
bined with thePlanck TT likelihood is typically � � 0:07, and
is about 1� lower than the typical values of� � 0:09 inferred
from the WMAP polarization likelihood (see Sect. 3.4) used in
the 2013 papers. As discussed in Sect. 3.4 (and in more detail
in Planck Collaboration XI 2016) the LFI 70-GHz and WMAP
polarization maps are consistent when both are cleaned with the
HFI 353-GHz polarization maps.7

(3) In the 2013 papers, thePlanck temperature likelihood was
a hybrid: over the multipole range‘ = 2�49, the likelihood
was based on theCommanderalgorithm applied to 87 % of

7Throughout this paper, we adopt the following labels for likeli-
hoods: (i)PlanckTT denotes the combination of theTT likelihood at
multipoles ‘ � 30 and a low-‘ temperature-only likelihood based on
the CMB map recovered withCommander; (ii) Planck TT+lowP fur-
ther includes thePlanckpolarization data in the low-‘ likelihood, as de-
scribed in the main text; (iii) labels such asPlanckTE+lowP denote the
T E likelihood at ‘ � 30 plus the polarization-only component of the
map-based low-‘ Planck likelihood; and (iv)PlanckTT,TE,EE+lowP
denotes the combination of the likelihood at‘ � 30 usingTT, T E,
andEE spectra and the low-‘ temperature+polarization likelihood. We
make occasional use of combinations of the polarization likelihoods at
‘ � 30 and the temperature+polarization data at low-‘ , which we denote
with labels such asPlanckTE+lowT,P.

the sky computed using a Blackwell-Rao estimatorl the likeli-
hood at higher multipoles (‘ =50�2500) was constructed from
cross-spectra over the frequency range 100�217 GHz using the
CamSpecsoftware (Planck Collaboration XV 2014), which is
based on the methodology developed in Efstathiou (2004) and
Efstathiou (2006). At each of thePlanck HFI frequencies, the
sky is observed by a number of detectors. For example, at
217 GHz the sky is observed by four unpolarized spider-web
bolometers (SWBs) and eight polarization sensitive bolometers
(PSBs). The TOD from the 12 bolometers can be combined to
produce a single map at 217 GHz for any given period of time.
Thus, we can produce 217-GHz maps for individual sky surveys
(denoted S1, S2, S3, etc.), or by year (Y1, Y2), or split by half-
mission (HM1, HM2). We can also produce a temperature map
from each SWB and a temperature and polarization map from
quadruplets of PSBs. For example, at 217 GHz we produce four
temperature and two temperature+polarization maps. We refer
to these maps as detectors-set maps (or �DetSets� for short);
note that the DetSet maps can also be produced for any arbitrary
time period. The high multipole likelihood used in the 2013 pa-
pers was computed by cross-correlating HFI DetSet maps for
the �nominal� Planckmission extending over 15.5 months.8 For
the 2015 papers we use the full-missionPlanckdata, extending
over 29 months for the HFI and 48 months for the LFI. In the
Planck2015 analysis, we have produced cross-year and cross-
half-mission likelihoods in addition to a DetSet likelihood. The
baseline 2015Plancktemperature-polarization likelihood is also
a hybrid, matching the high-multipole likelihood at‘ = 30 to the
Planckpixel-based likelihood at lower multipoles.

(4) The sky coverage used in the 2013CamSpeclikelihood was
intentionally conservative, retaining e� ectively 49 % of the sky
at 100 GHz and 31 % of the sky at 143 and 217 GHz.9 This was
done to ensure that on the �rst exposure ofPlanckcosmological
results to the community, corrections for Galactic dust emission
were demonstrably small and had negligible impact on cosmo-

8Although we analysed aPlanck full-mission temperature likeli-
hood extensively, prior to the release of the 2013 papers.

9These quantities are explicitly the apodized e� ective f e�
sky, calcu-

lated as the average of the square of the apodized mask values (see
Eq. 10).
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