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Looking back

FIG. 3. Comparison of defect model predictions to current
experimental data. All models were COBE normalised at
l = 10.

portance of vector and tensor modes will be described
elsewhere [4].) The large amplitude of vector modes and
the decoherent sum of eigenmodes leads to a suppres-
sion of power at l >

! 100 [8], a very di!erent spectrum to
that expected from adiabatic fluctuations in inflationary
models. We show a comparison between the predictions
of the global field defect theories and the current gener-
ation of CMB experiments in Figure 3. All models are
normalised to COBE at l = 10. They are all systemat-
ically lower than the current degree-scale experimental
points.

The same calculations directly yield the matter power
spectrum shown in Figure 4. Normalised to COBE, our
tests indicate that the results should be reliable to a few
percent. From the power spectra we derive the nor-
malization !8 of the matter fluctuation in 8h!1 Mpc
spheres. Global strings, monopoles, texture and N = 6
non-topological texture give !8 = 0.26, 0.25, 0.23, 0.21,
respectively, for h = 0.5, and scaling approximately as
h. The field normalization for textures is " = 8#2G$2

0 =
1.0 " 10!4, consistent with our previous calculation [3]
of " = 1.1 " 10!4. These normalizations are a factor of
5 lower than the generic prediction of n = 1 inflationary
models where !8 = 1.2 for h = 0.5. Cluster abundances
suggest values of !8 ! 0.5 for a flat universe.

To summarise, the techniques used here enable us
to convert unequal time correlators into temperature
anisotropy and matter fluctuation power spectra within
a few hours on a workstation. For all the defect theo-
ries, vectors contribute approximately half of the total
CMB anisotropy on large scales, leading to a suppression
of acoustic peaks and a low normalization of the matter
power spectrum !8 ! 0.25h50. Current observations of

FIG. 4. Matter power spectra computed from the Boltz-
mann code summed over the eigenmodes. The upper curve
shows the standard cold dark matter (sCDM) power spec-
trum. The defects generally have more power on small scales
than large scales relative to the adiabatic sCDM model. The
data points show the mass power spectrum as inferred from
the galaxy distribution [9].

CMB anisotropies and galaxy clustering do not favor the
models under consideration.
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(Pen, Seljak, Turok 1997)
Until ca. 1997 data was 
consistent with defects 
(such as strings) generating 
the primordial perturbations.



(Jaffe et al. 2001)

Shortly after it became clear 
that defects were not the 
dominant source of primordial 
perturbations.

Looking back



Perturbations exist on scales 
larger than the Hubble radius at 
recombination.

Implies these perturbations 
already existed at recombination

Together with General Relativity 
it means they existed before the 
hot big bang!

Looking back



Looking back
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New observations of the CMB polarization power spectra have also been released by the QUIET experiment (QUIET
Collaboration 2011, 2012); their TE and EE polarization spectra are in excellent agreement with predictions based
primarily on WMAP temperature fluctuation measurements. These data are the most recent in a series of polarization
measurements at l � 50. However, high-l polarization observations do not (yet) substantially enhance the power of
the full data to constrain parameters, so we do not include them in the nine-year analysis.

Fig. 1.— A compilation of the CMB data used in the nine-year WMAP analysis. The WMAP data are shown in black, the extended
CMB data set – denoted ‘eCMB’ throughout – includes SPT data in blue (Keisler et al. 2011), and ACT data in orange, (Das et al. 2011b).
We also incorporate constraints from CMB lensing published by the SPT and ACT groups (not shown). The ΛCDM model fit to the
WMAP data alone (shown in grey) successfully predicts the higher-resolution data.

2.2.2. Baryon Acoustic Oscillations

The acoustic peak in the galaxy correlation function has now been detected over a range of redshifts from z = 0.1
to z = 0.7. This linear feature in the galaxy data provides a standard ruler with which to measure the distance ratio,
DV /rs, the distance to objects at redshift z in units of the sound horizon at recombination, independent of the local
Hubble constant. In particular, the observed angular and radial BAO scales at redshift z provide a geometric estimate
of the effective distance,

DV (z) ≡ [(1 + z)2 D2
A(z) cz /H(z)]1/3, (1)

where DA(z) is the angular diameter distance and H(z) is the Hubble parameter. The measured ratio DV /rs, where
rs is the co-moving sound horizon scale at the end of the drag era, can be compared to theoretical predictions.
Since the release of the seven-year WMAP data, the acoustic scale has been more precisely measured by the Sloan

Digital Sky Survey (SDSS) and SDSS-III Baryon Oscillation Spectroscopic Survey (BOSS) galaxy surveys, and by the
WiggleZ and 6dFGS surveys. Previously, over half a million galaxies and LRGs from the SDSS-DR7 catalog had been
combined with galaxies from 2dFGRS by Percival et al. (2010) to measure the acoustic scale at z = 0.2 and z = 0.35.
(These data were used in the WMAP seven-year analysis, see also Kazin et al. 2010). Using the reconstruction
method of Eisenstein et al. (2007), an improved estimate of the acoustic scale in the SDSS-DR7 data was made by
Padmanabhan et al. (2012), giving DV (0.35)/rs = 8.88± 0.17, and reducing the uncertainty from 3.5% to 1.9%. More
recently the SDSS-DR9 data from the BOSS survey has been used to estimate the BAO scale of the CMASS sample.

(Hinshaw et al. 2012)
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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 ΛCDM 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 1σ 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 ΛCDM

cosmology. The lower panel shows the power spectrum residuals with respect to this theoretical model. The green lines show the

±1σ 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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Planck

Seven to eight acoustic peaks measured with a 
single experiment.

LCDM with inflationary spectrum of perturbations 
continues to fit the data remarkably well.

WMAP9+ACT PLANCK+WP
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Planck

Lensing map and power spectrum

No large non-Gaussianity

SZ, CIB, CO, dust, ...

soon there will be polarization maps

Planck Collaboration: Cosmological parameters

systematic errors that cause biases. For the HFI channels used in
Fig. 11, there are two primary sources of systematic error arising
from non-linear gain-like variations, and residual bandpass mis-
matches between detectors. However, these systematics rapidly
become unimportant at higher multipoles17.

The errors on the mean T E and EE spectra shown in Fig.
11 are computed from the analytic formulae given in Efstathiou
(2006), using an effective beam-width adjusted to reproduce the
observed scatter in the polarization spectra at high multipoles.
The spectra are then band-averaged as in Eq. (37). The error bars
shown in Fig. 11 are computed from the diagonal components of
the band-averaged covariance matrices.

The solid lines in the upper panels of Fig. 11 show
the theoretical T E and EE spectra expected in the best-fit
Planck+WP+highL ΛCDM model (i.e., the model used to com-
pute the theory TT spectrum plotted in Fig. 10). These theoret-
ical spectra are determined entirely from the TT analysis and
make no use of the Planck polarization data. As with the TT
spectra, the ΛCDM model provides an extremely good match
to the polarization spectra. Furthermore, polarized foreground
emission is expected to be unimportant at high multipoles (e.g.,
Tucci & Toffolatti 2012) and so no foreground corrections have
been made to the spectra in Fig. 11. The agreement between
the polarization spectra and the theoretical spectra therefore pro-
vides strong evidence that the best-fit cosmological parameters
listed in Table 5 are not strongly affected by the modelling of
unresolved foregrounds in the TT analysis.

5. Comparison of the Planck base ΛCDM model
with other astrophysical data sets

Unlike CMB data, traditional astrophysical data sets – e.g.,
measurements of the Hubble parameter, type Ia supernovae
(SNe Ia), and galaxy redshift surveys – involve complex phys-
ical systems that are not understood at a fundamental level.
Astronomers are therefore reliant on internal consistency tests
and empirical calibrations to limit the possible impact of system-
atic effects. Examples include calibrating the metallicity depen-
dence of the Cepheid period luminosity relation, calibrating the
colour-decline-rate-luminosity relation of Type Ia supernovae,
or quantifying the relationship between the spatial distributions
of galaxies and dark matter. In addition, there are more mundane
potential sources of error, which can affect certain types of astro-
physical observations (e.g., establishing consistent photometric
calibration systems). We must be open to the possibility that un-
known, or poorly quantified, systematic errors may be present
in the astrophysical data, especially when used in combination
with the high precision data from Planck.

We have seen in the previous section that the base ΛCDM
model provides an acceptable fit to the Planck TT power spec-
tra (and the Planck T E and EE spectra) and also to the ACT
and SPT temperature power spectra. The cosmological parame-
ters of this model are determined to high precision. We therefore
review whether these parameters provide acceptable fits to other
astrophysical data. If they do not, then we need to assess whether
the discrepancy is a pointer to new physics, or evidence of some
type of poorly understood systematic effect. Unless stated other-
wise, we use the Planck+WP+highL parameters listed in Table 5
as the default “Planck” parameters for the base ΛCDM model.

17The main focus of current work on Planck polarization is to reduce
the effects of these systematics on the polarization maps at large angular
scales.

Fig. 12. Planck measurements of the lensing power spec-
trum compared to the prediction for the best-fitting
Planck+WP+highL ΛCDM model parameters. In the top
panel, the data points are the measured bandpowers and ±1σ
error ranges from the diagonal of the covariance matrix. The
measured bandpowers are compared to the Cφφ� in the best-fit
model (black line). The grey region shows the 1σ range in Cφφ�
due to ΛCDM parameter uncertainties. The lower panel shows
the differences between the bandpower amplitudes Âi and the
predictions for their expectation values in the best-fit model,
Atheory

i .

5.1. CMB lensing measured by Planck

Weak gravitational lensing by large-scale structure subtly al-
ters the statistics of the CMB anisotropies, encoding informa-
tion about the late-time Universe which is otherwise degen-
erate in the primary anisotropies laid down at last-scattering
(see Lewis & Challinor 2006 for a review). The lensing deflec-
tions are given by the gradient of the lensing potential φ(n̂),
which corresponds to an integrated measure of the matter distri-
bution along the line of sight with peak sensitivity to structures
around redshift 2. The rms deflection is expected to be around
2.5 arcmin and to be coherent over several degrees. We include
the effect of lensing on the temperature power spectrum in all our
parameter analysis, but for some results we also include the lens-
ing information encoded in the non-Gaussian trispectrum (con-
nected 4-point function) of the CMB. Lensing generates a non-
zero trispectrum, which, at leading order, is proportional to the
power spectrum Cφφ� of the lensing potential (Hu 2001).

In Planck Collaboration XVII (2013), we present a detailed
analysis of CMB lensing with Planck data, including estima-
tion of Cφφ� from the trispectrum computed from Planck’s maps.
This paper also describes the construction of a lensing like-
lihood. Briefly, we first reconstruct an estimate of the lens-
ing potential using near-optimal quadratic estimators, follow-
ing Okamoto & Hu (2003), with various Galactic and point-
source masks. The empirical power spectrum of this reconstruc-
tion, after subtraction of the Gaussian noise bias (i.e., the dis-
connected part of the 4-point function), is then used to esti-
mate Cφφ� in bandpowers. The associated bandpower errors are
estimated from simulations. The lensing power spectrum is es-
timated from channel-coadded Planck maps at 100, 143 and
217 GHz in the multipole range � = 10–1000, and also from a

25



Mild Tensions
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The Hubble Constant

The CMB experiments favor low values of the Hubble 
constant.

The Cepheid/SNIa measurements of the Hubble constant 
favor larger values, but calibration of the first rung of the 
distance ladder remains a challenge.

New physics typically decreases the tension but is not 
sufficient to eliminate it.

More accurate local measurements would be extremely 
valuable.

Megamasers are promising but statistics is still limited.



Paper XXI

Paper XVI

Clustering

P
/P

m
a
x

tSZ power spectrum

CMB

0.75 0.80 0.85 0.90 0.95
0.0

0.2

0.4

0.6

0.8

1.0

σ8

�
Ωm

0.28

�0.395



(Hill, Spergel 2013)
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Clustering

The CMB predicts slightly stronger clustering than 
observed in low redshift data (SZ, lensing,...).

The low redshift measurements are challenging for 
several reasons (foregrounds, cluster mass calibration,...). 

Better understanding of the low redshift systematics may 
eliminate the tension or point towards “new” physics 
such as neutrino masses.



The race for neutrino mass and hierarchy
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Combining with New Data Sets



DR11 and 6dF isotropic BAO data

CAMspec

CrossSpec

WMAP9+ACT

Planck+BAO



Planck+BAO+JLA

2

measurements (Reichardt et al. 2012; Planck Collaboration (XX) 2013), X-ray measurements (Vikhlinin et al.

2009; Hajian et al. 2013), or optical clustering and lensing (Cacciato et al. 2013). These deviations suggest

either significant systematics in multiple different independent astronomical probes, the failure of the “simple”

six parameter ΛCDM model, or systematics in the analysis of the Planck data.

The surprising conclusions of the Planck paper rest heavily on their analysis of the 217 GHz maps. This

is highlighted by the sensitivity of the best-fit ns to the inclusion of the 217 × 217 power spectrum shown in

Appendix B of Paper XVI (Planck Collaboration (XVI) 2013). At first sight, the observed shift could be due to

the additional data provided by the 217 × 217 power spectrum. After all, the 217 GHz channel has the highest

resolution among the channels used for the Planck analysis. However, the power spectrum made from the 217

GHz data shows a strong departure from the standard model at � � 1800 which is not seen at other frequencies,

and is thus not of cosmological origin. In addition, the 217 GHz spectra fail a number of null tests shown by the

Planck team in Figures 29 and 30 of Paper VI (Planck Collaboration (VI) 2013). This suggests that the strong

dependence on the 217 × 217 data is in part due to systematics. In Section 2, we show that there is not only a

significant difference between the Planck 217× 217 spectrum and the 100× 100, 143× 143, and 143× 217 spectra

around � � 1800 but also for � � 2000, and that the removal of the 217×217 spectrum from the Planck likelihood

analysis alters best-fit parameters by more than expected from simulations.

In Section ??, we make use of the higher frequency Planck data at 353 GHz and 545 GHz to recompute the

CMB power spectrum and perform an analysis that is much less sensitive to the foreground model. At small

angular scales, dusty galaxies are a significant foreground and contribute more to the variance of these maps

than the cosmic microwave background fluctuations. Planck’s sensitive high-frequency channels trace the sub-

millimeter fluctuations in the dusty galaxy distribution well. By minimizing the variance in linear combinations

of the lower frequency maps (100, 143 and 217 GHz) with a combination of the 353 or 545 GHz maps: we “clean”

the maps. We also use the multi-frequency data to define masks that are both unbiased (relative to the CMB)

and use a larger fraction of the sky than the masks used by the Planck team. If we restrict ourselves to the

same masks as used by the Planck team, the analysis based on our cleaned spectra agrees well with our analysis

of uncleaned survey cross-spectra with the same foreground model as used by the Planck team. However, our

cleaning procedure allows us to significantly more of the sky without biasing the spectra or parameters.

In Section ??, we use the new maps to recompute cosmological parameters. For the ΛCDM model, the pa-

rameters systematically shift towards the results of earlier analyses based on WMAP, ACT and SPT (Calabrese

et al. 2013), decreasing the tension with other astronomical measurements. In this section, we also consider the

implications of the new parameters for neutrino properties and for inflationary models.

In Section ??, we discuss what might be the origin of the shifts. We show that our cosmological parameters are

neither sensitive to the sky fraction used nor to whether we compute the power spectrum from the cleaned maps

or instead implement a power spectrum-based correction as is done in the Planck team analysis. We compare our

cross-spectra to the detector set spectra used in the Planck analysis. The difference seems to be primarily due to

an offset between the released Planck spectra (which we will refer to as ‘CAMspec’ spectra) and the cross-spectra,

suggesting that difference spectra computed between the Planck detector set maps and the survey maps will fail

null tests. Some of the shifts when removing the 217×217 data remain even when using the survey cross-spectra.

However, the shifts are smaller if the data are cleaned using our procedure and consistent with expectations based

on simulations.

2. THE 217× 217 POWER SPECTRUM: A FLY IN THE OINTMENT?

TABLE 1
Planck versus pre-Planck ΛCDM Cosmological Parameters

CrossSpec+WP +JLA +BAO +BAO+JLA

Ωbh
2 0.02195 ± 0.00026 0.02199 ± 0.00025 0.02201 ± 0.00023 0.02201 ± 0.00023

Ωch
2 0.1170 ± 0.0025 0.1168 ± 0.0023 0.1161 ± 0.0014 0.1161 ± 0.0014

τ 0.090 ± 0.013 0.091 ± 0.013 0.091 ± 0.013 0.091 ± 0.013

ns 0.9681 ± 0.0068 0.9690 ± 0.0066 0.9699 ± 0.0052 0.9704 ± 0.0051

H0 68.0 ± 1.1 68.1 ± 1.1 68.38 ± 0.64 68.41 ± 0.62

Ωm 0.302 ± 0.015 0.301 ± 0.014 0.2970 ± 0.0081 0.2967 ± 0.0079

σ8 0.818 ± 0.012 0.818 ± 0.012 0.816 ± 0.011 0.816 ± 0.011

(Spectra, covariance matrix from 
       Spergel, Flauger, Hlozek 2013)
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A Map of B-modes

BICEP2: E signal
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The Power Spectrum
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Primordial B-modes?

The measurement is extremely challenging.

It requires exquisit control over differential gain, 
differential pointing, beams, foregrounds...

These and many more systematics are briefly discussed in 
the BICEP2 paper. It will be interesting to see the 
promised paper on systematics. 

The BICEP2xKeck spectra look promising.  The BICEP 
team has already seen more data than we have. 

The value of r may come down perhaps even below 
r=0.1, but it seems this is a detection of primordial B-
modes.



Parameter Constraints

V ∝ φ

V ∝ φ2
What is agreement to some 
is tension to others.

Recall that foregrounds 
were not subtracted, and 
that there are additional 
indications r may decrease. (Spectra, covariance matrix from 

       Spergel, Flauger, Hlozek 2013)



Parameter Constraints

More on the tension

running broken power law

CAMspec 6 12

CrossSpec 4 10

∆χ2
eff

(broken power law: allow for different scalar spectral  
                             index above and below                          )k = 0.008Mpc−1

(Recall that foregrounds are not accounted for and increase the tension)



B-modes and Planck
Planck will clarify whether the signal could be from 
foregrounds. 

Simulations suggest Planck could see            at           ,
but systematics remain challenging.

r ≈ 0.1 � ≈ 80

Planck Collaboration: HFI data processing
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Figure 27. Uncertainties on polarized power spectra due to residual systematics in the HFI polarization maps compared to the EE
spectrum predicted for the best-fit model from Planck temperature data.

Figure 28. The difference of the pseudo-spectra for the normal

and the severe selections, in units of the expected standard de-

viation. If our assumptions are correct, the residual noise is sup-

posed to have a Gaussian distribution centred on zero with a dis-

persion of one (dashed lines). The red points correspond to a

statistical check with randomly discarded rings. The points are

band-averaged in bins of width ∆� ∼ 91.

7.2. Difference map consistency tests

We perform a series of difference map consistency tests to eva-

luate the contribution of residual systematic effects to the an-

gular power spectrum of the temperature anisotropies. We ge-

nerate difference maps of halves of the nominal mission data

in which the signal is expected to fully subtract out in the ab-

sence of systematic effects. The resulting maps are then subtrac-

ted from systematics-free Yardstick realizations (Appendix A)

of the same differences propagated through the same mapma-

king pipeline as that used for data processing. The amplitude

of the power of the remaining signal in each likelihood bin can

thus be used as an estimate of the level of the residual syste-

matic contamination in this bin. This estimate is derived from

cross spectra between different detector sets to allow for a direct

comparison to the spectra used as inputs by the likelihood code

(Planck Collaboration XV 2013). The Yardstick simulations are

described in detail in Appendix A.

Many differences of halves of the data can be expected to

be compatible with an absence of signal. Given Planck’s scan-

ning strategy, we expect the bulk of the remaining systematic

contamination to be captured in survey difference maps. In par-

ticular, transfer function errors, far-sidelobe pickup, gain insta-

bility, pointing drifts, and residual glitches will leave an imprint

in these maps. Half-focal plane difference maps will be particu-

larly sensitive to relative gain errors, while also providing some

sensitivity to sidelobe pickup. Finally, difference maps obtained

by subtracting PSB-only from SWB-only sky maps probe any

unexpected behavioural difference (e.g., beam mismatch) bet-

ween polarization-sensitive bolometers and unpolarized dectec-

tors, and provide a check of the (I,Q,U) decomposition applied

to the data from the former. Bandpass difference misestimation

between the two detector technologies will also leave a signal in

these maps.

Since the survey difference test is the most stringent diffe-

rence map consistency test at our disposal, we focus the discus-

sion in this section on the corresponding results. We did not de-

tect null test failures in any of our other tests from the list above.
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Nature of B-modes

Even if the signal is primordial, we strictly speaking do not 
yet know that it is inflationary.  

Can we tell the difference between different 
alternatives (self-ordering scalar fields, string or particle 
production during inflation, ...)?

Correlation on large scales (CLASS, LiteBIRD,...)

Non-Gaussianity (LSS)

Consistency relation

...



Tensor Spectral Index
Take with a big grain of salt

The tensor spectral index is very blue. 
This is not due to the B-mode spectrum, but due to the 
excess of power on large scales in temperature.
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                                                               .

The field range is roughly Planckian

Assuming the signal originates from quantum fluctuations 
of the spacetime metric during single-field slow-roll 
inflation, the detection implies

Some Implications

or 

(Lyth 1996, 
 Choudhury,  Mazumdar 2013)

V 1/4 ≈ 2× 1016GeVH(t∗) ≈ 1014GeV

Inflation is our best candidate to explain the signal.



Some Implications

Our theories make meaningful predictions at these 
high energies.

We should think harder about large field models.

If the signal is this large a 1% measurement of r is 
achievable!

Even the inflationary consistency condition becomes 
testable.

Theory

Experiment



Some Implications

For particle physics

The inflationary energy scale is very close to the 
SUSY GUT scale

No cosmologically stable moduli with 

In standard cosmological scenarios, the gravitino 
is either light                      or                      

The mass of the graviton is bounded

...

m < 1014 GeV

m > O(100TeV )m < O(10eV )

m � 10−29 eV



Conclusions

Planck has provided us with beautiful temperature 
map and will soon provide polarization maps

New large scale structure surveys are beginning 
to take data

BICEP2 seems to have detected primordial 
gravitational waves

The Planck results have forced us to reexamine 
astrophysical measurements, BICEP2 finally forces 
us to work harder on the theory side as well

Cosmology promises to be exciting for years to 
come for both theorists and experimentalists



Thank you!


