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Development of the project

• COBRAS and SAMBA proposals were received in May 
1993 in response to the call for mission ideas for the 
M3 element of Horizon 2000 programme

• Studies led to the selection of COBRAS/SAMBA in 
April 1996 with launch date 2003

• A period of uncertainty caused by programmatic 
issues led to the adoption of the FIRST/Planck 
project in Feb 1998 with launch date in 2007

• Industrial phase-B activities started in 2001
• Launch in 2009
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The European mission to map the 
Cosmic Microwave Background
To image the temperature and polarisation 
anisotropies of the Cosmic Microwave 
Background (CMB), over the whole sky, with an 
uncertainty on the temperature limited by 
�natural causes� (foreground fluctuations, 
cosmic variance) rather than intrinsic or 
systematic detector noises, and an angular 
resolution ~5 arcminutes.



Technical challenges

• State-of-the art detectors
• Passive cooling with V-grooves
• Cooling to 0.1 K with active refrigerators
• A large CFRP telescope operating at 40 K
• Autonomous operation
• Distributed science ground segment
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Operations

• Picture-perfect launch & early operations
• Commissioning and Performance Verification phases completed in time

• All performances similar or better than predicted
• First Light Survey became part of 1st survey

• Completely smooth routine operations between August 2009 and October 
2013

• 3 extensions of operations leading to 5 surveys with LFI+HFI, 8 
with LFI 

• Cryo-chain worked continuously for more than four years
• Only one instance of an interruption over four years
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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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The 2018 release papers

I. Planck cosmological legacy 
II. LFI data processing
III. HFI data processing
IV. CMB and foreground extraction 
V. Power spectra and likelihood* 
VI. Cosmological parameters 
VII. Isotropy and statistics*
VIII. Lensing 
IX. Constraints on primordial non-Gaussianity*
X. Inflation
XI. Polarized dust foregrounds
XII. Galactic astrophysics from polarization 

* To be released in a few weeks
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The temperature fluctuations of the 
CMB
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P
S
fr
a
g
re
p
la
ce
m
en
ts

-300 300 µK



2018 
polarized 
maps

Jan Tauber, COSPAR 2018, July 2018
1 10 10

2
10

3
3 10

3

 

 

30-353 GHz; δT [µKcmb]


 30 GHz


 44 GHz


 70 GHz


100 GHz


143 GHz


217 GHz


353 GHz


Q
 U
 P


Planck Collaboration: Planck 2018 results. HFI DPC.

Fig. 52: Polarization power spectra in DEE
` , showing the noise (red) and the main systematic residuals: ADCNL remaining dipole

distortion after variable gain correction (purple); bandpass-mismatch leakage (light blue); leakage from calibration mismatch (or-
ange); and the sum of all these (green). Polarization e�ciency (dark blue), SRoll residual empirical transfer function (grey), and
CO template subpixel e↵ect (turquoise) have not been included in the sum. The fiducial CMB power spectrum is shown in full,
dotted and dashed black lines (see text).

for future CMB observations that have only limited sky cover-
age. The channels calibrated on the orbital CMB dipole have an
absolute map calibration accuracy, measured a posteriori on the
Solar dipole, better than 4⇥ 10�4 at ` = 1. For smaller scales the
transfer functions have been shown to be smaller than 3 ⇥ 10�3

from the dipole up to the first three acoustic peaks (`< 1000),
which brings the inter-frequency calibration to the same level.
The calibration of the submillimetre channels, based on giant
planet models, has been shown to be in agreement with the CMB
photometry through the 545-GHz channel at a level better than
5 % (the uncertainty of the planet model).

Table 12 gives the main characteristics of the full-mission
maps. The scanning beams of the maps are the same as those
from 2015. The e↵ective beams are not exactly the same be-
cause of the 1000 rings removed at the end of the mission, but

the di↵erence is negligible. The table also provides the 2018 re-
lease high-multipole sensitivity for the detector-noise-dominated
scales (`> 100), and compares it with the expectation based on
the TOI noise. The TOI noise level is the same in the 2015
and 2018 releases and all di↵erences with 2015 are due to the
mapmaking improvements. This performance is close to the pre-
flight expectations (see for example Planck Collaboration 2005).
The sensitivities have been converted to C` for the full mission,
full sky, and we report the TT and EE values in the table. The
improvement is due to the destriping at Nside=2048 versus 512
(Fig. 10), combined with a degradation due to the 1000 rings re-
moved at the end of the mission. Note that the TT and EE spec-
tra quoted in the table are not directly comparable to the 2015
values (reported in table 5 of Planck Collaboration VIII 2016)

43

Planck Collaboration: Planck 2018 results. HFI DPC.

Fig. 14: EE and BB spectra of the 2015 and 2018 detset, half-mission, and rings (for 2018 only) maps at 100, 143, 217, and 353 GHz.
The full-mission auto-spectra of the di↵erence maps, corrected for sky fraction, and the cross-spectra between the maps are shown.
The sky fraction used here is 43 %. The binning is : �` = 1 for 2  ` < 30; �` = 5 for 30  ` < 50; �` = 10 for 50  ` < 160;
�` = 20 for 160  ` < 1000; and �` = 100 for ` > 1000. Note that Fig. 15 shows an enlargement of part of these spectra.
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Large-scale polarization 
systematics have been 
reduced very considerably



The polarized CMB
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Best fit to TT, TE, 
EE+lowE+lensing

Jan Tauber, COSPAR 2018, July 2018

Planck Collaboration: The cosmological legacy of Planck

Table 7. Parameter confidence limits from Planck CMB tem-
perature, polarization and lensing power spectra, and with the
inclusion of BAO data (“BAO”). The first set of rows gives 68 %
limits for the base-⇤CDM model, while the second set gives
68 % constraints on a number of derived parameters (as obtained
from the constraints on the parameters used to specify the base-
⇤CDM model). The third set below the double line gives 95 %
limits for some 1-parameter extensions to the ⇤CDM model.
More details can be found in ?.

Parameter Planck alone Planck + BAO

⌦bh
2 . . . . . . . . . . 0.02237 ± 0.00015 0.02242 ± 0.00014

⌦ch
2 . . . . . . . . . . 0.1200 ± 0.0012 0.11933 ± 0.00091

100✓MC . . . . . . . . 1.04092 ± 0.00031 1.04101 ± 0.00029
⌧ . . . . . . . . . . . . . 0.0544 ± 0.0073 0.0561 ± 0.0071
ln(1010

As) . . . . . . 3.044 ± 0.014 3.047 ± 0.014
ns . . . . . . . . . . . . 0.9649 ± 0.0042 0.9665 ± 0.0038

H0 . . . . . . . . . . . 67.36 ± 0.54 67.66 ± 0.42
⌦⇤ . . . . . . . . . . . 0.6847 ± 0.0073 0.6889 ± 0.0056
⌦m . . . . . . . . . . . 0.3153 ± 0.0073 0.3111 ± 0.0056
⌦mh

2 . . . . . . . . . . 0.1430 ± 0.0011 0.14240 ± 0.00087
⌦mh

3 . . . . . . . . . . 0.09633 ± 0.00030 0.09635 ± 0.00030
�8 . . . . . . . . . . . . 0.8111 ± 0.0060 0.8102 ± 0.0060
�8(⌦m/0.3)0.5 . . . 0.832 ± 0.013 0.825 ± 0.011
zre . . . . . . . . . . . . 7.67 ± 0.73 7.82 ± 0.71
Age[Gyr] . . . . . . 13.797 ± 0.023 13.787 ± 0.020
r⇤[Mpc] . . . . . . . . 144.43 ± 0.26 144.57 ± 0.22
100✓⇤ . . . . . . . . . 1.04110 ± 0.00031 1.04119 ± 0.00029
rdrag[Mpc] . . . . . . 147.09 ± 0.26 147.57 ± 0.22
zeq . . . . . . . . . . . . 3402 ± 26 3387 ± 21

keq[Mpc�1] . . . . . . 0.010384 ± 0.000081 0.010339 ± 0.000063

⌦K . . . . . . . . . . . �0.0096 ± 0.0061 0.0007 ± 0.0019
⌃m⌫ [eV] . . . . . . . < 0.241 < 0.120
Ne↵ . . . . . . . . . . . 2.89+0.36

�0.38 2.99+0.34
�0.33

r0.002 . . . . . . . . . . < 0.101 < 0.106

(b) Dark matter that is pressureless (for the purposes of
forming structure), stable and interacts with normal mat-
ter only gravitationally.

(c) Regular atomic matter that behaves just like it does on
Earth.

(d) The photons we observe as the CMB.
(e) Neutrinos that are almost massless (again for structure

formation) and stream like non-interacting, relativistic
particles at the time of recombination.

A6 The curvature of space is very small.
A7 Variations in density were laid down everywhere at early

times, and are Gaussian, adiabatic, and nearly scale invari-
ant (i.e., proportionally in all constituents and with similar
amplitudes as a function of scale) as predicted by inflation.

A8 The observable Universe has “trivial” topology (i.e., likeR3).
In particular it is not periodic or multiply connected.

With these assumptions it is possible to predict a wide range
of observations with a very small number of parameters. The ob-
served fact that the fluctuations in temperature and polarization

in the CMB are small, makes the calculation of CMB observ-
ables an exercise in linear perturbation theory (see ?, ?, ?, ? and
? for textbook treatments, and ? and ? for historical discussions).
The evolution of the perturbations in each species can be com-
puted to high accuracy using a “Boltzmann code” once the ini-
tial conditions, constituents, and ionization history are specified.
The initial conditions are part of our assumptions. The high-z
part of the ionization history can be computed to high accuracy
given the assumptions above (see, e.g., extensive discussion and
references in ?). Thus one needs to specify only the values of the
constituents and the low-z part of the ionization history.

3.2. Planck’s constraints on ⇤CDM parameters

To fully prescribe the ⇤CDM model we need to specify its pa-
rameters. Adopting the convention that the Hubble parameter
today is H0 = 100 h km s�1Mpc�1, we take these to be: the den-
sity of cold dark matter, !c = ⌦ch

2; the density of baryons,
!b = ⌦bh

2 (consisting of hydrogen, and helium with mass frac-
tion YP obtained from standard BBN); the amplitude, As, and
spectral index, ns, of a power-law spectrum of adiabatic pertur-
bations; the angular scale of the acoustic oscillations, ✓⇤; and the
optical depth to Thomson scattering from reionization, ⌧. The
best-fit model and constraints on these parameters are given in
Tables 6 and 7.

We assume that the radiation is made up of photons (as a
blackbody with T = 2.7255 K, ?) and neutrinos with ⇢⌫ =
Ne↵(7/8)(4/11)4/3⇢� and16

Ne↵ = 3.046 (?). The neutrinos are
assumed to have very low masses, which we approximate as a
single eigenstate with m⌫ = 0.06 eV. Other parameters can be
derived from these and the assumptions that we already spelled
out. For example, since |⌦K | ⌧ 1 we have ⌦⇤ = 1 � ⌦m and
the redshift of equality can be found from ⇢� + ⇢⌫ = ⇢c + ⇢b (as-
suming neutrinos are relativistic at z > 103, as required by the
current data). A list of derived parameters and their relation to
the base parameters can be found in ? or Tables 6 and 7. Further
discussion of how the parameters a↵ect the anisotropy spectra
can be found in the aforementioned textbooks or in ? and ?.

Figure 9 shows the measured angular power spectra from
Planck, with the blue line representing the best-fit ⇤CDM
model. Beginning with the TT spectrum, one can see three re-
gions, separated by two characteristic scales. On scales larger
than the Hubble scale at last scattering (low `) the almost scale-
invariant spectrum is a pristine imprint of the initial condi-
tions. On degree angular scales the almost harmonic sequence
of power maxima represents the peaks and troughs in density
and temperature of the baryon-photon fluid as is oscillates in the
gravitational potentials prior to recombination. On scales smaller
than the geometric mean17 of the Hubble scale and the mean
free path, photon di↵usion during the epoch of recombination
erases the fluctuations. A similar behaviour is seen in the polar-
ization spectra, without the low-` plateau and with sharper peaks
that are sourced primarily by the quadrupole anisotropy gener-
ated during last scattering. Not visible by eye, but included in
the calculation, are slight changes to the primordial signal due

16A newer evaluation gives Ne↵ = 3.045 (?). The di↵erence is neg-
ligible for our purposes, so we keep the older number for consistency
with previous results.

17The di↵usion scale is the mean free path times the square root of
the number of scatterings. Since photons travel at c, Nscatter scales as c

times the Hubble time divided by the mean free path, so N
1/2
scatter�mfp is

the geometric mean of the Hubble scale and �mfp.
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Cosmological parameters 
over time
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Planck Legacy Archive: the official 
repository of Planck data
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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 using simple tools
• Maps from timelines
• Apply component separation
• Create new simulated observations (using the PSM)

• The PLA interfaces easily with Aladin and Topcat

Jan Tauber, COSPAR 2018, July 2018



The Planck Legacy Archive: Synch tools
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1. Web interface for Planck Sky Model simulation software

The Planck Legacy Archive

Jan Tauber, COSPAR 2018, July 2018



1. Web interface for Planck Sky Model simulation software

The Planck Legacy Archive
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Wrap-up

• Planck has been an extremely challenging and successful mission
• It has broken new ground technically and scientifically
• It has met all its scientific goals and more
• There are many Lessons Learned for other experiments

• https://www.cosmos.esa.int/ web/planck/lessons-learned 

• More than 1600 refereed papers using Planck data have been published
• About 300 per year over the last four years

• We are now presenting the final release of the Planck Collaboration
• All data products except the Likelihood code are available via 

the Legacy Archive
• We expect to complete the release within 2 months

• There are still improvements to be made to the data
• There is a huge amount of science left to be done with the data, in 

cosmology and astrophysics

Jan Tauber, COSPAR 2018, July 2018
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ABSTRACT
The European Space Agency’s Planck satellite, which was dedicated to studying the early Universe and its subsequent evolution, was launched
on 14 May 2009. It scanned the microwave and submillimetre sky continuously between 12 August 2009 and 23 October 2013, producing deep,
high-resolution, all-sky maps in nine frequency bands from 30 to 857 GHz. This paper presents the cosmological legacy of Planck, which currently
provides our strongest constraints on the parameters of the standard cosmological model and some of the tightest limits available on deviations
from that model. The 6-parameter ⇤CDM model continues to provide an excellent fit to the cosmic microwave background data at high and low
redshift, describing the cosmological information in over a billion map pixels with just six parameters. With 18 peaks in the temperature and
polarization angular power spectra constrained well, Planck measures five of the six parameters to better than 1 % (simultaneously), with the
best-determined parameter (✓⇤) now known to 0.03 %. We describe the multi-component sky as seen by Planck, the success of the ⇤CDM model,
and the connection to lower-redshift probes of structure formation. We also give a comprehensive summary of the major changes introduced in
this 2018 release. The Planck data, alone and in combination with other probes, provide stringent constraints on our models of the early Universe
and the large-scale structure within which all astrophysical objects form and evolve. We discuss some lessons learned from the Planck mission,
and highlight areas ripe for further experimental advances.

Key words. Cosmology: observations – Cosmology: theory – cosmic background radiation – Surveys
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