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CMB information mine 
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Angle ≈ 200/l degrees 

Primordial  
power 

Gravity waves 

Acoustic  
oscillations 

Reionisation  
Lensing  

+ all other statistical properties (NG)  
3 

Note ∆T  
values range 

Observable 
related to 
physical 
parameters 
through well-
understood, 
mostly linear 
physics 

Peebles 1965, Sachs&Wolf 1967, Silk 1968, Sunyaev &Zeldovich 1969,  
Peebles & Yu 1970 (detailed rec.)… simulated maps Bond&Efstathiou 

1987(Inflation) Bouchet,Bennett&Stebbins1988(strings)… public codes 
CMBFAST   [Seljack & Zaldarriaga 96], CAMB [Lewis et al. 2000], CLASS… 

Kamionkowski et al 1997, Zaldarriaga & Seljak 1997 [E, B], NG… 



ICGC11, Goa, Dec 18th 2011 F. R. Bouchet: "CMB anisotropies: Status & Prospects" 4 

Initial CMB  
Calculations  

Matter calculations 

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

1965+5… 
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1987: 1st detection is still 5 years away! 
(Pionneering calculations 20 yrs earlier) 
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And  map realisations in T & P... 



Expected maps in the presence of  cosmic strings 
Then considered as an alternative for seeding LSS, which we 

know now to be sub-dominant 

Bouchet, Bennett, Stebbins, Nature  335, 1988  
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Since then… 
 (CMB anisotropies were discovered…) 
 Angular power spectra C(l) became the norm 

– T(n) =  Σlm alm Ylm(n) ; alm = ∫dΩ T Y*
lm

 

– <alm al’m’> = δll’ δmm’ C(l) (If statistical isotropy) 
– <TpTp’> = Cpp’ = Σ (2l+1)/4pi C(l) Pl(np, np’) 
– \hat C(l) =1/(2l+1) Σm |alm|2 
 

 ΩK ≠ 0 calculations 
 Elegant reformulations, introduce E & B to represent polarisation, many 

gauges (or absence of)…  
 Precision of theoretical predictions increased (Δ < 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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TERRA 
INCOGNITA 

1992 vintage 

1st ICGS 
In Goa 



Cuvée RCF 1996 
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1999 vintage 
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CBI… 
(May 2002, as VSA) 

Mason et al. astroph/0205384 
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pre-wmap polarisation knowledge 
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2005 vintage (october) 
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WMAP1, WMAP3, WMAP5, WMAP7 
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Nonparametric uncertainties on peak and dip locations and heights 



Current experimental status (12/2011) 
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The South Pole Telescope (SPT) data 
consist of 790 square degrees of sky 
observed at 150 GHz during 2008 & 2009. 
    (+ 95 & 220GHz data analysed in Nov11) 

Keisler et al., arXiv:1105.3182  

QUIET, ~1000 square degrees, observed 
at 43 & 95GHz, oct08 to dec10 2011ApJ...741..111Q  

BICEP, ~2000 square degrees, observed 
at 100 & 150GHz, from 06 to 08, Apj2010.  

Bischoff etal 1012.3191       2011ApJ...741..111Q 

SPT 

Temperature / Polarisation 

Chiang et al., 2010, ApJ, 711, 1123 

r=0.1 

Dashes are 4 CMB only  

http://adsabs.harvard.edu/abs/2011ApJ...741..111Q�
http://adsabs.harvard.edu/abs/2011ApJ...741..111Q�


The big picture: Basic ΛCDM still fits 

 Fluctuations are, to a very good approximation:  
– Isotropic  
– Gaussian     
– Adiabatic    (fluctuations in pressure α to the density) 
– Coherent    (fluctuations start @same time, harm. osc) 
– Scale invariant   (no 4σ deviation from ns =1) 

 With minimal cosmological content,  
– Flat spatial geometry  (is a good approximation) 
– Matter is mostly dark  (cold) 
– “Dark energy” consistent with Λ    (w=-1) 
– Small fraction of baryon, consistent with BBN 

 I.e. all consistent with inflationary framework 
 Large scale (5o > ϑ > 1o ) 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 physics, calling for a period of 

accelerated expansion (Spergel & Zaldariaga 97) 
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6 parameters LCDM “plain vanilla” 
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baryon density cold dark matter density 

optical depth of reionization 

angular scale of sound  
horizon at last scattering 

Amplitude of primordial  
scalar fluctuations. 

spectral index of scalar fluctuations 

+ 3 foreground terms (Poisson + clustered  sources+ SZ) 
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 All determined with 1-2 % accuracy 



Primordial Power spectrum reconstruction 
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Now probing wave numbers up to k = 0.2 Mpc-1 

Dashes show ns =0.962 (direct analysis ML) 

Hlozek et al (ACT) arXiv:1105.4887v1 

Obtained by simple change of parameterisation,  
i.e. 20 bins for P(k) (instead of As, ns) +  
4 other standard model + 3 for foregrounds 



Primordial gravitational waves & B modes 

 “Smoking gun” from inflation 
– Amplitude given by Hubble 

parameter during inflation 
– Detectable in large-field models  
– Conversely, detection would rule 

out some other models 
• Cyclic 
• Many string inspired ones 

 

 Only upper limit so far  
– Define r = AT/As (PT=AT.kn

T)  
– T & E from WMAP7  r < 0.36 

(95%CL), degeneracies can be 
adressed with CMB at higher ell, or 
BAO+Ho: r < 0.22, see further. 

– B alone, from Bicep: r < 0.73 
(Chiang et al. 2010, ApJ, 711, 1123) 

 
– NB: amplitude is related to the 

energy scale of inflation, AT α AIGW
2 

α EInf 
4 (r = 0.1 ↔Einf=2 x 1016 GeV ).  

– and slope is related to amplitude for 
all slow roll models: nT = - r/8 
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TT 

BB 



Model extensions signature/exclusion 
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Dunkley et al, arXiv:1009.0866v1 

NB: this  
is l4 CTT 



Model Extensions, SPT versus ACT 
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primordial helium abundance Yp versus the effective number of relativistic species Neff 

tensor-to-scalar ratio r versus the scalar spectral index ns 

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

 Very consistent view 
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1-ns ~0.03±0.01 



Model Extensions summary 
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SPT vs ACT in a 5 X 10 Deg2 Field   
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Image  ACT Collaboration, done yesterday 

Recipe: apply SPT filter to ACT map and a low pass filter  
so that either maps have information between 400~4500 

150 GHz 



ACT: Gμ < 1.6 × 10−7 (95% CL). 
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SPT: Gµ< 1.7x10-7 

NB: at the low ells 
probed by WMAP 
only, cosmic strings  
degeneracy with  
Baryonic abundance 
explains constraints 
are weaker by ~2.6 



The high-l frontier…is bordered by foregrounds 
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6 components, 3 frequencies 



And pay-off: Neutrino masses constraints 
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CMB + H0 + BAO 
(& tSZ in black) 

Red no tSZ data 
(Σ < 0.52 eV  
   @95%CL) 
 
tSZ model  from 
Purple: Shaw 
Green: Sehgal 

SPT, Reichardt et al. arXiv:1111.0932v1 

And of course also knowledge of the “contaminants”  (SZ, CIB)and related gastrophysics 



Reionisation epoch 
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zend when 1-xe=0.2 

SPT, Zahn et al.  arXiv:1111.6386v1 

Current from 
WMAP7+SPT 
 
Forecasts for 
Planck + 
Herschel+SPT  



What’s next? 

 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  
 

 A new generation of 
experiments is engaged, in 
particular  

– BICEP2  Keck,  
– ACT  ACTPOL,  
– SPT  SPTPOL,  
– SPIDER, EBEX, Polarbear…  
– For  high -ells… 

      and ESA’s satellite Planck 
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WMAP3 



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 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  
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Planck performance goals 
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The aggregated sensitivity of 
Planck core CMB channels is 
~0.5μK.deg in T 
(nominal mission – 14months) 

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

Angular resolution  
(FWHM arcmin) 

33 24 14 10 7.1 5.0 5.0 5 5 

Sensitivity in I [µK.deg]  
[σpix Ωpix

1/2] 3.0 3.0 3.0 1.1 0,7 1.1 3.3 33 3.0 

WMAP Center Freq.  23 33 41 61 94 

Angular resolution 
(FWHM arcmin) 

49 37 29 20 12,6 

Sensitivity in I 
[µK.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) 

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)   

(“Blue Book”, twice better than requirements) 

The leap forward w.r.t. WMAP 



E current data versus Planck Forecast 
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2000 100 20 



Planck needed breakthroughs 
 The performance goals of Planck require several technological performances 

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) 

– 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) 
• < 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: 

– 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 7.1010 He atoms accumulated on dilution heat exchanger (typically He pressure 1.10-10 
mb) 

 
⇒ Integration of 3 intertwined complex chains - optical, electronic, cryogenic 
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5o circle 



The Low Frequency Instrument LFI 
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Birth of the Cool 
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Planck is in L2 orbit since July 2009 
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Status & Schedule 

 Instruments are very stable, continuously mapping the sky, with essentially no hiccups 
from the beginning of survey, on August 13th 2009, till now.  

 Expectations on sensitivities confirmed in flight: HFI reaches or exceeds its goals 
 It is 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 27th 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 I speak, HFI is performing EOL activities (spin-up, etc) and will go warm January 

15th 2012. We have collected ~5 surveys, ~ twice the nominal duration. This, together 
with some additional LFI data, will be the basis of our final data delivery (DD2) in early 
2014. (will contain clean TOIs, frequency and component maps (T Q U), a likelihood 
code+ ancillary data  
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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) 
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After 17 years gestation 

“ “ 



Foregrounds !!! 
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∆H0 
=2% 

45 



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



The Planck Foregrounds sky 
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Planck first data  
delivery, on time 



The Planck SZ sky 
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Planck clusters versus other samples 
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Planck indeed 
detects the  
rarest and 
most massive 
clusters in our 
local universe 



CIB appearance 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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BLAST & SPT versus HFI 
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NB: BLAST values are color-corrected using the CIB 
mean spectrum (1.05 @ 857 & 0.7 @ 545 GHz) 

HFI+SPT: (Reichardt 2011, arXiv:1111.0932v1) 
Clustered component  scale dependance ∝ l-0.8  

Blue dashes when HFI 353 GHz CIB bandpower 
constraint is included 
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Inflation has many variants... 
 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 

 
 
 
 

 F-term hybrid inflation 
 false-vacuum inflation 
 false-vacuum chaotic 

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

 

 
 higher-curvature inflation 
 hybrid inflation 
 Hyper-extended inflation 
 induced gravity inflation 
 intermediate inflation 
 inverted hybrid inflation 
 Power-law inflation 
 K-inflation 
 Super symmetric inflation 
 Roulette inflation 

 
 

 



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  (ns-1, dns/dlnk, 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: (fNL-local, fNL-
equilateral, fNL-orthogonal, gNL) 

 Alone first, and in conjunction (Planck-EXT) with SS CMB, LSS 
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Plain vanilla accuracy forecast 
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WMAP 4 years (94 GHz) 
Planck  1 year (143 GHz) 
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Baryon Density 

Dark Matter Density 

Optical Depth of Reionised IGM 

Running 0 Inflation 

Index of Primordial 
Perturbation Power Spectrum 

Primordial Amplitude 

Expansion Rate 

Qualitative Advance 
in Precision 



Planck vs Ideal (including polarisation) 
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Perfect CMB 
experiment 

Planck 

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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Can you guess from whom did I get 
this plot? (Dick of course)  



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

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 
for w  

Current status  

Planck & LSS forecast w.r.t. current status 



ISOCURVATURE MODES 
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NB: Still assuming simple scale-invariant (initial) P(k)… 
NB2: Can add LSS, or HST+SN1A to improve Ωk, cf. Dunkley et al. astroph/0507473, but reliance on external data) 

 Much less reliance on theoretical priors  
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LSS deviate background light 
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Unlensed CMB 
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Lensed CMB 
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Deflection are ~2’ , but  
coherent over degrees 
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Deflections smooth the spectra 
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(And create specific non-Gaussianities which can be exploited...) 
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And generates weak B modes 

~5μK.arcmin 

A white noise level of 5μK.arcmin implies fluctuation with an rms of 5/θ μK in a pixel of size θ 
i.e. typically 100 nK in a 50 arcmin pixel (~BGW signal for T/S ~ 10-2) 

(NB: σTemperature ~ 100 μK) 
 

E < 0 E > 0

B < 0 B > 0

E < 0 E > 0

B < 0 B > 0



Detection – measurements status 

 First detection by cross-correlation 
– Smith et al., 2007 : WMAP + NVSS: 3.4 σ 
– Hirata et al., 2008 : WMAP + NVSS + SDSS + : 2.5 σ 

 Internal detection (via spectrum smoothing) 
– Das et al. 2010 (ACT), Cl

ΦΦ = ALCl, fid
ΦΦ, AL= 1.3+0.5(+1.2)

-0.5(-1.0) 
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Lensing potential reconstruction 
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l2cl x1.10-7 
2011 
2011 

2013? 

 Spectrum is sensitive to geometry & matter power spectrum in 0.5 < z < 6.5 range  
 Low z constraints on curvature, mν, dark energy… 
 

l2cl /2π x1.10-7 

Plank-like (1 reconstruction) 
50μK.arcmin, 5’ beam 
But 
Homogeneous white noise 
Isotropic beams, Full sky 

A.Benoit-Levy, in prep 



Planck alone forecast for ΛMDM  
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Baryons 

Dark matter 

ϑs - Ang. Diam of Sound Horizon at dec. 

τ - Optical depth 

Hot fraction (Ων/ ΩDM) 

Eq. of state parameter w 

Neff - # of relativistic fermionic dof 

Ye - He faction 

ns – index of PPPS 

Running  

Normalisation of PPPS 
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The blue dashed lines 
indicate the degradation 
incurred without lensing 
information extraction 
 
Largest improvements 
indeed concern the Hot 
fraction (& DM) & eq. of 
state parameter, ie low-z  



Planck alone forecast for ΛMDM  
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Hot fraction (Ων/ ΩDM) 

Eq. of state parameter w 
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The blue dashed lines 
indicate the degradation 
incurred without lensing 
information extraction 
 
Largest improvements 
indeed concern the Hot 
fraction (& DM) & eq. of 
state parameter, ie low-z  



Expectations for Planck 

 ~30 σ detection using temperature only  
– CMB x Lensing likelihood for cosmology 

 ~15 σ detection using TT X TE 
– Low correlation with the TT x TT estimate 

 ~5 σ detection using TE X TE 
 

 ~5 σ detection using ISW x Lensing 
 Higher significance (10 to 20 σ) with other LSS probes (VSS, SDSS…) 
 ~30 σ 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…  
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Harmonic coefficients of a map 
 
Are directly related to curvature perturbations (p =T, E, B)   

Therefore their   
distribution : 
 
 
Can be used to 
infer properties 
of the transfer 
Function (content ) and on “initial conditions”  
and in particular the curvature perturbation (Φ) spectrum & bispectrum 
       



There are many ways to arrange 3 pts! 

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. 

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

 Assuming Φ=ΦL+fNLΦL
2 

 as in Salopek & Bond 1990, (Komatsu & Spergel 
2001) 

– ΦL~10-5 is a Gaussian, linear curvature perturbation in the matter era 
– Therefore, fNL-local<100 means that the distribution of Φ is consistent with a 

Gaussian distribution to ~100×(10-5)2/(10-5)=0.1% accuracy at 95% CL. 
 A lot of work already to assess fNL for various scenarii 

• fNL ~ 0.05 canonical inflation (single field, couple of derivatives)  
– (Maldacena 2003, Acquaviva etal 2003 ) 
• fNL ~ 0.1--100  higher order derivatives  

• ~100: DBI inflation (Alishahiha, Silverstein and Tong 2004)  
• ~0.1 : UV cutoff (Creminelli and Cosmol, 2003) 

• fNL >10 curvaton models (Lyth, Ungarelli and Wands, 2003) 
• fNL ~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, k30) = (1-ns)P(k1)P(k2), and 1-ns is measured to be ~< 0.05) 
 

 Nice reviews of recent NG work & CMB in Komatsu 2010, 1003.6097v2 
and Yadav & Wandelt 2010 
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fNL= 100 
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Liguori, Yadav, Hansen, Komatsu, Matarrese, Wandelt 2007 

Positive fNL = More Cold Spots 

“The frightening power of statistics” 



fNL= 0   

ICGC11, Goa, Dec 18th 2011 F. R. Bouchet: "CMB anisotropies: Status & Prospects" 74 



And... 
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(143GHz) 



Estimators... 

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

 This is ∝ Npix5/2 (Planck Npix~5.107). One trick has been 
to look at factorisable F since then only ∝ 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 (local) fNL  hunt 
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Minimum detectable fNL versus lmax 
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(40µK.arcmin, 5’) 

ΔfNL
local~1 is the limit from the CMB; Cramer-Rao for Planck ~3!  

WMAP7  
ΔfNL

loc~21 
 

(1.4µK.arcmin, 4’) 



Forecasts for scale-dependent fNL 
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Sefusatti et al. 2009 

local 

equilateral 

n is the 
exponent of 
the k 
dependence 

Green EE 



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 fNL by 

~9, if uncorrected.  
 NB: 2nd order effects at LS surface have an equivalent fNL of the 

order of 1 (~5?). No bispectrum template shape yet. 
 
 And astrophysical foregrouns, in particular point sources... Lacasa 

et al. 1107.2251v1 estimate (for noiseless full-sky maps without 
beam smoothing) that for Planck at 217 GHz, this may induce a 
negative bias , fNL

Local=-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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Modal bispectrum decomposition 

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. 

local equilateral Cosmic 
strings 
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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 
 



Trispectrum, and more... 
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WMAP5 trispectrum constraint on the local gNL 
model is -5.6 x 105 < gNL < 8.6 x 105 

Fergusson, Regan& Shellard, 1012.6039;   
See also Vielva & Sanz 2010, Smidt et al. 2010 
But no optimal estimator (yet?)  

• And wavelets, needlets, etc 
(different weighting  cross-checks..) 
• + Indicators specific to Strings, PMF, etc. 

• Minkowski functionals (recently Hikage, Matsubara, etc)  

for single field models 



Variations of the fine structure constant 

W
M

A
P 

T+
E 
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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 
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Performances summary 
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Sensitivity of Planck X20  
Achieved through 
durationX2,  Inst.sensit.X2, 
detector numberX100 
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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 ΩB,  
– 2.5% Ωc h2,  
– 1.4% on ΘS,  
– 1% on ns,  
– 1.7% on τ,  
– 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 
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Search for extensions, expected or not 

 WMAP7 fond none detectable yet 
 
 
 
 

 
 
 
 
 
 
 Situation unchanged with  
 most recent small scale data 
 
 Planck starts from this lack of surprises/detections... 
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See also lack of anomalies claimed in Bennett et al., ApJs, 2011 
Komatsu et al. APJs, 192:18, 2011 

Gμ < 1 X 10-7 (ACT)  



Conclusions 2/2 
 Planck works very well. HFI exceeds expectations. 
 HFI survey data collection finishing. EOL Jan 15th, with about twice more 

data than the nominal 15months. 
 

 First 10 months of data (Aug13thJun6th): (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 &  1st data 
release early 2013! (final in 2014) 

 
 PLANCK + ACTPOL/SPTPOL/... + LSS + LHC... + EUCLID!   COrE? 
 The coming years will continue to be fantastic! 
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The scientific results that we present today are the product of the 
Planck Collaboration, including individuals from more than 50 
scientific institutes  in Europe, the USA and Canada   
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Planck is a project of 
the European Space 
Agency -- ESA -- with 
instruments provided 
by two scientific 
Consortia funded by 
ESA member states 
(in particular the lead 
countries: France and 
Italy) with 
contributions from 
NASA (USA), and 
telescope reflectors 
provided in a 
collaboration between 
ESA and a scientific 
Consortium led and 
funded by Denmark. 
 



The first 25 (a to y) 
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