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1987: 1st detection is still 5 years away!
(Pionneering calculations 20 yrs earlier)

NB: Cosmic strings Maps,  Bouchet et al. , nature (1989)
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The Planck concept
 to perform the “ultimate” measurement of the Cosmic 

Microwave Background (CMB)  temperature anisotropies:
– full sky coverage & angular resolution / to survey all scales at 

hi h th CMB i i t i t i i f ti ( 5’)which the CMB primary anisotropies contain information (~5’)
– sensitivity / essentially limited by ability to remove the 

astrophysical foregrounds
enough sensitivity within large frequency range [30 GHz, 1 THz]enough sensitivity within large frequency range  [30 GHz, 1 THz]

(~CMB photon noise limited for ~1yr in CMB primary window)

 get the best performances possible on the polarization get the best performances possible on the polarization 
with the technology available

ESA selection in 1996 (after ~ 3 year study)ESA selection in 1996 (after  3 year study)

NB: with the Ariane 501 failure delaying us by several years (03  07)
and WMAP then flying well before us, polarization measurements 
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y g , p
became more and more a major goal



Goals in perspective
(“Bl B k” t i b tt th i t )

PLANCK LFI HFI
Center Freq (GHz) 30 44 70 100 143 217 353 545 857

(“Blue Book”, twice better than requirements)

q ( )

Angular resolution  
(FWHM arcmin)

33 24 14 10 7.1 5.0 5.0 5 5

Sensitivity in I [K.deg] 
[  1/2]

3.0 3.0 3.0 1.1 0.7 1.1 3.3 33 1500
[pix pix

1/2]

Sensitivity in Q or U 
[K.deg] [pix pix

1/2]
4.3 4.3 4.3 1.8 1.4 2.4 6.8

The aggregated sensitivity of 
Planck core CMB channels is 

WMAP Center Freq. 23 33 41 61 94

Angular resolution 
(FWHM arcmin)

49 37 29 20 12,6 Planck core CMB channels is 
~0.5μK.deg in T, 1 μK.deg Q&U
(nominal mission – 14months)

(FWHM arcmin)

Sensitivity in I 
[K.deg], 1 yr (8 yr)

12.6
(4.5)

12.9
(4.6)

13.3
(4.7)

15.6
(5.5)

15.0
(5.3)
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NB: Anticipated survey duration is now ~30 months, so final sensitivity ~0.33 μK.deg in T
(approx 1000 years of WMAP 60+90GHz aggregated sensitivity of 10.8 μK.deg in1yr)  
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Planck needed breakthroughs
 The sensitivity goals of Planck requires several technological performance never The sensitivity goals of Planck requires several technological performance never 

achieved in space before
– Sensitive & fast bolometers with 

• NEP< 2 10-17 W/Hz1/2 & time constants typically  < 5 msec
(thus cooling them to 100 mK, very low heat capacity & charged particles sensitivity)(thus cooling them to 100 mK, very low heat capacity & charged particles sensitivity)

– total power read out electronics with very low noise 
• <  6nV/Hz1/2 from 10 mHz to 100 Hz 

– Excellent temperature stability, from 10 mHz (1 rpm) to 100 Hz (cf. Lamarre et al. 04)
• < 10 µK/Hz1/2 for 4K box (30% emissivity) 10 µK/Hz for 4K box (30% emissivity)
• < 30 µK/Hz1/2 on 1.6K filter plate (20% emissivity)
• < 20 nK/Hz1/2 for detector plate (~5000 damping factor needed)

– low noise HEMT amplifiers  ( cooled to 20K) & very stable cold reference loads (4K)
 Additionally: Additionally:

– low emissivity, very low side lobes, telescope (strongly under-illuminated)
– no windows, minimum warm surfaces between detectors and telescope
– Complex cryogenic cooling chain: 50K (passive)+20K+4K+0.1K active coolers 

• 20K for LFI with large cooling power K (0 7W)20K for LFI with large cooling power K (0.7W)
• 4K, 1.6K and 100mK for HFI
• Thermal architecture optimised to damp thermal fluctuations (active+passive)

– NB: 100mK cooling by dilution cooler does not tolerate micro-vibrations at sub-mg level or 
7.1010 He atoms accumulated on dilution heat exchanger (typically He pressure 1.10-10 mb)g ( yp y p )

 Integration of 3 intertwined complex chains - optical, electronic, cryogenic
PFNG, HRI, December 2010F. R. Bouchet, IAP 99
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2000 2000 KgKg
1600 1600 W W consumptionconsumption
2 2 instruments instruments -- HFI HFI & & LFILFI
21 21 months nominal missionmonths nominal mission

50 50 000 000 electronic componentselectronic components
36 000 36 000 l l 44HeHe
12 000 12 000 l l 33HeHe
11 400 11 400 d td t

21 21 months nominal missionmonths nominal mission

11 400 11 400 documentsdocuments
20 20 years between the first years between the first 
project and first results project and first results 
((20132013))

4 2 m4 2 m
44,,2 2 mm

55c per European per yearc per European per year
16 16 countriescountries
400 400 researchers among researchers among 10001000

4,2 m4,2 m

44,,2 2 mm
PFNG, HRI, December 2010F. R. Bouchet, IAP 1111
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HFI Spider Web Bolometers & PSBs

857 GHz SpiderWeb Bolometer145 GHz PolarSensitiveBolometers

All HFI fli ht b l t h b b ilt b C lt h/JPLAll HFI flight bolometers have been built by Caltech/JPL,
integrated into pixels and tested in Cardiff, 

integrated into HFI – notably. JFET (Rome) + REU (CESR) 
and then tested at instrument level @ IAS, Orsay.@ , y
NB: Flight Model includes 4 PSB pairs @ 100 GHz

(following the descoping of the 100 GHz receivers from the LFI) 
PFNG, HRI, December 2010F. R. Bouchet, IAP 1313
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Bolometers @ Bolometers @ 100100mKmK
44KK 55oo circlecircle
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The Low Frequency Instrument LFI
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Birth of the Cool
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HFI Integration & Calibration @ IAS
(reproduction of spatial and micro-wave environment))(reproduction of spatial and micro wave environment))

22K platformK platformCablingCabling 22K platformK platform

In ops,In ops,
Nov Nov 20042004
J lJ l 20062006

Cabling…Cabling…

Jul Jul 20062006

2K shield2K shield20K shield20K shieldDESIGN GOALS MET !DESIGN GOALS MET !
WMAP would need ~WMAP would need ~500 500 years of survey time to reach HFI years of survey time to reach HFI 1414m m sensitivitysensitivityPFNG, HRI, December 2010 1818



Integration at Thales-Cannes

April 7th 08: load balancing

Dec 9th 2007, Ready 
for vibration testing

Nov 2006, 
HFI + LFI 

integration

for vibration testing

April 18th 2008: preparing 
ESTEC  CSL03/08: Antonov Nice  ESTEC 

PFNG, HRI, December 2010F. R. Bouchet, IAP 2020
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Planck by Herschel webcam 
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Planck is in L2 orbit since July 2009
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Planck is cool... 

02/06: End of 2 weeks of 
Decontamination phaseDecontamination phase

50K stage
18K stage 03/07 : 93mK18K stage

4K stage
1.6K stage

10/6: Sorption cooler turned on

14/6: SC start prod. Liquid. H

1.6K stage

0.1K stage

PFNG, HRI, December 2010F. R. Bouchet, IAP 2929



Planck scans the sky, at 1 rpm
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WHAT, WHEN
 M 14th 2009 L h f K May 14th 2009 - Launch from Kourou
 Travel  to L2 and cool till end of June 2009, 

Verifications & tuning till August 13th 2009
15 days of First Light Survey as ultimate test,15 days of First Light Survey as ultimate test, 

 Nov 2010: End of nominal 15 months of operations 
to complete 2 surveys

NOW

 Jan 2011 : “Early Release Point Source Catalogue” 
for follow-ups (Herschel)

+ early science papers on foregrounds Intensity

NOW

 Jan 2013 : First public data release by ESA
of 15 month of data & science papers

– Clean calibrated time-ordered data
– Full sky maps in  (HFI 6+ LFI 3) frequencies
– Maps of identified astrophysical components (including source catalogues)
– CMB characterisation (C(l), likelihood, NG…)  

 ~Jan 2014: Final data release with all data acquired  (ie till ~mid-Jan 12?)

PFNG, HRI, December 2010F. R. Bouchet, IAP 3333



Un défi technologique :
Le traitement de donnéesLe traitement de données

Centre d’opérations de l’ESA
Darmstadt

HFI-L1
IAS - Orsay

Depuis la télémétrie
vers

les données brutes
HFI

Planck récupère les données
L2 du systemeterre soleilAntenne de l’ESA

Australie

HFI-L2
IAP - Paris
d é b

HFI-L3
Cambridge

cartes vers
données brutes

vers cartes
spectres de 

puissance

Infrastructure DPC fournie par 
l’Institut d’Astrophysique de Paris +



Data Processing
 Physics  CMB sky  Frequency sky  TOI 
 TOI  frequency maps  CMB map  Physics

 One needs to write and verify a model of TOI = 
f(Physics) and to “invert” it and to assess errors.
– The frequency response is measured on the ground.The frequency response is measured on the ground. 
– The optical response is measured on the ground, modelled, and 

partially verified on planets, Crab, etc.
– The detector chain response is measured on ground

f ( C)– A full simulation phase was built (MC)...
 One uses templates (Thermometers, foreground tracers) 

and redundancy

 Many Interesting challenges: optimality/speed, propagation of 
separation errors, exploration of large dimensionality spaces... in 
addition to herding a large cat population and surprises in the data

PFNG, HRI, December PFNG, HRI, December 20102010F. R. Bouchet, IAPF. R. Bouchet, IAP 3535

addition to herding a large cat population, and surprises in the data



First light survey
15 days of normal operations15 days of normal operations
covering a ~15o strip like this

PFNG, HRI, December 2010F. R. Bouchet, IAP 3838
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4th Press Release (05/07/2010)

After 16 years gestation

PFNG, HRI, December PFNG, HRI, December 20102010F. R. Bouchet, IAPF. R. Bouchet, IAP 4242



5th Press Release (05/07/2010)
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5th Press Release (05/07/2010)
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5th Press Release (05/07/2010)

PFNG, HRI, December PFNG, HRI, December 20102010F. R. Bouchet, IAPF. R. Bouchet, IAP 4545



htt // l khtt // l k20112011 f /f /

PFNG, HRI, December 2010F. R. Bouchet, IAP 4646

http://www.planckhttp://www.planck20112011.fr/.fr/



Conference menu

 ~ ½ about Planck stuff drawing on 
– Mission paper, Thermal chain

HFI & LFI in flight performance– HFI & LFI in flight performance
– HFI & LFI Data processing
– ERCSC + supplement
– ~20 early science papers on (unpolarised) emission of 

foregrounds:
~ 5 on SZ & relation to Opt & X
~ 8 on Compact sources (radio, IR), CIB
~ 7 Galactic components (NB: Anomalous dust, Cold cores)

 ~ + ½ from other sources of knowledge, e.g. ACT, 
SPT, WISE, including CO (Nanten, Dame,...), 
polarised foreground surveys componentpolarised foreground surveys, component 
separation methods, etc.

PFNG, HRI, December 2010F. R. Bouchet, IAP 4747



4th Press Release (05/07/2010)
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Défis toujours…
Séparer les différentes composantesSéparer les différentes composantes

Bruit détecteur L  t f ilBruit détecteur

N t  l i

Le rayonnement fossile
n’est pas la seule
émission micro-onde…

Notre galaxie
Il faut la séparer des 
autres émissions (qui 
forment aussi des 
données astrophysiques

Composantes secondaires
Cosmologiques

données astrophysiques
très intéressantes !).

On utilise pour cela des 

Rayonnement fossile

p
algorithmes issus de la 
recherche en 
mathématiques
appliquéesappliquées.



With 4 surveys...
 A simple forecast

– using all CMB channels 
70+100+143+217GHz 2 2 surveyssurveys70 100 143 217GHz 
(goal is 0.5 µK.deg in 1yr)

– and using 30 & 353 GHz 
as template channels,

4 4 surveyssurveys

No noiseNo noiseas template channels,  
– assuming isotropic noise

 Suggests possibility of 
d t ti 0 05 & t

No noiseNo noise

detecting r = 0.05 & put 
a 95% limit of r=0.03 for 
much smaller values of r

 Interesting for high field 
inflation models        
(e g r~0 13 for n = 97) 00 00 0505 00 11

PFNG, HRI, December 2010PFNG, HRI, December 2010F. R. Bouchet, IAPF. R. Bouchet, IAP 5050

(e.g. r 0.13  for ns=.97)
 (not a Planck claim) 09030903..0904 0904 GPE & GPE & GrattonGratton

r = r = 00, , 00..0505, , 00..11



fNL quest

 Ideal CMB experiment, using temperature & polarization p g p p
could reach ∆fNL ~ 1

 For Planck, the Cramer-Rao limit is ∆fNL ~3. 
Yadav, Komatsu and Wandelt, astro-ph/0701921, , p

NB: WMAP-8yr could reach ~21 (/30 w. 3yr data) 

PFNG, HRI, December 2010F. R. Bouchet, IAP 5151



fNL= 0  

PFNG, HRI, December 2010F. R. Bouchet, IAP 5252

Liguori, Yadav, Hansen, Komatsu, Matarrese, Wandelt 2007



fNL= 100
Positive f = More Cold SpotsPositive fNL = More Cold Spots

Liguori, Yadav, Hansen, Komatsu, Matarrese, Wandelt 2007
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RAW TOIs (demodulated)
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HFI Data flow overview
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Cleaning TOIs...
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f, g, t and all that 

T only, analysis by Smidt et al 
in astroph1004.1409v2:

WMAP-7 (@95CL)
– -10 < fNL < 74
– - 7.4 < gNL/105 < 8.2 
– -6  < NL/103 < 33

Pl k b d 143GHPlanck: based on 143GHz, 
they suggest (@95%CL)

f ~ 15– fNL ~ 15
– gNL ~ 2.5 105

– NL~ 3 103   NL   3   10
EPIC: 200 times better sens.

PFNG, HRI, December 2010F. R. Bouchet, IAP 7070



SH in the sky?
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On the horizon

 Jan 2011: T foregrounds  Feb 2012: M3 pre-select.
 Jan 2012: P foregrounds? 
 Jan 2013: T+P on 14 m data
 Jan 2014: all data collected 

 Nov 2012: M3 down sel
 Nov 2014: M3 selection
 Jan 2022: M3 launch 

(30months)  Jan 2028: Core Final data del.?

PFNG, HRI, December 2010F. R. Bouchet, IAP 7373
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Sigma_{T/S}=Sigma_{T/S}=5 105 10--44 after marginalising over other parametersafter marginalising over other parameters
Improve to delta f {NL}Improve to delta f {NL} 22 ieie byby 22 55 wrtwrt PlanckPlanck

PFNG, HRI, December 2010F. R. Bouchet, IAP 7676

Improve to delta f_{NL} ~Improve to delta f_{NL} ~22, , ieie by by 22..5 5 wrtwrt PlanckPlanck
FOM on joint local, equilateral & flattened improved by ~FOM on joint local, equilateral & flattened improved by ~20 20 /Planck/Planck



Performances GoalsPerformances Goals

15 bands with dnu=15GHz (but for 3) 
Diffraction limit, ie till 4.7’ at 225GHz

PFNG, HRI, December 2010F. R. Bouchet, IAP 7777

CMB sensitivity better than 5µK.arcmin (B lensing lev.)
in ALL CMB channel  (~1µk.arcmin aggregated)



((22sig)sig)

(m1  m2 = 0:05 eV(
and m3 = 0 eV) 

Min masses from osc. data

PFNG, HRI, December 2010F. R. Bouchet, IAP 7878
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http://www.corehttp://www.core--mission.orgmission.org
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