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Planck Collaboration: Cosmological parameters

Fig. 1. Planck foreground-subtracted temperature power spectrum (with foreground and other “nuisance” parameters fixed to their
best-fit values for the base ⇥CDM model). The power spectrum at low multipoles (⇥ = 2–49, plotted on a logarithmic multi-
pole scale) is determined by the Commander algorithm applied to the Planck maps in the frequency range 30–353 GHz over
91% of the sky. This is used to construct a low-multipole temperature likelihood using a Blackwell-Rao estimator, as described
in Planck Collaboration XV (2013). The asymmetric error bars show 68% confidence limits and include the contribution from un-
certainties in foreground subtraction. At multipoles 50 � ⇥ � 2500 (plotted on a linear multipole scale) we show the best-fit CMB
spectrum computed from the CamSpec likelihood (see Planck Collaboration XV 2013) after removal of unresolved foreground com-
ponents. The light grey points show the power spectrum multipole-by-multipole. The blue points show averages in bands of width
�⇥ ⇥ 31 together with 1� errors computed from the diagonal components of the band-averaged covariance matrix (which includes
contributions from beam and foreground uncertainties). The red line shows the temperature spectrum for the best-fit base ⇥CDM
cosmology. The lower panel shows the power spectrum residuals with respect to this theoretical model. The green lines show the
±1� errors on the individual power spectrum estimates at high multipoles computed from the CamSpec covariance matrix. Note the
change in vertical scale in the lower panel at ⇥ = 50.
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Why is inflation the favored paradigm? 
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•  Fluctuations are correlated on scales that are super-Hubble at decoupling: Sachs-

Wolfe plateau in temperature, and even more clear, large first multipoles in TE 

spectrum (while E-polarisation cannot come from integrated Sachs-Wolfe) 

•  Peak structure shows that acoustic oscillations are coherent 

•  Fluctuations seem to be nearly Gaussian, as in all simple inflationary models 

•  Peak location shows that early fluctuations are (at least mainly) adiabatic, as in 

single-field inflation 

•  At leading order, primordial spectrum close to scale-invariant 



Inflaton potential mapped 

onto scalar/tensor spectra : 

Slow-roll single-field inflation 
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Need to measure As(k) +  
T/S amplitude at one scale. 

If not… remaining degeneracy 



Slow-roll single-field inflation 

•  Scalar spectrum maps onto CMB temperature spectrum but in non-trivial way: 
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Slow-roll single-field inflation 

•  Scalar spectrum maps onto CMB temperature spectrum but in non-trivial way 

•  The same spectrum maps onto CMB E-polarisation 

•  Tensor modes add up to the T and E spectrum. Appear as deficit of small scales 

versus large scales in T spectrum. 

•  Tensors seed B-polarisation spectrum in a distinct way, but B-modes are much 

more difficult to measure than E-modes because they are smaller even for GUT-

scale inflation 
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Slow-roll single-field inflation 

•  Scalar spectrum maps onto CMB temperature spectrum but in non-trivial way 

•  The same spectrum maps onto CMB E-polarisation 

•  Tensor modes add up to the T and E spectrum. Appear as deficit of small scales 

versus large scales in T spectrum. 

•  Tensors seed B-polarisation spectrum in a distinct way, but B-modes are much 

more difficult to measure than E-modes because they are smaller even for GUT-

scale inflation… still little chance to see them with Planck 
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ΛCDM with power-law As is a good fit 
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Planck Collaboration: Cosmological parameters

Fig. 1. Planck foreground-subtracted temperature power spectrum (with foreground and other “nuisance” parameters fixed to their
best-fit values for the base ⇥CDM model). The power spectrum at low multipoles (⇥ = 2–49, plotted on a logarithmic multi-
pole scale) is determined by the Commander algorithm applied to the Planck maps in the frequency range 30–353 GHz over
91% of the sky. This is used to construct a low-multipole temperature likelihood using a Blackwell-Rao estimator, as described
in Planck Collaboration XV (2013). The asymmetric error bars show 68% confidence limits and include the contribution from un-
certainties in foreground subtraction. At multipoles 50 � ⇥ � 2500 (plotted on a linear multipole scale) we show the best-fit CMB
spectrum computed from the CamSpec likelihood (see Planck Collaboration XV 2013) after removal of unresolved foreground com-
ponents. The light grey points show the power spectrum multipole-by-multipole. The blue points show averages in bands of width
�⇥ ⇥ 31 together with 1� errors computed from the diagonal components of the band-averaged covariance matrix (which includes
contributions from beam and foreground uncertainties). The red line shows the temperature spectrum for the best-fit base ⇥CDM
cosmology. The lower panel shows the power spectrum residuals with respect to this theoretical model. The green lines show the
±1� errors on the individual power spectrum estimates at high multipoles computed from the CamSpec covariance matrix. Note the
change in vertical scale in the lower panel at ⇥ = 50.
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ns = 0.9603 ± 0.0073 (68%CL, Planck+WP), Harrison-Zel’dovitch is 5σ away 



ns< 1 is a robust result 
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Running spectral index not needed 
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Slow-roll single-field inflation 
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•  We leave for the moment the possibility to constrain features or isocurvature modes 

•  We focus on single-field inflation, first with a slow-roll prior, then beyond this prior 

•  With a slow-roll prior, we fit the model  ΛCDM + r 

•  ns = 0.9624 ± 0.0075               (68%CL, Planck+WP) 

•  r < 0.12  at k* = 0.002 Mpc-1     (95%CL, Planck+WP) 

•  So    V* < (1.96x1016 GeV)4 



Tensors, spectral index and inflation 

•  Also OK: Hill-top with p=2 or p≥4; also disfavored: inverse power-law  
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, Higgs inflation 

V* < (1.94 x 1016 GeV)4  (95%CL) 



Inflationary model comparison 

•  Consider a few models: monomials, hilltop, natural inflation… 

•  Simulate them numerically (background evolved till the end of inflation; uncertainity 
on reheating marginalized out; T and S spectra computed numerically beyond slow-

roll) 

•  Obtain Bayesian confidence limits on their free parameters 

•  Obtain Bayesian evidence ratio and Δχ2
eff  w.r.t  ΛCDM (with r=0) 
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Inflation potential reconstruction 

•  Strictly speaking, we probe the inflaton potential only inside the “observable 

window”, and we extrapolate till the end of inflation using theoretical priors or an 

explicit for of the potential 

•  Most conservative approach: constrain a parametric form for V(φ) in the observable 
window and make no assumptions on the rest 

•  Compute spectrum numerically beyond slow-roll 

•  Result only depends on parametric form. Since observable window is small: may 

try Taylor expansion at order n=2,3,4 
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Inflation potential reconstruction 
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Slow-roll parameters at pivot scale using numerical reconstruction versus 2nd order slow-roll 



Inflation potential reconstruction 
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“observable window” of the inflaton potential, assuming that it can be  
Taylor-expanded inside this region at order n = 2, 3, 4 (units of true mP) 



Primordial spectrum reconstruction 
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Planck Collaboration: Constraints on inflation 23

Fig. 15. Planck primordial power spectrum feature search results. Top four panels: The reconstructed power spectrum at four values
for the smoothing parameter ⇥. The red curves indicate the maximum likelihood configuration for the fractional deviation f (k) of
the power spectrum relative to a power law fiducial model (with As = 2.20 ⇥ 10�9 and ns = 0.9603) for the penalized likelihood.
The error bars have a width corresponding to the minimum reconstructible width (the minimum width for a Gaussian feature so that
the mean square deviation of the expectation value of the reconstruction differs by less than 10%), and a vertical extent showing the
1⇤ and 2⇤ limits for the fractional deviation averaged over the box. The grey hashed regions at the far left and right show where
the fixing prior (i.e., �) sets f (k) = 0. The inner grey regions show where the reconstruction bias is so great that the minimum
reconstructible width is undefined. Mock features in this region have reverberations over the entire interval. With ⇥ = 103 and
⇥ = 104, we find statistically significant fluctuations around k ⇤ 0.1 Mpc�1. Lower panels: The 1⇤ error bars for three combinations
of cosmological parameters at the four values of ⇥. The maximum likelihood value for the fiducial model is indicated by the dashed
line for comparison.

λ = penalisation factor. Disfavors variations below a given scale. 
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Fig. 15. Planck primordial power spectrum feature search results. Top four panels: The reconstructed power spectrum at four values
for the smoothing parameter ⇥. The red curves indicate the maximum likelihood configuration for the fractional deviation f (k) of
the power spectrum relative to a power law fiducial model (with As = 2.20 ⇥ 10�9 and ns = 0.9603) for the penalized likelihood.
The error bars have a width corresponding to the minimum reconstructible width (the minimum width for a Gaussian feature so that
the mean square deviation of the expectation value of the reconstruction differs by less than 10%), and a vertical extent showing the
1⇤ and 2⇤ limits for the fractional deviation averaged over the box. The grey hashed regions at the far left and right show where
the fixing prior (i.e., �) sets f (k) = 0. The inner grey regions show where the reconstruction bias is so great that the minimum
reconstructible width is undefined. Mock features in this region have reverberations over the entire interval. With ⇥ = 103 and
⇥ = 104, we find statistically significant fluctuations around k ⇤ 0.1 Mpc�1. Lower panels: The 1⇤ error bars for three combinations
of cosmological parameters at the four values of ⇥. The maximum likelihood value for the fiducial model is indicated by the dashed
line for comparison.

Feature at k~0.13 Mpc-1 related to dip in Cl with l~1800 . 3-4 σ effect. 



Primordial spectrum with parametric features 
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•  Search for: - constant oscillation in log(P) versus log(k)                (3 extra parameters) 

                         - localised oscillations from step in inflaton potential  (3 extra parameters) 

                         - exponential cut-off for short inflation                         (2 extra parameters) 



Primordial spectrum with parametric features 
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•  best fits compared to ΛCDM residuals: 



Primordial spectrum with parametric features 
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•  Improvement is not worth the price to pay, Bayesian evidence in favor of power-law: 

•  But can be checked independently with future polarisation  



Inflation with non-canonical kinetic term 

21.05.2013 Planck implications for cosmology – J. Lesgourgues 27 

•  Sound speed cs
2< 1 

•  Scalar spectrum modified by different sound speed 

•  Tensor to scalar ratio affected 

•  Generates primordial non-gaussianity: fNL usually proportional to (1-cs
-2) 

•  Paper investigates constraints on cs
2 and on slow-roll parameter under various 

assumption 

•  From fNL and from the temperature spectrum: no evidence for cs
2 < 1 



Isocurvature modes 
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Planck Collaboration: Constraints on inflation 31

particles, leading to isocurvature perturbations correlated with
the adiabatic mode.

Several authors have studied the constraints on isocurva-
ture modes imposed by previous microwave background exper-
iments, including Stompor et al. (1996), Langlois & Riazuelo
(2000), Amendola et al. (2002), Peiris et al. (2003), Valiviita &
Muhonen (2003), Bucher et al. (2004), Moodley et al. (2004),
Beltran et al. (2004), Kurki-Suonio et al. (2005), Dunkley et al.
(2005), Bean et al. (2006), Trotta (2007), Keskitalo et al. (2007),
and Komatsu et al. (2009). A more complete set of references
may be found in Valiviita et al. (2012).

Before proceeding we must define precisely how to char-
acterize these isocurvature modes on superhorizon scales dur-
ing the post-entropy-generation epoch, during which we assume
that the stress-energy content of the Universe can be modelled as
a multi-component fluid composed of baryons, CDM particles,
photons, and neutrinos. If we assume that the evolution of the
Universe during this epoch was adiabatic (used here in the sense
of thermodynamically reversible), then the entropy per unit co-
moving volume is conserved and serves as a useful reference
with respect to which the abundances of the other components
can be expressed.

The baryon isocurvature mode may be expressed in terms of
fractional fluctuations in the baryon-to-entropy ratio, which is
conserved on superhorizon scales during this epoch. The CDM
and neutrino density isocurvature (NDI) modes may be defined
analogously. The neutrino velocity isocurvature (NVI) modes
refer to fluctuations in the neutrino velocity relatively to the
average bulk velocity of the cosmic fluid. For the CMB, the
baryon and CDM isocurvature modes yield almost identical an-
gular spectra, because the deficit of one is balanced by an ex-
cess of the other, so we do not consider them separately here.
In this way the primordial isocurvature modes may be defined
as dimensionless stochastic variables ICDI, INDI, INVI, like the
variable R describing the adiabatic mode.15 In this basis, the
CDI mode can be seen as an effective isocurvature mode, en-
coding both CDM and baryon isocurvature fluctuations through
Ie⇥ective

CDI = ICDI + (�b/�c)IBI (Gordon & Lewis, 2003).
Within this framework, Gaussian fluctuations for the most

general cosmological perturbation are described by a 4 ⇥ 4 pos-
itive definite matrix-valued power spectrum of the form

PPP(k) =

�
⇧⇧⇧⇧⇧⇧⇧⇧⇧⇧⇧⇤

PR R(k) PR ICDI (k) PR INDI (k) PR INVI (k)
PICDIR(k) PICDIICDI (k) PICDIINDI (k) PICDIINVI (k)
PINDIR(k) PINDIICDI (k) PINDIINDI (k) PINDIINVI (k)
PINVIR(k) PINVIICDI (k) PINVIINDI (k) PINVIINVI (k)

⇥
⌃⌃⌃⌃⌃⌃⌃⌃⌃⌃⌃⌅
. (64)

Following the conventions used in CAMB (Lewis & Bridle, 2002;
Lewis, 2011) and CLASS (Lesgourgues, 2011; Blas et al., 2011),
the primordial isocurvature modes are normalized as follows
in the synchronous gauge: for the CDI mode, PII(k) is the
primordial power spectrum of the density contrast difference
�⌅CDM/⌅CDM; for the NDI mode it is that of �⌅⇤/⌅⇤; and for the
NVI mode, that of the neutrino velocity v⇤ times 4/316.

If isocurvature modes are present, the most plausible
mechanism for exciting them involves inflation with a multi-
component inflaton field. To have an interesting spectrum on
the large scales probed by the CMB, isocurvature modes require

15 The symbol S is sometimes used in the literature to denote the
isocurvature modes, also known as entropy perturbations. To prevent
confusion we avoid this terminology because isocurvature modes are
unrelated to any notion of thermodynamic entropy.

16 or in other words, of the neutrino perturbation dipole,
F⇤1 = 4⇥v/(3k) in the notation of Ma & Bertschinger (1995).
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Fig. 21. CTT anisotropy shape for the three isocurvature modes.
Top: The shapes of the CDM isocurvature mode, neutrino den-
sity isocurvature mode and neutrino velocity isocurvature mode
are shown together with the adiabatic mode. The modes have
the same amplitude parameters (PRR for the adiabatic mode and
PII for each isocurvature mode). Bottom: the narrower multi-
pole range illustrates the relative phases of the acoustic oscilla-
tions for these modes.

long-range correlations, and at present inflation with a multi-
component inflaton provides a well-motivated scenario for es-
tablishing such correlations. Inflation with a single component
scalar field can excite only the adiabatic mode. In models of
inflation with light (compared to the Hubble expansion rate)
transverse directions, the scalar field along these transverse di-
rections becomes disordered in a way described by an approxi-
mately scale-invariant spectrum. If the inflaton has N light com-
ponents, there are (N�1) potential isocurvature modes during in-
flation. Whether or not the fluctuations along these transverse di-
rections are subsequently transformed into the late-time isocur-
vature modes described above depends on the details of what
happens after inflation, as described more formally below.

As explained for example in Gordon et al. (2001),
Groot Nibbelink & van Tent (2000, 2002) and Byrnes & Wands
(2006), for inflationary models where the inflaton follows a
curved trajectory, correlations are generically established be-
tween the isocurvature and curvature degrees of freedom. To
lowest order in the slow-roll approximation, this leads to a situa-

•  General case: 

      adiabatic mode plus 

•  CDM isocurvature 

•  Neutrino density  

•  Neutrino velocity 



Isocurvature modes 
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•  General case: 

      adiabatic mode plus 

•  CDM isocurvature 

•  Neutrino density  

•  Neutrino velocity 

 

New improved bounds. 
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•  General case: 

 

•  CDM isocurvature 

•  Neutrino density  

•  Neutrino velocity 

 

New improved bounds. 

 

   Δχ2
eff ~ 4 from large scales: 

   No clue for isocurvature modes! 



Isocurvature modes 
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•  specific case of axion.  

      Under various assumptions: 

•  Inflation takes place after PQ symmetry breaking 

•  PQ symmetry not restored by quantum or thermal corrections during inflation/reheating 

•  Axion = CDM after at QCD transition due to misalignment angle 

      … then uncorrelated adiabatic + CDI modes with niso≈1 

 

Got no evidence for this situation. Improved bound leading to 

 

 

 

In this scenario. 



Isocurvature modes 
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•  specific case of curvaton.  

      Under various assumptions: 

•  Light scalar field during inflation, not contributing to background 

•  Curvaton decays into CDM at a time when it does contribute as a fraction r of total 

pressure 

   

… then fully correlated adiabatic + CDI modes with niso = nad   and fNL( r ) 

 

Got no evidence for this situation. Improved bound leading to 0.98 < r < 1 

 

 

 



Conclusions 

•  Paper contains much more information… 

•  Maximally Boring Universe or Maximally Elegant Model ? 

•  [Actually none of them if anomalies are taken seriously !!] 

 

•  Potential of improvement for next year’s release: 

•  From nominal survey to full survey data 

•  Polarization 

•  Possible improvement of foreground modeling, mask reduction, manoeuvres inclusion 

 

•  Likelihoods are released. Under assumption of FL universe: you can immediately 
run your favorite models with the last versions of CAMB + CosmoMC 
(www.cosmologist.info) or CLASS + Monte Python (class-code.net) (include 
numerical modules simulating inflation) 

 

21.05.2013 Planck implications for cosmology – J. Lesgourgues 33 


