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Planck Legacy Archive: the official 
repository of Planck data
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Data reduction
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Units

• energy crossing dA in a time dt in a frequency range dn :
dE=Iν dAdtdΩdn [Iν ~ergs s−1 cm−2 ster−1 Hz−1 ]

• we integrate over the solid angle to get the flux density Sn which is usually 
expressed in Janskys

1 Jy = 10−26 W m−2 Hz−1 = 10−23 ergs s−1 cm−2 Hz−1

• For a blackbody
Iν =Bn (T)= (2hn3 /c2) / (exp(hn/kT)−1)

• We define the brightness temperature Tb by Iν = Bν(Tb) 
• In the Rayleigh-Jeans limit (hn << kT ), then 

Iν = (2n2/c2) kTb (Tb is referred to as TRJ )
• CMB experiments will usually give maps in terms of a differential CMB 

temperature 
∆TCMB = ∆In / (dBn /dT )T0 where T0 is the CMB temperature

• Maps of diffuse emission in the FIR are typically given in intensity units (MJy
sr−1) assuming a reference spectral energy distribution Iν = I0 � (n0/n) 
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Healpix: pixelizing the sphere

1. HEALPix is an acronym for Hierarchical Equal Area isoLatitude
Pixelization of a sphere. As suggested in the name, this pixelization
produces a subdivision of a spherical surface in which each pixel 
covers the same surface area as every other pixel.

2. Healpix is:
a. a pixelization scheme
b. A software package for reading, writing, visualizing, and 

manipulating Healpix maps
3. Healpix web page: https://healpix.jpl.nasa.gov/
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Healpix: pixelizing the sphere

1. The sphere is hierarchically tessellated into curvilinear quadrilaterals. The lowest 
resolution partition is comprised of 12 base pixels. Resolution of the tessellation 
increases by division of each pixel into four new ones. The figure below 
illustrates (clockwise from upper-left to bottom-left) the resolution increase by 
three steps from the base level (i.e., the sphere is partitioned, respectively, into 
12, 48, 192, and 768 pixels). 

2. Areas of all pixels at a given resolution are identical. 
3. Pixels are distributed on lines of constant latitude. This property is essential for 

all harmonic analysis applications involving spherical harmonics. 
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Projection to a plane

• Projections from a sphere to a plane
• Introduce distortion
• May not conserve flux

• All-sky maps: Mollweide - use Healpix mollview
• Small maps: Gnomonic: use Healpix gnomview
• …

projecting light from the center of projection, and collecting the image of the sphere on
the image plane. However, we will see other maps (also called projections) which are
not central projections.

For our first projection, the gnomonic projection, we will take the center of the
projection to be the center of the sphere, and the image plane to be the plane tangent to
the sphere at some point. Usually this will be the north pole, but it really does not have
to be. The gnomonic projection is illustrated in Figure 4. The image of a point on the
sphere is the intersection of the line through the point and the center of the sphere with
the image plane. In Figure 4 the images are shown in red.
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Figure 5. The image of a great circle is a straight line.

By definition, a great circle is the intersection of a plane through the center of the
sphere with the sphere. Every line through the center of the sphere and a point on the
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Planck - overview
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• First proposals – COBRAS & SAMBA –
in 1993

• Start of Planck in 1996
• Launch in May 2009
• Operations Aug 2009- Oct 2013
• First data release March 2013
• Second data release Feb – July 2015
• “Legacy” data release: 2017

Planck data releases

• 2011: The Early Release Compact Source Catalogue
• Intended as a “quick” product to enable follow-up of interesting 

sources, mainly with Herschel
• 2013: the first major release of data

• Contained data products based on the first 15 months of 
observations, calibrated on the WMAP solar dipole
• All-sky Temperature maps – by frequency 
• physical component maps and catalogues

• 2015: the first complete release of data
• Data products using ALL the data acquired by Planck, calibrated on 

the orbital dipole
• All-sky Temperature and Polarization maps – by frequency
• Physical component maps and catalogues
• Timelines of cleaned and calibrated data

• 2018: the “Legacy” release of data
• Data products with improved handling of systematic effects, 

especially in polarization at large angular scales
• “semi-raw” timelines
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Planck products

1. Timelines
a. Can be used to make maps

2. Maps
a. Frequency maps

– Different detector combinations
b. Physical component maps

– Frequency maps
– Component model maps

3. Catalogues of compact sources
a. Blind extraction
b. SED-based extraction

4. Cosmology products
a. The likelihood code
b. Angular power spectra
c. Cosmological parameters…

5. Ancillary data….

COSPAR course, Quito, March 2018

The main Planck products: 
2015 temperature maps 
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The 2015 
polarization maps

Ratio of amplitude of 
polarized foregrounds to 
CMB is <1 for ell>40 at 
~70 GHz

COSPAR course, Quito, March 2018

Planck Collaboration: Di↵use component separation: Foreground maps
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Fig. 45. Amplitude ratio between total polarized foregrounds and CMB as a function of both multipole moment and frequency,
defined by f (`, ⌫) = [Cfg

` (⌫)/CCMB
` ]1/2, as defined Eq. 22 with parameters derived from 73 % of the sky. The left and right panels

show the EE and BB spectra, and the black and red contours in the latter corresponds to tensor-to-scalar ratios of r = 0.0 and 0.05,
respectively.

for foreground fields as well as for the CMB field. Indeed, one
of the interesting results reported by Planck Collaboration Int.
XXX (2014) was the asymmetry between the B- and E-mode
thermal dust power spectra, with a power ratio of BB/EE ⇡ 0.5.
This has strong implications for the underlying astrophysics, and
indicates the presence of significant filamentary structures on in-
termediate angular scales. In this paper, we find that the same
holds also for synchrotron emission, with an even stronger asym-
metry of BB/EE ⇡ 0.35. Thus, polarized synchrotron emission
appears to be more strongly aligned along filamentary structures
than thermal dust.

We also find similar power-law indices for synchrotron emis-
sion as for thermal dust, with ↵⇡�0.4. However, the uncertain-
ties are relatively larger, because of the lower signal-to-noise ra-
tio of the 30 GHz channel compared to the 353 GHz channel.

These power-law fits can be used to model the total fore-
ground level as a function of both multipole moment and fre-
quency. This is illustrated in Fig. 45 for the 1� FWHM apodiza-
tion case in terms of iso-contour plots of the following amplitude
ratio,

f =

s
D

s
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d
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D
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`

(21)
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vut
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D
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`

, (22)

where subscripts ’s’ and ’d’ refer to synchrotron and thermal
dust. The frequency spectra, ss(⌫) and sd(⌫), are the synchrotron
(GALPROP) and thermal dust (one-component greybody) spec-
tra defined in Table 4 converted to thermodynamic units, with
parameters defined by the average parameters listed in Table 5.
This function is thus simply a model of the foreground-to-CMB
amplitude ratio as a function of multipole and frequency.

Considering first the EE case shown in the left panel of
Fig. 45, we note several interesting features. First, the horizontal
ripples seen at ` & 100 correspond to the CMB acoustic oscilla-
tions. Next, we see that the foregrounds-to-CMB ratio is smaller

than unity for all multipoles above ` & 40 for frequencies around
70 GHz, and smaller than 10 % for ` & 200. Also, recall that the
corresponding power spectrum ratio goes as the square of these
ratios, and we thus find that polarized foregrounds have a small
e↵ect on the EE spectrum at multipoles above a few hundred, in
agreement with the results pesented in Planck Collaboration XI
(2015). However, we also see that the same is by no means true
at low multipoles; the foregrounds-to-CMB ratio is larger than 3
throughout the reionization peak for ` = 2–10.

The right panel of Fig. 45 shows the corresponding ratio for
BB, but in this case two di↵erent contour sets are plotted; one
for the standard ⇤CDM with a vanishing tensor-to-scalar ratio
(black contours), and one with a tensor-to-scalar ratio of r = 0.05
(red contours). The peak around ` ⇡ 1000 corresponds to the sig-
nature of weak gravitational lensing, converting E-modes into
B-modes, whereas the “plateau” at low multipoles in the red
contours corresponds to additional primordial fluctuations from
inflationary gravitational waves. First of all, we see that fore-
grounds are sub-dominant to the lensing signal at multipoles
above ` & 200 for frequencies around 70 GHz in this model,
although they never fall below the 10 % level. Second, for a van-
ishing tensor-to-scalar ratio the foreground-to-CMB around the
recombination peak of ` ⇡ 100 is about 3, and at the reionization
peak, below ` . 10, it is about 100. Increasing the tensor-to-
scalar ratio to r = 0.05 decreases these numbers to about 2 and
20, respectively.

Before concluding this section, several caveats regarding the
above observations are in order. First of all, it is important to
remember that the angular power spectra reported here are com-
puted over a large sky fraction including 72 % of the sky. For a
dedicated B-mode experiment, it obviously makes sense to con-
sider more conservative masks. Second, it is also important to
bear in mind that the angular spectra presented here covers only
a limited multipole range, and the extrapolation to small angu-
lar scales is therefore associated with considerable uncertainty.
Clearly, extrapolating actual observations that are made between
` ⇡ 10–100 to ` ⇡ 1000 for synchrotron emission implies strong
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LFI maps

Planck Collaboration: The Planck mission

Table 5. Main characteristics of LFI full mission maps.

Frequency band

Characteristic 30 GHz 44 GHz 70 GHz

Centre frequency [GHz] . . . . . . . . . . . . . . . . . . . . . . . . . 28.4 44.1 70.4
E↵ective beam FWHMa [arcmin] . . . . . . . . . . . . . . . . . . 32.29 27.00 13.21
E↵ective beam ellipticitya . . . . . . . . . . . . . . . . . . . . . . . . 1.32 1.04 1.22
Temperature noise (1�)b [ µKCMB] . . . . . . . . . . . . . . . . . . 2.5 2.7 3.5
Polarization noise (Q and U; 1�)b [ µKCMB] . . . . . . . . . . . 3.5 4.0 5.0
Overall calibration uncertaintyc [%] . . . . . . . . . . . . . . . . . 0.35 0.26 0.20
Systematic e↵ects uncertainty in Stokes I

d [ µKCMB] . . . . . 0.19 0.39 0.40
Systematic e↵ects uncertainty in Stokes Q

d [ µKCMB] . . . . 0.20 0.23 0.45
Systematic e↵ects uncertainty in Stokes U

d [ µKCMB] . . . . 0.40 0.45 0.44
a Calculated from the main beam solid angle of the e↵ective beam, ⌦e↵ = mean(⌦). These values are used in the source extraction pipeline

(Planck Collaboration XXVI 2016).
b Noise rms computed after smoothing to 1�.
c Sum of the error determined from the absolute and relative calibration, see Planck Collaboration IV (2016).
d Estimated rms values over the full sky and after full mission integration. Not included here are gain reconstruction uncertainties, estimated to be

of order 0.1 % .

Table 6. Main characteristics of HFI full mission maps.

Reference frequency ⌫ [ GHz]

Characteristic 100 143 217 353 545 857 Notes

Number of bolometers . . . . . . . . . . . . . . . . . . . 8 11 12 12 3 4 a1

E↵ective beam FWHM1 [arcmin] . . . . . . . . . . . 9.68 7.30 5.02 4.94 4.83 4.64 b1
E↵ective beam FWHM2 [arcmin] . . . . . . . . . . . 9.66 7.22 4.90 4.92 4.67 4.22 b2
E↵ective beam ellipticity ✏ . . . . . . . . . . . . . . . . 1.186 1.040 1.169 1.166 1.137 1.336 b3

Noise per beam solid angle [µKCMB] . . . . . . . . . 7.5 4.3 8.7 29.7 c1
[kJy sr�1] . . . . . . . . . 9.1 8.8 c1

Temperature noise [µKCMB deg] . . . . . . . . . . . . . 1.29 0.55 0.78 2.56 c2
[kJy sr�1 deg] . . . . . . . . . . . . 0.78 0.72 c2

Polarization noise (Q and U) [µKCMB deg] . . . . . 1.96 1.17 1.75 7.31 c3

Calibration accuracy [%] . . . . . . . . . . . . . . . . . 0.09 0.07 0.16 0.78 1.1(+5) 1.4(+5) d

CIB monopole prediction [ MJy sr�1] . . . . . . . . . 0.0030 0.0079 0.033 0.13 0.35 0.64 e

Zodiacal light level correction [KCMB] . . . . . . . . 4.3 ⇥ 10�7 9.4 ⇥ 10�7 3.8 ⇥ 10�6 3.4 ⇥ 10�5 e2
[ MJy sr�1] . . . . . 0.04 0.12 e2

a1 Number of bolometers whose data were used in producing the channel map.
b1 FWHM1 is the FWHM of the Gaussian whose solid angle is equivalent to that of the e↵ective beams.
b2 FWHM2 is the FWHM of the elliptical Gaussian fit.
b3 Ratio of the major to minor axis of the best-fit Gaussian averaged over the full sky.
c1 Estimate of the noise per beam solid angle, as given in b1.
c2 Estimate of the noise in intensity, scaled to 1�, assuming that the noise is white.
c3 Estimate of the noise in polarization, scaled to 1�, assuming that the noise is white.
d Calibration accuracy (at 545 and 857 GHz, the 5 % accounts for the model uncertainty).
e According to the Béthermin et al. (2012) model, whose uncertainty is estimated to be at the 20 % level (also for constant ⌫I⌫).
e2 Zero-level correction to be applied on zodiacal-light corrected maps.

Although the statistical properties of these maps give good
results when used to fit cosmological models, the best Planck

2015 cosmological parameters are derived from a likelihood
code that allows more detailed tuning of the contribution
of individual frequencies and `-by-` removal of foregrounds
(Planck Collaboration XIII 2016).

A low-resolution version of the Commandermap is also used
in the pixel-based low-` likelihood component of our best-fit
2015 cosmology (Planck Collaboration XI 2016).

In polarization, the CMB maps resulting from the 2015
Planck component-separation methods represent a dramatic
advance in terms of coverage, angular resolution, and sen-

18
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HFI maps

Planck Collaboration: The Planck mission
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(Planck Collaboration XXVI 2016).
b Noise rms computed after smoothing to 1�.
c Sum of the error determined from the absolute and relative calibration, see Planck Collaboration IV (2016).
d Estimated rms values over the full sky and after full mission integration. Not included here are gain reconstruction uncertainties, estimated to be
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a1 Number of bolometers whose data were used in producing the channel map.
b1 FWHM1 is the FWHM of the Gaussian whose solid angle is equivalent to that of the e↵ective beams.
b2 FWHM2 is the FWHM of the elliptical Gaussian fit.
b3 Ratio of the major to minor axis of the best-fit Gaussian averaged over the full sky.
c1 Estimate of the noise per beam solid angle, as given in b1.
c2 Estimate of the noise in intensity, scaled to 1�, assuming that the noise is white.
c3 Estimate of the noise in polarization, scaled to 1�, assuming that the noise is white.
d Calibration accuracy (at 545 and 857 GHz, the 5 % accounts for the model uncertainty).
e According to the Béthermin et al. (2012) model, whose uncertainty is estimated to be at the 20 % level (also for constant ⌫I⌫).
e2 Zero-level correction to be applied on zodiacal-light corrected maps.

Although the statistical properties of these maps give good
results when used to fit cosmological models, the best Planck

2015 cosmological parameters are derived from a likelihood
code that allows more detailed tuning of the contribution
of individual frequencies and `-by-` removal of foregrounds
(Planck Collaboration XIII 2016).

A low-resolution version of the Commandermap is also used
in the pixel-based low-` likelihood component of our best-fit
2015 cosmology (Planck Collaboration XI 2016).

In polarization, the CMB maps resulting from the 2015
Planck component-separation methods represent a dramatic
advance in terms of coverage, angular resolution, and sen-
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Diffuse component separation

• We can separate diffuse physical components using their indivodual
spectral characteristics

• The CMB is unique in that we know its spectral energy distribution – it 
provides a very effective tool to separate it from the rest

• Separating temperature and polarization are independent processes

Temperature Polarization

COSPAR course, Quito, March 2018

CMB extraction methods

1. CMB extraction methods vary
a. Assumptions about foregrounds
b. Working domain: map or harmonic

2. Planck implements four methods:
a. Spectral Matching Independent Component Analysis (SMICA): 

assumes the existence of a small number of independent 
“templates” in the harmonic domain

b. Commander: assumes parametric models for each component, 
and uses Bayesian analysis to fit the parameters

c. SEVEM: template construction and removal 
d. Needlet Internal Linear Combination (NILC): ILC in needlet

(wavelet) domain
3. Each method has some pros and cons 

a. The resulting maps are largely equivalent in terms of cosmology
b. Inter-method differences give a good measure of the 

uncertainty in the extraction

COSPAR course, Quito, March 2018
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CMB renditions

Planck Collaboration: Di↵use component separation: CMB maps

Commander NILC

SEVEM SMICA

-300 -150 0 150 300
µK

Fig. 2. Component-separated CMB temperature maps at full resolution, FWHM 50, Nside = 2048.

Commander 2013 - 2015 NILC 2013 - 2015

SEVEM 2013 - 2015 SMICA 2013 - 2015

Fig. 3. Di↵erences between the component-separated CMB temperature maps from the 2013 and the 2015 releases. The maps have
been smoothed to FWHM 800 and downgraded to Nside = 128.
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Commander Foreground Models
A&A 594, A10 (2016)

Table 4. Summary of main parametric signal models for the temperature analysis.

Component Free parameters and priors Brightness temperature, s⌫ [ µKRJ] Additional information

CMBa . . . . . . . Acmb ⇠ Uni(�1,1)
x = h⌫

kBTCMB
g(⌫) = (exp(x) � 1)2/(x2 exp(x))

sCMB = ACMB/g(⌫)
TCMB = 2.7255 K

Synchrotrona . . . As > 0
↵ > 0, spatially constant ss = As

⇣
⌫0
⌫

⌘2 fs( ⌫↵ )

fs( ⌫0↵ )

⌫0 = 408 MHz
fs(⌫) = Ext template

Free-free . . . . . . log EM ⇠ Uni(�1,1)
Te ⇠ N(7000 ± 500 K)

g↵ = log
n
exp
h
5.960 �

p
3/⇡ log(⌫9 T�3/2

4 )
i
+ e
o

⌧ = 0.05468 T�3/2
e ⌫�2

9 EM g↵
s↵ = 106 Te (1 � e�⌧)

T4 = Te/104

⌫9 = ⌫/(109 Hz)

Spinning dust . . .
A1

sd, A
2
sd > 0
⌫1

p ⇠ N(19 ± 3 GHz)
⌫2

p > 0, spatially constant
ssd = Asd ·

⇣
⌫0
⌫

⌘2 fsd(⌫·⌫p0/⌫p)
fsd(⌫0 ·⌫p0/⌫p)

⌫1
0 = 22.8 GHz
⌫2

0 = 41.0 GHz
⌫p0 = 30.0 GHz

fsd(⌫) = Ext template

Thermal dusta . .
Ad > 0
�d ⇠ N(1.55 ± 0.1)
Td ⇠ N(23 ± 3 K)

� = h
kBTd

sd = Ad ·
⇣
⌫
⌫0

⌘�d+1 exp(�⌫0)�1
exp(�⌫)�1

⌫0 = 545 GHz

SZ . . . . . . . . . . ysz > 0 ssz = 106 ysz/g(⌫) TCMB

⇣
x(exp(x)+1)

exp(x)�1 � 4
⌘

Line emission . . Ai > 0
hi j > 0, spatially constant si = Aihi j

Fi(⌫ j)
Fi(⌫0)

g(⌫0)
g(⌫ j)

i 2

8>>>>><
>>>>>:

CO J=1!0
CO J=2!1
CO J=3!2
94/100

j = detector index
F = unit conversion

Notes. For polarization, the same parametric functions are employed, but only CMB, synchrotron, and thermal dust emission are included in the
model, with spectral parameters fixed to the result of the temperature analysis. The symbol “⇠” implies that the respective parameter has a prior
as given by the right-hand side distribution; Uni denotes a uniform distribution within the indicated limits, and N denotes a (normal) Gaussian
distribution with the indicated mean and standard devation. (a) Polarized component.

alternative models (straight, broken, or logarithmically-curved
power laws) were also considered in the preparation of this pa-
per, but we found no statistically robust evidence in favour of
any of them over the GALPROP spectrum. With only one very
low frequency channel, the current data set contains very little
information about the synchrotron spectral index. To constrain
the synchrotron component, and break remaining degeneracies
between the synchrotron, free-free, and spinning dust compo-
nents, data from up-coming low-frequency experiments such as
S-PASS (2.3 GHz; Carretti et al. 2009), C-BASS (5 GHz; King
et al. 2010, 2014), and QUIJOTE (10–40 GHz; Rubiño-Martín
et al. 2012) are critically important. For now, we prefer the
GALPROP model over various power-law variations, simply be-
cause it provides an acceptable fit to the data with essentially
no free additional parameters, and that it is based on a well-
defined physical model. For further discussion of synchrotron
emission in the Planck observations, see Planck Collaboration
XXV (2016).

Free-free – Free-free emission, or bremsstrahlung, is radiation
from electron-ion collisions, and consequently has a frequency
spectrum that is well-constrained by physical considerations
(Dickinson et al. 2003). We adopt the recent two-parameter
model of Draine (2011), in which the free parameters are the
(e↵ective beam-averaged) emission measure, EM (i.e., the inte-
grated squared electron density along a line of sight), and the

electron temperature, Te. As seen in Fig. 4, the spectrum is close
to a power law at frequencies above 1 GHz, but exhibits a sharp
break at lower frequencies, where the medium becomes optically
thick and the brightness temperature becomes equal to the elec-
tron temperature. Intuitively, over our frequency range, the EM
determines the amplitude of the free-free emission, scaling the
spectrum up or down, while the electron temperature changes
the e↵ective power law index very slightly, from � = �2.13 for
Te = 500 K to � = �2.15 for Te = 20 000 K. At low frequencies,
free-free emission is significantly degenerate with synchrotron
emission, but because its power-law index is flatter than for syn-
chrotron, it extends into the high signal-to-noise HFI channels.
As a result, it is in fact possible to measure the electron tempera-
ture for particularly high signal-to-noise regions of the sky when
imposing the smoothness prior discussed in Sect. 2.1. The main
di�culty regarding free-free emission lies in a four-way degen-
eracy between CMB, free-free, spinning dust, and CO emission.

Thermal dust – At frequencies above 100 GHz, the domi-
nant radiation mechanism is thermal dust emission Planck
Collaboration XI (2014; Planck Collaboration XIV 2014; Planck
Collaboration XVII 2014; Planck Collaboration Int. XIX 2015).
The characteristic frequency is determined by the tempera-
ture of the dust grains, and therefore varies with dust pop-
ulation and environment. Empirically, thermal dust emission
may be accurately described across the Planck frequencies as
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Fig. 4. Spectral energy densities (SEDs) for the main astrophysical components included in the present analysis, in brightness temperature. From
left to right and top to bottom, panels show: (1) synchrotron emission; (2) free-free emission; (3) spinning dust emission; (4) CO line emission;
(5) thermal dust emission; and (6) the thermal Sunyaev-Zeldovich e↵ect. For each case, several parameter combinations are shown to illustrate
their e↵ect on the final observable spectrum. Vertical grey bands indicate the centre frequencies of the observations listed in Table 1, but for clarity
true bandwidths are suppressed. In each panel, the black dashed line shows the CMB brightness temperature corresponding to a thermodynamic
temperature of 70 µK, the CMB rms at 1� FWHM angular scale. In the fourth (CO) panel, the dotted line indicates the SED of thermal dust
emission with typical parameter values.

from now on. A description of the GALPROP7,8 code can be found
in Moskalenko & Strong (1998), Strong et al. (2007), Orlando
& Strong (2013) and references therein. We allow this spec-
trum to be rigidly shifted in log ⌫–log S space with a single
global frequency shift parameter, ↵, for the full sky; see Table 4
for the explicit definition. The main e↵ect of such translation,

7 http://galprop.stanford.edu/
8 https://sourceforge.net/projects/galprop

however, is to modify the synchrotron amplitude at 408 MHz,
leaving �s at frequencies above 20 GHz essentially constant and
equal to �3.11 for any realistic shift parameter; see Fig. 4.
Thus, with the current data the synchrotron amplitude is de-
termined almost exclusively by the 408 MHz survey, while the
frequency spectrum is determined by the GALPROP model, with
the only free spectral parameter being the relative normalization
between the 408 MHz and higher frequency channels. Several
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Component separation

Planck Collaboration: Di↵use component separation: Foreground maps
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Fig. 36. Maximum posterior amplitude polarization maps derived from the Planck observations between 30 and 353 GHz. Left
and right columns show the Stokes Q and U parameters, respectively, while rows show, from top to bottom, CMB, synchrotron
polarization at 30 GHz, and thermal dust polarization at 353 GHz. The CMB map has been highpass-filtered with a cosine-apodized
filter between ` = 20 and 40, and the Galactic plane (defined by the 17 % CPM83 mask shown in Fig. 41) has been replaced with a
constrained Gaussian realization (Planck Collaboration IX 2015).

the Dame et al. survey (see Fig. 32). However, in specific re-
gions where the signal is such that the noise level of the Type-1
CO J=2!1 map becomes less of an issue, i.e., in the Galactic
plane, the Type-1 map is a better alternative in terms of overall
calibration and contamination. For a dedicated J=1!0 analy-
sis, we recommend the Type-2 map, which has higher angular
resolution than the corresponding Commander map (150 versus
1� FWHM), with similar correlation properties with respect to

Dame et al. Finally, for CO J=3!2 we recommend the Type-1
map, due to a significantly stronger correlation with respect to
Dame et al. than the corresponding Commander map.

6. Polarization analysis

We now turn our attention to the 2015 Planck measurements of
polarized foregrounds. As described in Sect. 3, and summarized
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Dust

1. Maps at the highest Planck 
frequencies are highly 
dominated by diffuse 
thermal dust emission

2. For astrophysical purposes, 
one can assume that HFI 
maps at 353, 545, and 857 
GHz contain only dust

3. They can be used to fit 
models of thermal dust 
emission, typically Modified 
Black Body (grey-body) 

Planck collaboration: All-sky model of thermal dust emission
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Fig. 9. All-sky maps of the parameters of the MBB fit of Planck 353, 545, and 857 GHz and IRAS 100 µm data. Upper: optical depth at 353 GHz,
⌧353, at 50 resolution, displayed logarithmically (the range shown corresponds to �6.5 < log10(⌧353) < �3). Middle: observed dust temperature,
Tobs, at 50 resolution, in Kelvin. Lower: observed dust spectral index, �obs, at 300 resolution.
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More diffuse components

• The Cosmic Infrared Background
• Integrated thermal dust emission due to unresolved distant 

galaxies
• Contains a monopole and anisotropies

• The Sunyaev-Zeldovich background
• Integrated SZ emission due to unresolved distant clusters of 

galaxies
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GNILC separation dust-CIB

1. Generalized Needlet ILC separation of thermal dust emission and CIB, 
using 

a. Information in the angular power spectra
b. Planck and IRIS/SFD@100µm

2. Output: dust 3-parameter MBB fit maps + CIB maps at 353-857 GHz

Planck Collaboration: Disentangling dust and CIB in Planck observations

Fig. 7. Full-sky thermal dust parameter maps: temperature (top row), spectral index (middle row), and map of the �2 statistic of the
fit (bottom row). Left panels: GNILC modified blackbody (MBB) fit. Right panels: PR2 modified blackbody (MBB) fit a la model
P13.

temperature map and the PR2 MBB fit spectral index map at 50
resolution. The PR2 MBB fit is similar to the dust model P13 of
Planck Collaboration XI (2014), i.e., the CIB anisotropies have
not been filtered out, except that the model fitting is applied to
the PR2 data instead of the PR1 data and not performed in two
steps, but carried out simultaneously for the three dust parame-
ters at 50 resolution. The impact of the CIB contamination on the
measurement of the dust temperature and dust spectral index is
particularly significant at high latitude in the PR2 MBB fit.

In the bottom panels of Fig. 7, we plot the resulting �2 map
of both the GNILCMBB fit and the PR2 MBB fit. This provides a
direct measurement of the goodness-of-fit. The reason for some
reduced �2 values being smaller than unity is mostly due to the
fact that calibration uncertainties are included per pixel in the fit,
to give less weight to data points with larger uncertainty (Planck
Collaboration XI 2014). However, the exact scale of �2 is not
relevant here, what is important is that the pixel-to-pixel di↵er-
ences in the goodness-of-fit are strongly reduced for the GNILC
MBB fit because of the removal of the CIB contamination in the

9
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GNILC separation dust-CIB

1. Generalized Needlet ILC separation of thermal dust emission and CIB, 
using 

a. Information in the angular power spectra
b. Planck and IRIS/SFD@100µm

2. Output: dust 3-parameter MBB fit maps + CIB maps at 353-857 GHz

Planck Collaboration: Disentangling dust and CIB in Planck observations

Fig. 11. GNILC CIB maps obtained on a large fraction of the sky at 353 GHz (top), 545 GHz (middle), and 857 GHz (bottom). Apart
from thermal dust reconstruction, the GNILC component-separation method gives access to CIB anisotropies over 57 % of the sky.
The left panels show the GNILC CIB maps at full resolution while the right panels show the CIB maps smoothed to one degree
resolution.

In Fig. 12 we show the GNILC CIB maps at 353, 545, and
857 GHz in a high-latitude 12�.5 ⇥ 12�.5 region of the sky
centred at (l, b) = (90�,�80�). Note that the expected partial
(de)correlation of the CIB anisotropies across the frequencies is
clearly visible in these maps.

5.2. GNILC CIB versus CIB 2013 in small fields

We now check the consistency between the new GNILC CIB
maps and the CIB 2013 maps from Planck Collaboration XXX
(2014). In Fig. 13, we compare the GNILC CIB map at 545 GHz
with the CIB 2013 map at 545 GHz in four di↵erent fields (the
GHIGLS fields Bootes, MC, N1, and SP; Martin et al. 2015).
The di↵erence map (CIB 2013 � GNILC CIB) is also shown
within the same fields. In Fig. 14 we plot the T–T correlation
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Fig. 11. GNILC CIB maps obtained on a large fraction of the sky at 353 GHz (top), 545 GHz (middle), and 857 GHz (bottom). Apart
from thermal dust reconstruction, the GNILC component-separation method gives access to CIB anisotropies over 57 % of the sky.
The left panels show the GNILC CIB maps at full resolution while the right panels show the CIB maps smoothed to one degree
resolution.

In Fig. 12 we show the GNILC CIB maps at 353, 545, and
857 GHz in a high-latitude 12�.5 ⇥ 12�.5 region of the sky
centred at (l, b) = (90�,�80�). Note that the expected partial
(de)correlation of the CIB anisotropies across the frequencies is
clearly visible in these maps.

5.2. GNILC CIB versus CIB 2013 in small fields

We now check the consistency between the new GNILC CIB
maps and the CIB 2013 maps from Planck Collaboration XXX
(2014). In Fig. 13, we compare the GNILC CIB map at 545 GHz
with the CIB 2013 map at 545 GHz in four di↵erent fields (the
GHIGLS fields Bootes, MC, N1, and SP; Martin et al. 2015).
The di↵erence map (CIB 2013 � GNILC CIB) is also shown
within the same fields. In Fig. 14 we plot the T–T correlation
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COMA in Planck X-rays

● Witnesses of structure formation 
history
● Probes of the cosmological model 

Zoom on cluster

Cosmic web: simulation CLEF

~100s galaxies

Visible

Gas ~10s million  K

Dark matter ~80% 
mass

Clusters = largest formed (gravitationally bound) 
objects

Galaxy clusters

Energetic electron 

CMB photon

Scattered hotter Photon

R. A. Sunyaev Ya. B. Zeldovich

“Hole in the sky”

SZ,Comments on Astrophysics and Space Physics 1972 

Galaxy cluster = galaxies + 
hot gas 

The Sunyaev-Zeldovich effect
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→ Planck, designed from the start to
measure SZ
● All-sky survey
● Frequency range from 30 to 857 GHz
● Blind and simultaneous measurement of
“positive” and “negative” SZ effect

Planck's uniqueness for SZ detection

Planck's frequency coverage on A2319

Diffuse Sunyaev-Zeldovich emission

COSPAR course, Quito, March 2018
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Polarized synchrotron emission

Planck Collaboration 2015

COSPAR course, Quito, March 2018

Polarized synchrotron emission

Planck Collaboration I 2016

COSPAR course, Quito, March 2018

Intensity and (inferred) magnetic field angle at 30 GHz
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Planck Collaboration: Planck di↵use low-frequency Galactic foregrounds

400

Fig. 20. Top: Combined weighted polarization intensity map after debiasing, with features highlighted. The black dash-dot lines
show the outlines of Loops I to IV, as defined by Berkhuijsen et al. (1971), the blue dashed lines show the filaments described
by Vidal et al. (2014a) using WMAP polarization data, the red dashed lines show features that are visible in the new Planck data,
and the magenta dashed lines show the outline of the Fermi bubbles. Filaments that are discussed in the text are labelled. Bottom:
The same combined polarization intensity map, with projected magnetic field angle (at 90� to the polarization angle) encoded in
colour with asinh scaling. The coloured half-disc represents the polarization angle depicted in the map, with 0� horizontal, while
the polarization intensity is represented with the radial distance along the half-disc.

sitivity patterns, so that each map is superior in some sky re-
gions; Planck has the largest advantage in the regions around the
Ecliptic poles (see the hit count maps in Planck Collaboration VI
2015).

Planck and WMAP polarization results generally agree well,
but the di↵erence map (see Fig. 19) shows significant artefacts,
both on the plane and at high latitudes. Extremely large angular-
scale (` = 3, 5, 7) residuals covering much of the sky are thought
to be due to the poorly-constrained modes in the WMAP data

as a result of the scan strategy (Jarosik et al. 2011; Bennett et al.
2013a); they occur in all the WMAP frequency maps, with an ap-
proximately consistent pattern. However, they are most readily
visible in the V- and W-bands of WMAP when the foreground
brightness is close to the minimum. The on-plane features are
likely to be caused by inaccuracies in the Planck leakage maps.
These di↵erences are further discussed in Planck Collaboration
X (2015).
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Polarized synchrotron emission

• Dominated by “loops” and 
“spurs”, likely the result of 
(mostly nearby) SNs

• Loop I dominates the central part 
of the sky, and is more distant 
than previously believed, but is 
probably not associated to the 
Galactic Center

• Some filaments are probably 
associated with the Fermi bubbles

• The direction of polarization 
indicates the magnetic field is 
aligned along the loops

• No signs so far of polarized AME !

Loop I

Fermi 
bubbles

Planck Collaboration XXV 2016COSPAR course, Quito, March 2018
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Polarized synchrotron emission

• Dominated by “loops” and 
“spurs”, likely the result of 
(mostly nearby) SNs

• Loop I dominates the central part 
of the sky, and is more distant 
than previously believed, but is 
probably not associated to the 
Galactic Center

• Some filaments are probably 
associated with the Fermi bubbles

• The direction of polarization 
indicates the magnetic field is 
aligned along the loops

• No signs so far of polarized AME !
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Field outside the North Polar Spur 

y Field pattern follows 
the arc of the spur, 
even beyond region 
occupied by cold 
border 

y Consistent with 
model of Spoelstra 
1972 that ambient 
field helps shape the 
structure & explains 
why the NPS is 
much brighter than 
rest of loop. 
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The first complete view of polarized 
dust emission

COSPAR course, Quito, March 2018

The first all-sky view of polarized 
dust emission

Planck Collaboration I 2016

Intensity and (inferred) magnetic field angle at 353 GHz
Planck Collaboration I 2016
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The first all-sky view of polarized 
dust emission

Planck Collaboration Int. XIX 2015
Pol. fraction 353 GHz

COSPAR course, Quito, March 2018
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Planck Collaboration: Large-scale Galactic magnetic fields

Fig. 3. Comparison of the updated magnetic field models described in Sect. 3.3. Each column shows one of the models. The top
row shows both the coherent field amplitude in colour (on a common scale) as well as the projected direction shown by the arrows.
The top portion of each panel shows the x-y plane at z = 0, while the bottom portion shows the x-z plane at y = 0. The bottom
row shows the amplitude of a single realization of the isotropic random field component. The white cross in a black circle shows
the position of the Sun.

the synchrotron latitude profiles in total and polarized in-
tensities, we now use two exponential discs as for Sun10b,
one a thin disc and one thick, or “halo”, component for each
of the coherent and random field components. We also flip
the sign of the axisymmetric components (disc and halo,
but not the arms) above the plane to match the RM asym-
metry as discussed in Sun et al. (2008).

The combination of a different method for estimating
the total synchrotron intensity and the updated CRL model
require a corresponding change in the degree of field order-
ing. We decrease the amplitude of the random component.

Because of the difference in the CRL distribution be-
tween the inner and outer Galaxy, we adjust slightly some

of the arm amplitudes. The field amplitude in the Scutum
arm drops as it does in the molecular ring.

Lastly, we do not include the shift in the spiral arm pat-
tern introduced in Jaffe13 between the arm ridges of the
isotropic random field component and the rest of the com-
ponents. This shift was introduced to increase the dust po-
larization and motivated by observations of external galax-
ies. As we will see in Sect. 4.2, the updated models produce
more strongly polarized dust emission without this addi-
tional complexity.
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Milky Way magnetic field models

• Several models of 
the large-scale 
magnetic field 
have been 
developed

• Include both an 
ordered and a 
“random” 
component

• They have been 
adjusted to fit 
synchrotron 
emission maps
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The molecular medium

1. Narrow-line emission from CO traces the molecular ISM and can be extracted 
from the broad-band Planck observations in the 100, 217 and 353 GHz 
channels

2. 2013 analysis provided several products which compare very well with 
ground-based observations of CO  [P2013 XIII]

a. Type 1: MILCA extraction of 1-0, 2-1, 3-2 line maps from single-
bolometer maps, exploiting bandpass differences

b. Type 2: Model-based multi-channel Commander separation yielding 
the 1-0 and 2-1 lines at 15’ res

c. Type 3: similar to Type 2, but assuming fixed line ratios, so yielding 
one high-SNR joint CO map (“finder” map) 

3. 2015 analysis provides an update of the three types of CO maps [P2015 X]
a. An additional map is provided of “line emission” at 100 GHz, 

obtained from Planck+WMAP with 1-deg res, probably consisting of 
HCN and other molecular lines 

COSPAR course, Quito, March 2018
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CO products

Planck 2015 X

Planck Collaboration: Di↵use component separation: Foreground maps

J=1�0Type-1

J=1�0Type-2

Fig. 30. High-resolution CO J=1!0 maps derived from the 2015 Planck sky maps with two di↵erent algorithms, denoted Type-1
(top row) and Type-2 (middle row); and derived from the 2013 Planck sky maps with Commander-Ruler (bottom row). Details can
be found in Planck Collaboration XIII (2014). All maps are smoothed to a common resolution of 150 FWHM.
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Planck Collaboration: Di↵use component separation: Foreground maps

Table 9. Summary of main CO product characteristics.

Noise rms [KRJ km s�1] Analysis details
Resolution

Map Algorithm CO line [arcmin] 150 FWHM 600 FWHM Frequencies [GHz] Model

Type 1 . . . . MILCA J=1!0 9.6 1.4 0.34 100 (bol maps) CO, CMB
MILCA J=2!1 5.0 0.53 0.16 217 (bol maps) CO, CMB, dust
MILCA J=3!2 4.8 0.55 0.18 353 (bol maps) CO, dust

Type 2 . . . . MILCA J=1!0 15 0.39 0.085 70, 100, 143, 353 CO, CMB, dust, free-free
MILCA J=2!1 15 0.11 0.042 70, 143, 217, 353 CO, CMB, dust, free-free

Commander J=1!0 60 · · · 0.084 0.408–857 Full; see Sect. 5
Commander J=2!1 60 · · · 0.037 0.408–857 Full; see Sect. 5
Commander J=3!2 60 · · · 0.060 0.408–857 Full; see Sect. 5

Type 3 . . . . . Commander J=2!1a 7.5 0.090 0.031 143–857 CO, CMB, dust

Commander-Ruler J=1!0b,c 5.5 0.19 0.082 30–353 CO, CMB, dust, low-freq
a Formally a weighted average of CO J=2!1 and J=3!2, but strongly dominated by CO J=2!1.
b Formally a weighted average of CO J=1!0, J=2!1 and J=3!2, but strongly dominated by CO J=1!0.
c Only published in 2013.

J=1!0 Dame et al.

Fig. 32. 30�⇥30� zoom-in of various CO emission line maps in a
Galactic gnomonic projection; the Galactic north pole points up
in each panel. All maps smoothed to 150 FWHM and centred on
the Orion region, with Galactic coordinates (l, b) = (201�,�9�).

and products. As described in Planck Collaboration XIII (2014),
Planck has implemented a multi-algorithm approach to CO
extraction, configuring the MILCA (Hurier et al. 2013) and
Commander algorithms for dedicated CO reconstruction. In
2013, this resulted in three di↵erent types of CO maps. In short,
the Type-1 CO maps are built from individual bolometer maps
within single frequencies, and as such are only weakly depen-
dent on foreground extrapolations, but this insensitivity comes
at a high cost in terms of instrumental noise. The Type-2 maps
are built per CO line from a small sub-set of frequencies, care-
fully selected to be optimal for CO extraction. Since more than
one frequency is involved, a more elaborate foreground model
is required, such as explicit modelling of CMB, dust and free-
free, although several simplifications are imposed, such as the
assumption of constant dust temperature and spectral indices.
Finally, the Type-3 map corresponds to a maximum signal-to-
noise CO extraction in which a complete foreground model is
fitted with Commander, as described in this paper, but with only
a single CO amplitude per pixel and otherwise only spatially
fixed line ratios accounting for scaling between frequencies.

In the present release, the MILCA-based Type-1 and Type-
2 maps have been updated with the latest data, while the
Commander-Ruler-based Type-3 map from 2013 has been su-
perseded by the high-resolution Commander-only J=2!1 map
presented in Sect. 5.4. In addition to these high-resolution maps,
we of course also provide the low-resolution line maps discussed
in Sect. 5.3. Table 9 summarizes the CO-related data products
provided in the current release, including angular resolution, in-
strumental noise, and analysis assumptions.

We start by comparing the maps derived with MILCA and
Commander, both with each other and with the CO J=1!0 sur-
vey presented by Dame et al. (2001). The full-sky J=1!0 and
2!1 maps are shown in Figs. 30 and 31, while zoom-ins of the
Orion region are shown in Fig. 32. All maps are smoothed to a
common resolution of 150 in these plots, except the Dame et al.
survey, which has an intrinsic resolution of about 200. For ref-
erence, the 2013 Type-3 map is shown in the bottom panel of
Fig. 30.

The first three panels of Fig. 33 show T–T correlation plots
between each of the three CO line maps and the Dame et al.
survey, all smoothed to a common resolution of 1� FWHM; the
fourth panel shows similar correlations between the high- and
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Fig. 32. 30�⇥30� zoom-in of various CO emission line maps in a
Galactic gnomonic projection; the Galactic north pole points up
in each panel. All maps smoothed to 150 FWHM and centred on
the Orion region, with Galactic coordinates (l, b) = (201�,�9�).

and products. As described in Planck Collaboration XIII (2014),
Planck has implemented a multi-algorithm approach to CO
extraction, configuring the MILCA (Hurier et al. 2013) and
Commander algorithms for dedicated CO reconstruction. In
2013, this resulted in three di↵erent types of CO maps. In short,
the Type-1 CO maps are built from individual bolometer maps
within single frequencies, and as such are only weakly depen-
dent on foreground extrapolations, but this insensitivity comes
at a high cost in terms of instrumental noise. The Type-2 maps
are built per CO line from a small sub-set of frequencies, care-
fully selected to be optimal for CO extraction. Since more than
one frequency is involved, a more elaborate foreground model
is required, such as explicit modelling of CMB, dust and free-
free, although several simplifications are imposed, such as the
assumption of constant dust temperature and spectral indices.
Finally, the Type-3 map corresponds to a maximum signal-to-
noise CO extraction in which a complete foreground model is
fitted with Commander, as described in this paper, but with only
a single CO amplitude per pixel and otherwise only spatially
fixed line ratios accounting for scaling between frequencies.

In the present release, the MILCA-based Type-1 and Type-
2 maps have been updated with the latest data, while the
Commander-Ruler-based Type-3 map from 2013 has been su-
perseded by the high-resolution Commander-only J=2!1 map
presented in Sect. 5.4. In addition to these high-resolution maps,
we of course also provide the low-resolution line maps discussed
in Sect. 5.3. Table 9 summarizes the CO-related data products
provided in the current release, including angular resolution, in-
strumental noise, and analysis assumptions.

We start by comparing the maps derived with MILCA and
Commander, both with each other and with the CO J=1!0 sur-
vey presented by Dame et al. (2001). The full-sky J=1!0 and
2!1 maps are shown in Figs. 30 and 31, while zoom-ins of the
Orion region are shown in Fig. 32. All maps are smoothed to a
common resolution of 150 in these plots, except the Dame et al.
survey, which has an intrinsic resolution of about 200. For ref-
erence, the 2013 Type-3 map is shown in the bottom panel of
Fig. 30.

The first three panels of Fig. 33 show T–T correlation plots
between each of the three CO line maps and the Dame et al.
survey, all smoothed to a common resolution of 1� FWHM; the
fourth panel shows similar correlations between the high- and
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Catalogues of compact sources

• The Planck Catalogue of Compact Sources (PCCS2)
• Independent detection of compact sources in each 

frequency map

• Complicated due to strong non-Gaussian diffuse 
backgrounds

• Catalogues of sources based on specific Spectral Energy Distributions
• Cold Galactic Clumps
• Sunyaev-Zeldovich clusters
• High-redshift extragalactic sources

• Radio sources
• …
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Planck source catalogues

Distribution of the 30, 143 and 857 GHz sources 
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Planck Collaboration: Planck Legacy SZ

Fig. 2. The distribution of raw SZ detections, with deleted infra-red flagged candidates in red and retained infra-red
flagged detections in green.

Fig. 3. Comparison of the S/N estimates from the three detection codes. The dashed green curves show the best fit
relation for 0.8 correlation and the red line is the line of equality.

3.3.1. The Cosmology Catalogues

We constructed two cluster catalogues for cosmology studies from the MMF3 and the intersection sub-samples respectively.
For these catalogues, our goal was to increase as much as possible the number of detections while keeping contamination
negligible. A good compromise is to set the S/N threshold to 6 and apply a 65% galactic and point source mask as in our
2013 cosmological analysis (Planck Collaboration XX 2014). In this earlier paper, our baseline MMF3 cosmological sample
was constructed using a threshold of 7 on the 15.5 month maps, which is equivalent to 8.5 on the full mission maps.
Estimations from the QA (Fig. 11) suggest that our 2014 intersection sample should be > 99% pure for a threshold of 6.

The MMF3 cosmological sample contains 439 detections with 433 confirmed redshifts. The intersection cosmological
sample contains 493 detections with 479 confirmed redshifts. Assuming that all detections having VALIDATION flag
greater than zero are clusters, the empirical purity of our samples are > 99.8% for MMF3 and > 99.6% for the intersection.
Note that the intersection sample contains more clusters than the MMF3 sample for the same S/N threshold. This is
expected since the definition of the S/N for the intersection sample is to use the highest value from the three detection
methods.

The completeness is also a crucial piece of information. It is computed more easily with the single method catalogue
for which the analytical error-function (ERF) approximation can be used (as defined in Planck Collaboration XXIX
2014). In Sect. 4.3 and in Planck Collaboration XXIV (2015), we show that this analytical model is still valid for the
considered threshold. For the intersection sample, we rely on the Monte-Carlo estimation of the completeness described
in Sect. 4.2.

These two samples are used in the cosmology analysis of Planck Collaboration XXIV (2015). Detections that are
included in either of the cosmology samples are noted in the main catalogue (see Appendix D).

3.4. Consistency between codes

We construct the union sample using the code with the most significant detection to supply the reference position and
S/N. This contrasts with the PSZ1, which used a pre-defined code ordering to select the reference position and S/N.

6

Planck Collaboration: The Planck mission

Fig. 13. All-sky distribution of the 13 188 PGCC Galactic cold
clumps (black dots) and the 54 cold sources (grey dots) located
in the Large and Small Magellanic Clouds. The background map
is the 857 GHz Planck band, shown in logarithmic scale from
10�2 to 102 MJy sr�1.

components. Third, we now include the Planck 545 and 857 GHz
frequency bands, allowing us to constrain the thermal dust tem-
perature and emissivity index with greater precision, thereby
reducing degeneracies between CMB, CO, and free-free emis-
sion. Fourth, the present analysis implements a multi-resolution
strategy to provide component maps at high angular resolu-
tion. Specifically, the CMB is recovered with angular resolution
50 FWHM (Planck Collaboration IX 2015), thermal dust emis-
sion and CO J = 2! 1 lines are recovered at 7.05 FWHM, and
synchrotron, free-free, and spinning dust are recovered at 1�
FWHM.

An important di↵erence with respect to 2013 is that we em-
ploy individual detector and detector set maps as inputs, instead
of fully combined frequency maps. The increase in the number
of input maps allows us to make many null tests that are used to
reject individual maps exhibiting significant levels of systematic
e↵ects. In addition, in our analysis we allow our model to fit for
two important instrumental e↵ects: relative calibration between
detectors; and bandpass uncertainties.

The sum of these improvements allows us to reconstruct a
total of six primary emission mechanisms in temperature: CMB;
synchrotron; free-free; spinning dust; CO; and thermal dust
emission—in addition to two secondary components, namely
thermal SZ emission around the Coma and Virgo regions, and
molecular line emission between 90 and 100 GHz. For polariza-
tion, we reconstruct three primary emission mechanisms: CMB;
synchrotron; and thermal dust. All of these components are de-
livered as part of the 2015 Planck release.

Figures 14 and 15 (Planck Collaboration X 2015) show the
di↵use Galactic foreground components determined from com-
ponent separation in temperature and polarization. Figure 16
shows the spectra of fluctuations of di↵use foreground compo-
nents in temperature and polarization, compared to the CMB.
The sky model presented in this paper provides an impressive
fit to the current data, with temperature residuals at the few
microkelvin level at high latitudes across the CMB-dominated
frequencies, and with median fractional errors below 1 % in
the Galactic plane across the Planck frequencies. For polariza-
tion, the residuals are statistically consistent with instrumental
noise at high latitudes, but limited by significant temperature-to-
polarization leakage in the Galactic plane. Overall, this model
represents the most accurate and complete description currently
available of the astrophysical sky between 20 and 857 GHz.

9.5. Carbon monoxide emission

Carbon monoxide emission lines are present in all HFI fre-
quency bands, except 143 GHz. Using component separa-
tion techniques, the three lowest rotational transitions can
be extracted from Planck data, providing full sky maps
of the CO J = 1! 0, J = 2! 1, and J = 3! 2 transitions
(Planck Collaboration XIII 2014). For the 2015 release, data
from the full mission and better control of systematic errors
lead to better maps. Table 8 summarizes the products. Figure 14
shows the Commander maps of all three transitions.

– Type 1 maps are produced by a single-channel analysis,
where individual bolometer maps are linearly combined to
produce maps of the CO(1!0), CO(2!1), and CO(3!2)
emission lines at the native resolution of the Planck maps.
Although noisier than the other approaches, using informa-
tion from a single channel strongly limits contamination
from other Galactic components, such as dust or free-free
emission. This makes Type 1 maps suitable for studying
emission in the Galactic disk and CO-rich regions, but not
for the high-Galactic latitudes where the CO emission is be-
low the noise level.

– Type 2 maps of CO(1!0) and CO(2!1) have been obtained
using multi-channel information (i.e., using linear combina-
tion of Planck channel maps smoothed to 150). Using fre-
quency maps, this type of map has a higher signal-to-noise
ratio, allowing for their use in fainter high-Galactic latitude
regions. They are, however, more susceptible to dust con-
tamination, especially for CO(2!1), which makes them less
suitable in the Galactic plane than Type 1 maps.

– A high-resolution Type 3 map, as defined in
Planck Collaboration XIII (2014), is not being deliv-
ered in the 2015 data release. Alternatively, another set of
CO maps has been produced as part of the full Commander
baseline multi-component model, which is described in
Planck Collaboration X (2015).

Type 1 and Type 2 maps are released with associated stan-
dard deviation maps, error maps, and masks. The suite of tests
detailed in Planck Collaboration XIII (2014) has been repeated
on the new Type 1 and Type 2 maps, which have been found to
perform as well as their 2013 counterparts, even though small
variations (<⇠ 2 to 5 K km s�1) exist in the Galactic plane.

9.5.1. All-sky Sunyaev-Zeldovich emission

The 30 to 857 GHz frequency channel maps from the Planck
satellite survey were used to construct an all-sky map of the ther-
mal Sunyaev-Zeldovich (tSZ) e↵ect Planck Collaboration XXII
(2015). As discussed in Planck Collaboration XXI (2014),
we apply to those maps specifically tailored component
separation algorithms, MILCA Hurier et al. (2010) and NILC
Remazeilles et al. (2011), that allow us to separate the tSZ
emission from foreground contamination, including the CMB.
An orthographic view of the reconstructed Compton y-map
in Healpix pixelization is presented in Fig. 17. This y-
map has been characterized in terms of noise properties and
residual foreground contamination, mainly thermal dust emis-
sion at large angular scales and CIB and extragalactic point
sources at small angular scales. Blindly-detected clusters in
this map are consistent with those from the PSZ2 catalogue
Planck Collaboration XXVII (2015), both in terms of cluster
numbers and integrated flux. Furthermore, by stacking individu-
ally undetected groups and clusters of galaxies we find that the
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Radio and dusty galaxies Galaxy clusters via the SZ effect

Cold galactic clumps High-redshift sources
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Polarised compact sources

• One novelty of PCCS2 is the 
inclusion of polarized sources

• Beware bandpass and 
beam corrections…

• Another is a much more 
conservative assessment of 
reliabilities

Planck Collaboration: Second Planck Catalogue of Compact Sources
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Fig. 3. Distribution of the polarized sources in the lowest channels of the PCCS2. Red, green, and blue circles show sources from
the 30, 44, and 70 GHz catalogues, respectively. As in Fig. 2, the size of the circle gives a qualitative idea of the relative polarized
flux density of the source.

counts mirror the real catalogue, this reliability is exact. The sec-
ond measure, which we called injection reliability, is determined
from source injection into the real maps, and in this case we
are only simulating the real source component. The total source
counts are composed of real and spurious components. In order
to understand the reliability, we need to understand the spurious
component. However, if we have a knowledge of the real compo-
nent we can infer the spurious component from the total source
counts. This is the motivation for this second approach, where
injection reliability is defined as the fraction of total extracted
sources that correspond to injected sources recovered by PCCS2
detection methods. This method therefore provides an approxi-
mate assessment of the reliability. Naturally, the first method is
preferred over the second, but the second approach becomes nec-
essary when the simulations are not a su�ciently accurate repre-
sentation of the sky signal. In order to establish whether the sim-
ulations are of su�cient quality, we require that the simulated
catalogues pass two internal consistency tests: that they have
the same injected source completeness as the real catalogues;
and that they have total detected number counts, as a function
of S/N, that are consistent with those in the real data. (The in-
trinsic number counts are assumed to be power law functions
of flux density and are fitted to the detection counts at higher
flux densities, where the catalogues are reliable and complete,
and extrapolated to lower flux densities). In order to achieve this
internal consistency we need to exclude the Galactic plane re-
gion from the analysis, due to discrepancies arising from defi-
ciencies in the simulation of di↵use dust emission near the beam
scale (e.g. Galactic cirrus) and uncertainties in defining an input
source model for the Galactic sources. The region excluded in-
creases with frequency and is not a simple Galactic latitude cut,
but is based on the level of the dust emission. The Galactic masks
used at each of the six HFI frequencies are described in Sect. 3.2.

In addition to these Galactic plane regions, for the highest four
frequency channels we also exclude the region of sky inside a
“filament mask” from the reliability assessment. Note that there
is a di↵erent filament mask for each of these channels. These
filament masks describe the areas of the sky in which residual
structures, not related to sources, are present in the MHW2 fil-
tered maps. The creation of these masks is explained further in
Sect. 3.2.2. The union of the filament mask and the Galactic
plane region then defines the area of the sky in which sources
are assigned to the PCCS2E. Thus, whether a source is assigned
to the PCCS2 or PCCS2E is determined solely by its location
on the sky. The HFI reliability assessment for the PCCS2 is de-
scribed further in Sect. 3.2.3 (recall there is no reliability assess-
ment for the PCCS2E).

2.4. Photometry

As in the PCCS, we provide four di↵erent measures of the
flux density for each source. They are determined by the
source detection algorithm (DETFLUX), aperture photome-
try (APERFLUX), point spread function fitting (PSFFLUX),
and Gaussian fitting (GAUFLUX). Only the first is obtained
from the filtered maps; the other measures are estimated
from the full-sky maps at the positions of the sources. The
source detection algorithm photometry, the aperture photome-
try, and the point spread function (PSF) fitting use the Planck

band-average e↵ective beams, calculated with FEBeCoP (Fast
E↵ective Beam Convolution in Pixel space; Mitra et al. 2011;
Planck Collaboration IV 2016; Planck Collaboration VII 2016).
Note that only the PSF fitting algorithm takes into account the
variation of the PSF with position on the sky. The PCCS2 has
been produced from the Planck full-mission maps (eight sky sur-
veys in the LFI and five sky surveys in the HFI), and therefore su-
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Fig. 4. Distribution of the polarized sources from the PCCS2 (top) and the PCCS2E (bottom). Red, blue, green, and black circles
show sources from the 100, 143, 217, and 353 GHz catalogues, respectively. As in previous figures, the size of the filled circles
gives a qualitative idea of the relative flux densities of the sources at each frequency, where the larger dots correspond to larger flux
densities. Note that a di↵erent circle size range for each channel was necessary for visualization purposes.

persedes the previous catalogues (for the PCCS only 1.5 surveys
were analysed). It also includes the latest calibration and beam
information, and we have improved some of the algorithms used
to measure the photometry of the sources. In order to assess the
di↵erences between the photometry in the PCCS and PCCS2 we
have compared both sets of catalogues at all Planck bands.

A major change is in the Gaussian fitting photometry. We
have implemented a new version of the algorithm that produces
more robust measures, particularly for extended objects where

the di↵erence between the flux densities in the PCCS and PCCS2
can be as large as 100%. In the previous version of the al-
gorithm, for some sources the fitting code was not converging
properly and this issue has been addressed by using a new fit-
ting approach; see Appendix B for a description of the method
and its validation. In addition, the photometry from the detec-
tion pipeline has changed at some frequencies by several per-
cent, because it now takes into account the latest information
about the e↵ective beam FWHM and corrects for the biases
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The Planck Legacy Archive

• The PLA contains thousands of data products
• Types
• methods
• Releases
• ancillary data products: corrections, Masks, Simulations …

• The PLA contains many useful tools to manipulate the products
• Cut out small parts of the sky
• Remove physical components
• Change units, bandpasses, colour correct, mask, …
• Estimate noise, beam shapes, …

• The PLA allows you to create new products
• Maps from timelines
• Apply component separation
• Create new simulated observations (not yet available)

• The PLA interfaces easily with Aladin and Topcat
• Important recommendation: Read the papers by the Planck Collaboration to 

understand the limitations of the data products
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