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Fig. 45. Parameter correlations for P1ikTT+lowTEB, including some ACDM extensions. The leftmost column is identical to Fig. 44 and is
repeated here to ease comparison. Including extensions to the ACDM model changes the correlations between the cosmological parameters,
sometimes dramatically, as can be seen in the case of Ay . There is no correlation between the cosmological parameters (including the extensions)
and the dust amplitude parameters. In most cases, the extensions are correlated with the remaining foreground parameters (and in particular with
the point-source amplitudes at 100 and 143 GHz, and with the level of CIB fluctuations) with a strength similar to those of the other cosmological
parameters (i.e., less than 30%). Yy, exhibits a stronger sensitivity to the point-source levels.
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their combined noise and do not exhibit a reionization signal, as
shown in Fig. 11.

We learn from these tests that if the EE and TE signal we
measure at 70 GHz is due to systematics, then these systematics
should affect only the above spectra in such a way to mimic a
genuine reionization signal, and one that is fully compatible in
the maps with that present in (cleaned) WMAP data. This is ex-
tremely unlikely and conclude that Planck 70 GHz is dominated
by a genuine contribution from the sky, compatible with a signal
from cosmic reionization.

The tests described so far do not let us accurately quan-
tify the magnitude of a possible systematic contribution, nor
to exclude artefacts arising from the data pipeline itself and,
specifically, from the foreground cleaning procedure. These can
be only controlled through detailed end-to-end tests, using the
FFP8 simulations (Planck Collaboration XII 2016). As detailed
in Sect. 2.5, we have performed end-to-end validation with
1000 simulated frequency maps containing signal, noise, and
foreground contributions as well as specific systematics effects,
mimicking all the steps in the actual data pipeline. Propagat-
ing to cosmological parameters (7 and A, which are most rel-
evant at low ¢ in the ACDM model), we detect no bias within
the simulation error budget. The total impact of any unknown
systematics on the final 7 estimate is at most 0.1c. This ef-
fectively rules out any detectable systematic contribution from
the data pipeline or or from the instrumental effects considered
in the FFP8 simulations. A complementary analysis has been
performed in Planck Collaboration III (2016), including further
systematic contributions not incorporated into FFPS8. This study,
which should be taken as a worst-case scenario, limits the possi-
ble contribution to final 7 of all known systematics at 0.005, i.e.,
about 0.250. We conclude that we were unable to detect any sys-
tematic contribution to the 2015 Planck T measurement as driven
by low ¢, and have limited it to well within our final statistical
error budget.

Finally, since the submission of this paper, dedicated work
on HFI data at low ¢ leads to a higher-precision determination
of 7 (Planck Collaboration Int. XLLVI 2016) which is consistent
with the one described in this paper. This latest work paves the
way towards a future release of improved Planck likelihoods.

5.4.2. High-¢ budget

We now turn to the high-¢ likelihood. The approximate statis-
tical model from which we build the likelihood function may
turn out to be an unfaithful representation of the data for three
main reasons. First the equations describing the likelihood or the
parameters of those equations can be inaccurate. They are, of
course, since we are relying on approximations, but we expect
that in the regime where they are used our approximations are
good enough not to bias the best fit or strongly alter the esti-
mation of error bars. We call such errors due to a breakdown of
the approximations a “methodological systematic”. We may also
lump into this any coding errors. Second, our data model must
include a faithful description of the relation between the sky and
the data analysed, i.e., one needs to describe the transfer function
and/or additive biases due to the non-ideal instrument and data
processing. Again, an error in this model or in its parameters
translates into possible errors that we call “instrumental system-
atics”. Finally, to recover the properties of the CMB, the con-
tribution of astrophysical foregrounds must be correctly mod-
elled and accounted for. Errors in this model or its parameters
is denoted “astrophysical systematics”. When propagating each
of these systematics to cosmological parameters, this is always

within the framework of the ACDM model, as systematic effects
can project differently into parameters depending on the details
of the model.

We investigated the possibility of methodological system-
atics with massive Monte-Carlo simulations. One of the main
technical difficulties of the high-¢ likelihood is the computa-
tion of the covariance of the band powers. Appendix C.1.3 de-
scribes how we validated the covariance matrix, through the use
of Monte-Carlo simulations, to better than a percent accuracy.
This includes a first-order correction for the excess scatter due
to point source masks, which can induce a systematic error in
the covariance reaching a maximum of around 10% near the first
peak and the largest scales (¢ < 50), somewhat lower (about 5%
or less) at other scales. In Sect. 3.6 we propagated the effect of
those possible methodological systematics to the cosmological
parameters and found a 0.10 systematic shift on n;, when using
the temperature data, which decreases when cutting the largest
and most non-Gaussian modes. This is further demonstrated on
the data in Sect. 5.1 where we vary the hybridization scale. At
this stage it is unclear whether this is a sign of a breakdown of
the Gaussian approximation at those scales, or if it is the result
of the limitations of our point source correction to the covariance
matrix. We did not try to correct for this bias in the likelihood and
we assess this 0.10 effect on n to be the main contribution to the
methodological systematics error budget.

Instrumental systematics are mainly assessed in three ways.
First, given a foreground model, we estimate the consistency be-
tween frequencies and between the 77T, EE and TE combina-
tions at the spectrum and at the parameter level (removing some
cross-spectra). For TT, the agreement is excellent, with shifts
between parameters that are always compatible with the extra
cosmic variance due to the removal of data when compared to
the baseline solution (see Figs. 31 and 42). TE and EE inter-
frequency tests reveal discrepancies between the different cross
spectra that we assigned to leakage from temperature to polar-
ization (see Fig. 40). In co-added spectra, these discrepancies
tend to average out, leaving a few-uK?-level residual in the dif-
ference between the co-added TE and EE spectra and their the-
oretical predictions based on the 7T parameters. Section 3.4.3
describes an effective model that succeeds in capturing some of
that mismatch, in particular in TE. But as argued in Sect. 3.4.3
and Appendix C.3.5 one cannot, at this stage, use this model as-
is to correct for the leakage, or to infer the level of systematic
it may induce on cosmological parameters, due to a lack of a
good prior on the leakage model parameters. However, cosmo-
logical parameters deduced from the current polarization likeli-
hoods are in perfect agreement with those calculated from the
temperature, within the uncertainty allowed by our covariance.
The second way we assess possible instrumental systematics is
by comparing the detset (DS) and the half-mission (HM) results.
As argued in Sect. 3.4.4, the DS cross spectra are known to be
affected by a systematic noise correlation that we correct for. Ig-
noring any uncertainty in this correction (which is difficult to
assess), the overall shift between the HM- and DS-based param-
eters is of the order of 0.20- (on wy) at most on T'T (Sect. 4.1.1
and Fig. 35), similar in TF and slightly worse in EE, particu-
larily for ng. Since the uncertainty on the correlated noise cor-
rection is not propagated, those shifts are only upper bounds on
possible instrumental systematics (at least those which would
manifest differently in these two data cuts which are completely
different as regards temporal systematics). Finally, in Sect. 3.7,
we evaluate the propagation of all known instrumental effects to
parameters. Due to the cost of the required massive end-to-end
simulations, this test can only reveal large deviations; no such
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instrumental systematic bias is detected in this test. To summa-
rize, our instrumental systematics budget is at most 0.2¢ in tem-
perature, slightly higher in EE, and there is no sign of bias due to
temperature-to-polarization leakage that would not be compati-
ble with our covariance (within the ACDM framework).

Finally, we assess the contribution of astrophysical systemat-
ics. Given the prior findings on polarisation, we only discuss the
case of temperature here. The uncertainty on the faithfulness of
the astrophysical model is relatively high, and we know from the
DS/HM comparison that our astrophysical components certainly
absorb part of the correlated noise that is not entirely captured
by our model. In that sense, the recovered astrophysical param-
eters may be a biased estimate of the real astrophysical fore-
ground contribution (due to the flexibility of the model which
may absorb residual instrumental systematics provided they are
sufficiently small). At small scales, the dominant astrophysical
component is the point source Poisson term. We checked in
Sect. 4.3 that the recovered point source contributions are in
general agreement with models of their expected level. This is
much less the case at 100 GHz and we argued in Sect. 4.3 that,
nonetheless, an error in the description of the Poisson term is un-
likely to translate into a bias in the cosmological parameters, as
the point source contribution is negligible at all scales where the
100 GHz spectrum dominates the CMB solution. At large scales,
the dust is our strongest foreground. We checked in Fig. 35 the
effect of either marginalizing out the slope of the dust spectrum
or removing the amplitude priors (i.e., making them arbitrarly
wide). When marginalizing over the slope, one recovers a value
compatible with the one in our model (-2.57 + 0.038 whereas
our model uses —2.63) and the cosmological parameters do not
change (Sect. 4.1.2). When comparing the baseline likelihood
result to CamSpec which uses a slightly different template we
find a 0.160 systematic shift in ng that can be attributed to the
steeper dust template slope (—-2.7) (Sect. 4.2). When ignoring
the amplitude priors, a 0.2¢0" shift appears on ng (and Ag, due to
its correlation with ng). However, in this case the level of dust
contribution increases by about 20 uK? in all spectra, which cor-
responds to more than doubling the 100 X 100 dust contribution.
This level is completely ruled out by the 100 X 545 cross spec-
trum, which enables estimation of the dust contribution in the
100 GHz channel. The parameter shift can hence be attributed
to a degeneracy between the dust model and the cosmological
model broken by the prior on the amplitude parameters. We also
use the fact that the dust distribution is anisotropic on the sky
and evaluate the cosmological parameters on a smaller sky frac-
tion. On T'T there is no shift in the parameters that cannot be
attributed to the greater cosmic variance on the smaller sky frac-
tion. We are also making a simplifying assumption by describ-
ing the dust as a Gaussian field with a specific power spectrum.
The numerical simulations (FFP9 and End-to-end) that include
a realistic, anisotropic template for the dust contribution do not
uncover any systematic effect due to that approximation. In the
end, we believe that 0.20" on ng is a conservative upper bound
of our astrophysical systematic bias on the cosmological param-
eters. There is, however, a possibility of a residual instrumental
bias affecting foreground parameters (but not cosmology), but
we cannot, at this stage, provide quantitative estimates.

To summarize, our systematic error budget consists of a 0.10
methodology bias on ng for 7T, at most a 0.20" instrumental bias
on TT (on wy), TE and possibly a slightly greater one on EE.
The few-uK?-level leakage residual in polarization does not ap-
pear to project onto biases on the ACDM parameters. We con-
servatively evalute our astrophysical bias to be 0.20" on ng. The
astrophysical parameters might suffer from instrumental biases.
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5.5. The low-¢ “anomaly”

In Likel3 we noted that the Planck 2013 low-{ temperature
power spectrum exhibited a tension with the Planck best-fit
model, which is mostly determined by high-{ information. In
order to quantify such a tension, we performed a series of tests,
concluding that the low-£ power anomaly was mainly driven by
multipoles between ¢ = 20 and 30, which happen to be system-
atically low with respect to the model. The effect was shown to
be also present (although less pronounced) using WMAP data
(again, see Like13 and Page et al. 2007). The statistical signifi-
cance of this anomaly was found to be around 99%, with slight
variations depending on the Planck CMB solution or the esti-
mator considered. This anomaly has drawn significant attention
as a potential tracer of new physics (e.g., Kitazawa & Sagnotti
2015, 2014; Dudas et al. 2012; see also Destri et al. 2008), so it
is worth checking its status in the 2015 analysis.

We present here updated results from a selection of the tests
performed in 2013. While in Likel3 we only concentrated on
temperature, we now also consider low-¢ polarization, which
was not available as a Planck product in 2013. We first per-
form an analysis through the Hausman test (Polenta et al. 2005),
modified as in Like13 for the statistic s; = sup,B({max., ), With
Cmax = 29 and

int(fimax 1)
Hy,
=2

B(tmax, 1) =

re[0,1], (61)

fmax
_C-Cy
\/Varég,

where C; and C; denote the observed and model power spectra,
respectively. Intuitively, this statistic measures the relative bias
between the observed spectrum and model, expressed in units of
standard deviations, while taking the so-called “look-elsewhere
effect” into account by maximizing s; over multipole ranges. We
use the same simulations as described in Sect. 2.3, which are
based on FFPS, for the likelihood validation. We plot in Fig. 46
the empirical distribution for s; in temperature and compare it
to the value inferred from the Planck Commander 2015 map de-
scribed in Sect. 2 above. The significance for the Commander
map has weakened from 0.7% in 2013 to 2.8% in 2015. This
appears consistent with the changes between the 2013 and 2015
Commander power spectra shown in Fig. 2, where we can see
that the estimates in the range 20 < ¢ < 30 were generally shifted
upwards (and closer to the Planck best-fit model) due to revised
calibration and improved analysis on a larger portion of the sky.
We also report in the lower panel of Fig. 46 the same test for
the EE power spectrum, finding that the observed Planck low-{
polarization maps are anomalous only at the 7.7% level.

As a further test of the low-£ and high-¢ Planck constraints,
we compare the estimate of the primordial amplitude A and the
optical depth 7, first separately for low and high multipoles, and
then jointly. Results are displayed in Fig. 47, showing that the
¢ < 30 and the ¢ > 30 data posteriors in the primordial am-
plitude are separated by 2.60°, where the standard deviation is
computed as the square root of the sum of the variances of each
posterior. We note that a similar separation exists for 7, but it is
only significant at the 1.50 level. Fixing the value of the high-¢
parameters to the Planck 2013 best-fit model slightly increases
the significance of the power anomaly, but has virtually no ef-
fect on 7. A joint analysis using all multipoles retrieves best-fit
values in A and T which are between the low and high-£ posteri-
ors. This behaviour is confirmed when the Planck 2015 lensing

H, (62)
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Fig. 46. Top: empirical distribution for the Hausman s, statistic for 7T
derived from simulations; the vertical bar is the observed value for the
Planck Commander map. Bottom: the empirical distribution of s, for EE
and the Planck 70 GHz polarization maps described in Sect. 2.

likelihood (Planck Collaboration XV 2016) is used in place of
low-¢ polarization.

Finally, we note a similar effect on N.g, which, in the high-
¢ analysis with a 7 prior is about 1o off the canonical value of
3.04, but is right on top of the canonical value once the lowP and
its € = 20 dip is included.

5.6. Compressed CMB-only high-¢ likelihood

We extend the Gibbs sampling scheme described in
Dunkley et al. (2013) and Calabrese et al. (2013) to construct a
compressed temperature and polarization Planck high-£ CMB-
only likelihood, P1ik_1lite, estimating CMB band-powers and
the associated covariances after marginalizing over foreground
contributions. Instead of using the full multi-frequency likeli-
hood to directly estimate cosmological parameters and nuisance
parameters describing other foregrounds, we take the intermedi-
ate step of using the full likelihood to extract CMB temperature
and polarization power spectra, marginalizing over possible
Galactic and extragalactic contamination. In the process, a new
covariance matrix is generated for the marginalized spectra,

——— lowTEB

———————— lowTEB with Planck2013
ol ] fiducial
————————— PlanckTT, { in=30
—————— PlanckTT+lowP

i 3 1 ————— PlanckTT+lensing

28 29 30 3.1 3.2 33 34

Log[10'°A,]

Log[10"A,] T

Fig. 47. Joint estimates of primordial amplitude A and 7 for the data
sets indicated in the legend. For low-¢ estimates, all other parameters are
fixed to the 2015 fiducial values, except for the dashed line, which uses
the Planck 2013 fiducial. The PlanckTT+lowP estimates fall roughly
half way between the low- and high-¢ only ones.

which therefore includes foreground uncertainty. We refer to
Appendix C.6.2 for a description of the methodology and to
Fig. C.12 for a comparison between the multi-frequency data
and the extracted CMB-only band-powers for 77, TE, and EE.

By marginalizing over nuisance parameters in the spectrum-
estimation step, we decouple the primary CMB from non-CMB
information. We use the extracted marginalized spectra and co-
variance matrix in a compressed, high-£, CMB-only likelihood.
No additional nuisance parameters, except the overall Planck
calibration yp, are then needed when estimating cosmology, so
the convergence of the MCMC chains is significantly faster. To
test the performance of this compressed likelihood, we compare
results using both the full multi-frequency likelihood and the
CMB-only version, for the ACDM six-parameter model and for
a set of six ACDM extensions.

We show in Appendix C.6.2 that the agreement between the
results of the full likelihood and its compressed version is excel-
lent, with consistency to better than 0.10 for all parameters. We
have therefore included this compressed likelihood, P1ik_lite,
in the Planck likelihood package that is available in the Planck
Legacy Archive!”.

5.7. Planck and other CMB experiments
5.7.1. WMAP-9

In Sect. 2.6 we presented the WMAP-9-based low-¢{ polariza-
tion likelihood, which uses the Planck 353 GHz map as a dust
tracer, as well as the Planck and WMAP-9 combination. Re-
sults for these likelihoods are presented in Table 22, in con-
junction with the Planck high-¢ likelihood. Parameter results
for the joint Planck and WMAP data set in the union mask

7 http://pla.esac.esa.int/pla/
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Table 22. Selected parameters estimated from Planck, WMAP, and
their noise-weighted combination in low-{ polarization, assuming
Planck in temperature at all multipoles.

Parameter Planck WMAP Planck+WMAP
T 0.077°0019 007170012 (07470012
Tpe oo emmneeeen 9.83:2 9.33:: 9.631{1)
log[10"A,] ....  3.087%00% 30761002 3082100
T [0, 0.11] [0, 0.096] [0, 0.10]
A 1.87870010 ] 7910011 ] g79+0010

Notes. The Planck Commander temperature map is always used at low £,
while the P1ik T'T likelihood is used at high ¢£. All the base-ACDM
parameters and r are sampled.

are further discussed in Planck Collaboration XIIT (2016) and
Planck Collaboration XX (2016).

We now illustrate the state of agreement reached between the
Planck 2015 data, in both the raw and likelihood processed form,
and the final cosmological power spectra results from WMAP-
9. In 2013 we noted that the difference between WMAP-9 and
Planck data was mostly related to calibration, which is now re-
solved with the upward calibration shift in the Planck 2015 maps
and spectra, as discussed in Planck Collaboration I (2016). This
leads to the rather impressive agreement that has been reached
between the two Planck instruments and WMAP-9.

Figure 48 (top panel) shows all the spectra after correction
for the effects of sky masking, with different masks used in the
three cases of the Planck frequency-map spectra, the spectrum
computed from the Planck likelihood, and the WMAP-9 final
spectrum. The Planck 70, 100, and 143 GHz spectra (which are
shown as green, red, and blue points, respectively) were derived
from the raw frequency maps (cross-spectra of the half-ring data
splits for the signal, and spectra of the difference thereof for
the noise estimates) on approximately 60% of the sky (with no
apodization), where the sky cuts include the Galaxy mask, and a
concatenation of the 70, 100, and 143 GHz point-source masks.

The spectrum computed from the Planck likelihood (shown
in black as both individual and binned C; values in Fig. 48) was
described earlier in the paper. We recall that it was derived with
no use of the 70 GHz data, but including the 217 GHz data. Im-
portantly, since it illustrates the likelihood output, this spectrum
has been corrected (in the spectral domain) for the residual ef-
fects of diffuse foreground emission, mostly in the low-¢ range,
and for the collective effects of several components of discrete
foreground emission (including tSZ, point sources, CIB, etc.).
This spectrum effectively carries the information that drives the
likelihood solution of the Planck 2015 best-fit CMB anisotropy,
shown in brown. Our aim here is to show the conformity between
this Planck 2015 solution and the raw Planck data (especially at
70 GHz) and the WMAP-9 legacy spectrum.

The WMAP-9 spectrum (shown in magenta as both individ-
ual and binned C, values) is the legacy product from the WMAP-
9 mission, and it represents the final results of the WMAP team’s
efforts to clean the residual effects of foreground emission from
the cosmological anisotropy spectrum.

All these spectra are binned the same way, starting at £ = 30
with A¢ = 40 bins, and the error-bars represent the error on the
mean within each bin. In the low-£ range, especially near the first
peak, the error calculation includes the cosmic variance contri-
bution from the multipoles within each bin, which vastly exceeds
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any measurement errors (all the measurements shown here have
high S/N over the first spectral peak), so we would expect good
agreement between the errors derived for all the spectra in the
completely signal-dominated range of the data.

The figure shows how WMAP-9 loses accuracy above { =
800 due to its inherent beam resolution and instrumental noise,
and shows how the LFI 70 GHz data achieve improved fidelity
over this range. HFI was designed to improve over both WMAP-
9 and LFI in both noise performance and angular resolution, and
the gains achieved are clearly visible, even over the relatively
modest range of ¢ shown here, in the tiny spread of the individual
C, values of the Planck 2015 power spectrum. While the overall
agreement of the various spectra, especially in the low-¢{ range, is
noticeable in this coarse plot, it is also clear that the Planck raw
frequency-map spectra do show excess power over the Planck
best-fit spectrum at the higher end of the £-range shown — the
highest level at 70 GHz and the lowest at 143 GHz. This illus-
trates the effect of uncorrected discrete foreground residuals in
the raw spectra.

A better view of these effects is seen in the bottom panel of
Fig. 48. Here we plot the binned values from the top panel as de-
viations from the best-fit model. Naturally, the black bins of the
likelihood output fit well, since they were derived jointly with
the best-fit spectrum, while correcting for foreground residuals.
The WMAP-9 points show good agreement, given their errors,
with the Planck 2015 best fit, and illustrate very tight control of
the large-scale residual foregrounds (at the low-¢ range of the
figure); beyond £ ~ 600 the WMAP-9 spectrum shows an in-
creasing loss of fidelity. Planck raw 70, 100, and 143 GHz spec-
tra show excess power in the lowest £ bin due to diffuse fore-
ground residuals. The higher-£ range now shows more clearly
the upward drift of power in the raw spectra, growing from
143 GHz to 70 GHz. This is consistent with the well-determined
integrated discrete foreground contributions to those spectra. As
previously shown in Planck Collaboration XXXI (2014, Fig. 8),
the unresolved discrete foreground power (computed with the
same sky masks as used here) can be represented in the bin near
¢ = 800 as levels of approximately 40 uK? at 70 GHz, 15 uK?
at 100 GHz, and 5 yKZ at 143 GHz, in good agreement with the
present figure.

5.7.2. ACT and SPT

Planck temperature observations are complemented at finer
scales by measurements from the ground-based Atacama Cos-
mology Telescope (ACT) and South Pole Telescope (SPT). The
ACT and SPT high-resolution data help Planck in separating the
primordial cosmological signal from other Galactic and extra-
galactic emission, so as not to bias cosmological reconstructions
in the damping-tail region of the spectrum. In 2013 we combined
Planck with ACT (Das et al. 2014) and SPT (Reichardt et al.
2012) data in the multipole range 1000 < £ < 10000, defining a
common foreground model and extracting cosmological parame-
ters from all the data sets. Our updated “highL” temperature data
include ACT power spectra at 148 and 218 GHz (Das et al. 2014)
with a revised binning (Calabrese et al. 2013) and final beam es-
timates (Hasselfield et al. 2013), and SPT measurements in the
range 2000 < ¢ < 13000 from the 2540 deg> SPT-SZ survey at
95, 150, and 220 GHz (George et al. 2015). However, in this new
analysis, given the increased constraining power of the Planck
full-mission data, we do not use ACT and SPT as primary data
sets. Using the same ¢ cuts as the 2013 analysis (i.e., ACT data
at 1000 < £ < 10000 and SPT at £ > 2000) we only check for
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Fig. 48. Comparison of Planck and WMAP-9 CMB power spectra. Top: direct comparison. Noise spectra are derived from the half-ring difference
maps. Bottom: residuals with respect to the Planck ACDM best-fit model. The error bars do not include the cosmic variance contribution (but the
(brown) 1o contour lines for the Likelihood best fit model do).
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Fig. 49. CMB-only power spectra measured by Planck (blue), ACT (or-
ange), and SPT (green). The best-fit PlanckTT+lowP ACDM model is
shown by the grey solid line. ACT data at £ > 1000 and SPT data at
¢ > 2000 are marginalized CMB band-powers from multi-frequency
spectra presented in Das et al. (2014) and George et al. (2015) as ex-
tracted in this work. Lower multipole ACT (500 < ¢ < 1000) and
SPT (650 < ¢ < 3000) CMB power extracted by Calabrese et al.
(2013) from multi-frequency spectra presented in Das et al. (2014) and
Story et al. (2013) are also shown. The binned values in the range
3000 < ¢ < 4000 appear higher than the unbinned best-fit line be-
cause of the binning (this is numerically confirmed by the residual plot
in Planck Collaboration XIII 2016, Fig. 9).

consistency and retain information on the nuisance foreground
parameters that are not well constrained by Planck alone.

To assess the consistency between these data sets, we ex-
tend the Planck foreground model up to £ = 13000 with ad-
ditional nuisance parameters for ACT and SPT, as described
in Planck Collaboration XIII (2016, Sect. 4). Fixing the cosmo-
logical parameters to the best-fit PlanckTT+lowP base-ACDM
model and varying the ACT and SPT foreground and calibration
parameters, we find a reduced X2 = 1.004 (PTE = 0.46), show-
ing very good agreement between Planck and the highL data.

As described in Planck Collaboration XIII (2016), we then
take a further step and extend the Gibbs technique presented
in Dunkley et al. (2013) and Calabrese et al. (2013; and applied
to Planck alone in Sect. 5.6) to extract independent CMB-only
band-powers from Planck, ACT, and SPT. The extracted CMB
spectra are reported in Fig. 49. We also show ACT and SPT
band-powers at lower multipoles as extracted by Calabrese et al.
(2013). This figure shows the state of the art of current CMB
observations, with Planck covering the low-to-high-multipole
range and ACT and SPT extending into the damping region. We
consider the CMB to be negligible at £ > 4000 and note that
these ACT and SPT band-powers have an overall calibration un-
certainty (2% for ACT and 1.2% for SPT).

The inclusion of ACT and SPT improves the full-
mission Planck spectrum extraction presented in Sect. 5.6 only
marginally. The main contribution of ACT and SPT is to con-
strain small components (e.g., the tSZ, kSZ, and tSZxCIB) that
are not well determined by Planck alone. However, those com-
ponents are sub-dominant for Planck and are well described by
the prior based on the 2013 Planck+highL solutions imposed in
the Planck-alone analysis. The CIB amplitude estimate improves
by 40% when including ACT and SPT, but the CIB power is also
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reasonably well constrained by Planck alone. The main Planck
contaminants are the Poisson sources, which are treated as in-
dependent and do not benefit from ACT and SPT. As a result,
the errors on the extracted Planck spectrum are only slightly re-
duced, with little additional cosmological information added by
including ACT and SPT for the baseline ACDM model (see also
Planck Collaboration XIII 2016, Sect. 4).

6. Conclusions

The Planck 2015 angular power spectra of the cosmic microwave
background derived in this paper are displayed in Fig. 50. These
spectra in TT (top), TE (middle), and EE (bottom) are all quite
consistent with the best-fit base-ACDM model obtained from
TT data alone (red lines). The horizontal axis is logarithmic at
¢ < 30, where the spectra are shown for individual multipoles,
and linear at £ > 30, where the data are binned. The error bars
correspond to the diagonal elements of the covariance matrix.
The lower panels display the residuals, the data being presented
with different vertical axes, a larger one at left for the low-¢ part
and a zoomed-in axis at right for the high-¢ part.

The 2015 Planck likelihood presented in this work is based
on more temperature data than in the 2013 release, and on
new polarization data. It benefits from several improvements
in the processing of the raw data, and in the modelling of
astrophysical foregrounds and instrumental noise. Apart from
a revision of the overall calibration of the maps, discussed
in Planck Collaboration I (2016), the most significant improve-
ments are in the likelihood procedures:

(i) a joint temperature-polarization pixel-based likelihood at
¢ < 29, with more high-frequency information used for fore-
ground removal, and smaller sky masks (Sects. 2.1 and 2.2);
an improved Gaussian likelihood at ¢ > 30 that includes
a different strategy for estimating power spectra from data-
subset cross-correlations, using half-mission data instead of
detector sets (which enables us to reduce the effect of cor-
related noise between detectors, see Sects. 3.2.1 and 3.4.3),
and better foreground templates, especially for Galactic dust
(Sect. 3.3.1) that lets us mask a smaller fraction of the sky
(Sect. 3.2.2) and to retain large-angle temperature informa-
tion from the 217 GHz map that was neglected in the 2013
release (Sect. 3.2.4).

(ii)

We performed several consistency checks of the robustness of
our likelihood-making process, by introducing more or less free-
dom and nuisance parameters in the modelling of foregrounds
and instrumental noise, and by including different assump-
tions about the relative calibration uncertainties across frequency
channels and about the beam window functions.

For temperature, the reconstructed CMB spectrum and er-
ror bars are remarkably insensitive to all these different assump-
tions. Our final high-¢ temperature likelihood, referred to as
“PlanckTT” marginalizes over 15 nuisance parameters (12 mod-
elling the foregrounds, and 3 for calibration uncertainties). Ad-
ditional nuisance parameters (in particular, those associated with
beam uncertainties) were found to have a negligible impact, and
can be kept fixed in the baseline likelihood. Detailed end-to-
end simulations of the instrumental response to the sky anal-
ysed like the real data did not uncover hidden low-level residual
systematics.

For polarization, the situation is different. Variation of the
assumptions leads to scattered results, with greater deviations
than would be expected due to changes in the data subsets used,
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and at a level that is significant compared to the statistical er-
ror bars. This suggests that further systematic effects need to be
either modelled or removed. In particular, our attempt to model
calibration errors and temperature-to-polarization leakage sug-
gests that the TE and EE power spectra are affected by sys-
tematics at a level of roughly 1 uK?. Removal of polarization
systematics at this level of precision requires further work, be-
yond the scope of this release. The 2015 high-¢ polarized like-
lihoods, referred to as “P1ikTE” and “PlikEE”, or “P1ikTT,
EE, TE” for the combined version, ignore these uncertain correc-
tions. They only include 12 additional nuisance parameters ac-
counting for polarized foregrounds. Although these likelihoods
are distributed in the Planck Legacy Archive'8, we stick to the
PlanckTT+lowP choice in the baseline analysis of this paper and
the companion papers such as Planck Collaboration XIII (2016),
Planck Collaboration XIV (2016), and Planck Collaboration XX
(2016).

We developed internally several likelihood codes, exploring
not only different assumptions about foregrounds and instru-
mental noise, but also different algorithms for building an ap-
proximate Gaussian high-¢ likelihood (Sect. 4.2). We compared
these codes to check the robustness of the results, and decided to
release:

(i) A baseline likelihood called P1ik (available for TT, TE, EE,
or combined observables), in which the data are binned in
multipole space, with a bin-width increasing from Af = 5 at
¢ =~ 30to Al = 33 at £ = 2500.

An unbinned version which, although slower, is preferable
when investigating models with sharp features in the power
spectra.

A simplified likelihood called P1ik_1ite in which the fore-
ground templates and calibration errors are marginalized
over, producing a marginalized spectrum and covariance
matrix. This likelihood does not allow investigation of cor-
relations between cosmological and foreground/instrumental
parameters, but speeds up parameter extraction, having no
nuisance parameters to marginalize over.

(ii)

(iii)

In this paper we have also presented an investigation of the
measurement of cosmological parameters in the minimal six-
parameter ACDM model and a few simple seven-parameter ex-
tensions, using both the new baseline Planck likelihood and sev-
eral alternative likelihoods relying on different assumptions. The
cosmological analysis of this paper does not replace the investi-
gation of many extended cosmological models presented, e.g.,
in Planck Collaboration XIII (2016), Planck Collaboration XIV
(2016), and Planck Collaboration XX (2016). However, the
careful inspection of residuals presented here addresses two
questions:

(i) a priori, is there any indication that an alternative model to
ACDM could provide a significantly better fit?

(i1) if there is such an indication, could it come from caveats
in the likelihood-building (imperfect data reduction, fore-
ground templates or noise modelling) instead of new cos-
mological ingredients?

Since this work is entirely focused on the power-spectrum
likelihood, it can only address these questions at the level of
2-point statistics; for a discussion of higher-order statistics,
see Planck Collaboration XVI (2016) and Planck Collaboration
XVII (2016).

8 http://pla.esac.esa.int/pla/
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The most striking result of this work is the impressive
consistency of different cosmological parameter extractions,
performed with different versions of the P1ikTT+tauprior or
PlanckTT+lowP likelihoods, with several assumptions concern-
ing: data processing (half-mission versus detector set corre-
lations); sky masks and foreground templates; beam window
functions; the use of two frequency channels instead of three;
different cuts at low ¢ or high ¢; a different choice for the
multipole value at which we switch from the pixel-based to
the Gaussian likelihood; different codes and algorithms; the
inclusion of external data sets like WMAP-9, ACT, or SPT;
and the use of foreground-cleaned maps (instead of fitting the
CMB -+foreground map with a sum of different contributions). In
all these cases, the best-fit parameter values drift by only a small
amount, compatible with what one would expect on a statistical
basis when some of the data are removed (with a few exceptions
summarized below).

The cosmological results are stable when one uses the sim-
plified P1lik_lite likelihood. We checked this by comparing
PlanckTT+lowP results from P1ik and P1ik_lite for ACDM,
and for six examples of seven-parameter extended models.

Another striking result is that, despite evidence for small
unsolved systematic effects in the high-¢ polarization data, the
cosmological parameters returned by the P1ikTT, P1ikTE, or
P1ikEE likelihoods (in combination with a 7 prior or Planck
lowP) are consistent with each other, and the residuals of the
(frequency combined) TE and EE spectra after subtracting the
temperature ACDM best-fit are consistent with zero. As has been
emphasized in other Planck 2015 papers, this is a tremendous
success for cosmology, and an additional proof of the predictive
power of the standard cosmological model. It also suggests that
the level of temperature-to-polarization leakage (and possibly
other systematic effects) revealed by our consistency checks is
low enough (on average over all frequencies) not to significantly
bias parameter extraction, at least for the minimal cosmologi-
cal model. We do not know yet whether this conclusion applies
also to extended models, especially those in which the combina-
tion of temperature and polarization data has stronger constrain-
ing power than temperature data alone, e.g., dark matter annihi-
lation (Planck Collaboration XIIT 2016) or isocurvature modes
(Planck Collaboration XX 2016). One should thus wait for a fu-
ture Planck release before applying the Planck temperature-plus-
polarization likelihood to such models. However, the fact that we
observe a significant reduction in the error bars when including
polarization data is very promising, since this reduction is ex-
pected to remain after the removal of systematic effects.

Careful inspection of residuals with respect to the best-fit
ACDM model has revealed a list of anomalies in the Planck
CMB power spectra, of which the most significant is still the
low-¢ temperature anomaly in the range 20 < ¢ < 30, already
discussed at length in the 2013 release. In this 2015 release, with
more data and with better calibration, foreground modelling, and
sky masks, its significance has decreased from the 0.7% to the
2.8% level for the TT spectrum (Sect. 5.5). This probability is
still small (although not very small), and the feature remains un-
explained. We have also investigated the EE spectrum, where
the anomaly, if any, is significant only at the 7.7% level.

Other “anomalies” revealed by inspection of residuals (and
of their dependence on the assumptions underlying the likeli-
hood) are much less significant. There are a few bins in which
the power in the 77T, TE, or EE spectrum lies 2-30 away from
the best-fit ACDM prediction, but this is not statistically un-
likely and we find acceptable probability-to-exceed (PTE) lev-
els. Nevertheless, in Sects. 3.8 and 4.1, we presented a careful
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investigation of these features, to see whether they could be
caused by some imperfect modelling of the data. We noted that
a deviation in the 7T spectrum at £ ~ 1450 is somewhat sus-
picious, since it is driven mostly by a single channel (217 GHz),
and since it depends on the foreground-removal method. But this
deviation is too small to be worrisome (1.80 with the baseline
Plik likelihood). As in the 2013 release, the data at intermedi-
ate £ would be fitted slightly better by a model with more lensing
than in the best-fit ACDM model (to reduce the peak-to-trough
contrast), but more lensing generically requires higher values of
A and Q.4 that are disfavoured by the rest of the data, in par-
ticular when high-¢ information is included. This mild tension
is illustrated by the preference for a value greater than unity for
the unphysical parameter Ar, a conclusion that is stable against
variations in the assumptions underlying the likelihoods. How-
ever, Ap is compatible with unity at the 1.80 level when using
the baseline PlanckTT likelihood with a conservative 7 prior (to
avoid the effect of the low-¢ dip), so what we see here could be
the result of statistical fluctuations.

This absence of large residuals in the Planck 2015 temper-
ature and polarization spectra further establishes the robustness
of the ACDM model, even with about twice as much data as in
the Planck 2013 release. This conclusion is supported by sev-
eral companion papers, in which many non-minimal cosmolog-
ical models are investigated but no significant evidence for ex-
tra physical ingredients is found. The ability of the temperature
results to pass several demanding consistency tests, and the evi-
dence of excellent agreement down to the uK? level between the
temperature and polarization data, represent an important mile-
stone set by the Planck satellite. The Planck 2015 likelihoods are
the best illustration to date of the predictive power of the minimal
cosmological model, and, at the same time, the best tool for con-
straining interesting, physically-motivated deviations from that
model.
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Appendix A: Sky masks

This appendix provides details of the way we build sky masks for
the high-¢ likelihood. Since it is based on data at frequencies be-
tween 100 and 217 GHz, Galactic dust emission is the main dif-
fuse foreground to minimize. We subtract the SMICA CMB tem-
perature map (Planck Collaboration IX 2016) from the 353 GHz
map and we adopt the resulting CMB-subtracted 353 GHz map
as a tracer of dust. After smoothing the map with a 10° Gaus-
sian kernel, we threshold it to generate a sequence of masks with
different sky coverage. Galactic masks obtained in this way are
named B80 to B50, where the number gives the retained sky
fraction fy in percent (Fig. A.1).

For the likelihood analysis, we aim to find a trade-off be-
tween maximizing the sky coverage and having a simple, but re-
liable, foreground model of the data. The combination of masks
and frequency channels retained is given in Table A.1. In order to
get C¢-covariance matrices for the cosmological analysis that are
accurate at the few percent level (cf. Sect. 3.5), we actually use
apodized versions of the Galactic masks. The apodization corre-
sponds to a Gaussian taper of width o = 2° ', Apodized Galac-
tic masks are also used for the polarization analysis. The effec-
tive sky fraction of an apodized mask is fuy = 2; wl.zQi /(4n),
where w; is the value of the mask in pixel i and €Q; is the solid
angle of the pixel.

All the HFI frequency channels, except 143 GHz, are also
contaminated by CO emission from rotational transition lines.
Here we are concerned with emission around 100 and 217 GHz,
associated with the CO J =1 — O and J = 2 — 1 lines, respec-
tively. Most of the emission is concentrated near the Galactic
plane and is therefore masked out by the Galactic dust masks.
However, there are some emission regions at intermediate and
low latitudes that are outside the quite small B8O mask we use
at 100 GHz. We therefore create a mask specifically targeted at
eliminating CO emission. The Type 3 CO map, part of the Planck
2013 product delivery (Planck Collaboration XIII 2014), is sen-
sitive to low-intensity diffuse CO emission over the whole sky.
It is a multi-line map, derived using prior information on line
ratios and a multi-frequency component separation method. Of
the three types of Planck CO maps, this has the highest S/N.
We smooth this map with a o = 120’ Gaussian and mask the
sky wherever the CO line brightness exceeds 1 Kgy km s~!. The
mask is shown in Fig. A.2, before apodization with a Gaussian
taper of FWHM = 30'.

Finally, we include extragalactic objects in our temperature
masks, both point sources and nearby extended galaxies. The
nearby galaxies that are masked are listed in Table A.2, together
with the corresponding cut radii. For point sources, we build con-
servative masks for 100, 143, and 217 GHz separately. At each
frequency, we mask sources that are detected above S/N = 5
in the 2015 point-source catalogue (Planck Collaboration XX VI
2016) with holes of radius three times the o = FWHM/VIn8
of the effective Gaussian beam at that frequency. We take the
FWHM values from the elliptic Gaussian fits to the effective
beams (Planck Collaboration XX VI 2016), i.e., FWHM values
of 9/66, 7/22, and 4!90 at 100, 143, and 217 GHz, respectively.
We apodize these masks with a Gaussian taper of FWHM =
30’. As already noted, these masks are designed to reduce the
contribution of diffuse and discrete Galactic and extragalactic

19 We use the routine process_mask of the HEALPix package to obtain
a map of the distance of each pixel of the mask from the closest null
pixel. We then use a smoothed version of the distance map to build the
Gaussian apodization. The smoothing of the distance map is needed to
avoid sharp edges in the final mask.

TNy,

Fig. A.1. Unapodized Galactic masks B50, B60, B70, and B80, from
orange to dark blue.

Fig. A.2. Unapodized CO mask (fyy = 87%).

Table A.1. Galactic masks used for the high-¢ analysis.

Frequency [GHz] Temperature Polarization
100........... B80 G70 B80 G70
143 ... ... B70 G60 B60 G50
217 oL B60 G50 B50 G41

Notes. For each frequency channel, the Galactic and apodized Galac-
tic masks are labelled by their “B” and “G” prefixes, followed by the
retained sky fraction (in percent).

foreground emission in the “raw” (half-mission and detset) fre-
quency maps used for the baseline high-¢ likelihood.

The masks described in this appendix are used in the
papers on cosmological parameters (Planck Collaboration XIII
2016), inflation (Planck Collaboration XX 2016), dark en-
ergy (Planck Collaboration XIV 2016), and primordial magnetic
fields (Planck Collaboration XIX 2016), which are notable ex-
amples of the application of the high-¢ likelihood. However, the
masks differ from those adopted in some of the other Planck
papers. For example, reconstructions of gravitational lensing
(Planck Collaboration XV 2016) and integrated Sachs-Wolfe ef-
fect (Planck Collaboration XXI 2016), constraints on isotropy
and statistics (Planck Collaboration XVI 2016), and searches for
primordial non-Gaussianity (Planck Collaboration XVII 2016)
mainly rely on the high-resolution foreground-reduced CMB
maps presented in Planck Collaboration IX (2016). Those maps
have been derived by four component-separation methods that
combine data from different frequency channels to extract
“cleaned” CMB maps. For each method, the corresponding
confidence masks, for both temperature and polarization, re-
move regions of the sky where the CMB solution is not
trusted. This is described in detail in Appendices A-D of
Planck Collaboration IX (2016). The masks recommended for
the analysis of foreground-reduced CMB maps are constructed
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Table A.2. Masked nearby galaxies and corresponding cut radii.

Radius

Galaxy [arcmin]
LMC................. 250
SMC................. 110
SMCext* ............. 50
M31F1> .. ... .. .. .. .. 80
M31F2 .............. 80
M33 .. ... .. 30
M8l ................. 30
MIOL ................ 18
MB2 ... 15
M51 ... 15
CenA................ 15

Notes. @ Inspection of the SMC at 857 GHz reveals an extra signal,
localized in a small area near the border of the excised disk, which we
mask with a disk centred at (I, b) = (299°85, —43°6). ® M 31 is elon-
gated. Therefore, instead of cutting an unnecessarily large disk, we use
two smaller disks centred at the focal points of an elliptical fit to the
galaxy image (F1, F2).

as the unions of the confidence masks of all the four compo-
nent separation methods. Their sky coverages are fiy, = 0.776 in
temperature and fyu, = 0.774 in polarization. Since component
separation mitigates the foreground contamination even at rel-
atively low Galactic latitudes, those masks feature a thinner cut
along the Galactic plane than the ones described in this appendix.
Nevertheless, propagation of noise, beam, and extragalactic fore-
ground uncertainties in foreground-cleaned CMB maps is more
difficult, and this is the main reason why we do not employ
them in the baseline high-¢ likelihood. We also note that the
recommended mask for temperature foreground-reduced maps
has a greater number of compact object holes than the masks
used here. This is due to the fact that some component separa-
tion techniques can introduce contamination of sources from a
wider range of frequencies than the approach considered here
for the high-£ power spectra. According to the tests provided in
Sect. C.1.4, such masks would result in sub-optimal performance
of the analytic C,-covariance matrices.

Appendix B: Low-¢ likelihood supplement
B.1. Sherman-Morrison-Woodbury formula

In the Planck 2015 release we follow a pixel-based approach to
the joint low-¢ likelihood (up to £ = 29) of T, O, and U. This ap-
proach treats temperature and polarization maps consistently at
HEALPix resolution Ngge = 16, as opposed to the WMAP low-
¢ likelihood, which incorporates polarization information from
lower-resolution maps to save computational time (Page et al.
2007). The disadvantage of a consistent-resolution, brute-force
approach lies in its computational cost (Like13), which may re-
quire massively parallel coding (and adequate hardware) in order
to be competitive in execution time with the high-£ part of the
CMB likelihood (see, e.g., Finelli et al. 2013 for one such im-
plementation). Such a choice, however, would hamper the ease
of code distribution across a community not necessarily spe-
cialized in massively parallel computing. Luckily, the Sherman-
Morrison-Woodbury formula and the related matrix determinant
lemma provide a means to achieve good timing without resorting
to supercomputers. To see how this works, rewrite the covariance
matrix from Eq. (3) in a form that explicitly separates the C, to
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be varied from those that stay fixed at the reference model:

ZCUI fmax
— XY pXY XYref XY
M= > P+ > P +N (B.1)
XY (=2 XY (=Ccy+1
Low
= ZZC;”P;” + Mo, (B.2)
XY (=2

where we have effectively redefined the fixed multipoles as
“high-¢ correlated noise”, as far as the varying low-£ multi-
poles are concerned. Next, note that for fixed ¢, PZ” has rank*
A = 2¢ + 1, and this matrix may therefore be decomposed as
PIT = (VIHTAITVIT where Al and VI7 are (1 x 1) and
(4 X Npix) matrices, respectively, which depend only upon the
unmasked pixel locations. A similar decomposition holds for the
PEEBB matrices, while P7E can be expanded in the [V]7, VEF]
basis for the corresponding £. We can then write

M = VTA(C,)V + M, (B.3)

where V = [VIT VIE VEB VfBl] is an (1, X Npix) matrix with
ny = 3[(bewt + 1) — 4], and A(Cy) is an (n; X n,) block-diagonal
matrix (accounting for four modes removed in monopole and
dipole subtraction). Each £-block in the latter matrix reads

CITATT CPATE 0
CIEAF CPAfE 0. (B.4)
0 0 CBBAL

Finally, using the Sherman-Morrison-Woodbury identity and the
matrix determinant lemma, we can rewrite the inverse and deter-
minant of M as

M—l = Ma] _ MalvT(A—l + VM(_)IVT)_]VM(_)I
IM| = Mol JA[JA™" + VM,'VT].

(B.5)
(B.6)

Because neither V nor My depends on Cy, all terms involving
only their inverses, determinants, and products may be precom-
puted and stored. Evaluating the likelihood for a new set of C,
then requires only the inverse and determinant of an (2, Xn,) ma-
trix, not an (Npix X Npix) matrix. For the current data selection,
described in Sects. 2.2 and 2.3, we find n; = 2688, which is to
be compared to Nyix = 6307, resulting in an order-of-magnitude
speed-up compared to the brute-force computation.

B.2. Lollipop

We performed a complementary analysis of low-£ polarization
using the HFI data, in order to check the consistency with the
LFI-based baseline result. The level of systematic residuals in
the HFI maps at low ¢ is quite small, but comparable to the
HFI noise (see Planck Collaboration VIII 2016), so these resid-
uals should be either corrected, which is the goal of a future
release, or accounted for by a complete analysis including pa-
rameters for all relevant systematic effects, which we cannot yet
perform. Instead, we use Lollipop, a low-¢ polarized likelihood
function based on cross-power spectra. The idea behind this ap-
proach is that the systematics are considerably reduced in cross-
correlation compared to auto-correlation.

At low multipoles and for incomplete sky coverage, the
C, statistic is not simply distributed and is correlated be-
tween modes. Lollipop uses the approximation presented

20 Masking can in principle reduce the effective rank, but for the high
sky fractions used in the Planck analysis, this is not an issue.
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in Hamimeche & Lewis (2008), modified as described in
Mangilli et al. (2015) to apply to cross-power spectra. We re-
strict ourselves to the one-field approximation to derive a likeli-
hood function based only on the EE power spectrum at very low
multipoles. The likelihood function of the C, given the data ¢,
is then

~2In P(CACe) = ) [X 1T TM; oo (X e (B.7)
o
with the variable
C,+0,;
_ f ¢ 4 fid
[Xg]g =\l +0, g(C[_’_O[) €+ 0y, (B.8)

where g(x) = V2(x —Inx — 1), C?d is a fiducial model and Oy is
the offset needed in the case of cross-spectra. This likelihood has
been tested on Monte Carlo simulations including both realistic
signal and noise. In order to extract cosmological information
on 7 from the EE spectrum alone, we restrict the analysis to
the cross-correlation between the HFI 100 and 143 GHz maps,
which exhibits the lowest variance.

At large angular scales, the HFI maps are contaminated by
systematic residuals coming from temperature-to-polarization
leakage (see Planck Collaboration VIII 2016). We used our best
estimate of the Q and U maps at 100 and 143 GHz, which we
correct for residual leakage coming from destriping uncertain-
ties, calibration mismatch, and bandpass mismatch, using tem-
plates as described in Planck Collaboration VIII (2016). Even
though the level of systematic effects is thereby significantly re-
duced, we still have residuals above the noise level in 