THE PLANCK MISSION

ONE YEAR IN OPERATION
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Light takes 2,7 billion years to travel to us from a galaxy on the green circle .
The millimetric light took ~13.7 billion years to travel to us from the LSS (red circle). This is
the fossil from the primordial furnace, ~370 000 years after the Bang, when the universe
became transparent.
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SDSS & WMAP
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What is there to be seen?
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Smoothed map (suppressing scales 6 < 1 deg) :
Quantum Fluctuations imprinted
When the age of the Universe was in t
interval [10-43, 10-12] seconds

200 T{pK)

— a0 200 T{pK)

Difference map (scales 6 < 1 deg) :
Acoustic oscillations at small scales
< ct when t=370 000 years (~150Mpc today). e — 20 k)

Which allows to take a census of the Universe coftent +200pK scale

F. R. Bouchet, Planck-HFI Scientific coordinator ICHEP, Paris, July 28th 2010
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1987: 1st detection is still 5 years away!

(Pionneering calculations 20 yrs earlier)
The statistics of cosmic background radiation
fluctuations
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Summary. We present computations of the radiation correlation functions and
angular power spectra for microwave background anisotropies expected in Q=1
cold dark matter dominated universes with scale-invariant adiabatic or
isocurvature initial conditions. The results are valid on all angular scales. We

describe the statistical properties of the radiation pattern and develop the theory
of two-dimensional Gaussian random fields. A large number of properties of such

fields may be derived analytically or semi-analytically, such as the number
densities of hotspots and coldspots, the eccentricities of peaks and peak
correlation properties. The formulae presented here provide valuable insight into
the textural characteristics of the microwave background anisotropies and must
be satisfied if the primordial fluctuations are Gaussian. The assumption of

Gaussian initial conditions allow us to make highly specific predictions for the
pattern of the temperature anisotropies. This is demonstrated by the construction
of maps of the fluctuations predicted for the total intensity and the polarization.

1 Introduction

The origin of density irregularities in the Universe represents one of the most important problems
in cosmology which, until recently, was largely considered intractable. The inflationary model of
the early Universe has, however, led to a potentially viable mechanism for the origin of
primordial density fluctuations (e.g. Starobinskii 1982; Guth & Pi 1982; Bardeen, Steinhardt &
Turner 1983). Although these calculations are hardly definitive, they have succeeded in drawing
attention to a particular set of initial conditions, namely scale-invariant, Gaussian fluctuations
superimposed on an Q=1 Friedman background.

In this paper, we investigate the statistical properties of the cosmic microwave background
radiation (CMB), assuming that the initial fluctuations are Gaussian. The background radiation
will then form a 2D Gaussian random field and should provide a clean and direct test of the
statistics of the initial conditions. Given a particular cosmological model, we can compute all
statistical aspects of the radiation pattern. Itis unfortunate, then, that CMB anisotropies have yet
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Figure 4. Integrands of the radiation autocorrelation function k*W#(#, k) plotted against log k for various &. (a, b)
Show the integrands for the total and polarization correlation functions, respectively for a scale-invariant adiabatic
CDM model with Q=1, Qy=0.03, h =0.75. (c, d) Show the equivalent plots for a scale-invariant isocurvature CDM
model with identical cosmological parameters. The area under each curve gives C(#) thus it is easy to assess how
fluctuations on various scales would contribute to experiments probing any particular angle. These curves have been
normalized according to the prescription given in Section 4.2 with the biasing parameter b=1.
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Figure 7. Power spectra for the two h=0.75 scale-invariant CDM models. The solid lines show results from equation
(4.17) and the dotted lines show approximate results derived from equation (4.19).




CMB information mine &
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The Planck concept @

F_ s - w - 4 - -

» to perform the “ultimate” measurement of the Cosmic
Microwave Background (CMB) temperature anisotropies:

— full sky coverage & angular resolution / to survey all scales at
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]

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

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

— 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
became more and more a major goal

}4} F. R. Bouchet, Planck-HFI Scientific coordinator ICHEP, Paris, July 28th 2010 8



Goals in perspective

I _ ' | PLANEKC
(“Blue Book”, twice better than requirements)

PLANCK LFI HFI
Center Freq (GHz) 30 44 70 100 143 217 353 545 857
Angular resolution 33 24 14 10 7.1 5.0 5.0 5 5
(FWHM arcmin)
Sensitivity in I [uK.deg] 2.7 2.6 2.6 1.0 0.6 1.0 2,9
to'pix Qpixil“z]
Sensitivity in Q or U 4.5 4.6 4.6 1.8 1.4 2.4 7.3
[HKdeg] [cpix Qpixllz]
WMAP Center Freq. 23 33 41 61 94 L

, The aggregated sensitivity of
Angular resolution 49 37 29 20 12,6 .
(FWHM arcmin) Planck core CMB channels is
Sensitivity in T 126 |129 | 133 | 156 | 150 | ~0.9uK.deg in T, 1 pK.deg QdU
[ukdegl, 1yr(8yr) | (4.5) |4.6) | 4.7) | 5.5) | (5.3) | (nominal mission - 14months)

NB: Anticipated survey duration is now ~30 months, so final sensitivity ~0.33 pK.deg in T
(approx 1000 years of WMAP 60+90GHz aggregated sensitivity of 10.8 uK.deg in1yr)

}p F. R. Bouchet, Planck-HFI Scientific coordinator

ICHEP, Paris, July 28th 2010

9



Planck needed breakthroughs @

> The performance goals of Planck require several technological performances never
achieved in space before

— Sensitive & fast bolometers with

« NEP< 2 1077 W/Hz'2 & time constants typically <5 msec

(thus cooling them to 100 mK, very low heat capacity & charged particles sensitivity)
— total power read out electronics with very low noise

¢ < 6nV/HZz"2from 10 mHz to 100 Hz

— Excellent temperature stability, from 10 mHz (1 rom) to 100 Hz (cf. Lamarre et al. 04)
¢ <10 pyK/Hz'"2for 4K box (30% emissivity)

« <30 uK/Hz20n 1.6K filter plate (20% emlsswlty)
« < 20 nK/Hz"2for detector plate (~5000 damping factor needed)

— low noise HEMT amplifiers (= cooled to 20K) & very stable cold reference loads (4K)

» 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)
+ 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
7.107° He atoms accumulated on dilution heat exchanger (typically He pressure 1.10-° mb)

¥4

= Integration of 3 intertwined complex chains - optical, electronic, cryogenic

}p F. R. Bouchet, Planck-HFI Scientific coordinator ICHEP, Paris, July 28th 2010 10



Research Laboratories in the HFl Collaboration

-
" 1 Institut d’Astrophysique Sgtiale, Orsay [F}
e S e
4 US laboratories kS 1 Commissariat & 'Energia Atomique, Gif-sur-Yvatte (F)
and 1 Canadian laberatory 2 Institut d*Astrophysique de Paris, Paris (F)
also make major contributions 2 laboratoirs d'Etude du Rayonnement et de I Matiara

— en Astrophysique, Paris, [F)
AstroParticule et Cosmologie, Paris (F)
Laborateire de Physique Subotemique
et de Cosmologie, Greancbla (F)
Institut Lowis Néel, Grencble (F)

Centre d'Etudes Spatiales des Rayor
Toulousa (F)

5 Cardiff University, Cardiff (UK)

& Rutherford Appleton Laboratary, Chiltan (UK)

7 Institufa of Astronomy, Cambridge (UK}

7 Mullard Rodio Astronomy Observatory, Cambridge (UK)

8 Imperial Cellege, Londen (UK)

9 National University of Irsland, Maynoath (IR)

10 Spacs Science Dpt of ESA, Noordwiik (NL)

11 Danish Spaca Rasearch Instituts, Copanhagen (DK}
12 Max-Planck-Institut fusr Astrophysik, Garching (D)
* 13 Université de Genave , Geneva (CH)

14 University La Sapienza, Rome (1)

15 Universidad de Granada, Granada (E}

16 California |ﬂmd}mmmsq

Propulsion Lot Pasad
:: ;Mu.i_ay,sr-;.am
17 Canadian Institute for Theoretical Astrophysics,

to HFl and LFI

U]

The satellite Is launched
from Kourou, French Gulana

S

4

. Research Laboratories in the LFl Collaboration
e S a———

at Fisica Cosmica, Balogna (1)

Istituto CAISMI, Firenze (I}

Istitute IASF [CNR), Milana (1)

Istitute di Fisica del Plasma IFP (CNR), Milane (1)
Ossarvatorio Astronomico di Padovo, Padova (1)
Osservatorio Astronemico di Treste, Treste (1)
SISSA, Trieste (I}

Istituto IFSI, Roma (T)
Univarsita Tor Vorgata, Boma )

Instituto de Fisica de Cantabria, Santander (E)
Instituto de Astrofisica de Conarias, Lo Laguna (E}
Jodrell Bank Observatory, Macdesfisld (UK)
Space Sdence Dpt of ESA , Moordwijk (ML) _
Danish Space Research Institute , Copenhogen (DK)
Theoretical Astrophysics Center, Copenhagen [DK)
Univarsity of Oslo, Oslo (N).
Chal 5 Unin .rd-r-. logy, Goteborg () 5
Millimetre Wave Laboratory, Espoo (FI)
Max-Planck-Institut fuer Astrophysik, Garching (D)
Université de Ganéve, Geneva (CH)
.. . Q University of California (Berkeley), Berkelay (USA)

Q University of California (Santa Barbara),
E—— Santa Barbara (USA) _+._

Q Jat Propulsion Laboratory, Pasadena (USA)

e S ICHEP, Paris, July 28th 2010 | £ :

F. R. Bouchet, Planck-HFI Scientific coordinator

belng sent to Germany
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2000 Kg

1600 W consumption -
2 instruments - HFT & LFI HIF e
21 months nominal mission

A 50 000 electronic components

Telescope with a 1.5 m diamefer o o o o o o o o , 36 000 | “He
primary mirror 12 000 | 3H€
11 400 documents

HFl focal plane » © o o o o o
with cooled instruments

20 years between the first
42 m| Projectand first results (2013)

Platform: « ,
 Avionic *e
(attitude control,
data handling)
* Electrical power
* Telecommunications
and electronic instruments

‘Solar panel o o of
and service module '
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The Low Frequency Instrument LFI {o

HFi PLANLT

Waveguide
& = (Cu Section)

Cryoharness
Front-End Modules
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structure
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Planck is in L2 orbit since July 2009 Ig“

)/~ ~ here today 07/2010
(after'2 orbits in a year)

y-rotating [km] x-rotating [km]



Planck is cool...

HFE peanvec
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Planck declared fit for service @

i LY
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Calibration & Performance Verification phase:
» Detectors found to behave precisely as in ground tests

» Cooling chain fully functional
— 4K stage at 4.68 K with vibration control system working nominally
— 1.6 K stage at 1.38K
— Bolometers at 101.5 mK
— Dilution to be operated with the lowest flow of isotopes, which should
provide

=>» 30 months of survey expected, ie close to 5 sky surveys

» First Light Survey final test started mid August
— 15 days of normal operations
— covering a ~158° strip
— declared successful Thursday Sep 3™
— Preparing PR with first maps
— Confirming instruments’ scientific potential

=>» The All-sky Planck survey is ongoing since Aug 13th!

F. R. Bouchet, Planck-HFI Scientific coordinator ICHEP, Paris, July 28th 2010 22



Planck is sensitive

HFI bolometers at CSL

HFFI poavoc
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Planck scans the sky, at 1 rpm

HFSi foane




WHAT, WHEN

» May 141 2009 - Launch from Kourou, Guyana
» Travel to L2 and cool till end of June 2009,
Verifications & tuning till August 13" 2009
15 days of First Light Survey as ultimate test,

q1 3 Oct 2010: End of nominal 14 months of operations *
to complete 2 surveys

» 12 Jan 2011 : “Early Release Point Source Catalogue”
for follow-ups (Herschel)
+ early science papers on foregrounds Intensity

» Jan 2013 : First public data release by ESA
of 14 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...)

» Early 2014 (TBC): Final data release with all data acquired (till end-Jan 127?)

Ap- : F. R. Bouchet, Planck-HFI Scientific coordinator ICHEP, Paris, July 28th 2010 25



~ Ground segment data flow:
from sky bits to cosmology

Mission Operations Center
ESA, Darmstadt
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L2 of sun-earth system
Planck acquires data

HFI DPC infrastructure provided by
the Institut d'Astrophysique de Paris = a2
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Data Processmg @

> Phy3|cs - CMB sky - Frequency sky - TOI
» TOIl - 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 optical response is measured on the ground, modelled, and
partially verified on planets, Crab, efc.

— The detector chain response is measured on ground
— 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 herdmg a large cat population, and surprises in the data

F. R. Bouchet, Planck-HFI Scientific coordinator ICHEP, Paris, July 28th 2010 27



First light survey/1st Press release @ .

15 days of normal operations covering a ~15° strip

Map obtained within days of data taking (PR1=17/09/09)

Ap» F. R. Bouchet, Planck-HFI Scientific coordinator ICHEP, Paris, July 28th 2010 28



Composite image from the
emission observed with the
IRAS satellite at a wavelength
of 100 microns (purple) and

| Planck data at 350 microns (or
& 857 GHz, oriange) and at 550

3 microns (543 GHz, red). Redish
d glows as col as ~12K

50 degrees of the sky at 857 GHz
superimposed to the optical sky

AP' F. R. Bouchet, Planck-HFI Scientific coordinator ICHEP, Paris, July 28th 2010 29
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3" Press Release (15/04/10)

A region of low star formation in
the Perseus constellation as seen
with Planck (left) and in visible
light with the Digitised Sky
Survey (right)

The Planck image covers a region
of 30x30 degrees in total extent.
It is a three colour combination
constructed from three of
Planck's nine frequency channels:
30, 353 and 857 GHz.

F. R. Bouchet, Planck-HFI Scientific coordinator ICHEP, Paris, July 28th 2010




The Planck one-year all-sky suruey Eesa () ESA, HFT and LFT consortia, July 2010

,f\p F. R. Bouchet, Planck-HFI Scientific coordinator ICHEP, Paris, July 28th 2010 31



The Planck one-year all-sky suruey Eesa () ESA, HFT and LFT consortia, July 2010

,f\p F. R. Bouchet, Planck-HFI Scientific coordinator ICHEP, Paris, July 28th 2010 32
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Model selection forecasts for Planck

Pahud, Liddle, Mukherjee, and Parkinson, MNRAS, astro-ph/0701481

Zones of certainty/uncertainty for n and =dn/dInk.

0.98
-0.02-0.02-0.01 ]

F. R. Bouchet, Planck-HFI Scientific coordinator ICHEP, Paris, July 28th 2010



Model selection forecasts for Planck

'ahud, Liddle, Mukherjee, and Parkinson, MNRAS, astro-ph/0701481

Spectral index at 95% confidence

Zones of certainty/uncertainty for n

> WWang ot

]
al 2002

WMAPI T T | Rudjord
etal 2008

WMAP3 WHAF
Dunkley

“WMAP;

Komatsu

Dlg 1 I I 1 1 I
2002 2003 2005 2006 2007 2008 2009

0.98t} , R
-0.03-0.02-0.01 O . Year
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Beyond the standard BB model

HFFSi feane

1. Branes - signatures of
extra dimensions

Signatures of Pre-big
bang

Cosmic defects,
superstrings

Non-Gaussianity (ies)

Indication of a curved /
non trivial geometry

Isocurvature perturbations

Deviations from Einstein
Relativity

Neutrinos masses

Interacting dark matter
O &) i "";_ TR : ; w f
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F1 poanoc

Gaussian statistics is an approximationp

Fiaher pewdin fom:

Trans-Planckian vacua

Brane (DBI) inflation
(EQUILATERAL)

Multifield inflation
(LOCAL)

[
L] TG

> Ideal CMB experiment, using
temperature & polarization could
reach Afy, ~ 1

> For Planck, the Cramer-Rao limit
is Afy, ~3.
Yadav etal, astro-ph/0701921

NB: WMAP-8yr could reach ~21

8/{cu)

=728 =485 =243 0.0 243 8.5 78

»

Warm inflation Cosmic supersirings




What can we learn from polarisation”? <

- F_ s -

» Consistency check of the paradigm (may also include evolution —or
lack of- of physical constants)

» Detallling super-horizon perturbations

Improvement in parameter constraints (lifting degeneracies, e.g. ng
versus optical depth) and on features in the primordial spectrum

> |Isocurvature pertt irbations

S Wil VA L} I SWil N WAl W

A\

A\

Reionization history

Help with lensing reconstruction of los-projected matter density
properties (P,,)

A\

» Gravitation wave from inflation — existence, maybe n;
(and indirectly on inflaton potential)

,&P F. R. Bouchet, Planck-HFI Scientific coordinator ICHEP, Paris, July 28th 2010 38
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With 4 surveys...
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> A Simple forecast L (a) 30+353 GHz templates

— USing all CMB channels L & /m i

70+100+143+217GHz |
(goal is 0.5 uK.deg in 1yr), 5 ¢ ST
— and using 30 & 353 GHz |
as template channels

— assuming isotropic noise

> Suggests possibility of [
detectingr = 0.05 & put [
a 95% limit of r=0.03 for |-

much smaller values of r

> Interesting for high field . ./ i e
inflation models 0 2.05 0.1 0.15 0.2 0.25 0.3

06 [

(e.g. r~0.13 for n,=.97) r
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“A typical CMB Hot spot”
lllustration of polarization sensitivity
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“A typical CMB Hot spot”
_lllustration of polarization sensitivity
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ILLUSTRATIVE PLANCK PLOTS
REMOVED FOR DISTRIBUTION
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Quadrupole
Anisotropy

Thomson

T—’; Scattering

Linear
Polarization

Thomson scatterings are polarised @

¥4

> Before recombination, successive scatterings destroy
polarization and the radiation arrives at recombination
unpolarized

» During recombination, Gradients in the velocity field can
produce a quadrupole in the rest frame of the scattering

electron
converging flow same flow in e- rest frame
I 4
\ ¥/ B
converging flow radiation in e- rest frame
L t
() :
| Radial
\ f J e © = | Quadrupole

\1/

> A diverging flow leads to a tangential pattern of polarisation
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2) If adiabatic, y compression &
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3) Pressure slows the fluid
& flow reverts at ~0,
= <Qg> <0
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1) Large scale flow: Aq
O <0=>AT<0&Qg>0
= <Qg> <0

—>tangential for hot spot
(out of the figure above)

NB1: scales computed from ACDM
9 NB2: super-horizon (at t4,.) correlation
calls for a fast expanding phase
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