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What is Planck?



The Planck mission



PLANCK Focal Plane



The workhorse of Planck:
spiderweb and polarization sensitive bolometers

Made by JPL, Caltech

Cooled to ≈ 100mK



Planck Capabilities



Planck Capabilities









A brief history of CMB observation





Boomerang baloon



Boomerang mutipole spectrum (no theory)



Boomerang mutipole spectrum (with theory)



WMAP 9-year alone



WMAP 9-year +SPT+ACT



Basic statistical approach�interesting outcome case

1. No popular model provides good �t to data.

2. Former agreement with �concordance� model (su�cient to

explain WMAP power spectrum and the loose constraints at

very large ` from ACT and SPT) falls apart owing to factor 2

improvement in resolution and factor 10 improvement in

sensitivity of Planck.

3. No simple, theoretically motivated model works, although

baroque models with epicycles and many parameters can be

made to work.

4. Theorists sent back to drawing board.

This did not happen, but polarization data still being analyzed. Still

room for some surprises in future releases.



Basic statistical approach�boring outcome case

1. After having constructed a likelihood function whose input is the
predicted theoretical power spectrum, �nd the simplest model with a
good �t to the power spectrum.

2. Consider extensions to this model and see whether the improvement in
the quality of �t is statistically signi�cant. (E.g., isocurvature modes,
extra neutrino species, varying α, . . .

3. Study the residuals to the minimal models to test for statistical
signi�cance.



The Planck Temperature-Temperature Power Spectrum CTT (`)



Base model�sampling parameters



Base model�derived parameters



Planck ILC map



Planck Gravitational lensing spectrum









Underlying question: conventional parameterization

What is the primordial power spectrum?
I For lack of a fundamental theory, expand in powers of ln(k)

ln (P(ln k)) = P0
(

ln(k/kpiv )
)0

+ P1
(

ln(k/kpiv )
)1

+ P2
(

ln(k/kpiv )
)2

+ . . .

P(k) = A(k/kpiv )(ns−1)

or

P(k) = A(k/kpiv )(ns−1)+α ln(k/kpiv )+...

I Planck seems to be telling us that the �rst two terms su�ce,

and using just the �rst term can be ruled out at a respectable

statistical signi�cance. nS 6= 1 implies exact scale invariance

needs to be downgraded to an approximate symmetry. No

statistically signi�cant evidence for running of the spectral

index.



Underlying question: searching for features

I Two approaches
I Parameterized approaches : make Ansätze with a small

number of extra parameters and compare quality of �t to
simpler model to determine whether extra parameters are
justi�ed by the data (Aikake Information Criterion, Bayesian
Information Criterion, Bayesian Evidence, . . .). (Approach
followed in Planck paper XXII, section 8)

I Non-parameterized approaches: penalized likelihoods,....
[Details of approach followed in Planck XXII paper follow:
Gauthier, Christopher; Bucher, Martin; Reconstructing the
primordial power spectrum from the CMB, JCAP 10, 050
(2012) (arXiv:1209.2147) (Approach followed in Planck paper
XXII, section 7)



Tentative conclusion of Planck Parameters paper

I Conclusion based on looking at overall χ2 with a very large

number of degrees of freedom.

I We want to examine whether this conclusion is really justi�ed.



Penalized likelihood

Let P0(k) = As(k/k∗)ns−1 be the best �t power spectrum of the six parameter
model. We de�ne a general Ansatz for the power spectrum in terms of a fractional
variation, f (k), relative to this �ducial model, so that

PR(k) = P0(k)
[
1 + f (k)

]
. (1)

Any features are then described in terms of f (k).

In this analysis we use the Planck+WP likelihood supplemented by the following prior,
which is added to −2 lnL:

f
T
R(λ, α)f = λ

∫
dκ

(
∂2f (κ)

∂κ2

)2
+ α

∫ κmin

−∞
dκ f 2(κ) + α

∫ +∞

κmax

dκ f 2(κ).

(2)

where κ = ln k.



Validation of method



Results on Planck �Nominal mission" likeklihood
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Maximum excursions locally 3.2σ and 3.9σ for λ = 104 and 103, respectively. After
look-elsewhere-e�ect translates into p = 1.74% and p = 0.21%, or 2.4σ and 3.1σ.



Where does this come from in the CMB multipole power spectrum?
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Proof that signal is from around ` ≈ 1800
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(Extract from parameters paper)



(Extract from parameters paper)



(Extract from parameters paper)



Comic interlude: testing for nontrivial topology



Stephen Hawking : Your theory of a donut shaped universe is

intriguing, Homer. I may have to steal it.

Homer Simpson : Wow, I can't believe someone I never heard of

is hanging out with a guy like me.





Planck tests Homer's theory�overlapping great circles

Prediction : Up to noise and some smearing coincidences on

overlapping circles should be apparent.

Planck result : These coincidences are not observed ruling out a

large class of models with nontrivial topology.



Constraints on neutrino physics



Impact of neutrinos on CMB

1. Actual (precision) analysis is somewhat mindless. (1) Incorporate new
physics in Boltzmann solver (e.g., CAMB, CLASS,....) (2) Run Monte
Carlo Marco Chain (MCMC) (2) Check for convergence, prior
dependence, ..... (3) Compare quality of �ts.

2. Precision approach gives no intuition. Di�cult to understand what is
really being tested. Di�cult to know what new models to look for in
order to explain possible anomalies.

3. Neutrinos a�ect model CMB primarily in three ways: (1) number of
relativistic species shifts moment of matter-radiation equality, a�ecting
the damping tail. (Early recombination means more �viscosity�), (2)
�early� integrated Sachs-Wolfe e�ect, extending visibility surface, (3)
gravitational lensing (aka late-time integrated Sachs-Wolfe at large `).
De�cit of halo structure on small-scales.

4. While non-cosmological neutrino experiments depend sensitively on the
coupling of neutrinos to the Standard Model, cosmological probes are
sensitive to neutrino because of the gravitational coupling. Thus �active�
and �sterile� neutrinos imprint the same CMB anisotropies.



Planck neutrino constraints
WMAP Seven-year claim:

Ne� = 4.34± 0.87
WMAP Nine-year claim:

Ne� = 3.84± 0.40∑
mv < 0.44eV 95% con�dence.

Planck:

Ne� = 3.52+0.48
−0.45(95%Con�dence;Planck +WP + H0 + BAO)∑

mv < 0.28eV 95% con�dence.





Planck 2013 Results. XXIV. Constraints on primordial non-Gaussianity
Planck Collaboration: P. A. R. Ade, N. Aghanim, C. Armitage-Caplan, M. Arnaud, M. Ashdown, F.
Atrio-Barandela, J. Aumont, C. Baccigalupi, A. J. Banday, R. B. Barreiro, J. G. Bartlett, N. Bartolo, E.
Battaner, K. Benabed, A. Benoît, A. Benoit-Lévy, J.-P. Bernard, M. Bersanelli, P. Bielewicz, J. Bobin,
J. J. Bock, A. Bonaldi, L. Bonavera, J. R. Bond, J. Borrill, F. R. Bouchet, M. Bridges, M. Bucher, C.
Burigana, R. C. Butler, J.-F. Cardoso, A. Catalano, A. Challinor, A. Chamballu, L.-Y Chiang, H. C.
Chiang, P. R. Christensen, S. Church, D. L. Clements, S. Colombi, L. P. L. Colombo, F. Couchot, A.
Coulais, B. P. Crill, A. Curto, F. Cuttaia, R. D. Davies, R. J. Davis, P. de Bernardis, A. de Rosa, G. de
Zotti, J. Delabrouille, J.-M. Delouis, F.-X. Désert, J. M. Diego, H. Dole, S. Donzelli, et al. (175
additional authors not shown) (Submitted on 20 Mar 2013)
The Planck nominal mission cosmic microwave background (CMB) maps yield unprecedented
constraints on primordial non-Gaussianity (NG). Using three optimal bispectrum estimators, separable
template-�tting (KSW), binned, and modal, we obtain consistent values for the primordial local,

equilateral, and orthogonal bispectrum amplitudes, quoting as our �nal result f localNL = 2.7± 5.8,

f
equil
NL = −42± 75, and f orthoNL = −25± 39 (68% CL statistical); and we �nd the integrated
Sachs-Wolfe lensing bispectrum expected in the ΛCDM scenario. The results are based on
comprehensive cross-validation of these estimators on Gaussian and non-Gaussian simulations, are stable
across component separation techniques, pass an extensive suite of tests, and are con�rmed by skew-Cl ,
wavelet bispectrum and Minkowski functional estimators. Beyond estimates of individual shape
amplitudes, we present model-independent, three-dimensional reconstructions of the Planck CMB
bispectrum and thus derive constraints on early-Universe scenarios that generate primordial NG,
including general single-�eld models of in�ation, excited initial states (non-Bunch-Davies vacua), and
directionally-dependent vector models. We provide an initial survey of scale-dependent feature and
resonance models. These results bound both general single-�eld and multi-�eld model parameter ranges,
such as the speed of sound, cs ≥ 0.02(95%CL), in an e�ective �eld theory parametrization, and the
curvaton decay fraction rD ≥ 0.15(95%CL). The Planck data put severe pressure on ekpyrotic/cyclic
scenarios. The amplitude of the four-point function in the local model τNL < 2800(95%CL). Taken
together, these constraints represent the highest precision tests to date of physical mechanisms for the
origin of cosmic structure.



Implications for in�ation�summary plot
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Constraints on isocurvature modes



Statistical Isotropy?




