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From stone age to precision cosmology 
Planck Collaboration: The Planck mission
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Fig. 11. The Planck 2015 temperature power spectrum. At multipoles ` � 30 we show the maximum likelihood frequency-averaged
temperature spectrum computed from the cross-half-mission likelihood with foreground and other nuisance parameters determined
from the MCMC analysis of the base ⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum estimates
from the Commander component-separation algorithm computed over 94 % of the sky. The best-fit base⇤CDM theoretical spectrum
fitted to the PlanckTT+lowP likelihood is plotted in the upper panel. Residuals with respect to this model are shown in the lower
panel. The error bars show ±1� uncertainties. From Planck Collaboration XIII (2015).

Fig. 12. Frequency-averaged T E (left) and EE (right) spectra (without fitting for T–P leakage). The theoretical T E and EE spectra
plotted in the upper panel of each plot are computed from the best-fit model of Fig. 11. Residuals with respect to this theoretical
model are shown in the lower panel in each plot. The error bars show ±1� errors. The green lines in the lower panels show the
best-fit temperature-to-polarization leakage model, fitted separately to the T E and EE spectra. From Planck Collaboration XIII
(2015).

The likelihood is a hybrid combination of a low-multipole pix-
elbased likelihood with a high-multipole likelihood constructed
from cross-spectra – see Planck Collaboration XI (2015) for de-
tails. Note that we use the notation “Planck TT” when we are
referring to the likelihood deriving from the TT spectrum.

At low multipoles we now use Planck instead of WMAP for
polarization information. The 70 GHz LFI polarization maps are
cleaned with the LFI 30 GHz and HFI 353 GHz maps to mitigate
foreground contamination. Based on null tests, the LFI-cleaned

polarization maps are used over 46 % of the sky in the low mul-
tipole likelihood (referred to as “lowP”). The Commander tem-
perature solution, constructed from all Planck frequency maps,
together with the Haslam 408 MHz and WMAP maps, is used
over 93 % of the sky. The temperature and polarization data are
then treated in a unified low-resolution pixel-based manner for
the multipole range ` = 2 to 29.

The high-` likelihood uses pseudo-C` cross-spectra from
HFI 100, 143, and 217 GHz maps in a “fiducial Gaussian” ap-
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3.Provide self-contained description of the early universe before
nucleosynthesis (~ 1 min after the Big Bang)
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FIG. 7. Constraints in the r vs. ns plane when using Planck
plus additional data, and when also adding BICEP2/Keck
data through the end of the 2014 season including new 95 GHz
maps—the constraint on r tightens from r0.05 < 0.12 to
r0.05 < 0.07. This figure is adapted from Fig. 21 of Ref. [2]—
see there for further details.

also thank the Planck and WMAP teams for the use of
their data.

⇤ jmkovac@cfa.harvard.edu
† pryke@physics.umn.edu

[1] A. A. Penzias and R. W. Wilson, Astrophys. J. 142, 419
(1965).

[2] Planck Collaboration 2015 XIII, ArXiv e-prints (2015),
arXiv:1502.01589.

[3] M. Kamionkowski and E. D. Kovetz, ArXiv e-prints
(2015), arXiv:1510.06042.

[4] J. M. Kovac, E. M. Leitch, C. Pryke, J. E. Carlstrom,
N. W. Halverson, and W. L. Holzapfel, Nature 420, 772
(2002), astro-ph/0209478.

[5] BICEP1 Collaboration, Astrophys. J. 783, 67 (2014),
arXiv:1310.1422.

[6] BICEP2 Collaboration I, Physical Review Letters 112,
241101 (2014), arXiv:1403.3985.

[7] Keck Array and BICEP2 Collaborations V, Astrophys.
J. 811, 126 (2015), arXiv:1502.00643.

[8] Planck Collaboration Int. XIX, Astron. Astrophys. 576,
A104 (2015), arXiv:1405.0871.

[9] Planck Collaboration Int. XXX, ArXiv e-prints (2014),
arXiv:1409.5738.

[10] R. Flauger, J. C. Hill, and D. N. Spergel, J. Cosmol.
Astropart. Phys. 8, 039 (2014), arXiv:1405.7351.

[11] M. J. Mortonson and U. Seljak, J. Cosmol. Astropart.
Phys. 10, 035 (2014), arXiv:1405.5857.

[12] BICEP2/Keck and Planck Collaborations, Physical Re-
view Letters 114, 101301 (2015), arXiv:1502.00612.

[13] BICEP2 Collaboration II, Astrophys. J. 792, 62 (2014),
arXiv:1403.4302.

[14] BICEP2/Keck and Spider Collaborations, Astrophys. J.
812, 176 (2015), arXiv:1502.00619 [astro-ph.IM].

[15] See http://www.cosmos.esa.int/web/planck/pla.
[16] Planck Collaboration 2015 I, ArXiv e-prints (2015),

arXiv:1502.01582.
[17] See http://lambda.gsfc.nasa.gov/product/map/dr5/

m_products.cfm.
[18] C. L. Bennett, D. Larson, J. L. Weiland, N. Jarosik,

G. Hinshaw, N. Odegard, K. M. Smith, R. S. Hill,
B. Gold, M. Halpern, E. Komatsu, M. R. Nolta, L. Page,
D. N. Spergel, E. Wollack, J. Dunkley, A. Kogut,
M. Limon, S. S. Meyer, G. S. Tucker, and E. L.
Wright, Astrophys. J. Suppl. Ser. 208, 20 (2013),
arXiv:1212.5225.

[19] Planck Collaboration 2015 XII, ArXiv e-prints (2015),
arXiv:1509.06348.

[20] S. Hamimeche and A. Lewis, Phys. Rev. D 77, 103013
(2008), arXiv:0801.0554.

[21] A. Lewis and S. Bridle, Phys. Rev. D66, 103511 (2002),
astro-ph/0205436.

[22] Planck Collaboration Int. XXII, Astron. Astrophys. 576,
A107 (2015), arXiv:1405.0874.

[23] U. Fuskeland, I. K. Wehus, H. K. Eriksen, and S. K.
Næss, Astrophys. J. 790, 104 (2014), arXiv:1404.5323.

[24] See http://lambda.gsfc.nasa.gov/product/map/dr5/

mcmc_maps_info.cfm.

fro
m 15

10
.09

21
7



Theorist’s tasks

3.Provide self-contained description of the early universe before
nucleosynthesis (~ 1 min after the Big Bang)

• Inflation: experiments did a 
good job

8

�2

0.95 0.96 0.97 0.98 0.99 1.00

ns

0.00

0.05

0.10

0.15

0.20

0.25

r 0
.0

02

N
=

50
N
=

60

ConvexConcave

�

Planck TT+lowP+lensing+ext

+BK14

FIG. 7. Constraints in the r vs. ns plane when using Planck
plus additional data, and when also adding BICEP2/Keck
data through the end of the 2014 season including new 95 GHz
maps—the constraint on r tightens from r0.05 < 0.12 to
r0.05 < 0.07. This figure is adapted from Fig. 21 of Ref. [2]—
see there for further details.

also thank the Planck and WMAP teams for the use of
their data.

⇤ jmkovac@cfa.harvard.edu
† pryke@physics.umn.edu

[1] A. A. Penzias and R. W. Wilson, Astrophys. J. 142, 419
(1965).

[2] Planck Collaboration 2015 XIII, ArXiv e-prints (2015),
arXiv:1502.01589.

[3] M. Kamionkowski and E. D. Kovetz, ArXiv e-prints
(2015), arXiv:1510.06042.

[4] J. M. Kovac, E. M. Leitch, C. Pryke, J. E. Carlstrom,
N. W. Halverson, and W. L. Holzapfel, Nature 420, 772
(2002), astro-ph/0209478.

[5] BICEP1 Collaboration, Astrophys. J. 783, 67 (2014),
arXiv:1310.1422.

[6] BICEP2 Collaboration I, Physical Review Letters 112,
241101 (2014), arXiv:1403.3985.

[7] Keck Array and BICEP2 Collaborations V, Astrophys.
J. 811, 126 (2015), arXiv:1502.00643.

[8] Planck Collaboration Int. XIX, Astron. Astrophys. 576,
A104 (2015), arXiv:1405.0871.

[9] Planck Collaboration Int. XXX, ArXiv e-prints (2014),
arXiv:1409.5738.

[10] R. Flauger, J. C. Hill, and D. N. Spergel, J. Cosmol.
Astropart. Phys. 8, 039 (2014), arXiv:1405.7351.

[11] M. J. Mortonson and U. Seljak, J. Cosmol. Astropart.
Phys. 10, 035 (2014), arXiv:1405.5857.

[12] BICEP2/Keck and Planck Collaborations, Physical Re-
view Letters 114, 101301 (2015), arXiv:1502.00612.

[13] BICEP2 Collaboration II, Astrophys. J. 792, 62 (2014),
arXiv:1403.4302.

[14] BICEP2/Keck and Spider Collaborations, Astrophys. J.
812, 176 (2015), arXiv:1502.00619 [astro-ph.IM].

[15] See http://www.cosmos.esa.int/web/planck/pla.
[16] Planck Collaboration 2015 I, ArXiv e-prints (2015),

arXiv:1502.01582.
[17] See http://lambda.gsfc.nasa.gov/product/map/dr5/

m_products.cfm.
[18] C. L. Bennett, D. Larson, J. L. Weiland, N. Jarosik,

G. Hinshaw, N. Odegard, K. M. Smith, R. S. Hill,
B. Gold, M. Halpern, E. Komatsu, M. R. Nolta, L. Page,
D. N. Spergel, E. Wollack, J. Dunkley, A. Kogut,
M. Limon, S. S. Meyer, G. S. Tucker, and E. L.
Wright, Astrophys. J. Suppl. Ser. 208, 20 (2013),
arXiv:1212.5225.

[19] Planck Collaboration 2015 XII, ArXiv e-prints (2015),
arXiv:1509.06348.

[20] S. Hamimeche and A. Lewis, Phys. Rev. D 77, 103013
(2008), arXiv:0801.0554.

[21] A. Lewis and S. Bridle, Phys. Rev. D66, 103511 (2002),
astro-ph/0205436.

[22] Planck Collaboration Int. XXII, Astron. Astrophys. 576,
A107 (2015), arXiv:1405.0874.

[23] U. Fuskeland, I. K. Wehus, H. K. Eriksen, and S. K.
Næss, Astrophys. J. 790, 104 (2014), arXiv:1404.5323.

[24] See http://lambda.gsfc.nasa.gov/product/map/dr5/

mcmc_maps_info.cfm.

fro
m 15

10
.09

21
7

- theoretical input is 
needed to limit the range 
of inflationary models



Theorist’s tasks

3.Provide self-contained description of the early universe before
nucleosynthesis (~ 1 min after the Big Bang)

• Inflation: experiments did a 
good job

8

�2

0.95 0.96 0.97 0.98 0.99 1.00

ns

0.00

0.05

0.10

0.15

0.20

0.25

r 0
.0

02

N
=

50
N
=

60

ConvexConcave

�

Planck TT+lowP+lensing+ext

+BK14

FIG. 7. Constraints in the r vs. ns plane when using Planck
plus additional data, and when also adding BICEP2/Keck
data through the end of the 2014 season including new 95 GHz
maps—the constraint on r tightens from r0.05 < 0.12 to
r0.05 < 0.07. This figure is adapted from Fig. 21 of Ref. [2]—
see there for further details.

also thank the Planck and WMAP teams for the use of
their data.

⇤ jmkovac@cfa.harvard.edu
† pryke@physics.umn.edu

[1] A. A. Penzias and R. W. Wilson, Astrophys. J. 142, 419
(1965).

[2] Planck Collaboration 2015 XIII, ArXiv e-prints (2015),
arXiv:1502.01589.

[3] M. Kamionkowski and E. D. Kovetz, ArXiv e-prints
(2015), arXiv:1510.06042.

[4] J. M. Kovac, E. M. Leitch, C. Pryke, J. E. Carlstrom,
N. W. Halverson, and W. L. Holzapfel, Nature 420, 772
(2002), astro-ph/0209478.

[5] BICEP1 Collaboration, Astrophys. J. 783, 67 (2014),
arXiv:1310.1422.

[6] BICEP2 Collaboration I, Physical Review Letters 112,
241101 (2014), arXiv:1403.3985.

[7] Keck Array and BICEP2 Collaborations V, Astrophys.
J. 811, 126 (2015), arXiv:1502.00643.

[8] Planck Collaboration Int. XIX, Astron. Astrophys. 576,
A104 (2015), arXiv:1405.0871.

[9] Planck Collaboration Int. XXX, ArXiv e-prints (2014),
arXiv:1409.5738.

[10] R. Flauger, J. C. Hill, and D. N. Spergel, J. Cosmol.
Astropart. Phys. 8, 039 (2014), arXiv:1405.7351.

[11] M. J. Mortonson and U. Seljak, J. Cosmol. Astropart.
Phys. 10, 035 (2014), arXiv:1405.5857.

[12] BICEP2/Keck and Planck Collaborations, Physical Re-
view Letters 114, 101301 (2015), arXiv:1502.00612.

[13] BICEP2 Collaboration II, Astrophys. J. 792, 62 (2014),
arXiv:1403.4302.

[14] BICEP2/Keck and Spider Collaborations, Astrophys. J.
812, 176 (2015), arXiv:1502.00619 [astro-ph.IM].

[15] See http://www.cosmos.esa.int/web/planck/pla.
[16] Planck Collaboration 2015 I, ArXiv e-prints (2015),

arXiv:1502.01582.
[17] See http://lambda.gsfc.nasa.gov/product/map/dr5/

m_products.cfm.
[18] C. L. Bennett, D. Larson, J. L. Weiland, N. Jarosik,

G. Hinshaw, N. Odegard, K. M. Smith, R. S. Hill,
B. Gold, M. Halpern, E. Komatsu, M. R. Nolta, L. Page,
D. N. Spergel, E. Wollack, J. Dunkley, A. Kogut,
M. Limon, S. S. Meyer, G. S. Tucker, and E. L.
Wright, Astrophys. J. Suppl. Ser. 208, 20 (2013),
arXiv:1212.5225.

[19] Planck Collaboration 2015 XII, ArXiv e-prints (2015),
arXiv:1509.06348.

[20] S. Hamimeche and A. Lewis, Phys. Rev. D 77, 103013
(2008), arXiv:0801.0554.

[21] A. Lewis and S. Bridle, Phys. Rev. D66, 103511 (2002),
astro-ph/0205436.

[22] Planck Collaboration Int. XXII, Astron. Astrophys. 576,
A107 (2015), arXiv:1405.0874.

[23] U. Fuskeland, I. K. Wehus, H. K. Eriksen, and S. K.
Næss, Astrophys. J. 790, 104 (2014), arXiv:1404.5323.

[24] See http://lambda.gsfc.nasa.gov/product/map/dr5/

mcmc_maps_info.cfm.

fro
m 15

10
.09

21
7

- theoretical input is 
needed to limit the range 
of inflationary models

- can we learn anything 
about quantum gravity ? 
(is string theory unique or 
there are alternatives ?)



Theorist’s tasks

3.Provide self-contained description of the early universe before
nucleosynthesis (~ 1 min after the Big Bang)

• Inflation: experiments did a 
good job

8

�2

0.95 0.96 0.97 0.98 0.99 1.00

ns

0.00

0.05

0.10

0.15

0.20

0.25

r 0
.0

02

N
=

50
N
=

60

ConvexConcave

�

Planck TT+lowP+lensing+ext

+BK14

FIG. 7. Constraints in the r vs. ns plane when using Planck
plus additional data, and when also adding BICEP2/Keck
data through the end of the 2014 season including new 95 GHz
maps—the constraint on r tightens from r0.05 < 0.12 to
r0.05 < 0.07. This figure is adapted from Fig. 21 of Ref. [2]—
see there for further details.

also thank the Planck and WMAP teams for the use of
their data.

⇤ jmkovac@cfa.harvard.edu
† pryke@physics.umn.edu

[1] A. A. Penzias and R. W. Wilson, Astrophys. J. 142, 419
(1965).

[2] Planck Collaboration 2015 XIII, ArXiv e-prints (2015),
arXiv:1502.01589.

[3] M. Kamionkowski and E. D. Kovetz, ArXiv e-prints
(2015), arXiv:1510.06042.

[4] J. M. Kovac, E. M. Leitch, C. Pryke, J. E. Carlstrom,
N. W. Halverson, and W. L. Holzapfel, Nature 420, 772
(2002), astro-ph/0209478.

[5] BICEP1 Collaboration, Astrophys. J. 783, 67 (2014),
arXiv:1310.1422.

[6] BICEP2 Collaboration I, Physical Review Letters 112,
241101 (2014), arXiv:1403.3985.

[7] Keck Array and BICEP2 Collaborations V, Astrophys.
J. 811, 126 (2015), arXiv:1502.00643.

[8] Planck Collaboration Int. XIX, Astron. Astrophys. 576,
A104 (2015), arXiv:1405.0871.

[9] Planck Collaboration Int. XXX, ArXiv e-prints (2014),
arXiv:1409.5738.

[10] R. Flauger, J. C. Hill, and D. N. Spergel, J. Cosmol.
Astropart. Phys. 8, 039 (2014), arXiv:1405.7351.

[11] M. J. Mortonson and U. Seljak, J. Cosmol. Astropart.
Phys. 10, 035 (2014), arXiv:1405.5857.

[12] BICEP2/Keck and Planck Collaborations, Physical Re-
view Letters 114, 101301 (2015), arXiv:1502.00612.

[13] BICEP2 Collaboration II, Astrophys. J. 792, 62 (2014),
arXiv:1403.4302.

[14] BICEP2/Keck and Spider Collaborations, Astrophys. J.
812, 176 (2015), arXiv:1502.00619 [astro-ph.IM].

[15] See http://www.cosmos.esa.int/web/planck/pla.
[16] Planck Collaboration 2015 I, ArXiv e-prints (2015),

arXiv:1502.01582.
[17] See http://lambda.gsfc.nasa.gov/product/map/dr5/

m_products.cfm.
[18] C. L. Bennett, D. Larson, J. L. Weiland, N. Jarosik,

G. Hinshaw, N. Odegard, K. M. Smith, R. S. Hill,
B. Gold, M. Halpern, E. Komatsu, M. R. Nolta, L. Page,
D. N. Spergel, E. Wollack, J. Dunkley, A. Kogut,
M. Limon, S. S. Meyer, G. S. Tucker, and E. L.
Wright, Astrophys. J. Suppl. Ser. 208, 20 (2013),
arXiv:1212.5225.

[19] Planck Collaboration 2015 XII, ArXiv e-prints (2015),
arXiv:1509.06348.

[20] S. Hamimeche and A. Lewis, Phys. Rev. D 77, 103013
(2008), arXiv:0801.0554.

[21] A. Lewis and S. Bridle, Phys. Rev. D66, 103511 (2002),
astro-ph/0205436.

[22] Planck Collaboration Int. XXII, Astron. Astrophys. 576,
A107 (2015), arXiv:1405.0874.

[23] U. Fuskeland, I. K. Wehus, H. K. Eriksen, and S. K.
Næss, Astrophys. J. 790, 104 (2014), arXiv:1404.5323.

[24] See http://lambda.gsfc.nasa.gov/product/map/dr5/

mcmc_maps_info.cfm.

fro
m 15

10
.09

21
7

- theoretical input is 
needed to limit the range 
of inflationary models

- can we learn anything 
about quantum gravity ? 
(is string theory unique or 
there are alternatives ?)

• Reheating

• Baryogenesis



Theorist’s tasks

3.Provide self-contained description of the early universe before
nucleosynthesis (~ 1 min after the Big Bang)

• Inflation: experiments did a 
good job
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FIG. 7. Constraints in the r vs. ns plane when using Planck
plus additional data, and when also adding BICEP2/Keck
data through the end of the 2014 season including new 95 GHz
maps—the constraint on r tightens from r0.05 < 0.12 to
r0.05 < 0.07. This figure is adapted from Fig. 21 of Ref. [2]—
see there for further details.

also thank the Planck and WMAP teams for the use of
their data.
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• LAPTh,  Annecy
• many others further away

Our group

Wednesday, at 11.30 in TH Common Room:

Participation in EUCLID, eLisa, CMBPol, SKA

informal seminar about 
anything related to cosmology 



Slide by Filippo

3) Consistency relations in the LSS 
and tests of EP violation

4) General parametrization of effects  
of dark energy andmodified gravity  
on structure formation: constraints,  

forecasts, numerical Boltzmann code, etc

Filippo Vernizzi (IPhT) - CERN Associate 01/07/2015–30/04/2016

Euclid 2020

1) Primordial non-Gaussianity 
from inflation 

2) “Intrinsic” non-Gaussianity  
in the CMB

Planck 2013

5) New classes of  
theoretically consistent  

scalar-tensor  
theories of gravity 



About myself

• Staff at CERN & EPFL since 12.2013, on leave from 
INR RAS (Moscow)

• Current research interests:
- application of QFT / statistical physics methods to LSS
- the role of Higgs in the early universe
- non-stringy UV completions of gravity as renormalizable

QFT (have to sacrifice Lorentz invariance or unitarity)
- tests of Lorentz invariance in visible and dark sectors
- RG flows with emergent space-time symmetries (Lorentz 

invariance, SUSY) 
- semiclassical methods for description of black hole 

production  

• Organization of CosmoCoffee, Wednesday seminar, 
Academic Training


