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PRECISION COSMOLOGY ...
First numerical CMB calculation (to go through recombination)

PRIMEVAL ADIABATIC PERTURBATION
IN AN EXPANDING UNIVERSE*
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ABSTRACT

The general qualitative behavior of linear, first-order density perturbations in a Friedmann-Lemaitre
cosmological model with radiation and matter has been known for some time in the various limiting
situations. An exact quantitative calculation which traces the entire history of the density fluctuations is
lacking because the usual approximations of a very short photon mean free path before plasma re-
combination, and a very long mean free path after, are inadequate. We present here results of the direct
integration of the collision equation of the photon distribution function, which enable us to treat in detail
the complicated regime of plasma recombination. Starting from an assumed initial power spectrum well
before recombination, we obtain a final spectrum of density perturbations after recombination. The
calculations are carried out for several general-relativity models and one scalar-tensor model. One can
identify two characteristic masses in the final power spectrum: one is the mass within the Hubble radius
¢t at recombination, and the other results from the linear dissipation of the perturbations prior to re-
combination. Conceivably the first of these numbers is associated with the great rich clusters of galaxies,
the second with the large galaxies. We compute also the expected residual irregularity in the radiation
from the primeval fireball. If we assume that (1) the rich clusters formed from an initially adiabatic
perturbation and (2) the fireball radiation has not been seriously perturbed after the epoch of recombina-
tion of the primeval plasma, then with an angular resolution of 1 minute of arc the rms fluctuation in
antenna temperature should be at least §T/T = 0.00015.

1965+5...

I. INTRODUCTION
a) Purpose

The possible discovery of radiation from the primeval fireball opens a promising lead

toward a theory of the origin of galaxies. This primeval radiation would serve, first, to
fix an epoch at which nonrelativistic bound systems like galaxies can start to develop
(Peebles 1965a), and second, to impress on the power spectrum of initial density fluctua-
tions characteristic lengths and masses (Gamow 1948; Peebles 1965a, 1967a, Michie
1967; Silk 1968). These characteristic features in the power spectrum hopefully result
from all the complicated details of the evolution of the Universe after the initial power
spectrum is arbitrarily set at some very early epoch. If one can make a reasonable argu-
ment for a coincidence of these features with observed phenomena, it will provide an
important encouragement and guide to the further development of the theory. A more
direct observational test of these processes might be provided by the residual small-scale
fluctuations in the microwave background (Peebles 1965b; Sachs and Wolfe 1967; Silk

s 1 nyaev 1969), if we assume that this radiation has not

been further scattered (Dautcourt 1969).
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According to Zel’dovich (1967) there are two kinds of perturbations that are of inter-
est: initial isothermal perturbations and initially adiabatic perturbations. It has been

suggested that the globular clusters are the remnants of an isothermal perturbation in
the early Universe (Peebles and Dicke 1968; Peebles 1969). Our purpose here is to discuss
in some detail the evolution of adiabatic density fluctuations in the primeval-fireball
nicture

An initially adiabatic perturbation evolves through four regimes: (¢) When the age ¢
of the Universe is much less than \/c, where N is the characteristic scale of the perturba-
tion, a fractional perturbation dp/p to the total mass density grows with time, but the
entropy per nucleon is conserved (hence adiabatic). () When A < ct, the perturbation
oscillates like an acoustic wave. (¢) As the Universe expands through the recombination
phase, the photon mean free path becomes comparable to A, and the oscillating wave is
attenuated, leaving some residual perturbation in the matter distribution. (d) When
T < 2500° K, recombination is sufficiently complete that radiation drag on the matter
may be neglected, and the residual perturbation may start to grow into bound systems
like protogalaxies.
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‘L Lifshitz (1946). The very complicated regime (c) has been considered by a number of
people in a variety of approximations, with the general conclusion that initially adiabatic
perturbations on a characteristic mass scale <10M-10' i}, are strongly attenuated.
This problem was first considered in approximations to first order in the photon mean
free time {, independently by Michie (1967), Peebles (19674), and Silk (1968). It has
since been considered by Bardeen (1968) in the first twenty moments of the radiation
distribution function, and by Field (1970a), who solves the problem to all orders in #,
when the expansion of the Universe may be neglected. However, these approximation
schemes run afoul of the enormous variation and rate of variation of the photon mean
free path through the epoch of recombination. As a result, previous workers on this
subject (Peebles 1967a; Michie 1967; Silk 1968; Field and Shepley 1968) could give only
qualitative estimates of the different characteristic masses involved here. To obtain a
more accurate description of the evolution through this complicated phase of recombina-
tion, we have resorted to direct numerical integration of the collision equation for the
photon distribution Tunction.

The more quantitative results of the present calculation are compared with the earlier
estimates in § VII. We also discuss there the possible significance of these results. In
§ IT we derive the differential equations to be integrated. It is impractical to integrate
the collision equation numerically in the very early Universe because the photon mean
free path ¢, is so short, but here 1t becomes a good approximation to describe the radia-
tion as a fluid with viscosity. This description of the radiation was used in all the previous
work (Lifshitz 1946; Michie 1967; Silk 1968; Field and Shepley 1968), and is indeed a
good approximation in this early epoch. The fluid description of radiation is equivalent
to an expansion and integration of our collision equation to first order in #.. In § III we
give the resulting equations valid to first order in /, and we present solutions to these
approximate equations under various limiting conditions. These results are used to start
the numerical integration and to check numerical accuracy. In § IV we consider the
residual perturbation to the microwave background. The numerical integrations are
described in §§ V and VI.

b) Assumptions and Approximations

In the following calculations we use either conventional general-relativity theory,
with cosmological constant A equal to zero, or the scalar-tensor theory (Brans and Dicke
1961). We start from a homogeneous, isotropic cosmological model, in which the present

parameters are
Hyt=1X100years, To=27"K. (1)
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Annotauns. BoIMyLIeHHA [UIOTHOCTH BEILIECTBA B OAHOPOIHOH W W3OTPONHOH KOCMONOTHYECKOH
MOMEnH, NPABOASIIKE K 06pa3oBaHMIO TANAKTHK, JOMKHEL Ha elie GoNee panueH CTaIMM IBOMIOLHH
BBI3LIBATH TNPOCTPAHCTBEHHBIE (IYKTYAUMH DETWKTOBOTO HiiyyeHus. CWIK Npennonoxui, 4ro
MeH1y BOIMYIIEHAAMH IOTHOCTH HA MOMEHT peKoMOHHALIMK NepBHIHOMN NAasMel M dUIYKTYaHAMH
RabmoaaeMoil TeMnepaTypsl M3ydeHnsi umeercs aauabaruyeckas cBasb 8T/ T =% (om/om).

B npejuiaraemoii pabore MOKa3aHO, YTO TAKaA MPOCTAdA CBA3B HE MMEET MECTa, BCIENCTBHE:

(1) HEMTHOBEHHOCTH peKoMOHHALAN

(2) w3-3a TOrO, 4T0 KOrma obnactu ¢ M < 105 Mg CTAHOBATCS NPO3PATHBIME IS WAMYHCHMS,
©IIIe BEMHKA ONTHYECKAs TOMIMA N0 HAGNIOATE A 10 TOMICOHOBCKOMY PacCesHHIo

(3) ckaukoOGPA3HOTD yBeIMYEHHs J0m/@m B X0 peKoMbuHamni

B pesynerare okupaempie (GIyRTYAUMM TeMNEPAaTYpPEl PENHKTOBOTO M3NYYEHHS NOJKHEL ObITh
mensine agnabarudecknx. B crarbe BoMucicHo 677, Bo3HHKAIOWES NPH PACCCSHUH HANYYCHHS Ha
JIBMAYIIEXCA 3IEKTPOHAX; NOJe CKOpOCTell reHEpHpyeTcs amuabaTHYCCKHMU MW SHTPOTHAHEIMA
BO3MYIIEHHAMH TUI0THOCTH. OlicHeHs! Takke QUYKTYAUMH PETHKTOBOTO MA3TYuCHHA, BOIHMKAIOLIAC
Op¥ BTOPHYHOM Pa3orpese MEKIANIaKTHUYecKOro rasa.

NeramsHoe uccnefoBanie cnekTpa GryKTyaumit B TPHHLMNE MOXET MO3BOMUTE BHIACHWTH MPH-
POAY MepPBUYHEIX BO3MYLIEHHH TUIOTHOCTH; TAK KAK amnabaTHYeCKMM BOIMYIUCHHAM cBONCTBEHHA
cBoeobpasHas MEPROAMYECKAN 3aBHCHMOCTE CNEKTPANBHOM TIOTHOCTH BOIMYUIEHHH OT IUTHHBI
ponHel (Maccel). IlpakThuecku HaGmmwoieHMs BECHMa TPYHHBI M3-32 MajnocTH >ddexTa, H H3-3a
HaTHyus QIyKTYaURid, CBA3aHHEIX ¢ JHCKPETHLIMHM HCTOYHMKAMH DAaIHOH3ITYISHHS.

1. Beenense

B coBspemennoii ropavei monenn BeenewHoli mnpeanosjiaraercs, 4To B JaJIeKOM
OpONLIOM, 10 PEKOMOHHAIMH NIEPBHYHOH IUIa3Mbl, BO BPEMEHA, COOTBETCTBYIOLIME
KpacHoMmy cmelueHnio z~ 1000, ranakTHk He OBO, a BO3HHKHOBEHHE TAlTAKTHK
CBA3aHO ¢ HE3HAYUTEILHBIMH OTKJIOHEHHAMH OT CTPOTOH OJHOPOJIHOCTH, CYIIECTBO-
BABIIAMHE B TOT NEPHO/.

B nepBoM NpPHOTHAECHAH MOXKHO CYMTATh, YTO NOCie PeKOMOUHAIMH MPOTOHOB
H 3JIEKTPOHOB ‘BEIIECTBO’ — HEHTPAbHBIE ATOMBI — HE B3AHMOJEHCTBYET ¢ H3JIyye-
HHMEM, H PEJIMKTOBOE M3JydeHHe (MMEIOIIEe B HACTOALICE BPEMsA CPCAHION Temrie-
patypy 2.7 K) Hermocpe/ICcTBEHHO NPHHOCHT HaM MHPOpPMALMIO O COCTOSHMH IIpH
z~1000. B 4acTHOCTH, OTKJIOHEHHS TEMIEPATYPHl OT CPERHEH B 3aBHCHMOCTH OT
HaIpaBJieHis HAGI0ACHUS, TTPOBOJIMMOTO ceiitac ¢ 3eMiH, XapaKTepu3yIoT AMEHHO
OTKJIOHEHHS OT OJHOPOHOCTH, T.€. 3aBHCHMOCTD (DH3HYECKHX BEJHYHH OT KOOpAH-
HAT B OPOCTPAHCTBE Ha PaHHei CTalvH.

OTH OTKIOHEHMA B NafbHelimeMm (mocie peKOMOHHAIMHM) BO3PACTAKOT 3a CHET
[PABUTALMOHHO HeycToHuMBOCTH. 3a MOMEHT 0bpasopanns 00ocobacHHBIX 00bek-

* An English translation of this paper will be published in a next issue of this journal.
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SMALL-SCALE FLUCTUATIONS OF RELIC RADIATION*

R.A.SUNYAEV and YA.B. ZELDOVICH
Institute of Applied Mathematics, Academy of Sciences of the U.S.5.R., Moscow, U.S.8.R.

(Received 11 September, 1969)

Abstract. Perturbations of the matter density in a homogeneous and isotropic cosmological model
which leads to the formation of galaxies should, at later stages of evolution, cause spatial fluctuations
of relic radiation. Silk assumed that an adiabatic connection existed between the density perturbations
at the moment of recombination of the initial plasma and fluctuations of the observed temperature
of radiation 67/T = dgm/3@m. It is shown in this article that such a simple connection is not applicable
due to:

(1) The long time of recombination;

(2) The fact that when regions with M < 10" M, become transparent for radiation, the optical
depth to the observer is still large due to Thompson scattering;

(3) The spasmodic increase of dpm/gm in recombination.

As a result the expected temperature fluctuations of relic radiation should be smaller than adiabatic
fluctuations. In this article the value of 67T arising from scattering of radiation on moving electrons
is calculated; the velocity field is generated by adiabatic or entropy density perturbations. Fluctua-

Aintion du 4
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A detailed investigation of the spectrum of fluctuations may, in principle, lead to an understanding
of the nature of initial density perturbations since a distinct periodic dependence of the spectral
density of perturbations on wavelength (mass) is peculiar to adiabatic perturbations. Practical
observations are quite difficult due to the smallness of the effects and the presence of fluctuations
connected with discrete sources of radio emission.

1. Introduction

In the contemporary ‘big-bang’ model of the Universe it is hypothesized that in the
distant past, before recombination of the initial plasma at times corresponding to a
red shift z~ 1000, there were no galaxies and the origin of galaxies is connected with
insignificant deviations from strict homogeneity existing in that period. In the first
approximation it can be considered that after recombination of protons and electrons
‘matter’ — neutral atoms — do not interact with radiation and relic radiation (having at
present an average temperature of 2.7 K) immediately gives us information about
conditions for z~1000. In particular, the dependence of deviations of temperature
on the direction of observation now being performed from the Earth characterizes
the dependence of physical values, i.e. deviations of density, on the spatial coordinates
at an ecarlier stage. These deviations grow in the future (after recombination) due to
gravitation instability. For the moment of formation of separate objects it is reason-
able to take the time of origin of regions with densities at least twice the average
density, i.e. dgjo~1. It is assumed that this occurred relatively recently (on a log-
arithmic time scale) at z~2=10. In this case an estimate for the perturbation at the
moment of recombination gives dg/e~10"%-1073, i.e., it is possible to speak about

* Translated from the Russian by D. F. Smith.

Astrophysics and Space Science T (1970) 3-19. All Rights™Reserved
Copyright © 1970 8ypD. Reidel Publishing Company, Dovdlrecht- Holland
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Mon. Not. R. astr. Soc. (1987) 226, 655-687
1987: 1st detection is still 5 years away!

(Pionneering calculations 20 yrs earlier)
The statistics of cosmic background radiation
fluctuations

J. R. Bond canadian mstiture for Theoretical Astrophysics, Toronto, ON M58 1A1,
Canada

G. Efstathiou mstinue of Astronomy, Madingley Road, Cambridge CB3 0HA and
Institute for Advanced Study, Princeton, NJ 08540, USA

Accepted 1987 January 9. Received 1986 November 25

Summary. We present computations of the radiation correlation functions and
angular power spectra for microwave background anisotropies expected in 2=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 chara isti icrowave background anisotropies and must

C O 1€ 111 d d
be_satisfi he_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. It is unfortunate, then, that CMB anisotropies have yet
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F.R. Bouchet: "CMB anisotropies: Status & Prospects distributions for specified values of the peak height v [equation (A2.6), Appendix 2].
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Since then...

(CMB anisotropies were discovered...)
Angular power spectra C(l) became the norm
— T(n)=3,,a,,Y.,(n);a,=/ddTY"
- <a,, ap,,> =06, 6, C(l) (If statistical isotropy)
- <T,T,>=C,, =2 (21+1)/4pi C(l) P{(n, n,
— \hatC(l)=1/(2I+1) 5, |a,,[?

Q, # 0 calculations

Elegant reformulations, introduce E & B to represent polarisation, many
gauges (or absence of)...

Precision of theoretical predictions increased (A < 1 %)
Speed also (tremendously).

Off the shelf codes: CMBFAST [Seljack & Zaldarriaga 96], CAMB [Lewis et
al. 2000] & CMBSLOW [Riazuelo], CMBEASY, etc

With further options, e.g. lensing correction, isocurvature modes,
reionisation... (still ongoing)

Detailed degeneracy studies
Improved recombination

And more recently Non-Gaussianty botanics
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R * MODEL Small Angle Large An
i . 10°(AT/T) 105(AT,
Coo Tty W
= Y OBSERVATIONS <80(<18] <48 - |O
Unbiased Adiabatic B-dom Eog
B-dom = R = 0.1 w0 b
2 BdmQ=0a=1 50 -
Unbiased Isocurvature B-dom i
. . B-domISOCO0Q=10p=1 36 770
B-domISOC-10=10p =1
OPEN B-dom 1SOC 0 0 = 0.2 5 = 0.2 61 3
PEN B-dora ISOC -1 = 0.2 {lp = 84 i
OPEN ION B-dom ISOC 0 1 = 0.2 05 = 0.2 11 ri
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Python Convolved Map of CMB Anisotropy
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pre-wmap polarisation knowledge

(Figure from de Oliveira-Costa et al 2002)
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2005 vintage (october)
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Current experimental status (12/2011)

\l, Temperature / Polarisation ——> 5. [ ™ Bicep %
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The South Pole Telescope (SPT) data QUIET, ~1000 square degrees, observed
consist of 790 square degrees of sky at 43 & 95GHz, oct08 to dec10 20114p...741.1110

observed at 150 GHz during 2008 & 2009. BICEP, ~2000 square degrees, observed
(+ 95 & 220GHz data analysed in Nov11) at 100 & 150GHz, from 06 to 08, Apj2010.
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The big picture: Basic ACDM still fits

» Fluctuations are, to a very good approximation:

— Isotropic
— Gaussian
— Adiabatic (fluctuations in pressure o to the density)
— Coherent (fluctuations start @same time, harm. osc)
— Scale invariant (no 4o deviation from n_ =1)
» With minimal cosmological content,
— Flat spatial geometry (is a good approximation)
— Matter is mostly dark (cold)
— “Dark energy” consistent with N (w=-1)

— Small fraction of baryon, consistent with BBN
» l.e. all consistent with inflationary framework

» Large scale (5°>9>1°) TT versus TE anti-correlation:
— Signature of « super-horizon » fluctuations at decoupling and
— Adiabaticity of primordial fluctuations (phases TT/TE)

— An indication of apparently a-causal /ahysics, calling for a period of
accelerated expansion (Spergel & Zaldariaga 97)

w ¥ o
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" = DPrimordial Power spectrum reconstruction
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Now probing wave numbers up to k = 0.2 Mpc?
Dashes show n, =0.962 (direct analysis ML)
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=00 Prlmordlal grawtatlonal waves & B modes .. f::.,.f

ke -l L L | [ N L AW L3

» “Smoking gun” from inflation

— Amplitude given by Hubble
parameter during inflation

— Detectable in large-field models . TT

K
6000

— Conversely, detection would rule =
out some other models Q2
e Cyclic ?}
* Many string inspired ones = §
s

» Only upper limit so far
— Definer = A;/A, (P-=A;.k";)
— T&E from WMAP7 2r<0.36
(95%CL), degeneracies can be

adressed with CMB at higher ell, or
BAO+Ho: r < 0.22, see further.

— Balone, from Bicep: r <0.73
(Chiang et al. 2010, ApJ, 711, 1123)

/ K®
0.150

~ B e
2]
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[L(L+1)¢C

— NB: amplitude is related to the
energy scale of inflation, A; a A,z © ] : e ..]._
a E et (r=014>E,=2x 10% GeV ). 0 00 000

— and slope is related to amplitude for E
all slow roll models: n,= - r/8
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tensor-to-scalar ratio r versus the scalar spectral index ns

1-ns ~0.03+0.01

r<0.25 (95%CL)
from SPT+WMAP

SPT, Keisler et al, arXiv:1105.3182
ACT, Dunkley et al, 1009.0866v1
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Model Extensions summary

TABLE 5
CONSTRAINTS ON MoDEL EXTENSIONS USING RECENT CMB DATASETS

WMAPT7T ACBAR+QUaD+WMAP7T ACT+WMAP7T SPT+WMAPT

T <0.7 <0.33 <025 <021
dn,/dInk [-0.084, 0.020] [-0.084, 0.003] —0.034+0.018 —0.024 £ 0.013
Yy < 0.51 0.326 + 0.075 0.313+0.044  0.296 + 0.030
N_g > 2.7 — 53+ 1.3 3.85 + 0.62

The constraints on cosmological parameters in certain model extensions using recent CMB

datasets. We use WMAPT (Larson et al. chlll' Komatsu et al.|2011), ACBAR (Reichardt
et al. 2009), QUaD (Brown et al.|2009), Das et al.[2011a), and SPT (this work). All

upper and lower limits and all two-sided limits (shown in brackets) are 95%.




SPT vs ACT in a 5 X 10 Deg? Field
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ACT:

Gu< 1.6 X 10-7 (95% CL).
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Total =— tSZ —— DSFG Poisson Radio Poisson
e CMB — kSZ - - - DSFG Clustering 6 components, 3 frequenaes
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=) And pay-off: Neutrino masses constraints = =

E L L [ - L AT § L3

ook CMB + HO +BAO 1 Red no tSZ data
! (&tSZinblack) 17 . . (2<0.52eV ]
. @95%CL)
\
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SPT Reichardt et al. arXiv:1111.0932v1

~ And of course also knowledge of the “contaminants” (SZ, CIB)and related gastrophysics
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Reionisation epoch
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What’s next?

[ e LY ™ N W R T L= N N ST W K N W N AT I L

» WMAP 7 years loses it (S/N <1)
at ell ~900, and sensitive sub-
orbital experiments explore
only a small fraction of the sky
(~2%) =» about ~90% of the
primordial modes are not
measured yet in temperature.

» It is much worse in polarization
(large scales!).

=» A lot of information remains to
extract, in particular
concerning the early Universe
physics

g b |
POLARBEAR

» A new generation of
experiments is engaged, in
particular

—  BICEP2 = Keck,

— ACT 2 ACTPOL,

— SPT > SPTPOL,

— SPIDER, EBEX, Polarbear...
— For high -ells...

and ESA’s satellite Planck

-
o S
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N
The Planck concept -

ll ==
&

S"

B

» 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
ICGC11, Goa, Dec 18th 2011
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Planck performance goals

(“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) O

Sensitivity in I [uK.deg]
[Gpix QPixl/z]

3.0 3.0 3.0 1.1 0,7 1.1 3.3 33 3.0

The leap forward w.r.t. WMAP
WMAP cCenter Freq. 23 33 41 61 94

v
The aggregated sensitivity of
Angular resolution |49 | 37 29 | 20 |(12,6)| Planck core CMB channels is
(FWHM arcmin) "‘O 5L|K deg I.n T
Sensitivity in I 126 |129 | 13.3 | 15.6 |(15.0 L .
[Kdegl 1yr Byr) |45y |46 | any | 5.5 | Yo (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 pK.deg inlyr)

-
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Q
1A Planck needed breakthroughs

as>

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

— Sensitive & fast bolometers with
e NEP< 2 107 W/HzY/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
e < 6nV/HzY?from 10 mHz to 100 Hz
— Excellent temperature stability, from 10 mHz (1 rom) to 100 Hz (cf. Lamarre et al. 04)
e <10 uK/HzY2for 4K box (30% emissivity)
e <30 uK/HzY20n 1.6K filter plate (20% emissivity)
e <20 nK/HzY2for 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
e 20K for LFI with large cooling power K (0.7W)
e 4K, 1.6K and 100mK for HFI
e Thermal architecture optimised to damp thermal fluctuations (active+passive)

— NB: 100mK cooling by dilution cooler does not tolerate micro-vibrations at sub-mg level
orbj.lOlo He atoms accumulated on dilution heat exchanger (typically He pressure 1.101°
m

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

w ¥ o
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HFI cut-away

50 circle

Bolometers @ 100mK
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The Low Frequency Instrument LFI '

Waveguide

Cryoharness
Front-End Modules
Feedhorn and OMT

. Waveguide \ Front-End Unit |
(SS Section) main frame

Lower support
structure

* * ¢ BukEndM THE LFI RADIOMETER CHAIN

Reference horns « » o A « * Back-end Module (FEM)

" Back-End Unit Waveguides + + + «

Orrho-mnde Feed.hurn

Modute (FEM)  Transducer (OMT)

Picture of an LFl radiometer assembly
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Birth of the Cool

H Fi PLANCI
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Ariane 5 ECA Launch * HERSCHEL - PLANCK - vay 14, 2009



Planck is in L2 orbit since July 2009




ot Status & Schedule

» |Instruments are very stable, continuously mapping the sky, with essentially no hiccups
from the beginning of survey, on August 13th 20009, till now.

» Expectations on sensitivities confirmed in flight: HFI reaches or exceeds its goals
» ltis not to say that data analysis is easy, but the data potential is here.

» First complete coverage of the sky by all detectors was obtained in June 2010 with the
first nearly 10 months of survey data. ERCSC release & batch of 25 papers on “Planck
early results: xxx”, submission in Jan 2011(now printed in A&A Volume 536, Dec 2011);
some highlights are presented next.

» Nominal mission was completed on November 27t 2010, having collected about 15.5
months of survey data insuring that all the sky at been seen at least twice by each
detector; expect:

— more CMB foregrounds results, starting early 2012 (foregrounds conf in Bologna in february).
—  first cosmological analyses and public delivery of T data in early 2013.

» While | speak, HFI is performing EOL activities (spin-up, etc) and will go warm January
15t 2012. We have collected ~5 surveys, ~ twice the nominal duration. This, together
with some additional LFl data, will be the basis of our final data delivery (DD2) in early
2014. (will contain clean TOls, frequency and component maps (T Q U), a likelihood
code+ ancillary data
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0 .
;_;:,/ Yesterday’s msg from Spacecraft Operations

FYI
Dear all,

The concluding activities for the spin-up campaign were successfully executed
today (Friday 16 December) from 12:00z-15:40z.

After (OCM) slewing to anti-sun pointing, the spin-down from 1.4rpm to 1.0rpm
was executed in 2 stages between 13:08z-13:45z.

The spacecraft was then aligned with the start attitude of the first pointing

set in the return to the nominal scanning law.

The first scanning law pointing commences after an initial scanning law slew
at 18:35z.

This concludes an extremely successful test campaign. The relatively flawless
execution is testament to the preparatory work done by many people, and their
commitment and assiduousness is both recognised and appreciated.

Many regards
Steve

Planck Deputy Spacecraft Operations Manager
Planck Instrument Engineer
European Space Operations Centre
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4th Press Release (05/07/2010) '

HF1 prancc

The Planck<one-yearall-sky suruey Eesa (0 ESA, HFT and LI consortia, July 2010

palle? '

I
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Foregrounds !!!
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© ESA, HFI & LFI, Jan 2011
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The Planck Foregrounds sky @

HFi panvcx

Planck Early Rele Ca Source Catalogue

R = . .~

Planck first data

All compact sources delivery, on time
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The Planck SZ sk

AT W L

L 2 U E i e L I L | 4 W

F. R. Bouchet: "CMB anisotropies: Status & Prospects" ICGC11, Goa, Dec 18th 2011




Planck clusters versus other samples H_ 4
1 PLANCK

1.00

@ Planck/ESZ known and confirmed clusters ¢
SZ clusters observed before 2010 -« ]

SPT O

ACT =

1 | 1
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2% CIB app

earance versus frequency

- -

1. As we move towards
lower frequencies we
see structures in the
universe at higher z,
closer and closer to
the bulk of IR galaxy
formation

2. The same structures
are seen in successive
bands illustrating the
high signal to noise

3. we expect the lowest
Planck frequency CIB
maps (217 Ghz)
shows structures
formed less than 2
billion years after the
big bang
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545 GHz
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Multipole ¢
NB: BLAST values are color-corrected using the CIB
mean spectrum (1.05 @ 857 & 0.7 @ 545 GHz)
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1A BLAST & SPT versus HF|

Probability

HFI+SPT: (Reichardt 2011, arXiv:1111.0932v1)
Clustered component scale dependance oc |08

1.0 : ]
0.8+ -
0.6+ -
0.4F -j
0.2F -
0.0 I ]
0. 4 0.6 0.8 1.0 1.2
CIB Power Law Exponent
Blue dashes when HFI 353 GHz CIB bandpower
constraint is included



CMB
last scattering

fraction
of a second

~200 million ME i SR
years S

13.7 billion
years
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assisted brane inflation
anomaly-induced inflation
assisted inflation

assisted chaotic inflation
B-inflation

boundary inflation

brane inflation
brane-assisted inflation
brane gas inflation
brane-antibrane inflation
braneworld inflation
Brans-Dicke chaotic inflation
Brans-Dicke inflation

bulky brane inflation
chaotic inflation

chaotic hybrid inflation
chaotic new inflation
D-brane inflation

D-term inflation
dilaton-driven inflation
dilaton-driven brane inflation
double inflation

double D-term inflation

dual inflation

dynamical inflation
dynamical SUSY inflation
S-dimensional assisted inflation
eternal inflation

extended inflation

extended open inflation
extended warm inflation
extra dimensional inflation
F-term inflation

VVVYVYVYVY VVY

-

F-term hybrid inflation
false-vacuum inflation

false-vacuum chaotic
inflation

fast-roll inflation
first-order inflation
gauged inflation
Ghost inflation
Hagedorn inflation

- -

F. R. Bouchet: "CMB anisotropies: Status & Prospects"

Inflation has many variants..

AR Yy S
higher-curvature inflation
hybrid inflation
Hyper-extended inflation
induced gravity inflation
intermediate inflation
inverted hybrid inflation
Power-law inflation
K-inflation
Super symmetric inflation
JRoulette inflation

ICGC11, Goa, Dec 18th 2011
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HFE rue

WO
Quin.tessential inflation
curvature inflation
Natural inflation

Warm natural inflation
Super inflation

Super natural inflation
Thermal inflation
Discrete inflation
Polarcap inflation

Open inflation
Topological inflation
Multiple inflation

Warm inflation
Stochastic inflation
Generalised assisted inflation
Self-sustained inflation
Graduated inflation
Local inflation

Singular inflation

Slinky inflation

Locked inflation

Elastic inflation

Mixed inflation
Phantom inflation
Non-commutative inflation
Tachyonic inflation
Tsunami inflation
Lambda inflation

Steep inflation
Oscillating inflation
Mutated hybrid inflation

Inhomogeneous inflation
53



5 Where is the machete for the inflationary jungle? &~

» We now have a couple of percent accuracy on the 6
parameter of the minimal model, which still fits all the data,
with no sign yet than anything else is needed.

» In particular, regarding early Universe physics, no need
besides single field canonical inflation: not even strong
evidence for any of (n.-1, dn/dInk, r) to be non-zero.

» And indeed lack of detection of any extension/anomalies
» (And cyclic/LQC universes are OK too)

» Planck will help clearing the ground by

— tightening the constraints on the trio above,
or making detections!

— Look additionally at the signatures of specific models: existence of
Isocurvature modes,

— specific Non-Gaussianities: an additional quatuor: (fy,-local, fy,-
equilateral, f,,-orthogonal, g,,)

» Alone first, and in conjunction (Planck-EXT) with SS CMB, LSS

AP - F - L - - & & w
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o) Plain vanilla accuracy forecast
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O Planck

QO

Fendt & Wandelt

O Perfect CMB
experiment

<=2 Planckvs Ideal (mcludlng polarlsat|on) ) €

In A,

Y L J

Perfect means zero-noise (i.e. Cosmic
variance limited) for all ell <~3000,
both in Temperature and polarization.

Planck results will be further improved
by coanalysing Planck with higher
resolution experiments (PlanckEXT), as
is currently done with WMAP.
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? (95%CL ACT+WMAP+BAO+HO
ACT +WMAP

dn_/dink =-0. 024 0.015

094 096 098 1.00 i
= 0.13 dinVidiny?

small-field

n" ' ' : ) for eca for r= 0 Can you guess from whom did I get
F.R. Bogch 1B anisotropies: Statu s P ts ) ' ,' 1 Dec 18th 2011 this plot ? (Dick of course)




%=  Planck vs LSS forecasts for AMDM
Current status
Model Data set > my, eV Nog w
CMB+HST <258 |46837 | 1331077

- vanilla+ f, +Neg+w | CMB+HST+BAO | < 1.47 | 3.68719) | —1.424582
N CMB+HST+HPS | <116 [4.797303 | —1.0270
S‘
N
Q
§ Planck & LSS forecast w.r.t. current status
Té Planck | P+BAO | P+HPS | P+HST | P+HST+BAO | P+HST+HPS
o Welm 0.22 0.24 0.20 0.21 0.21 0.19
S Nog 0.21 0.21 0.22 0.21 0.21 0.22
§ > m, | 0.68 0.81 0.44 0.67 0.73 0.44
T w 2.14 1.16 0.72 0.74 0.76 0.55

ng 0.46 0.48 0.49 0.46 0.48 0.48

Table 3. Projected sensitivity of Planck data (P) combined with LSS data to selected parame
of the vanilla+ f, + Neg+w model. Given are the standard deviations of the marginalised posteri
normalised to the values obtained with current CMB+HST+HPS data. Note that just like for curr

HPS: halo power spectrum constructed from the luminous red galaxy
sample of the 7th data release of the Sloan Digital Sky Survey (SDSSDR7).

L E i e - I [

* "‘. 't
'.AP:
i ICGC11, Goa, Dec 18th 2011

F. R. Bouchet: "CMB anisotropies: Status & Prospects"

NB: Mean & limits
of the 95%
credible intervals

Planck alone
should do better
by a factor 2-4
than the current
CMB+LSS data: i.e
less reliance on
external datasets.
Main (large)
improvement is
forw
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Ul

ISOCURVATURE MODES

) o HFF1 poavac

T =8.1011 T =7.10-24
MAP MAP MAP MAP PLANCK PLANCK PLANCK PLANCK PLANCKY|| _
T TP T TP T TP T T+P TP o
adia adia all all adia adia all all all g
only only modes modes| only only modes modes modes 3
dhj/h 12,37 7.42 175.84 20.40 9.93 3.69 40.13 7.31 4.36 S
a0 /S, 27.76 13.34 325.38 28.57 19.37 7.26 68.85 14.42 8.61 ,g
082 9.79 2,72 75.32 4.55 4.92 1.83 20.56 3.59 2.18 g
Ay [ 12,92 5.02 123.63 18.53 2,74 1.21 593 2.45 1.49 o
dns /s 7.02 1.62 89.89 G.53 0.73 0.37 3.92 0.90 0.70 3
Treion 37.39 1.81 104.81 2.23 8.25 0.41 35.35 0.74 0.56 -
(NIV, NIV 114.34 11.47 43.45 1.36 1.14 AL
(BI, BI) 573.46 29.71 53.29 G.16 4.23 g
(NID,NID) 351.79 20.87 19.18 4.7 2.37 L
(NIV,AD) 434.70 44.06 121.59 3.21 4.69 §~
(BI,AD) 1035.02 59.25 58.75 15.03 8.97 5
(NID,AD) 1287.60 67.49 114.39 13.87 5.77 ;
(NIV,BI) 601.70 32.29 46.91 7.72 3.67 g
(NIV.,NID) 744.00 46.46 20.01 7.55 297 ';
(BI,NID) 534.32 39.11 100.97 7.56 4.60 =
TABLE 1. This table indicates the one sigma percentage errors on cosmological parameters and isocurvature mode amplitudes §
anticipated for the MAP and PLANCK satellite experiments. In the column headers, T denotes constraints inferred from &
temperature measurements alone, TP those from the complete temperature and polarisation measurements, and T+P those 5
inferred if temperature and polarisation information is used separately without including the cross-correlation. 5
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Unlensed CMB
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Image from Basak et al 2009
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Image from Basak et al 2009

Lensed CMB

Jon
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Deflection are ~2°, but
coherent over degrees




Deflections smooth the spectra
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And generates weak B modes
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Detection — measurements status

L F 8 - w - - i ¥ F w

» First detection by cross-correlation
— Smith et al., 2007 : WMAP + NVSS: 3.4 o
— Hirata et al., 2008 : WMAP + NVSS + SDSS +: 2.5 ¢

» Internal detection (via spectrum smoothing)
e DGS et G/. 2010 (ACT), C/(Dd) = ALC/,fid(Da)’ AL= 1.3+O'5(+1'2)_0.5(_1.0)
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5 Lensing potential reconstruction
- — —— e — ——— _ . _ HF Poavec

15 | I | | | I 1 | | | | | 1 1 | | | | | 1 l'e_'_!" T T T T T T

- i + + Grad Modes
BaxL107| St et al (WMAP)20q1 | | LPG2IXLI07 -+ Curl Modes ||

i Das et al (ACT)ZO_J.l I
10 van Engelen et al (SP'H Plank-like (1 reconstruction)

- Planck (proj) .20313? | 50pK.arcmin, 5’ beam

WMAP7 best—fit 1 19 But
Homogeneous white noise

Isotropic beams, Full sky

0.5¢

Tt _ 1

- i T L
- van Engelen, from talk at CMB lensing - 0-0}{}1 ¥}I11111£¥£ififitli P

-1 workshop in Berkeley, April 2011 -
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4 A.Benoit-Levy, in prep

— Spectrum is sensitive to geometry & matter power spectrum in 0.5 <z < 6.5 range
9 Low z constraints on curvature, m,, dark energy...
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o Planck alone forecast for AMDM
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!-?,»;., Planck alone forecast for AMDM
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A\

Expectations for Planck

~30 o detection using temperature only
— CMB x Lensing likelihood for cosmology
~15 o detection using TT X TE

— Low correlation with the TT x TT estimate
~5 o detection using TE X TE

~5 o detection using ISW x Lensing

Higher significance (10 to 20 o) with other LSS probes (VSS, SDSS...)

~30 o detection of CIB x Lensing

They will instruct on how these tracers relate to underlying grav. potential

Assuming we shall tame:
— Mask & weighting issues
— Beams
— Inhomogeneous noise
— Diffuse foregrounds residuals
— Compact source residuals
— Pointing & pixel substructures...
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» There are more things in heaven and earth,
than 2 points...

a

*
£m

Harmonic coefficients of amap @y, = 71 fdzﬁAT(ﬁ)

Are directly related to curvature perturbations (p =T, E, B)
v [ &k
ity = bedm(—)’ [ @) g0V () +

Therefore their P(a) = 1 o [
IStri - B i v|1/% p a m Im,!.*’ m! Al'm)!
distribution : (zw)i\mmf2|(/|1fz Z Z !

2 Im U'm/

1 . _ _
1+ -~ Z <a31??11a52ﬂ12a33m3> [(C la’)ilml(c la’)fz’mz(c la’)ﬂsms

X

Can be used to { O atl’tem,
infer properties —3(C™ Y mytgms (C10) z?,mg} } ,

of the transfer

Function (content ) and on “initial conditions”

and in particular the curvature perturbation (®) spectrum & bispectrum

dk
Co=tr [ 5 83030
0

( ( 1)@ (k)@ (k3)) = (27T)35D(k1+k2+k3) (1, 2, Foa)

'”l
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are many ways to arrange 3 pts!

- L4 - - - L J

And they are produced by different underlying physics

» squeezed triangle (k1~k2>> k3), the dominating shape from

multi-field, curvaton, inhomogeneous reheating and Ekpyrotic
models.

» equilateral triangle (k1 = k2 = k3), produced by non-canonical
kinetic energy with higher derivative interactions and non-
trivial speeds of sound. F

» folded triangle (k1 = 2k2 = 2k3), produced by non-adiabatic-
vacuum models.
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Remarks

» Assuming Q=@ +f, ®? as in Salopek & Bond 1990, (Komatsu & Spergel
2001)
— @,~107 is a Gaussian, linear curvature perturbation in the matter era
— Therefore, fy,.1..a<100 means that the distribution of @ is consistent with a
Gaussian distribution to ~100 X(10~)?/(10)=0.1% accuracy at 95% CL.
> A lot of work already to assess fy, for various scenarii
e fu~0.05 canonical inflation (single field, couple of derivatives)
— (Maldacena 2003, Acquaviva etal 2003 )

fu~0.1--100 =2 higher order derivatives
e ~100: DBl inflation (Alishahiha, Silverstein and Tong 2004)
e ~0.1: UV cutoff (Creminelli and Cosmol, 2003)

fni >10 curvaton models (Lyth, Ungarelli and Wands, 2003)
fn ~100 ghost inflation (Arkani-Hamed et al., Cosmol, 2004)

» NB: a detection of primordial NG in the squeezed limit (when k1~k2>>k3)
would rule out ALL single-field inflation models, because these obey B(k1,
k2, k3—=20) = (1-n,)P(k1)P(k2), and 1-n_ is measured to be ~< 0.05)

» Nice reviews of recent NG work & CMB in Komatsu 2010, 1003.6097v2
and Yadav & Wandelt 2010

"AP" L - -
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Positive fy, = More Cold Spots
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And...
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i Estimators...

» Given a shape of the initial bispectrum (local, equil., etc),
one can devise an unbiased minimum-variance estimator
(taking derivatives of bispectrum wrtf_)

——

— 1 Beo,e.Beye,e, Broe.)?
— _Z notBuot Z (Beyeyes)

N CaCale i CuCaule

> This is oc Npix®/2 (Planck Npix~5.107). One trick has been
to look at factorisable F since then only oc Npix3/2

» ... and debias it with MC to do it in practice, i.e. with a
cut sky, inhomogeneous noise:

» In practice, this amounts to filter the maps before
multiplying then summing them...
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The (Iocal) fy, hunt
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TABLE II: Summary of constraints on local non-Gaussianity

Year data Method o8 + 20 error

2002 COBE Bispectrum sub-optimal | fl\L\ < 1500 |Komatsu et al. [222]
2003 MAXIMA |Bispectrum sub-optimal | fnn| < 1900 |Santos et al. [223]

2003 WMAP I-year |Bispectrum sub-optimal 39.54+97.5 |E. Komatsu et al. [23]
2004 VSA Bispectrum sub-optimal fn1, < 5400 | Smith et al. [224]

2005 WMAP I-year |Bispectrum sub-optimal-v1 474+ 74 Creminelli et al. [25]
2006 WMAP 3-year | Bispectrum sub-optimal 30 £+ 84 Spergel et al. [24]

2006 WMAP 3-year | Bispectrum sub-optimal-v1 32 + 68 Creminell: et al. [26]
2007 WMAP 3-year | Bispectrum near-optimal 87 4 62 Yadav and Wandelt [28]
2007 Boomerang |Minkowski Functionals 110 + 910 De Troia et al. [225]
2008 WMAP 3-year | Minkowski Functionals 10.5 £ 80.5 |C. Hikage et al. [195]
2008 WMAP 5-year | Bispectrum near-optimal 51 + 60 Komatsu et al. [51]
2008 ARCHEOPS |Minkowski Functionals 701%0 Curto et al. 2008 [226]
2009 WMAP 3-year | Bispectrum optimal 58 + 46 Smith et al. [131]

2009 WMAP 5-year | Bispectrum optimal 38 £ 42 Smith et al. [131]

2009 WMAP 5-year | Spherical Mexican hat wavelet 31 £ 49 Curto, A et. al. [206]
2009 BOOMERanG | Minkowski Functionals —315 £ 705 |P. Natoli et al. [227]
2009 WMAP 5-year | Skewness power spectrum 11 +£47.4 Smidt, Joseph et al. [228]
2010 WMAP 7-year | Bispectrum optimal 32 £ 42 Komatsu et al. [132]
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I\/Ilnlmum detectable fy, versus |
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Af'°@~1 is the limit from the CMB; Cramer-Rao for Planck ~3!
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Cramer-Rao bounds are just bounds

One need to look at all other sources of bispectra

» The largest one comes from ISW X lensing which would bias fy, by
~9, if uncorrected.

> NB: 2"? order effects at LS surface have an equivalent fy, of the
order of 1 (~5?). No bispectrum template shape yet.

» And astrophysical foregrouns, in particular point sources... Lacasa
etal. 1107.2251v1 estimate (for noiseless full-sky maps without
beam smoothing) that for Planck at 217 GHz, this may induce a
negative bias , f,'°?'=-6, coming from unresolved IR sources
(assuming radio sources contribution has been well masked out).
To be cont’d (including other foregrounds)...

» And the instrumental imperfections...

» Well, that’s what we are busy doing... (Fortunately, not all sources
project very well on all templates)
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i »Modal bispectrum decomposition A
B = I
Modal bispectrum decomposition (Fergusson, Liguori & Shellard 2010) has the
advantage that no a priori assumption on bispectrum shape is required. Output
in one go: primordial bispectrum reconstruction & fNL value for all known
bispectrum shapes
: Cosmic
local equilateral :
i strings

Fergusson and Shellard 2009

For the three most common bispectrum modes Planck will reduce the
constrained volume by 70 compared to WMAP with a further factor of 20
possible for a next generation mission.
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Trispectrum, and more...

- L4 - - L

M b b L bz ly L \ 11
<a'£1'm|at’-;z"frl-zatf::.'!rt;;aﬂ.-l'md> :Z(_l) (ml mo .:rn_{) (ml mo M3 Tﬂ:xij(L)

LM

WMAPS trispectrum constraint on the local gy, T(k1, k2, ks, k1) = mnp[Fe(kis) Pe(ks) Py (kg) + (11 perms)]

model is -5.6 x 10° < g, < 8.6 x 10° - %gNL{Pg(kg)Pc(ka)Pc(m) + (3 perms)](21)
Fergusson, Regan& Shellard, 1012.6039; - 5 . .
See also Vielva & Sanz 2010, Smidt et al. 2010 "NL — (6/51./5)"  for single field models

But no optimal estimator (yet?)
e Minkowski functionals (recently Hikage, Matsubara, etc)

: k :
(d) _ 1 Wd 01 -v?/2) g F g(0) g E (1) gy
Ve ) (2m)R+1/2 (g pg (\/EG'U) ‘ { k-1 (V) + 6" et2(v) + 33 k(v)

k(k—1) . r ., ’
+%5(2}Hk_g(y)]au + O(Uﬁ)}: s = ({{_g
M g = _34VE)
e - T 4 g2g2
P x \ » And wavelets, needlets, etc 3d0 1((Vf) (VHV2)
b3 t‘:;;' (different weighting = cross-checks..) 5% = “2d-1) = :
’ -« +Indicators specific to Strings, PMF, etc.

L 2 F - v - I - - [ T F w
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Planck will uniquely
constrain the value of the
fine structure constant at
z~1000

And will go a long way
towards extracting all the
information CMB has to
offer on this

(as expected progress will
mostly be via E
polarization measures)

Rocha et al. 2004

ICGC11, Goa, Dec 18th 2011
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¢ Performances summary

U | Orwnm | Naee | Temp (1) | Pol (Q,U) Sensitivity of Planck X20
(R -aremin | pK-aremin 2
GHz | arcmin RJ | CMB | RJI | CME AChle-VGd through ]
23 | 528 | 2 [413| 418 | 584 592 durationX2, Inst.sensit.X2,
33 30.6 2 413 | 424 | 584 | 600
a1 | 306 | 4 |365| 381 | 516 530 detector numberx100
61 21.0 4 438 451 619 | 681
04 13.2 g 413 | 516 | 534 | 729 L (Av) | naet | #fwhm Temp (I) Pol (Q.U)
K -arcmin (K -arcmin
WMAP (9 year mission) GHz | GHz arcmin | RJ | CMB | RJ | CMB
45 15 64 23.3 | 498 | 525 | 861 | 9.07
75 15 300 14.0 | 236 | 2.73 | 4.00 | 4.72
105 15 400 10.0 | 2.03 | 2.68 | 3.50 | 4.63
v Munpol | Mpol | O fuhm Temp (1) Pol (Q,U) 135 15 550 7.8 1.68 | 263 | 290 | 4.55
p K -arcmin pt K -arcmin 165 15 750 6.4 1.38 | 2.67 | 2.38 | 4.61
CHz arcmin RJ CMB R CMEBE 195 15 1150 5.4 1.07 | 263 | 1.84 | 4.54
30 1 1 32.7 [ 1985 [ 203.2 | 280.7 | 2874 225 15 | 1800 | 4.7 | 0.82 | 2.64 | 1.42 | 4.57
44 6 6 27 9 298 () 290.6 299 4 | 328.0 255 15 575 4.1 1.40 | 6.08 | 243 | 10.5
70 12 12 13.0 | 186.5 | 211.2 | 263.7 | 208.7 285 15 375 3.7 L70 ) 101 | 294 | 174
100 o) o) 0.0 2910 1.3 330 449 315 15 100 3.3 3.25 | 269 | 5.62 | 46.6
143 11 8 7.2 11.9 20.1 19.7 | 33.3 375 15 64 2.8 4.05 | 686 | 7.01 119
217 12 el 4.9 9.4 28.5 16.3 49.4 435 15 64 2.4 4.12 149 7.12 258
353 12 el 4.7 7.6 107.0 13.2 | 185.3 Do 195 64 1.9 1.23 227 3.30 626
545 3 0 1.7 6.8 | 1.1 x 10° 675 | 195 | 64 1.6 | 1.28 | 1320 | 3.52 | 3640
857 3 0 4.4 2.0 | 83x10 795 195 64 1.3 1.31 | 8070 | 3.60 | 22200
PLANCK (30 month mission) COrE summary (4 year mission)
."‘. * _ - . : 1
-.AP: - - - - __ N - asw - -

F. R. Bouchet, for the M3 proposal team Groupe thématique "Astronomie" du CNES, September 22nd 2010 86
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Lensing: reconstruction noise
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Conclusions 1/2

» Plain vanilla LCDM offers a good fit to all existing data

» Parameters are now determined with an accuracy at the
per cent level:
— 1.7% on (2, Summary of t
— 2.5% Qc h?, Parameter WMAP Seven-year ML
- 14%on0,
- 1%onn, a0
— 1.7%on ai;}&-(,)d 2.42'28&)9

— 4% on normalisation As
» For the minimal model, using CMB+LSS (WMAP7+SPT+H0+BAO)

» No compelling indication of deviations (even though some
are expected), nor of any anomalies

':AP:" L 3 E 5 - v L L - [ F w
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» WMAP7 fond none detectable yet
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Search for extensions, expected or not 4 *
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Table 2
Summary of the 95% Confidence Limits on Deviations From the Simple (Flat, Gaussian, Adiabatic, Power-law) ACDM Model Except for Dark Energy Parameters
Section Name Case WMAP Seven-year WMAP+BAO+SN?* WMAP+BAO+H,,
Section 4.1 Grav. wave” No rLgming ind. r < 0.36° r < 0.20 r <024
Section 4.2 Running index No grav. wave —0.084 < dng/dInk < 0.020¢ —0.065 < dng/dInk < 0.010 —0.061 < dns/dInk < 0.017
Section 4.3 Curvature w=—1 N/A —0.0178 < Q; < 0.0063 —0.0133 < Q. < 0.0084
Section 4.4 Adiabaticity Axion ap < 0.13° ap < 0.064 ag < 0.077
Curvaton a_y < 0.011° a_y < 0.0037 a_; < 0.0047
Section 4.5 Parity violation Chern-Simons! —370 < Aw < 278° N/A N/A
Section 4.6 Neutrino mass’ =—1 > m, < 1.3eV* Y my, < 0.71eV > m, < 0.58eVe
w 75 -1 > my < 1.4eV© > my, < 091eV 3 my, < 1.3eVP
Section4.7  Relativistic species w=—1 Netr = 2.7¢ N/A 4.34705¢ (68% CL)'
Section 6 Gaussianity Local —10 < ]‘"OC"' < 74K N/A N/A
Equilateral 214 < f“‘”" <266 N/A N/A
Gu<1X10-7 (ACT) Orthogonal —410 < fﬁ,‘ihm <6 N/A N/A

Komatsu et al. APJs, 192:18, 2011
See also lack of anomalies claimed in Bennett et al., ApJs, 2011

» Situation unchanged with |

most recent small scale data |

» Planck starts from this lack of surprlses/detectlons...

-AP - a— - - - - r

S F. R. Bouchet: "CMB anisotropies: Status & Prospects" ICGC11, Goa, Dec 18th 2011

ACBAR+QUaDtWMAP7 ACT{WMAP7 SPT+WMAPT |
r <07 < 0.33 <0.25 <0.21
dns/dInk  [-0.084, 0.020] [-0.084, 0.003] —0.034 £0.018  —0.024 %+ 0.013
0.326 + 0.075 0.313+£0.044  0.296 £ 0.030
Neg > 2.7 - 53+1.3 3.85 4 0.62
s -
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Conclusions 2/2 -

» Planck works very weII HFI exceeds expectatlons
» HFI survey data collection finishing. EOL Jan 15, with about twice more

data than the nominal 15months.

> First 10 months of data (Aug13th—>Jun6t™): (re)processing & characterising,
producing ERCSC, performing first scientific analysis and publishing, all

done in 7 months.
— ERCSC (~15 000 sources, 199 SZ clusters in ESZ, 915 in ECC) fulfills expectations

download available from the Planck legacy archive at ESA (and at IPAC too)
25 papers unveiled at Planck2011 in “La Cité des Sciences”, Paris (& AAS ) A&A

special issue

» Our model of the data is already good enough to enable some further

CMB foregrounds analysis, but not yet fully “cosmology grade
— Intermediate papers on foregrounds expected in early 2012, cosmology & 15t data

release early 2013! (final in 2014)

» PLANCK + ACTPOL/SPTPOL/... + LSS + LHC... + EUCLID! COrE?
» The coming years will continue to be fantastic!

— —
ICGC11, Goa, Dec 18th 2011
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