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The scientific results that we present today are a product of the Planck
Collaboration, including individuals from more than 100 scientific institutes

in Europe, the USA and Canada
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Planck is a project of the European Space Agency, with instruments provided by two scientific
Consortia funded by ESA member states (in particular the lead countries: France and Italy) with
contributions from NASA (USA), and telescope reflectors provided in a collaboration between ESA and

a scientific Consortium led and funded by Denmark.
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the two outstanding questions in cosmology

homogeneous universe

structured, inhomogen

universe
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the two outstanding questions in cosmology
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a short history of the 13.8b yr old universe

Derniére diffusion du CMB

Réionisation

Hervé Dole, IAS - Planck results - LRR - March 09 2015 courtesy WMAP, Planck, J. Aumont
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CMB temperature anisotropies

LE RAYONMEMENT FOSSILE par PLANCK
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but there is more in CM

3 light: polarization

CMB light is polarized !

Hervé Dole, IAS - Planck results - LRR - March 09 2015
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CMB polarization
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Perturbations scalaires
Perturbations de densité

Géneérent de la polarisation

courtesy J. Aumont 12
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CMB polarization

Perturbations scalaires
Perturbations de densité
Générent de la polarisation

Hervé Dole, IAS - Planck results - LRR - March 09 2015

Données Planck
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CMB polarization

Perturbations scalaires Perturbations tensorielles
Perturbations de densité Ondes gravitationnelles primordiales
Générent de la polarisation Générent de la polarisation O, et U,
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-> E modes: -> B modes:
origin of large-scale structure signature of inflation
Hervé Dole, IAS - Planck results - LRR - March 09 2015 courtesy J. Aumont



CM

5 polarization:

— and

B modes

Génerent O,
donc E

Hervé Dole, IAS - Planck results - LRR - March 09 2015

Perturbations scalaires

O Perturbations tensorielles
Générent O, et U,
O donc E et B

courtesy J. Aumont
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1. Improvements with time & technology

Planck sensitivity (in T) in 1yr ~ 1000 years of WMAP

Hervé Dole, IAS - Planck results - LRR - March 09 2015
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outline

1. why Planck ? why the CMB ?

the Cosmic Microwave Background (CMB) and the
astrophysical components, incl galaxies

analysis of the CMB: angular power spectra
cosmological implications
a word about inflation

a clumpy Universe

1. dark matter

2. galaxy clusters via SZ

/. digging into the Cosmic Infrared Background
1. overdensities: clusters of dusty galaxies ?

2. the brightest lensed sources in the sky

N

o Oor B

Hervé Dole, IAS - Planck results - LRR - March 09 2015
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Planck goals and key facts

= selected in 1996 by ESA - launched in 2009
» HFl cooled at 100 mK -> bolometer technology
= 29 months of operation (goal was 12: nominal mission)
= 5 all-sky surveys instead of 2 (hominal mission, this data release)

Hervé Dol
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a technological success
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Fig. 7. The impressive stability of the HFI thermal stages during operations. Shown is the temperature evolution of the bolometer stage (top), the

1.6 K optical filter stage (middle) and the 4-K cooler reference load stage (bottom). The horizontal axis displays days since the beginning of the
nominal mission.

Cryostat:
dilution He3/He4

Planck Collab, 2013, 1
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a challenging analysis success
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a challenging analysis success
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Planck all-sky maps 2013

The sky as seen by Planck

100 GHz

353 GHz 545 GHz 857 GHz




Planck all-sky maps 2015
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Planck all-sky maps MISSION NOMINALE
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Planck all-sky maps MISSION COMPLETE
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Planck impressive sensitivity

Noise measured in-flight, full mission (CMB channels)

Angular resolution [arcmin] 33.2 28.1 13.1
Noise sensitivity [uK s s¥/] 148.5 173.2 151.9 41.3 17.4 23.8 78.8
NOISE/PIXEL
From detector sensitivity [uKug ] 9.2 12.7 23.9 9.6 5.4 10.7 36.5
Measured from maps [uKqyg ] 9.2 12.5 23.2 11.2 6.6 12.0 43.2
Extended mission [months] 48 48 48 29 29 29 29
End-of-missioni [uKcws ] By 7.1 13.2 8.2 4.8 8.8 31.6
Measured End-of-Mission [AT/T, uk/K] 1.9 2.6 4.8 3.0 1.8 3.2 11.6
2005: Blue book GOAL [AT/T, uK/K] 2.0 2.7 4.7 2.5 2.2 4.8 14.7
1996: Red book GOAL [AT/T, uK/K] ~ 2
L RO o
At end of mission Planck

Hervé Dole, IAS - Planck results - LRR - March 09 2015

fulfills completely the very
ambitious sensitivity goals
proposed in the design
phase several years ago

Courtesy M. Bersanelli
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new results 2015: polarization
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Hervé Dole, IAS - Planck results - LRR - March 09 2015 [1Kcxe] Planck Collab, 2015, 1 27
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2. component separation

100 GHz

70 GHz 143 GHz

44 GHz

0 GHz

European Space Agency
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various components
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different spectral and spatial behavior
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various components

different spectral and spatial behavior sky polarization
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2015 Planck sky components
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Fig. 14. Maximum posterior intensity maps derived from the joint analysis of Planck, WMAP, and 408 MHz observations
(Planck Collaboration X 2015). From left to right, top to bottom: CMB; synchrotron; free-free; spinning dust; thermal dust; line
emission around 90GHz; COJ=1-0;COJ=2—->1,and COJ=3 - 2.
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temperature anisotropies

6 millions pixels of &

—-300 —-200 -—-100 0 100 200 300
1Kemb

Hervé Dole, IAS - Planck results - LRR - March 09 2015 Planck Collab, 2015, 1 35



3. angular power spectra
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from maps to 6 cosmological parameters
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the Planck spectrum of temperature anisotropies

Angular scale

90° 0.5° 0.2° 0.1° 0.07°
6000 | | o _ | .
s A most precise measurement, in
a single experiment, over three
5000F 5 = decades of length allowing to
see by eye seven peaks
__4000f 5 °
(Q\
e
=3000( ¢ °
Q Lo e
2000 = . ® '.‘; °
1000
02 500 1000 1500 2000 2500

Multipole moment, ¢ Planck 15 months
Planck Collaboration, 2013, 15
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Planck best fitting theoretical model
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theory confronts data

Angular scale
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theory confronts data — polarization 2013
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Fig. 11. Planck TE (left) and EE spectra (right) computed as described in the text. The red lines show the polarization spectra from

the base ACDM Planck+WP+highL. model, which is fitted to the TT data only.

-> NOT afit to TE and EE, just an overplot at higl-ell
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Planck 15 months
Planck Collaboration, 2013, 15
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theory confronts data — from 7 to 19 peaks

Le rayonnement fossile mesuré par Planck

2015
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theory confronts data

Angular scale
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iIndependant datasets

Angular Scale
10’ 5' 2' 1’

o Planck *SPT 220 GHz
1 oSPT -S13 *SPT 150 GHz
Y = SPT 95 GHz
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D, (,U'Kz)
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100} L : '
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10 500 1500
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FiG. 2.— The SPT and Planck bandpowers. The Planck and S13 bandpowers (open squares and circles) are primary CMB only, and agree
well on all angular scales. The grey line is the lensed ACDM CMB theory spectrum. We also show bandpowers at 95, 150, and 220 GHz
(filled squares, circles and diamonds) measured with the SPT in this work. On large scales, the primary CMB anisotropy is dominant at
all frequencies. On smaller scales, contributions from the CIB, radio sources, and secondary CMB anisotropies (tSZ and kSZ) dominate
the observed power. The observed differences between frequency bands are due to these other sources of power. The CIB dominates the
power spectrum at small scales at 150 and 220 GHz; radio galaxies are more important at 95 GHz.
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cosmological parameters estimates

Planck 15 months
Planck Collaboration, 2013, 16
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matter density and velocity at recombination

Data (top) versus

0.4
¢ 0 expectation (bottom)
, 0.2 of stacked cold
. B spots
E’; 0 40 % 0.0
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wn (C€G lon g
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2 0
1 2% 0.2
g 0 _ g 0.0
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Planck Collaboration, 2013, 1
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4, 2015 cosmological parameters

Table 9. Parameter 68 % confidence levels for the base ACDM
cosmology computed from the Planck CMB power spectra, in
combination with the CMB lensing likelihood (“lensing”).

Parameter Planck TT+lowP+lensing
(O 0.02226 +£ 0.00023 =
Qhr .......... 0.1186 = 0.0020
iOOOMC """" 1061(1)22 z 88(1)(6)46 = © cosmological parameters
In(101°4,) ...... 3.062 + 0.029
g oo 0.9677 +0.0060 _|
Hy ... 67.8 + 0.9
(O 0.308 + 0.012
Q.h%. ... ..., 0.1415 £ 0.0019
Q.. ... ..., 0.09591 + 0.00045
(o2 TP 0.815 £ 0.009
O'gQ?r'lS ......... 04521 + 0 00K .
Age/Gyr ....... 13.799 + 0.038 0.3% uncertainty !
Fdtag « « « + « v v v e 4760043
keq «ooviiii 0.01027 = 0.00014

Hervé Dole, IAS - Planck results - LRR - March 09 2015

Planck Collab, 2015, 1
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5. Inflation 2015

Planck 2014 ns

0.12
I

T
0.08
I

0.04
I

| Il |

0.945 0.960 0.975
ns

Preliminary

3 Planck 2013

Bl Planck 2014 (TT+lowP)

Bl Planck 2014 (TT+lowP) + lensing
-l Planck 2014 (TT,TE,EE+lowP)

Hervé Dole, IAS - Planck results - LRR - March 09 2015

Prk) = A, (kﬁ*)ns_l

ns = 0.9652 + 0.0062 (68 %CL , Planck TT + lowP)

7 =0.078 +0.019 (68 %CL, Planck TT + lowP)

Compare with Planck 2013 results:

ns = 0.9603 = 0.0073 (68 %CL, Planck 2013)
The polarization results reported here and in the folllowing slides
are preliminary, because we do not yet have confidence that all

systematic and foreground uncertainties have been properly
characterized, and the results may therefore be subject to revision.

courtesy Finelly 48



5. Inflation 2015

s ' o ' \ ' W Planck TT+lowP

\ B Planck TT+lowP+BKP
=l e \\ B Planck TT+lowP+BKP+BAO
=T °"v€,¥ O \ 1| ™ Natural inflation

Hilltop quartic model
«v attractors
4| = - Power-law inflation

——  Low scale SB SUSY

0.15
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= | V x¢?
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0.00
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Fig. 54. Marginalized joint 68 % and 95 % CL regions for ny and roopp; from Planck alone and in combination with its cross-
correlation with BICEP2/Keck Array and/or BAO data compared with the theoretical predictions of selected inflationary models.

cosmic inflation < 10-3 second Planck 2015, 20
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détection des modes B primordiaux ?
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détection des modes B primordiaux ?
un débat vif |
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Figure 3. B mode spectrum predictions compared with BICEP2 data (black points with error bars,
o showing measurement uncertainty only). Each model curve shows the expected signal in the 9 BICEP2
5 / bandpowers. The dashed curve is the sum of a gravity wave component with » = 0.2 and the lensing
10° * *

spectrum (dotted curve); the solid curve assumes 7 = 0 and adds to the lensing spectrum a dust
10 polarization spectrum A%p 4., = (0.01 uK?) (1/100)7%3. Error bars on the dust model spectrum
indicate approximate sampling variance uncertainties; although not shown here, sampling variance on

the r = 0.2 model is comparable in magnitude. ,
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inflation and primordial B-modes ?

e,

sction des modes B primordiaux ?
Jébat vif |

Fig.2. Planck 353 GHz polarized intensity (P) map at 1° resolution in logo scale. The values shown have been bias corrected as
described in Sect. 2.3. The same mask as in Fig. 1 is applied. The full sky map of the unpolarized intensity / entering the calculation
of P is shown in Fig. 5.
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E Figure 3. B mode spectrum predictions compared with BICEP2 data (black points with error bars,
i ( showing measurement uncertainty only). Each model curve shows the expected signal in the 9 BICEP2

3' ¥~ bandpowers. The dashed curve is the sum of a gravity wave component with » = 0.2 and the lensing
107

~ spectrum (dotted curve); the solid curve assumes r = 0 and adds to the lensing spectrum a dust

10 polarization spectrum A%p 4., = (0.01 uK?) (1/100)7%3. Error bars on the dust model spectrum

Hervé Dole,

indicate approximate sampling variance uncertainties; although not shown here, sampling variance on

the 7 = 0.2 model is comparable in magnitude. ,
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Fig.2. Planck 353 GHz polarized intensity (P) map at 1° resolution in logg scale. T
described in Sect. 2.3. The same mask as in Fig. 1 is applied. The full sky map of the w
of P is shown in Fig. 5.
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key foreground polarization maps

B field.
top: dust @ 353 GHz
right: synchrotron @ 30 GHz

Hervé Dole, IAS - Planck results - LRR - March 09 2015 Planck Collab, 2015, 1
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Planck 2015 all sky CMB polarization

Hervé Dole, IAS - Planck results - LRR - March 09 2015 Planck Collab, 2015, 1 58



6. between CMB and us: structures

Hervé Dole, IAS - Planck results - LRR - March 09 2015




gravitational lensing of the CMB

A simulated patch of CMB sky — before lensing

typical deflection: 2.4 arcmin

Planck 15 months

Planck Collaboration, 2013, 17
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gravitational lensing of the CMB

A simulated patch of CMB sky — after lensing

> , T
N 4 » \I
- » - o
:
) -

typical deflection: 2.4 arcmin

Planck 15 months
Planck Collaboration, 2013, 17
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Planck all-sky map of the dark matter

= Carte de la masse projetée sur la ligne de visee

Planck 2015
Hervé Dole, IAS - Planck results - LRR - March 09 2015 62



nature de la matiere noire — 2015

Planck is consistent with no
DM annihilation

Les observations de Planck montrent
gu’il n’est pas nécessaire de faire appel a 1.0
I'existence d’une forte annihilation

matiere noire - antimatiere noire pour 1.000
expliquer la dynamique des débuts de K
I'univers.

S

0.975 lanck TT+lowP

0.950 Planck TE+lowEB {4 (cross section/
En effet, un tel mécanisme produirait une | Planck TT.TEEE+owP | mags) x
quantité d’énergie qui influerait sur 0 2 A . (efficiency)
’évolution du fluide lumiere-matiere, en
particulier aux périodes proches de 1072 ff = Plnck TLEETE lowP

I’émission du rayonnement fossile. Or, les M s corermipames

: 7 ) = 1072 Fermi GC P
observations les plus récentes n’en s

portent pas la trace. ‘AN 107
) s ]
) pz o ]
Thermal Relic(e™e ™)
:/: 1026 (uu %
g (r"r7 )3
1077 3

“l00 1000 10000
my [GeV]
Simplest DM interpretation of

Hervé Dole, IAS - Planck results - LRR - March 09 2015 €OSMic ray excesses is excluded 63



neutrinos — 2015

! ! 8 | | | |
| 0.84 -k e Planc{\' TT+lowP |
_ \ —— +lensing
L - 0.80 T 6L | —  +ext |
\ = > \ ==+ Planck TT,TE,EE+lowP
§ - 0.76 251 ==+ +lensing .
T 3 o? g “ == +ext
g 4 0.72 3 .
= 2
£ X N 0.68 = 7
o ;.0‘ . g |
55 | _ 0.64 Q&j
] ] ] ] 0.60 i
0.0 0.4 0.8 1.2 1.6 AN ——
>m, [eV] 0.00 0.25 0.50 0.75 1.00
>m, [eV]
spectrum. The Planck power spectrum (95 %) constraints are
> m, < 0.72eV  Planck TT+lowP; (54a)
D m, < 021V  Planck TT+lowP+BAO; (54b)
va < 0.49 eV  Planck TT, TE, EE+lowP; (54c¢)

Zmy < 0.17 eV Planck TT, TE, EE+lowP+BAO. (54d)

Planck 2015, 13
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0.900

neutrinos — 2015

0.885
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Ness

Fig.31. Samples from Planck TT+lowP chains in the N.g—H
plane, colour-coded by og. The %rey bands show the constraint
Hy = (70.6 + 3.3) km s~!Mpc™ of Eq. (30). Note that higher
N.g brings Hjy into better consistency with direct measurements,
but increases og. Solid black contours show the constraints from
Planck TT,TE,EE+lowP+BAO. Models with N.g < 3.046 (left
of the solid vertical line) require photon heating after neutrino
decoupling or incomplete thermalization. Dashed vertical lines
correspond to specific fully-thermalized particle models, for ex-
ample one additional massless boson that decoupled around the
same time as the neutrinos (ANeg =~ 0.57), or before muon
annihilation (AN =~ 0.39), or an additional sterile neutrino
that decoupled around the same time as the active neutrinos

Hervé Dole, IAS - Planck results - LRR - March 092015 (ANeg = 1). Planck 2015, 13 4
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CIB peaks correspond to mass peaks

Stacking the Planck mass maps at the positions of peaks and troughs of Cosmic
Infrared Background leads to a strong detection of the mass associated with these
distant star forming galaxies. This is mostly Dark Matter.
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see also Hanson et al., 2013 about
lensing induced B-modes Planck 15 months
(NOT primordial B-modes !) Planck Collaboration, 2013, 18
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/. digging into the Cosmic IR

Background

« cold sources » of the CIB
in Planck data (4.5 beam)

« 7z >1.5 overdensities of
intensely star forming
galaxies 7

« 7 >1.5 extremely bright
lensed sources ?

* large scale structure
alignments 7

e residual cirrus ? —0.080 m—— 0.080 MJy/er

predicted number of extragalactic objects :
100 — 1000 (Negrello+2005)

Hervé Dole, IAS - Planck results - LRR - March 09 2015
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Planck Collab., 2013, 30
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searching for high-z massive structures: probe of DE ?

Predictions / mesurements: massive clusters vs redshift

1016- I T Ll Ll T l T T T T I T Ll L) T ] T T T Ll I

Q: processes of cluster
o 2 issues - stellar mass assembly
o eLACTOL - star formation ?
J0102-4915 --> can we find a new
way to select highly
star-forming clusters ?

PLCK G266.6-27.3

XMMU
J2235.3-2557

zZ> 2

Planck
Herschel, ALMA

then Euclid,
WEFIRST, JWST

10141111.1-111...1....1.

0.0 0.5 1.0 1.5 2.0 Brodwin et al, 2012 — Mortonson et al., 2011
Redshlft Gobat CI.

how to find z>2 clusters ?

(observationnally) rare objects can be unveiled using
all-sky surveys: Planck, Euclid,

and further studied with JWST, WFIRST

Galaxy clusters are proxies for
massive DM halos

Hervé Dole, IAS - Planck results - LRR - March 09 2015
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several hundreds of Planck high-z candidates Planck & Herschel

p e 228 followed-up by Herschel Institut o’ Astrophysique Spatiale
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a remarkable Planck+Herschel dataset among others

Planck/Herschel HPASSS HLS 20’'x 20’ GOODS 16’x 10’
30’x 30’ (Planck subm) (Egami+2010) (Elbaz+2011)

i SPIRE
- 8 o . ;

10

2 R L oS G e i

“PACS+SPIR

1.2 M et Sl

ST

ShigSoiaber R PR A
¥

-10°

1’

10

-10'

15 10° 5 0 -5 -10°
Hervé Dole, IAS - PlancK'results - LRR - March 09 2015 H. Dole & Planck collab 71



the case of one field: Spitzer and VLT

Herschel-SPIRE
3-color image:
blue = 250um
green = 350um
red = 500um

5 arcmin

10

A'i-'::::::
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—10"

15 f 1 3 5 ()

......
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the case of one field: Spitzer and VLT

Herschel-SPIRE
3-color image: . . . . . )
blue = 250um  Euclid will provide this kind of 5 arcmin

areen =22 M™ sensitivity over the whole sky |
JWST and WFIRST much

better, on smaller sky areas !

IRAC 30 arcsec
& b

20.0"

40.0"

57'00.0"

20.0"

RA (J2000)
IRAC image at 3.6um 5 () -5 —10"

AaMartinache et al., in prep
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25 Spitzer fields having >50 overdensities

IRAC fields,
about 5’x 5’ each
observed at
3.6 and 4.5um

color contours:
significance of red
IRAC source

overdensity

deep blue contours:
SPIRE 350um

Hervé Dole, IAS - Planck results - LRR - Mai
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many bright z>2.2 lensed sources

15} V% | -

Planck Dusty Gems — Nesvadba et al., in prep
SPT - Greve+12, Weiss+13
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finally

Planck flawlessly worked at 0.1K for ~2 yrs: 5 surveys
CMB TT ultimate measurement, TE
Polarization: BB ongoing
Many results
» CMB, params, inflation, NG, neutrinos, dark matter, lensing
= foregrounds, point sources, SZ clusters
» polarized foregrounds: magnetic field
Only 6 cosmological parameters perfecly fitting the data
Some novelties
= all-sky polarization
» | .SS with all-sky dark matter map

= search of high-z high-SFR clusters in CIB fluctuations and bright
lensed sources
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finally

Planck flaw!'-

.uctuations and bright
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