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This talk based on data and ~30 papers released March 2013 by the 400-person Planck Collaboration



The Planck Mission
□ Why the CMB? !
□ Why Planck?!
□ The Planck Mission:!
■ Hardware & Analysis!

□ Highlights from Planck:!
■ ~30 papers and many GB of 

data released March 2013!
■ Cosmology, astrophysics,  

the structure of space & time!
■ A simple, standard model? Or 

anomalies and inconsistencies?!
!

■ data and papers available at ESA’s 
Planck Legacy Archive Archive (and 
NASA’s LAMBDA)

Planck launch, 14 May 2009,  
ESA Spaceport, French Guyana
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A standard cosmological model?

□ The Hot Big Bang:!
■ Expansion, cooling from a hot, dense early state!
■ radiation ⇒ matter (baryogenesis)!
■ quarks ⇒ protons & neutrons !
■ protons & neutrons ⇒ nuclei  

(Big Bang Nucleosynthesis — BBN)!
■ nuclei & electrons ⇒ atoms (Cosmic Microwave Background — CMB)!

□ Parameters:!
■ density of radiation Ωr, baryons Ωb, dark matter Ωc, dark energy ΩΛ!
■ Age t0, expansion rate H0!
■ Curvature: Ωk (=0?)

□ Predictions:  
(“pillars of the Big Bang”)  
□ Expansion (Hubble)

Also fluctuations—departures from 
uniformity—needed to form structure

Relativity

□Hot big bang 
□ Light element abundances (BBN) 
□Recombination (CMB)



Evidence & Observations: 
Cosmic Microwave Background

□ 400,000 years after the Big Bang, the temperature 
of the Universe was T~3,000 K 

□ Hot enough to keep hydrogen atoms ionized until 
this time!
□ proton + electron → Hydrogen + photon [p+ + e- → H+γ] 
□ charged plasma → neutral gas 

■ depends on entropy of the Universe 
□ Photons (light) can't travel far in  

the presence of charged particles!
□ Opaque → transparent

Opaque

Transparent



□ Initial temperature (density) of the photons 
 

!
□ Doppler shift due to movement of baryon-photon plasma!
□ Gravitational red/blue-shift as photons climb out of potential wells or fall off of 

underdensities 
 
 
 

□ Photon path from LSS to today!
□ All linked by initial conditions ⇒ 10-5 fluctuations

What affects the CMB 
temperature?

Cooler Hotter
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i.e., Fourier 
Transform, but on a 
sphere

Power Spectrum:

Multipole ℓ ∼ angular scale 180°/ℓ

For a Gaussian theory, Cℓ completely  
determines the statistics of the temperature. 

Determined by temperature, velocity and metric  
on the last scattering surface. 

z~1300: p+e→H & Universe becomes transparent.

CMB Statistics



Physics of  the CMB  
power spectrum
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Gravity + plasma physics modulates initial spectrum 
of fluctuations (from, e.g., inflation)



Theoretical Predictions
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WMAP (2003-2012)

Bennett et al 2013



Planck: Launched 2009
□ Nominal mission: 14 Months  

(extended ~2x, plus a “warm extension” for LFI)

Planck launch, 14 May 2009 Planck in orbit (animation)
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Frequency  
Maps

□ Raw data: ~500 trillion samples over 15 months!
□ Maps: ~50 million pixels over 9 frequencies



Map consistency



Component Separation
□ Emission at any frequency is the sum of the CMB and 

astrophysical sources along the line of sight.!
□ Planck observes in 9 bands over 30–850 GHz to 

disentangle cosmology from astrophysics
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Planck (2013)



 
Planck (2013)

□ From ~50 million pixels to ~2500 multipoles

Not used directly in  
parameter estimates.



Power spectrum consistency
□ Excellent agreement 

between HFI & LFI!
■ few x 0.1% through the 

first peak  

!

!

!

!

!

!

!

!

!

□ Evidence of a ~2.5% 
recalibration between 
WMAP & Planck?

LFI & HFI: Power Spectrum 2

• Spectrum and noise

– Red = 70 GHz

– Blue = 100 GHz

– Spectra mask-kernel-
inverted to 4⇥ amplitude
and debeamed

• Small differences near peak,
greater at  = 350, and
where 70 GHz noise picks up

• To avoid noise bias, we want
a metric that uses only cross-
spectra.

Planck Collaboration XI 2013

Consistency of Planck Data 8 ESLAB 47—2013 April 2

Planck:!
HFI vs LFI

Intermediate Multipoles, Planck &WMAP9

V+W ⇥ 0.976

Planck Collaboration XVI 2013

– Planck 100⇥100 GHz spectrum

– WMAP9 V+W spectrum scaled
by 0.976.

– Red line is the best-fit Planck
+ WP + highL ⇥CDM model.

– Residuals with respect to the
model. The error bars on
the WMAP points show errors
from instrumental noise alone.

• Same 2.5% difference as at low  .

Consistency of Planck Data 12 ESLAB 47—2013 April 2

Planck vs WMAP



Spectra
Planck Collaboration: The Planck mission
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Fig. 25. Measured angular power spectra of Planck, WMAP9, ACT, and SPT. The model plotted is Planck’s best-fit model including Planck
temperature, WMAP polarization, ACT, and SPT (the model is labelled [Planck+WP+HighL] in Planck Collaboration XVI (2013)). Error bars
include cosmic variance. The horizontal axis is `0.8.

than that measured using traditional techniques, though in agree-
ment with that determined by other CMB experiments (e.g.,
most notably from the recent WMAP9 analysis where Hinshaw
et al. 2012c find H0 = (69.7 ± 2.4) km s�1 Mpc�1 consis-
tent with the Planck value to within ⇠ 1�). Freedman et al.
(2012), as part of the Carnegie Hubble Program, use Spitzer
Space Telescope mid-infrared observations to recalibrate sec-
ondary distance methods used in the HST Key Project. These
authors find H0 = (74.3±1.5±2.1) km s�1 Mpc�1 where the first
error is statistical and the second systematic. A parallel e↵ort by
Riess et al. (2011) used the Hubble Space Telescope observa-
tions of Cepheid variables in the host galaxies of eight SNe Ia to
calibrate the supernova magnitude-redshift relation. Their ‘best
estimate’ of the Hubble constant, from fitting the calibrated SNe
magnitude-redshift relation is, H0 = (73.8 ± 2.4) km s�1 Mpc�1

where the error is 1� and includes known sources of systematic
errors. At face value, these measurements are discrepant with the
current Planck estimate at about the 2.5� level. This discrep-
ancy is discussed further in Planck Collaboration XVI (2013).

Extending the Hubble diagram to higher redshifts we note
that the best-fit⇤CDM model provides strong predictions for the
distance scale. This prediction can be compared to the measure-
ments provided by studies of Type Ia SNe and baryon acoustic
oscillations (BAO). Driven in large part by our preference for
a higher matter density we find mild tension with the (relative)
distance scale inferred from compilations of SNe (Conley et al.
2011; Suzuki et al. 2012). In contrast our results are in excellent

agreement with the BAO distance scale compiled in Anderson
et al. (2012).

The Planck data, in combination with polarization measured
by WMAP, high-` anisotropies from ACT and SPT and other,
lower redshift data sets, provides strong constraints on devia-
tions from the minimal model. The low redshift measurements
provided by the BAO allow us to break some degeneracies still
present in the Planck data and significantly tighten constraints on
cosmological parameters in these model extensions. The ACT
and SPT data help to fix our foreground model at high `. The
combination of these experiments provides our best constraints
on the standard 6-parameter model; values of some key parame-
ters in this model are summarized in Table 9.

From an analysis of an extensive grid of models, we find no
strong evidence to favour any extension to the base ⇤CDM cos-
mology, either from the CMB temperature power spectrum alone
or in combination with Planck lensing power spectrum and other
astrophysical datasets. For the wide range of extensions which
we have considered, the posteriors for extra parameters gener-
ally overlap the fiducial model within 1�. The measured values
of the ⇤CDM parameters are relatively robust to the inclusion
of di↵erent parameters, though a few do broaden significantly if
additional degeneracies are introduced. When the Planck likeli-
hood does provide marginal evidence for extensions to the base
⇤CDM model, this comes predominantly from a deficit of power
(compared to the base model) in the data at ` < 30.

The primordial power spectrum is well described by a
power-law over three decades in wave number, with no evidence

35



Cosmological Parameters
□ Planck + WP! ! ! from 2500 points to ~6 parameters!
■ ~directly measured!

   Ωbh2 = 0.02205 ± 0.00028!
   Ωch2 = 0.1199 ± 0.0027!
   ns  = 0.960 ± 0.007!
   τ   = 0.089 ± 0.014!
   109As = 2.20 ± 0.06!
   100 θMC = 1.04131 ± 0.00063!
■ derived (e.g.)!

   H0   = 67.3 ± 1.2 km/s/Mpc !
   ΩΛ  = 0.685 ± 0.017!
   σ8  = 0.829 ± 0.012 
!
■ Σmν < 0.23 eV (95%), Nν,eff = 3.30 ± 0.27 (68%) [with caveats]

Likelihood plots

Samples: Planck+lensing; Red: Planck+WP; Grey: WMAP-9



Self-consistency of  the 
parameters

□ Very weak dependence 
on which subset of 
Planck data is analysed.!

□ Robust to!
■ changes in !max!
□ e.g., !~1800 cooler line!

■ inclusion of channels!
□ 217 GHz is a minor outlier, 

but inclusion affects 
parameters by a small 
fraction of a sigma 

Planck collaboration: CMB power spectra & likelihood
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Non-Gaussianity
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Fundamental (?) Physics: 
Inflation

□ Early period of exponential expansion!
■ makes the Universe geometrically flat!
□ Prediction: flat Universe (Ωk=1)! ! ! ! ✓!

■ takes a “causally connected” region and makes it larger 
than the observable Universe!
□ Prediction: nearly uniform temperature!! ! ✓!

■ produces fluctuations (quantum randomness on 
astrophysical scales!)!
□ slope of initial power spectrum ⇒ shape of Cℓ !
□ Prediction: ns a little less than 1! ! ! ! ✓!
■ also: nearly Gaussian fluctuations! ! ! ! ✓!

□ Prediction: gravitational radiation background!  ?



Inflation: 
Curvature from the CMB

□ With primary CMB alone, cannot determine both  
 ΩΛ & Ωm (i.e., curvature)!

□ Planck measures curvature through  
lensing !
■ more matter, less dark energy  
⇒ more lensing!
□ distorts shape of power spectrum,  

smears out the small-scale peaks!
□ boosts deflection power spectrum!
■ about double at ΩΛ=0!

■ Even more well-determined when  
combined with other astrophysical  
data

Planck Collaboration: Cosmological parameters

0.0 0.2 0.4 0.6 0.8 1.0

�m

0.0

0.2

0.4

0.6

0.8

1.0

�
�

40

45

50

55

60

65

70

75

H
0

0.24 0.32 0.40 0.48

�m

0.56

0.64

0.72

0.80

�
�

+lensing

+lensing+BAO

40

45

50

55

60

65

70

75

H
0

Fig. 25. The Planck+WP+highL data combination (samples; colour-coded by the value of H0) partially breaks the geometric degen-
eracy between ⌦m and ⌦⇤ due to the e↵ect of lensing in the temperature power spectrum. These limits are significantly improved
by the inclusion of the Planck lensing reconstruction (black contours). Combining also with BAO (right; solid blue contours) tightly
constrains the geometry to be nearly flat.

In summary, there is no evidence from Planck for any depar-
ture from a spatially flat geometry. The results of Eqs. (68a) and
(68b) suggest that our Universe is spatially flat to an accuracy of
better than a percent.

6.3. Neutrino physics and constraints on relativistic
components

A striking illustration of the interplay between cosmology and
particle physics is the potential of CMB observations to con-
strain the properties of relic neutrinos, and possibly of additional
light relic particles in the Universe (see e.g., Dodelson et al.
1996; Hu et al. 1995; Bashinsky & Seljak 2004; Ichikawa et al.
2005; Lesgourgues & Pastor 2006; Hannestad 2010). In the fol-
lowing subsections, we present Planck constraints on the mass of
ordinary (active) neutrinos assuming no extra relics, on the den-
sity of light relics assuming they all have negligible masses, and
finally on models with both light massive and massless relics.

6.3.1. Constraints on the total mass of active neutrinos

The detection of solar and atmospheric neutrino oscillations
proves that neutrinos are massive, with at least two species being
non-relativistic today. The measurement of the absolute neutrino
mass scale is a challenge for both experimental particle physics
and observational cosmology. The combination of CMB, large-
scale structure and distance measurements already excludes a
large range of masses compared to beta-decay experiments.
Current limits on the total neutrino mass

P
m⌫ (summed over the

three neutrino families) from cosmology are rather model depen-
dent and vary strongly with the data combination adopted. The
tightest constraints for flat models with three families of neutri-
nos are typically around 0.3 eV (95% CL; e.g., de Putter et al.
2012). Since

P
m⌫ must be greater than approximately 0.06 eV

in the normal hierarchy scenario and 0.1 eV in the degener-
ate hierarchy (Gonzalez-Garcia et al. 2012), the allowed neu-
trino mass window is already quite tight and could be closed
further by current or forthcoming observations (Jimenez et al.
2010; Lesgourgues et al. 2013).

Cosmological models, with and without neutrino mass, have
di↵erent primary CMB power spectra. For observationally-
relevant masses, neutrinos are still relativistic at recombina-
tion and the unique e↵ects of masses in the primary power
spectra are small. The main e↵ect is around the first acoustic
peak and is due to the early integrated Sachs-Wolfe (ISW) ef-
fect; neutrino masses have an impact here even for a fixed red-
shift of matter–radiation equality (Lesgourgues & Pastor 2012;
Hall & Challinor 2012; Hou et al. 2012; Lesgourgues et al.
2013). To date, this e↵ect has been the dominant one in con-
straining the neutrino mass from CMB data, as demonstrated in
Hou et al. (2012). As we shall see here, the Planck data move
us into a new regime where the dominant e↵ect is from gravi-
tational lensing. Increasing neutrino mass, while adjusting other
parameters to remain in a high-probability region of parameter
space, increases the expansion rate at z >⇠ 1 and so suppresses
clustering on scales smaller than the horizon size at the non-
relativistic transition (Kaplinghat et al. 2003; Lesgourgues et al.
2006). The net e↵ect for lensing is a suppression of the CMB
lensing potential and, for orientation, by ` = 1000 the suppres-
sion is around 10% in power for

P
m⌫ = 0.66 eV.

Here we report constraints assuming three species of degen-
erate massive neutrinos. At the level of sensitivity of Planck, the
e↵ect of mass splittings is negligible, and the degenerate model
can be assumed without loss of generality.

Combining the Planck+WP+highL data, we obtain an upper
limit on the summed neutrino mass of

X
m⌫ < 0.66 eV (95%; Planck+WP+highL). (69)

The posterior distribution is shown by the solid black curve in
Fig. 26. To demonstrate that the dominant e↵ect leading to the
constraint is gravitational lensing, we remove the lensing infor-

41

Planck Collaboration: Cosmological parameters

0.0 0.2 0.4 0.6 0.8 1.0

�m

0.0

0.2

0.4

0.6

0.8

1.0

�
�

40

45

50

55

60

65

70

75

H
0

0.24 0.32 0.40 0.48

�m

0.56

0.64

0.72

0.80

�
�

+lensing

+lensing+BAO

40

45

50

55

60

65

70

75

H
0

Fig. 25. The Planck+WP+highL data combination (samples; colour-coded by the value of H0) partially breaks the geometric degen-
eracy between ⌦m and ⌦⇤ due to the e↵ect of lensing in the temperature power spectrum. These limits are significantly improved
by the inclusion of the Planck lensing reconstruction (black contours). Combining also with BAO (right; solid blue contours) tightly
constrains the geometry to be nearly flat.

In summary, there is no evidence from Planck for any depar-
ture from a spatially flat geometry. The results of Eqs. (68a) and
(68b) suggest that our Universe is spatially flat to an accuracy of
better than a percent.

6.3. Neutrino physics and constraints on relativistic
components

A striking illustration of the interplay between cosmology and
particle physics is the potential of CMB observations to con-
strain the properties of relic neutrinos, and possibly of additional
light relic particles in the Universe (see e.g., Dodelson et al.
1996; Hu et al. 1995; Bashinsky & Seljak 2004; Ichikawa et al.
2005; Lesgourgues & Pastor 2006; Hannestad 2010). In the fol-
lowing subsections, we present Planck constraints on the mass of
ordinary (active) neutrinos assuming no extra relics, on the den-
sity of light relics assuming they all have negligible masses, and
finally on models with both light massive and massless relics.

6.3.1. Constraints on the total mass of active neutrinos

The detection of solar and atmospheric neutrino oscillations
proves that neutrinos are massive, with at least two species being
non-relativistic today. The measurement of the absolute neutrino
mass scale is a challenge for both experimental particle physics
and observational cosmology. The combination of CMB, large-
scale structure and distance measurements already excludes a
large range of masses compared to beta-decay experiments.
Current limits on the total neutrino mass

P
m⌫ (summed over the

three neutrino families) from cosmology are rather model depen-
dent and vary strongly with the data combination adopted. The
tightest constraints for flat models with three families of neutri-
nos are typically around 0.3 eV (95% CL; e.g., de Putter et al.
2012). Since

P
m⌫ must be greater than approximately 0.06 eV

in the normal hierarchy scenario and 0.1 eV in the degener-
ate hierarchy (Gonzalez-Garcia et al. 2012), the allowed neu-
trino mass window is already quite tight and could be closed
further by current or forthcoming observations (Jimenez et al.
2010; Lesgourgues et al. 2013).

Cosmological models, with and without neutrino mass, have
di↵erent primary CMB power spectra. For observationally-
relevant masses, neutrinos are still relativistic at recombina-
tion and the unique e↵ects of masses in the primary power
spectra are small. The main e↵ect is around the first acoustic
peak and is due to the early integrated Sachs-Wolfe (ISW) ef-
fect; neutrino masses have an impact here even for a fixed red-
shift of matter–radiation equality (Lesgourgues & Pastor 2012;
Hall & Challinor 2012; Hou et al. 2012; Lesgourgues et al.
2013). To date, this e↵ect has been the dominant one in con-
straining the neutrino mass from CMB data, as demonstrated in
Hou et al. (2012). As we shall see here, the Planck data move
us into a new regime where the dominant e↵ect is from gravi-
tational lensing. Increasing neutrino mass, while adjusting other
parameters to remain in a high-probability region of parameter
space, increases the expansion rate at z >⇠ 1 and so suppresses
clustering on scales smaller than the horizon size at the non-
relativistic transition (Kaplinghat et al. 2003; Lesgourgues et al.
2006). The net e↵ect for lensing is a suppression of the CMB
lensing potential and, for orientation, by ` = 1000 the suppres-
sion is around 10% in power for

P
m⌫ = 0.66 eV.

Here we report constraints assuming three species of degen-
erate massive neutrinos. At the level of sensitivity of Planck, the
e↵ect of mass splittings is negligible, and the degenerate model
can be assumed without loss of generality.

Combining the Planck+WP+highL data, we obtain an upper
limit on the summed neutrino mass of

X
m⌫ < 0.66 eV (95%; Planck+WP+highL). (69)

The posterior distribution is shown by the solid black curve in
Fig. 26. To demonstrate that the dominant e↵ect leading to the
constraint is gravitational lensing, we remove the lensing infor-

41



Inflation:  
Primordial fluctuations

□ ns = 0.960 ± 0.007 
■ >5 sigma away from ns=1

Planck Collaboration: Cosmological parameters
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Fig. 22. The Planck power spectrum of Fig. 10 plotted as `2D`
against multipole, compared to the best-fit base ⇤CDM model
with ns = 0.96 (red dashed line). The best-fit base ⇤CDM model
with ns constrained to unity is shown by the blue line.

Our extensive grid of models allows us to investigate cor-
relations of the spectral index with a number of cosmological
parameters beyond those of the base ⇤CDM model (see Figs.
21 and 24). As expected, ns is uncorrelated with parameters de-
scribing late-time physics, including the neutrino mass, geom-
etry, and the equation of state of dark energy. The remaining
correlations are with parameters that a↵ect the evolution of the
early Universe, including the number of relativistic species, or
the helium fraction. This is illustrated in Fig. 24: modifying the
standard model by increasing the number of neutrinos species,
or the helium fraction, has the e↵ect of damping the small-scale
power spectrum. This can be partially compensated by an in-
crease in the spectral index. However, an increase in the neu-
trino species must be accompanied by an increased matter den-
sity to maintain the peak positions. A measurement of the matter
density from the BAO measurements helps to break this degen-
eracy. This is clearly seen in the upper panel of Fig. 24, which
shows the improvement in the constraints when BAO measure-
ments are added to the Planck+WP+highL likelihood. With the
addition of BAO measurements we find more than a 3� devi-
ation from ns = 1 even in this extended model, with a best-fit
value of ns = 0.969 ± 0.010 for varying relativistic species. As
discussed in Sect. 6.3, we see no evidence from the Planck data
for non-standard neutrino physics.

The simplest single-field inflationary models predict that the
running of the spectral index should be of second order in infla-
tionary slow-roll parameters and therefore small [dns/d ln k ⇠
(ns � 1)2], typically about an order of magnitude below the
sensitivity limit of Planck (see e.g., Kosowsky & Turner 1995;
Baumann et al. 2009). Nevertheless, it is easy to construct in-
flationary models that have a larger scale dependence (e.g., by
adjusting the third derivative of the inflaton potential) and so it
is instructive to use the Planck data to constrain dns/d ln k. A
test for dns/d ln k is of particularly interest given the results from
previous CMB experiments.

Early results from WMAP suggested a preference for a nega-
tive running at the 1–2� level. In the final 9-year WMAP analy-
sis no significant running was seen using WMAP data alone, with
dns/d ln k = �0.019 ± 0.025 (68% confidence; Hinshaw et al.
2012. Combining WMAP data with the first data releases from
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Fig. 23. Upper: Posterior distribution for ns for the base ⇤CDM
model (black) compared to the posterior when a tensor compo-
nent and running scalar spectral index are added to the model
(red) Middle: Constraints (68% and 95%) in the ns–dns/d ln k
plane for ⇤CDM models with running (blue) and additionally
with tensors (red). Lower: Constraints (68% and 95%) on ns and
the tensor-to-scalar ratio r0.002 for ⇤CDM models with tensors
(blue) and additionally with running of the spectral index (red).
The dotted line show the expected relation between r and ns for
a V(�) / �2 inflationary potential (Eqs. 66a and 66b); here N is
the number of inflationary e-foldings as defined in the text. The
dotted line should be compared to the blue contours, since this
model predicts negligible running. All of these results use the
Planck+WP+highL data combination.
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Fig. 22. The Planck power spectrum of Fig. 10 plotted as `2D`
against multipole, compared to the best-fit base ⇤CDM model
with ns = 0.96 (red dashed line). The best-fit base ⇤CDM model
with ns constrained to unity is shown by the blue line.

Our extensive grid of models allows us to investigate cor-
relations of the spectral index with a number of cosmological
parameters beyond those of the base ⇤CDM model (see Figs.
21 and 24). As expected, ns is uncorrelated with parameters de-
scribing late-time physics, including the neutrino mass, geom-
etry, and the equation of state of dark energy. The remaining
correlations are with parameters that a↵ect the evolution of the
early Universe, including the number of relativistic species, or
the helium fraction. This is illustrated in Fig. 24: modifying the
standard model by increasing the number of neutrinos species,
or the helium fraction, has the e↵ect of damping the small-scale
power spectrum. This can be partially compensated by an in-
crease in the spectral index. However, an increase in the neu-
trino species must be accompanied by an increased matter den-
sity to maintain the peak positions. A measurement of the matter
density from the BAO measurements helps to break this degen-
eracy. This is clearly seen in the upper panel of Fig. 24, which
shows the improvement in the constraints when BAO measure-
ments are added to the Planck+WP+highL likelihood. With the
addition of BAO measurements we find more than a 3� devi-
ation from ns = 1 even in this extended model, with a best-fit
value of ns = 0.969 ± 0.010 for varying relativistic species. As
discussed in Sect. 6.3, we see no evidence from the Planck data
for non-standard neutrino physics.

The simplest single-field inflationary models predict that the
running of the spectral index should be of second order in infla-
tionary slow-roll parameters and therefore small [dns/d ln k ⇠
(ns � 1)2], typically about an order of magnitude below the
sensitivity limit of Planck (see e.g., Kosowsky & Turner 1995;
Baumann et al. 2009). Nevertheless, it is easy to construct in-
flationary models that have a larger scale dependence (e.g., by
adjusting the third derivative of the inflaton potential) and so it
is instructive to use the Planck data to constrain dns/d ln k. A
test for dns/d ln k is of particularly interest given the results from
previous CMB experiments.

Early results from WMAP suggested a preference for a nega-
tive running at the 1–2� level. In the final 9-year WMAP analy-
sis no significant running was seen using WMAP data alone, with
dns/d ln k = �0.019 ± 0.025 (68% confidence; Hinshaw et al.
2012. Combining WMAP data with the first data releases from
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Fig. 23. Upper: Posterior distribution for ns for the base ⇤CDM
model (black) compared to the posterior when a tensor compo-
nent and running scalar spectral index are added to the model
(red) Middle: Constraints (68% and 95%) in the ns–dns/d ln k
plane for ⇤CDM models with running (blue) and additionally
with tensors (red). Lower: Constraints (68% and 95%) on ns and
the tensor-to-scalar ratio r0.002 for ⇤CDM models with tensors
(blue) and additionally with running of the spectral index (red).
The dotted line show the expected relation between r and ns for
a V(�) / �2 inflationary potential (Eqs. 66a and 66b); here N is
the number of inflationary e-foldings as defined in the text. The
dotted line should be compared to the blue contours, since this
model predicts negligible running. All of these results use the
Planck+WP+highL data combination.
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□ Simplest models: scalar field φ w/very flat potential V(φ)!
□ Planck constrains specific models of inflation!
□ More information from the polarization of the CMB, which 

may observe the presence of gravitational waves in the early 
Universe: !
■ next year’s Planck  

data release!
■ next-gen ground &  

balloon expts 
(e.g., PolarBear,  
EBEX, SPIDER,…)

Planck Collaboration: The Planck mission

Table 9. Cosmological parameter values for the Planck-only best-fit 6-parameter ⇤CDM model (Planck temperature data plus lensing) and for
the Planck best-fit cosmology including external data sets (Planck temperature data, lensing, WMAP polarization [WP] at low multipoles, high-`
experiments, and BAO, labelled [Planck+WP+highL+BAO] in Planck Collaboration XVI (2013)). Definitions and units for all parameters can be
found in Planck Collaboration XVI (2013).

Planck (CMB+lensing) Planck+WP+highL+BAO

Parameter Best fit 68 % limits Best fit 68 % limits

⌦bh2 . . . . . . . . . . 0.022242 0.02217 ± 0.00033 0.022161 0.02214 ± 0.00024

⌦ch2 . . . . . . . . . . 0.11805 0.1186 ± 0.0031 0.11889 0.1187 ± 0.0017

100✓MC . . . . . . . . 1.04150 1.04141 ± 0.00067 1.04148 1.04147 ± 0.00056

⌧ . . . . . . . . . . . . 0.0949 0.089 ± 0.032 0.0952 0.092 ± 0.013
ns . . . . . . . . . . . 0.9675 0.9635 ± 0.0094 0.9611 0.9608 ± 0.0054

ln(1010As) . . . . . . . 3.098 3.085 ± 0.057 3.0973 3.091 ± 0.025

⌦⇤ . . . . . . . . . . . 0.6964 0.693 ± 0.019 0.6914 0.692 ± 0.010

�8 . . . . . . . . . . . 0.8285 0.823 ± 0.018 0.8288 0.826 ± 0.012

zre . . . . . . . . . . . 11.45 10.8+3.1
�2.5 11.52 11.3 ± 1.1

H0 . . . . . . . . . . . 68.14 67.9 ± 1.5 67.77 67.80 ± 0.77

Age/Gyr . . . . . . . 13.784 13.796 ± 0.058 13.7965 13.798 ± 0.037

100✓⇤ . . . . . . . . . 1.04164 1.04156 ± 0.00066 1.04163 1.04162 ± 0.00056

rdrag . . . . . . . . . . 147.74 147.70 ± 0.63 147.611 147.68 ± 0.45

rdrag/DV(0.57) . . . . 0.07207 0.0719 ± 0.0011

for “running” of the spectral index. The spectrum does, however,
deviate significantly (6�) from scale invariance, as predicted by
most models of inflation (see below). The unique contribution
of Planck, compared to previous experiments, is that the depar-
ture from scale invariance is robust to changes in the underlying
theoretical model.

We find no evidence for extra relativistic species, beyond the
three species of (almost) massless neutrinos and photons. The
main e↵ect of massive neutrinos is a suppression of clustering on
scales larger than the horizon size at the non-relativisitic transi-
tion. This a↵ects both C��L with a damping for L > 10, and CTT

`
reducing the lensing induced smoothing of the acoustic peaks.
Using Planck data in combination with polarization measured
by WMAP and high-` anisotropies from ACT and SPT allows
for a constraint of

P
m⌫ < 0.66 eV (95 % CL) based on the

[Planck+WP+highL] model. Curiously, this constraint is weak-
ened by the addition of the lensing likelihood

P
m⌫ < 0.85 eV

(95 % CL), reflecting mild tensions between the measured lens-
ing and temperature power spectra, with the former preferring
larger neutrino masses than the latter. Possible origins of this
tension are explored further in Planck Collaboration XVI (2013)
and are thought to involve both the C��L measurements and fea-
tures in the measured CTT

` on large scales (` < 40) and small
scales ` > 2000 that are not fit well by the ⇤CDM+foreground
model. The signal-to-noise on the lensing measurement will im-
prove with the full mission data, including polarization, and it
will be interesting to see how this story develops.

The combination of large lever arm, sensitivity to isocurva-
ture fluctuations and non-Gaussianity makes Planck particularly
powerful at probing inflation. Constraints on inflationary mod-
els are presented in Planck Collaboration XXII (2013) and over-
whelmingly favor a single, weakly coupled, neutral scalar field
driving the accelerated expansion and generating curvature per-
turbations. The models that fit best have a canonical kinetic term
and a field slowly rolling down a featureless potential.
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Fig. 26. Marginalized 68 % and 95 % confidence levels for ns and r from
Planck+WP and BAO data, compared to the theoretical predictions of
selected inflationary models.

Of the models considered, those with locally concave poten-
tials are favored and occupy most of the region in the ns,r plane
allowed at 95 % confidence level (see Fig. 23). Power law in-
flation, hybrid models driven by a quadratic term and monomial
large field potentials with a power larger than two lie outside the
95 % confidence contours. The quadratic large field model, in
the past often cited as the simplest inflationary model, is now at
the boundary of the 95 % confidence contours of Planck + WP
+ CMB high ` data.

The axion and curvaton scenarios, in which the CDM isocur-
vature mode is uncorrelated or fully correlated with the adiabatic
mode, respectively, are not favored by Planck, which constrains
the contribution of the isocurvature mode to the primordial spec-
tra at k = 0.05Mpc�1 to be less than 3.9 % and 0.25 % (at 95 %
CL), respectively.

The Planck results come close to the tightest upper limit on
the tensor-to-scalar amplitude possible from temperature data
alone. The precise determination of the higher acoustic peaks
breaks degeneracies that have weakened earlier measurements.
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Fundamental Physics:  
The shape of  the Universe

□ General relativity determines the curvature of the 
Universe, but not its topology (holes and handles)!

□ Most theories of quantum gravity (and quantum 
cosmology) predict topological change on small 
scales and at early times. !

□ Does this have cosmological implications?!
■ E.G., small universe ⇒ fewer large-scale modes 

available ⇒ low power on large scales?



Topology in a flat “universe”

Don’t need to “embed” the square 
to have a connected topology.

“tiling the plane”
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Topology in a flat “universe”

Don’t need to “embed” the square 
to have a connected topology.

“tiling the plane”



Us!

Last Scattering Surface

Perfect correlation [of SW] 
“circles in the sky”
finite-lag correlation

Measuring Topology  
with the CMB 



Topology from Planck
□ “Matched circles” in  

a simulated Universe:!
□ When topological  

scale ≲ Horizon scale,  
induce anisotropic  
correlations (and suppress  
power) on large scales!

□ More powerful (Bayesian) methods take advantage of 
full correlation structure!
!

□ Alas, not found… but we limit the size of the 
“fundamental cube” to be greater than the size of the 
surface we observe with the CMB:!
■ side L≳26 Gpc (85 billion light years!)



Consistency of  Planck data
□ Do the data fit the model?!
■ looks a little like a [wrong] Bianchi univ.!
!

!

□ Do different data agree?!
■ within Planck ΔT/T: see above for self-consistency of maps, 

spectra, parameters!
■ between Planck methods!
□ lensing: direct measurement of lensing amplitude ~ 1.2 vs 1.0!
□ clusters: lower Ωm, σ8 !
■ at face value, can be [only partially] ameliorated with neutrinos!
■ but strong dependence on cluster modelling (e.g., hydrostatic bias)!

■ Parameter details: e.g., CMB measurements of H0 a few σ low vs 
cosmic distance ladder!
□ astrophysical measurements seem to be coming down a posteriori?

First ~30 modes 
a bit smaller than 

expected from 
ΛCDM?

Less 
structure More!

structure
“cold spot”



Planck 2014-
□ Next up: twice as much intensity data  

(30 vs 15 months) and polarization. !
□ Preview: at small/intermediate  

scales, polarization and intensity 
correlation exactly as predicted  
by theory.

theory

data

Planck Collaboration: Cosmological parameters

Fig. 10. Planck TT power spectrum. The points in the upper panel show the maximum-likelihood estimates of the primary CMB
spectrum computed as described in the text for the best-fit foreground and nuisance parameters of the Planck+WP+highL fit listed
in Table 5. The red line shows the best-fit base ⇤CDM spectrum. The lower panel shows the residuals with respect to the theoretical
model. The error bars are computed from the full covariance matrix, appropriately weighted across each band (see Eqs. 36a and
36b), and include beam uncertainties and uncertainties in the foreground model parameters.

Fig. 11. Planck T E (left) and EE spectra (right) computed as described in the text. The red lines show the polarization spectra from
the base ⇤CDM Planck+WP+highL model, which is fitted to the TT data only.
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Post-Planck
□ Polarization: Starting to get the first results from 

kilo-pixel CMB detector arrays — sufficient to 
detect lensing conversion of E→B !
■ Cross-correlation with  

large-scale structure  
(SPTPol: Hanson et al;  
ACT: Hand etal; Polarbear)!
!

■ ⟨EEEB⟩ & ⟨EBEB⟩  
(Polarbear)!

■ Still no detection of  
primordial B modes  
(gravitational radiation)
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FIG. 4. Polarization lensing power spectra. Polarization lensing power spectra (red) with B-modes co-added from the three
Polarbear patches and two estimators. ⟨EEEB⟩ is in blue and ⟨EBEB⟩ dark green. Left: A 4.6σ rejection of the null
hypothesis of no lensing. This data fits a lensing amplitude A = 1.37 ± 0.30 normalized to the fiducial ΛCDM value. Right:
The same data, assuming the existence of lensing to calculate error bars including sample variance and including the covariance
between ⟨EEEB⟩ and ⟨EBEB⟩. In this case, the amplitude is measured as A = 1.06 ± 0.47, corresponding to a 43%
uncertainty on the amplitude of the Cdd

L power spectrum (a 22% uncertainty on the amplitude of matter fluctuations). The
posterior distribution functions of the amplitudes A from both unlensed and lensed simulations are shown in the inserted boxes.

Foundation. All silicon wafer-based technology for Po-
larbear was fabricated at the UC Berkeley Nanolab.
We are indebted to our Chilean team members, Nol-
berto Oyarce and Jose Cortes. The James Ax Obser-
vatory operates in the Parque Astronómico Atacama in
Northern Chile under the auspices of the Comisión Na-
cional de Investigación Cient́ıfica y Tecnológica de Chile
(CONICYT). Finally, we would like to acknowledge the

tremendous contributions by Huan Tran to the Polar-
bear project.
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FIG. 1: Cross-power spectra of CMB polarization lensing
and the 500µm Herschel CIB flux. Top panel: the min-
imum variance combination of all polarization lensing mea-
surements cross-correlated with the Herschel maps; this re-
sult corresponds to 4.0� evidence for gravitational lensing of
CMB polarization. Middle panel: the cross power of EB-
reconstructed lensing with the Herschel maps; constructed
from the EB estimator applied to both Polarbear maps,
this result corresponds to 2.3� evidence for lensing B-modes.
Bottom panel: all four combinations of the two lensing
estimators (EE,EB) applied to two di↵erent Polarbear

maps (RA23, RA12) and cross-correlated with Herschel -
EB/RA23 (dark blue), EE/RA23 (green), EE/RA12 (red),
EB/RA12 (cyan), listing from left to right for each band-
power. The fiducial theory curve for the lensing – CIB cross-
spectrum [16] is also shown (solid line).

gives similar detection significances (to within 0.2�). As
our null hypothesis is the absence of gravitational lens-
ing of CMB polarization, we include no lensing in the
Monte Carlo simulations used to derive the detection sig-
nificance.
Systematic Error Estimates and Null Tests:

Here we discuss the e↵ects of potential sources of sys-
tematic error on the polarization lensing – CIB cross-
correlation. We briefly focus on astrophysical fore-
grounds before turning to instrumental systematics.
To check the foreground contamination level, we com-
pare the lensing-CIB cross-powers with and without the
ATCA sources masked in the CMB; we find the di↵er-
ences are less than 0.2�, which indicates that the con-
tribution of polarized point sources is negligible. As
an additional test, we simulate polarized point sources
(very conservatively estimating 10% polarization frac-
tion, counts as in [36], and neglecting any source mask-
ing in Polarbear) in both CMB and CIB maps and
propagate these maps through our lensing estimation and
cross-correlation pipeline. We find negligible contamina-
tion to the cross-power (at levels well below a percent of
the signal).
We next discuss instrumental systematic errors. First,

we consider a general systematic that linearly couples
T and E modes into B-modes, as leakage most a↵ects
the small B-mode signal (in addition, no other system-
atics can mimic the galaxy EB-lensing cross-correlation
signal, as the signal will still be zero on average if the
lensing B-mode is zero). To estimate the e↵ects of such
instrumental systematic errors, we simply insert a gen-
eral expression for the systematic-contaminated B mode

B̃(`) = B(`) +

Z
d2`0

(2⇡)2
sEB(`� `0)E(`0)

+

Z
d2l0

(2⇡)2
sTB(`� `0)T (`0), (5)

into our expression for the cross-correlation using the
EB-reconstruction. Here the functions s describe the
systematic-induced couplings and the fields E,B, T are
the true (lensed) fields on the sky. Analytically calculat-
ing the e↵ects of such leakage on the cross-correlation,
we find that the bias it induces is zero, essentially due to
the fact that, in cross-correlation, the EB-estimator is
insensitive to leakage of even parity. To test this analytic
calculation in simulations, we repeat the cross-correlation
pipeline verification described earlier, except now intro-
ducing leakage terms. We add 1% of the temperature
maps to the Q and U maps, and add 10% of Q to U
and vice versa. The introduced leakage does not bias the
cross-correlation to percent-level accuracy although the
errors increase marginally.
We estimate the e↵ects of beam uncertainty by gen-

erating simulations with the beam values everywhere in-
creased or decreased by an amount equal to the 1� error.



Conclusions
□ Planck data support a standard ΛCDM cosmology!
■ flat FRW!
■ perturbations:!

■ nearly scale-invariant adiabatic!
■ Gaussian + linear & nonlinear evolution!

■ Λ-like acceleration!
□ Some anomalies/inconsistencies remain (as might 

be expected)!
□ More data in 2014-15 from Planck and other 

experiments!
■ especially polarization

} inflation?


