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addition of polarization data, which enter into the ISW detection
levels mentioned above through the Planck lensing map.

Since a purely gravitational effect does not polarize photons,
polarization data in principle provide a powerful discriminant
between ISW and primary CMB fluctuations. The current Planck
polarization maps, however, are not usable at the largest scales
(Sect. 2.2), so this tool cannot yet be fully exploited.

Polarization data on smaller scales (*5°) can be used to
probe the ISW effect through stacking of CMB anisotropies at
the positions of known superstructures. We have studied the pho-
tometric profiles of Planck CMB polarization patches at the lo-
cations of the Granett et al. (2008) catalogue of superclusters
and super-voids, which have been reported as anomalous ISW
sources (e.g., Planck Collaboration XVII 2014). Our analysis,
using specially-constructed CMB temperature maps that are cor-
related and uncorrelated with E£-modes, cannot rule out the ISW
effect as the cause of these anomalies.

A map of the ISW anisotropies is presented in Fig. 21. It
shows the redshifts and blueshifts suffered by CMB photons
travelling through the gravitational potential traced by different
galaxy catalogues and the Planck lensing map. Our reconstruc-
tion has a mean error of =15 uK (per roughly 1° pixel).

10.9. Cosmology from clusters

In 2013 we found an apparent tension between our primary CMB
constraints and those from the Planck cluster counts, with the
clusters preferring a lower normalization of the matter power
spectrum, og. The comparison is interesting because the cluster
counts directly measure o at low redshift and hence any ten-
sion could signal the need for extensions of the base model, such
as non-minimal neutrino mass. However, limited knowledge of
the normalization of the scaling relation between SZ signal and
mass (usually called “mass bias”) continues to hamper the inter-
pretation of this result.

Our 2015 cluster analysis benefits from a larger catalogue
(438 objects versus the 189 in 2013), greater control of the se-
lection function, and recent gravitational lensing determinations
of the mass bias for Planck clusters. With the larger sample, we
now fit the counts in the 2-dimensional plane of redshift and S/N,
allowing us to simultaneously constrain the slope of the scal-
ing relation and the cosmological parameters. We examine three
new empirical determinations of the mass bias from gravitational
lensing: weighing the Giants (WtG; von der Linden et al. 2014);
the Canadian Cluster Comparison Project (CCCP; Hoekstra
et al., priv. comm.); and results from a new method based on
CMB lensing (Melin & Bartlett 2015). We use these three re-
sults as priors because they measure the mass scale directly on
samples of Planck clusters.

The cluster constraints on og and Q, are statistically identi-
cal to those of 2013 when adopting the same scaling relation and
mass bias; in this sense, we confirm the 2013 results with the
larger 2015 catalogue. Applying the three new mass bias priors,
we find that the WtG calibration reduces the tension with the
primary CMB constraints to slightly more than 1o in the base
model, and CCCP results in tension at just over 2o, similar to
the case for the CMB lensing calibration. More detailed discus-
sion of constraints from Planck cluster counts can be found in
Planck Collaboration XXIV (2016).
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11. Planck 2015 astrophysics results
11.1. Low frequency foregrounds

Galactic foreground emission between 20 and 100 GHz,
based primarily on the Commander component separa-
tion of Planck Collaboration X (2016), is discussed in
Planck Collaboration XXV (2016). The total intensity in
this part of the spectrum is dominated by free-free and spinning
dust emission, while polarization is dominated by synchrotron
emission.

Comparison with radio recombination line templates verifies
the recovery of the free-free emission along the Galactic plane.
Comparison of high-latitude He emission with our free-free map
shows residuals that correlate with dust optical depth, consistent
with a fraction (around 30%) of Ha having been scattered by
high-latitude dust. A number of diffuse morphological features
of spinning dust at high latitude can be highlighted. There is sub-
stantial spatial variation in the spinning dust spectrum, with the
emission peak (in /,) ranging from below 20 GHz to more than
50 GHz. There is a strong tendency for the spinning dust compo-
nent near prominent H II regions to have a higher peak frequency,
suggesting that this increase in peak frequency is associated with
dust in the photo-dissociation regions around the nebulae. The
emissivity of spinning dust in these diffuse regions is of the same
order as previous detections in the literature. Over the entire sky,
the Commander solution finds more anomalous microwave emis-
sion (AME) than the WMAP component maps, at the expense
of synchrotron and free-free emission. Although the Commander
model fits the data exceptionally well, as noted in Sect 9.4, the
discrepancy is largely driven by differences in the assumed syn-
chrotron spectrum and the more elaborate model of spinning
dust designed to allow for the variation in peak frequency noted
above. Future surveys, particularly at 5-20 GHz, will greatly im-
prove the separation, since the predicted brightness between the
two models disagrees substantially in that range.

In polarization, synchrotron emission completely dominates
on angular scales larger than 1° and frequencies up to 44 GHz.
We combine Planck and WMAP data to make the highest signal-
to-noise ratio map yet of the intensity of the all-sky polar-
ized synchrotron emission at frequencies above a few giga-
hertz, where Faraday rotation and depolarization are negligible
(Figs. 22 and 23). Most of the high-latitude polarized emission is
associated with distinct large-scale loops and spurs, and we re-
discuss their structure following the earlier study of Vidal et al.
(2015) based on WMAP observations. We argue that nearly all
the emission at —90° < [ < 40° is part of the Loop I struc-
ture, and show that the emission extends much further into the
southern Galactic hemisphere than previously recognized, giv-
ing Loop I an ovoid rather than circular outline. However, it
does not continue as far as the “Fermi bubble/microwave haze”,
which probably rules out an association between the two struc-
tures. The South Polar Spur (SPS, see Fig. 22) is bordered by
a polarized dust filament and associated low-velocity HI emis-
sion, analogous to the cold features long known to border Loop I
around the North Polar Spur. We find two structures that could
correspond to distant analogues of the radio loops, as pre-
dicted by Mertsch & Sarkar (2013), including one surrounding
the Cygnus X star-forming region, both of which are again asso-
ciated with dust polarization.

We identify a number of other faint features in the polar-
ized sky, including a dearth of polarized synchrotron emission
directly correlated with a narrow, 20°-long filament seen in Ha
at high Galactic latitude, and also visible in the Faraday rotation
map of Oppermann et al. (2012). Finally, we look for evidence of
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Fig. 21. Maps of ISW anisotropies (left) and their (per pixel) uncertainties (right), from the combination of the Planck SEVEM CMB map and the
large-scale structure tracers used in Planck Collaboration XXI (2016): NVSS; WISE galaxies and AGN; and luminous photometrically-selected

galaxies from SDSS. The units are kelvins.

polarized AME. Many AME regions, however, are significantly
contaminated by polarized synchrotron emission, and we find a
20 upper limit of 1.6% in the Perseus region.

11.2. Polarized thermal dust emission

Planck has produced the first all-sky map of the polarized emis-
sion from dust at submillimetre wavelengths (Figs. 17 and 24).
Compared with earlier ground-based and balloon-borne obser-
vations (e.g., Benoit et al. 2004; Ward-Thompson et al. 2009;
Matthews et al. 2009, 2014; Koch et al. 2010) this survey is an
immense step forward in sensitivity, coverage, and statistics. It
provides new insight into the structure of the Galactic magnetic
field and the properties of dust, as well as the first statistical char-
acterization of one of the main foregrounds to CMB polarization.
The wealth of information encoded in the all-sky maps of polar-
ized intensity, P, polarization fraction, p, and polarization angle,
¥, presented in Planck Collaboration X (2016), is illustrated in
Fig. 25. Here we summarize the main results from the data anal-
ysis by the Planck Consortium. The release of the data to the
science community at large will trigger many more studies.

11.2.1. The dust polarization sky

Planck Collaboration Int. XIX (2015) presents an overview of
the polarized sky as seen by Planck at 353 GHz (the most sen-
sitive Planck channel for polarized thermal dust emission), fo-
cusing on the statistics of p and . At all Ny below 10?2 cm™2, p
displays a large scatter. The maximum p, observed in regions of
moderate hydrogen column density (N < 2x10%' cm™2), is high
(Pmax = 20%). There is a general decrease in p with increasing
column density above Ny ~ 1 x 10?! cm™2 and in particular a
sharp drop above Ny ~ 10?> cm™2.

The spatial structure of ¢ is characterized using the angle
dispersion function S, the local dispersion of y (introduced by
Hildebrand et al. 2009). The polarization fraction is found to be
anti-correlated with S. The polarization angle is ordered over
extended areas of several square degrees. The ordered areas
are separated by long, narrow structures of high S that high-
light interfaces where the sky polarization changes abruptly.
These structures have no clear counterpart in the map of the
total intensity, /. They bear a morphological resemblance to
features detected in gradient maps of radio polarized emission
(Iacobelli et al. 2014).

11.2.2. The Galactic magnetic field

The Planck maps of p and y contain information on the mag-
netic field structure. The data have been compared to syn-
thetic polarized emission maps computed from simulations of
anisotropic magnetohydrodynamical turbulence, assuming sim-
ply a uniform intrinsic polarization fraction of dust grains
(Planck Collaboration Int. XX 2015). The turbulent structure of
the magnetic field is able to reproduce the main statistical prop-
erties of p and ¢ that are observed directly in a variety of nearby
clouds (dense cores excluded). The large-scale field orientation
with respect to the line of sight plays a major role in the quanti-
tative analysis of these statistical properties. This study suggests
that the large scatter of p at Ny smaller than about 10?> cm~2 is
due mainly to fluctuations in the magnetic field orientation along
the line of sight, rather than to changes in grain shape and/or the
efficiency of grain alignment.

The formation of density structures in the interstellar
medium involves turbulence, gas cooling, magnetic fields, and
gravity. Polarization of thermal dust emission is well suited
to studying the role of the magnetic field, because it images
structure through an emission process that traces the mass of
interstellar matter (Planck Collaboration XI 2014). The Planck
I map shows elongated structures (filaments or ridges) that
have counterparts in either the Stokes Q or U map, or in
both, depending on the mean orientation. The correlation be-
tween Stokes maps characterizes the relative orientation be-
tween the ridges and the magnetic field. In the diffuse in-
terstellar medium, the ridges are preferentially aligned with
the magnetic field measured on the structures. This statisti-
cal trend becomes more striking for decreasing column density
and, as expected from the potential effects of projection, for in-
creasing polarization fraction (Planck Collaboration Int. XXXII
2016). Towards nearby molecular clouds the relative orientation
changes progressively from preferentially parallel in areas with
the lowest Ny to preferentially perpendicular in the areas with
the highest Ny (Planck Collaboration Int. XXXV 2016). This
change in relative orientation might be a signature of the for-
mation of gravitationally-bound structures in the presence of a
dynamically-important magnetic field.

The relation between the structure of matter and the magnetic
field is also investigated in Planck Collaboration Int. XXXIII
(2016) through modelling of the variations of the Stokes pa-
rameters across three filaments for different hypotheses on p.
For these representative structures in molecular clouds, the
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Fig. 22. Synchrotron polarization amplitude map, P = +/Q? + U2, at 30 GHz, smoothed to an angular resolution of 60, produced by a weighted
sum of Planck and WMAP data as described in Planck Collaboration XXV (2016). The traditional locii of radio loops I-IV are marked in black, a
selection of the spurs identified by Vidal et al. (2015) in blue, the outline of the Fermi bubbles in magenta, and features discussed for the first time
in Planck Collaboration XXV (2016) in red. Our measured outline for Loop I departs substantially from the traditional small circle.

Fig. 23. All-sky view of the angle of polarization at 30 GHz, rotated by 90° to indicate the direction of the Galactic magnetic field projected on
the plane of the sky. The colours represent intensity, dominated at this frequency by synchrotron emission. The “drapery” pattern was obtained
by applying the line integral convolution (LIC; Cabral & Leedom 1993) procedure using an IDL implementation provided by Diego Falceta-
Gongalves (http://each.uspnet.usp.br/fgoncalves/pros/lic.pro). This gives an effective way of visualizing regions where the field is
coherent, but where the field varies significantly along the line of sight, the orientation pattern is irregular and difficult to interpret.

magnetic fields in the filaments and their background have
an ordered component with a mean orientation inferred from
Planck polarization data. However, the mean magnetic field
in the filaments does not have the same orientation as in the
background, with a different configuration in all three cases
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examined. The magnetic field in a massive star-forming region,
the Rosette Nebula and parent molecular cloud, is analysed
in Planck Collaboration Int. XXXIV (2016), combining Fara-
day rotation measures from the ionized gas with dust polarized
emission from the swept-up shell. This same methodology and
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Fig. 24. Dust polarization amplitude map, P = /02 + U?, at 353 GHz, smoothed to an angular resolution of 10’, produced by the diffuse
component-separation process described in Planck Collaboration X (2016) using Planck and WMAP data.

Fig. 25. All-sky view of the angle of polarization at 353 GHz, rotated by 90° to indicate the direction of the Galactic magnetic field projected on
the plane of the sky and presented as in Fig. 23.
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modelling framework could be used to study the field structure
in a sample of massive star-forming regions.

11.2.3. Dust polarization properties

Galactic interstellar dust consists of components with different
sizes and compositions, and consequently different polarization
properties. The relatively large grains that are in thermal equilib-
rium and emit the radiation seen by Planck in the submillimetre
also extinguish and polarize starlight in the visible (e.g., Martin
2007). Comparison of polarized emission and starlight polariza-
tion on lines of sight probed by stars provides insight into the
properties of polarizing grains. In Planck Collaboration Int. XXI
(2015) we specifically use P and [ in the Planck 353 GHz chan-
nel, stellar polarization observations in the V band, the degree
of polarization, py, and the optical depth to the star, 7y. Lines
of sight through the diffuse interstellar medium are selected with
comparable values of the column density as estimated at submil-
limetre and visible wavelengths, and with polarization directions
in emission and extinction that are close to orthogonal. Through
correlations involving many lines of sight two ratios are deter-
mined, RS/V = (P/I)/(pv/Tv) and Rp/p = P/pv, the latter fo-
cusing directly on the polarization properties of the grains con-
tributing to polarization. The first ratio, Rg,y, is compatible with
predictions based on a range of dust models that have been de-
veloped for the diffuse interstellar medium (e.g., Martin 2007,
Draine & Fraisse 2009). This estimate provides new empirical
validation of many of the common underlying assumptions of
the models, but is not very discriminating among them. The sec-
ond ratio, Rpyp, is higher than model predictions by a factor of
about 2.5. A comparable difference between data and model is
observed for I/7ty (Planck Collaboration Int. XXIX 2016). To
address this, changes will be needed in the modelled optical
properties of the large dust grains contributing to the submil-
limetre emission and polarization.

The spectral dependence at submillimetre wave-
lengths is also important for constraining dust models. In
Planck Collaboration Int. XXII (2015) the Planck and WMAP
data are combined to characterize the frequency dependence
of emission that is spatially correlated with dust emission at
353 GHz, for both intensity and polarization, in a consistent
manner. At v > 100 GHz, the mean spectral energy distribution
(SED) of the correlated emission is well fit by a modified
blackbody spectrum, for which the mean dust temperature of
19.6 K (derived from an SED fit of the dust total intensity
up to 3000 GHz = 100um) is adopted. It is found that the
opacity has a spectral index of 1.59 + 0.02 for polarization
and 1.51 £ 0.01 for intensity. The difference between the two
spectral indices is small but significant. It might result from dif-
ferences in polarization efficiency among different components
of interstellar dust. Results from Planck Collaboration Int. XXII
(2015) also show that the spectral energy distribution increases
with decreasing frequency at v < 60 GHz, for both intensity
and polarization. The rise of the polarization SED towards low
frequency might be accounted for by a synchrotron component
correlated with dust, with no need for any polarization of the
anomalous microwave emission.

11.2.4. Polarized dust and the CMB

The polarized thermal emission from diffuse Galactic dust is
the main foreground present in measurements of the polariza-
tion of the CMB at frequencies above 70 GHz. The Planck sky
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coverage, spectral coverage, and sensitivity are all important
for component separation of the polarization data. The polar-
ized dust angular power spectra Cr* and C}*® are measured in
Planck Collaboration Int. XXX (2016) over the multipole range
40 < ¢ < 600 and well away from the Galactic plane, provid-
ing a precise characterization of the dust foreground for CMB
polarization.

The polarization power spectra of the dust are well-described
by power laws in multipole, C, o ¢%, with exponents @ =
—2.42 + 0.02 for both the EE and BB spectra. The amplitudes
of the polarization power spectra are observed to scale with the
average dust brightness as (I)!, similar to the scaling found ear-
lier (Miville-Deschénes et al. 2007). The frequency dependence
of the power spectra for polarized thermal dust emission is con-
sistent with that found for the modified blackbody emission in
Planck Collaboration Int. XXII (2015). A systematic difference
is discovered between the amplitudes of the Galactic B- and
E-modes, such that C2#/CF®F = 0.5. There is additional infor-
mation coming from the dust TE and T B spectra. These general
properties apply at intermediate and high Galactic latitudes in
regions with low dust column density. The data show that there
are no windows in the sky where primordial CMB B-mode po-
larization can be measured without subtraction of polarized dust
emission.

12. Summary and conclusions

This paper is an overview of the Planck 2015 release, summariz-
ing the main features of the products being released and the main
scientific conclusions that we draw from them. Some highlights
of this release are listed below.

— Data from the entire mission are now used, including both
temperature and polarization, and significant improvements
have been made in the understanding of beams, pointing, cal-
ibration, and systematic errors. As a result, the new products
are less noisy, but even more importantly they are much bet-
ter understood and the overall level of confidence is signifi-
cantly increased.

— The residual systematics in the Planck 2015 polarization
maps have been dramatically reduced compared to 2013, by
as much as two orders of magnitude in some cases. Never-
theless, on angular scales greater than 10°, systematic errors
in the polarization maps between 100 and 217 GHz are still
non-negligible compared to the expected cosmological sig-
nal. It was not possible, for this data release, to fully charac-
terize the large-scale residuals due to these systematic errors
from the data or from simulations. Therefore all results pub-
lished by the Planck Collaboration in 2015 based on CMB
polarization maps use maps that have been high-pass filtered
to remove structure on large angular scales. Users of the
Planck CMB maps are warned that they are not generally us-
able for cosmological analysis at £ < 30. Nevertheless, our
polarization data are already making important contributions
in a variety of analyses. More specifically, we are able to use
the TE and EE angular power spectra at small scales (and to
a more limited extent, at large angular scales) over the full
sky, reaching the expected sensitivity. This allows us to esti-
mate cosmological parameters independently of 77, and in
combination with T7T.

— A large set of simulations accompanies the release, including
up to 10000 realizations of signal and noise; this has been
used to test and verify methods of analysis and to estimate
uncertainties.
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We measure the amplitude and direction of the Solar dipole

to the best precision so far.

— One of the most notable improvements in this release is that
LFI, HFI, and WMAP now agree on the amplitude of fluc-
tuations in the CMB to within a few tenths of a percent on
angular scales from the dipole through the first acoustic peak.

— At large angular scales, we are now able to use Planck-only
products to carry out cosmological analysis. Specifically, we
can estimate the optical depth of reionization, 7, indepen-
dently of other experiments. The value of 7 is smaller than
found in previous determination, implying later reionization.

— Foregrounds can be separated effectively over larger areas
of the sky than in the 2013 release, allowing more sky to
be used for cosmology, and producing high-quality maps of
synchrotron, free-free, spinning dust, thermal dust, and CO
emission.

— Our 2015 results for cosmology are consistent with our 2013
results, but with smaller uncertainties, and covering a greater
range of science implications.

— Our best-fit 2015 cosmological parameters confirm the basic
6-parameter ACDM scenario that we determined in 2013.
There is no compelling evidence for any extensions to the
6-parameter model, or any need for new physics. Depending
somewhat on the precise data combinations used, five of the
six parameters are now measured to better than 1% precision.
Areas that were in “tension” in 2013 (og and weak galaxy
lensing) remain in tension today, although the disagreement
is lessened when only particular subsets of the external data
are considered.

— Using only Planck data, we find that the Universe is flat to
0.7% (10). Including BAO data, the constraint tightens to a
remarkable 0.25%.

— Using the Planck temperature data over the whole sky,
together with our recent work combining Planck and
BICEP2/Keck data, we have obtained the best current upper
limits on the tensor-to-scalar ratio obtained to date.

— Improved limits on primordial non-Gaussianity (fyr) are
about 30% tighter than before, reaching the expected sen-
sitivity of Planck when including polarization.

— Models of inflation are more tightly constrained than ever
before, with the simplest ¢ models being ruled out for n > 2.

— We have obtained the most restrictive limits yet on the am-
plitude of primordial magnetic fields.

— Planck’s measurement of lensing of the CMB has the highest
signal-to-noise ratio yet achieved, 400

— The second Planck catalogues of compact sources, SZ clus-

ters, and Galactic cold clumps, are larger than the previous

ones and better-characterized in terms of completeness and
reliability.

Planck continues to provide a rich harvest of data for cosmology
and astrophysics.
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