
Abstract. We review basic results from the European Space
Agency's Planck space mission, which are of crucial signifi-
cance to understanding the origin and evolution of the Uni-
verse. The main stages of astrophysical and cosmological data
processing pipelines are considered. The Planck results are
compared with the data from the NASA WMAP (Wilkinson
Microwave Anisotropy Probe) space mission and the BICEP2
(Background Imaging of Cosmic Extragalactic Polarization 2)
experiment.

Keywords: cosmic microwave background radiation, cosmol-
ogy, data analysis

1. Introduction

Major astrophysical results have been obtained in the last
decade. Most of them are related to observations by space

telescopes in different energy bands and by cosmic ray
detectors. The most groundbreaking studies include observa-
tions by the WMAP (Wilkinson Microwave Anisotropy
Probe) mission by NASA (USA) and the Planck mission by
the European Space Agency (ESA), which measured fluctua-
tions of the cosmic microwave background (CMB). Both
satellites were launched to a quasi-stable Lagrange L2 point
of the Earth±Moon system at a distance of 1.5 mln km from
Earth in the direction opposite to the Sun. These space
missions enabled measurements of cosmological parameters
of our Universe with unprecedented precision.

The WMAP observations 1 were carried out from 2002
until 2011 in five frequency bands: 23GHz (K-band), 33GHz
(Ka-band) , 41GHz (Q-band), 61GHz (V-band), and 94GHz
(W-band). Data obtained over 1, 3, 5, 7, and 9 years of the
mission operation [1±7] were publicly available through the
site referenced in footnote 1. The analysis of time series
records, including map-making and pixelization of the sky,
as well as the signal decomposition, resulted in information
on the anisotropy and polarization of the CMB, foreground
components (synchrotron and free±free radiation, dust
emission), and the calculation of their power spectra. The
WMAP ILC (internal linear combination) map constructed
from data combined from different observational channels
was smoothed by a Gaussian beam with a 1� angular
resolution. A full archive of the raw and processed observa-
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tional data is publicly available through the WMAP site. The
constructed CMB map and the angular power spectra
allowed determination of all cosmological parameters, and
good agreement with results of independent measurements
was achieved [8].

Independently of the WMAP observations, the ESA
designed and launched the Planck mission.2 Aimed at similar
goals, this project is a new-generation experiment, exceeding
previous experiments in sensitivity, angular resolution, and
the number of frequency bands. Figure 1 shows a map built
from the WMAP and Planck CMB sky surveys.

In this review, we consider different stages of information
acquisition, including time series analysis, sky map making,
pixelization, component separation, angular power spectrum
calculation, and cosmological parameter determination. We
discuss the main cosmological results of the Planck mission
and compare them with the WMAP results.

The main results of the Planck mission are available
through the site www.cosmos.esa.int/web/planck/publica-
tions in four groups of papers describing the early
(27 papers, 2011) and intermediate (38 papers, 2012±2015)
Planck results, as well as the Planck results of 2013 (31 papers)
and 2015 (28 papers as of the time of writing). Each of these
groups is preceded by a short summary of the results obtained
in the corresponding time interval. On the same site, a joint
paper by the Planck and BICEP2 (Background Imaging of
Cosmic Extragalactic Polarization 2) collaborations devoted
to the results of observations of the B-mode of CMB
polarization is presented, as are 40 technical papers describ-
ing operation of the Planck satellite instruments.We note that
data analysis is carried out in all of the above papers; in
addition, theoretical aspects of the data analysis are con-

sidered in 13 papers published before the Planck mission
launch (Planck pre-launch papers).

2. Planck satellite instruments

The initial name of the Planck satellite was COBRAS/
SAMBA. This is a historical name, because the mission
concept arose from two space experiments with similar
goals, COBRAS (COsmic Background Radiation Aniso-
tropy Satellite) and SAMBA (SAtellite for Measurement of
Background Anisotropies). Both experiments were united in
onemission. Themission launchwas first planned by the ESA
in 1994, and in 1996, upon improving the project, it was
included in the ESA's `Horizon 2000' science program. After
that, the mission was renamed after the outstanding German
physicist Max Planck (1858±1947). The Planck satellite
(Fig. 2) was manufactured at the Cannes Mandelieu space
center.

The satellite is equipped with an off-axis Gregory
telescope with two parabolic mirrors (Fig. 3). The diameter
of the primary and secondary mirrors is 1:9� 1:5 m and
1:1� 1:0 m. The detectors include 74 radiometers sensitive in
the 25±1000 GHz (millimeter and submillimeter waves).
Using these detectors, simultaneous sky scanning was
performed with an angular resolution from 30 0 at low
frequencies to 5 0 at high frequencies. Cross sections of the
detector beams are shown in Figs 4 and 5. The detectors were
separated into two groups, which are referred to as the Low
Frequency Instrument (LFI), including radiometers centered
at 30, 44, and 70 GHz, and the High Frequency Instrument
(HFI), including bolometers with central frequencies of 100,
143, 217, 353, 545, and 857 GHz. The LFI employs high-
electron-mobility transistors, and the HFI includes 48 bolo-
metric detectors for photon detection. manufactured at the
Jet Propulsion Laboratory (JPL) of the California Institute of
Technology (Caltech). The receivers were cooled to 17 K by a
special cryogenic system. The actual parameters of the LFI
and HFI detectors are listed in Tables 1 and 2, according to
the Planck collaboration 2015 data [11].

The total mass of the satellite is 1950 kg. The design of the
satellite enables all-sky mapping approximately twice per
year with a record high combined sensitivity, angular
resolution, and frequency coverage. Planck is the ESA's
project, with a contribution from NASA. The observatory
includes instruments from two science teams financed byESA
countries (led by France and Italy), and telescopes and
reflectors that were manufactured through ESA collabora-
tion with a scientific consortium headed by Denmark, which
financed the telescope construction.
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Figure 1. (Color online.) (a) The WMAP9 CMB map (for 9 years of

observations) with a resolution of 1�. (b) The Planck 2015 CMBmap with

a resolution of 50 (thermodynamic CMB temperature is shown in mK).

2 http://www.esa.int/Planck.
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Figure 2. (a) The Planck satellite. (b) Radiometer horns (at frequencies of

30, 44, and 70 GHz) and bolometers (at frequencies of 100, 143, 217, 353,

545, and 857 GHz) in the focal plane of the telescope. (Figure from the site

http://www.rssd.esa.int/Planck/.)
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The satellite was launched from theKuru cosmodrome on
14 May, 2009 by an Arian-5 rocket. The same rocket
launched the orbital infrared telescope Herschel. The Planck
observatory started surveying the microwave sky on
13 August by orbiting the Lagrange L2 point of the Earth±
Moon system 1.5 km from Earth. The mission duration, from
launch to switching-off the equipment on 23 October, 2013,
was 4 years, 5 months, and 9 days. During this time, the
observatory performed five all-sky surveys with both instru-
ments.

The main advantages of the Planck mission over the
previous WMAP space mission, which were achieved for
some parameters, included:
� better (threefold) angular resolution, which enabled

intensitymeasurements at smaller angular scales (down to 5 0);
� higher (tenfold) detector sensitivity;
� observations in nine frequency bands, which allow

improving the galactic foreground component separation
from the CMB signal.

3. Goals and physics

The main goals of the Planck mission included:
� high-angular-resolution measurements of the intensity

and polarization of the primordial CMB anisotropy;
� creation of a catalog of galaxy clusters using the

Sunyaev±Zeldovich (SZ) effect;
� observations of gravitational lensing of the CMB due to

deflection of photon trajectories passing through matter
clusters and of the Sachs±Wolfe effect related to the photon
frequency change when passing through galaxy clusters under
formation or through expanding voids with a time-variable
gravitational potential;
� observations of bright extragalactic sources in active

galactic nuclei and infrared sources related to dust-rich
galaxies;
� observations of the Milky Way, in particular, the

interstellar medium and diffuse synchrotron radiation, as
well as measurements of the Galactic magnetic field;
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Figure 3.Gregory system of the Planck telescope.
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Figure 4. (Color online). Plank LFI beam profiles reconstructed from the

first four Jupiter transits. The beams are represented by contours drawn at

the levels ofÿ3, ÿ10, ÿ20, and ÿ25 dB from the peak at 70 GHz (green),

ÿ3, ÿ10, ÿ20 at 30 GHz (blue), and 44 GHz (pink). (From [9].)
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Figure 5. Planck HFI beam profiles reconstructed from transits of Mars,

Saturn, and Jupiter during the first three observational runs. The beams

are represented by contours drawn at the levels of ÿ3, ÿ10, ÿ20, and
ÿ30 dB from the peak. (From [10].)

Table 1. Actual parameters of the LFI instruments on the Planck maps.

Characteristic
Frequency band, GHz

30 44 70

Central frequency, GHz
Effective full width at half maximum (FWHM),
arc minutes
Effective beam ellipticity
Temperature noise (after one-degree smearing),
mK
Polarization noise (after one-degree smearing), mK
Total calibration error, %
Systematic error in the Stokes parameter I, mK
Systematic error in the Stokes parameterQ, mK
Systematic error in the Stokes parameterU, mK

28.4
32.29

1.32
2.5

3.5
0.35
0.19
0.20
0.40

44.1
27.00

1.04
2.7

4.0
0.26
0.39
0.23
0.45

70.4
13.21

1.22
3.5

5.0
0.20
0.40
0.45
0.44
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� Solar System studies: planets, asteroids, comets, and
zodiacal light.

The primary goals of the Planck mission were to measure
the CMB temperature and polarization, which were needed to
test the standard cosmological model and to improve its
parameters.

4. Data analysis

The standard CMB data processing pipeline can be con-
ventionally separated into several stages.

1. Time ordered data (TOD) taking in the form of the
radiation temperature as a function of time or sky coordi-
nates, T�t� � T�l; b�; the primary data processing.

2. Map-making, including signal reconstruction on the
celestial sphere from TOD and data averaging in pixels
(pixelization).

3. Separation of the microwave background components:
the CMB, galactic foreground components, and extragalactic
sources.

4. Map decomposition into spherical harmonics (multi-
poles) and map reconstruction from the spherical harmonics.

5. Statistical analysis of the map signal.
6. Power spectral analysis and determination of cosmolo-

gical parameters.
Each stage typically included several thousand simula-

tions of the experiment.
We note several of the most important procedures that we

need in discussing the Planck mission results in what follows.

4.1 Harmonic decomposition
The CMB data analysis is usually carried out in two
equivalent parameter spaces: in the real pixel space, in which
CMB maps are represented on the sky, and in the harmonic
domain, in terms of spherical harmonics (or multipoles) in the
case of a sphere. The data analysis, component separation,
and power spectrum calculation can be performed in any
parameter space using different methods to obtain the same
results (but the number of operations can be different).
Frequently, combined methods are used, which enables
separation of specific angular spaces in the harmonic domain
and then the analysis of the correspondingly reconstructed
maps in the pixel space. These approaches are also used in the
Planck data analysis.

The sky map decomposition with respect to the spherical
functions (multipoles), denoted as Y`;m�y;f�, is determined
by the expression

DT�y;f� �
X1
`�2

Xm�`
m�ÿ`

a`mY`;m�y;f� : �1�

The functions Y`;m, which are usually written in polar
coordinates, depend on two arguments: the polar angle y,
which is related to the latitude b as y � 90� ÿ b, and the
longitude f. The index ` ofY`;m is the number of the spherical
harmonic (multipole) corresponding to the size of hot and
cold spots of a given harmonic on the sky (for example, in the
case of a dipole, two spots are observed on the celestial sphere;
in the case of a quadrupole, four spots are observed; etc.);m is
the mode number of the multipole `; the mode reflects how
spots with a given size are distributed on the sphere. The sum
of all spherical harmonics taken with certain coefficients a`;m,
which reflect the contribution of each harmonic, yields the
CMB anisotropy map.

For a continuous real function DT�x;f� describing the
temperature anisotropy, the contribution from each harmo-
nic to the map, i.e., the decomposition coefficient a`m, is given
by

a`m �
�1
ÿ1

dx

�2p
0

dfDT�x;f�Y �`m�x;f� ; �2�

where Y �`m is the complex conjugate of Y`m, and x � cos y,
where y is the polar angle. Usually, only multipoles that bear
cosmological information are analyzed, i.e., those with `5 2.
We recall that the monopole (` � 0) shows the mean back-
ground temperature, and the dipole (` � 1) indicates the
direction of the Earth motion vector in space. The sky signal
decomposition into spherical harmonics is orthogonal, which
distinguishes it from the usual polynomial approximation: for
example, if we subtract a certain harmonic corresponding to a
specific angular scale from the map, the signal on other scales
does not change.

Examples of the CMB Planck signal multipole decom-
position are shown in Figs 6±8 for standard quadrupole
(` � 2,m � 0; 1; 2) and octupole (` � 3,m � 0; 1; 2; 3) modes.

4.2 Pixelization and map-making
The recorded temperature series are not yet a CMB map. To
build the background map, it is necessary to understand
exactly which original signal resulted in the registered
response, taking multiple passages of the telescope beam
through a given sky field and detector noises into account.
This problem reduces to a system of linear equations that also
incorporate the rule of sky partitioning into small areas
(pixelization) and the radio dish properties, including the
beam (solid angle within which the dish receives the signal)
and random noise. After stacking multiple observations of
chosen fields for a given sky pixelization, a map of the signal
can be made. Maps of the registered signal by the Planck
satellite at different frequencies are presented in Fig. 9.

Table 2. Actual parameters of the HFI instrument on the Planck maps.

Characteristic
Frequency band, GHz

100 143 217 353 545 857

Number of bolometers
Effective FWHM, arc minutes
Effective beam ellipticity
Noise per beam solid angle, mK

kJy srÿ1

Temperature noise, mK grad
kJy srÿ1 rad

Polarization noise, mK grad
Calibration accuracy, %

8
9.68
1.186
7.5
...
1.29
...
1.96
0.09

11
7.30
1.040
4.3
...

0.55
...

1.17
0.07

12
5.02
1.169
8.7
...

0.78
...

1.75
0.16

12
4.94
1.166

29.7
...
2.56
...
7.31
0.078

3
4.83
1.137

...
9.1

...
0.78

...
1.1(+5%)

4
4.64
1.336
...

8.8
...

0.72
...

1.4(+5%)
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The sky maps were obtained after processing the
corresponding data from receivers working in each fre-
quency band for the entire period of mission duration. The
primary data processing took systematic effects into account,
including the dipole due to Solar System motion through the
CMB and Planck satellite motion in the Solar System.
Zodiacal light and side-lobe scattering were also taken into
consideration.

The LFI and HFI instruments have fundamentally
different types of detectors (radiometers and bolometers,
respectively), and therefore different signal registration and
noise analysismethods should be applied. Several papers were
devoted to the LFI andHFI data analysis for each instrument
separately. Parameters describing systematic uncertainties
are also somewhat different. We describe the results pre-
sented by the Planck collaboration with the corresponding
comments. The pipeline of map-mapping from time series
(TOD) includes several procedures described in the accom-

panying papers, which have special names (the names of the
software packages). The latter are also mentioned in what
follows because most of them are publicly available and can
be used to solve similar problems.

4.2.1 Specifics of the LFI data processing. The first standard
steps of the input time series processing include cleaning from
the 4p-folded dipole with the antenna beam and the scattered
light from the Galaxy, obtained by the 4p convolution of the
beam side lobes with the model of the Galaxy [12]. The LFI
maps are built using the special code Madam [13], in which
the destriping technique is realized [14]. The algorithm is
aimed at solving the problem of correlated noise observed in
the initial Planck data. During each sky scanning cycle, which
is determined by the satellite axial rotation for about 1 min
and the similar observation of the same sky area for about
44 min before the next pointing, the 1/f-like noise due to
instability of the HEMP (High Electron Mobility Transistor)

ÿ1.78�10ÿ5 1.66�10ÿ5 ÿ3.71�10ÿ3 7.42�10ÿ3

ÿ4.84�10ÿ3 4.84�10ÿ3 ÿ0.02 0.02

a b

c d

Figure 6. (a) The quadrupole (` � 2) of the CMB map and its modes (b) Y20 (coefficient on the Planck CMB SMICA (Spectral Matching Independent

Component Analyses) map a20 � �8:361� 10ÿ6; 0�), (c) Y21 �a21 � �ÿ3:638� 10ÿ6, 8:0101� 10ÿ6��, and (d) Y22 �a22 � �ÿ1:265� 10ÿ5,
ÿ1:493� 10ÿ5��. The coefficients are shown for the CMB temperature of the Planck SMICA map in kelvins.

ÿ3.51�10ÿ5 3.51�10ÿ5 ÿ4.83�10ÿ3 4.83�10ÿ3

a b c

d e

ÿ0.01 0.01

ÿ0.02 ÿ0.030.02 0.03

Figure 7. (a) The octupole (` � 3) of the Planck CMB map (2d 2015 data release) and its modes (b) Y30 �coefficient on the CMB map a30 �
�ÿ6:261� 10ÿ6; 0��, (c) Y31 �a31 � �ÿ8:912� 10ÿ6, 8:715� 10ÿ7��, (d) Y32 �a32 � �2:172� 10ÿ5, 1:196� 10ÿ6��, and (e) Y33 �a33 � �ÿ1:401� 10ÿ5,
3:048� 10ÿ5��. The coefficients are shown for the CMB temperature of the Planck SMICA map in kelvins.
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amplifier persists in the record. After averaging the circle
records, passing through one sky area before the next satellite
pointing, and cleaning small deviations from the mean value,
the 1/f-noise collected during the entire observational cycle
remains in the averaged data. After the primary processing,
only low-frequency components of this noise survive, which
appear as stripes on the final maps reflecting the Planck scan
strategy.

To remove such stripes, a destripingmethodwas designed.
The algorithm is based on the removal of the correlated noise

at constant-duration time intervals called baselines (Fig. 10).
A noise filter is constructed on the specified baselines. At low
frequencies, 0.25 s and 1 s baselineswere used. The radiometer
signals were combined with equal weights for each horn to
minimize systematic errors. These weights were used in the
map-making procedure. A detailed description of this
procedure can be found in [13, 15, 16].

We note the main stages of the primary LFI time series
processing:
� construction of the LFI instrument model;

ÿ1.78�10ÿ5 1.66�10ÿ5 ÿ3.51�10ÿ5 3.51�10ÿ5 ÿ3.32�10ÿ5 2.89�10ÿ5

ÿ4.32�10ÿ5 4.32�10ÿ5 ÿ2.52�10ÿ5 2.49�10ÿ5 ÿ3.58�10ÿ5 3.58�10ÿ5

ÿ2.52�10ÿ5 2.48�10ÿ5 ÿ2.90�10ÿ5 2.90�10ÿ5 ÿ2.61�10ÿ5 2.88�10ÿ5

Figure 8.Multipoles (` � 2; 3; 4; 5; 6; 7; 8; 9; 10) of the Planck CMB map (SMICA).

Figure 9. (Color online). Planck all-sky maps at frequencies of 30, 44, 70, 100, 143, 217, 353, 545, and 857 GHz (from left to right, top to bottom).
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� cleaning of nonlinear noises of the analog±digital
converter and one-Hertz spikes;
� calculation and application of modulation amplifica-

tion to minimize the 1/f-noise;
� combination of signals from diodes;
� calculation of the corresponding sky pointing for each

detector using additional data and information on the
antenna beam (the information includes the current distance
to the Sun and temperature of electronics in the radiometer
block);
� calibration of the measured signal and transformation

to a physical quantity (thermodynamic CMB temperature
in kelvins), calculation (fitting) of the total CMB dipole
4p-convoluted with the antenna beam, and taking the galactic
scattering features into account;
� cleaning of the signal from solar and orbital dipoles

4p-convoluted with the antenna beam and of the galactic
emission 4p-convoluted with the beam side lobes;
� combination of information from time series and its

inclusion in the summary product, including skymaps at each
frequency.

4.2.2 Specifics of the HFI data processing. The map-making
procedure and calibration of the HFI signal are described in
detail in [16, 17]. We note the most important steps of the
primary data processing.

Telemetric data were converted into time series of
measurements from each of the 52 usual bolometers, as well
as of two dark bolometers, 16 thermobolometers, and two
devices (resistor and capacitor) included in the HFI. The time
series data (time-ordered information, TOI) were corrected if
noises were detected and removed (for example, due to
collision with particles), as well as after the removal of
records with an unstable signal during one observational
cycle (pointing period) called a ring. The ring record was
binned (smoothed in a given window, a bin) according to the
sky pixelization HEALPix [18] (see Section 4.2.4). Each ring
corresponded to the binned data over one period of observa-
tions.

Different standards were used for data calibration at
different frequencies. In the range 100±353 GHz, the calibra-
tion coefficients were determined by correlating the signal
with the orbital dipole that was very precisely calculated from
the Planck satellite flight dynamics. The corresponding
calibration coefficients were thus derived for each bol-
ometer. At 545 GHz and 857 GHz, the calibration was
performed by observations of Uranus and Neptune (Jupiter
was excluded because of its high brightness) using their
emission models especially constructed for the Planck
mission. At these frequencies, one calibration coefficient was
used for all rings.

To clean the low-frequency noise, the ring offset was
determined by minimizing the signal difference between
rings (in the HEALPix pixelization) at their crossing, and
then the corresponding noise signal was determined and
cleaned by the destriping procedure. Using the zodiacal light
model, the corresponding correction was calculated and
taken into account in the TOI from calibrated rings. The
obtained TOI series were converted into HEALPix maps,
where the bolometer data were given weights inversely
proportional to the detector noise variation.

We also note some steps to prepare maps for component
separation. The preparation stage included:

1) determination of the correction for dust emission
leakage using ground-based data;

2) correction of the signal calibration in the beam side
lobes: the signal in the frequency bands 100, 143, and 217GHz
was multiplied by the respective factors 1.00087, 1.00046, and
1.00043 to compensate for unremovable side lobes. The
corresponding covariance maps were corrected similarly by
multiplying by the squares of these factors;

3) Filling of the missed pixels, which were then assigned
mean values for nondamaged pixels inside a region with a
given radius; for full maps in a frequency channel, this radius
was chosen to be 1�.

4.2.3Map-making procedure.The transformation of primary-
processed time series into a sky map is called map making.
The procedure is independently applied in each frequency
channel and polarization. The map-making methods are
somewhat different for LFI and HFI instruments, not only
because of different beams in which signal and noise from
different receivers are mixed but also because the initial data
analysis was performed by different groups inside the Planck
collaboration. We use the notation introduced in the
corresponding Planck mission publications.

The LFI map making can be described by a system of
matrix equations [12, 13, 15, 16]. The full LFI time series data
stream can be represented as

y � Pm� Fa� n ; �3�
where the vector a describes the set of baselines used in the
destriping technique, F is the matrix that decomposes the
baselines in the TOD, the vector n represents white noise, and
P is the pointing matrix that collects the TOD flux from the
sky with a diffuse signal described by m. Equation (3) can be
used to construct maps for three registered Stokes para-
meters, I, Q, and U. The a priori noise is described by the
expected correlation between the baseline amplitudes a:

Ca � haaTi ; �4�
where T denotes matrix transposition. Preliminary para-
meters are obtained from noise estimates (frequency, white
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Figure 10. (Color online). Example of the destriping algorithm. A five-

minute clip with simulated 1/f noise is fitted with 1 min, 10 s, and 0.625 s

baselengths (in black, purple, and blue, respectively). Also shown is the

model TOD signal (in red). The vertical dashed lines mark the 1 min

scanning intervals. The strong peaks correspond to galactic transits.

(From [14].)
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noise dispersion, and spectral slope). The a priori noise
characteristics enable the destriping technique to be applied
to very short baselines in order to very accurately clean the
noise. The final map can be presented as

m � �PTCÿ1w P�ÿ1PTCÿ1w �yÿ Fa� ; �5�

where Cw is a diagonal weight matrix.
The destriping procedure constructs the sky map by

solving a system of equations for different baselines. Then,
by binning (smoothing in the pixel window), the final map is
produced by removing baselines used previously. This two-
step procedure decreases systematic errors to some extent.
The procedure is controlled by applying a special mask at the
destriping stage, and the map quality is estimated by the error
calculated in determining the baseline as the discrepancy
between the real and model signals Pm. The main signal
errors are due to the signal variation inside the pixel, the
difference between one-frequency radiometer responses
(frequency inconsistency), and the deviation of the model
beam from the actual one. The error increases mainly at low
galactic latitudes, where the signal gradient is the largest. The
Madam code, which implements the destriping technique,
produces maps in the HEALPix format [18]. For most low-
frequency maps, the resolution parameter isNside � 1024 (the
parameter describes the number of pixels on the sphere
Ntot � 12N 2

side (see Section 4.2.4)). At 70 GHz, maps with
Nside � 2048 were also made.

For the HFI data, dipoles modulated by the orbital
motion of the satellite and the Solar System motion were
also taken into account in the destriping procedure [16, 17].
The orbital dipole with relativistic corrections taken into
consideration was also used to calibrate data. The orbital
dipole produces yearly modulation. These variations are
included in the HFI map-making procedure Pt (in the
notation of the HFI group [17]):

Pt � G� �AtpTp � torb � Gtror� � nt ; �6�
where Atp is the antenna pointing matrix; torb is the time-
dependent orbital dipole signal; Tp is the sky signal measured
in the pth pixel that contains information on the solar dipole
and Stokes parameters I, Q, and U; Gtr is the ring-pointing
matrix that relates the data set t to the ring number r; G is the
gain coefficient; or is the offset for the rth ring; and nt is the
noise component. Here, unknowns are G, or, and Tp. Due to
degeneracy between the average offset and zero level of the
maps, hori � 0. The zero level of the HFI maps was
determined using external datasets from the level of the
galactic foreground emission and cosmic infrared back-
ground. The value following from the map-making proce-
dure for each pixel is [17]

Tp � �ATNÿ1A�ÿ1ATNÿ1d ; �7�

where d are calibrated, cleaned ring data with offsets and the
orbital dipole removed, dt � �Pt ÿ Gtror�=Gÿ torb, and
N � hnTni is the covariance noise matrix. To make HFI
maps, the polkapix code was used to implement the destrip-
ing technique. The output HFI maps at six frequencies (100,
143, 217, 353, 545, 857 GHz) are presented in the HEALPix
form [18] with the resolution parameter Nside � 2048.

4.2.4 Pixelization. The map-making is performed using a
specified sky pixelization grid. This grid is used to further

analyze the CMB data, including the harmonic decomposi-
tion and inverse map reconstruction, the component separa-
tion, and the signal statistic analysis. The pixelization choice
is a purelymathematical problem of partitioning a sphere into
areas. We note that there are several sky pixelization methods
for CMB analysis (see review [19]). These include the Igloo
pixelization [20], icosahedron pixelization [21], Hierarchical
Equal Area iso-Latitude Pixelization (HEALPix) 3 [18], and
Gauss±Legendre Sky Pixelization (GLESP) 4 [22, 23]. In the
last case, the pixel centers coincide with nodes of a Gauss-
Legendre quadrature. The GLESP pixels have quasi-equal
areas and a harmonic decomposition that requires calculating
an integral [see Eqn (2)]. The Gauss quadrature with specified
nodes provides a very high accuracy of integration. For the
HEALPix andGLESP grids, there is special software to work
with maps and harmonics. The former is hierarchical, the
latter is nonhierarchical and is mainly designed to work with
spherical functions and their phases. Comparisons and
descriptions of all proposed pixelization methods can be
found in review [19].

In the Planck experiment, the HELAPix pixelization was
used. HEALPix became the first software package (named
after the sphere pixelization method) that implemented the
procedure of harmonic decomposition of maps up to high
harmonics (` > 100), the calculation of the angular power
spectrum, and sky map visualization. Pixelization was also
used to present data in theWMAP experiment [1] and in other
CMB experiments [24±27].

The authors of [18] determined three main requirements
for the mathematical structure of a discrete grid on the full
sky.

1. Hierarchical database structure. This requirement is
needed for very large databases and was also postulated for
a quadrilatericized spherical cube. The simple argument
supporting this is that all data elements from an adjacent
multi-dimensional space (here, it is a spherical surface) are
also neighbors in the tree-like structure of the database. This
property facilitates the use of different topological methods
for data analysis and enables easy construction of wavelet
transforms on triangular and quadratic grids with a fast
choice of neighboring pixels.

2. Equal area of discrete elements. This requirement is very
useful because white noise at a given instrument frequency
leads during integration to white noise in the pixel space, and
the registered signal is recorded independently of the pixel
size. Here, of the course, attention should be given to the
choice of the pixel size, which should be sufficiently small
compared to the instrumental resolution to avoid excessive
signal smearing and the dependence on the pixel shape.

3. Distribution of pixels in one row along one latitude circle.
Such a pixel distribution is significant for ensuring a high
speed of calculation of spherical harmonics. Because the
associated Legendre polynomials are calculated via slow
recursions, the deviation of the grid nodes from one latitude
circle leads to significant time losses upon increasing the
number of points processed.

The base resolution in HEALPix is determined by
12 pixels (or sides) on three rings around the poles and the
equator. The next hierarchy level is produced from the
previous one by splitting each pixel of the preceding level
into four equal pixels. Hence, the resolution is determined by

3 http://healpix.jpl.nasa.gov.
4 http://www.glesp.nbi.dk.
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the parameterNside (Fig. 11) that gives the number of the base
pixel splittings. This parameter is used to choose a given map
resolution as defined, for example, by the antenna beam. All
isolateral rings are located between the top and bottom
vertices of equatorial faces (i.e., ÿ2=3 < cos y� < 2=3) or in
the equatorial zone. After partitioning into an equal number
of pixels, we have Neq � 4Nside. The remaining rings located
inside the polar caps (j cos y�j > 2=3) contain a variable
number of pixels, which increases from ring to ring with
increasing the distance from the pole to one pixel in each
square. Thus, a HEALPix map hasNpix � 12N 2

side pixels with
the equal area Opix � p=�3N 2

side�.

4.3 Separation of components
The next stage after map-making is the extraction of the CMB
signal. In addition to the CMB, the Planck signal contains the
galactic diffusion component, the extragalactic background,
and galactic and extragalactic radio sources. One of the
standard methods of the full CMB signal reconstruction is a
combination of observational data at different frequencies
multiplied by some factors that remove the galactic signal and
extract the CMB radiation. This method of component
separation was used by the WMAP collaboration [4] (also
see [28]). The method is based on the idea that the spectra of
the galactic components (namely, synchrotron radiation,
free±free emission, and dust emission) are different from the

CMB spectrum. Because the combination of channels in the
WMAP mission was used without involving external experi-
mental data, the method was named the Internal Linear
Combination (ILC), and the sky map produced by this
method is accordingly called the ILC map. The coefficients
can be determined by minimizing dispersion in the resulting
map, with their sum equal to unity in order to preserve the
general normalization of the CMB signal. We note that there
aremany variousmethods of component separation (see, e.g.,
[29±36]), which on average give similar results.

In the Planck experiment, four methods were used by
different groups inside the collaboration: the Commander-
Ruler (C-R) method for the 2013 data release [37], which was
later transformed into the extended Commander method for
the 2015 data release [38]; internal linear combination in the
space of special spherical waveletsÐneedlets (NILC); tem-
plate fitting using data at different frequencies to estimate the
CMB power spectrum by the expectation maximization
algorithm (Spectral Estimation Via Expectation Maximiza-
tionÐSEVEM), and the method realized in the spherical
harmonic domain of amplitude matching of the CMB
spectral parameters and background components (Spectral
Matching Independent Component Analysis, SMICA).
These four methods can be separated into two groups. The
first includes NILC and SEVEM, where the foreground
components are assumed to correspond to specified spectral
templates and the CMB is represented by a black-body
component, and the CMB variation minimum is sought.
The methods of the second group (Commander and
SMICA) are based on parametric modeling of the fore-
ground components.

In the Commander method, a Bayesian separation of
components in the pixel space by matching a parametric
model with data using an a posteriori distribution of
parameters of model foregrounds is implemented. The fitting
is made in two stages. At the first stage, both foreground
component amplitudes and spectral parameters are calcu-
lated from low-resolution maps by the Markov chain Monte
Carlo (MCMC) method using the Gibbs algorithm [39, 40].
At the second stage, the amplitudes are recalculated for high-
resolution maps by solving the corresponding system of
equations by the generalized least square system method
(GLSS) for each pixel with spectral parameters obtained in
solving for low-resolution signals at the first stage. The data
model dn at a frequency n is expressed as a linear combination
of Nc astrophysical components with instrumental noise
added:

dn �
XNc

i�1
F i
n �y�Ai � nn ; �8�

where Ai is the data vector describing the sky map and
containing the ith component amplitude, reduced to the
observed frequency, and F i

n �y i� is a diagonal matrix describ-
ing the spectral emission of the ith component as a function of
the frequency, depending on a small set of spectral para-
meters y. The CMB signal is included in the sum of the
components and can be represented in the harmonic or pixel
spaces. This depends on the purpose of the analysis: the CMB
power spectrum calculation or the component separation
[37]. The Bayesian theorem determines the a posteriori
distribution of the model parameters:

P�Ai; yj d� / L�Ai; y�P�Ai; y� ; �9�

a b

c d

Figure 11.Orthographic view of the HEALPix partition of the sphere. The

superimposed of equators and meridians illustrate the octahedral symme-

try of HEALPix. The lowest resolution corresponds to 12 basic pixels (a).

The sphere is hierarchically partitioned into curvilinear quadrangles. The

light gray shading shows one of the 8 (4 north and 4 south) identical polar

base-resolution pixels. Dark gray shading shows one of the 4 identical

equatorial base-resolution pixels. The resolution of themosaic increases in

subdividing each pixel into four new ones. The grid resolution increases

from the base level in three steps. The resolution is characterized by the

grid resolution parameterNside (equal to 1, 2, 4, 8 here), which determines

the total number of pixelsNpix � 12N 2
side, and the sphere in this example is

subdivided into (a) 12, (b) 48, (c) 192, and (d) 768 pixels. The areas of all

pixels with a given resolution are identical. The pixel centers are located on

constant-latitude rings, which is important for the harmonic analysis and

spherical harmonic calculations. (The figure is reproduced from [18].)
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where L�Ai; y� is the Gaussian likelihood function, and the a
priori function P�Ai; y� depends on the method of accounting
for the foreground components. This approach results in a
dataset obtained from the a posteriori distribution, which is
different from direct estimates of each component amplitude
and spectral parameters. We note that the Commander
procedure is applied to data taken by one detector or a set of
detectors, and not to full sky maps at a given frequency. Also,
part of the input data from detectors with significant
systematic errors is excluded. In addition, the WMAP nine-
year data [7] and maps at 408 MHz [41] are included in the
analysis. Thus, the input data for the Commander procedure
differ from those used by other methods.

The NILC [37] method is a method for extracting the
CMB signal (or another component with known spectral
behavior) from the original map using the internal linear
combination technique applied to multi-frequency observa-
tions in the space of special spherical wavelets, needlets. The
needlets are taken with weights that can be varied over the
whole sky (depending on the coordinates) and for all multi-
poles (depending on the angular scale). The possibility of
taking linear combinations of input maps, which can be
varied over the sky and the multipoles, is referred to as
localization. In the needlet domain, the harmonic localiza-
tion is realized by determining the sky areas for each scale.
The harmonic localization in the implemented procedure uses
spectral bands covering multipoles up to ` � 3200.

The space localization depends on the scale. At large
scales, which include low multipoles, only one localization
zone was used, whereas at small scales (high multipoles), the
sky was partitioned into 20 zones. The NILC method
calculates a linear combination in each zone for each scale,
by enabling the ILC weights to be naturally adjusted to the
variable power of other components as a function of the
multipole and location.

A detailed description of the NILC method can be found
in [42]. The actually realized method differs from that
described in [42] in processing large scales. Because there is
no NILC filter for low multipoles, the simple NILC map is
equivalent to the ILCmap in the pixel space for all multipoles
in this range. This procedure is very sensitive to an offset in
the signal estimate (the Bayesian offset) in the ILC due to
random correlations between the CMB and foreground
components. To decrease this effect, the covariance matrix
determining the ILC coefficients on large scales is not
calculated in the pixel space but is estimated in the harmonic
domain as the average of spherical harmonic coefficients with
weights that balance the CMB modes. This decreases errors
on large scales.

Another algorithm, SEVEM, produces CMB maps at
several frequencies using template fitting of foreground
components. The method estimates the power spectrum of
cleaned CMB maps and data at several frequencies using the
expectation minimization algorithm, which is used in math-
ematical statistics to find maximum-likelihood estimates of
probabilistic models when themodel depends on some hidden
variables [43]. Based on the CMB power spectrum, a CMB
map is built using a multi-frequency Wiener filter. The
method implemented used CMB maps made from data
grouped into different frequency channels. The final map
was obtained by combining these maps made in each group.
Internal templates, i.e., those constructed from the Planck
measurements without an external dataset, which usually
complicates the analysis and can result in inconsistencies,

were used for the map cleaning. The cleaning did not require
assumptions on the spectral shape of the foreground
components or noise, because the CMB separation techni-
que is very stable [37]. The templates were constructed by
subtracting twomaps at close Planck frequencies, fitting them
to an equal angular resolution, and testing the correctness of
the CMB signal removal. The linear combination of tem-
plates tj was subtracted from the input map d to make the
CMB map at a given frequency. This can be done both in the
pixel space and in the wavelet domain (scale by scale):

Tc�x; n� � d�x; n� ÿ
Xnt
j�1

ajtj�x� ; �10�

where nt is the number of templates. If the map cleaning is
performed in the pixel space, the coefficients aj are calculated
by minimizing variations on the clean map Tc outside the
masked region. In the wavelet domain, the cleaning is
performed in the same way, but independently for each
scale, i.e., the linear coefficients depend on the map resolu-
tion. Although contaminated fields of the map are excluded
by minimizing the variation, they are nevertheless used to
calculate the difference, and thus the map covers the entire
sky. Here, the residual foreground signal can be observed in
the excluded areas. Because the method is linear, it can easily
transfer the noise properties to the final CMB map. The
method is realized with a fast calculation algorithm allowing
several thousand simulations for studying statistical proper-
ties, in particular, for cosmological applications.

The SMICA spectral matching method reconstructs the
CMB map using a linear combination in the harmonic
domain from Nchan maps at different frequencies with the
weights depending on the multipole number `. With a given
set of Nchan � x`m spherical harmonic coefficients for input
maps, the coefficients ŝ`m of the CMBmaps can be calculated
as

ŝ`m � wT
` x`m ; �11�

where the vector w` with Nchan components containing
weights depending on the multipole number is chosen by
minimizing the CMB variation:

w` � Cÿ1` a

aTCÿ1` a
: �12�

Here, a is the CMB spectrum calculated in each channel and
C` is the Nc �Nchan spectral covariance matrix for x`m.
Taking C` in the form of a simple covariance matrix of
observations,

Ĉ` � 1

2`� 1

X
m

x`m xT
`m ; �13�

it is possible to obtain an ILC map similar to that obtained
in [30]. The data in this method are modeled as a super-
position of theCMB, noise, and foreground components. The
last of these is not modeled parametrically but is represented
as the total foreground emission components d in the form of
templates with arbitrary spectra, angular spectra, and
correlations. In the spectral domain, this is equivalent to the
covariance matrices

Ĉ` � aTaC` � AP`A
T �N` ; �14�
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where C` is the CMB angular power spectrum, A is an
Nchan � d matrix, P` is a positive definite d� d matrix, and
N` is a diagonal matrix representing the noise and data power
spectra.

Maps of CMB fluctuations made by different means are
shown in Fig. 12. At first glance, no significant differences in
themaps can be seen outside themask. The differences among
the reconstructed maps are presented in Fig. 13.

Commander NILC

SEVEM SMICA T

ÿ300 mK 300

Figure 12. (Color online.) Planck CMB maps reconstructed by different methods: Commander, NILC, SEVEM, and SMICA. The resolution is

FWHM� 5 0, and Nside � 2048. The maps are masked. (From [38].)

CommanderëNILC

NILCëSMICA SEVEMëSMICA

NILCëSEVEM

CommanderëSEVEM

CommanderëSMICA

ÿ7.5 mK 7.5

Figure 13. (Color online.) Difference maps between Planck CMBmaps reconstructed by different methods: Commander, NILC, SEVEM, and SMICA.

The maps are smeared down to resolution with FWHM� 80 0, Nside � 128. The maps are masked. (From [38].)
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The difference between 2013 and 2015 maps is shown
in Fig. 14. Most of the observed differences are due to
residuals caused by systematic errors in the CMB signal
reconstruction [37]. For the Commander method, the most
prominent are large-scale areas with peak-to-peak amplitudes
of about 10 mK; the presence of such fields, in fact, reflects the
scan strategy of the Planckmission. The difference among the
CMB maps made by the Commander method for different
data releases demonstrates an excess noise signal that was
removed in the 2015 data. Here, two effects can be seen:
destriping errors due to different bands for different detectors
and side-lobe contamination [17, 44]. For the other three
reconstructed CMB maps, the residuals between the signal
sky distributions constructed in different years are close to
each other but greatly differ from the Commander maps. The
main feature of the maps include the quadrupole at a level of
5 mK aligned with the CMB dipole due to the Solar System
motion �at the galactic coordinates �l; b� � �264�; 48��� [11],
and stripes reflecting the contribution from zodiacal light.
Residuals of the first type occur because, during the 2013HFI
data processing, the relativistic Doppler quadrupole � 6 mK
was not subtracted, but it was taken into account in the 2015
data. Residuals of the second type are due to taking the
zodiacal light into account in the improved map-making
procedure applied for the 2015 maps [17, 45].

As noted in [38], among all maps, the SMICAmap has the
lowest temperature power excess at highmultipoles caused by
the contribution from noncleaned sources. The excess has an
almost flat spectrum for multipoles in the range from
` � 1200 to 1700, by reflecting the frequency weighting in
the harmonic multipole domain. Therefore, effectively taking
the source contribution into account is more complicated.
For this, a special signalmodeling in the full focal plane (FFP)
was used in the FFP8 run, where templates with extragalactic
sources as a function of multipoles were used for each
method. Possible residuals caused by the unknown fre-
quency dependence of the emission intensity of real sources

lead to an `-dependent error in the NILC, SEVEM, and
SMICA methods. The Commander method can be more
stable to this particular effect because it involves the fitting
of all maps to a common angular resolution prior to the
component separation procedure. However, this stability
leads to an overestimation of the source amplitudes.

4.4 Foreground components
Component separation resulted in maps of the galactic and
extragalactic microwave foregrounds. The standard compo-
nents of microwave emission are discussed in Section 5.
Spectral coefficients are calculated for these components at
each observable frequency. The main components [44]
include synchrotron radiation, free±free emission, spinning
dust emission and thermal dust radiation, and emission in
lines: transitions J! 1ÿ0, J! 2ÿ1, and J! 3ÿ2 in CO
molecules. The contribution from gas in galaxy clusters due to
the Sunyaev±Zeldovich effect is calculated separately.

4.4.1 Foreground components in temperature maps. Diffuse
synchrotron radiation is generated by relativistic electrons
spiraling along galactic magnetic field lines. The radiation is
highly polarized. The polarized component fraction reaches
75% (see the polarizationmap of synchrotron radiation at the
frequency of 30 GHz in Fig. 15 in Section 4.4.2). Theoretical
models and observational data suggest that synchrotron
radiation is closely approximated by a power law with the
exponent bs � ÿ3 at frequencies above 20 GHz, but becomes
flatter at lower frequencies. A one-parameter model is used to
determine the synchrotron spectrum, with the parameter
relating the signal ratio at the frequency 480MHz and higher
frequencies.

Free±free (or bremsstrahlung) radiation is due to colli-
sions of electrons with ions, and hence has a specific
frequency dependence. The intensity distribution in this
case is described by a model with two free parameters: the
emission measure (integral of the electron density squared

Commander 2013 ë 2015

SMICA 2013 ë 2015

NILC 2013 ë 2015

SEVEM 2013 ë 2015

ÿ15 mK 15

Figure 14. (Color online.) Difference maps between Planck CMB maps reconstructed from different data releases (2013 and 2015) by different

methods: Commander, NILC, SEVEM, and SMICA. The maps are smeared down to resolution with FWHM� 80 0, Nside � 128. The maps are

masked. (From [38].)
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along the line of sight) and the electron temperature. At low
frequencies, galactic free±free emission is thoroughly mixed
with synchrotron radiation, but due to its flatter spectrum it
can be recovered from the HFI data with a high signal-to-
noise ratio.

At frequencies above 100 GHz, dust thermal radiation
dominates [46±49]. The main emission frequency is deter-
mined by the temperature of dust particles, and therefore it
changes depending on the type of dust and its surroundings.
In the ideal case, thermal dust emission at the Planck mission
frequencies can be described by a black-body spectrum with
two free parameters: the radiation index d and the dust
temperature Td per pixel [37, 48]. At frequencies above
857 GHz (towards the COBE±DIRBE (Cosmic Background
ExplorerÐDiffuse Infrared Background Experiment)
range), the physical properties of dust grains become more
complex; moreover, accounting for systematic instrumental
errors becomes more difficult. This justifies the analysis of the
dust spectrum only below 857 GHz.

When dust rotates, its grains not only spin but also
oscillate (vibrate). If the dust grains have a nonzero electric
dipole moment, this motion necessarily produces microwave
emission [50]. Progress in observational methods [51±54] has
allowed separating this emission component and describing
it by the corresponding spectral template calculated for a
cold neutral medium [55, 56]. The template has one free
parameter: the peak frequency np, like the free parameter for
synchrotron radiation, which allows performing stable
calculations in the parameter space log nÿlogS, where S is
the radiation flux density. With such a two-parameter
description [7], numerous versions of spinning dust models
can be taken into account with high accuracy.

Emission in CO lines and at 94/100 GHz according to the
Planck data [57] is reliably measured at 100, 217, and
353 GHz. For CO rotational transitions J! 1ÿ0,
J! 2ÿ1, and J! 3ÿ2, special maps are made. Several
other lines (CN, HCO�, CS; etc.) also contribute at the 5%±
10% level each. Because neither velocity effects nor the

physics of clouds (transparency, local thermodynamic equili-
brium, etc.) were taken into account during the component
separation, CO signal scattering is present in the maps. This
is why such a special map was called `line emission at
94=100 GHz' in [57]. Parametrically, the line emission is
described in terms of the signal amplitude at the line
frequency a�p� normalized to the signal amplitude in a
specific detector at a fixed frequency. The amplitude a�p�
serves as a scale for hi j constructed in the line ratio space,
where the index i encodes the spectral line number and the
index j corresponds to the detector number.

The last astrophysical component that was taken into
account in the CMB temperature analysis is related to nearby
galaxy clusters, from which a strong thermal Sunyaev±
Zeldovich (SZ) effect is observed. This effect is due to the
CMB photon scattering by hot electrons in galaxy clusters
[58]. As a result, the effective spectrum deviates from the
black-body spectrum. The only free parameter is the Comp-
tonization parameter ySZ, which is used as a simple ampli-
tude. Themicrowave spectrum observed from a galaxy cluster
due to the SZ effect leads to a negative signal at frequencies
30±143 GHz and to a positive excess at frequencies above
217 GHz. This is a unique feature of the thermal SZ effect,
which allows separating it from other foreground fluctua-
tions. Because the effect is weak, it can be registered for the
brightest galaxy clusters only. For dimmer objects, the ySZ
map becomes sensitive to both model parameters and
systematic errors. During the component separation, the
authors of [44] applied this method only for two individual
sky fields near the Coma and Virgo clusters, where the
amplitude of the effect is maximal and can be mixed with
other foregrounds. The SZ decrement for the Coma cluster is
about ÿ400 mK at frequencies up to 100 GHz at angular
scales of several arcminutes [59], and for the Virgo cluster, the
effect is several tens of mK at the scales of a few degrees [60],
whereas for other objects its amplitude is below several mK for
a comparatively wide beam. The SZ signal extraction across
the entire sky is discussed in [61].
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Figure 15. Planck maps of the foreground polarization components: (a, b) synchrotron radiation at 30 GHz and (c, d) dust emission at 363 GHz. Maps

(a, c) show the Stokes parameter Q; maps (b, d) show the Stokes parameter U. (From [11].)
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For each channel (frequency), the monopole and dipole
were taken into account. For example, the primordial mono-
poles include the CMB monopole with a temperature of
2.7255 K and the cosmic infrared background monopole [62].
The CMB mainly contributes to the dipole; the dipole
temperature amplitude is 3365.5 mK from the LFI data and
3364.0 mK from theHFI data. The difference between the LFI
andHFI dipoles, 1.5 mK, is within the admissible error [11]. In
the ideal case, the dipole contribution is already removed at the
map-making stage [12, 17], but due to a nonzero error in its
determination and the difference in dipoles used in the Planck
and WMAP data, it should be taken into account separately
for each map.

4.4.2 Polarization of the foreground components. Three main
components are separated in the polarized microwave
emission: the proper CMB and the brightest foregrounds,
synchrotron radiation and thermal dust emission. Figure 15
shows polarization maps of these components at frequencies
of 30 and 353 GHz.

The CMB polarization is caused by Thomson scattering
on electrons, which leads to internal polarization. If the
incident radiation is fully isotropic, there is no pure polariza-
tion in the scattered radiation. But if there is a local
quadrupole in the incident radiation, the CMB signal has a
nonzero polarization component [63, 64]. Thus, any process
that forms quadrupole structures during the recombination
epoch would give rise to a CMB polarization. Scalar
fluctuations responsible for the CMB anisotropy produce
the so-called E-modeÐ the scalar polarization component in
which the polarization direction is either orthogonal or
parallel to the wave vector. Primordial gravitational waves
from inflation and gravitational lensing of the E-mode
produce the so-called B-mode of polarization (the pseudosca-
lar component), in which the polarization is turned by ÿ45�
or �45� to the wave propagation vector.

The synchrotron radiation mechanism in a fully regular
magnetic field in the electron motion plane generates power
seven times as large as in the orthogonal direction. Here, the
polarization can be as high as 70% [65], although it is much
smaller for real fields. In addition, the WMAP data revealed
that the fraction of the detected polarized emission is about
3% inside the galactic plane and about 20% at high galactic
latitudes [66]. Other data suggest that the fraction of polarized
galactic emission can be as high as 40±50% [67, 68]. The
Planck measurements at 40 and 44 GHz complement these
results and allow making independent estimates [69].

The thermal dust effects arise in the galactic magnetic
field. Magnetic field acts on asymmetric dust particles by
aligning their longer axes along the field direction. The
alignment generates emission and additionally contributes
to the polarized component in the dust thermal spectrum. The
frequency coverage in the Planck HFI channels allows
estimating this contribution with high accuracy, which is
discussed in [70±75].

Other polarized components (for example, spinning dust
particles or polarized CO line emission) contribute at the level
of � 11%.

4.5 Masks
Separating the galactic diffuse component and the source
(galactic and extragalactic) component involves masksÐ
binary maps showing which part of the sky should be
screened, i.e., excluded from the data analysis (Fig. 16). The

mask construction takes the complexity of the contaminating
signal and its level with respect to the CMB into account
(Fig. 16). Due to the specifics of the methods and their
dependence on the spectral features of the masked signal,
the masks are different for different cleaning methods and
different frequencies. By combining masks used for different
methods and screening different sky areas, standard masks
for the Planck data analysis were constructed. The first mask
for the temperature anisotropy analysis combines masks used
in the Commander, SEVEM, and SMICA methods. The
NILC mask is not included because it screens a much smaller
sky area. The joined mask has the nonscreened sky area (the
percent of the total sky area) fsky � 77:6%. This mask, called
UT78, is preferred for the analysis of temperature maps
(Fig. 16a). Its extended version, UT76, which is constructed
by adding pixels with temperature deviations from the mean
of more than 10 K, has fsky � 76:1%. In addition, the FFP8-
UT74 mask with fsky � 73:5% is available, which was
designed to work with simulations of the experiment (e.g., in
FFP8 simulations).

For polarization, as for temperature, standard masks are
constructed by combining screened zones used in the
Commander, SEVEM, and SMICA methods. The UP78
mask has the working area fsky � 77:6%. In spite of the large
coverage, a statistical analysis of screened polarization maps
suggests the presence of contaminating point-like sources [38]
when applying the Commander, NILC, and SMICA masks.
The SEVEM procedure is free from this problem, because the
brightest point-like sources are removed in this method. Thus,
two versions of the next polarization mask were constructed.
The first (UPA77) includes additional pixels in which the
signal exceeds the CMB intensity averaged inQ andUmodes
by 4 K. This mask has the working area fsky � 76:7%. The
secondmask (UPB77), with fsky � 77:4%, excludes regions of
polarized point-like sources discovered in each frequency
channel from the combination of masks used in different
component separation methods (Fig. 16b). This mask is
considered preferential in map analysis because it is more
physically justified. There are additional masks constructed
as a result of simulations: FFP8-UP76 with fsky � 76:3%
and FFP8-UPA76 with excluded polarized sources and
fsky � 75:7%.

5. Astrophysics

Themain results can be classified according to the announced
tasks of the Planck mission. The most important results, in
our opinion, were obtained in the CMB studies, which were
the primary purpose of the mission. However, we start with
astrophysical papers, which we mentioned in the Introduc-
tion, devoted to intermediate results of the mission (2012±
2015) and the results of 2013.

a b

Figure 16. Preferable masks for the analysis of (a) the CMB temperature

and (b) polarization maps reconstructed by the component separation

methods.
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5.1 Solar System studies
Millimeter and submillimeter emission is detected from
various Solar System objects: planets, small bodies and
interplanetary dust (IPD). The Planck satellite also detected
this emission. It can be effectively separated from the galactic
foreground and other foregrounds because each region of the
Solar System was observed by the Planck satellite many times
from different positions and with different cross sections of
IPD. As early as the COBE mission operation, a model of
zodiacal light was constructed, which was checked and used
in the data analysis of the multi-frequency Planck maps. The
model includes a diffuse cloud, three dust asteroid belts, a
circumsolar ring, and dust behind Earth. As expected from
the previous analysis, the emissivity of the zodiacal diffuse
cloud decreases with increasing the wavelength [47]. At the
same time, the emissivity of the asteroid dust stripes decreases
more slowly, which implies somewhat different properties of
dust granules in these belts.We note that this study is from the
third cycle (2013) of the Planck collaboration results.

One of the main conclusions of the zodiacal light emission
study suggests that the level of zodiacal light contamination in
the CMB analysis is insignificant. In other words, the
correction for the zodiacal light in the CMB power spectrum
C` is rather small. In [47], a list of 28 detected asteroids and
their parameters measured at the Planck frequency bands is
presented. It is assumed that the zodiacal light studies will be
continued and augmented with polarization measurements.
In addition, a separate study of Kuiper Belt emission is
planned.

5.2 Galactic studies
Diffuse galactic emission is interesting not only as a
contaminating factor in the CMB analysis but also as an
important component providing invaluable information on
the physics of our Galaxy. Each release of the Planck
collaboration papers discussing the obtained results con-
tained studies of the galactic diffuse emission and extended
objects. Submillimeter bolometers of the Planck mission
made it possible to study the galactic distribution of dust
and molecular gas.

5.2.1 Interstellar medium. The comparative analysis of dust
maps at 353, 545, and 857 GHz and IRAS (Infrared
Astronomical Satellite) maps at 3000 GHz (100 mm) and
5000 GHz (60 mm), as well as Green-Bank 21 cm maps
(emission at the wavelength of atomic hydrogen HI) enables
investigations of interstellar dust, high-velocity clouds
(HVCs), and intermediate-velocity clouds (IVCs) in the
galactic halo [76]. For these studies, 14 high-galactic-latitude
fields were chosen on the Planck maps. The structure of the
clouds can be probed by the level of correlation between the
dust and neutral hydrogen emission and its concentration. As
a result, dust emission with a temperature of 20 K was
discovered in IVCs, very small dust granules were found to
occur four times as frequently as large dust grains, and the
conclusion was made that IVCs can be part of the galactic
reservoir in which dust destruction and fragmentation occurs.
In contrast, no dust emission was found in HVCs. Appar-
ently, the dust grains are combined, as in molecular clouds,
due to condensation and star formation processes.

Correlations were also used to study molecular clouds,
like the Taurus molecular complex, in which deviations from
black-body spectrum and the 12CO and 13CO line emission
were found.

5.2.2 Cold clumps. The Planck collaboration published data
on an object of a new type: cold clumps, which have been
discussed in several papers. For the first time, an all-sky
catalogue of 10,342 such cold sources based on the Planck and
IRAS data was presented. In these clumps, a cold core is
surrounded by warmer matter [78, 79]. The objects were
selected by the spatial distribution, dust temperatures,
distance, mass, and morphology. The clumps are distributed
across the entire sky, including the galactic plane.

A strong spatial correlation of these objects with galactic
molecular structures and infrared dark clouds is discovered.
The cold clumps are not isolated: they are joined into groups.
The temperature of the sources ranges from 7 to 19 K with a
peak at 13 K. The distances are measured for about one third
of the clumps. Most of them are found within 2 kpc from the
Sun. Some sources lie farther than 7 kpc. From the dust
emission measurements, their masses are estimated from
0:4M� to 2:4� 105M�, where M� � 2� 1033 g is the solar
mass. The physical properties of the sources suggest that these
clumps are related to different objects, from low-mass nuclei
to giantmolecular clouds. A statistical analysis reveals at least
two populations of objects with temperatures from 7 to 12 K:
nuclei located closer to the Sun, and cold clumps inside the
inner Galaxy region.

5.2.3 Spinning dust. A separate study is devoted to spinning
dust grains, which are associated with anomalous microwave
radiation (AMR) [80]. The results of these studies are also
required for diffuse component separation. This emission was
observed by different experiments in the frequency range
from 10 to 60 GHz. Using the Planck maps and multi-
frequency external datasets, two sky regions with AMR
were studied: molecular clouds in Perseus and the r
Ophiuchi cloud. In both spectra, the component separation
was made into free±free, CMB, warm dust emission, and the
electric dipole emission by small dust granules. AMR found
with high statistical significance in both fields is peaked at 20±
40 GHz. Using the method applied to these two regions, the
authors of [80] found two newAMR candidates in the Planck
maps, S140 and S235, which are bright HII regions. These
objects with AMR are well explained by the spinning dust
model.

5.2.4 Molecular gas. Several papers are devoted to the CO
molecular gas distribution. These studies were based on the
Planck high-frequency bolometer measurements. In particu-
lar, the correlation of the HFI Planck maps (from 350 mm to
2 mm) with the IRAS maps (100 mm) allowed measurements
of the thermal dust temperature and optical depth distribu-
tion [81, 82]. The optical depth, in turn, correlates with the
distribution of atomic (HI) and molecular (CO) gas. The
correlation with the observed gas column density is linear in
the least dense high-galactic-latitude regions. At highNH, the
correlation is consistent with that for low NH with a given
coefficient of transition from CO to H2. In the intermediate
range of NH, the correlation with the dust optical depth
deviates from a linear dependence.

The discovered excess is explained by thermal dust
emission interacting with dark gas, which is not found by
available HI and CO surveys. It is shown that the spatial
distribution of dark gas in the solar vicinity (jbIIj > 10�)
corresponds to known molecular regions discovered by the
COobservations. Themeasuredmean dust emissivity with the
HI phase in the vicinity of the Sun, tD=N tot

H �5:2�10ÿ26 cm2

January 2016 Cosmological results from the Planck space mission and their comparison with data from the WMAP and BICEP2 experiments 17



at 857GHz, approximately corresponds to the power lawwith
the spectral exponent b � 1:8 at wavelengths up to 3 mm,
although the spectral energy distribution somewhat flattens in
the millimeter range. The mass of the dark gas is estimated to
be 28% of that of the atomic gas and 118% of that of the CO-
emitting molecular gas in the solar vicinity. The galactic
latitude distribution shows that the dark gas fraction is
relatively constant up to several degrees from the galactic
plane. A possible explanation of the dark gas is related to the
dark molecular phase in which H2 `survives' during photo-
dissociation and CO does not. The observed transition in the
solar vicinity agrees with theoretical predictions. In addition,
it is possible that up to half themass of the dark gas could be in
the atomic form due to optical depth effects in the HI
measurements.

A separate issue is the CO gas distribution in the Galaxy,
which is especially important in radio astronomical studies,
because it is used to probe galactic star formation and
structure. In molecular radio astronomy, rotational transi-
tions of the CO molecule at frequencies of 115, 230, and
345 GHz are well known. The close observational frequencies
of the Planck instruments enabled separation of the corre-
sponding emission components and extraction of the CO gas
galactic distribution. We note once again that this emission
component is important for monitoring possible CMB map
contaminations.

5.2.5 Gould Belt. The study of the diffuse emission from the
Gould Belt 5 is interesting [83]. In the southern part of the
Gould Belt (130�4 l4 230� and ÿ50�4 b4 ÿ 10�), low-
frequency galactic components (synchrotron radiation, free±
free emission, and anomalous microwave radiation) were
separated and analyzed. It was shown that the synchrotron
radiation is insufficient to account for the background
emission, and AMR due to vibrational and rotational dust
emission dominates in this galactic region.

5.2.6 Haze around the galactic center. Finally, we discuss the
Planck measurements of the `haze' around the galactic center
(Fig. 17) in the microwave range [84]. The haze represents a
separate diffuse component of the galactic emission around
the galactic center extending up to latitudes jbj � 35�ÿ50�
and longitudes j l j � 15�ÿ20�, which was discovered already
in the WMAP data [85]. The size and boundaries of the haze
coincide with the `bubbles' observed in gamma rays by the
Fermi satellite [86]. This suggests a relation between the haze
and Fermi bubbles and requires further studies to explain the
galactic cosmic ray acceleration mechanisms. The Planck
data confirm the presence of the haze around the galactic
center in the microwave range. The seven-year WMAP data
were processed jointly with low-frequency LFI data to show
that the haze is indeed seen in the microwave range and that
the results of bothmissions are in agreement in amplitude and
spectrum. The residual signal, obtained after subtracting the
CMB restored only from the HFI data in which the haze is
virtually invisible, allowed finding the haze spectral exponent.
It turned out that the haze spectrum is described by a power
law with the exponent bH � ÿ2:55� 0:05 and most likely

corresponds to synchrotron radiation, excluding the free±free
mechanism. The haze region can be considered a separate
emission component but not a region from the general
template of the synchrotron radiation map with an indivi-
dual spectral exponent. The hazemorphology remains almost
the same in the frequency range 23±44 GHz, which suggests
the absence of variations of bH depending on the measure-
ment location. The polarization in this formation will be
studied in the future.

5.3 Galaxies
Due to the relatively low angular resolution of the Planck
maps (50), most of the galaxies look like point-like or low-
extended microwave sources. Therefore, their studies are
focused on flux measurements, including flux time varia-
tions, on the spectral energy distribution, and on the
statistical properties of the sources.

5.3.1 Magellanic Clouds. There are extended extragalactic
objects on the sky. These are the Large and Small Magellanic
Clouds (LMC and SMC). To studymicrowave emission from
these nearby galaxies, the standard procedure of background
component separation was performed, and the CMB and the
galactic background components were removed [87]. After
that, the energy spectral distribution in the Magellanic
Clouds in the millimeter and submillimeter ranges was
studied. The remaining emission correlates with the atomic
and molecular gas emission. Thermal emission is also
observed in the inner arm of the LMC. It is also shown that
there is a cold outer arm. Several cold regions of this arm are
identified with known molecular clouds. The SMC emission
shows an excess in themillimeter range and spectral flattening
in the submillimeter range. The discovered effect can be
explained by a combined radiation of warm spinning dust
and its grains composed of more amorphous granules than
those of the Milky Way dust.

5.3.2 Andromeda galaxy. The Andromeda galaxy (M31) is
one of the few galaxies with a large angular size that can be
resolved by the Planck instruments (Fig. 18). The galaxy is
visible at all Planck mission frequencies [88]. At high
frequencies, the dust emission is resolved into the M31 spiral
arms and smaller structures. The dust heating mechanism in
different parts of M31 was studied. It was found that at long
wavelengths (> 0:3 mm), the heating is determined by the
diffuse stellar population (visible in the emission at 3.6 mm),
and at shorter wavelengths, the dust is heated by the
combined emission from the old stellar population and star
formation regions (according to 24 mmmeasurements).

The Andromeda energy spectrum was constructed in each
50 pixel, and dust properties were calculated across the galaxy
with different dust heating mechanisms taken into account.

a b

Figure 17. (Color online.) (a) A `haze' structure near the galactic center in

accordance with Planck's data. The galactic plane is masked. (b) Gamma-

ray `bubbles' in accordance with the Fermi satellite data. The maps are

constructed in galactic coordinates.

5 The Gould Belt, which includes a group of very young massive stars with

ages up to 30 mln years, has the shape of a disk 500±1000 pc across, whose

center is located 150±250 pc away from the Sun towards the Galaxy

anticenter. The system is named after Benjamin Gould, who first noticed

this region.
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The dust temperature was found to linearly decrease with the
galactocentric distance if the heating is due to an old stellar
population, which could be expected when the temperature
decreases from 22 K near the galaxy nucleus to 14 K outside
the 10 kpc ring. The integral Andromeda spectrum was
measured to be in good agreement with the dust temperature
�18:2� 1:0� K with the spectral exponent 1:62� 1:0, assum-
ing one black-body component but with the addition of a
significant free±free component at intermediate frequencies
of 20±60 GHz. For this model, the star formation rate is
calculated to be 0:4M� per year, which is in agreement with
the rate derived from Ha data. In addition, at the 2:3s level,
the spinning dust emission with the amplitude 0:7� 0:3 Jy at
30 GHz was found, which the is also observed in our Galaxy.

5.3.3 The Planck source catalogue. The building of an
extragalactic source catalogue containing mm and sub-mm
fluxes is expected from the extragalactic source studies. In
each Planck data release and corresponding publications,
there are updated catalogues of sources discovered by the
Planck mission [89±93]. The last version of PCCS2 (Planck
Catalogue of Compact Sources 2) contains 1560 sources (the
90% completeness level is 427 mJy, the fraction of coin-
cidence with nearby channel objects is 50.1%) at 44 GHz,
1296 sources (501 mJy, 86.8%) at 70 GHz, 4229 (269 mJy,
71.6%) at 100 GHz, 6229 sources (177 mJy, 81.9%) at
143 GHz, 18,977 sources (152 mJy, 66.1%) at 217 GHz,
24,009 sources (304 mJy, 88.7%) at 353 GHz, 32,782 sources
(555 mJy, 85.8%) at 545 GHz, and 4818 sources (791 mJy,

74.9%) at 857 GHz. The object lists are built separately at
each frequency. The angular resolution varies depending on
the frequency from 32:88 0 to 4:33 0. It is noted in [93] that the
confidence of the catalogue sources is> 80%, andmore than
65% of objects are discovered in at least two channels.
Figures 19±21 demonstrate some characteristics of the
catalogue: sky location, completeness, and distribution of
spectral exponents calculated using consecutive Planck
mission frequencies.

At high frequencies, the catalogue includes many galactic
objects. Most of the extragalactic sources in the catalogue are
nearby galaxies. Of them, 1717 are infrared galaxies from the
IRAS sky survey, for which energy spectral distributions
are built. Among the last objects, a group with cold dust
(T < 20 K) is singled out, which was not observed pre-
viously.

The Planck catalogue also includes extragalactic radio
sources identified with active galactic nucleiÐ radio galaxies,
quasars, and blazars. Measurement at the nine Planck
frequencies improved the spectral energy distribution in
these sources, ranging from radio to gamma rays, in the
poorly studied frequency range. This helps in discussing
charged particle acceleration in shocks and jets from active
galactic nuclei. The Planck data suggest that the gamma-ray
emission emerges in the same shocks that produce radio
emission. The source statistics observed at different wave-
lengths allow separating these objects into groups and
performing independent calculations and estimating their
contribution to the luminosity function. We also note that,
in the Planck maps in different frequency channels and
the maps containing the cleaned CMB emission, at a 3s level
(below the sensitivity of Planck catalogues), there are quite a
few extragalactic sources with different radio spectra [94, 95].

The photometric data of the Planck catalogue combined
with the IRAS measurements enables distant (z > 2) objects
to be found [96]. For this, the brightest cold submillimeter
sources with a spectral energy distribution peak between 353
and 857GHz were selected. The total list includes 2151 high-z
candidate sources (Planck High-Z source, PHZ), which were
selected in the most background-clean sky regions (with a
total area of 26%) at a flux level above 500mJy at the 545GHz
frequency. Being present as spike sources in the infrared
cosmic backgrounds at a level close to the confusion limit,
these PHZ candidates have cooler colors than their surround-
ings, which is consistent with objects at z > 2 under the
assumption of the dust temperature Txgal � 35 K and the
spectral exponent bxgal � 1:5.
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Different colors show data at different frequencies: 30 GHz (purple),
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The first observations from the optical-to-submillimeter
range [96] confirmed that the PHZ catalogue includes objects
from two different populations. A small fraction (about 3%)
of the objects is identified with strongly gravitationally lensed
star-forming galaxies, which are the brightest submillimeter
objects with a flux density from 350mJy to 1 Jy at 545GHz at
redshifts from 2 to 4.

But most of the PHZ objects appear as a background
excess of dusty star-forming galaxies with colors correspond-
ing to the source redshifts z > 2. These sources can be
considered proto-galaxy cluster candidates. From this stand-
point, the PHZ catalog represents an original sample adding
to the Planck PSZ2 catalogue with objects showing the SZ

effect. The PSZ2 catalogue includes the population of
virialized massive galaxy clusters with an SZ signal at
redshifts z < 1:5. The PHZ objects with z > 1:5 allow studies
of pre-galaxy clusters, opening an additional window into the
investigation of the early stages of structure formation at the
intense early phase of star formation at large redshifts.

5.3.4 Sunyaev±Zeldovich effect on bright galaxies. The last
galactic study to be mentioned here already relates to
cosmology. For the brightest nearby galaxies, estimates of
the dark matter halo mass were made based on the SZ effect
[58, 97] and on the galaxy mass that influences this effect [98].
For these studies, 260,000 SDSS (Sloan Digital Sky Survey)
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galaxies were selected. Using averaged data and the results of
the Millenium Cosmological Simulations, the SZ signal was
measured down to masses M � 2� 1011M�, assuming the
power-law gas halo density observed in galaxy clusters. The
effect in low-mass haloes assumes that a quarter of all baryons
reside in the hot halo gas, and this gas is less dense than dark
matter, which is confirmed by X-ray observations.

5.4 Galaxy clusters
5.4.1 Sunyaev±Zeldovich effect on galaxy clusters. We now
turn to the main results of the Planck mission. Discovering
galaxy clusters using the SZ effect is one of the main goals of
the mission. This problem is considered in 23 papers that
studied galaxy clusters and described the results of applica-
tion of parameters of the SZ clusters of galaxies in cosmology.
The latest results are summarized in [99±101].

We recall that the SZ effect [58, 97] (see also [102]) is due to
the inverse Compton interaction of CMB photons with free
electrons in the hot gas of a galaxy cluster (see also the
Kompaneets equation in [103]). The SZ amplitude is
determined by the so-called Comptonization y-parameter
and depends only on the physical characteristics of the
cluster: the temperature of electrons Te and their number
density ne,

y � ksT
mec 2

�l
Te�l� ne�l� dl ; �15�

where k is the Boltzmann constant, sT is the Thomson
scattering cross section, mec

2 is the rest-mass energy of an
electron, and l is the length along the line of sight. The total SZ
effect is characterized by the integral Compton parameter
Y � � y dO, where O is the solid angle subtended by a cluster
on the sky.We can writeD 2

AY � �sT=mec
2� � p dV, whereDA

is the angular distance to the object (determined by the
angular diameter) and p � nekTe is the electron pressure. In
the analysis, integral quantities Y500 and Y5R500 are also used,
which are calculated for spheres with radii of R500 and 5R500,
where R500 is the size of the cluster determined for the region
in which the density of matter is 500 times higher than the
critical density in the Universe.

There are two types of the SZ effect: thermal, in which
photons are scattered by randomly moving thermal electrons,
and kinematic, caused by the bulk motion of electrons. In the
thermal SZ effect, the scattered CMB photons have a spectral
dependence, while during the kinetic SZ effect, the CMB
spectrum remains Planckian. In the thermal SZ effect at low-
frequency Planck mission channels, the mm signal from the
direction to a galaxy cluster is negative (i.e., a deficit of
photons is observed due to their upscattering on electrons).
In the submillimeter range, due to an increase in the number
of photons at higher energies, an excess of CMB emission is
observed in the direction to the cluster (Fig. 22).

The SZ effect has several advantages in galaxy cluster
studies. The Comptonization y-parameter, which measures
the integral gas pressure along the line of sight and determines
the SZ amplitude, does not suffer from cosmological bright-
ness dimming. This makes the SZ effect a powerful tool in
searching for high-redshift galaxy clusters. In addition, the
total SZ effect integrated over the cluster angular diameter
directly estimates the total thermal gas energy and hence the
mass, which is expected to correlate with the temperature
(see Fig. 22).

From 29 months of Planck mission observations, a
catalogue containing 1653 galaxy clusters and cluster candi-
dates from 83.5% of the total sky in which the SZ effect is
observed was built (Fig. 23). The catalogue includes 1203
galaxy clusters confirmed by optical observations. This
catalogue is the largest and the most complete one and
contains 1094 objects with a known redshift up to z � 1. The
cluster masses fall within the wide range (0.1±1.6)�1015M�.

The Coma cluster was studied separately, and its physical
conditions were estimated. In particular, two shock fronts
were discovered moving with velocities two times higher than
the sound speed in the cluster's gas. The results of observa-
tions also suggest that the magnetic field decreases towards
the cluster outskirts much more slowly than thought pre-
viously.

The relation between the cluster mass and the SZ-signal
amplitude was also checked using the Planck data. For this,
mass estimates obtained in the program of weak gravitational
lensing observations by the Subaru telescope and the XMM-
Newton (X-ray Multi-Mirror Mission) observatory were
used. Good agreement between the Planck estimates and the
Subaru data was found, while the X-ray measurements inside
theR200 radius overestimate the cluster mass by� 20%. It has
been shown that the difference between the estimates obtained
by the twomethods is significant for perturbed galaxy systems
and is related to a shift in the galaxy center position as
determined by different methods [104].

44 GHz 70 GHz 100 GHz 143 GHz 217 GHz 353 GHz 545 GHz

Figure 22. (Color online.) Sunyaev±Zeldovich effect on the Abell 2319 galaxy cluster. From left to right: the same sky field at frequencies of 44, 70, 100,

143, 217, 353, and 545 GHz.

Figure 23. Location of the SZ clusters of galaxies on the sky in galactic

coordinates. The masked region is shown in black.
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5.4.2 Interaction between galaxy clusters. The Planck mission
first discovered gas between interacting galaxy clusters. The
intergalactic and intracluster gas can contain up to half the
baryons of the Universe. This gas is distributed in the form of
filaments (like fibers in a spiderweb) and represents a hot low-
density medium. Attempts to find it using X-ray observa-
tories failed because of limited sensitivity. Pairs of galaxy
clusters are good candidates for the Planck searches for hot
gas. Selected galaxy cluster pairs were studied on the
microwave maps, and one of them, A339±A401, revealed a
significant SZ signal between the clusters [106] (Fig. 24). In
the filament, the physical parameters (the temperature
kT � 7:1� 0:9 keV, corresponding to previous estimates,
and the baryon number density �3:7� 0:2� � 10ÿ4 cmÿ3)
were determined.

The Planck mission also (jointly with the XMM-Newton
X-ray observatory) discovered the triple galaxy cluster
PLCKG214.6+37.0, which is in the merging phase. For all
three components, redshifts were measured by the X-ray iron
line, and it was confirmed that the three clusters probably
belong to one supercluster. Analysis of the dynamics of the
objects and the lack of detectable X-ray excess suggest that
the system is still at the early stage of merging.

6. Cosmology

The number of cosmology papers by the Planck collaboration
increases with every data release. The papers are devoted to
determining not only cosmological parameters but also
different physical and geometrical properties of the Uni-
verse. Part of the Planck results is related to the SZ effect
observations. Another, more fundamental, part is devoted to
the analysis of the primordial anisotropy of the CMB
temperature.

6.1 Peculiar velocities of galaxy clusters
Among the papers of the first cycle, we note studies of the
peculiar velocities of galaxy clusters using the kinetic SZ
effects caused by the proper motion of the clusters, which is
different from the thermal SZ effect described in Section 5.6.
A study of galaxy cluster velocities was initiated by a series
of papers by the American astrophysicist Kashlinsky [107,
108] related to the discovery of the so-called dark flow of
the large-scale structure, i.e., the motion of a giant mass of
matter in the Universe. This conclusion was made from the
WMAP data, whose angular resolution was insufficient to
see this effect directly, but the estimate was made by adding
a dipole to the CMB pixels corresponding to the location of
galaxy clusters.

The Planck collaboration devoted a special paper to this
problem [109]. The list of galaxy clusters includes both the
Planck results and data from the catalogue of X-ray clusters.6

By separating the kinematic SZ effect using special filters at
the locations of clusters of galaxies, the authors estimated the
matter velocity amplitude. The mean redshift of the entire
sample of galaxy clusters was z � 0:8. The measured peculiar
velocity, which was in fact monopole at that cosmological
epoch, was found to be 72� 60 km sÿ1. As can be seen from
the last value, the error in the velocity estimate is quite large.
In addition, this estimate is less than 1% of the relative
velocity of the Hubble flow (expansion velocity) of the
cluster sample in the local CMB reference frame in our
neighborhood. If there is matter flow in the volume centered
on the Local Group of galaxies, then the upper limit of the
galactic velocities in this frame, 254 km sÿ1 (at a 95%
confidence level), shows that this estimate is dominated by
instrumental noises and CMB dispersion. This, in turn,
suggests that the Universe is very homogeneous on the
gigaparsec scale, and large-scale matter flows observed from
the kinematic SZ effect correspond to the standard LCDM
(Lambda Cold Dark Matter) model. In other words, nothing
special has been found.

6.2 Anisotropy of the cosmic infrared background
The anisotropy of the cosmic infrared background (CIB) was
studied in one of the early Planck collaboration publications
[110], and further results can be found, in particular, in [62].
The CIB anisotropy presumably reflects the large-scale
structure of the Universe and can be used to study galaxy
mergers, which, in turn, are related to the formation of dark
matter halos. The dark matter clustering mechanisms are
generally well understood; therefore, the CIB anisotropy can
be used to find the relation between dusty star-forming
galaxies and dark matter distribution. High-frequency
Planck instruments are very suitable for these studies.

To calculate the angular power spectrum for multipoles
ranging from ` � 200 (angular size� 27 0) to ` � 2000 (� 3 0),
six sky fields with a low level of galactic dust emission were
selected. Observational data were taken at 217, 353, 545, and
857 GHz. The total area of the field was about 140 square
degrees. To eliminate the galactic dust emission, neutral
hydrogen radio maps (at 21 cm) were used, and the CMB
emission was removed using the Planck maps at 143 GHz. By
applying the model including dusty galaxies, a multi-para-
meter model of the evolution of galaxies, and a simple model
of dark mater halo formation, the authors found a good
correspondence between the measured angular power spec-
trum of the CIB anisotropy and the model. It was also shown
that halo forms calculated at different frequencies should be
different because the main contribution comes from different
redshifts at different frequencies. According to the Planck
data, half the power in the signal anisotropy for the ` � 2000
multipole is due to galaxies with redshifts z < 0:8 at 857 GHz
and with z < 1:5 at 545 GHz, while distant objects with z > 2
contribute 90% at 353 and 217 GHz.

6.3 Angular power spectrum and determination
of cosmological parameters
Measurement of cosmological parameters has been one of the
main results of the Planck mission published to date. To do
this, it is first of all necessary to build the CMB map and the
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Figure 24. (Color online.) SZ filament connecting the pair of interacting

clusters of galaxies A339±A401 in the microwave Planck observations.

(From [105].)
6 MCXC: the Meta Catalogue of X-ray detected Clusters of galaxies.
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corresponding power spectrum C`, which is the correlation
function CTT

` of temperature fluctuations. The CMB power
spectrum is determined by the sum of weighted squares of
mode harmonic amplitudes for a given number ` described by
the coefficients a`m. These coefficients, which are calculated
by expanding maps in multipoles, determine the contribution
of harmonics to the map under analysis:

C` � 1

2`� 1

X̀
m�ÿ`

ja`mj2 : �16�

We note that the Gaussian distribution of the 2`� 1
coefficients a`m is assumed in Eqn (16), and their squared
amplitudes are averaged with equal weights. In this case, for a
two-point correlation (with the averaging done over an
ensemble of universes), we have

ha`ma �` 0m 0 i � C`d`` 0dmm 0 : �17�

We also note that for non-Gaussian data, the averaging of ` at
a givenC` is no longer obvious. In addition, the CMB signal is
assumed to be ergodic, which means that averaging over an
ensemble of universes is equivalent to averaging the spectra
measured from different locations of the observer in the
Universe. We recall that C` is measured on our sky, and a
different observer's location would yield a somewhat differ-
entC`. The actual spectrum C` can be estimated by averaging
over all observers, which is equivalent to averaging over an
ensemble of admissible universes. The presence of noise in the
data also affects the true values of a`m in the sky multipole
expansion. But even for ideal data, we could measure only
2`� 1 modes for low multipoles `. This leads to an internal
variance (dispersion) in the spectrum called the cosmic (better
to say, cosmological) variance, or cosmological uncertainty.

We recall that the CMB power spectrum is shaped by
many physical processes during the recombination stage
related to density, velocity, and metric perturbations evol-
ving as sound waves (see monographs [111±113]). The CMB
fluctuations after the recombination are modulated by sound
waves in the plasma at the stage prior to recombination,
according to the effect of baryonic oscillations predicted by
Sakharov [114]. The CMB anisotropy caused by the
Sakharov oscillations manifests itself in the power spectrum
of fluctuations in the multipole domain.

Thus, the formation conditions of the CMB fluctuations,
and hence the corresponding cosmological parameters are
`imprinted' in the CMB power spectrum, and in fact
determine the present state of the Universe. Therefore, the
coefficients a`m and the corresponding angular power spec-
trum, on the one hand, are measured from observations, and
on the other hand, describe the physics during the generation
of density perturbations. There is a theoretical linear relation
between the primordial fluctuations given by adiabatic scalar
perturbations and the coefficients a`m [115]:

a`m � �ÿi�
�

d3k

�2p�3 F�k� gTl�k�Y �`m�k̂� ; �18�

where F�k� describes the primordial density perturbation
(more precisely, perturbation of the gravitational potential)
in the Fourier domain, gTl�k� is a transfer function, k is the
wave vector, and k̂ � k=k is the unit vector. The temperature
fluctuations DT�y;f� and the primordial fluctuations F�k�
are also linearly related. The full transfer function gTl�k� can

be calculated using the CAMB (Code for Anisotropies in the
Microwave Background) package [116].

Thus, the power spectrumC` is a function of cosmological
parameters [111]:

C` � C`�h;Obh
2;OCDMh 2;OL;On; n; . . .� : �19�

This, in particular, involves the Hubble constant h �
H0=100 km sÿ1 Mpcÿ1, the baryonic matter density Ob, the
dark matter density OCDM, the dark energy density OL, the
density of massive neutrinos On, and the spectral exponent of
adiabatic fluctuations n (spectral slope). If we know the
physical mechanisms of angular power spectrum formation
and we can calculate it from cosmological parameters, and if
it is known from real observations, the inverse problem of
extracting cosmological parameters from the observed
angular power spectrum of CMB fluctuations can be solved.
The algorithm for solving this problem is realized in the well-
known cosmological CAMB software package.7 For exam-
ple, Fig. 25 shows the CMB power spectra calculated by
CAMB for different cosmological parameters.

We note that observations with a partial sky coverage (for
example, from Earth or using masks) have some peculiarities
in the data analysis associated with the boundaries of
observed fields, which should be taken into account.

In addition to CTT
` , correlation functions corresponding

to the E- and B-polarization modes CTE
` , CEE

` , CTB
` , and

CBB
` are also used in the CMB data analysis. Table 3 lists

the location and amplitudes (with the notation D` �
`�`� 1�C`=2p) of peaks of three power spectra obtained by
the Planck mission [11]. Figure 26 shows the Planck CMB
map and the angular power spectra CTT

` , CTE
` , and CEE

` .

6.3.1 Parameterization. In the analysis of the angular power
spectra, the standard analysis and procedures especially
modified for the Planck data processing were used (in

7 Available online at http://lambda.gsfc.nasa.gov/toolbox/tb_camb_

form.cfm.

Table 3. Location of peaks in the Planck power spectra DTT
` , DTE

` , and

DEE
`

Number of peak Location ` Amplitude, mK2

TT-power spectrum

1
2
3
4
5
6
7
8

220.0� 0.5
537.5� 0.7
810.8� 0.7
1120.9� 1.0
1444.2� 1.1
1776� 5
2081� 25
2395� 24

5717� 35
2582� 11
2523� 10
1237� 4

797.1� 3.1
377.4� 2.9
214� 4
105� 4

TE-power spectrum

1
2
3
4
5
6

308.5� 0.4
595.3� 0.7
916.9� 0.5
1224� 1.0
1536� 2.8
1861� 4

115.9� 1.1
28.6� 1.1
58.4� 1.0
0.7� 0.5
5.6� 1.3
1.2� 1.0

1
2
3
4

137� 6
397.2� 0.5
690.8� 0.6
992.1� 1.3

1.15� 0.07
22.04� 0.14
37.35� 0.25
41.8� 0.5
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particular, in [118], and with slight modifications, in [117]).
The CMB anisotropy is treated as small fluctuations in the
Friedmann±LemaõÃ tre±Robertson±Walker metric evolving in
accordance with General Relativity. Under these assump-
tions, the evolution of perturbations can be very precisely
calculated using a Boltzmann code for the CMB [116], taking
the initial conditions, ionization history, and components of
the Universe into account. It is assumed that the pressure of
cold dark matter is zero, is stable and noninteracting, and has

the physical density oc � OCDMh 2, with the Hubble constant
H0 � 100h km sÿ1 Mpcÿ1. Baryons primarily consist of
hydrogen and helium, and their density is ob � Obh

2. The
helium fraction YP is parameterized. The standard Big Bang
nucleosynthesis (BBN) can be modeled to calculate YP, the
photon-to-baryon number ratio, and the expansion velocity
depending on the number of relativistic degrees of freedom.
These calculations were done with the PArthENoPE BBN
cosmological package [119]. The CMB photon temperature is
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Figure 25. The CMB angular power spectrum `�`� 1�C�`�=2p for different cosmological parameters. The solid line shows the power spectrum in the

standard LCDM model (OCDM � 0:26, H0 � 68 km sÿ1 Mpcÿ1, and the curvature density parameter OK � 0). (a) Dependence on the dark matter

density parameterOCDM. The respective dotted and dashed lines correspond toOCDM � 0:17 andOCDM � 0:27. (b) Dependence on the Hubble constant.

The respective dotted and dashed lines correspond toH0 � 60 km sÿ1 Mpcÿ1 andH0 � 85 km sÿ1 Mpcÿ1. (c) Dependence on the curvature parameter

OK. The respective dotted and dashed lines correspond to OK � ÿ0:3 and OK � 0:3, respectively.
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Figure 26. (Color online.) (a) Most probable CMB anisotropy map with a 5 0 resolution obtained from the joint analysis of the WMAP and Planck

408MHz data. The central narrow strip in the galactic plane with 1.6% of the all-sky area is filled with the model signal properties like the rest of the sky.

The angular power spectrumDTT
` from the Planck 2015 data (upper panel). The solid line shows theLCDMmodel best fitted to the Planck TT-spectra at

lowmultipoles. The residuals are shown in the bottom panel, with 1s errors indicated. (c) TE-spectrum and (d) EE-spectrum from the Planck data. Solid

lines in the upper panels of Fig. (c) and (d) show LCDM spectra derived from the CMB temperature anisotropy. The residuals are shown in the bottom

panels. The error bars reflect �1s deviations in the model due to independent fitting of the TT-spectra and separate fitting of the TE- and EE-spectra.

(From [117].)
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well known: T0 � 2:7255� 0:0006 K. Thermodynamic equi-
librium is assumed to hold until the neutrino decoupling [118],
which is almost (but not fully) completed by the time of
electron±positron annihilation. This results in a slight heating
of neutrinos in addition to what is expected for photons, and
hence leads to a slight deviation from the thermal equilibrium
prediction Tg � �11=4�1=3Tn for the photon temperature Tg

and the neutrino temperature Tn. When taking the additional
neutrino energy density into account, it is assumed that the
neutrinos have a thermal distribution with the effective
energy density

rn � Neff
7

8

�
4

11

�4=3

rg ; �20�

where the effective number of neutrino types is Neff � 3:046
in the base model. The energy density is equally distributed
between three neutrino flavors, which are relativistic.

In calculating the ionization history (at z � 1090), the
duration of the process from the stage of the full hydrogen
and helium ionization to the completion of recombination
with a residual electron fraction xe � 10ÿ4 was taken into
account. The CMB power spectrum sensitivity to xe shows up
in a change in the sound horizon during recombination, the
time of recombination, and details of the recombination
transition, which affect the thickness of the last scattering
sphere and hence the damping of fluctuations (Silk damping)
due to small-scale diffusion, polarization, and averaging of
perturbations along the line of sight.

The basic physical processes are modeled using software
packages that calculate the corresponding atomic transitions
and details of recombination. The HyRec [120] and Cos-
moRec [121] codes show good agreement at a level that is
better than required for the Planck data. The standard code
recfast [122] is also used for the recombination analysis to
compare the power spectrum C` with the latest results
obtained with HyRec and CosmoRec. The difference turns
out to be at the 0:05s level. Thus, no noticeable deviations
from the assumed recombination history have been found. If
such deviations were present, the parameter estimates would
show a significant offset relative to those found in [117, 118].

The calculations assume purely adiabatic scalar perturba-
tions from the very early times with the power spectrum

PR�k� � As

�
k

k0

�nsÿ1��1=2��dns=d ln k� ln�k=k0�
; �21�

where As is the amplitude of primordial perturbations,
k0�0:05 Mpcÿ1 is the wave number characterizing the
scale of perturbations, which is approximately the middle
of the logarithmic range of scales probed by the Planck
mission, ns is the spectral exponent (the slope of the
primordial perturbation spectrum), and dns=d ln k is the so-
called running exponent, i.e., the running of the spectral
exponent showing the rate of the spectral exponent change.
Also considered are models with a significant contribution
from primordial gravitational waves (tensor modes) para-
meterized as

Pt�k� � At

�
k

k0

�nt

: �22�

The corresponding parameter r0:05 � At=As is introduced,
which is the ratio of the primordial tensor-to-scalar modes
at k � k0. The model for r0:002 with k � 0:002 Mpcÿ1 close to
the scales that are sensitive to the tensor mode in the angular
power spectrum at low harmonics was also considered.

The parameterization of dark energy assumed that it is
described by the cosmological constant and is represented by
the dark energy density OL. For dynamical dark energy, the
parameter w is introduced into the equation of state, either as
a constant or as a function of the cosmological scale factor a:

w�a� � p

r
� w0 � �1ÿ a�wa : �23�

Dark energy interacts with other components only gravita-
tionally (also see reviews [123, 124]).

The main mechanisms of perturbation growth and the
CMB fluctuation formation are algorithmicized and included
as procedures in the software packages for CMB power
calculation [116, 125±130]. The main program for the CMB
power spectrum used by the Planck collaboration is based on
the numerical Boltzmann-type code CAMB version 2013 and
later versions [116]. The program used procedures developed
in the CMBFAST [128] and Cosmics [127] codes. The latter
calculates gravitational lensing effects in the CMB tempera-
ture and polarization maps. Gravitational lensing was taken
into account in two ways. First, the CMB power spectra were
modeled with smearing at a level of about 5% in the region of
acoustic peaks due to the lensing. Second, the lensing was
taken into account in the likelihood function by the corre-
sponding potential (mainly in the form of shape squeezing in
the CMB trispectrum) in the power spectrum [131]. Theore-
tical estimates of the power spectrum of the lensing potential
were calculated using CAMB.Although the corrections to the
temperature anisotropy power spectrum due to gravitational
lensing on nonlinearly growing structures are negligible, the
consequences of the reconstruction of the lensing potential
are important. To describe the nonlinear structure growth,
the HaloFit model [132, 133] was used to calculate the power
spectrum of the lensing potential.

To investigate the possible cosmological parameter space
and calculate confidence intervals, the CosmoMC package
that implements the MCMC method was used [134]. This
package employs the Metropolis±Hastings mechanism to
generate chains to build cosmological parameter samples
and to assess variations of the parameters by changing the
procedures used. The parameter sample is internally ortho-
gonal, which enables the parameter degeneracy to be probed
and the basic parameter set to be obtained. The CosmoMC
package has become a de facto standard in different
cosmological studies, and is quite naturally used in the
Planck data analysis. In this analysis, the set of chains is
generated until the calculations converge, and tails of
distributions for each parameter are studied inside the
confidence intervals [118]. A posteriori estimates of each
parameter inside the confidence interval were generated for
the samples. For the parameters at which the distributions
have different tails, the interval is presented between extreme
points that have approximately equal marginal density
distributions. For parameters with preliminarily calculated
bounds, the limits are presented for one distribution tail or are
not presented at all, depending on how much the a posteriori
value of the bound differs from zero. If parameters have an
almost symmetric distribution, the mean value and the
standard deviations (�1s) are given.

6.3.2 Difference between the 2013 and 2015 Planck data
releases. To understand the reason for the difference in
measurements of cosmological parameters in the two
releases, it is necessary to discuss the changes in the 2013

January 2016 Cosmological results from the Planck space mission and their comparison with data from the WMAP and BICEP2 experiments 25



and 2015 data analysis. Briefly, in addition to the sensitivity
improvement, the main differences can be summarized as
follows (see [117] for more details).

1. Some changes in the low-level data processing [16, 135]
were made. They include the filtration algorithm to remove
lines due to 4K cooling from the TOD; the method of TOD
cleaning from interference due to cosmic rays; the improved
absolute calibration due to better satellite orbital dipole
measurements; and more precise telescope beam models,
which improved the treatment of side lobes.

2. In the 2013 papers, the WMAP polarization data [7] at
lowmultipoles `4 23 were used to calculate the optical depth
parameter. In the 2015 data analysis and the likelihood
function calculations, instead of the WMAP data, the Planck
Q- and U-polarization data with low resolution at 70 GHz
were used, and the foregrounds were treated using the
polarization data at 30 GHz (for synchrotron emission) and
at 353 GHz (for galactic dust emission) [136].

3. In the 2013 papers, the likelihood function for the
temperature anisotropy analysis was hybrid: for the ` �
2ÿ49 multipoles, it was calculated using the Commander
algorithm, and it was applied to 94% of the sky area. At high
multipoles (` � 50ÿ2500), the likelihood function was built
from the cross spectra at 100±217 GHz using the CamSpec
package [137] and 15.5 months of observations. In the 2015
papers, data obtained over the full mission operation time
were analyzed: 29 months for HFI and 48 months for LFI. In
the 2015 data analysis, the likelihood functions were built
from cross spectra of semi-annual and annual observations.
The basic likelihood function for the new anisotropy and
polarization data was also hybrid and was constrained for
low multipoles, ` � 30, in the pixel maps.

4. The sky coverage in the 2013 data for the CamSpec
calculations was intentionally conservative: only 58% of the
sky was used at 100 GHz and 37.5% at 143 and 217 GHz. In
the 2015 data, the sky area analyzed was increased at each
frequency. In addition, to detect point-like sources at each
frequency, individual masks were used instead of one mask
for all objects discovered at different frequencies.

5. Most of the 2015 results were obtained using the
modified Plik package to calculate the likelihood functions,
which uses cross spectra obtained over half the time of the
mission operation.

6. Foreground component models used in the signal
separation were slightly corrected.

Physical models of the generation and evolution of
perturbations in the CosmoMC procedure were also
improved [138]. In particular, the baryon mass fraction YP

in helium, which was previously not treated as an independent
parameter, was calculated directly in the 2015 papers from the
BBN predictions by interpolating the fitting formula in the
PArthENoPE (Public Algorithm Evaluating the Nucleo-
synthesis of Primordial Elements) package [119] that calcu-
lates the BBN processes. A small error was corrected in the
model of dark energy for w 6� ÿ1, although it hardly affected
the results. To model the matter power spectrum at small
scales, an updated halofit procedure was used, which
accounts for massive neutrinos.

6.3.3 Gravitational lensing of the CMB. Gravitational lensing
of the CMB as observed by the Planck mission is discussed in
[131, 139], and should be considered inmore detail. A detailed
study of this effect by the Planck mission is advantageous
relative to the WMAP mission, which did not carry out such

studies, and shows the viability of an essential cosmological
test. The CMB lensing can be regarded as interference for the
analysis of real CMB anisotropy, but at the same time it
provides information on the matter distribution at intermedi-
ate redshifts (0:1 < z < 5) [140]. In the LCDM model, there
are methods that can calculate the lensing effect on the CMB
power spectrum [141] and even reconstruct the lensing
potential [142]. Before the Planck results, effects of the CMB
lensing were estimated using the WMAP data and large-scale
structure data obtained in galaxy surveys [143±145]. In
addition, the modern ground-based CMB experiments with
low-noise detectors, such as the Atacama Cosmology Tele-
scope (ACT) and the South Pole Telescope (SPT), reliably
demonstrated the presence of theCMB lensing signal at a 4:6s
level by ACT [146] and a 8:1s level in the power spectrum
and 6:3s level for the reconstructed potential from the SPT
data [147].

With multiple full-sky coverage at nine frequencies with a
comparatively narrow beam and the high sensitivity in the
Planck mission, it was natural to study CMB lensing with a
deflection angle of photons up to 2:04 0 [131]. In the most
sensitive frequency bands of 145 GHz and 217 GHz of the
Planck observatory with FWHM � 7 0 and � 5 0 for the
respective beams, sensitivities of 30 mK (60 mK in polariza-
tion) and 40 mK (95 mK in polarization) were reached in the
multipole range 10004 `4 3000 [139]. With these para-
meters, the lensing potential was reconstructed in the multi-
pole range most sensitive to this effect (`5 1000).

The lensing effect is observed as small deflections of the
real CMB fluctuations. The observed CMB temperature
anisotropy in a direction n̂ can be represented in terms of the
nonlensed primary temperature as [131, 142]

T�n̂� � T unl
ÿ
n̂� Hf�n̂��

� T unl �
X
i

H if�n̂�HiT
unl �O�f 2� ; �24�

where

f�n̂� � ÿ2
� w�

0

dw
fK�w� ÿ w�
fK�w�� fK�w�

C�wn̂; Z0 ÿ w� �25�

is the lensing potential. Here, w is the conformal distance
(w� � 14000 Mpc), which is the distance to the last scattering
surface, and C�wn̂; Z� is the gravitational potential at the
conformal distance w in the direction n̂ at the conformal time Z
(Z0 for the present epoch). The angular distance fK�w�, which
depends on the curvature of the Universe, is given by

fK�w� �
Kÿ1=2 sin �K 1=2w� ; K > 0 �close� ;
w ; K � 0 �flat�;
jK jÿ1=2sinh ÿjK j1=2w� ; K < 0 �open� :

8><>:
�26�

The lensing potential is a measure of the integral mass
distribution up to the last scattering sphere. The power
spectrum of the potential is related to that of matter, which
is in turn sensitive to parameters describing the growth of
structures, for example, to the neutrino mass [148]. The
lensing effect amplitude is also sensitive to geometrical
parameters, such as the curvature of the Universe.

In [139], the lensing potential is reconstructed with the
help of quadratic estimators that use the statistic anisotropy
produced by lensing [149]. Neglecting the lensing of the
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primordial gravitational-wave B-mode of polarization, five
possible estimators can be constructed: f̂TT, f̂TE, f̂EE, f̂TB,
and f̂EB [139]. They involve different correlations of the
CMB temperature (T) and polarization (E and B). Based on
these five estimators, the combined estimation algorithm
f̂MV of the minimization of deflections is constructed and
used to reconstruct the lensing potential.

The following points are taken into account in recon-
structing the potential.

I. A fixed lensing potential used inmultiple realizations of
the CMB temperature anisotropy superimposes a statistical
anisotropy on the observed CMB anisotropy; fluctuations
then remain Gaussian, but the covariance changes as a
function of location and direction on the sky. This idea is
used to estimate f�n̂�. The noise on this map is a combination
of the instrumental and statistical noise caused by the analysis
of a single observed CMB realization, similar to the noise
during galactic lensing.

II. Both the lensing potential and CMB fluctuations
averaged over realizations lead to a non-Gaussianity of the
observed CMB fluctuations at the lowest orders in the
connected part of the four-point correlation function of the
CMB (in the trispectrum). This fact is used to measure the
lensing power spectrum C

ff
L . The corresponding estimators

are built by maximizing the likelihood function for the lensed
CMBon the basis of the above hypothesis and are expected to
be optimal (from the standpoint of minimal variation). The
nonoptimal choice would decrease the signal-to-noise ratio.

As noted in [131], the above facts and description do not
fully explain how the convergence estimates are matched and
the separation on different parts of the sky is eliminated, or
which weight should be given to local estimates of the power
spectrum, which is a function of the angular scale. These
problems are resolved when the estimator of the general form
with optimization of its weight function by the sensitivity to
the lensing effect is considered [149]. The statistical aniso-
tropy induced by lensing in the first order in the lensing
potential is given by the off-diagonal contribution to the
CMB covariance matrix [131]:

D hT`1m1
T`2m2

i

�
X
LM

X
`1m1`2m2

�ÿ1�M `1 `2 L
m1 m2 M

� �
W

f
`1`2L

fLM : �27�

Here, the angular brackets are applied to the CMB realiza-
tions with a fixed gravitational potential, large parentheses
denote Wigner's 3j symbols, fLM �

�
d2n̂Y �LM�n̂�f�n̂� is the

harmonic expansion of the lensing potential, L and M are
indices of the potential expansion modes, and W

f
`1`2L

is the
weight function given in [131].

The quadratic estimator of the lensing potential for the
covariance search, which takes contamination from point-
like sources into account, is constructed in the form

f̂X
LM �

X
L 0M 0

ÿ
R xf�ÿ1

LM;L 0M 0
ÿ
X̂L 0M 0 ÿ XMF

L 0M 0
�
; �28�

where R xf is the normalization matrix, X̂LM is the quadratic
`building block' calculated from two filtered sky maps T̂

�1�
`m

and T̂
�2�
`m by adding their empirical covariance matrices, and

the mean field term X̂MF
LM includes all known sources of

statistical anisotropy on the map that could shift the lensing
level estimate. The algorithms for constructing and comput-

ing R xf, X̂LM, and X̂MF
LM are presented in [131]. We note that

the calculation of the lensing potential and the potential
power spectrum (which is also presented in the cited paper)
was checked by Monte Carlo simulations.

The lensing potential map from [139] is shown in Fig. 27.
Its power spectrum is presented in Fig. 28.

The gravitational lensing tests enable not only constrain-
ing cosmological LCDM parameters, such as Obh

2, ns, As,
OCDMh 2 (see also Table 4 in Section 6.3.4), but also
independently estimating the parameters Om, H0, and s8.
Results of the likelihood function method for gravitational
lensing tests are presented in Fig. 29. The contours in this
figure show the range of admissible values of the Hubble
constant, which demonstrates the consistency of the tests. The
contour crossing implies the reliability of determination of the
admissible parameters on theOmÿs8 plane.We note that this
test involves the relation

s8O 0:25
m � 0:591� 0:021 : �29�

This combination of parameters is measuredwith an accuracy
of about 3.5% [139]. A detailed discussion of the possibilities
for the power spectrum and the relation between parameters
in (29) is given in Appendix E of [139].

The main results on CMB gravitational lensing presented
by the Planck collaboration [139], in addition to the map and
power spectrum of the lensing potential, are as follows:

Figure 27. (Color online.) The lensing potential map after applying the

Wiener filter with aminimal mask superimposed to reconstruct the NILC.

The map is limited to harmonics in the range 84L4 2048 (the multipole

notation L is conventionally used for maps and the power spectrum of the

potential). (From [11].)

2.0

1.5

1.0

0.5

0

ÿ0.5
100101 500 1000 2000

SPT

ACTPlanck (2013)

Planck (2015)

L

��L
�L
�
1
��2

C
f
f

L
=
2
p�
�1

0
7

Figure 28. (Color online.) Power spectrum of the lensing potential

reconstructed with the use of the MV estimator from the Planck 2015

data. Shown also are the reconstructions from the Planck 2013 data [131],

ACT [146], and SPT [150]. The solid line is the fiducial LCDM spectrum.

(From [139].)
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� the B-mode lensing in the Planck data is discovered
with a 10s significance from cross-correlation with the
cosmic infrared background as a factor that traces the
lensing potential, as well as from the CMB trispectrum
TTEB; this confirms the sensitivity of the Planck instru-
ments to known sources of the B-mode at intermediate and
small scales;
� the three-point correlation function (bispectrum) is

measured from the CMB data with an improved accuracy;
this correlation function is due to a correlation between the

lensing potential and the integral Sachs±Wolfe (ISW) effect,
whose origin in the last epoch is the accelerating expansion of
the Universe; the lensing and the ISW bispectrum demon-
strate the effect at the 3s level;
� the use of only lensing information allows the likelihood

function construction for the combination parameters
s8O 0:25

m with an accuracy of up to 3.5%.
Therefore, lensing, as one of the additional cosmological

tests, significantly increases the potential of the Planck data
over the WMAP data.

6.3.4 Cosmological parameters. Table 4 shows the cosmolo-
gical parameters inferred from the 2015 Planck data release
using the power spectrum of the CMB temperature
anisotropy and polarization in combination with different
tests. Column 1 shows the parameters inferred from the
TT-spectra at low and high multipoles. Columns 2 and 3
shows the results as derived from the TE- andEE-spectra only
at highmultipoles with polarization at lowmultipoles (lowP).
Column 4 presents the parameters obtained with the like-
lihood function calculation from all the available data.
Column 5 lists deviations of the cosmological parameters
obtained with the likelihood functions calculated for
TT+lowP and TT, TE, EE+lowP spectra. The correspond-
ing likelihood functions with confidence regions are presented
in Fig. 30.

We note the difference in values of some frequently used
parameters and the measurement results in the Planck 2015
[117], Planck 2013 [118], andWMAP9 [8] data. Table 5 shows
both the base model parameters and parameters of the
extended cosmological model for the three CMB data
releases. The most frequently used additional parameters of
the extended LCDM models include: the density parameter
determined by the curvature (OK � 1ÿ O0), the effective
number of neutrino types Neff, the total mass of the standard
neutrinos

P
mn, the helium contribution to the baryonic
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Figure 29. (Color online.) Likelihood functions for determining the

LCDM parameters using the CMB lensing data alone are shown by gray

bands corresponding to the 1s and 2s constraints [see Eqn (29)]. The solid

colored contours show the 68% and 95% constraints when additional

information is included: the baryon acoustic oscillation (BAO) data from

optical SDSS and 3DF surveys [151±153] (blue); the same data but with the

acoustic scale parameter fixed as yMC � 1:0408 (red); and using the Planck
TT low-P polarization data (black). The symbols are color-coded by the

value of the Hubble constantH0. (From [139].)

Table 4. Parameters of the cosmological LCDM model calculated from the likelihood ratios using the Planck 2015 data in combination with different

tests.* (Table 3 in [117].)

Parameter
1 2 3 4 5

TT+lowP TE+lowP EE+lowP TT, TE, EE+lowP �s1 ÿ s4�=s1
Obh

2 0.02222� 0.00023 0.02228� 0.00025 0.0240� 0.0013 0.02225� 0.00016 ÿ 0.1

OCDMh 2 0.1197� 0.0022 0.1187� 0.0021 0.1150�0:0048ÿ0:0055 0.1198� 0.0015 0

100yMC 1.04085� 0.00047 1.04094� 0.00051 1.03988� 0.00094 1.04077� 0.00032 0.2

t 0.078� 0.019 0.053� 0.019 0.059�0:022ÿ0:019 0.079� 0.017 ÿ 0.1

ln �1010 As� 3.089� 0.036 3.031� 0.041 3.066�0:046ÿ0:041 3.094� 0.034 ÿ 0.1

ns 0.9655� 0.0062 0.965� 0.012 0.973� 0.016 0.9645� 0.0049 0.2

H0 67.31� 0.96 67.73� 0.92 70.2� 3.0 67.27� 0.66 0

Om 0.315� 0.013 0.300� 0.012 0.286�0:027ÿ0:038 0.3156� 0.0091 0

s8 0.829� 0.014 0.802� 0.018 0.796� 0.024 0.831� 0.013 0

109 As exp �ÿ2t� 1.880� 0.014 1.865� 0.019 1.907� 0.027 1.882� 0.012 ÿ 0.1

* Obh
2 is the physical baryon density; OCDMh 2 is the physical density of dark matter; 100yMC is the approximation of the CMB acoustic scale in the

CosmoMCprocedure increased 100-fold, which is equal to r�=DA (the ratio of the comoving horizon size in the epoch z� when the optical depth is equal
to unity relative to the angular-diameter distance); t is the Thomson optical depth due to reionization; ln �1010As� is the logarithm of the primordial
isocurvature perturbations; ns is the spectral exponent of the scalar mode power spectrum;H0 is the Hubble constant, the current expansion rate of the
Universe;Om is thematter density in units of the critical density; s8 is the rms êuctuations at the present time in the linear theory; and 109As exp �ÿ2t� is
an additional combined parameter.
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density Neff, the tensor-to-scalar-mode ratio r0:002, and the
parameter of dynamic dark energy w in the equation of state.
The presented results are obtained using both internal
experimental data and a model consistent with other experi-
ments.

We note that the use of CMB fluctuation data to infer
the properties of neutrinos is quite natural. The basic
LCDM model used by the Planck collaboration assumes
the normal neutrino mass hierarchy with

P
mn � 0:06 eV

but with a possible violation of the mass hierarchy withP
mn00:1 eV. The possibility of testing this hypothesis

motivated the analysis of the neutrino properties from the
CMB data. In addition, the nonzero mass of neutrinos
enables decreasing s8 to bring the Planck mission results to
agreement with data on weak lensing and rich cluster
abundance. The likelihood functions for the parameter
pairs are shown in Fig. 31.

6.4 Inflation
The precise measurements of temperature and polarization in
the Planck experiment have allowed estimating the para-
meters of admissible inflationary models (such as ns,
dns=d ln k, and r0=002) [154]. In 2014, it was reliably estab-
lished in [155] (at a confidence level > 5s) that there are
deviations of the scalar spectral exponent from the one
corresponding to an exact scalar invariant: it was found that
ns < 1, and further data were required to determine the
running exponent. Nevertheless, the measured values and
bounds favored simple slow-roll inflationary models. Infla-
tionary models with one field and the standard kinetic term
also fitted the new bounds on the non-Gaussianity parameter
fNL obtained in [118]. No evidence was found for the
isocurvature perturbations generated in multi-field inflation-
ary models or by cosmic strings and topological defects [155,
156]. The Planck 2013 results have renewed interest in some
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Table 5. Standard cosmological LCDM parameters inferred from the Planck 2015, Planck 2013, and WMAP9 data. Some parameters of the extended

model are also presented.*

Base model

Parameter
Planck 2015 Planck 2013 WMAP9 2012

TT+lowP TT+TE+EE
+lowP+lens+ext

TT Planck+WP
+highL+BAO

WMAP+eCMB

+BAO+H0

H0 67.31� 0.96 67.71� 0.46 67.4� 1.4 67.80� 0.77 69.32� 0.80

OL 0.685� 0.013 0.6811� 0.0062 0.686� 0.020 0.692� 0.010 0.7135�0:0095ÿ0:0096

Om 0.315� 0.013 0.3089� 0.0062 0.314� 0.020 0.308� 0.010 0.2830� 0.0097

zre 9.9�1:8ÿ1:6 8.8�1:2ÿ1:1 11.4�4:9ÿ2:8 11.3� 1.1 10.1� 1.0

Age of the Universe 13.813� 0.038 13.799� 0.021 13.813� 0.058 13.798� 0.037 13.772� 0.059

ns 0.9655� 0.0062 0.9667� 0.0040 0.9616� 0.0094 0.9608� 0.0054 0.9608� 0.0080

s8 0.829� 0.014 0.8159� 0.0086 0.834� 0.027 0.826� 0.012 0.820�0:013ÿ0:014

Extended model

Parameter
Planck 2015 Planck 2013 WMAP9 2012

TT TT+TE+EE
+lens+ext

Planck+WP Planck+WP
+highL+BAO

WMAP+eCMB

+BAO+H0

OK ÿ0.052�0:049ÿ0:055 0.0008�0:0040ÿ0:0039 ÿ 0.037�0:043ÿ0:049 ÿ 0.0005�0:0065ÿ0:0066 ÿ 0.0027�0:0039ÿ0:0038P
mn, eV < 0.715 <0.194 <0.933 <0.230 <0.44

Neff 3.13�0:64ÿ0:63 3.04�0:33ÿ0:33 3.51�0:80ÿ0:74 3.30�0:54ÿ0:51 3.26� 0.35

YP 0.252�0:041ÿ0:042 0.249�0:025ÿ0:026 0.24771� 0.00014 0.257�0:038ÿ0:040 0.308�0:032ÿ0:031

dns=d ln k ÿ 0.008� 0.016 ÿ 0.002� 0.013 ÿ 0.013�0:018ÿ0:018 ÿ 0.014�0:016ÿ0:017 ÿ 0.023� 0.011

r0:002 <0.103 <0.113 <0.120 <0.111 <0.13

w ÿ 1.54�0:62ÿ0:52 ÿ 1.019�0:075ÿ0:080 ÿ 1.49�0:65ÿ0:57 ÿ 1.13�0:23ÿ0:25 ÿ 1.037�0:071ÿ0:070

* The results are derived both from internal data of the experiments and in the model consistent with other experiments. Abbreviations used: lensì
lensing data, extìuse of additional tests of the CMB data, WPìpolarization WMAP data, eCMBìadditional data on the CMB from other
experiments.
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aspects of inflationarymodels, both conceptual [157±160] and
specific, such as, for example, Starobnsky's R 2 inflationary
model [161]. The model predicts cosmological fluctuations
[161, 162] consistent with the Planck 2013 results [155]. The
R 2 model corresponds to the potential

V�f� � L 4

�
1ÿ exp

�
ÿ

���
2

3

r
f
MPl

��2
; �30�

which leads to the slow-roll model predictions and gives
ns ÿ 1 � ÿ2=N and r � 12=N 2. Additional interest in the
problem appeared after the publication of the results of the
BICEP2 experiment at the South Pole [163, 164]. This
experiment covered a 380 sq. deg sky field. The BICEP2
team suggested that the signal discovered by them in the
polarization B-mode in the multipole range 50 < ` < 150 at
150 GHz is due to primordial gravitational waves [165±170].
The effect of polarized warm dust in our Galaxy was assumed
to be excluded using the dust emission models. Under these
assumptions, BICEP2 derived the tensor-to-scalar-mode ratio
r � 0:2�0:07ÿ0:05 for the scalar invariant perturbation spectrum.
The BICEP2 team presumed that the value r � 0:2 changed
the Planck mission hypothesis favoring slow-roll inflation
models: such a high value of r required a high running
exponent or another modification of the simple power-law
spectrum of perturbations to bring the contribution from
gravitational waves to the temperature anisotropy at low
multipoles in agreement with the observed TT-spectrum. But
analysis of the dust polarization data at 353 GHz called the
BICEP2 conclusions into doubt [99, 100, 155, 171].

The Planck measurements determined the frequency
dependence of the galactic dust emission intensity and
polarization. It was found that the polarization fraction is
higher than expected in low-intensity regions. In this case, the
interpretation of the polarization B-mode as a sum of signals
from the primordial tensor mode and lensing is not statisti-
cally preferable to the expected dust emission at 150GHzwith
a lensing contribution.

In [62], the polarization B-mode power spectrum built
from the dust polarization data at 353 GHz in the multipole
range 40 < ` < 120 was extrapolated to the 150 GHz band.
The extrapolation demonstrated that the B-mode signal
discovered by BICEP2 can be fully accounted for by dust
emission. A recent joint analysis of high-sensitive BICEP2/
Keck Array and Planck data [172] confirmed that the dust
dominates. Cross-correlation of all maps in the BICEP2 field
did not reveal a statistically significant signal from the
primordial gravitational waves and set an upper bound
r < 0:12 at the 95% confidence level. Although this upper
bound is numerically almost identical to the Planck 2013
result inferred from the combination of the Planck tempera-
turemaps andWMAPpolarization data [118, 155], this upper
bound is more stable to modifications of inflationary models,
because the B-mode is insensitive to the form of the predicted
pattern describing the scalar anisotropy.

Using the Planck 2015 temperature and polarization
full-sky CMB data, new estimates of the spectral slope and
running exponent, ns � 0:968� 0:006 and dns=d ln k �
ÿ0:003� 0:007, were obtained in [154] using the likelihood
functionmethod in combinationwith the Planck lensing data.
With polarization data at high multipoles taken into account,
a new upper bound on the tensor-to-scalar ratio has been
derived, r0:002 < 0:11 at the 95% confidence level, which is in
agreement with the results of the joint BICEP2/Keck and

Planck data analysis [172]. This result assumes the inflation
potential V�f� / f 2, and the natural inflation is less
favorable than in models predicting smaller tensor-to-scalar
ratio, such as the R 2-inflation.

The primordial power spectrum was reconstructed using
three independent methods, which reproduce a smooth
spectrum without peculiarities, PR�k�, in the scale range
0:0089 k9 0:1 Mpcÿ1. At larger scales, a deviation from
the power law is discovered due to the signal deficit in the
temperature anisotropy power spectrum at ` � 20ÿ40, but
within the cosmic variance. By combining power-spectrum
and non-Gaussianity bounds, the authors of [154] con-
structed models with generalized Lagrangians, including a
Galileon model and an axion monodromymodel. The Planck
data are consistent with the hypothesis of adiabatic primor-
dial perturbations, and the obtained estimates of parameters
of the main initial conditions are consistent within this
hypothesis. For correlated mixed adiabatic models and
models with constant curvature, the respective upper bounds
on the nonadiabaticity contribution to the CMB temperature
variations at the 95% confidence level are janon-adij < 1:9%,
4%, and 2.9% for cold dark matter, neutrino density, and
constant-curvature modes for the neutrino velocity. Infla-
tionary models leading to an anisotropic modulation of the
primordial curvature power spectrum were tested and it was
shown that the dipole modulation in the CMB temperature
field caused by constant-curvature cold darkmatter perturba-
tions is not favored at a statistically significant level. The
Planck 2015 results from all available observational data are
consistent with the Planck 2013 results and single-field slow-
roll inflationary models. A comparison of the likelihood
functions for different inflationary models in the r0:002 ÿ ns
diagram are shown in Fig. 32.

6.5 Search for non-Gaussianity
One of the most important tests of the inflation theory
consists in testing the Gaussianity of the CMB signal (see,
e.g., review [28]). The standard parameterization of the non-
Gaussianity level is in terms of the coefficient fNL determined
from the bispectrum. We recall that the simplest and best-
studied quantity in which the non-Gaussianity of CMB
fluctuations can show up is the three-point correlation
function or its harmonic analog, the bispectrum

ha`1m1
a`2m2

a`3m3
i : �31�

The bispectrum is very sensitive to certain forms of non-
Gaussianity, which are considered standard and include the
so-called local form obtained under the assumption that the
primordial fluctuations have a local nonlinearity in the
coordinate space [115]:

F�x� � FL�x� � fNL

ÿ
F 2

L�x� ÿ


F 2

L�x�
��
; �32�

where FL�x� is a linear Gaussian field, hFL�x�i � 0, and fNL

is a constant describing the nonlinearity in the form of a
quadratic correction to the gravitational potential (curvature)
perturbations. The `equilateral' f equilNL [173] and `orthogonal'
f orthoNL [174] non-Gaussianity forms are also considered
`standard'.

The non-Gaussianity amplitude fNL of the Planck CMB
bispectrum was measured in [175]. The non-Gaussianity was
analyzed using three bispectrum estimators (fitted by separ-
able templates, binned, and modal). The estimators were
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applied to the Planck 2015 full-sky temperature anisotropy
and E-polarization maps reconstructed by four component
separation methods: SMICA, SEVEM, NILC, and Com-
mander. On the maps, masks were used to filter intervening
structures, such as bright galactic regions or powerful point-
like sources, and 70% of the full sky was studied.

The analysis resulted in the following consistent non-
Gaussianity parameters (after taking the Bayesian offset
caused by lensing and the Sachs±Wolfe effect into account):
f equilNL � ÿ16� 70, f orthoNL � ÿ34� 33 if only temperature
anisotropy maps were used, and f equilNL � ÿ3:7� 43, f orthoNL �
ÿ26� 21 at the 68% confidence level if both temperature and
E-polarization data were used. The local non-Gaussianity
level is f localNL � 2:5� 5:7 according to the T-data and f localNL �
0:8� 5:0 using joint T- and E-data (68% confidence level).
From the likelihood function for fNL by which the regime of
small primordial non-Gaussianity is probed, estimates of the
sound speed limits during inflaton fluctuations or other
microscopic oscillations in the inflation models can be
derived [176]. The constraints on the sound speed are then
used in combination with the angular power spectrum.

We note that the non-Gaussianity level estimates were
obtained in the framework of a certain method enabling
inflationary model studies. Besides the bispectrum, non-
Gaussianity can appear in the Planck data as violations of
the statistical isotropy of the signal, the most prominent of
them being classified as CMB anomalies.

6.6 BICEP2 and Planck results
We now discuss the BICEP2/Keck experiment separately.
BICEP2 was a dedicated low-angular-resolution experiment
(the telescope aperture is 26 cm, the resolution is 0:52�)
carried out at the South Pole in 2010±2012 at 150 GHz with
a sensitivity comparable to that of the Planck instruments at
high galactic latitudes. A TES (Transition Edge Sensor)
bolometer consisting of 512 sensors was installed in the focal
plane of the telescope. The BICEP2 collaboration presented
the results in [163, 164], where the polarization B-mode is
reported to significantly exceed the expected level in the
LCDM model with r � 0 with lensing taken into account in
the multipole range 30 < ` < 150. Although the CMB
lensing due to galaxy clusters, which distorts only the
B-mode, is significant only at small scales, its contribution
was taken into account in the component separation

procedure. The dust contribution estimated from the pre-
vious BICEP1 measurements and WMAP maps was thought
to be insignificant at high galactic latitudes. The data analysis
resulted in an excess of the polarization B-mode emission on
degree and sub-degree scales (Fig. 33). This, in principle,
suggested a new effect observed in the B-mode at 150 GHz.
The authors interpreted the excess as a cosmological signal,
namely, as a result of the presence of primordial gravitational
waves. The detected signal implies a larger contribution to the
CMB anisotropy than followed from the WMAP data and
Planck data on the CMB temperature fluctuations published
by that time. The discovery entailed complications with
theoretical models. On the other hand, it could be assumed
that the detected signal contained some additional emission
component that was not taken into account in single-
frequency experiments such as BICEP2.

Already in April 2014, Liu et al. from the Niels Bohr
Institute published paper [177], where they discussed the
effect of magnetized dust on the polarization B-mode signal
at high galactic latitudes. The emission from this cold dust
component consisting of microscopic elongated dust grains
with inclusion of metals additionally contributes to the
polarized foreground. Such clouds are found in supernova
remnants with relatively strong magnetic fields, which leads
to polarized emission generation. Angular scales in the sky on
which such an emission can be detected are very large: for
example, the North Galactic Spur formed by supernova
remnants is observed as an anomalous band on the synchro-
tron radiation map extending from the north galactic pole to
almost middle latitudes in the southern hemisphere. The
integral emission on such scales exactly contributes on the
scales of a few degrees and tens of degrees. As noted in [177],
observations at the South Pole in the Antarctic in the BICEP2
experiment could study exactly the sky fields that contain
such charged dust. Later, the idea that the B-mode excess on
degree scales could be related to the charged dust was also
checked in [178, 179]. The Planck collaboration paper [180]
devoted to this issue appeared in the second half of September
2014. Unlike BICEP2, the Planck mission observed the linear
polarization by four bolometric detectors at 100, 143, 217,
and 353 GHz. This enabled various emission components
with different spectral exponents and brightness to be taken
into account at different angular scales. Contributions from
different sky fields with a different level of screening of
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intervening zones of our Galaxy were estimated in [180].
Emission models (power spectra) were constructed with
improved contributions from the galactic components at
different angular scales. One section of the paper was
devoted to the polarization B-mode emission in the field
observed by BICEP2. In particular, the polarization B-mode
power spectra constructed from the Planck data at 353 GHz
in circle domains of the CMBmapswith an area of 400 sq. deg
at high galactic latitudes were extrapolated to the 150 GHz
frequency band (as in the BICEP2 experiment). The highest
frequency was chosen because the polarization effects are
more prominent at high frequencies. With overlapping
spectral bands, it is not difficult to interpolate data at
intermediate frequencies. A thorough analysis of all possible
contributions at different galactic latitudes and angular scales
led to the following conclusions:
� the power spectra extrapolation shows that at high

galactic latitudes, there is a significant dust contamination
on scales that are most interesting for primordial gravita-
tional wave studies;
� the polarized dust has a power spectrumwith significant

amplitude dispersion, and using the Planck data alone is not
sufficient to precisely choose the polarized sky fields abso-
lutely free of dust contamination;
� in the BICEP2 field study on degree and subdegree

scales (harmonics 40 < ` < 120), the extrapolation of the
spectrum to 150 GHz yields 1:32� 10ÿ2 mK2 with a statis-
tical uncertainty of �0:29� 10ÿ2 mK2, which is comparable
to the BICEP2 measurements at the given angular scales;
� the frequency dependence of the B-mode power spectra

corresponds to the expected polarized dust emission;
� there are regions in the sky where the polarization dust

emission is two times lower than that registered in the
BICEP2 experiment (Fig. 34).

After [180], paper [172] presenting the results of the joint
Planck and BICEP2 data analysis appeared, reporting the
upper bound on the tensor-to-scalar-mode ratio r < 0:12 at
the 95% confidence level.

6.7 Geometry and topology
Special papers are devoted to the geometric and topological
properties of the Universe that could be inferred from the
CMB maps [156, 181±184]. Using the observational data and
the model CMB signal in different topologically multi-
connected time±space universes, the authors rejected many
multi-connected models of the Universe with flat, hyperbolic,
and spherical geometry. In addition, the Planck data were
shown to be unable to reliably test correlations that would be
present in the case of a nontrivial topology, like a Universe in
the shape of a dodecahedron or a cubic torus.

There are no confirmations of the physically anisotropic
expansion of the Universe that could be described by the
Bianchi models, although a template corresponding to the
Bianchi VIIh model [182, 184] can be constructed from the
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CMB maps. The interest in this model is maintained by its
correspondence to threeanomalies tobediscussed inSection7:
the galactic north±south asymmetry in the power spectrum,
the Axis of Evil, and the Cold Spot. The CMB anisotropy in
this model is shown in Fig. 35. The fitting and analysis of this
Bianchi-type anisotropic model were done using the Bayesian
approach. If no physical assumptions are made and the
Bianchi-type and standard cosmology are analyzed sepa-
rately, the Planck CMB temperature anisotropy data corre-
sponds to the Bianchi model with the Bayesian factor 2.3 in
logarithmic units [184]. In the joint analysis with the inclusion
of the standard cosmological model parameters, the Planck
temperature and polarization data would require the ampli-
tude ÿ0:1� 0:04 compared to �1 if the Bianchi VIIh model
were real. For the vorticity parameter that can be applied to
describe this model, the upper bound is w=H0 < 7:6� 10ÿ10

at the 95% confidence level. In other words, the cosmological
parameters with which this template could be generated on
the map are inconsistent with the Planck measurements.

The Planck data enabled imposing upper bounds on the
CMB fluctuations due to topological defects. The possibility
of detecting topological defects in the form of cosmic
stringsÐvery massive, extended, and extremely thin forma-
tions that could survive from the Big Bang epochÐwas
discussed in [156]. The cosmic strings can have a huge energy
density m per unit length, which should lead to various
observational effects, including gravitational lensing and
background gravitational waves. The Planck studies concen-
trate on the string effects on the CMB maps, which generate
peculiarities like linear disruptions in the temperature dis-
tribution (Fig. 36).

Effects comparable in amplitude could also be generated
by other cosmological defects, for example, by semi-local
strings and global textures. Each type of cosmological defect
affects the CMBpower spectrum and produces a specific non-
Gaussianity on the CMB maps. These signatures can be used

to separate various topological defects from other possible
sources of the CMB anisotropy and systematic effects.
Nambu±Goto strings and field theory strings with strong
radiative effects were studied in [156]. Numerical simulations
of cosmic strings using the Nambu±Goto action show that
their cosmological appearances are scale-invariant, and
several dozen long strings extended across each considered
volume inside the horizon could be observed. These strings
are continuous sources of gravitational perturbations inside
the horizon, and the amplitude of perturbations is determined
by the dimensionless parameter Gm=c 2 � �Z=mPl�2, where Z is
the energy scale of the phase transition during string
formation and mPl is the Planck mass.

The search for characteristic non-Gaussianities in the
CMB fluctuations expected from cosmic strings yielded the
upper bounds Gm=c 2 < 8:8� 10ÿ7 from the bispectrum and
Gm=c 2 < 7:8� 10ÿ7 using the Minkowski functional. In fact,
no signatures of cosmic strings have been found in the Planck
data.

6.8 Variations of physical constants
Experimental measurements of possible variations of physi-
cal constants have been carried out in astrophysical studies
for a long time (see, e.g., [185]). They can be performed using
observations of absorption lines in quasar spectra, of first-
generation stars, and of molecular absorption lines. Primor-
dial nucleosynthesis data and, of course, the CMB observa-
tions are used. The Planck collaboration discussed these
issues in [186]. Variations of some fundamental constants, in
particular, the fine structure constant a or the electron mass
me, can change the recombination history, which naturally
affects the CMB fluctuations and the corresponding angular
power spectrum (Fig. 37).

Due to the Planck experimental data, the precision of
determining the possible variations of the constants at the
recombination time (z � 103) could be improved almost

ÿ50 mK 50
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Figure 35. (Color online). (a) CMB in the Bianchi VIIh anisotropic

cosmological model. (b) The CMB map with the model signal super-

imposed.

Figure 36. (Color online.) Characteristic discontinuity in the CMB

temperature produced by a cosmic string. A Nambu±Goto string

produces a cuspÐa small region on the string that moves almost at the

speed of light and generates the local CMB signal. (From [156].)
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fivefold (specifically, by decreasing the admissible interval)
over the WMAP results. The new constraints on the
independent variations of constants inferred from the Planck
data are Da=a � �3:6� 3:7� � 10ÿ3 for the fine structure
constant and Dme=me � �4� 11� � 10ÿ3 for the mass of the
electron at the 68% confidence level. Bounds are also
obtained for the possible spatial variation of a corresponding
to the gradient across our Hubble volume: da=a �
�ÿ2:4� 3:7� � 10ÿ2.

7. Anomalies

Anomalies in the CMB signal are considered in papers by the
Planck collaboration devoted to the non-Gaussianity and
isotropy [175, 176, 181, 183]. Themain tests for the analysis of
CMB isotropy include the use of the asymmetry and excess
statistical moments, the Minkowski functional, spherical
wavelets, N-point correlation functions, and peak statistics.

A statistical CMB anisotropy arises due to our motion in
space filled with the CMB, which can be easily taken into
account in the real data analysis. Apart from the explained
violations of the statistical CMB isotropy, there are other
deviations, which are, generally, signatures of non-Gaussian-
ity. The `standard' anomalies discovered in the WMAP data
[187], which have been discussed in a number of papers [30,
188±198], have also been studied using the Planck data. We
have already discussed searches for the non-Gaussianity and
upper bounds derived from the Planck maps. However, non-
Gaussianity can also appear as a statistical anisotropy, when
the statistical properties of the CMB are different in different
sky regions. A clear example is the low-multipole CMB signal
(see Fig. 8), which shows the location of spots that `know' the
galactic or ecliptic coordinate system, as well as the direction
ofmotion of Earth, which is highly improbable to expect from

random CMB fluctuations. We note several effects on the
CMB maps that were discovered in the WMAP data and
persisted in the Planck measurements.

7.1 North±South power asymmetry on CMB maps
One of the effects on the CMB maps that we have already
discussed is the North±South asymmetry of the signal in the
galactic coordinates, which is also present in the ecliptical
coordinates. A simple glance at the CMBmap reveals that the
number of hotter and colder spots in the southern hemisphere
exceeds that in the northern hemisphere (see Figs 1 and 35).
The asymmetry is easily confirmed by a variety of statistical
tests that were done by the Planck collaboration. For a
(symbolic) explanation, in particular, the Bianchi VIIh
model has been invoked, as discussed in Section 6.7. It
cannot be ruled out that this anisotropy is accidental.

7.2 Axis of Evil
Another example of anisotropy is given by the close location
of axes of two low harmonics, quadrupole and octupole. The
axis along which the alignment of the spots occurs was
dubbed the Axis of Evil. 8 This name was accepted in the
physical literature. The Axis of Evil combines two effects
observed on the WMAP and Planck maps (Fig. 38): 1) the
effect of planarityÐ the quadrupole and octupole located
along one plane such that the hot and cold spots of both
harmonics lie along one line in the sky; 2) the effect of
alignmentÐ the virtual coincidence of axes perpendicular to
the quadrupole and octupole planes. The coincidence of the
quadrupole and octupole axes is most clearly seen in the
WMAP data: the angle between the axes is < 10�. In the
Planck data, this angle is 13� (see Fig. 38), which increases the
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Figure 37. (Color online.) Model TT, TE, and EE angular power spectra of the CMB for different values of (a) the fine structure constant a and (b) the

electron mass me. The curves show ÿ5% (blue) and �5% (red) variations. The black curve corresponds to the standard parameters. (From [186].)

8 Such was the original title of paper [181], later modified.
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probability of an arbitrary coincidence, but does not explain
the sensitivity of the Axis of Evil to the direction of motion of
Earth in the local cluster of galaxies and to the ecliptic
coordinates. One interesting explanation for this anisotropy,
suggested in [199], is related to the microwave emission from
the Kuiper Belt.

In connection with the quadrupole, another anomalous
effect has been discussed: its low amplitude, namely, the value
of the coefficient C`�2, which is below the admissible level
determined by cosmic variance. Despite the Planck collabor-
ation's conclusion [181] that the issue with the Axis of Evil is
in fact resolved, Copi et al [200] applied different statistical
tests of the quadrupole and octupole alignment to show that
both harmonics are still connected with the direction of the
dipole at a statistical significance above 3s. We note that
although the angle between the low harmonics is larger than
10� (alignment along a common direction is discussed in radio
astronomywhen the angle is less than 10�), the problem seems
indeed to be unsolved. Both harmonics fix the ecliptic plane,
whose width is more than 20�. We also note that the problems
of the Axis of Evil and the quadrupole amplitude are
frequently connected in the CMB studies, and both problems
may be explained together.

7.3 Cold Spot
The origin of the anomaly called the Cold Spot, also located
in the southern hemisphere (Fig. 39), remains unknown. This
fluctuation, with a size of about 10�, also has an unusual
formÐthree connected cold spots (on the smoothed map),
with a deep minimum in the CMB signal in this region.
Initially, this spot was noticed in 2005 by a Spanish group
[189], who studied the difference in signal statistics between
the northern and southern hemispheres using spherical
wavelets. This group discovered that a significant deviation
from the Gaussian statistics in the southern hemisphere is
due to the presence of a spot on the galactic coordinates
�b; l � � �ÿ57�; 209�� with a size of � 10� and an amplitude
below ÿ4s, where s 2 is the dispersion of fluctuations. The
probability of an accidental appearance of such a spot on

the map with Gaussian fluctuations was estimated by map
modeling and the wavelet method to be 0.2%. Without
delving into a discussion of a different interpretation of the
effect, we note that the spot is apparently related to the
Galaxy, because it is present on the 408 MHz radio map
(1982) dominated by synchrotron radiation, and also
demonstrates a correlation with the galactic magnetic
field [201].

7.4 Spectral parity violation
A remarkable anomalous property of the CMBmap is related
to parity asymmetry, first noticed byKim andNaselsky [190].
The anomaly is that the fraction of the CMB power in even
multipole numbers ` is significantly lower than that in
multipoles with odd `: at low harmonics, the spectral points
C` with odd multipole numbers typically lie below those with
even numbers. This anomaly is present in both WMAP and
Planck data (Fig. 40). Using this property, a method for
estimating the map quality using the CMB angular power
spectrum C` was proposed. This approach is justified. In the
standard cosmological model (which is now LCDM), the
primordial random (Gaussian) perturbation fieldF�k�with a
flat power spectrum gives rise to a plateau in the CMB
angular power spectrum at low multipoles, `�`� 1�C` �
const, due to the Sachs±Wolfe effect. Spherical harmonics
change as Y`m�n̂� � �ÿ1�`Y`m�ÿn̂� under parity inversion.
Therefore, the asymmetry in the angular power spectrum for
even and odd harmonics can be considered the power
asymmetry of even and odd map components.

The authors of [190] discovered that the power of odd
multipoles systematically exceeds that of even multipoles at
small `, and called this phenomenon `parity asymmetry'. To
quantify this asymmetry, it was proposed to consider the ratio
of the sum of squares of even multipoles P� to that of even
multipoles Pÿ,

P� �
X

even `<`max

`�`� 1�C`

2p
;

Pÿ �
X

odd `<`max

`�`� 1�C`

2p
:

An interesting hypothesis proposed in [190] that the low
amplitude of the CMB quadrupole can have the same origin
as the parity asymmetry anomaly. In the Planck data analysis,
Monte Carlo simulations showed that for only 0.2% of 1000
CMB simulations, the P�=Pÿ ratio is in the tail of the
distribution (Fig. 40) [183]. Due to the North±South CMB
power asymmetry, which is more prominent for multipoles
24 `4 19 than for 204 `4 40, it is assumed that anomalies,
including the hemisphere power asymmetry, the low ampli-
tude of the quadrupole, and parity asymmetry have a
common origin for low `. Such anomalies could be explained
by both cosmological arguments, by which the Universe for
some reasons prefers the odd mode power, and an unknown
effect of systematic uncertainties in observation and data
analysis.

7.5 Low amplitude of low multipoles
The analysis of the Planck observations revealed one more
anomalous effect. It turned out that at low multipoles
` 2 �5; 30�, the measured amplitudes of the CMB spectrum
are lower than expected in the LCDM model [27, 117]. The
power spectra of all four CMBmaps presented by the Planck

a b

Figure 38. (Color online.) (a) The quadrupole and (b) the octupole on the

CMB Planck map. The location of the perpendicular to the quadrupole

and octupole axes is shown by the cross and asterisk, respectively. The

angle between the axes is 13�. (From [181].)

ÿ500 500
mK

+25+10
2.5�102ÿ2.5�102

a
b c

Figure 39. (Color online.) (a) Location of the Cold Spot on the CMB

Planck map (the galactic coordinates of the center of the region: l � 209�,
b � ÿ56�). (b) The Cold Spot region 30� � 30�. (c) The Cold Spot region

at 408 MHz, where the synchrotron foreground dominates.
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collaboration differ at low multipoles by less than 50 mK2 for
each multipole. At the same time, the difference from the
WMP9 ILC map is more than 100 mK2, i.e., at the 2%±3%
level. This difference cannot be due to Planck instrumental
errors.

But the most intriguing is the relatively low amplitude of
low multipoles leading to the `tension' between the Planck
data and the LCDM model, which best fits the measured
power density in the entire frequency range, especially at the
intermediate and high harmonics (see Fig. 26). The power
deficit at low spectral frequencies `9 40 is 5%±10% at the
2.5±3s statistical significance.

Thus, the Planck data [117] suggest that although the
simplest LCDMmodel perfectly corresponds to the observed
intermediate and small-scale angular CMB fluctuations, the
inconsistencywith data at low harmonicsmay signify that this
model is incomplete.

7.6 Curiosity
As a curious fact, we note the presence of the so-called
`initials' of Steven Hawking on the microwave background
WMAP map. In 2010, the Planck project scientist Jan
Tauber claimed that these symbols are not on the Planck
map. However, in Fig. 41, a region is seen that resembles

Hawking's initials in the WMAP and Planck data. As can be
noticed, on the new maps, `dots' emerged near the `letters' S
and H. It should be noted that there is no physical meaning
in identifying these symbols: this is simply the play of our
imagination fitting templates for random signal distribu-
tions.
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Figure 41. (Color online.) (a) Location of the region with SH templates on

the WMAP CMB map. (b) The zoomed SH region. (c) Symbols SH

contoured. (d) The zoomed SH region on the Planck map smoothed to the

WMAP angular resolution. (d) The zones of the contoured SH symbols

(with `dots') on the Planck map.
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8. Conclusion

Thus, of the three principal goals of the Planck missionÐ
high-accuracymeasurements of cosmological parameters, the
search for and building of a catalogue of Sunyaev±Zeldovich
galaxy clusters, and the measurement of the polarization
B-mode signal to test the inflation theoryÐ the first two can
be considered to be completed. To achieve the third goal,
additional observations with better sensitivity and frequency
coverage and improvement of the polarization component
separation methods from the CMB signal are required. The
discovery of cold magnetized dust is also of great interest.

The results of measurements of cosmological parameters
from the power spectra built from the temperature anisotropy
and polarization Planck measurements confirmed [117] the
base (standard) cosmologicalLCDMmodel. The Planck data
improved the parameters of this model [117] (see Table 4
therein with the parameters consistent with other experi-
ments). Among them are the angular size of the sound
horizon at the epoch of last scattering estimated from the
position of peaks in the angular power spectrum (in the
notation 100� y�, i.e., multiplied by 100), 9 which is
1:04112� 0:00029 rad; the amplitude of primary density
perturbations As multiplied by 1010 and written as a
logarithm, ln �1010As��3:064� 0:023; the scalar spectral
index ns � 0:9667� 0:0040; densities of baryonic and dark
matter, Obh

2 � 0:02230� 0:00014 (Ob�0:049) and
OCDMh 2 � 0:1188� 0:0010 (OCDM�0:259), as well as their
relative sum, the matter density Om � 0:3089� 0:0062; and
the redshift zre corresponding to the reionization epoch
during which the neutral gas in the Universe became ionized
again by the ultraviolet emission of the first stars and active
galactic nuclei, zre � 8:8�1:2ÿ1:1. In calculations, instead of the
parameter zre, another but fully equivalent quantity is used:
the optical depth t in the reionization epoch, t �
0:066� 0:012.

The above parameters fix the cosmological model and
allow determining other parameters from the Planck data
alone or in combination with other consistent experiments.
Among other parameters, we note the density of dark energy
OL � 0:6911� 0:0062, which is related both to the value of
y� and to the CMB photons passing through clusters of
galaxies over cosmological time (the Sachs±Wolfe effect).
Another important parameter is the present-day Hubble
expansion parameter, the Hubble constant (according to the
Planck data,H0 � 67:74� 0:46 km sÿ1 Mpcÿ1). The Hubble
parameter determines the age of the Universe t0 �
13:799� 0:021 bln years. The dispersion of the power
spectrum of matter distribution can be calculated from the
optical depth, which determines the properties of a medium
and is related to the matter density, and the gravitational
lensing data. It is described by the parameter s8 �
0:8159� 0:0086 characterizing matter clustering inside an
8 Mpc volume. Another density parameter, OK � 1ÿ O0,
describing the curvature of the Universe, is related to the total
energy density O0, which includes OL, OCDM, Ob, radiation
and neutrino densities, and to the characteristic size of the
CMB spots at the recombination time t�. Using only the CMB
data measured by Planck instruments, gravitational lensing

data, and information from optical sky surveys, the curvature
estimate isOK � 0:0008�0:0040ÿ0:0039 . The small value ofOK suggests
that our Universe is flat with a high accuracy (i.e., the sum of
the angles of any large-scale triangle is 180�), which in turn
favors inflationary expansion in the early Universe.

We also note five parameters of the extended model: the
mass of neutrinos

P
mni < 0:194 eV, the effective number of

neutrino species Neff � 3:04� 0:33, the primordial helium
fraction YP�0:249�0:025ÿ0:026, the upper bound on the tensor-to-
scalar perturbation modes r0:002 < 0:113, which is in agree-
ment with Starobinsky's R 2 model, and the quintessence
parameters for dark matter described by a dynamical field,
w � ÿ1:0119�0:075ÿ0:80 . A comparison of these results with the
WMAP data is presented in Table 5.

Small but significant deviations between the Planck and
WMAP results have been discussed in papers published by
the Planck collaboration. The difference in the baryonic
density Ob and the dark matter density OL and, as a
consequence, in the Hubble constant H0, is explained in
[118] by invoking an additional testÐ the analysis of
cosmological parameters using CMB gravitational lensing
by clusters of galaxies. This possibility was provided by the
better angular resolution of the Planck instruments than that
ofWMAP, as well as by observations of additional baryons in
large-scale structure filaments. In [202], possible reasons for
discrepancies between the results are discussed. In particular,
the component separation procedure by theWMAPmethods
(ILC map-making) and those used in the multi-frequency
Planck 2013 data release is analyzed. It was found that
exclusion of the 217 GHz data leads to good recovery
(within a < 1:1s accuracy) of the WMAP9 results from the
Planck data alone. The authors conclude that the 217 GHz
data calibration may be problematic, which affected the
results.

We note that the data processing pipeline, especially the
destriping procedure, was later changed, which notably
resulted in a difference between the Planck 2013 and Planck
2015 maps (Fig. 42). The most noticeable difference was
found in the 217 GHz maps, which significantly contribute
to the resulting PlanckCMBmaps. By analyzing theWMAP9
and Planck data for intermediate multipoles (` > 100), the
authors of [203] came to several conclusions:

1) the observed sky is the same for both missions, but the
observed harmonics are different;

2) the difference in the power spectra is stable and exceeds
that allowed by the cosmic variance;

3) a single measurement of cosmological parameters has
errors within the Gaussian uncertainty;

4) the deviation in joint determination of the six para-
meters leads to a 6s error;

5) the strongest difference in the joint determination of
parameters arises in OCDMh 2 and As;

6) the main influence on the cosmological parameters is
due to effects related to the Planck antenna beam and is not
related to the WMAP beam.

That the differences between both datasets are due to
systematic uncertainties is supported by our comparison of
the WMAP and Planck maps for harmonics that have the
maximum difference in the CMB power spectra of both
missions [204, 205].

Thus, it can be concluded that theLCDMmodel is firmly
established from both the WMAP and Planck data. This is a
beautiful result. Multiple measurements of the Sunyaev±
Zeldovich effect, mapping of the galactic molecular gas and

9 The parameter y� and the standard parameters yMC from Table 4 in

Section 6 as calculated by the CosmoMC code [134] are very close but

somewhat different, because they are derived from different approxima-

tions.
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other important results opened new possibilities in astro-
physics. Anomalies on the CMB map still need convincing
explanations.

Studies carried out by the Planck space mission, in
addition to scientific results, afford a series of independent
cosmological tests based exclusively on the CMB measure-
ments:
� the angular power spectrum C` assessed separately at

low (24 `4 50), intermediate (50 < ` < 600), and high
harmonics for determination of the cosmological parameters;
� the correlation power spectra CTE

` and CEE
` for

determination of the reionization parameters; low E-mode
harmonics for the joint determination with CTT

` of the
cosmological parameters;
� the correlation power spectraCTB

` andCBB
` for searches

for relic gravitational waves and determination of parameters
of the inflationary model;
� statistical properties of the signal: Gaussianity as the

inflationary model parameter; the amplitude of harmonics as
the parameter to analyze the topology and geometry of the
Universe; statistical anisotropy as a test for the complicated
inflationary model;
� clusters of galaxies appearing on the CMB map due to

the Sunyaev±Zeldovich effect as a tool to measure some
cosmological parameters and galaxy cluster masses;
� CMB lensing;
� CMB maps as a test of the topology of the Universe.
Due to better angular resolution and sensitivity, the

number of tests performed by the Planck mission is much
larger than in the WMAP mission. The independent para-
meter determinations and a large number of points in the
angular power spectrum, whose amplitudes have been
checked and improved many times, undoubtedly lend
credence to the data obtained and to the results of their
analysis.

We note that theCMB studies have not been completed. It
is necessary to improve taking the emission of cold magne-
tized dust into account to advance the studies of the
polarization B-mode. The incompleteness of the catalogue
of SZ galaxy clusters is obvious. The flux measurements from
point-like sources at a < 5s level in the Planck maps is of
additional interest for studies of the signal anisotropy at high
harmonics. Studies of the CMB anomalies also continue.
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