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Literally, the most valuable Planck result is the measurement of the spectral index. Simplest models

of cosmic inflation predicts that primordial density fluctuations are adiabatic (the same in all components)

and Gaussian (full information is contained in the 2-point correlation function) in nature. Much as previous

CMB experiments, Planck does not see any departures from that hypothesis. However, a more quantitative

prediction of simple inflationary models is that the spectrum of primordial density fluctuations is almost but

not exactly scale-invariant. If the spectral index is exactly equal to 1, then all fluctuations started off the

same size when the Universe was young. However, if inflation is correct, then the spectral index should be a

little less than 1, and thats what Planck saw.
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Literally, the most valuable Planck result is the measurement of the spectral index. Simplest models

of cosmic inflation predicts that primordial density fluctuations are adiabatic (the same in all components)

and Gaussian (full information is contained in the 2-point correlation function) in nature. Much as previous

CMB experiments, Planck does not see any departures from that hypothesis. However, a more quantitative

prediction of simple inflationary models is that the spectrum of primordial density fluctuations is almost but

not exactly scale-invariant. If the spectral index is exactly equal to 1, then all fluctuations started off the

same size when the Universe was young. However, if inflation is correct, then the spectral index should be a

little less than 1, and thats what Planck saw.
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of cosmic inflation predicts that primordial density fluctuations are adiabatic (the same in all components)

and Gaussian (full information is contained in the 2-point correlation function) in nature. Much as previous

CMB experiments, Planck does not see any departures from that hypothesis. However, a more quantitative

prediction of simple inflationary models is that the spectrum of primordial density fluctuations is almost but

not exactly scale-invariant. If the spectral index is exactly equal to 1, then all fluctuations started off the

same size when the Universe was young. However, if inflation is correct, then the spectral index should be a

little less than 1, and thats what Planck saw.
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Fig. 1. The maximum likelihood frequency averaged temperature spectrum computed from the Plik cross half-mission likelihood.

The best fit base ΛCDM theoretical spectrum fitted to the TT likelihood is plotted in the upper panel. Residuals with respect to this

model are shown in the lower panel. The error bars show ±1σ errors. FIXME: Commander data points to be updated

hood methodology by developing several independently written

pipelines. Some of these are described in ?. The most highly de-

veloped of these are the CamSpec and revised Plik pipelines.

For the 2014 Planck papers, we have chosen the Plik pipeline

as the baseline. Column 6 of Table 1 lists the cosmological pa-

rameters for base ΛCDM determined from the Plik cross half-

mission likelihood together with the lowP likelihood applied to

the 2014 full mission data. The sky coverage used in this like-

lihood is identical to that used for the CamSpec 2014F(CHM)

likelihood. However, the two likelihoods differ in the modelling

of instrumental noise, Galactic dust, treatment of relative cali-

brations and multipole limits applied to each spectrum.

As summarized in column 8 of Table 1, the Plik and

CamSpec parameters agree to within 0.2σ, except for ns, which

differs by nearly 0.5σ. The difference in ns is, perhaps, not sur-

prising since this parameter is sensitive to small differences in

the foreground modelling. The difference in ns are systematic

and persist throughout the grid of extended ΛCDM models dis-

cussed in Sect. 6. We emphasise that the CamSpec and Plik like-

lihoods have been written independently, though they are based

on the same theoretical framework. None of the conclusions in

this paper (including those based on the full TT,TE,EE likeli-

hoods) would differ in any substantive way had we chosen to

use the CamSpec likelihood in place of Plik. The overall shifts

of parameters between the Plik 2014 likelihood and the pub-

lished 2013 nominal mission parameters are summarized in col-

umn 7 of Table 1 . These shifts are within 0.71σ except for the

parameters τ and Ase
−2τ

.

In summary, the Planck 2013 cosmological parameters were

pulled slightly towards lower H0 and ns by the � ≈ 1800 4K line

systematic in the 217 × 217 cross-spectrum, but the net effect of

this systematic is small, leading to shifts of 0.5σ or less in cos-

mological parameters. Changes to the low level data processing,

beams, sky coverage etc and likelihood code also produce shifts

of typically 0.5σ or less. The net effect of these changes is to

introduce parameter shifts relative to PCP13 of less than 0.71σ
with the exception of τ and Ase

−2τ
. The main scientific conclu-

sions of PCP13 are therefore consistent with the 2014 Planck

analysis.

Parameters for the base ΛCDM cosmology derived from full

mission detset, cross year, or cross half-mission spectra are in

extremely good agreement demonstrating that cotemporal sys-

tematics are at low levels. This is also true for the extensions

of the ΛCDM model discused in Sect. 6. It is therefore worth

discussing why we have adopted the cross half-mission likeli-

hood as the baseline for this and other 2014 Planck papers. The

cross half-mission likelihood has a lower signal-to-noise than the

full mission detset likelihood, however the errors on the cosmo-

logical parameters from the two likelihoods are almost identi-

cal as can be seen from the entries in Table 1. This is also true

for extended ΛCDM models. However, for more complicated

tests such as searches for localised features in the power spec-

tra (Planck Collaboration A24 2014), residual 4K line systemat-

ics and uncorrelated correlated noise at high multipoles in the

detset likelihood can produce apparently significant results. We

have therefore decided to adopt the cross half-mission likelihood
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Fig. 3. The frequency averaged TE and EE spectra (without fitting for T -P leakage). The theoretical TE and EE spectra plotted in

the upper panel are computed from the TT best fit model of Fig. 1. Resduals with respect to this theoretical model are shown in the

lower panels. The error bars show ±1σ errors. The orange lines in the lower panels show the best fit T -P leakage model of Equ. 11

fitted separately to the T E and EE spectra.

Fig. 4. The black lines in show the expected TE and EE spectra given the TT data. The shaded areas show the 1 and 2σ ranges

computed from Equ. 15. The blue points show the residuals for the measured TE and EE spectra.

fits let us expect, we do find strong evidence for systematics in

the polarization spectra. With our present understanding of the

Planck polarization data, we believe that the dominant source

of systematic in the polarization spectra is caused by beam mis-

match which generate leakage from temperature to polarization

(recall that the HFI polarization maps are generated by differenc-

ing signals in quadruplets of polarization sensitive bolometers).

In principle, with accurate knowledge of the beams this leakage

could be described by effective polarized beam window func-

tions. For the 2014 papers, we use the TT beams, rather than

polarized beams, and describe temperature to polarization leak-

age in terms of a polynomial ��. The impact of beam mismatch

on the polarization spectra in this model is

∆CT E
� = ��CTT

� , (10a)

∆CEE
� = �2�C

TT
� + 2��CT E

� . (10b)

As a consequence of the Planck scanning strategy, pixels are

visited every 6 months with a rotation of 180
◦

of the focal plance,

leading to a weak coupling to beam modes b�m with odd values

of m. The dominant contributions are expected to come from

modes with m = 2 and 4 describing the beam ellipticity. We

therefore fit the spectra using a fourth order polynomial

�� = a1� + a2�
2 + a3�

3 + a4�
4, (11)

treating the coefficients a1, . . . , a4 as nuisance parameters, to-

gether with multiplicative relative calibration factors for each of

the TE and EE spectra (absorbing errors introduced by the polar-

ization efficiencies of the bolometers). Consistency between the

model of Equ. 11 fitted separately to the TE and EE spectra can

be used as a crude indicator of whether the model is physically

reasonable. Make clear whether you fit a single model of �� to TE

and EE spectra . Furthermore, the T -P leakage tends to cancel

in the coadded polarization spectra, so that the net effect of the

leakage corrections are small. This can be seen in the lower pan-

els of Figs. 2, which show the leakage model of Equ. 11 fitted

separately to the T E and EE spectra. The residual systematics

in these coadded polarization spectra are evidently at low levels,

but until we have a more accurate characterisation of the Planck
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Fig. 3. The frequency averaged TE and EE spectra (without fitting for T -P leakage). The theoretical TE and EE spectra plotted in

the upper panel are computed from the TT best fit model of Fig. 1. Resduals with respect to this theoretical model are shown in the

lower panels. The error bars show ±1σ errors. The orange lines in the lower panels show the best fit T -P leakage model of Equ. 11

fitted separately to the T E and EE spectra.

Fig. 4. The black lines in show the expected TE and EE spectra given the TT data. The shaded areas show the 1 and 2σ ranges

computed from Equ. 15. The blue points show the residuals for the measured TE and EE spectra.
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Planck polarization data, we believe that the dominant source

of systematic in the polarization spectra is caused by beam mis-

match which generate leakage from temperature to polarization

(recall that the HFI polarization maps are generated by differenc-

ing signals in quadruplets of polarization sensitive bolometers).

In principle, with accurate knowledge of the beams this leakage

could be described by effective polarized beam window func-

tions. For the 2014 papers, we use the TT beams, rather than
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of the focal plance,

leading to a weak coupling to beam modes b�m with odd values

of m. The dominant contributions are expected to come from

modes with m = 2 and 4 describing the beam ellipticity. We

therefore fit the spectra using a fourth order polynomial
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treating the coefficients a1, . . . , a4 as nuisance parameters, to-

gether with multiplicative relative calibration factors for each of

the TE and EE spectra (absorbing errors introduced by the polar-

ization efficiencies of the bolometers). Consistency between the

model of Equ. 11 fitted separately to the TE and EE spectra can

be used as a crude indicator of whether the model is physically

reasonable. Make clear whether you fit a single model of �� to TE

and EE spectra . Furthermore, the T -P leakage tends to cancel

in the coadded polarization spectra, so that the net effect of the

leakage corrections are small. This can be seen in the lower pan-

els of Figs. 2, which show the leakage model of Equ. 11 fitted

separately to the T E and EE spectra. The residual systematics

in these coadded polarization spectra are evidently at low levels,

but until we have a more accurate characterisation of the Planck
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Fig. 1. The maximum likelihood frequency averaged temperature spectrum computed from the Plik cross half-mission likelihood.

The best fit base ΛCDM theoretical spectrum fitted to the TT likelihood is plotted in the upper panel. Residuals with respect to this

model are shown in the lower panel. The error bars show ±1σ errors. FIXME: Commander data points to be updated

hood methodology by developing several independently written

pipelines. Some of these are described in ?. The most highly de-

veloped of these are the CamSpec and revised Plik pipelines.

For the 2014 Planck papers, we have chosen the Plik pipeline

as the baseline. Column 6 of Table 1 lists the cosmological pa-

rameters for base ΛCDM determined from the Plik cross half-

mission likelihood together with the lowP likelihood applied to

the 2014 full mission data. The sky coverage used in this like-

lihood is identical to that used for the CamSpec 2014F(CHM)

likelihood. However, the two likelihoods differ in the modelling

of instrumental noise, Galactic dust, treatment of relative cali-

brations and multipole limits applied to each spectrum.

As summarized in column 8 of Table 1, the Plik and

CamSpec parameters agree to within 0.2σ, except for ns, which

differs by nearly 0.5σ. The difference in ns is, perhaps, not sur-

prising since this parameter is sensitive to small differences in

the foreground modelling. The difference in ns are systematic

and persist throughout the grid of extended ΛCDM models dis-

cussed in Sect. 6. We emphasise that the CamSpec and Plik like-

lihoods have been written independently, though they are based

on the same theoretical framework. None of the conclusions in

this paper (including those based on the full TT,TE,EE likeli-

hoods) would differ in any substantive way had we chosen to

use the CamSpec likelihood in place of Plik. The overall shifts

of parameters between the Plik 2014 likelihood and the pub-

lished 2013 nominal mission parameters are summarized in col-

umn 7 of Table 1 . These shifts are within 0.71σ except for the

parameters τ and Ase
−2τ

.

In summary, the Planck 2013 cosmological parameters were

pulled slightly towards lower H0 and ns by the � ≈ 1800 4K line

systematic in the 217 × 217 cross-spectrum, but the net effect of

this systematic is small, leading to shifts of 0.5σ or less in cos-

mological parameters. Changes to the low level data processing,

beams, sky coverage etc and likelihood code also produce shifts

of typically 0.5σ or less. The net effect of these changes is to

introduce parameter shifts relative to PCP13 of less than 0.71σ
with the exception of τ and Ase

−2τ
. The main scientific conclu-

sions of PCP13 are therefore consistent with the 2014 Planck

analysis.

Parameters for the base ΛCDM cosmology derived from full

mission detset, cross year, or cross half-mission spectra are in

extremely good agreement demonstrating that cotemporal sys-

tematics are at low levels. This is also true for the extensions

of the ΛCDM model discused in Sect. 6. It is therefore worth

discussing why we have adopted the cross half-mission likeli-

hood as the baseline for this and other 2014 Planck papers. The

cross half-mission likelihood has a lower signal-to-noise than the

full mission detset likelihood, however the errors on the cosmo-

logical parameters from the two likelihoods are almost identi-

cal as can be seen from the entries in Table 1. This is also true

for extended ΛCDM models. However, for more complicated

tests such as searches for localised features in the power spec-

tra (Planck Collaboration A24 2014), residual 4K line systemat-

ics and uncorrelated correlated noise at high multipoles in the

detset likelihood can produce apparently significant results. We

have therefore decided to adopt the cross half-mission likelihood
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Fig. 1. The maximum likelihood frequency averaged temperature spectrum computed from the Plik cross half-mission likelihood.

The best fit base ΛCDM theoretical spectrum fitted to the TT likelihood is plotted in the upper panel. Residuals with respect to this

model are shown in the lower panel. The error bars show ±1σ errors. FIXME: Commander data points to be updated

hood methodology by developing several independently written

pipelines. Some of these are described in ?. The most highly de-

veloped of these are the CamSpec and revised Plik pipelines.

For the 2014 Planck papers, we have chosen the Plik pipeline

as the baseline. Column 6 of Table 1 lists the cosmological pa-

rameters for base ΛCDM determined from the Plik cross half-

mission likelihood together with the lowP likelihood applied to

the 2014 full mission data. The sky coverage used in this like-

lihood is identical to that used for the CamSpec 2014F(CHM)

likelihood. However, the two likelihoods differ in the modelling

of instrumental noise, Galactic dust, treatment of relative cali-

brations and multipole limits applied to each spectrum.

As summarized in column 8 of Table 1, the Plik and

CamSpec parameters agree to within 0.2σ, except for ns, which

differs by nearly 0.5σ. The difference in ns is, perhaps, not sur-

prising since this parameter is sensitive to small differences in

the foreground modelling. The difference in ns are systematic

and persist throughout the grid of extended ΛCDM models dis-

cussed in Sect. 6. We emphasise that the CamSpec and Plik like-

lihoods have been written independently, though they are based

on the same theoretical framework. None of the conclusions in

this paper (including those based on the full TT,TE,EE likeli-

hoods) would differ in any substantive way had we chosen to

use the CamSpec likelihood in place of Plik. The overall shifts

of parameters between the Plik 2014 likelihood and the pub-

lished 2013 nominal mission parameters are summarized in col-

umn 7 of Table 1 . These shifts are within 0.71σ except for the

parameters τ and Ase
−2τ

.

In summary, the Planck 2013 cosmological parameters were

pulled slightly towards lower H0 and ns by the � ≈ 1800 4K line

systematic in the 217 × 217 cross-spectrum, but the net effect of

this systematic is small, leading to shifts of 0.5σ or less in cos-

mological parameters. Changes to the low level data processing,

beams, sky coverage etc and likelihood code also produce shifts

of typically 0.5σ or less. The net effect of these changes is to

introduce parameter shifts relative to PCP13 of less than 0.71σ
with the exception of τ and Ase

−2τ
. The main scientific conclu-

sions of PCP13 are therefore consistent with the 2014 Planck

analysis.

Parameters for the base ΛCDM cosmology derived from full

mission detset, cross year, or cross half-mission spectra are in

extremely good agreement demonstrating that cotemporal sys-

tematics are at low levels. This is also true for the extensions

of the ΛCDM model discused in Sect. 6. It is therefore worth

discussing why we have adopted the cross half-mission likeli-

hood as the baseline for this and other 2014 Planck papers. The

cross half-mission likelihood has a lower signal-to-noise than the

full mission detset likelihood, however the errors on the cosmo-

logical parameters from the two likelihoods are almost identi-

cal as can be seen from the entries in Table 1. This is also true

for extended ΛCDM models. However, for more complicated

tests such as searches for localised features in the power spec-

tra (Planck Collaboration A24 2014), residual 4K line systemat-

ics and uncorrelated correlated noise at high multipoles in the

detset likelihood can produce apparently significant results. We

have therefore decided to adopt the cross half-mission likelihood
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The best fit base ΛCDM theoretical spectrum fitted to the TT likelihood is plotted in the upper panel. Residuals with respect to this
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hood methodology by developing several independently written

pipelines. Some of these are described in ?. The most highly de-

veloped of these are the CamSpec and revised Plik pipelines.

For the 2014 Planck papers, we have chosen the Plik pipeline

as the baseline. Column 6 of Table 1 lists the cosmological pa-

rameters for base ΛCDM determined from the Plik cross half-

mission likelihood together with the lowP likelihood applied to

the 2014 full mission data. The sky coverage used in this like-

lihood is identical to that used for the CamSpec 2014F(CHM)

likelihood. However, the two likelihoods differ in the modelling

of instrumental noise, Galactic dust, treatment of relative cali-

brations and multipole limits applied to each spectrum.

As summarized in column 8 of Table 1, the Plik and

CamSpec parameters agree to within 0.2σ, except for ns, which

differs by nearly 0.5σ. The difference in ns is, perhaps, not sur-

prising since this parameter is sensitive to small differences in

the foreground modelling. The difference in ns are systematic

and persist throughout the grid of extended ΛCDM models dis-

cussed in Sect. 6. We emphasise that the CamSpec and Plik like-

lihoods have been written independently, though they are based

on the same theoretical framework. None of the conclusions in

this paper (including those based on the full TT,TE,EE likeli-

hoods) would differ in any substantive way had we chosen to

use the CamSpec likelihood in place of Plik. The overall shifts

of parameters between the Plik 2014 likelihood and the pub-

lished 2013 nominal mission parameters are summarized in col-

umn 7 of Table 1 . These shifts are within 0.71σ except for the

parameters τ and Ase
−2τ

.

In summary, the Planck 2013 cosmological parameters were

pulled slightly towards lower H0 and ns by the � ≈ 1800 4K line

systematic in the 217 × 217 cross-spectrum, but the net effect of

this systematic is small, leading to shifts of 0.5σ or less in cos-

mological parameters. Changes to the low level data processing,

beams, sky coverage etc and likelihood code also produce shifts

of typically 0.5σ or less. The net effect of these changes is to

introduce parameter shifts relative to PCP13 of less than 0.71σ
with the exception of τ and Ase

−2τ
. The main scientific conclu-

sions of PCP13 are therefore consistent with the 2014 Planck

analysis.

Parameters for the base ΛCDM cosmology derived from full

mission detset, cross year, or cross half-mission spectra are in

extremely good agreement demonstrating that cotemporal sys-

tematics are at low levels. This is also true for the extensions

of the ΛCDM model discused in Sect. 6. It is therefore worth

discussing why we have adopted the cross half-mission likeli-

hood as the baseline for this and other 2014 Planck papers. The

cross half-mission likelihood has a lower signal-to-noise than the

full mission detset likelihood, however the errors on the cosmo-

logical parameters from the two likelihoods are almost identi-

cal as can be seen from the entries in Table 1. This is also true

for extended ΛCDM models. However, for more complicated

tests such as searches for localised features in the power spec-

tra (Planck Collaboration A24 2014), residual 4K line systemat-

ics and uncorrelated correlated noise at high multipoles in the

detset likelihood can produce apparently significant results. We

have therefore decided to adopt the cross half-mission likelihood
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The best fit base ΛCDM theoretical spectrum fitted to the TT likelihood is plotted in the upper panel. Residuals with respect to this
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hood methodology by developing several independently written

pipelines. Some of these are described in ?. The most highly de-

veloped of these are the CamSpec and revised Plik pipelines.

For the 2014 Planck papers, we have chosen the Plik pipeline

as the baseline. Column 6 of Table 1 lists the cosmological pa-

rameters for base ΛCDM determined from the Plik cross half-

mission likelihood together with the lowP likelihood applied to

the 2014 full mission data. The sky coverage used in this like-

lihood is identical to that used for the CamSpec 2014F(CHM)

likelihood. However, the two likelihoods differ in the modelling

of instrumental noise, Galactic dust, treatment of relative cali-

brations and multipole limits applied to each spectrum.

As summarized in column 8 of Table 1, the Plik and

CamSpec parameters agree to within 0.2σ, except for ns, which

differs by nearly 0.5σ. The difference in ns is, perhaps, not sur-

prising since this parameter is sensitive to small differences in

the foreground modelling. The difference in ns are systematic

and persist throughout the grid of extended ΛCDM models dis-

cussed in Sect. 6. We emphasise that the CamSpec and Plik like-

lihoods have been written independently, though they are based

on the same theoretical framework. None of the conclusions in

this paper (including those based on the full TT,TE,EE likeli-

hoods) would differ in any substantive way had we chosen to

use the CamSpec likelihood in place of Plik. The overall shifts

of parameters between the Plik 2014 likelihood and the pub-

lished 2013 nominal mission parameters are summarized in col-

umn 7 of Table 1 . These shifts are within 0.71σ except for the

parameters τ and Ase
−2τ

.

In summary, the Planck 2013 cosmological parameters were

pulled slightly towards lower H0 and ns by the � ≈ 1800 4K line

systematic in the 217 × 217 cross-spectrum, but the net effect of

this systematic is small, leading to shifts of 0.5σ or less in cos-

mological parameters. Changes to the low level data processing,

beams, sky coverage etc and likelihood code also produce shifts

of typically 0.5σ or less. The net effect of these changes is to

introduce parameter shifts relative to PCP13 of less than 0.71σ
with the exception of τ and Ase

−2τ
. The main scientific conclu-

sions of PCP13 are therefore consistent with the 2014 Planck

analysis.

Parameters for the base ΛCDM cosmology derived from full

mission detset, cross year, or cross half-mission spectra are in

extremely good agreement demonstrating that cotemporal sys-

tematics are at low levels. This is also true for the extensions

of the ΛCDM model discused in Sect. 6. It is therefore worth

discussing why we have adopted the cross half-mission likeli-

hood as the baseline for this and other 2014 Planck papers. The

cross half-mission likelihood has a lower signal-to-noise than the

full mission detset likelihood, however the errors on the cosmo-

logical parameters from the two likelihoods are almost identi-

cal as can be seen from the entries in Table 1. This is also true

for extended ΛCDM models. However, for more complicated

tests such as searches for localised features in the power spec-

tra (Planck Collaboration A24 2014), residual 4K line systemat-

ics and uncorrelated correlated noise at high multipoles in the

detset likelihood can produce apparently significant results. We

have therefore decided to adopt the cross half-mission likelihood
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Fig. 1. The maximum likelihood frequency averaged temperature spectrum computed from the Plik cross half-mission likelihood.

The best fit base ΛCDM theoretical spectrum fitted to the TT likelihood is plotted in the upper panel. Residuals with respect to this

model are shown in the lower panel. The error bars show ±1σ errors. FIXME: Commander data points to be updated

hood methodology by developing several independently written

pipelines. Some of these are described in ?. The most highly de-

veloped of these are the CamSpec and revised Plik pipelines.

For the 2014 Planck papers, we have chosen the Plik pipeline

as the baseline. Column 6 of Table 1 lists the cosmological pa-

rameters for base ΛCDM determined from the Plik cross half-

mission likelihood together with the lowP likelihood applied to

the 2014 full mission data. The sky coverage used in this like-

lihood is identical to that used for the CamSpec 2014F(CHM)

likelihood. However, the two likelihoods differ in the modelling

of instrumental noise, Galactic dust, treatment of relative cali-

brations and multipole limits applied to each spectrum.

As summarized in column 8 of Table 1, the Plik and

CamSpec parameters agree to within 0.2σ, except for ns, which

differs by nearly 0.5σ. The difference in ns is, perhaps, not sur-

prising since this parameter is sensitive to small differences in

the foreground modelling. The difference in ns are systematic

and persist throughout the grid of extended ΛCDM models dis-

cussed in Sect. 6. We emphasise that the CamSpec and Plik like-

lihoods have been written independently, though they are based

on the same theoretical framework. None of the conclusions in

this paper (including those based on the full TT,TE,EE likeli-

hoods) would differ in any substantive way had we chosen to

use the CamSpec likelihood in place of Plik. The overall shifts

of parameters between the Plik 2014 likelihood and the pub-

lished 2013 nominal mission parameters are summarized in col-

umn 7 of Table 1 . These shifts are within 0.71σ except for the

parameters τ and Ase
−2τ

.

In summary, the Planck 2013 cosmological parameters were

pulled slightly towards lower H0 and ns by the � ≈ 1800 4K line

systematic in the 217 × 217 cross-spectrum, but the net effect of

this systematic is small, leading to shifts of 0.5σ or less in cos-

mological parameters. Changes to the low level data processing,

beams, sky coverage etc and likelihood code also produce shifts

of typically 0.5σ or less. The net effect of these changes is to

introduce parameter shifts relative to PCP13 of less than 0.71σ
with the exception of τ and Ase

−2τ
. The main scientific conclu-

sions of PCP13 are therefore consistent with the 2014 Planck

analysis.

Parameters for the base ΛCDM cosmology derived from full

mission detset, cross year, or cross half-mission spectra are in

extremely good agreement demonstrating that cotemporal sys-

tematics are at low levels. This is also true for the extensions

of the ΛCDM model discused in Sect. 6. It is therefore worth

discussing why we have adopted the cross half-mission likeli-

hood as the baseline for this and other 2014 Planck papers. The

cross half-mission likelihood has a lower signal-to-noise than the

full mission detset likelihood, however the errors on the cosmo-

logical parameters from the two likelihoods are almost identi-

cal as can be seen from the entries in Table 1. This is also true

for extended ΛCDM models. However, for more complicated

tests such as searches for localised features in the power spec-

tra (Planck Collaboration A24 2014), residual 4K line systemat-

ics and uncorrelated correlated noise at high multipoles in the

detset likelihood can produce apparently significant results. We

have therefore decided to adopt the cross half-mission likelihood
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The best fit base ΛCDM theoretical spectrum fitted to the TT likelihood is plotted in the upper panel. Residuals with respect to this

model are shown in the lower panel. The error bars show ±1σ errors. FIXME: Commander data points to be updated

hood methodology by developing several independently written

pipelines. Some of these are described in ?. The most highly de-

veloped of these are the CamSpec and revised Plik pipelines.

For the 2014 Planck papers, we have chosen the Plik pipeline

as the baseline. Column 6 of Table 1 lists the cosmological pa-

rameters for base ΛCDM determined from the Plik cross half-

mission likelihood together with the lowP likelihood applied to

the 2014 full mission data. The sky coverage used in this like-

lihood is identical to that used for the CamSpec 2014F(CHM)

likelihood. However, the two likelihoods differ in the modelling

of instrumental noise, Galactic dust, treatment of relative cali-

brations and multipole limits applied to each spectrum.

As summarized in column 8 of Table 1, the Plik and

CamSpec parameters agree to within 0.2σ, except for ns, which

differs by nearly 0.5σ. The difference in ns is, perhaps, not sur-

prising since this parameter is sensitive to small differences in

the foreground modelling. The difference in ns are systematic

and persist throughout the grid of extended ΛCDM models dis-

cussed in Sect. 6. We emphasise that the CamSpec and Plik like-

lihoods have been written independently, though they are based

on the same theoretical framework. None of the conclusions in

this paper (including those based on the full TT,TE,EE likeli-

hoods) would differ in any substantive way had we chosen to

use the CamSpec likelihood in place of Plik. The overall shifts

of parameters between the Plik 2014 likelihood and the pub-

lished 2013 nominal mission parameters are summarized in col-

umn 7 of Table 1 . These shifts are within 0.71σ except for the

parameters τ and Ase
−2τ

.

In summary, the Planck 2013 cosmological parameters were

pulled slightly towards lower H0 and ns by the � ≈ 1800 4K line

systematic in the 217 × 217 cross-spectrum, but the net effect of

this systematic is small, leading to shifts of 0.5σ or less in cos-

mological parameters. Changes to the low level data processing,

beams, sky coverage etc and likelihood code also produce shifts

of typically 0.5σ or less. The net effect of these changes is to

introduce parameter shifts relative to PCP13 of less than 0.71σ
with the exception of τ and Ase

−2τ
. The main scientific conclu-

sions of PCP13 are therefore consistent with the 2014 Planck

analysis.

Parameters for the base ΛCDM cosmology derived from full

mission detset, cross year, or cross half-mission spectra are in

extremely good agreement demonstrating that cotemporal sys-

tematics are at low levels. This is also true for the extensions

of the ΛCDM model discused in Sect. 6. It is therefore worth

discussing why we have adopted the cross half-mission likeli-

hood as the baseline for this and other 2014 Planck papers. The

cross half-mission likelihood has a lower signal-to-noise than the

full mission detset likelihood, however the errors on the cosmo-

logical parameters from the two likelihoods are almost identi-

cal as can be seen from the entries in Table 1. This is also true

for extended ΛCDM models. However, for more complicated

tests such as searches for localised features in the power spec-

tra (Planck Collaboration A24 2014), residual 4K line systemat-

ics and uncorrelated correlated noise at high multipoles in the

detset likelihood can produce apparently significant results. We

have therefore decided to adopt the cross half-mission likelihood
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The best fit base ΛCDM theoretical spectrum fitted to the TT likelihood is plotted in the upper panel. Residuals with respect to this

model are shown in the lower panel. The error bars show ±1σ errors. FIXME: Commander data points to be updated

hood methodology by developing several independently written

pipelines. Some of these are described in ?. The most highly de-

veloped of these are the CamSpec and revised Plik pipelines.

For the 2014 Planck papers, we have chosen the Plik pipeline

as the baseline. Column 6 of Table 1 lists the cosmological pa-

rameters for base ΛCDM determined from the Plik cross half-

mission likelihood together with the lowP likelihood applied to

the 2014 full mission data. The sky coverage used in this like-

lihood is identical to that used for the CamSpec 2014F(CHM)

likelihood. However, the two likelihoods differ in the modelling

of instrumental noise, Galactic dust, treatment of relative cali-

brations and multipole limits applied to each spectrum.

As summarized in column 8 of Table 1, the Plik and

CamSpec parameters agree to within 0.2σ, except for ns, which

differs by nearly 0.5σ. The difference in ns is, perhaps, not sur-

prising since this parameter is sensitive to small differences in

the foreground modelling. The difference in ns are systematic

and persist throughout the grid of extended ΛCDM models dis-

cussed in Sect. 6. We emphasise that the CamSpec and Plik like-

lihoods have been written independently, though they are based

on the same theoretical framework. None of the conclusions in

this paper (including those based on the full TT,TE,EE likeli-

hoods) would differ in any substantive way had we chosen to

use the CamSpec likelihood in place of Plik. The overall shifts

of parameters between the Plik 2014 likelihood and the pub-

lished 2013 nominal mission parameters are summarized in col-

umn 7 of Table 1 . These shifts are within 0.71σ except for the

parameters τ and Ase
−2τ

.

In summary, the Planck 2013 cosmological parameters were

pulled slightly towards lower H0 and ns by the � ≈ 1800 4K line

systematic in the 217 × 217 cross-spectrum, but the net effect of

this systematic is small, leading to shifts of 0.5σ or less in cos-

mological parameters. Changes to the low level data processing,

beams, sky coverage etc and likelihood code also produce shifts

of typically 0.5σ or less. The net effect of these changes is to

introduce parameter shifts relative to PCP13 of less than 0.71σ
with the exception of τ and Ase

−2τ
. The main scientific conclu-

sions of PCP13 are therefore consistent with the 2014 Planck

analysis.

Parameters for the base ΛCDM cosmology derived from full

mission detset, cross year, or cross half-mission spectra are in

extremely good agreement demonstrating that cotemporal sys-

tematics are at low levels. This is also true for the extensions

of the ΛCDM model discused in Sect. 6. It is therefore worth

discussing why we have adopted the cross half-mission likeli-

hood as the baseline for this and other 2014 Planck papers. The

cross half-mission likelihood has a lower signal-to-noise than the

full mission detset likelihood, however the errors on the cosmo-

logical parameters from the two likelihoods are almost identi-

cal as can be seen from the entries in Table 1. This is also true

for extended ΛCDM models. However, for more complicated

tests such as searches for localised features in the power spec-

tra (Planck Collaboration A24 2014), residual 4K line systemat-

ics and uncorrelated correlated noise at high multipoles in the

detset likelihood can produce apparently significant results. We

have therefore decided to adopt the cross half-mission likelihood

7
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Fig. 23. The Planck TT+lowP data (samples; colour-coded by
the value of H0) and Planck TT,TE,EE+lowP (solid contours)
partially break the geometric degeneracy between Ωm and ΩΛ
due to the effect of lensing in the temperature and polarization
power spectra. These limits are significantly improved by the
inclusion of the Planck lensing reconstruction (blue contours)
and BAO (solid red contours), tightly constraining the geometry
to be nearly flat.

ΛCDM+AL). Addition of Planck polarization shifts ΩK towards
zero by ∆ΩK ≈ 0.015:

ΩK = −0.039+0.036
−0.039 (95%,Planck TT,TE,EE+lowP), (44)

but ΩK remains negative at just over two sigma.
However Planck’s lensing reconstruction also measures the

lensing amplitude directly, and this does not prefer more lensing
than ΛCDM. The combined constraint shows full consistency
with a flat universe:

ΩK = −0.005+0.016
−0.017 (95%,Planck TT+lowP+lensing). (45)

The dramatic improvement in error bar is testament to the power
of Planck’s lensing result.

The constraint can be sharpened further by including exter-
nal data that break the main geometric degeneracy , and our best
joint constraint is now

ΩK = 0.000 ± 0.005 (95%, Planck+lensing+H0+JLA+BAO).
(46)

Fig. 23 illustrates these results in the Ωm-ΩΛ plane.
Thus, despite something in the Planck TT+lowP spectrum

hinting for curvature, our surest conclusion is that the Universe
is accurately spatially flat to the best precision with which we
can determine it.

FIXME: Potentially add comment on Liddle et al. curvature
and isocurvature model.

FIXME: Consider adding plot illustrating the effect of
adding curvature on the power spectrum, following Anthony’s
one for lensing.

6.3. Neutrino physics and constraints on relativistic
components

In the following subsections, we update Planck constraints on
the mass of standard (active) neutrinos, additional relativistic de-
grees of freedom, models with a combinations of the two, and
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Fig. 24. Samples from the Planck TT+lowP posterior in the�
mν–H0 plane, colour-coded by σ8. Higher

�
mν damps

the matter fluctuation amplitude σ8, but also decreases H0
(grey bands are a conservative constraint H0 = 70.6 ±
3.3, Eq. (29)). Solid black contours show the constraint
from Planck TT+lowP+lensing (which mildly prefers larger
masses), and filled counters are the joint constraint Planck

TT+lowP+lensing+BAO.

models where that are massive sterile neutrinos. In each subsec-
tion we emphasise the Planck-only constraint, and the implica-
tions of the Planck result for late-time cosmological parameters
measured by other observations. We then give with a brief dis-
cussion of tensions between Planck and some discordant exter-
nal data, and whether any of these model extensions can help
to resolve them. Finally we give constraints on neutrino interac-
tions.

6.3.1. Constraints on the total mass of active neutrinos

Detection of neutrino oscillations has proved that neutrinos have
mass. The Planck base model assumes a minimal standard mass
hierarchy with

�
mν ≈ 0.06 eV, but less minimal masses are

possible, and also a degenerate hierarchy with
�

mν >∼ 0.1 eV. At
this time there are no compelling theoretical reasons to strongly
prefer any of these possibilities, so an extension of the base
model allowing for larger masses is perhaps one of the most
well motivated. There has also been significant recent interest in
larger masses as a possible way to lower σ8, the late-time fluctu-
ation amplitude, as apparently preferred by various lensing and
cluster observations. Though model dependent, constraints from
cosmology on the total mass are already significantly stronger
than from beta decay.

Here we give constraints assuming three species of degener-
ate massive neutrinos, neglecting the small differences in mass
expected from the observed mass splittings. At the level of sen-
sitivity of Planck this is an accurate approximation, but note
that it does not quite match continuously onto the base model
(which assumes two massless and one massive neutrino with�

mν = 0.06 eV).
Masses well below 1 eV only have a mild effect on the shape

of the CMB power spectra, since they became non-relativistic
after recombination, and the effect on the background can be

34
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Literally, the most valuable Planck result is the measurement of the spectral index. Simplest models

of cosmic inflation predicts that primordial density fluctuations are adiabatic (the same in all components)

and Gaussian (full information is contained in the 2-point correlation function) in nature. Much as previous

CMB experiments, Planck does not see any departures from that hypothesis. However, a more quantitative

prediction of simple inflationary models is that the spectrum of primordial density fluctuations is almost but

not exactly scale-invariant. If the spectral index is exactly equal to 1, then all fluctuations started off the

same size when the Universe was young. However, if inflation is correct, then the spectral index should be a

little less than 1, and thats what Planck saw.
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