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the PLANCK satellite

“ultimate” sensitivity in

temperature

First full sky map in

polarization

ESA mission: first European
satellite dedicated to the
relic radiation

Sl i et

Imb50 o l(‘l(‘s(f()])(‘

— angular resolution up to 5°
2 Instruments :

[LLow I'requency Instrument
30 to 70 GHz (@ 20 K

under Italian supervision

High I'requency Instrument
100 to 857 GHz @ 0.1 K

under French supervision
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The Planck collaboration
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~ 600 persons. Mainly from Europe + US & Canada
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Data are available

Planck Legacy Archive

ESA webpage
(PLA Planck in
google)

&

e 2013: temperature only, nominal mission (2 full sky)

e 2015: temperature+polarisation, full mission (8 LII & 5 HFT full sky)
— February: main product delivery (all L¥T + HFI 'T'+P 2 353) + papers

— July: delivery of postponed products (HFT P 100 — 217 GHz)

* 2016: improved polarisation
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Many available maps

full mission, nominal mission, per survey, per year, per half-mission
Nside (30 & 44 GHz @ 1024, 70 GHZ @ 1024 & 2048, 100 to 857 GHz @ 2048)
per frequency
[ + Q, U when available
8 foregrounds

e CMB with 4 component separation methods

+ Galactic & PS masks + eftective beams

Likelihood mask CMB union mask
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LFl detector = radiometer

Foregrounds:
2 @ 30 GHz
3 @ 44 GHz

Reference @ 4K
6 @70 GHz intrinsically sensitive to polarization

Pirsa: 15100117 Page 8/81



Pirsa: 15100117

HFI detector = bolometer

#f\%r Final Reldase

! o . .
JR08 BF RITCH: IT38 26 15

=~ :.

IPSB EM143-06

SWB for temperature only pair of PSBs for temperature & polarization

CMB: Foregrounds: Technical:
8 PSB @ 100 GHz 8PSB+4SWB @353 GHz o0 1'%
8PSB+3SWB @ 143GHz 4 SWB @ 545 GHz £ CarK e
8 PSB +4 SWB @ 217 GHz 4 SWB @ 857 GHz

Crédits : JPL, Etats-Unio
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the Planck payload

B




PLANCK scans the sky
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Main steps of the data analysis
LF _HF

RAW DATA: ABOUT 60 BILLION RAW DATA: ABOUT 450 BILLION
RADIOMETER BOLOMETER
IN 14 MONTHS IN 14 MONTHS
J L

< e
\, /

DETERMINING AND CORRECTING DETERMINING AND CORRECTING
FOR THE LFl RESPONSE

I

’
/

29 months of data
for HFI

48 months of data
for LFI

N /
\

BTROPHYBICAL COC
| |
\v/'

STATISTICAL CHARACTERISATION OF THE RELIC RADIATION
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the HFI focal plane

™

/,
D, I’,,,[I,, t p (Qp cos 2y 4 (’,.sin‘zmﬂ 7y

& Pointing matrix links Inkenaity anci polarisatio)
pixel p to time ¢

Scanning strategy

Each pixel on the sky is visited from ~2 main directions only (except near ecliptic poles)
— cannot invert the problem for each detector independently

Detector signals are combined to measure I, Q and U

[Rosset et al. 2010]
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HF| data processing

bolometer
raw data

ADC correction §2

|

glitch removal §3.2

|

baseline subtraction
gain correction

pointing

raw data

A

thermal
template
computation

thermal decorrelation

Y

4K line removal §3.3

A J

Fourier transform

_| & thermal

beam
products

r
electronic

dedicated map
extraction

ancillary maps
(ZL, BPM)

maps
per detector, frequency, survey ...

map making

)

|

calibration on
dipole / planets

1

offsets
determination

3 A

HPR

"| responses

A 4

jump correction

§3.4

computation

qualification
of the data §5

1

focal plane

reconstruction

L

noise TOI

computation of

)

TOI
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Thermal template

thermal template used for decorrelation (ref 103 mK)
I ¥ v v 4 T ¥ 4 v | T r T v J ) '
i |

o Aidad GOV

tuation (micrekK)

wm’w |
wﬂ A

thermal fluc

~2010.0

Computed from the two dark bolometers (thermometers useless)
Global shape < Sun activity

Allows to recover data after huge & common cosmic event
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4K cooler lines

Instrumental signal @ 10, 17, 20, 30, 40, 50, 60, 70 Hz

Not undestood features for the 30 Hz line --> rings discarded
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Time ordered data (HFI)
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About 70% of the data are used for astrophysics & cosmology

Main reasons to discard data are cosmic rays, depointing &
manoeuvers, planet crossing, 4K lines, solar flares & RTS.
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Processed TOI
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Flagged samples Samples to project on maps
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‘The detector answer

- 'T'he effective beams are computed

Hme T using Mars, Saturn & Jupiter
signals

=

5 time constants /bolometer

Co-scan [arcmin]

&

*T'he 2 fastests from planet observation

Jupiter data o T'he next 2 from glitch stacking + Jupiter for
ifraction model - the amplitude

20 0

o' I'he 5th from glitch stacking + CMB dipole

Cross-scan [arcmin] . .
shift for the amplitude

80 70 ~60 ‘ 2 e 2 others (@ 353 GHz

tPlanck 2015 VI

Frequency (GHz)
Beam (arcmin)
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The calibration

Gain stability

relative gain [%]

143-1a 143-1b 143-2a 143-5 1436 143-7

AR I B AT

I 1 |

‘ 5.0010° 1.0010° 1.5¢10" 2.0010° 2.5¢10°

Planck 2015 VIII - _ #fing -
545 & 857 GHz channels calibrated using Uranus & Neptune signals
CMB channels are calibrated using the orbital dipole

Solar dipole: amp=3364.5 * 2.0 pK(sys)
lon =264.00 % 0.03°(sys), lat = 48.24 + 0.02° (sys)
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Noise spectra

time response
+calibratiom

correlations < 1h correlations > 1h

Half-ring Half-mission

100 GHz 217 GHz
143 GHz 353 GHz
| | I 1

| 1 1 l E 3 |
0 500 1000 1500 2000 2500 3000 3500 O 500 1000 1500 2000 2500 3000 3500 500 1000 1500 2000 2500 3000 3500
Multipole ¢ Multipole ¢ Multipole ¢

| l | | Il

T'T & EE power spectra from the half-difference as M = (Ma-Mg ) / 2
PS+(Galaxy masks leave 65, 59, 48, and 32% unmasked @ 100, 143, 217, and 353 GHz
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Catalogues

almost 8,000 extragalactic sources

Type of galaxy

Frequency

Emission process Nb of sources

radio-galaxies & blazars

30-217 GHz

emission by synchrotron effect of .
. N ) \ few hundreds
e in the host galaxy or in the jets.

Close galaxies, or luminous or
ultra-luminous infrared galaxies

353-857 GHz

thermal emission of the dust few thousands

o

more than 17,000 galactic sources

bright enough to be visible above
the diffuse background

W e TR RN B e et B A e ST S DRI R Y 5 W g P mainly cores of” cold molecular

clouds

detailed stucy by Herschel

Catalogue provides position, flux, shape, validation flags, info on neighbours
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Component separation in T
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Foregrounds in T Free-free  Emission line

s,

Synchrotron | As " fr §
’Spinning dust ._---*wm---:&-.-“.-v oo
Thermal dust |

[ eee—— I )
5 K@ 408 MHz 500 0 em ®pe 1000

Ad

. \‘\M /10(

-_— e — L —
0.01 mKgy @ 30 GHz 10 0.001 mK @ 545 GHz 4K @ 100-dsl 100

A('()lﬂ 0 A(T().’i‘

0 _ km 00

CO line emission
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Intensity of the primary anisotropies

_5()[] R :-)()() !.LK( ‘MB

Methods are linear combination in pixel or in harmonic space with weighting on the
sky or with templates (from Planck data) optimized to extract the CMB component
v’ Sensitivity of a few UKcme / pixel (26 pKcemg / arcmin)
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The 143 GHz in Q,U
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The sky seen by Planck in polarization

100 GHz 143 GHz 217 GHz

Visualisation of the polarization is a
challenge !

— Polarisation orientation, 1 deg smoothed
353 GHz
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Component separation in P

30 44 70 100 143 217 353
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Planck is well suited for Galactic studies

353 GHz: color = temperature, depth = direction of polarization

Dust (& synchrotron ) reveals the magnetic field direction
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353 GHz: color = temperature, depth = direction of polarization
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Foregrounds & related systematics

Intensity to polarisation leakage introduce a “fake” polarsiation signal

e Calibration mismatch [between detectors in a given channel]

* Zero-level mismatch

e Bandpass mismatch — Any foreground with SED different from
CMB will leak from intensity to polarisation

leak
: Il 2

MW& e ;-«.g_;;

an -9
L "y

100 GHz U

K km/s uKcems
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Foregrounds & related systematics

® Planck 2015 HFI polarisation data are aftfected by mtensity-to-
polarisation leakage

(dust, GO, free-free, dipole and monopole)

— problem for large angular scales (1 < 30)

® ‘|wo approaches have been developped to estimate this effect
— "T'heoretical' estimate for ]);111(]1);13.\' mismatch

—> olobal fit for all combined leakages

e Corrections maps provided in the 2015 release should be use to test
the stability of any given result. The CO must be masked.
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Polarisation of the primary anisotropies

18 ‘l- e,
f».‘."!-'f;ﬂﬂ

S

HFI aggregated sensitivity (referring
to a weighted average of the 100,
143, and 217 GHz channel maps) is
52 pKeme/ arcmin in polarization.
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-
No physical interpretation
of the anisotropies yet

i/

g
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Temperature and polarization

T, simulation

0 - 0

w COSO W COSD

Q, simulation

(2)

1 0

mr C( )‘NP.'D

1 0 -

w COSQ

U, data

| /,\‘” |
N7z 8

0.025 0.025

U, simulation

——

I 0 -1

o l'U‘-i!H')

Right: data - Left: simulation

w COSQ

Stacking in T, Q, U of hot spots => it seems that the model works quite well !

Page 46/81



TT power spectrum

Angular scale
90° 0.5° 0.2° 0.1° 0.07°
6000 | ' | ' -

5000 - § []

4000 & °

tK2]

= 3000 ¢ .

D[

2000} T

1000 |,

* ©
LTS Al N

*00 ¢

2 500 1000 1500 2000 2500
Multipole moment, ¢
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With high-.2 experiments

Angular scale
10¢ 90 18° 17 92 0.1° 0.07° 0.05°

$ Planck
ACT

’\V‘J‘ {  SPT
WH“W’ "\
“\,

10 30 1000 2000 3000 _ 4000
Multipole moment {
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Improved
likelihood

6 parameters
+ 11 nuisance parameters

(1) joint temperature-polarization pixel-
based likelihood at /2 < 29, with more
high-frequency information used for
foreground removal, and smaller sky

masks.

(1) improved Gaussian likelihood at

£ 2 30

euses half=mission data instead of
detector sets (which allows us to
reduce the effect ol correlated noise
between (l(‘l(‘l'l()l'.‘-&_\

e better foreground templates, especially
for Galactic dust that allow us to mask
a smaller fraction of the sky and to
retain large-angle temperature g8 L Ml ’L—' o o~
information from the 217 GHz map. 1 aook 14 | HREA "'"‘L‘:-Ihf?ﬁw'ﬂm“m'w“ .

*

Planck 2015 X T
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Improved
likelihood

6 parameters
+ 11 nuisance parameters

(1) joint temperature-polarization pixel-
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AN,

(1) improved Gaussian likelihood at
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i ! o ¢ ._4F‘.'[ g._l..;q 11,_"“} .._._..,,._
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reduce the eflect of correlated noise

between (l(‘l(‘l‘l()l'.‘-&_\
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for Galactic dust that allow us to mask
a smaller fraction of the sky and to

| 60 3
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. . i 2 : ( i i ~ ”‘"‘L"L"”Wﬁ%whrm'w 0 N
information from the 217 GHz map. HIFTT, f 30
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Map of the mass distribution
integrated along the line of sight

—

Map of the gravitationnal potential from the mean deflection of the relic radiation
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Lensing potential power spectrum

T v T

Planck (2015) — SPT
Planck (2013) — ACT

R

1

500 1000 2000

Mainly sensitive to the matter distribution 2-3 billion of years after BB.
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Constrains on inflation

Planck 2013

Planck TT+lowP
Planck TT,TE EE+lowP
Natural inflation

Hilltop quartic model
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